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Summary 

A number of possible affinity adsorbents for transketolase (sedoheptulose-7- 
phosphate:D-glyceraldehyde-3-phosphateglycolaldehydetransferase, EC 2.2.1.1) 
were prepared. The behaviour of the enzyme from Candida utilis and from 
Baker's yeast on columns of these and of Blue Sepharose CL-6B was examined, 
together with the behaviour of the contaminating enzyme, ribulose 5-phos- 
phate 3-epimerase (EC 5.1.3.1). A procedure for removing bound thiamine 
pyrophosphate by dialysis against EDTA was developed. The competitive 
inhibition of transketolase by oxythiamine and neopyrithiamine was measured 
and the Ki values obtained of 1.4 and 4.3 mM, respectively, were compared 
with the affinity of adsorbents prepared from these two inhibitors. 

Adsorbents containing bound thiamine pyrophosphate were relatively 
ineffective but those containing epoxy-linked neopyrithiamine and D-ribose 
5-phosphate adsorbed the enzyme at pH 7.4 and it could be eluted in a specific 
manner. 

Introduction 

During the course of an investigation into methods of purifying transketolase 
(EC 2.2.1.1) from Candida utilis and removing contaminating ribulose 5-phos- 
phate 3~epimerase (EC 5.1.3.1) suitable affinity adsorbents were sought. The 
thiamine pyrophosphate-agarose described by Matsuura et al. [1] was unstable 
and had no affinity for transketolase, so other adsorbents were prepared by 
coupling suitable compounds to epoxy-activated Sepharose [2] and to 
diazotised p-aminobenzamidohexyl-Sepharose [3] and their properties investi- 
gated. 

Materials 

Sepharose derivatives were supplied by Pharmacia, Uppsala, Sweden. C. utilis 
and other reagents were from Sigma, U.S.A. Baker's yeast was obtained locally. 
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Methods 

Preparation of epoxy-coupled Sepharose 6B derivatives 
3 ml fresh epoxy-activated Sepharose were suspended in 2 ml 70 mM borate 

buffer/120 pmol derivative and shaken in a constant temperature bath. Pyri- 
thiamine and thiamine pyrophosphate were coupled at pH 9.0 and 40°C; 
D-ribose 5-phosphate was coupled at pH 8.5 and 33 ° C. After 65 h, the gel was 
filtered, washed and excess groups blocked with ethanolamine as described by 
the manufacturers [2]. 

Preparation of diazo-coupled Sepharose 4B derivatives 
Aminohexyl-Sepharose 4B was converted to p-aminobenzamidohexyl- 

Sepharose 4B by treatment  with p-nitrobenzoyl azide [4] and reduction with 
sodium dithionite [5]. 3-ml portions of the gel were diazotised and coupled to 
thiamine pyrophosphate,  thiamine, oxythiamine,  and neo-pyrithiamine as 
described by O'Brien et al. [3]. 

Analyses of affinity adsorbents 
Ribose 5-phosphate-Sepharose (0.5 ml) was digested with 0.5 ml 2 M HC1 for 

10 min at 100°C to dissolve the matrix. The solution was brought to pH 8.5 
with NaOH, mixed with 1 ml 100 mM triethanolamine-chloride buffer (pH 8.5) 
and MgCl2 added to 5 mM. 0.5 unit  alkaline phosphatase was added and the 
mixture incubated 6 h at 37°C. An aliquot was withdrawn and the phosphate 
measured by the method of Fiske and SubbaRow [6]. Epoxy- and diazo-linked 
thiamine pyrophosphate-Sepharose were hydrolyzed directly with 1 M HC1 at 
100°C until, after 2 h, no more phosphorus was liberated. 

Preparation of transketolase 
The enzyme was prepared from C. utilis and the 30--40% acetone fraction 

was used [7]. Baker's yeast was autolysed [8] and the 33--50% acetone frac- 
tion prepared [9]. Transketolase and ribulose 5-phosphate 3-epimerase were 
assayed as before [7]. The coenzyme was removed by dialysis. 

Studies of oxythiamine and pyrithiamine inhibition 
Samples of apo-transketolase were incubated with the inhibitor at room 

temperature in the presence of all the assay constituents except the coenzyme. 
After 30 min, the coenzyme was added and initial velocities at 30°C were 
measured at 0.2 pM and 0.6 #M thiamine pyrophosphate.  Concentrations of 
oxythiamine ranged from 0 to 2 mM and of neo-pyrithiamine from 0 to 10 
mM. 

Chromatography on affinity columns 
Dialysed enzyme samples were run through short columns containing 3 ml 

adsorbent. In the case of adsorbents containing thiamine pyrophosphate,  2 mM 
MgC12 was added to the sample and buffers and 14 ml adsorbent were used. 
The columns were eluted with salts or with specific eluents and 4-ml fractions 
were collected and assayed for enzyme activities. 

Two sets of conditions were tested: (1) room temperature and pH 7.4 in 10 
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mM triethanolamine-chloride buffer; (2)10 mM imidazole buffer, 2 mM MgC12, 
1 mM mercaptoethanol and 10% glycerol at pH 6.0 and 5°C [10]. In some 
experiments imidazole was replaced by acetate at pH 5.5 or pH 6.0. 

Results 

Efficiency of  the coupling procedures 
All the procedures were effective as deduced from the appearance of colour 

in the case of diazo-coupled adsorbents, from the test with 2 : 4 : 6 trinitro- 
benzene sulphonate [5], and the development of fluorescence with the thio- 
chrome reagent [11] in the case of thiamine pyrophosphate-Sepharoses. Diazo- 
coupled thiamine pyrophosphate-Sepharose contained 1.8 gmol pyrophosphate 
groups per ml of gel 6 months after its preparation and the epoxycoupled 
thiamine pyrophosphate-Sepharose 6.3 pmol/ml after 2 months. The ribose 
5-phosphate Sepharose contained 1 pmol phosphate groups per ml after 6 
months. 

Removal of  the bound coenzyme 
In contrast to an earlier report [7], thiamine pyrophosphate could only be 

removed from concentrated enzyme solutions by exhaustive dialysis against 10 
mM EDTA/10 mM triethanolamine-chloride buffer (pH 7.6). If EDTA was 
omitted, samples assayed in the absence of added TPP retained up to 25% of 
their potential activity (assayed at 0.1 mM thiamine pyrophosphate). Up to 
95% of the potential activity of the enzyme sample could be removed by dial- 
ysis against buffer alone, however, if the enzyme solution was dilute (Table I). 

Inhibitor constants 
Typical Dixon plots for competitive inhibition were obtained and Ki values 

of 1.4 mM for oxythiamine and 4.3 mM for pyrithiamine were measured. 

Adsorption of  transketolase to affinity adsorbents 
The results with transketolase from C. utilis are summarized in Table II. 

When there was no adsorption, no greater affinity was shown by the enzyme 
from Baker's yeast. 

T A B L E  I 

T H E  R E M O V A L  OF T H I A M I N E  P Y R O P H O S P H A T E  BY D I A L Y S I S  A T  pH 7.6 

TPP, th iamine  p y r o p h o s p h a t e .  

Dialysis  buf fer  Prote in  E n z y m e  
c o n c e n t r a t i o n  c o n c e n t r a t i o n  
m g / m l  m g / m l  * 

% act iv i ty  w h e n  assayed 
in absence  o f  added 
TPP 

10 m M  t r i e t h a n o l a m i n e  chlor ide  6.4 
10 m M  t r i e thano l ami ne  chlor ide  0.6 
10 m M  E D T A  in 10 m M  8.5 

t r i e t hano l ami ne  chlor ide  

0 .38  6.5 
0 .03  1.0 
0 .37  1.0 

* A spec i f i c  act iv i ty  o f  1 5  u n i t s / m g  was  a s su m e d  for  pu~e C. utilis transketo lase  as repor ted  by  S p e c h t  
[ 1 0 ] .  
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T A B L E  I I  

A D S O R P T I O N  O F  T R A N S K E T O L A S E  F R O M  C. U T I L I S  BY V A R I O U S  A D S O R B E N T S  

n.J. = n o t  i n v es t i g a t ed ;  + = a d s o r p t i o n ;  TPP,  t h i a m i n e  p y r o p h o s p h a t e .  

C o n d i t i o n s  

p H  6,0 ,  5°C p H  7.4,  20 - -25°C  

E p o x y - c o u p l e d  

T PP- Sep h a r o se  6B 

R i b o s e  5 - p h o s p h a t e - S e p h a r o s e  6B + 
O xy  th i amine -Sepha~ose  6B 

N e o p y r i t h i a m i n e - S e p h a r o s e  6B + 

D iazo - co u p l ed  
TPP-Sephsxose  4B 

T h i a m i n e - S e p h a r o s e  4B 

O x y t h i a m i n e - S e p h a x o s e  4B 

N e o p y r i t h i a m i n e - S  epha rose  4B 

+ 

+ 

Blue-Sepharose  CL-6B - -  n.J. 

Epoxy-coupled pyrithiamine-Sepharose 6B 
Transketolase and ribulose 5-phosphate 3-epimerase were completely 

adsorbed. At pH 7.4, transketolase was not eluted by thiamine pyrophosphate 
alone, but was eluted when magnesium was added (Fig. 1). 
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F ig .  i .  C h r o m a t o g r a p h y  on e p o x y - c o u p l e d  p y r i t h i a m i n e - S e p h a r o s e  at  r o o m  t e m p e r a t u r e  a n d  p H  7.4.  T h e  
s a m p l e  w a s  app l i ed  a t  pH  7 .4  a n d  w a s h e d  t h r o u g h  w i t h  10  m M  t r i e t h a n o l a m i n e / c h l o r i d e  b u f f e r .  E lu t i on  
was  car r ied  o u t  w i t h  10  m M  t r i e t h a n o l a m i n e / e h l o r i d e  b u f f e r  (pH 7 .4)  to  w h i c h  t h e  f o l l o w i n g  a d d i t i o n s  

h a d  b e e n  m a d e :  A = 25 m M  KCI  + 4 m M  TPP;  B = 25  m M  KCI  + 4 m M  TPP + 4 m M  MgCI2;  C = 40  m M  
KCI + 4 m M  TPP + 4 m M  MgC12 ; D = 5 0 0  m M  KCI;  o . . . . . .  o t r a n s k e t o l a s e  ac t i v i t y ;  • . . . . . .  • ,  r ibu lose  
5 - P h o s p h a t e  3 -ep imerase  ac t iv i t y ;  , a b s o r b a n c e  a t  280  n m  in a 1 -cm cell ( ,4280)-  
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Fig. 2. C h r o m a t o g r a p h y  o n  e p o x y - c o u p l e d  r ibose  5 -phosphate -Sepharose  at  6°C and pH 6.0.  T h e  sample  
w a s  appl ied  a t  p H  6.0  and w a s h e d  through w i t h  10 m M  i rn idazole-chlor ide /2  mM MgCI2/1 mM m e r c a p t o -  
e t h a n o l / 1 0 %  g l y c e r o l  (.oH 6.0) .  Elut ion  w a s  carried o u t  w i t h  50 mM t r i e t h a n o l a m i n e / c h l o r i d e  buf fer  (pH 
7 .4)  t o  w h i c h  the  f o l l o w i n g  addi t ions  had b e e n  m ad e :  A = 0.1 m M  TPP + 2 mM MgC12 + 1 m M  m e r c a p t o -  
e thanol ;  B = 2 m M  rlbose  5 -phosphate  + 2 mM MgCI 2 + 1 m M  m e r c a p t o e t h a n o l ;  C ffi 500  m M  KCI. 
o . . . . .  -o, t ranske to lase  act iv i ty;  a . . . . .  - e  ribulose  5 -phosphate  3 -ep imerase  act iv i ty;  , absorbance  

at  2 8 0 ~ n m  in a 1 -cm cell ( A 2 8 0 ) .  

Epoxy-coupled ribose 5-phosphate-Sepharose 6B 
Both enzymes were completely adsorbed. The transketolase was not 

removed by 0.1 mM thiamine pyrophosphate/50 mM triethanolamine/chloride 
buffer (pH 7.4), but was specifically eluted by 2 mM ribose 5-phosphate/2 mM 
MgCI2 in the same buffer (Fig. 2). 

Column buffering 
Although binding of  transketolase to thiamine pyrophosphate-containing 

adsorbents was observed in some experiments at pH 6.0, in other experiments 
no binding could be obtained. This variability was eventually traced to an 
inadequate buffering of  the adsorbent column with binding occurring when pH 
values of  5.5 or below were measured in samples of  the column effluent. The 
conditions described by Specht [10] employ a cationic buffer (imidazole) to 
buffer an adsorbent containing anionic (pyrophosphate) groups. When 
imidazole starting buffer at pH 6.0 was passed through a column of diazo- 
coupled or epoxy-coupled thiamine pyrophosphate-Sepharose, which had been 
previously equilibrated with 100 mM imidazole chloride or 100 mM sodium 
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acetate buffer at pH 6.0, we found that the pH of the eluate first rose above 
6.0 and then fell to a value of 5.0. This phenomenon caused us to observe a 
spurious binding of  the enzyme at a nominal pH of 6.0 which did not  occur 
when the anionic buffer acetate was used both to wash the column and to 
replace imidazole in the pH 6.0 starting buffer. However, as shown below, both 
types of  TPP-Sepharose adsorbed transketolase from acetate buffer at pH 5.5. 

Epoxy-coupled thiamine pyrophosphate-Sepharose 
There was no significant adsorption of transketolase or of ribulose 5-phos- 

phate 3~pimerase at pH 6.0 or above. However, in acetate buffer at pH 5.5 and 
5°C some 75% of the transketolase was adsorbed whereas the epimerase passed 
through the column. Part of  the adsorbed transketolase was eluted by 0.2 mM 
thiamine pyrophosphate  (pH 5.5) and the remainder was eluted by triethanol- 
amine buffer (pH 7.5). When 0.2 mM xylulose 5-phosphate and 0.2 mM ribose 
5-phosphate were included in the enzyme placed on the column in acetate 
buffer at pH 6.0, some 30% of the transketolase remained bound to the 
column. The adsorbed transketolase and some non-enzyme protein were eluted 
at pH 7.5 by 50 mM triethanolamine buffer. 

Diazo-coupled thiamine pyrophosphate-Sepharose 
No significant adsorption occurred at pH 6.0 or above. With acetate starting 

buffer at pH 5.5 and 5°C, approx. 94% of the transketolase was adsorbed 
together with considerable amounts of epimerase. The adsorbed transketolase 
was no t  eluted by 0.2 mM thiamine pyrophosphate  in starting buffer, but  both  
enzymes were eluted by triethanolamine buffer at pH 7.5. 

Discussion 

If the enzyme solution were sufficiently dilute, thiamine pyrophosphate  
could be removed almost completely by dialysis against buffer alone. However, 
more concentrated solutions required dialysis against EDTA (Table I). Cavalieri 
et al. [12] have shown that the Baker's Yeast enzyme can dissociate into its 
const i tuent  subunits at concentrat ions  below 0.1 mg/ml of  enzyme in the 
absence of thiamine pyrophosphate .  Thus, it appears that  at low enzyme con- 
centrations the C. utilis enzyme dissociated sufficiently to allow the coenzyme 
to be removed by simple dialysis against buffer,  whereas at higher enzyme 
concentrations the presence of  EDTA was necessary. Magnesium is known to 
be involved in the binding of thiamine pyrophosphate  to transketolase [13] 
and EDTA probably acts by chelating magnesium and allowing the thiamine 
pyrophQsphate to be released. 

The binding of  thiamine pyrophosphate  and magnesium to apotransketolase 
is much stronger below pH 6.4 [14] and both Specht [10] and Klein and Brand 
[15] claimed to have, obtained affinity binding of  transketolase to diazo- 
coupled thiamine pyrophosphate-Sepharoses at pH 6.0. Although some binding 
of  ~ansketolase to thiamine pyrophosphate-containing matrices was observed 
at this pH,  it: was traced tQ inadequate buffering of the column. With correctly 
buffered columns no adsorption took  place until the pH was lowered to 5.5, a 
pH at which the enzyme will bind to cation exchangers such as cellulose phos- 
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phate (Wood, T., unpublished data) and carboxymethyl-Sephadex [16]. In the 
case of epoxy-coupled thiamine pyrophosphate-Sepharose affinity binding may 
have played a role, judged by elution of the enzyme with thiamine pyrophos- 
phate at pH 5.5, but this did not occur with the diazo-coupled thiamine pyro- 
phosphate-Sepharose. 

Oxythiamine pyrophosphate binds more strongly to apotransketolase than 
pyrithiamine pyrophosphate [14] and the inhibitor constants presented here 
confirm a similar order for the free bases. It is likely that the coupling to the 
epoxy-activated Sepharose took place with the aliphatic primary hydroxyl 
group of oxythiamine rather than with the ring hydroxyl. Consequently, oxy- 
thiamine would be attached to the Sepharose 'the wrong way round' and so 
produce an ineffectual adsorbent. 

The strong binding of transketolase and proteins in general to epoxy- 
coupled pyrithiamine-Sepharose may be due to the strong charge transfer inter- 
action of pyrithiamine with protein tryptophan residues [17]. Transketolase 
could be eluted specifically, however by the addition of Mg-thiamine pyrophos- 
phate to a concentration of salt that would not elute the enzyme in its absence. 

Affinity adsorbents containing thiamine pyrophosphate have proved 
disappointing, probably due to the weak binding of thiamine pyrophosphate to 
the enzyme. The strength of binding could be increased in the presence of sub- 
strates and by lowering the pH to 5.5. At the latter pH, however, the enzyme is 
unstable and binding by cation exchange occurs. The adsorption of the enzyme 
by epoxy-coupled ribose 5-phosphate-Sepharose illustrates the strong affinity 
of the substrate site for ribose 5-phosphate and this adsorbent was very effec- 
tive at pH 7.4 where the enzyme is completely stable. 
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