
328 BIOCHIMICA ET BIOPHYSICA ACTA 

BBA 65649 

STUDIES ON GLUCOSE DEHYDROGENASE OF ASPERGILLUS ORYZAE 

IV. H I S T I D Y L  RESIDUE AS AN ACTIVE SITE 

TCHAN-GI BAK AND RYO SATO 

Institute for Protein Research, Osaka University, Osaka (Japan) 

(Received May i6th,  1967) 

SUMMARY 

I. Glucose dehydrogenase from Aspergillus oryzae was inhibited by Ag +, Hg 2+ 
and Cu 2+, but was insensitive to sulfhydryl reagents. 

2. The involvement of a histidyl residue (or residues) in the activity was 
suggested from photoinactivation in the presence of methylene blue, the pH de- 
pendence of Km for glucose, and titration with the histidine-specific reagent, diazo-i- 
H-tetrazole (DHT). 

3. The inhibition by Ag + was reversed by dialysis and by  addition of a high 
concentration of glucose. Tile activity of DHT-inhibited enzyme was not restored by  
dialysis, and high concentrations of glucose part ly protected the enzyme from DHT 
inhibition only when added prior to the addition of DHT. 

4. The reduction of the enzyme-bound FAD by glucose was prevented in the 
Ag ÷- or DHT-treated enzyme, but the reoxidation of the reduced ravin  by vitamin K~ 
was not impaired in the treated enzyme. 

5. I t  was concluded that  a histidyl residue is involved in the reduction of the 
ravin  by glucose, acting probably as the glucose-binding site. 

INTRODUCTION 

Glucose dehydrogenase of Aspergillus oryzae has recently been isolated as a 
homogeneous glycoprotein containing I mole of FAD per mole of enzyme, and its 
chemical and physicochemical properties have been studied in detalP. The enzyme- 
bound ravin  has been shown to participate in the electron transfer from glucose to 
electron acceptors such as dyes and quinones, and a mechanism of two-electron 
transfer has been proposed for the oxidation and reduction of the ravin  2. I t  was, 
however, desirable to elucidate the sites on the enzyme to which glucose and acceptor 
are bound. In this paper, we present evidence which suggests that  a histidyl residue 

Abbreviations: DCIP, 2,6-dichlorophenolindophenol; DHT, dizao-i-H-tetrazole. 
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is present at the active site involved in the reduction of the flavin by glucose, probably 
acting as the glucose-binding site. 

MATERIALS AND METHODS 

Enzyme preparation 
The homogeneous preparation of glucose dehydrogenase described in a previous 

paper ~ was used. The concentration of the enzyme was estimated from the absorption 
peak of enzyme-bound FAD at 460 m#, assuming a molar extinction coefficient of 
11. 3 • lO s cm 2 mole -1 (ref. 3). 

Measurement of enzyme activity 
Unless otherwise stated, the activity of glucose dehydrogenase was measured 

at pH 6.5 as described previously 1, using 0.2 M D-glucose as hydrogen donor and 
o.I mM 2,6-dichlorophenolindophenol (DCIP) as acceptor. One unit of the enzyme 
was defined as in the previous paper 1. 

Photooxidalion 
A flask containing o.45 ml of a solution which contained 52 #g of l:urified 

glucose dehydrogenase, 0.02% methylene blue, and o.oi M phosphate buffer (pH 6.5) 
was placed at a distance of 20 cm from a 375 W spot-light lamp. The solution was 
kept cold with ice-water during irradiation. Control experiments were carried out 
in the absence of the dye or in a vessel shielded to shut out light. 

Treatment with diazo-5-H-tetrazole (DHT) 
D H T  was freshly prepared as described by I-IORIKOSHI et al. 4. A solution con- 

taining 9" lO-6 M glucose dehydrogenase in 2.o ml of 0.75 M bicarbonate buffer 
(pH 8.8) was placed in a photometric cuvette, and t i trated with D H T  by  stepwise 
addition of o.oI-ml aliquots of 30 mM DHT. After each addition, the number of 
histidyl residues t i t rated was determined from the increase in absorbance at 480 m#, 
assuming a molar extinction coefficient of 1.72. lO 4 cm ~ mole -1 for the bis-azohistidine 
residue 4. The activity of the DHT-t rea ted  enzyme was also measured at pH 6.5 after 
IO ooo-fold dilution. A control experiment without the addition of D H T  was carried 
out simultaneously. 

RESULTS 

Effects of inhibitors 
As reported by  KURASAWA A~D IGAUE ~, the reduction of DCIP by  glucose 

catalyzed by A. oryzae glucose dehydrogenase was sensitive to heavy metal  ions 
such as Ag +, Hg z+ and Cu z+. The inhibition by Ag+ was most pronounced (98% 
inhibition by  0.02 mM AgNOa at pH 6.5). Although the sensitivity to these metal  
ions suggested the participation of a sulfhydryl group in the catalysis, typical sulihy- 
dryl reagents such as p-chloromercuribenzoate (I raM), p-chloromercuriphenylsulfo- 
hate (i raM) and CdSO~ (IO mM) failed to inhibit the activity even after preincubation 
of the enzyme with the reagents. These results were in agreement with the results 
of spectrophotometric t i tration of the enzyme with p-chloromercuribenzoate by  the 
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method of BOYER 6, in which no sulthydryl groups could be detected. Atebrine (3 mM), 
which is an inhibitor of several flavoprotein enzymes 7, also inhibited A. oryzae glucose 
dehydrogenase by 66 %, but this inhibition was not reversed by the addition of FAD. 
The enzyme was completely insensitive to such metal  chelating agents as KCN 
(20 mM), a,a '-dipyridyl (2 raM), o-phenanthroline (2 raM), EDTA (5 raM), and 8- 
hydroxyquinoline (I raM) as well as to inhibitors of the mitoehondrial electron- 
transfer pathway, including 2-nonyl-4-hydroxyquinoline_N_oxid e (Io#g/ml),  anti- 
mycin A (io/zg/ml), and Amytal  (2 raM). Dicumarol (0.05 raM), and thiourea (IO raM) 
also showed no effects. 

Effect of photooxidation 
Since the sensitivity to heavy metal  ions was not due to the presence of an 

essential sulfilydryl group, as discussed above, it was suspected that  the activity 
was dependent upon a histidyl residue, which can also combine with Ag+, Hg2+, etc. 
This possibility was, therefore, tested by subjecting the enzyme to photooxidation 
in the presence of methylene blue, a technique which has frequently been used to 
destroy histidyl residues in proteins s-n. As shown in Fig. I, irradiation of the enzyme 
for 60 min in the presence of methylene blue caused about 70% inhibition of tile 
activity, and this inactivation was not affected by the presence of 0.2 M glucose. 
When irradiation was carried out in the absence of the dye, however, or when the 
vessel was shielded to shut out light, no inactivation was observed. These results 
suggested the involvement of a histidyl residue in the enzymatic activity, though the 
destruction by irradition of other residues, such as t ryptophyl  and tyrosyl, could 
not be ruled out 1~-14. 
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Fig. I. Decrease in enzyme act ivi ty by photooxidat ion in the presence of methylene blue. The 
complete sys tem contained: o.i  M potass ium phospha te  buffer (pH 6.5), o.o2 % methylene blue, 
52/~g of the enzyme in a total  volume of o.45 ml. I r radia t ion was carried out  for various periods 
of t ime as described in MATERIALS AND METHODS, and the residual act ivi ty was measured. A - - A ,  
complete system; O - - O ,  0.2 M glucose added; © ©, nlethylene blue omit ted;  × -  × ,  complete 
sys tem shielded to shut  out  light. 

Fig. 2. Dependence on p H  of Michaelis cons tant  for glucose. The reaction mixture  contained 
0.i mM DCIP, glucose dehydrogenase, 0.2 M phosphate  or Tris ttC1 buffer of various pH's ,  and 
varying concentrat ions of glucose in a final volume of 1. 5 ml. Michaelis constants  for glucose 
(Kin) were determined by  means of L ineweaver -Burk  plots, pKm is -- log Km (in molar concen- 
tration).  

Effect of pH on Michaelis constant 
Analysis of the pH dependence of the catalytic activity often gives a clue to 

the nature of the reactive groups in enzymes 14. I t  was found that  the Michealis 
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constant of glucose dehydrogenase for glucose, determined by means of Lineweaver- 
Burk plots at a DCIP concentration of o.I raM, was affected by pH in a characteristic 
way. As shown in Fig. 2, the pKm value (--log Km expressed in terms of molar 
concentration; Kin, Michaelis constant) remained constant at the alkaline side of 
pH 7, but decreased linearly in the acidic region. Such characteristics of the pKm-pH 
curve seemed to be compatible with the assumption that  a histidyl residue, rather 
than a cysteinyl, tyrosyl or t ryptophyl  residue, is present at the active site of the 
enzymel~, 1~. 

I t  was further found that  the inhibition of glucose dehydrogenase by AgN0 8 
was dependent on pH. This dependence could also be explained by an inhibition 
mechanism involving complex formation between Ag+ and an essential histidyl 
group, as was also the case with invertase15,16. 

Effect of DHT 
D I t T  is a new coupling reagent developed for specific spectrophotometric 

determination of protein histidyl residues 4. This reagent also reacts slowly with 
tyrosyl residues, but the coupling with histidyl residues is completed at a DHT 
concentration permitting no reaction with tyrosyl residues 4. The activity of glucose 
dehydrogenase was found to be very sensitive to the t reatment  with DHT. This 
inhibition could, however, be reversed by the presence of exogenous histidine. Curve A 
of Fig. 3 shows the result of spectrophotometric t i tration of glucose dehydrogenase 
with DHT. As can be seen, the absorbance increment at 48o m#, due to bis-azohisti- 
dine which is the coupling product of histidine with D H T  4, increased in two steps; 
in the first step 7 histidyl residues seemed to be t i trated and 2 more residues reacted 
in a separate step. Thus, the total number of titrable histidyl residues was 9 F er 
mole of enzyme, in agreement with the histidine content obtained by amino acid 
analysis 1. A similar titration curve was also obtained with the enzyme preparation 
which had been denatured in o.o5 M NaOH at o ° for 2o h, except that  the critical 
D H T  concentration required was somewhat lower. This suggested that  the histidyl 
residues were in similar states in both the native and denatured enzyme. As shown 
in Curve B of Fig. 3, the glucose dehydrogenase activity was strongly inhibited on 
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Fig. 3 -T i t r a t i on  of glucose dehydrogenase wi th  DHT.  Glucose dehydrogenase (9" lO -6 M) in 
0.75 M bicarbonate  buffer (pH 8.8) was t i t ra ted  wi th  D H T  as described in MATERIALS AND METHODS. 
Curve A, absorbance increment  at  480 m/~. Curve B, glucose dehydrogenase activity, n indicates 
tile n u m b e r  of histidyl residues t i t ra ted  wi th  DI-IT. 
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addition of DHT;  complete inactivation occurred when 2 mM D H T  had been added. 
Comparison of this result with Curve A indicated that  the activity could be eliminated 
when less than 5 histidyl residues per mole of enzyme had been blocked by DHT. 
From these data, it was concluded that  a histidyl residue or residues are actually 
involved in the catalytic mechanism. 

Restoration of activity by dialysis 
The inhibition of the enzyme by Ag + was reversible as is evident from the 

following experiments. The enzyme (6/zg) was mixed with o.I mM A g N Q  in o.I M 
phosphate buffer (pH 6.5) effecting almost complete loss of activity. The mixture 
was then dialyzed at 4 ° for 18 h against (a) 0.05 M phosphate buffer (pH 6.5) alone, 
(b) the same buffer containing I mM histidine, or (c) the same buffer containing 
I mM cysteine. After dialysis, the last sample was once more dialyzed against the 
same buffer without cysteine. Control experiments were similarly run without the 
inhibitor. I t  was thus found that  the activity of the Ag+-inhibited preparation was 
restored to 30, 40 and IOO% of the control after dialysis against buffer alone, buffer 
plus histidine, and buffer plus cysteine, respectively. This was explicable, because it 
is known that  the histidine-silver complex is considerably dissociable, and that  the 
affinity of cysteine for Ag+ is higher than that  of histidine. The inhibition by D H T  
was not reversed by these methods, because of the covalent bond formation between 
the histidyl residue and DHT 4. 

Protective effect of glucose on inhibition by Ag + and DHT 
As shown in Table I, the inhibitory effects of Ag + and DHT were reduced by 

the coexistence of high concentrations of glucose. Ii1 the case of D H T  inhibition, 
reversal was observed only when glucose was added prior to the addition of DHT. 
On the other hand, the addition of glucose to the Ag+-treated preparation also 
resulted in considerable restoration of the activity. These results not only confirmed 
the reversibility of Ag + inhibition (but not D H T  inhibition) but also suggested that  
the essential histidyl group might be the site of glucose binding to the enzyme. 

T A B L E  I 

PROTECTIVE EFFECT OF HIGH CONCENTRATIONS OF GLUCOSE ON INHIBITION BY A g  + AND D H T  

F o r  D H T  i n h i b i t i o n ,  6 / 2 M  D H T  w a s  a d d e d  t o  a m i x t u r e  c o n s i s t i n g  o f  o . i  M p h o s p h a t e  b u f f e r  
( p H  6.5) ,  g l u c o s e  a t  i n d i c a t e d  c o n c e n t r a t i o n ,  a n d  o . i / 2 g  o f  p u r i f i e d  g l u c o s e  d e h y d r o g e n a s e ,  a n d  
t h e  m i x t u r e  w a s  i n c u b a t e d  f o r  a f e w  m i n u t e s .  T h e  e n z y m e  a c t i v i t y  w a s  t h e n  d e t e r m i n e d  b y  
a d d i n g  o. I m M  D C I P .  F o r  A g +  i n h i b i t i o n ,  2 / z M  A g N O  8 w a s  b r o u g h t  i n t o  c o n t a c t  w i t h  t h e  e n z y m e  
in  b u f f e r  p r i o r  t o  g l u c o s e ,  a n d  a f t e r  b r i e f  i n c u b a t i o n  D C I P  w a s  a d d e d  t o  s t a r t  t h e  r e a c t i o n .  F i n a l  
v o l u m e  o f  t h e  r e a c t i o n  m i x t u r e  w a s  1.5 ml .  P e r  c e n t  i n h i b i t i o n  w a s  c a l c u l a t e d  b y  c o m p a r i n g  t h e  
r a t e  w i t h  t h a t  o b s e r v e d  in  a c o n t r o l  e x p e r i m e n t  w i t h o u t  t h e  i n h i b i t o r .  

Glucose Per cent inhibition by 
(M) 

D H T  .4gNOs 

o . i  84 91 
0 .2  82 89 
0 .4  72 - -  
0 .5  64 - -  
0 .8  - -  73 
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A : Control B: Ag*-treated C: DHT-treated 

10/zM ZSmM IO/xM 
IO~M Glucose Glucose Glucose Glucose 10 mM Glucose 

/1460 rnff -~0.O1 

" - -  m 

~"{ 2 min 

Fig. 4. Effects of Ag + and D H T  on the reduction of enzyme-bound flavin by  glucose. The initial 
reaction mixture  (final volume, 1. 5 ml) contained 5 ° mM phospha te  buffer (pH 6.5), and 5.6 #M 
glucose  dehydrogenase .  For  Expts .  B and C, o.i mM AgNO 3 and o.i mM DHT, respectively, 
were  also included in the mixture.  The reaction was run  aerobically at  room temperature ,  and 
the  reduction of flavin was followed by recording the change in absorbance at 4,5o raft. The  
downward  refect ion of the trace indicates the reduction of flavin. 

Role o[ histidyl residue 
As reported previously 2, FAD in glucose dehydrogenase was rapidly reduced 

aerobically on addition of a small amount of glucose and, after a while, slowly 
reoxidized by autoxidation (Expt. A, Fig. 4). In the enzyme which had been pre- 
treated with o.I mM AgNO3, however, no appreciable reduction of the flavin was 
induced by the same amount of glucose, although the addition of a large amount of 
the hydrogen donor could reduce the flavin (Expt. B, Fig. 4). It was further found 
that the FAD in the DHT-inhibited enzyme was not reduced even on addition of a 
large amount (Io raM) of glucose (Expt. C, Fig. 4). These experiments clearly indicated 
that the histidyl residue is necessary for the reduction of the enzyme-bound FAD 
by glucose. The reversal of Ag+ inhibition by a large amount (7.5 raM) of glucose 
again suggested that Ag + and glucose combine with the enzyme at the same site. 

In the experiment shown in Fig. 5, the FAD of the enzyme (5.6 #M) was first 
reduced by the addition of 5 ° ffM glucose and the reduced enzyme was treated with 

50/~M 50/~M 
Glucose Glucose 

2mM Glucose 

¢ 
80/~M AgNO 3 20/2M K 3 

± 
A460 rnF = Q02 

T 

Fig. 5- Reoxidat ion of reduced  F A D  by v i tamin  K 3 in the Ag÷-inhibited e n z y m e .  The  initial 
reaction mixture  (final volume, 1.5 ml) contained 5 ° mM phospha te  buffer (pH 6.5) and 5.6/zM 
glucose  dehydrogenase .  The  reac t ion  was  run  anaerobically in a ni t rogen a tmosphere  (room 
temperature) ,  and the reduction and reoxidat ion of enzyme-bound F A D  were  followed by  re- 
cording the change in absorbance at  460 m/,. The downward  reflection of the trace indicates t h e  
reduction of flavin. 
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80 #M AgNO a. As will be seen, further addition of 20 #M vitamin K3, an effective 
acceptor for this enzyme 2, to this Ag+-inhibited system caused rapid reoxidation oI 
the reduced flavin. Thus, it was clear that  the oxidation of reduced FAD in the enzyme 
by an acceptor was not affected by  the Ag+ treatment.  The reoxidized flavin thus 
produced could not be reduced by 50/~M glucose because of the Ag+ inhibition, but 
could be reduced by the addition of a large amount (2 raM) of glucose. The insensitivity 
of the reoxidation of reduced FAD to Ag+ was also observed in the case of slow re- 
oxidation by molecular oxygen. 

DISCUSSION 

Although the activity of A. oryzae glucose dehydrogenase is sensitive to heavy 
metal  ions such as Ag + and Hg 2+, and the enzyme possesses 6 half-cysteine residues 
per mole 1, typical sulfllydryl reagents such as p-chloromercuribenzoate exert no 
inhibitory effects. In fact, the enzyme has no sulfllydryl groups titrable with p-chloro- 
mercuribenzoate. Therefore, it may be concluded as in the case of glucose oxidase 
from Aspergillus niger 17 that  the glucose dehydrogenase activity is not related to 
sullhydryl groups. 

The results reported in this paper, on the other hand, indicate that  the inhibition 
of glucose dehydrogenase by Ag + and Hg 2+ results from complex formation between 
these metal ions and an essential histidyl residue or residues in the enzyme molecule. 
The most conclusive evidence for the role of histidyl residues is the fact that  DHT,  
a reagent which reacts very specifically with histidine 4, inhibits the enzyme activity 
concomitantly with the formation of bis-azohistidine residues. The finding that  the 
pH-pKm curve has a break at pH 7 also supports the conclusion, because the group 
most likely to dissociate in a protein in this pH region is the imidazole groupS,9, is. 
Although not very conclusive, photoinactivation of the enzyme in the presence of 
methylene blue lends further support to the view. 

Since Ag+ or DHT inhibits the reduction of enzyme-bound FAD by glucose 
but shows no effect on the reoxidation of the reduced flavin by acceptors such as 
vitamin Ks, it is clear that  the essential histidyl residue is required for the hydrogen 
transfer from glucose to the enzyme flavin. The inhibition of the enzyme by Ag + 
or D H T  can be appreciably reduced when glucose is added prior to the inhibitor 
and the reduction of the FAD in the Ag +- (but not DHT-) inhibited enzyme can 
proceed normally if the concentration of glucose is greatly increased. From these 
findings, suggesting competition between Ag + and glucose, it seems likely that  the 
histidyl residue is in fact the site of glucose binding to the enzyme molecule.Although 

Glucose dehydrogenase I 

I 
His FAD 

Ag+ DI-IT 

Scheme i. Role of  the  h i s t idy l  res idue in the  glucose dehydrogenase  ac t iv i ty .  The  arrows symbol ize  
the  hyd rogen  flow; the  th ick  arrow represents  the  inhibi t ion.  
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further work is necessary to confirm this conclusion, it is of interest to recall LEWIN'S 1~ 
earlier finding that histidine combines strongly with hexoses and pentoses. It has 
further been suggested that the imidazole group of histidine is responsible for this 
combination2°, 21. It therefore seems reasonable to depict the role of the histidyl 
residue in the glucose dehydrogenase activity as depicted in Scheme I. 
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