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Summary: Most biological fluids contain both neutral and acid α-glucosidase. Optimal conditions were there-
fore developed for the selective determination of the activity of neutral and acid ot-glucosidase, using 2-step,
discontinuous assays. In the first Step of the assay of neutral α-glucosidase, glucose was liberated from maitose
(citrate-phosphate buffer, pH 6.8, 20 mmol/1 maitose, 25 mmol/1 turanose). Under these incubation condi-
tions, turanose inhibited the residual activity of acid α-glucosidase alnjost completely without influencing the
activity of neutral α-glucosidase. In the first Step of the acid α-glucosidase'assay, glucose was liberated from
maitose (citrate-phosphate buffer, pH 3.8, 50 mmol/1 maitose, 2 mol/1 potassium Chloride). Under these incu-
bation conditions, potassium ions stimulate the activity of acid α-glucosidase and simultaneously inhibit al-
most completely the residual activity of neutral α-glucosidase. In the second step of the assay of neutral and
acid α-glucosidase, the liberated glucose was measured by hexokinase/glucose-6-phosphate dehydrogenase.
The effect of turanose and potassium ions on neutral and acid α-glucosidase from human urine was character-
ized.

Selektive Bestimmung der Aktivit t von neutraler und saurer a-Glucosidase in diskontinuierlichen Tests
Zusammenfassung: Die meisten biologischen Fl ssigkeiten enthalten gleichzeitig Aktivit ten von neutraler
und saurer a-Glucosidase. Es wurden optimale Bedingungen f r diskontinuierliche Tests in zwei Schritten zur
selektiven Aktivit tsbestimmung von neutraler und saurer α-Glucosidase entwickelt. Im ersten Schritt der
Bestimmung der neutralen α-Glucosidase wird Glucose aus Maltose freigesetzt (Citrat-Phosphat-Puffer,
pH 6,8, 20 mmol/1 Maltose, 25 mmol/1 Turanose). Bei den gew hlten Inkubationsbedingungen hemmt Tura-
nose die verbleibende Aktivit t von saurer α-Glucosidase fast vollst ndig, ohne die Aktivit t der neutralen a-
Glucosidase zu beeinflussen. Im ersten Schritt der Bestimmung der sauren α-Glucosidase wird Glucose aus
Maltose freigesetzt (Citrat-PhosphatrPuffer, pH 3,8, 50 mmol/1 Maltose, 2 mol/1 Kaliumchlorid). Bei den
gew hlten Inkubationsbedingungen stimulieren Kaliumionen die Aktivit t der sauren α-Glucosidase bei.
gleichzeitiger fast vollst ndiger Hemmung der verbleibenden Aktivit t von neutraler α-Glucosidase. Im
zweiten Schritt der Bestimmung der neutralen und sauren α-Glucosidase wird die freigesetzte Glucose mit der
Hexokinasemethode gemessen. Der Effekt von Turanose und Kaliumionen auf die neutrale und saure a-
Glucosidase aus menschlichem Urin wurde charakterisiert.

Introduction
α-Glucosidase activity has been measured either
photometrically by using maitose s Substrate or by a
fluorescent assay with synthetic 4-methyl-umbelli-
feryl-a-D-glticopyranoside s Substrate (1). The glu-
cose liberated from maitose was assayed with o-to-
luidine (2), or enzymatically by glucose oxidase (3)
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or hexokinase/glucose-6-phosphate dehydrogenase
(4). Determinations were performed at optimal pH-
values for neutral α-glucosidase (around pH 7.0) s
well s for acid α-glucosidase (around pH 4.0). But
due to their broad pH-optima neutral α-glucosidase
(EC 3.2.1.20, a-O-glucoside glucohydrolase) re-
vealed considerable enzymatic activity under acidic
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conditions at pH 4.0 (5, 6), whereas acid a-glucosi-
dase (EC 3.2.1.3, 1,4-a-D-glucan glucohydrolase)
revealed moderate activity at pH 7.0 (6, 7, 8). Thus
by using optimal pH-values only it was impossible to
differentiate between both enzymatic activities. Pot-
assium ions have already been used to improve the
selectivity of the determination of the acid a-glucosi-
dase (6).
Since most biological fluids contain various amounts
of both neutral and acid α-glucosidase, the p rpose
of the present investigation was to study the kinetic
properties of both enzymes to develop optimal test
conditions for their selective determination. Both cc-
glucosidases were separated and partially purified
from human urine, and their enzymatic properties
relating to turanose and to potassium ions were char-
acterized. The subsequent paper (9) presents the dif-
ferentiated rinary excretion of neutral s well s
acid α-glucosidase activity in control subjects.

Materials and Methods
Reagents

Bovine serum albumin (99%), Triton X-100 and D(+)-tur nose
were purchased from SERVA, Heidelberg, Germany, Test-Com^
bination Gluco-quant® from Boehringer, Mannheim, Germany.
Sephadex G-100 (particle size 40—120 μπι) was obtained from
Pharmacia, Uppsala, Sweden. All other reagents were p. a. sub-
stances from Merck, Darmstadt, Germany.

Preparat ion of human k idney homogenate

Human kidneys were obtained by autopsy (no primary renal dis-
eases were apparent), cut into fine slices, kept in ice-cold sodium
Chloride solution (150 mmol/1) containing EDTA (l mmol/1) and
homogenized by 5 strokes at 700 min"1 in a chilled Potter-Elveh-
jem homogeniser with a Teflon pestle. The ratio of sodium Chlo-
ride solution to tissue was l: l (v/w). After sieving, the homogen-
ate was diluted to a final ratio 4 : l (v/v), stirred with Triton X-
100 (l g/l) for 30 min, then centrifuged at 105 000 g for 60 min at
4°C in an ultracentrifuge.

Human ur ine

Freshly voided urines from healthy subjects were collected in po-
lyethylene bottles containing sodium azide (final concentration
about l g/l) to prevent bacterial growth. Pooled urine samples
were concentrated by ultrafiltration (YM 10 Diaflo® membranes,
Amicon, Witten, Germany) in the presence of bovine serum l-
bumin (9).

Gel f i l t r a t i o n

Supernatant from human kidneys (5 ml) or concentrated human
urine (5ml) was applied to a Sephadex G-100 colurrin
(l .5 χ 67 cm), and eluted at flow rates of 10 ml/h, using the same
sodium Chloride solution s used for homogenisation (7). Protein
was monitored continuously at 280 nm and fractions of 3 ml were
collected automatically (ISCO fraction collector supplied with an
UA-5 absorbance monitor).

Each fraction was assayed for protein^ with bovine serum albumin
s Standard (10), and for α-glucosidase activities. Fractions with

the highest specific activity of neutral or acid α-glucosidase were
pooled and concentrated by ultrafiltration (9), After a second gel
filtration, fractions were used for subsequent studies. The follow-
ing specific activities were obtained for neutral α-glucosidase (7.5
nkat/mg from kidney, 1.5 nkat/mg from urine) and acid a^-glucosr
idase (2.2 nkat/mg from kidney, 19.5 nkat/mg from urine) respec-
tively.

Assay of neutral and acid α-glucosidase

Principle of the 2-step methods

The discontin ous assays are 2-step methods based on the libera-
tion of glucose via α-glucosidase frpm maitose s Substrate-(step I)
and the subsequent determination of glucose by hexokinase/glu-
cose-6-phosphate dehydrogenase (11). in step II (see scheme).

Maltose + H2O
a-Glucosidase

(EC 3.2,1.3 orEC 3.2.1.20)
2Z)-Glucose

2 D^GIucose + 2 ATP Hcxakiittsc > 2D-Glucose-6-/> + 2 ADP
(EC2.7.1.1)

2 D-GluCOSe-6-P +
(EC 1.1. 1.49)

2D-Gluconolactone-6-P Φ 2 NADPH + 2 H+

incubation (stepl)

According to the observed properties of neutral ajd acid argi cr
osidase presented in "Results and Discussion", the foilowing in^
cubation conditions were optimal for the selective liberati n of
glucose from maitose by the respective enzymes (tab. l and 2).
0.25 ml of each individual sample was mixed with 0.25 ml of the
appropriate substrate-buffer-solution and incubated for 60 min at
37 0C in a reagent tube (Eppendorf Micro test t bes, Eppendoff
Ger tebau, Netheler & Hinz, Hamburg, Germany). In the same
way a blank of each individual sample (0.25 ml sample and

Tab. 1. Neutral α-glucosidase (EC 3.2.1.20).

Final concentrations of substrate-buffer-splution in the incubation
medium

Citrate^phosphate buffer, pH 6.8
Citrate
Phosphate

Maltose

Turanose

llmm l/1
77 mmoi/l

20immol/l

25 mmol/l

Tab. 2. Acid α-glucosidase (EC 3.2.1.3).

Final concentrations of substrate-buffer-solution in the incubation
medium

Citrate-phosphate buffer, pH 3.8
Citrate
Phosphate

Maltose

Potassium Chloride

^5 mmol/ϊ
83 mmol/1

50 mmol/1

2 mol/1
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0.25 ml citrate-phosphate b ffer) and a blajik of the substrate-
buffer-solution (0.25 ml substrate-buffer-solution and 0.25 ml cit-
rate-phosphate buffer) was prepared to determine free glucose.
The reactions were stopped in the reagent tubes by heat denatura-
tion (5 min in a boiling water bath). After subsequent centrifuga-
tion three 0.1 ml aliquots of the incubation medium, (except sin-
gle 0.1 ml aliquots in the case of blank samples) were used for
glucose determination.

The samples originating from human kidney or urine did not
change the pH-values of the incubation media for the determina-
tion of neutral or acid a-glucosidase.

Substrate-buffer-solutions were stored frozen in small aliquots.
Maltose and turanose contained less than 0.3 and 0.5% free glu-
cose, respectively.

Glucose determination (step H) according to Test-Combination
Gluco-quant®
Solution I (2 ml) was added to 0.1 ml aliquots of the incubation
medium. After measuring the absorbance at 334 nm at 25 °C
(Photometer, PMQ III, Zeiss, Oberkochen, Germany or Eppen-
dorf Digitalphotometer), 0.02 ml solution II was added; after
15 min, absorbance A2 was measured (tab. 3). Final concentra-
tions in the glucose assay are given for solution I and II (tab. 4).

The following substances s used in the incubation medium did
not interfere with the glucose determination: buffer, maitose, tur-
anose, potassium Chloride, sodium Chloride and bovine serum al-
bumin. The transfer of 0.1 ml aliquots of the incubation medium
for the determination of the neutral or acid α-glucosidase had no
effect on the pH-value of 7.6 in solution I or in the glucose deter^
mination.

Tab. 3. Procedure of the glucose determination

Sample Blank of Blank of the
the sample substrate-

buffer-solution

Aliquots of the
incubation medium
Solution .1
A!

0.1 ml
2.0 ml

0.1 ml
2.0 ml

0.1 ml
2.0 ml

Solution II 0.02 ml 0.02 ml 0.02 ml

A2 after 15 min
ΔΑ = (A2 - AI)

— (Aa — AI) blank sample
— A])

\blank subsirateJbuffer-solution

Tab. 4. Glucose determination according to TestrCombination
Gluco-quant®.

Final concentrations in the lest

Solution I
Phosphate buffer
Magnesium sulfate
NADP+
ATP

Solution II
Hexokinase
Glucose-6-phosphatedehydrogenase

88 mmol/1
5.03 mmol/1
1.63 mmol/1
1.63 mmol/1

15.7
28.3

ukat/I
μkat/l

Calcula t ion of α-glucosidase act iv i ty

Changes in NADPH absorbance ΔΑ (see tab. 3) were calculated
and used to calculate α-glucosidase activities expressed in nmoles
maitose hydrolysed per second, per liter (nkat/1) according to the
following equation.

1 ΔΑ V x 2Catalytic activity concentration = — χ χ
2 At ε x L x v
ΔΑ x 952.89 [nkat/1]

ΔΑ/ΔΙ is the change in absorbance per incubation time; since
2 mol glucose are liberated per l mol maitose the absorbance
must be divided by 2; V is the reaction volume in the cuvette
(2.12 ml), 2 is the sample dilution factor in the incubation, ε is the
molar lineic absorbance (618 m2 x rnol"*1)' L is the pathlength of
the cuvette (0.01 m), v is the aliquot of incubation medium used
(0.1 ml).

Results and Discussion

Selective propert ies of neut ra l α-glucosi-
dase

We have confirmed that neutral α-glucosidase from
human kidney (5,6) and human urine (6) revealed
similar broad pH-curves with maximal activity at
pH 6.8 (fig. 1). At pH 3.8 the residual enzyme activi-
ty was about 50%, s also shown for the highly puri-
fied neutral α-glucosidase (5). The enzyme activity
was higher in citrate-phosphate buffer than in corre-
sponding concentrations of citrate or phosphate
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Fig. 1. Activity of neutral (· ·) and acid (O O) α-glucosi-
dase s a function of pH. Both enzymes were isolated from
a) human kidney and b) human urine.
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alone. The molarity of the buffers had only small ef-
fects on enzyme activity. In citrate-phosphate buffer
(pH 6.8) the neutral α-glucosidase activity was high-
est at a phosphate concentration of 77 mmol/1
(fig-2).
Maximal activity of neutral α-glucosidase from urine
was reached at maitose concentrations between 10
and 20 mmol/1 (fig. 3), while higher concentrations
led to a slight Substrate Inhibition. #m-values were
determined by Michaelis-Menten, Lineweaver-Burk
and Hanes plots; the mean value was 0.53 mmol/1,
which is similar to values already reported for human
urine (2) and human kidney (5). The activity of neu-
tral α-glucosidase was inhibited competitively by
turanose with respect to maitose s Substrate (fig. 3).

1.00

;o.8o
•s

2 0.60

ΟΛΟ r

0.005 0.01 0.05 0.1
Phosphate concentration lmol/l)

0.5

Fig. 2. Activity of neutral (O O) and acid (O O) α-glucosi-
dase (human urine) s a function of citrate-phosphate buf-
fer (pH = 6.8 or pH = 3.8, respectively) concentration
(plotted against phosphate concentration).

20 30 40
Maltose concentration (mmol/ll

50

Fig. 3. Specific catalytic activity of neutral α-glucosidase (human
urine) s a function of maitose concentration in the ab-
sence and presence of turanose (D D without tura-
nose, Π D 5 mmol/1, O O 20 mmol/1, 0-^© 25
mmol/1 turanose).

Calculations based on the Lineweaver-Burk and
Dixon plots revealed a mean Kr value of 5.9 mmol/1.
The same type of Inhibition with a similar Aj-value
was found for neutral α-glucosidase from human
kidney (5). At higher ratios of maitose to turanose,
no significant inhibitory effect on neutral ct-glucosi-
dase activity was observed (fig. 3).
The activity of neutral c^glucosidase from human
urine decreased at pH 6.8 and 3.8 with increasing
potassium Chloride concentration in the kcubation
mediuni (fig. 4). Compared with the optimal condl·
tions for the assay of neutral α-glucosidase, the ac-
tivity of the enzyme is reduced to 2.6% at pH 3.8 in
the presence of 2 mol/1 potassium Chloride. There-
fore under our assay conditions for acid α-glucosi-
dase, the residual activity of neutral α-glucosidase is
less than 3%. Higher potassium Chloride corieentra-
tions than those used in our assay led to a stronger
inaetivation of neutral α-glucosidase (fig. 4). The in-
hibitory effect of potassium Chloride on neutral a-
glucosidase is due to the potassium ions, and not to
the chloride ions or to the increased ionic strengtfa
(5, 6).

1 2 3 4 '
Potossium Chloride concentration [mol/l]

Fig. 4. Inhibition of neutral α-glucosidase (human urine) s a
function of potassium chloride concentration measuied at
pH 6.8 (O O) and 3.8 (·-—«).

Selective properties of acid α-glucosidase
As previo sly found, acid α-glucosidase from human
kidney (6, 7) and human urine (6) show similarly
shaped pH curves, with maximal activity at pH 3.8
and 4.0, respectively (fig. 1). At pH 6.8 the residual
enzyme activity was about 15 to 20%, which is in
Agreement with earlier studies (6, 7). The enzyme
aetivity was higher in citrate-phosphate buffer than
in other buffer Solutions such s citrate, acetate, suc-
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cinic acid and dimethylglutarate at corresponding
concentrations. The molarity of the buffers had a
strong effect on enzyme activity. Maximal activities
of acid α-glucosidase were found in citrate-phos-
phate buffer at a phosphate concentration of 83
mmol/1 (fig. 2).
Potassium Chloride at a concentration of 2 mol/1 in
the incubation medium stimulated the acid α-glucos-
idase 1.5 fold (fig. 5). Maximal activity of the stimu-
lated enzyme (in contrast to that of the unstimulated
enzyme) was reached at maitose concentrations of
20 mmol/1, while Substrate concentrations higher
than 50 mmol/1 led to a slight Substrate Inhibition.
Using data from figure 5, /Cm-values for acid α-gluc-
osidase were determined by Michaelis-Menten, Line-
weaver-Burk and Hanes plots; the mean value was
11.5 mmol/1 for the unstimulated enzyme and 2.8
mmol/1 for the potassium ion-stimulated enzyme.
Similar #m-values were found for the unstimulated
acid α-glucosidase from human urine (2) and human
kidney (12). Potassium ions caused an increased af-
finity of acid α-glucosidase for maitose, s well s an
increased rate of maitose hydrolysis (fig. 5).

25 50 75
Maltose concentration (mmol/ll

100

Fig. 5. Specific catalytic activity of acid α-glucosidase (human
urine) s a function of maltose concentration in the pres-
ence (O O, 2 mol/1) and a.bsence (β—Φ) of potassi-
um Chloride.

The stimulatory effect of potassium Chloride is
caused by potassium ions and not by Chloride ions or
by the increased ionic streftgth (6, 8). Since potassi-
um Chloride inhibits neutral α-glucosidase and stim-
ulates acid α-glucosidase, it has been used previously
to enhance the selectivity of α-glucosidase determi-
nations (6).
Turanose preferentially inhibits acid α-glucosidase
(7, 13). Investigatipns of the turanose effect on acid
α-glucosidase showed a strong dose-dependent Inhi-
bition of acid α-glucosidase by turanose at concen-
trations up to 50 mmol/1 (fig. 6). Using these data

20 30 40
Maltose concentration [mmol/ll

50

Fig. 6. Specific catalytic activity of acid α-glucosidase (human
urine) s a function of maltose concentration in the ab-
sence and presence of turanose. (O O without tura-
nose, O O 5 mmol/1, D D 10 mmol/1, Π 25
mmol/1, x x 50 mmol/1 turanose).

and applying Lineweaver-Burk and Dixon plots,. a
mixed type but mostly noncompetitive Inhibition was
found, with a mean ATi-value of 3.0 mmol/1. A mixed
type Inhibition was also observed for the Inhibition
of acid α-glucosidase from rat liver by turanose (14).
Compared with optimal assay conditions, the activity
of acid α-glucosidase is reduced to 22% by increas-
ing the pH of the incubation medium from 3.8 to 6.8
in the absence of turanose. The presence of 25
mmol/1 turanose in addition to the pH-increase re-
duced the activity of acid α-glucosidase to 2.7%.
Therefore under our assay conditions for neutral a-
glucosidase, the residual activity of acid α-glucosi-
dase amounts to less than 3%. The highest turanose
concentration used (50 mmol/1) led to a complete
Inhibition of acid α-glucosidase at pH 6.8 and 3.8.

Selectivity of the assay for neut ra l α-gluc-
osidase
On the basis of the observed properties of neutral a-
glucosidase (after Separation and partial purification
by gel filtration on Sephadex G 100), the following
conditions were chosen for the assay: an optimal pH-
value of 6.8, the optimal citrate-phosphate buffer at
the optimal phosphate concentration of 77 mmol/1
and an optimal Substrate concentration of 20 mmol/1
maltose, with one hour incubation at 37 °C. The
main advant ge of this 2-step assay is the selectivity
of the determination of neutral α-glucosidase
achieved by the addition of 25 mmol/1 turanose to
the incubation medium. Under these assay condi-
tions turanose has no effect on the activity of neutral
α-glucosidase, whereas acid α-glucosidase is inhibit-
ed by turanose to a residual activity of less than 3%
(eompiared with the activity measured in an optimal
determination of acid α-glucosidase).
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Glucose concentrations up to 5 mmol/1 in the sam-
ples did not disturb the determination of neutral a-
glucosidase. The activity of neutral α-glucosidase is
inhibited by tris and by erythritol (5, 12).

Selectivity of the assay for acid α-glucosi-
dase
On the basis of the observed properties of acid <x-
glucosidase (after Separation and partial purification
by gel filtration on Sephadex G 100), the following
conditions were chosen for the assay: an optimal pH-
value of 3.8, the optimal citrate-phosphate buffer at
the optimal phosphate concentration of 83 mmol/1
and an optimal Substrate concentration of 50 mmol/1
maitose. The main advantage of this 2-step assay is
the selectivity of the determination of acid α-glucosi-
dase achieved by the addition of 2 mol/1 potassium
chloride to the incubation medium. Under these
conditions, potassium ions stimulate the activity of
acid α-glucosidase, whereas neutral α-glucosidase is
inhibited by potassium ions to a residual activity of
less than 3% (compared with the activity measured
under optimal conditions). The high buffer cap city
of the incubation step is necessary to maintain the
pH-value at 3.8. This is of particular importance
since an increase of the pH-value would lead to an
increased residual activity of neutral α-glucosidase
even in the presence of potassium ions. Potassium
chloride has been used previously to enhance the se-
lectivity. of α-glucosidase determinations (6), but in
this fluorimetric assay, which utilized synthetic 4-
methylumbelliferyl-pyranoside s Substrate, potassi-
um chloride at a concentration of 4 mol/1 was much
less effective s an inhibitor of neutral α-glucosidase
(6).
Glucose concentrations up to 5 mmol/1 in the sam-
ples did not disturb the determination of acid α-gluc-
osidase. The activity of acid α-glucosidase is inhibit-
ed by tris and by erythritol (12).

Precision of the assay of neutral and acid a-
glucosidase

For both the assay of neutral and acid α-glucosidase
a linear relation was found between incubation time
and m ltose hydr lysis for more than, l toour, if fixed
activities of α-glucosidase were used. In addition lin-
earity was also observed for the relation between
Substrate hydr lysis and activities of α-glucosidase
in the r nge from 5 to 800 nkatA To check the selec-
tivity of the assays, neutral and acid α-glucosidase
were mixed in ratio of l: 3 and l: 5 according to
their activities. 98.0 ± 0,6% of the activity of neutral
α-gl c sidase and 97.7 ± 0.3% of the activity of acid
α-glucosidase was recovered. In addition, s expect-
ed from the properties of neutral and acid α-glucosi-
dase found in this st dy, neutral α-gl cosidase re-
vealed less than 3% activity in the assay of acid a-
glucosidase and inversely acid α-glucosidase re-
vealed less than 3% activity in the assay of neutral a-
glucosidase. The within^run preeision of the deter-
mination of the activity of neutral s well s aeid a-
glucosidase was determined and the coefficient of
Variation was calculated f ir neutral α-glucosidase to
be 3.3% (n = 50; 78.35 ± 2.58 [nkat/1]) and for acid
α-glucosidase to be 3.5% (n = 30; 140 ± 4.9
[nkat/1]). The day-to-day precision was studied for
10 days by repeated analysis of aliquots of the same
samples. The coefficient of Variation for neutral a-
glucosidase was 4.6% and for acid α-glucosidase
4.9%.
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