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by 
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Department of Biochemistry, University o[ Ox/ord (England) 

Thiamine triphosphate* has been synthesized by VELLUZ, AM1ARD AND BARTOS 1 and 
VISCONTINI, BONETTI AND KARRER 2. E x p e r i m e n t s  of  VELLUZ, AMIARD AND BARTOS 3 
indicate that chemically synthesized TTP has about 25 % the activity of TDP in a 
pyruvate decarboxylating system. 

In order to ascertain whether synthetic TTP contains any TDP, synthetic 
material was examined paper-chromatographically by KIESSLING AND LiNDAHL 4 and 
SILIPRANDI AND SILIPRAlqDI 5. Appreciable amounts of TDP were always found in the 
samples examined. Paper chromatography was also used by KIESSLII~G AND LIND~HL 4 
and SIL1PRANDI AND SILIPRAND1 s to isolate TTP. Purified TTP showed the same ac- 
tivity as TDP in a pyruvate decarboxylating system of washed yeast s but it was in- 
a c t i v e  w i t h  purified carboxylase (GERTRUDIS DE LA FUElqTE AND DIAZ-CADAVlECO) e. 

In 1953 it was shown by the present author that a thiamine phosphate, very 
likely a thiamine triphosphate, was synthesized by living baker's yeast (K1EsSLING~). 

This paper describes the results of further studies on the isolation of yeast TTP 
by paper chromatography, the action of potato apyrase on TTP from yeast and on 
chemically synthesized TTP, and the activity of TTP, synthesized enzymically by 
yeast and synthesized chemically, in an isolated pyruvate decarboxylating system. 

EXPERIMENTA~ AND RESULTS 
Special chemicals 
TTP and TDP were commerc ia l  s amples  (Roche Produc t s ,  L td . )  syn thes i zed  accord ing  to VXS- 
CONXXm 5, BONETTI 5 AND KARRER 2. TTP was always purified by pape r  c h r o m a t o g r a p h y  before 
use as described below. 

Pure  sod ium pyruvate was prepared by a modif ica t ion  of R o b e r t s o n ' s  m e t h o d  (BARTLEY 
AND DAvmsS). 

The  baker ' s  yeast was pa r t l y  f rom U p p s a l a  /~ngkvarn,  Uppsala ,  Sweden,  pa r t ly  f rom the  
Uni ted  Yeas t  C o m p a n y ,  Ltd . ,  Manches te r .  

Chemical estimations 
The  t h i a m i n e  p h o s p h a t e s  were conver t ed  into free t h i a m i n e  by  e n z y n m  hydro lys i s  of t he  p h o s p h a t e  
g roups  wi th  a y e a s t  p h o s p h a t a s e  p repa red  accord ing  to WESTENBRINK AND STEYN-PARV~ s. 

The  t h i a m i n e  fo rmed  was  oxidized wi th  a lkal ine fer r icyanide  to t h i o c h r o m e  and  t he  fluores- 
cence  was estimated in a B e c k m a n  s p e c t r o p h o t o m e t e r  wi th  a special  f luorescence attachment. 

The  t h i a m i n e  p h o s p h a t e  spo t s  on t h e  c h r o m a t o g r a m s  were localized by  s p r a y i n g  t h e  pape r s  
wi th  an  alkal ine fer r icyanide  so lu t ion  and  viewing t h e m  unde r  U V  of 34 ° m/~. P h o s p h a t e  was 
e s t i m a t e d  af te r  wet  a sh ing  (HANES AND ISHERWOOD 10) by  t he  m e t h o d  of BERENBLUM AND CHAIN 11. 

* Abbreviations: TTP t h i a m i n e  t r iphospha te ,  T D P  t h i a m i n e  d iph0spha te ,  T M P  t h i a m i n e  
m o n o p h o s p h a t e .  
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Synlhesis and isolation o/ thiamine phosphates/rom baker's yeast 

IOO g of baker 's  yeast, without added substrate were incubated at 27 ° with 30o ml 
o.I  M pyrophosphate buffer, pH 6.5 (Na4P20~ brought to pH 6.5 with HC1) and 0.3 g 
of thiamine. After 16 hours the reaction was stopped by the addition of trichloroacetic 
acid (TCA) to a final concentration of 8 %. After 3o minutes at - - IO  ° pH was adjusted 
to 6 and the sample centrifuged. From the clear yellow extract the thiamine phos- 
phates were adsorbed on Fuller's earth (IO g) and then eluated by pyridine-acetic 
acid-H~O (4:o.1:1). 4 ml pyridine mixture was used per gram Fuller's earth. The 
pyridine was removed by  ether and the phosphates were precipitated by IOO ml al- 
cohol and ether (4: I). After the precipitate had been dissolved in 3 ml water the thia- 
mine phosphates were separated by means of paper chromatography. Different methods 
are  a v a i l a b l e  (BARTLEY 1~, SILIPRANDI AND SILIPRANDI 5, KREBS AND HEMS 13, KIESS- 
LING AND LINDAHL4). In view of the fact that  the last mentioned method contains a 
rather acid solvent it was unsuitable for quanti tat ive analysis as hydrolysis might 
occur. The method used by KREBS AND HEMS 13 for the separation of nucleotides 
proved very satisfactory for separating TTP from TDP, TMP, ravines and nucleotides. 
This method was therefore adopted in the present investigation when TTP was to be 
isolated. However it fails to separate TDP quantitat ively from TMP, for which purpose 
the method of BARTLEY TM or SILIPRANDI AND SILIPRANDI 5 was  used. 

The thiamine phosphates separated with the methods mentioned were extracted 
from the chromatograms with water or, if the mixture had been put on as a line, the 
lines were cut out and the compounds run off the strips with water in the same way 
as described for ATP by HEMS AND BARTLE'¢ ~4. Thus a sample of TTP containing about 
2oo /zg per ml could be obtained. By repeating the chromatography of the T T P  
sample, it was shown to contain only a very slight impurity of TDP which was re- 
moved by the second chromatography (as a third repetition of the procedure showed). 
The sample then gave only one spot with an RF value of o.64. Chemically synthesized 
T T P  gave a value of RF of o.66. Chromatographed together with yeast extract both 
forms gave RF values of o.64. 

The chromatograms also showed that  in addition to TTP and TDP (the synthesis 
of the latter compound by  yeast has been extensively investigated by W~STENBRINK, 
STEYN-PARVI~ AND VELDMAN 15) TMP was also formed when yeast was incubated with 
thiamine. Under the test conditions the ratio between TTP :TDP :TMP was 22 : IO0: I3. 
TMP may  have been formed by direct phosphorylation of thiamine, as suggested by  
STEYN-PARVI~ TM and demonstrated by VAN THOAI AND CHEVILLARD 17 for brewer's yeast. 
However TMP may also have been formed through primary pyrophosphorylation of 
thiamine, followed by  a dephosphorylation of TDP. 

Action o~ apyrase on TTP /rom yeast and on chemically synthesized TTP. 

A selective hydrolysis of the ~,-P of ATP has been described by LEE AND EILER TM who 
showed that  incubation of a potato apyrase preparation with ATP solution at o ° 
resulted in the quanti tat ive hydrolysis of the ~-P. At 4 °0 both 7-P and/~-P were 
hydrolysed. 

Potato apyrase prepared according to LEE AND EILER m was incubated with chem- 
ically synthesized TTP  in the same way as described for ATP (LEE AND EILER~). 
After 6o minutes at o ° nearly all TTP  had been hydrolysed to TDP as shown by  paper 
chromatography, phosphate estimations from a chromatogram (Table I) and estima- 
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T A B L E  I 

H Y D R O L Y S I S  O F  C H E M I C A L L Y  S Y N T H E S I Z E D  T T P  AND T T P  F R O M  Y E A S T  B Y  

P O T A T O  A P Y R A S E  A T  D I F F E R E N T  T E M P E R A T U R E S  

To the  T T P  s a m p l e s  (about  0.25 rnl) were added  o.z rnl of enzyme,  0.09 rnl of o . i i  M CaCle, o.I 
ml  of o.I N / s u c c i n a t e  buffer  p H  6.5 and  wate r  to a final vo l ume  of I. 5 ml. The  react ion was s topped  
by  add i t ion  of TCA to a final concen t r a t ion  of 9%,  the  pro te ins  were r emoved  by  cen t r i fuga t ion  
and  t h e  p H  of t he  s u p e r n a t a n t  so lu t ion  was  ad j u s t ed  to  6. 5. The  c o m p o u n d s  were s epa ra t ed  by  
m e a n s  of pape r  c h r o m a t o g r a p h y ,  t he  spo t s  cu t  ou t  and  p h o s p h a t e  e s t ima t ed  af ter  wet  ashing.  

The  figures are  g iven as p g  P. T h e y  refer to 4 ° pl solut ion.  

CkoaicaUy syntkesised TTP Yeast TTP 

o rain 60 rain 5o rain o rain x2o rain z~o rain 
0 ° 40~ 0 ° 4 °0 

T T P  I .I  4 o.I 4 0.06 1.49 0.42 o.2I 
T D P  0.09 0.74 - -  o . i2  0.65 0.24 
T M P  - -  0.06 0.49 - -  o. 15 0.38 

tions of hydrolysed phosphate in samples taken at different times (Fig. x). After the 
same time at 4 °0 most TTP had been converted to TMP (Table I and Fig. I). TTP  
isolated from yeast was hydrolysed in the same way, except that the reaction was 
slower (Fig. 2). Even after z2o minutes at 4 °0 some TTP could still be detected on 
the chromatograms. At o ° the hydrolysis of the enzymically prepared TTP yielded 
TMP more rapidly than the chemically synthesized TTP (Table I). 

~ 40 ° 

o. ~ 0.~ 

Q~ 

~ o.~ 
a; 

' Jo 
TJ~e In minutes 

Fig. z .  I ncuba t i on  of chemica l ly  syn thes i zed  
T I P  wi th  po ta to  apy rase  a t  o ° and  4 o°. The  
reac t ion  m i x t u r e  con ta ined  0.24" rnl enzyme,  
o.x8 rnl o.xx M CaCll,  o.2o rnl o.x M Na-  
succ ina te  p H  6.5, T I P  and  HzO to a final 
v o l u m e  of 2.9z rnl. Samples  (0. 4 ml) con ta in ing  
3.07 pg  P as T I P - p h o s p h a t e  were r emoved  a t  
t he  in te rva ls  indicated,  p ipe t t ed  into 5 rnl N 
HsSO 4 and  an lysed  for p h o s p h a t e  by  t he  pro- 

cedure  of BERENBLUM AND CHAIN 11. 

Fig. 3. I n c u b a t i o n  of equal  pa r t s  of yea s t  T I P  
a n d  chemica l ly  syn thes i zed  T I P  wi th  p o t a t o  
apy ra se  a t  4 o°. E x p e r i m e n t a l  condi t ions  as in 
Fig. i .  The  s amp le s  r e m o v e d  con ta ined  3.2o p g  

P as T T P - p h o s p h a t e .  

R e / e r e n c e s  p. 298.  
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Fig. 2. I ncuba t i on  of yea s t  T I P  wi th  p o t a t o  
apy rase  a t  0 ° and  4 o°. E x p e r i m e n t a l  condi-  
t ions  as in Fig. I. The  samples  r emoved  con-  

t a ined  3.33 Pg  P as T I P - p h o s p h a t e .  
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The Table  shows tha t  small  amoun t s  of T D P  exis ted a l r eady  in the control  
sample.  This sample  had  been t r ea ted  in the  same way  as the  samples  incuba ted  for 
6o minutes  except  t ha t  TCA was added  before the enzyme to prevent  enzymic  action.  
The T D P  mus t  therefore  have  been formed by  acid hydrolys is  of T T P  as it  did not  
exist  in the  T T P  sample  before TCA addi t ion.  

A mix tu re  of equal  par t s  of yeas t  TTP  and chemical ly  synthes ized TTP  incuba ted  
with  po t a to  apyrase  at  4 °° (Fig. 3) shows a ra te  of hydrolys is  equal  to tha t  of yeas t  
T T P  alone. 

The capacity o / T T P  ~tom yeast and chemically synthesized T T P  to replace T D P  in a 
pyruvate decarboxylating system 

VELLtlZ, AMIARD AND B:\RTOS 3 found tha t  chemical ly  synthesized TTP  could replace 
T D P  in a washed yeas t  system,  bu t  4 t imes m o r e T T P  was required.  Their  TTP  was not  
purif ied chromatographica l ly .  SILIPRANDI AND SILIPRANDI 5 found in a washed yeas t  
sys tem tha t  ch romatograph ica l ly  purified chemical ly  synthesized TTP  had  the same 
a c t i v i t y  as TDP,  while GERTRUDIS DE LA FUENTE AND DIAZ-CADAVIECO 6 found no 
a c t i v i t y  wi th  T T P  purified in the  same way, and  tes ted  with  purified apocarboxylase .  

This resul t  suggests  t ha t  the  posi t ive effect observed by  VELLUZ, AMIaRD a n d  
BARTOS 8 was due to con tamina t ion  of thei r  TTP  with T D P  and those of SII~IPRANDI 
AND SILIPRANDI 5 to the  enzymic  format ion  of T D P  from TTP  in their  crude yeas t  
p repara t ion .  

This is borne out  by  the following exper iment .  (?arboxylase was prepared  according 

m/co 2 
2oG 

16o 

12o 

80 

,c 

,0 20 30 
Time in minutes 

Fig. 4. Activity of TTP and TDP from 
yeast and chemically synthesized TTP and 
TDP in a yeast carboxylase system. Each 
manometer vessel contained 0. 3 ml of en- 
zyme, 0. 5 ml of 3[ pyruvate, 0. 3 ml of o.5 
M citrate buffer pH 6, o. 3 ml of o.t M 
MnClz in a total volume of 3-3 ml. The 
concentrations of the thiamine phosphates 
are all 3 tLg c!etermined as free thiamine 
with the thiochrome method. A, blank; 
B, chemically synthesized TDP; C, TDP 
isolated from yeast; D, chemically syn- 
thesized TTP; E, TTP isolated from yeast ; 
F, chemically synthesized TDP + TTP 

isolated from yeast. 

to GREEN, HERBERT AND SUBRAHMANYAN TM. 
Yeast  TTP,  and chemical ly  synthesized 
TTP  purified by  ch roma tog raphy  three 

or separa te  t imes  as described earl ier  were 
added  to the  carboxylase  with p y r u v a t e  as 

c a subst ra te .  The CO 2 formed was measured  
manomet r i ca l ly  in a W a r b u r g  appa ra tus  at  
3 o°. The carboxylase  was also tes ted  for 
phospha tase  ac t i v i t y  by  incubat ing  it with 
TTP  for 4 ° minutes  wi thout  other  sub- 
s t ra te ,  and  then chromatograph ing  the sam- 

e ple. No visible hydrolys is  of TTP  had taken  
A° par t  dur ing  this time. Resul ts  from a mano-  

metr ic  exper iment  are reproduced in Fig. 4 
which shows tha t  TTP  from yeast ,  as well 
as chemical ly  synthesized TTP  has no sig- 
nificant ab i l i ty  to replace T D P  in a p y r u v a t e  
deca rboxy la t ing  system. 

T D P  prepared  from yeast ,  tes ted  in the 
same exper iment  showed a good ac t iv i ty  
a l though s l ight ly  lower than  chemical ly  
synthesized TDP.  This indicates  tha t  the  
inab i l i ty  of yeas t  T T P  to replace T D P  is not  
a result  of solvent  impur i t ies  e lu ted  from 
the ch romatograms  as the  yeas t  T D P  would 
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be contaminated to the same degree. Yeast TTP added together with TDP did not 
increase the activity compared with the same amount of TDP alone. On the contrary 
it had a slight inhibiting effect Fig. 4). 

The yeast TTP became active in the decarboxylation test after treatment with 
the potato apyrase at o °. Fig. 5 indicates that the TTP has partly been hydrolysed to 
TDP by the apyrase; this is in agreement 
with the results obtained in the paper chro- ~ co, 

matographic investigation of the apyrase 2o0 

activity and with the estimations of hydro- 
lysed phosphate in the apyrase experi- 
ments at o °. 

Fig. 5. Activity of TTP  from yeast in a yeast 
carboxylase sys tem after incubation with potato  
apyrase for 60 minutes  at o~. The manomete r  
vessels contained the same amounts  of additions 
as is described in Fig. 4. A, blank; B, blank -- 
apyrase ; C, TDP isolated from yeast ; D, TTP  iso- 
lated from yeast (not preincubated with apyrase) ; 
E, TTP isolated from yeast  and preincubated 

with apyrase for 6o minutes  at o c. 

160 
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80 

~0 

C 
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DISCUSSION 

Baker's yeast has been shown to synthesize considerable quantities of a thiamine 
phosphate in the presence of thiamine and pyrophosphate, which is very similar to, 
if not identical with the synthetic TTP made by the synthetic method of VISCONTINI, 
BONETTI AND KARRER 2. There are differences between the synthetic and enzymically 
prepared substances. The RF values for the purified compounds are not exactly the 
same (yeast TTP 0.64 and chemically synthesized TTP o.66) and the hydrolysis of 
enzymically prepared TTP by potato apyrase does not proceed in quite the same way 
as with the chemically synthesized form. These differences may be due to an impurity 
from the yeast, which is not removed by the methods used. In the case of the RF 
values this explanation is supported by the fact that the RF values became the same 
(0.64) for yeast TTP and chemically synthesized TTP when the two compounds were 
chromatographed together with yeast extract. In the case of phosphate hydrolysis 
by potato apyrase the hydrolysis rate in the mixture of yeast TTP and chemically 
synthesized TTP was about the same as for yeast TTP alone. Thus the hydrolysis of 
chemically synthesized TTP was inhibited to the same degree by impurities in the 
yeast TTP sample as the hydrolysis of enzymically synthesized TTP. 

When tested for cocarboxylase activity in a pyruvate decarboxylating system 
neither TTP from yeast nor chemically synthesized TTP had any appreciable activity. 
With TTP from yeast no investigation has been made up to now, but in the case of 
chemically synthesized TTP different result- are given varying from no ability to 
replace TDP (GERTRUDIS DE LA FUENTE AND DIAz-CADAVIECO 6) t o  IOO percent ability 
(SILIPRANDI AND SILIPRANDIS). When activity was reported the investigation had 
been made with a washed yeast system. In the present paper a partly purified isolated 
carboxylase has been used, and the inability of chemically synthesized TTP to re- 
place TDP is in agreement with the results of GERTRUDIS DE LA FUENTE AND DIAZ- 
CADAVIECO 6 using the same system. 

l~t~,ve*tce.~ h .  208 .  
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S U M M A R Y  

1. T h e  t h i a m i n e  p h o s p h a t e s  fo rmed  when  baker ' s  yea s t  was i ncuba t ed  wi th  t h i a m i n e  and  
p y r o p h o s p h a t e  were ana lysed  by  paper  c h r o m a t o g r a p h y .  In  add i t ion  to t h i a m i n e  d iphospha t e  
(cocarboxylase)  and  t h i a m i n e  m o n o p h o s p h a t e ,  a c o m p o u n d  con ta in ing  t h i a m i n e  and  p h o s p h a t e  
accumula t ed ,  which  had  a lmos t  t he  same R F va lue  as syn the t i c  t h i a m i n e  t r iphospha te .  I t  was 
t a k e n  to be enzymicaUy  syn thes i zed  T T P .  

2. Chemica l ly  syn thes i zed  T T P  incuba ted  wi th  a po t a t o  apy rase  was hyd ro lysed  in t he  s ame  
w a y  as A T P  sugges t i ng  t h a t  t he  a r r a n g e m e n t  of t he  p h o s p h a t e  g roups  in t he  two c o m p o u n d s  is 
t h e  same.  Enzymica l l y  syn thes i zed  T T P  incuba t ed  wi th  po t a to  apy ra se  was  hyd ro lysed  in t he  
s a m e  w a y  b u t  more  slowly and  t he  two hydro lys ing  s teps  were n o t  so  d i s t inc t  as in t he  case of t he  
chemica l ly  syn thes i zed  TTP .  These  differences were st iown to be ve ry  p robab ly  caused  by  an  in- 
h ib i to r  c o n t a m i n a t i n g  t h e  yeas t  T T P .  

3. Ne i ther  t h e  enzymica l ly  syn thes ized  T T P  nor  the  chemica l ly  syn thes i zed  T T P  can  replace 
coca rboxy lase  in a purified p y r u v a t e  deca rboxy la t i ng  sy s t em.  Only  af te r  p re incuba t ion  of t he  T T P  
wi th  apy ra se  a t  o °, which  caused  t he  r emova l  of t he  y - p h o s p h a t e  of TTP ,  was cocarboxylase  ac- 
t i v i t y  obta ined.  
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