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Summary 

The midgut from Rhynchosc iara  americana larvae display a trehalase (a,a'- 
trehalose glucohydrolase, EC 3.2.1.28) which is soluble with a molecular 
weight of  122 000 and pI  4.6. The opt imum pH of the enzyme is 6.0, its 
apparent Km for trehalose is 0.67 mM and its energy of  activation is 16.7 kcal/ 
mol. Sulfhydryl reagents do no t  inhibit the trehalase. The results suggest the 
existence of  two carboxyl groups in the active site, one of  which has a very 
high (8.3) pK. The increase of  the pK values of  the essential groups of  the free 
enzyme in the presence of  increasing concentrations of  dioxane supports the 
hypothesis  that these groups are carboxyls. The purified enzyme hydrolyzes 
only a,a '-trehalose and it is competi t ively inhibited by several compounds.  

Introduct ion 

Trehalase (a ,a '-trehalose 1-D-glucohydrolase, EC 3.2.1.28), which hydrolyzes 
,a'-trehalose to two glucose molecules it is one of  the most  widespread carbo- 

hydrases in insects, occurring mainly in midgut, flight muscle, fat body  and 
labial glands [ 1 ]. 

Some soluble trehalases have been highly purified from whole insects [2,3] 
and frequently they have been considered as being derived from the gut [1].  
Nevertheless, since soluble trehalases also occurs in tissues other than the gut, 
such as muscle [4,5] and hemolymph [6] it is not  possible to be sure the 
soluble trehalases purified from whole animals come from the gut and are no t  
a mixture of  trehalases. The trehalases, which unequivocally are soluble gut 
trehalases, have been poorly characterized. In the majority of  cases only the 
molecular weight have been measured and the effect  of  pH, temperature and 
substrate concentrat ion on the trehalase studied [7,8]. 

In this paper we describe some of  the physical and kinetic properties of  the 
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midgut trehalase of Rhynchosciara americana and try to identify the nature of  
their prototropic  groups at the active site. 

Materials and Methods 

Materials. Glucose oxidase (Type II), peroxidase (Type II) were purchased 
from Sigma. Ampholine (pH 3--10) was supplied by LKB Corp. Pure proteins 
used as molecular weight markers were: egg albumin, catalase and ferritin 
purchased from Sigma and porcine pancreas a-amylase from Worthington. A 
universal buffer [9] was supplied by B.D.H. Chemicals Ltd. Iodoacetic acid 
(Sigma) was recrystallized and tested for the presence of  free iodine before use 
[101. 

Animals. R. americana (Diptera, Sciaridae) was reared in the laboratory [11] 
and we have used only females at the end of  2nd period of  4th instar [12]. 

Preparation of  enzyme solution. It was performed as previously described 
[13] followed by centrifugation at 105 000 ×g  for 1 h at 4°C and dialysis of  
the supernatant for 9.4 h at 4°C against 100 vols. of distilled water. The enzyme 
solution could be stored for at least 6 months at --10°C without  noticeable 
change in activity. 

Standard trehalase assay. The standard assays were accomplished at 37°C in 
0.05 M citrate/phosphate buffer (pH 6.0), 15 mM trehalose in a final volume of 
0.5 ml. The reaction was stopped by placing the tubes in a boiling-water bath 
for 2 min. The glucose formed was determined with the Tris/glucose oxidase 
reagent [14].  In each determination, incubations have been carried out  for 30, 
60 and 120 min and the initial rates calculated. A unit  of  enzyme is defined as 
the amount  that  catalyzes the cleavage of  1 ~mol of  substrate per min. 

Gel electrophoresis. Trehalase samples containing 25 munits were applied to 
acrylamide gel columns of different concentrations [15]. The electrophoretic 
separation was achieved with a current of  2.5 mA/eolumn for 1 h at 4°C. After 
the runs the gel were fractionated as previously described [13].  To each frac- 
tion, buffered trehalose was added to become 15 mM trehalose, 0.05 M citrate/ 
phosphate buffer (pH 6.0). The incubations were terminated after 2 h at 37°C 
by the addition of 2 ml 3,5-dinitrosalicylic acid reagent [16] followed by 
heating 5 min in a boiling-water bath and dilution with 2 ml water before 
reading the absorbanee at 550 nm. The recovery of  trehalase activiW applied to 
the gels was 68--77%. 

Molecular weight. The molecular weight of  trehalase was determined by 
measuring its elec~ophoretical  migration in acrylamide gels of  different con- 
centrations (4.0, 5.5, 7.0, 8.5 and 10.0%) [15] and comparing its behavior with 
those of  proteins of  known molecular weight [1"/]. The position of  these pro- 
teins was marked by amido black staining and that of  trehalase by fractiona- 
tion of  the gel followed by enzyme assay, as described above. The linear 
correlation coefficients found were higher than 0.99 for the molecular weight 
markers and than 0.97 for the treahalase. 

Isoeleetric focusing. Two columns of  7.5% polyacrylamide gels were used. 
Before polymerization was initiated, 12.5 munits trehalase and a volume of 
40% Ampholine (pH 3--10, LKB Corp.) sufficient to the gel to become 1.5% 
Ampholine were added. Isoelectrie focusing was carried out  as previously 



133 

described [18].  One column was then fractionated and assayed as described for 
gel electrophoresis, while the other  column was fractionated with deionized 
water replacing the buffer. The fractions in water were left  overnight at 4°C 
and then the pH of each was measured with a glass electrode. The recovery of  
trehalase activity applied to the gels was approx. 67%. 

Trehalase partial purification. Samples of  trehalase were electrophoretically 
separated in several columns of  8.5% polyacrylamide gels. The regions of  the 
columns containing the trehalase were cut  with a razor blade and homogenized 
in 20 mM citrate/phosphate buffer (pH 6.0). After the pH of the homogenate  
was adjusted to 6.0 with 3 M HC1, it was left overnight at 4°C. Then, the 
homogenate  was centrifuged and the supernatant dialyzed against 100 vols. of  
distilled water for 12 h at 4°C. The activity remaining in dialysates corre- 
sponded to 55--65% of  that  applied to the gel. The combination of  ultra- 
centrifugation followed by purification by gel electrophoresis results in a 
recovery of  5 3 - 6 3 %  of the activity found in the original homogenate  and in a 
specific activity 26-fold higher (1.6 units/mg, at 37°C, pH 6.0). The purified 
trehalase was stable and no change in activity has been found after 2 months 
storage at --10°C in water at neutral pH. 

Thermodynamic parameters of ionization. Trehalase assays were performed 
in universal buffer at more than 10 different pH values in which the enzyme is 
stable and apparent V (Vapp) and apparent Km (Km,app) were determined at 
each pH (from Lineweaver-Burk plots). The buffer pH was adjusted by titration 
with 0.2 M NaOH at the temperature of  the assay. The pK values of the 
ionizable groups in the active site were determined from linear plots of  K~app/ 
V~pp versus [H ÷] and of  1/V~pp versus 1/[H ÷] [19].  The standard enthalpies of  
ionization (AH°o,) were calculated from the slope of  a plot  of  pK against the 
reciprocal of  the absolute temperature.  The standard free energies of  ionization 
(AG°on) were calculated from the equation AG o= 2 . 3 0 3 R T  pK from pK 
values interpolated from the plot  of  pK versus 1/T. The limits of  error of  the 
slopes of  the straight lines [20] and of  the interpolated pK values [21] were 
also calculated. The standard entropy of  ionization (AS°on) were calculated 
from the equation: AS°on = (AH~io, -- AG°on)/T. 

Enzyme pK values in dioxane. The pH of  the universal buffer /dioxane solu- 
tion was adjusted by titration at the temperature of  the assay (25°C) as 
previously described [22].  Acetate buffers with dioxane were used to 
standardize the pH meter.  The pK values of  the acetic acid in the different con- 
centrations of  dioxane used were calculated from the data in the literature 
[23].  The assays and the determinations of  enzyme pK values were accom- 
plished as described above. 

Multiple inhibition analysis. It was accomplished by plotting 1/v versus [I] /  
Ki at several fixed [j]/Kj [24].  When j was dioxane, only one fixed concentra- 
tion was used to avoid displacements of  the enzyme opt imum pH. Theoretical 
straight lines were calculated from the equation below: 

_ ~ + [ j ]~ [ I ]  1 ~ Km Km[j]~ 1 Km I --+-- I+ + 

v [S] V \ ~K-jj!K i V \ IS] [S]Kj / 
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T A B L E  I 

D I S T R I B U T I O N  OF T R E H A L A S E  IN S U B C E L L U L A R  F R A C T I O N S  OF R. A M E R I C A N A  M I D G U T  

R. americana m i d g u t s  a f te r  be ing  r insed t h o r o u g h l y  wi th  saline were  h o m o g e n i z e d  wi th  neu t ra l i zed  
de ion ized  w a t e r  and t h e n  passed  t h r o u g h  glass wool .  The  resul t ing f i l t ra te  were  s u b m i t t e d  to  d i f ferent ia l  
cen t r i fuga t ion .  T he  s ed imen t  were  dispersed in 0.1% T r i t o n  X-100 /0 .1  M NaC1 be fo re  assay in the  
s t anda rd  cond i t ions  as the  superna tan t s .  The  da ta  c o r r e s p o n d  to the  average  of  two  i n d e p e n d e n t  de ter -  
mina t ions .  

F r a c t i o n  Act iv i ty  

m u n i t s / m i d g u t  Pe rcen t  

H o m o g e n a t e  50.1 
Sed imen t ,  10 000  × g, 10 m i n  0 .05  
Supe rna t an t ,  10 000  × g, 10 ra in  49 .8  
Sed im en t ,  105  000  × g, 60 rain 0.0 
S u p e r n a t a n t ,  105 0 0 0  × g, 60  rain 48 .4  

100 
0.1 

99 .5  
0.0 

97 .0  

Results 

Subcellular distribution and physical properties 
The trehalase activity found in R. americana midgut homogenates  is com- 

pletely soluble (Table I) and was not  enhanced by repeated freezing and 
thawing. It corresponds to a protein with a molecular weight of  122 000,  and 
it has a p /va lue  of  4.6 (Fig. 1). 

Stoichiometry of  reaction and the effect of  pH, temperature and substrate con- 
cen tra tion 

2 mol  of  glucose were formed per mol  of  trehalose by the action of  the 
trehalase as determined by the methods of  glucose oxidase or 3,5-dinitro- 
salicylic acid. 

The effect of  the substrate concentration in midgut trehalase is shown in 
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Fig. 1. I soe lec t r ic  focus ing  of  R.  americana m i d g u t  t rehalase  in p o l y a c r y l a m i d e  g e l  Cond i t ions  are 

desc r ibed  in Materials  a nd  Methods .  
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Fig. 2. E f f ec t  of  subs t ra te  c o n c e n t r a t i o n s  on  the  R.  americana m i d g u t  t rehalase  act iv i ty .  The  assays were  
p e r f o r m e d  in the s t anda rd  cond i t ions .  The  s t ra igh t  l ine was  ad jus ted  to  the  po in t s  using the  leas t -squares  
m e t h o d ,  r is the  co r re l a t ion  coef f i c ien t .  

Fig. 3.  E f f ec t  of  t e m p e r a t u r e  on  the  ac t iv i ty  and  s tabi l i ty  of  m i d g u t  t rehalase .  Th e  assays for  the  
Ar rhen i u s  p lo t  were  a c c o m p l i s h e d  in the s t anda rd  cond i t i ons  a t  d i f f e r en t  t e m p e r a t u r e s .  Th e  s t ra ight  l ine 
was  ad jus ted  to  the  po in t s  b e t w e e n  10 a nd  30°C (r = 0 . 9 9 7 8 ) .  The  h e a t  s tabi l i ty  of  t rehalase  was  de te r -  
m i n e d  by  i ncuba t ing  e n z y m e  samples  in 0.2 M c i t r a t e / P h o s p h a t e  b u f f e r  ( p H  6 .0)  at  d i f f e r en t  t e m p e r a -  
tu res  for  2 h be fo re  assaying in the  s t anda rd  cond i t ions .  

Fig. 2 using a Lineweaver-Burk plot  from which it was calculated an apparent 
Km of  0 .67 mM for trehalose. The energy of  activation of  the midgut trehalase 
determined in substrate-saturating conditions between 10 and 30°C is 
16.7 kcal/mol (Fig. 3). 

The effect o f  pH on the trehalase activity suggests the existence of  a 
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Fig. 4. E f f ec t  o f  p H  on the  ac t iv i ty  a nd  s tabi l i ty  of  t rehalase .  The  e n z y m e  samples  were  i n c u b a t e d  in the  
d i f f e r en t  p H  values  a t  several  t reha lose  c o n c e n t r a t i o n s  and  the  a p p a r e n t  V were  e x t r a p o l a t e d  f r o m  
L i n e w e a v e r - B u r k  plots .  The  assays were  p e r f o r m e d  in universa l  b u f f e r  [9]  a t  30°C.  Fo r  the  d e t e r m i n a t i o n  
of  the  p H  stabi l i ty  the e n z y m e  wa s  le f t  for  2 h a t  30°C in universa l  b u f f e r  at  d i f f e ren t  p H  values,  be fo re  
be ing  d i lu ted  10 t i m es  by  the  add i t ion  of  0 .2  M c i t r a t e / p h o s p h a t e  b u f f e r  ( p H  6 .0)  fo l lowed  by assays in 
the  s t a n d a r d  cond i t ions .  
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T A B L E  II  

T H E R M O D Y N A M I C  P A R A M E T E R S  OF I O N I Z A T I O N  OF T H E  P R O T O T R O P I C  G R O U P S  OF T H E  
M I D G U T  T R E H A L A S E - A C T I V E  SITE  AT 25°C 

T h e  f igures  are averages  f o l l o w e d  b y  the  l imi t s  o f  error w i t h  95% of  c o n f i d e n c e .  T h e  p r o t o t r o p i c  g r o u p s  
are n u m b e r e d  a c c o r d i n g  to  the ir  p K  values .  E, i o n i z a b l e  g r o u p s  in t h e  free  e n z y m e ;  ES ,  in the  e n z y m e  • 
substrate  c o m p l e x .  S e e  t e x t  for  further  detai ls .  

P r o t o t r o p i c  AG0on AH0on AS0on ' 

group (kea l /mo l )  (kca l /mo l )  (ea l /mol  per  d e g r e e )  

E 1 6 .70  + 0 .19  0.6 + 0.9 - -19 .3  -+ 3.8 
ES 1 6 .73  _+ 0.31 1.0 + 1.3 - -19 .2  + 5.6 
E 2 11 .23  + 0 .40  1.8 + 2.4 - -31 .5  + 9.4 
ES 2 11 .32  + 0 .42  1.9 + 2.5 - -31 .5  + 9.8 

deprotonated (pK1 4.9) and a protonated (pK2 8.3) group in the active site of 
the functional form of the enzyme which shows an apparent optimum pH at 
approx, pH 6.0 (Fig. 4). 

A control experiment using the following buffers (0.05 M): citrate/phos- 
phate (pH 3.6--7.0), phosphate (pH 7.5--8.0) and glycine/NaOH (pH 8.6-- 
10.0), instead of the universal buffer, it was accomplished and the results found 
were essentially the same as shown in Fig. 4. 

Nature of  the prototropic groups of  the active site 
The pK values of the prototropic groups in the active site of trehalase were 

determined at different temperatures and the thermodynamic parameters 
calculated from them are displayed in Table II. Although the enthalpies deter- 
mined show large deviations (Table II), the only known group whose enthalpy 
of ionization can be found inside the limits of error calculated for the 
enthalpies of  the prototropic groups in the active site of  trehalase is the 
carboxyl group [25]. This imply in the occurrence of two carboxyl groups in 
the active site of trehalase: one group with a pK 4.9 and another with pK 8.3. 
Carboxyl groups with pK 4.9 have been described before [25], while a 
carboxyl group having pK 8.3 must be in a highly hydrophobic environment. 
The hydrophobicity of the environment increases the pK of the groups, which 
ionize with separation of charges, almost entirely due to a more negative 
entropy of ionization [26]. An inspection in Table II shows us that the ASi°on 

T A B L E  I I I  

E F F E C T  OF D I O X A N E  IN T H E  I O N I Z A T I O N  "OF T H E  T R E H A L A S E - A C T I V E  SITE  P R O T O T R O P I C  
G R O U P S  A N D  ON p H - I N D E P E N D E N T  V A N D  K m A T  25°C 

pK values  are n u m b e r e d  in t h e  s a m e  w a y  as in Table  II.  S e e  t e x t  for  further  detai ls .  

S o l v e n t  PK E 1 PKE S 1 PKE2 P K E s  2 V K m 

( m u n i t s )  (mM) 

Water  4.97 4 .83  8 .30  8 .26  2.56 0 .48  
7% d i o x a n e  5 . 2 0  4 . 9 4  8 . 4 8  8.18 2.53 1.42 
15% d ioxane  5.61 4 .74  8.86 8 .15  2 .78  2 .32  
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of the group with larger pK is much more negative than the one of smaller pK, 
in accordance with the assumption it is in a more hydrophobic environment. 

Table III shows that the pH-independent V and Km values are, respectively, 
constant and increasing as the concentration of dioxane becomes higher. A 
plot of pH-independent Km versus concentration of dioxane results in a straight 
line (r = 0.9984) showing that dioxane is a simple intersecting linear com- 
petitive inhibitor with a Ki 0.48 M. The pK values shown in Table III were 
calculated assuming that the dioxane Ki does not change with pH. There we 
see that the pK values of the free enzyme increase with increasing dioxane con- 
centration, supporting the hypothesis the prototropic groups of the trehalase- 
active site are carboxyl groups. Otherwise, the pK values of the enzyme.  
substrate complex do not change in the same conditions, suggesting that 
dioxane competes with trehalose in binding the trehalase, in accordance with 
the findings commented above. 

Substrate specificity and inhibitors of  trehalase 
The midgut trehalase hydrolyzes only ~,~'-trehalose among several other 

disaccharides (Table IV). It is highly competitively inhibited by sucrose and 
p-nitrophenyl-~-D-glucoside, and in a less extent by other carbohydrates 
(Table IV). The sulfhydryl reagents p-mercuribenzoate (0.1 mM) and iodo- 
acetate (50 mM) do not inhibit the midgut trehalase. 

The midgut trehalase inhibition by Tris at constant ionic strength (500 mM) 
is a simple intersecting linear competitive inhibition at pH 6.0 (Fig. 5) and an 
intersecting linear non-competitive inhibition at pH 9.2 (Fig. 6). The results 
suggest that the protonated Tris binds m o r e  (Ki 74 mM) than the deprotonated 
Wris (K i 182 mM) in the enzyme. Otherwise, the binding of the two forms of 
Tris must be different, since the protonated Tris present at the active site 
prevent the binding of trehalose, while the deprotonated Tris only make it 
difficult (~ 4.7). In both cases, however, there is the binding of only one mole- 
cule of Tris per active site, basing on the observed rectilinear replots of slopes 
and intercepts (Figs. 5 and 6). 

T A B L E  IV 

S U B S T R A T E  S P E C I F I C I T Y  A N D  I N H I B I T I O N  OF T H E  P U R I F I E D  R. A M E R I C A N A  M I D G U T  T R E -  
H A L A S E  

Puri f ied R. americana m i d g u t  t rehalase ,  was  i n c u b a t e d  wi th  each  of  the  l isted c a r b o h y d r a t e s  (15  m M )  
wi th  and  w i t h o u t  t reha lose  (5 raM) in t he  s t anda rd  assay condi t ions .  None  o f  t h e  c a r b o h y d r a t e s  have  sub- 
s t ra te  p r o p e r t i e s ,  a l t h o u g h  t h e y  a f fec t ed  in var ied  degrees  the  ac t i on  of  t h e  e n z y m e  o n  t r e h a l o s e .  T h e  K i 
values  were  d e t e r m i n e d  f r o m  rep lo ts  of  s lopes of  L ine we a v e r -Bu rk  p lo t s  against  inh ib i to r  c o n c e n t r a t i o n .  
F o u r  d i f f e ren t  c o n c e n t r a t i o n s  of  the  inh ib i to rs  were  used  in e a c h  c a s e  a n d  t h e  resul ts  s h o w e d  t h a t  all of  
t h e m  s-re s imple  in te r sec t ing  l inear  c o m p e t i t i v e  inhib i tors .  

C a r b o h y d r a t e  Inh ib i t i on  K i C a r b o h y d r a t e  Inh ib i t i on  
(%) (mM)  (%) 

Sucrose  61 .6  1.4 lactose 8.3 
P-Ni t rophenyl -~-D-ghicos ide  44 .2  2.5 cel lobio se 7.2 
T u r a n o s e  23.1 5.9 mel ib iose  6.4 
Phenyl-~-D-glucoside 18.3 6 .5  ma l to se  2.0 
P-Ni t ropheny l -~-D-g lucos ide  25 .2  7.1 
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Fig. 5. Inh ib i t i on  of  the  pur i f ied  m i d g u t  t rehalase  by  Tris a t  p H  6.0.  L ineweave r -Burk  p lo ts  for  d i f f e r en t  
c o n c e n t r a t i o n s  of  Tris; inset ,  r ep lo t  o f  K m , a p  p ca lcu la ted  f r o m  the L ineweave r -Burk  p lo ts  against  the con-  
c e n t r a t i o n  of  Tris. The  ionic s t reng th  (I)  in assay tubes  was m a i n t a i n e d  c o n s t a n t  (500  m M )  by the  addi-  
t ion  o f  sui table a m o u n t s  of  NaCI. 

Fig. 6.  Inh ib i t ion  of  the  ptLrified m i d g u t  t rehalase  by  Tris a t  p H  9.2.  L ineweave r -Burk  p lo t s  for  d i f f e ren t  
c o n c e n t r a t i o n s  of  Tris;  inset ,  r ep lo t  of  s lopes a nd  in t e rcep t s  f r o m  L ineweave r -Burk  p lo t s  against  the con-  
c e n t r a t i o n  of  Tris. Ionic  s t reng th  = 500  mM .  
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Fig. 7. Mult iple inh ib i t ion  of  the pur i f ied  m i d g u t  t rehalase  by  Tris and  sucrose a t  pH 6.0;  Yonc tan i -  
Theore l l  p lo t  [ 24] .  

Fig. 8. Mult iple inh ib i t ion  of  pur i f i ed  m i d g u t  t rehalase  by  d ioxane  and sucrose  at  p H  6.0.  The  ver t ical  bars  
are s t anda rd  dev ia t ions  of  means .  The  solid line is the  s t ra ight  line wh ich  fits be t t e r  to the  e x p e r i m e n t a l  
po in t s  by  using the leas t -squares  m e t h o d .  The  i n t e r r u p t e d  l ines are theore t ica l .  ~ is the  i n t e r ac t ion  fac to r  
b e t w e e n  the  t w o  inhib i tors  in the  e n z y m e  • inh ib i to r  c o m p l e x .  
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I l l :  2k j  . . " "  
IS]: 1OKra . / "  z ~ l  j 1.9 

I = 5 0 0 m M  ,... J~ ~ Y  
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E']/K, 
Fig .  9 .  M u l t i p l e  i n h i b i t i o n  o f  p u r i f i e d  m i d g u t  t r e h a l a s e  b y  T r i s  a n d  d i o x a n e  a t  p H  6 . 0 .  T h e  v e r t i c a l  b a r s  a r e  

s t a n d a r d  d e v i a t i o n s  o f  m e a n s ,  a i s  t h e  i n t e r a c t i o n  f a c t o r  b e t w e e n  t h e  t w o  in_hib i tors  i n  t h e  e n z y m e  • 
i n h i b i t o r  c o m p l e x .  T h e  l i n e s  f o r  a = 1 a n d  a = ~ a r e  t h e o r e t i c a l ,  w h i l e  t h a t  f o r  ~ = 1 .9  c o r r e s p o n d s  t o  t h e  
s t r a i g h t  l i n e  w h i c h  f i t s  b e t t e r  t o  t h e  e x p e r i m e n t a l  p o i n t s  b y  u s i n g  t h e  l e a s t - s q u a r e s  m e t h o d .  

Multiple inhibition o f  trehalase 
The results shown in Fig. 7 indicate that  Tris and sucrose bind at the same 

site, since the interaction factor (a) of  Tris and sucrose in the enzyme • inhibitor 
complex must be oo for the plot result in a family of  parallel straight lines and 
the Yagi-Ozawa plot (interrupted line in Fig. 7) be linear [24]. The interac- 
tion factor (a) of  dioxane and sucrose in the enzyme • inhibitor complex is, 
within the experimental error, oo (Fig. 8). 

This supports the previous statement that  dioxane binds at the active site of  
the trehalase. 

The interaction factor (a) between dioxane and Tris in the enzyme • inhibitor 
complex is 1.9 (Fig. 9). This means that  Tris and dioxane binds at different 
although a little interpenetrated sites in the trehalase active center. 

Discussion 

The specificity and inhibition o f  trehalase 
The R. americana midgut trehalase is highly specific for trehalose as 

previously described for trehalases from several other sources [27]. This 
specificity seems to be a consequence of  the symmetry of  its active site, since 
asymmetric epimers of  trehalose are bad substrates or are competitive 
inhibitors of  trehalase [28]. 

Early evidence suggested that  at least two hydroxyl  groups and the amino 
group of  Tris are necessary to inhibit the trehalase [3]. Those findings have 
been confirmed in this paper, which also showed that  the binding of Tris to the 
trehalase-active site leave sufficient room there for the binding of a dioxane 
molecule. 
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The active site of trehalase 
Sulfhydryl groups seem to be absent from the active site of  trehalases from 

several sources [3 ,29] .  Amino,  carboxyl and imidazole groups have been 
proposed to occur in the active site of  trehalases [8 ,29 ,30] .  Nevertheless, the 
reports are based on pH studies carried out  at only one temperature [8 ,30]  or 
on chemical modification studies in conditions which do not  exclude the 
involvement of  other groups [ 29] .  

Thermodynamic data presented in this paper suggest that both the acid and 
basic groups in the active site of  R. americana midgut trehalase are carboxyl 
groups. The occurrence of  two carboxyl groups in the active site of  the 
glycosidases lysozyme [ 31 ], ~-glucosidase [ 32] and intestinal sucrase [ 33 ] it is 
very well documented.  It is proposed for those enzymes that both carboxyl 
groups are involved in catalysis, one acting as an acid to protonate the glycosyl 
oxygen while the other functions as a base to stabilize a developing carbonium 
ion [31 ,34 ,35] .  It is possible that the same mechanism occurs in other 
glycosidases including the trehalases. 

Acknowledgements 

We are much indebted to Professor F.J.S. Lara for encouragement and 
laboratory facilities and to Dr. F. Galembeck for helpful discussions. This work 
was supported by grants from the Funda@o de Amparo h Pesquisa do Estado 
de S~o Paulo (F.A.P.E.S.P.). C.F. is a graduate fellow of F.A.P.E.S.P. 

References 

1 Wyatt,  G.R. (1967) Adv. Insect  Physiol.  4, 287--360 
2 Friedman,  S. (1960) Arch. Biochem. Biophys. 87 ,252 - -258  
3 Huber, R.E. and Lefebvre, Y.A. (1971) Can. J. Biochem. 49, 1155--1164 
4 Clemcnts,  A.N., Page, J., Botch, K. and Van Ooyen, A.J.J. (1970) J. Insect Physiol. 16, 1389--1404 
5 Friedman,  S. and Alexander,  S. (1971) Biochem. Biophys. Res. Commun.  42 ,818 - -823  
6 Friedman,  S. (1961) Arch. Biochem. Biophys. 93,550---554 
7 Gilby, A.R., Wyatt,  S.J. and Wyatt ,  G.R. (1967) Acta Biochim. Pol. 14~ 83--100 
8 Talbot,  B.G. and Huber, R.E. (1975) Insect  Biochem. 5 ,337- -347  
9 Prideaux,  E.B.R. and Wa~d, T. (1924) J. Chem. Soc. 125, 426--429 

10 Webb, J.L. (1966) Enzyme and Metabolic Inhibitors,  Vol. 3, Academic Press, N e w  York 
11 Lara, F~I.S., Tamaki,  H. and Pavan, C. (1965) Am. Nat. 99 ,189 - -191  
12 Terra, W.R., de Bianchi, A.G., Garnbarini, A.G. and Lara, F.J.S. (1973) J. Insect Physiol. 19, 2097--  

2106 
13 Terra, W.R., Ferreixa, C. and de Bianchi, A.G. (1977) Comp. Biochem. Physiol. 56B, 201--209 
14 Dalhqvist, A. (1968) Anal. Biochem. 22, 99--107 
15 Davis, B~I. (1964) Ann. N.Y. Acad. Sci. 121 ,404- -427  
16 Noelting, G. and Bernfeld, P. (1948) Helv. Chim. Acta 31 ,286 - -290  
17 Hedrick,  J.L. and Smith,  A.J. (1968) Arch. Biochem. Biophys. 126 ,155 - -164  
18 Wrigley, C. (1968) Sci. Tools 15, 17--23 
19 Sege|, I.H. (1975) Enzyme kinetics:  Behavior and analysis  o f  rapid equil ibrium and steady-state 

enzyme systems, John  Wiley and Sons, New York 
20 Salzberg, H.W., Morrow, J.L, Cohen, J.R. and Green, M.E. (1969) Physical Chemistry:  a m o d e r n  

laboratory  course ,  Academic  Press, N e w  York 
21 Campbell,  R.C. (1967) Statistics for  biologists ,  Cambridge University  Press, Cambridge 
22 Baca~clla, A.L., Grunwald,  E., Marshall, H.P. and Purier, E.L. (1958) J. Phys. Chem. 62, 856--857 
23 Harned, H.S. and Fanon,  L.D. (1939) J. Am, Chem. Soc. 61, 23"77--2379 
24 Yonetani ,  T. and Theorcll,  H. (1964) Arch. Biochem. Biophys. 106 ,243- -251  
25 Cohn,  E.S. and Edsall, J.T. (1943) P~oteins, amino acids and peptides,  Reinhold Publishing Co., N e w  

York 



141  

26 Frost,  A.A. and Pearson, R.G. (1961) Kinetics and mechanism,  John Wiley, New York 
27 Elbein,  A.D. (1974) Adv. Carbohydr.  Chem. Biochem. 29 ,227- -256  
28 Guil loux,  E.B., Defaye, J., Driguez, H. and Robic,  D. (1975) Carbohydr.  Res. 45, 217--236 
29 Labat,  J. ,  Baumann,  F. and Courtois,  J.E. (1974) Biochimie 56 ,805- -813  
30 Avigad, G., Ziv, O. and Neufeld, E. (1965) Biochem. J. 97 , 715 - -722  
31 Imoto ,  T., Johnson,  L.N., North,  A.C.T., Phillips, D.C. and Rupley,  J.A. (1972) in The Enzymes 

(Boyer, P.D., ed.), 3rd edn., Vol. 7, pp.  665--868,  Academic Press, New York 
32 Legler, G. and Gilles, H. (1970) Hoppe-Seyler 's  Z. Physiol. Chem. 351 ,741 - -748  
33 Braun, H., Cogoli, A. and Semenza, G. (1977) Eur. J. Biochem. 73, 437--442 
34 Cogoli, A. and Semenza, G. (1975) J. Biol. Chem. 250, 7802--7809 
35 Legler, G. (1975) Acta Mierobiol. Acad. Sci. Hung. 87, 403--409 


