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Abstract 

The kinetic investigation of the enzyme (glucose oxidase) catalysed glucose oxidation 
was performed by calorimetric monitoring of the reaction. The measurable concentration 
range was expanded by using benzoquinone as a mediator. A comprehensive kinetic 
evaluation of the adiabatic calorimetric measurement curves allowed us to determine the 
Michael is-Menten constant KM, the enzyme activity, the reactionrate equations with the 
corresponding velocity constants, and the functional dependence of the  reaction rate on 
enz y me  and glucose concentration. 

INTRODUCTION 

measurements o f  In a previous study [1],  the results of calorimetric 
enzyme catalysed glucose oxidation with the mediators oxygen,  potass ium 
hexacyanoferrate and benzoquinone  were reported, 

It was shown that the mediator benzoquinone considerably expanded t h e  
measurable concentration range of glucose. This allowed a comprehensive 
kinetic evaluation of the adiabatic calorimetric curves. Such an evaluation is 
facilitated by the circumstances that the reaction •rate is evidently 
independent o f • t h e  benzoquinone  mediator  concentration,: :and t h a t  
because of i ts  high velocity the reoxidation o f  glucose 0xidase i s n o t a  
substage controlling the overall reaction rate. In t h e  quoted work [1]  it  was 
shown•that a -g lucose  is oxidized to /3'giucose after mutarotation. T h e r e ,  
• for e th e ~/13:mutarotati0n must  b e  taken into• consideration i n  ithe _kinetic 
analysis. T h e  de terminat ion  o f  glucose by: therrna/ sens0rs h a s  •been 
described by numerous authors [2] but has received little • attention [3], A s  a 
result  of t h e  kinetic evaluat ion,  the  Michaeiis constant KM, the enzyme 
activity,  the  reaction rate equations with their velocitylconstants,  and the  
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• •functional d e p e n d e n c e ,  of  the react ion ra te  on enzyme  a n d  g lucose  
• concen t ra t ion  can be de t e rmined .  The  accura te  knowledge  of the kinet ics  is 
a rnajor  p recond i t ion  for the  re l iable  func t ion ing  of  a the rmal  glucose 
s e n s o r .  

M A T E R I A L S  A N D  E Q U I P M E N T  

Tlae lde ta i l s  are con ta ined  in ref. 1. In a total  o f  24 ca lo r ime t r i c  
expe r imen t s ,  the glucose concen t ra t ion  was var ied  over  a range  be tween  0.9 
a n d 1 8  m m o l  l " ,  a n d  the enzyme  c o n c e n t r a t i o n  ( A s p e r g i l l u s  n iger ,  Serva)  
was v a r i e d  be tween  50 and  1 9 0 m g l - '  ( enzyme  activity abou t  150 and 

2 6 0 U m g - ' ) .  T h e  a m o u n t  of  b e n z o q u i n o n e  was doub led  with r e s p e c t  t o  
s t o i c h i o m e t r i c  convers ion.  A solut ion consis t ing o f  a buffer  (phospha te ) ,  
b e n z o q u i n o n e  ' and g l u c o s e  was p r e p a r e d  in the  ca lor imetr ic  cell, with the  
enzyme  solut ion in an ampoule .  The  reac t ion  was ini t ia ted by b reak ing  the 
ampoUle.  All  m e a s u r e m e n t s  and resul ts  re la te  to a ca lo r ime te r  t e m p e r a t u r e  
of  25°C. In this par t icu lar  case, the  shape  of  the  adiabat ic  t e m p e r a t u r e - t i m e  
curve is cont ro l led  exclus ively  by the  ra te  of  the  chemical  reac t ion  and not  
by hea t  t ransfer  be tween  the  solut ion and the  t e m p e r a t u r e  sensor  (within 
e r ro r  l imits) .  T h e  half- t imes of  the ana lysed  chemical  react ions  were  
3 0 - 2 2 0  s, whereas  the t e m p e r a t u r e  sensor  had a half-time, of abou t  300 ms. 

DIscussION 

The  kinet ic  eva lua t ion  was based  upon  the a s sumpt ion  tha t  the 
convers ion  at t ime t is p ropor t iona l  to AT 

C~t - -  C t  
" AT  -- Arm.x 

w h e r e  %% is the  total  g lucose concen t ra t ion ;  
t ime t; AT.,ox = AT at 100% yield: 

• F o r  t h e  react ion ra te ,  it follows that  
. .  . . . . . . . . . .  : , .  

° d A T  . . . .  d C 1 1 C ~ | "  

i .  .... d t  ...... A T m , x .  d t  . . . . . . .  

FirSti this equa t ion  was 

(1) 

c, is the  glucose concen t ra t ion  at 

(2) 

used to d e t e r m i n e  the  initial reac t ion  ra te  v0 (t = 0). 
T h e  •adiabatic• t e m p e r a t u r e - t i m e  curves  w e r e  fitted by m e a n s  of a cubic 
s p l i n e f u n e t i o n  a n d  t h e n  d i f f e r e n t i a t e d . .  ' 
• I n  the first par t  of  t h e r e a c t i o n  ( t <  150 s ) , d A T / d t  i s a l m 0 s t  p ropor t iona l  
t o  t!.:so that  d A T / d t  can be rel iably d e t e r m i n e d  for t =  0. N o w ,  the reac t ion  
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T A B L E  1 

Kinetic data for constani enzyme concentration; reaction volume: 62.15 ml; M~,,,i = 3 .18  m g  

c~*~ AT,,ox (OAT/OT),=t, k2 x 103 
(mmol I-!) (mK) (mK s- ' )  (s - ' )  

0.91 
1.86 
2.76 
4.57 
7.25 
9.17 

13.64 
]8.00 

u() X 10 "~ 
(mmol !-' s-') 

16.39 
34.45 
44.66 
90.74 

128.30 
167.19 
253.2 
315.8 

0.0416 4.09 
• 0.0831 3.89 
0.106 3.82 
0.206 3.67 
0.284 3.57 

• 0.359 3.46 
0.488 3.11 
0.552 2.82 

2.27 
4.49 
6 .54 

10.40 
16.05 
19.67 
26.30 
31.47 

k, x l O  4 
(s - ' )  

8 , 0  

7.4 
8.5 
7.5 
8 .4  
8.4 
9.4 

10.4 

rate vo at t = 0 can be calculated, and an evaluation becomes  possible of the 
Michae l i s -Menten  equation 

O O (dc /d t ) ,= , ,  = um.xCgt/(KM + Ce., ) "- V,, ( 3 )  

1 K M I +  1 
 m.x (4)  

Table 1 contains the data from a measurement  series with constant 
enzyme concentration (51 .4mg  I - ' ) a n d  activity. The resulting values are 
graphically represented in Fig. 1 in accordance with eqn. (4) ( L i n e w e a v e r -  
Burk diagram). 
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: : : :IfiS evident  that  the equa t ion  for a s t ra ight  line is fulfilled. T h e  l i n e a r  
regress ion p r o d u c e s  

KM"- ( 4 1 . 8 ±  0.2) mmol  1 - '  

vm,~ (106.4 -+- 0.2) ~ mol i -t  s "  

F r o m  Vm"x, an e n z y m e  activity of 125 U mg- t  is  calculated.  The  same value 
w a s o b t a i n e d  .bY pho tome t r i c  m e a s u r e m e n t ,  T h e  KM value is in the same 
range,  as. known ones. Values  be tween  12 and 33 are  known  for glucose 
oxidase ( g o d ) f r o m  Aspergillus niger [4-6]. 
• F o r  t he • fu r the r  k ine t ic  analysis of the t e m p e r a t u r e - t i m e  curves,  it was 
important• t o •know t h a t . n o t  only /3-glucose but  (a f te r  mu ta ro t a t ion )  also 
oi-glucose is. conver ted .  T h e r e f o r e ,  the  following reac t ion  scheme was 
assumed...  . . . . .  

a -g iucose  k, >/3-glucose k, --  ~ gluconic acid 

If a react ion of first o rder  is •assumed for both  steps,  the concen t ra t ion  on 
c~ of . the  gluconic acid at t ime t will be 

C~ = c ~ ( 1 4  ka e - k ' ' -  k~ e -k-'') . + 4 ( 1  - (5) 

Where c~.is the concen t ra t ion  of or-glucose, and c o is the concen t ra t ion  of 
f l-glucose.  

T h e  •reaction en tha lpy  o f  the mu ta ro t a t i on  can cer ta inly be neglec ted  in 
compar i son  with the oxidat ion of the /3-glucose. Thus ,  no. the rmal  effect 
tha t  .could possibly have '  been  connec ted  to mu ta ro t a t i on  was m e a s u r e d  
when  pure  t~-glucose was dissolved in a buffer solution•; it holds tha t  

c.2..~ = A T  

c~ , :  ATm,x 

• •Using e q n .  (5), it follows tha t  

(6) 

c: A.; B • --k2t • . -- ~ a ,  ,~..~, 1 -,- - - -  m .__ . . . .  - -1- ~ A T.,.,x (1 - e ) (7) 
" . . . . .  . C ~ ,  . . . . . . .  k . . . . . . . . . . . . .  ( k t  - k 2 )  . . . .  / g t  . . . . . . . . . . . . . .  . . . . . .  . . . . . .  . . . . . . . . .  

- h e r e . c ~ a n d  c~ are. the  concen t r a t ions : fo r  the mu ta ro t a t i on  equ i l i b r ium,  
where  KM.. = C~/C~ = 1.63, or  c~/%*~ 0 . 3 8  and c~/cg% = 0.62. In eqn.  (7), the  

f i rs t  t e rm refers :t0!i the convers ion o f  o~,glucose to gluc0nic acid and  the  
. s e c o n d t e r m  to  tha t  of .f l ,glucose.  Fo r : t he  s tar t ing phase ,  the first t e rm can 
: b e  neg lec t ed :  AT is control led .exclus ively  by the convers ion  of fl-glucose, 
• ~:;. ' i . '  " . .  " .  ..:.. ' . . i  :" : : : : .  . i :  : :: 
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AT = 0.62AT,,,(l - eBkzr) ’ (8) 

Ol- 

dAT 
- = 0.62ATm,,k, ehkzr 

at 
(9) 

and for. c = 0 

= 0.62ATm,,kz 

., 

(10) 

The combination of eqns. (2) and (10) produces 

tl(, = 0.62c,;ki ‘(11) 

i.e. the velocity constant kz can be calculated from vu (see Table 1). As 
exr ! ted, k2 decreases with increasing glucose concentration in accordance 
with the Michaelis-Menten equation 

(12)’ 

To determine the velocity constant k, for a conversion of more than 80% 
eqn. (7) can be simplified to 

AT = 0.38AT,,, 1 -!- 
( 

k, emkrr 

k, -kz > 
+ 0.62AT,,, 

0.38k2 eaklr 

k, -k, > 

or, in linearized form 

In 2.632 [ AT;;‘xAT] = ‘&,k’k,) 7 klt (13) 

This equation alltiwed a comparatively reliable deter&ration of -ki. .. 
The v&es are given in Table 1. The k, value is in the range that is known 

fbr. base-catalysed a! /P-transformation (phosphate buffer) [7]. .Thc obvious 
increase of k, with growing glucose,concentration is due to shortcomings,in 
the model: according to eqn. (12), particularly at a high glucose 
concentration, k2 is not constant but increases .with increasing con~r&rsion: 
In our model this is rcfiected by the above increase of k,. ” : : 

Qn the basis of cqn. (7), the. whole temperature-time curve’can be 
calculated from ,the detcrmiried k, and k, ,values.’ Figures 2 and 3 shoti a 

. 
: 

‘.’ “. ,’ 
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very good agreement of the experimental and calculated curves. Figure 4 
gives an example of a separate  representation o f  the t w o  fractions, 
a-glucose and fl-glucose. The oxidation of /3-glucose is completed within 
about 16 min, whereas  the mutarotation/oxidation of r~-glucose requires 
reaction times u p  to 100 min. 

After it has been established that the initial reaction rate is proportional 
not to the overall glucose concentration but only to the/3-glucose fraction, 
only the concentration of fl ,glucose can be used in the Michae l i s -Menten  
eqn. (3). This leads to a reduction of the Michaelis constant by the factor 
0.62 (KM = 2 6  mmol 1"); however, there are no consequences for the model i 
calculation and further considerations. 

In a second test series, the concentration of g o d  was varied :for two 
constant glucose concentrations (c ~ 7.14 and 13.4 mmol 1,i). Table  2 gives 
the kinetic data,  and three  selected temperature-t ime curves are r e p :  
resented in Fig, 5, As  expected, the Velocity Constant kz is proportional t o  
th e. god concentration (Fig. 6). The increase averaged by the leastrsquares 
method is 

C ~ I  l = 7.14 mmol 

- ~ i 1 . 

k2 
C g ~  1 1 1 

= 0.131 X 10 -31S -i mg-' . 

c~i 13.14mmol ik2 0.111 X10±31sL!mgL' 

~ _ " . i .  . . . . . . .  . . 
. : : . . "  . . .  • 
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Kinet i c  data  for  Constant g lucose  concentrat ion;  reaction volume:  62.13 ml 

c ~ t  cg,,~t (c;AT/Ot),.O k z  × 10 ~ 
i (mmol  I - ' )  (rag 1 -~) (mK s - ' )  ( s ,  t) 

kt X 10 a 
(s-') 

. 1 7  : 

7 . 1 7  
7.17 

7 .15  
7.15 
7.14 
7.11 

13,45 
13.43 
13.42 
13.40 
13.36 

51.18 
51 .18  
51.34 
83.15 

112.9 
144.8 
185.5 

• 51.18 
83. i9  

112.9 
144 .8  
193.3 

0.476 
0.500 
0.499 
0.891 
0.979 
1.42 
1.85 
0.89 
1.32 
1.92 
2,44 
2.80 

6.34 9.8 
6.67 8.9 
6.66 8.9 

11.88 9.1 
13.05 7.4 
18.9 7.9 
24.6 8.0 

5.87 10.6 
8.73 10.4 

12.7 10.1 
16.1 9 . 8  
21.4 9.5 

With these values, an enzyme activity of 249 or 228 U mg- '  respectively was 
calculated on the basis of  eqn. (12). 

The difference is in agreement  with the sequence  of  the experiments:  the 
measurements  for cg°t = 7 . 1 4 m m o l 1 - 1  were performed with a fresh god 
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solution with an activity of 250 U mg,  t, whereas in the investigations for 
c~1 = 13.4 mmol 1 -! the  god solution had somewhat  aged. From the scatter of 
the k2 values it is evident that the enzyme activity can be determined from 
one calorimetric measurement  with a relative error of about ±5%.  

• Under  identical conditions of g!ucose concentration and enzyme activity, 
the t e m p e r a t u r e , t i m e  curves of the glucose oxidation with the media tors  
benzoquinone and oxygen respectively are almost superimposable in the 
initial phase, •ending at the saturation concentration of oxygen  (see [1]); 
thus, the•presented  •model and results • can in principle be applied i t o a  
conversion• with oxygen. A s  the reaction rate is independent  of the  
mediator  concentration,  it does n o t  ,~eem justified to assume • the ex i s t ence  
of a Michaelis constant with respect to Oz [8]. . . . .  

The results and calculations show that, by means of suitable and rea l i s t ic  
enzyme activities, the conversion rate of g-glucose can be increased in such 
a way that  the/3-glucose is practically completely converted (>99.9%)•••after 
abou t 5 rain- However ,  this has next  t o  n o  effect on  the reaction rate of the 
t~-glucose. The react ion rate•asymptotically approaches zero,  Le. a con- 
VersiOn Of 99% is achieved after about  60min and a conversi6niof :99.9% : I 
is achieved •only after about  100 min.  U n d e r  t h e  prevailing-conditions,  .... 
a the rmomet r i c  gluci~se determination (determination of the :reaction h eatl 
under  substance-constant•condi t ions)  is therefore impossible~ It also 

. . . . . .  . . . . .  

becomes •unders tandable  why  t h e  A a H  value measu red  b y  h e a t  flux 
calorimetry [9] is: Smaller by s0me 7 %  than: the value.meaSured by Us.:i :: i 

• However ,  this•does not have• anylconsequences  with respect  to g lucose  
d e t e r m i n a t i o n  b y  thermal sensors in moVing-substance media,  since eqn. 

. . :  . .  ' ' • ' : . :  : ' • ' ,  " : .  : .  : i . • i . :  : " . • ' " " :  . " " ' , 
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(7)  shoWS the heat flow rate to b e  proportional to the glucose concentrat ion 
at every moment.  On the other hand, strict linearity is guaranteed only for a 
g l u c o s e  concentration c~t < 0.1KM. It appears to make sense (and is already 
k n o w n  [10]) to increase the mutarotation rate ~ -¢/3 by adding mutarotase. 
This should lead to a marked increase of  (OAT/at) and thus to a better 
detect ion limit. Investigations are currently being initiated. 
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