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SUMMARY 

An enzymatic sssay for the determination of wamylase fn serum was developed which 
employed a soluble substrate, maltoheptaase, and a coupled enzymatic indicator reaction 
consisting of aglucosidsse and the hexokinsse-gbmose-6-phosphate dehydrogeusse system. 
We used high-performance liquid chromatography (RPLC)~ to establish the action pattern of 
makoheptaose under the test conditions: (A) the action pattern of a-amylase alone, (B) that 
of the combined action of a-amylase and a-glucosidase. Conducive to this effort was: the 
avsilability of pure maltoheptaose and human pancreatic Q-a3Iq&Se; the development of an 
adequate procedure for sample pretreatment (partition chromatography on a mixed-bed ion 
exchanger) and of an EiPLC system for separation of substrate and reaction products with- 
out interference from by-products of the assay (partition chromatography on a cation-ex- 
change cobirim with acetonitrile--water); and the use of a new, very sensitive refractometric 
detector reveshng sugar amounts as low as 40 ng. 

We derived the following stoicbiometric equations: 

msltuheptaose 
o-anlylase 

wO.10 msltopentaose + 0.79 maltotetraose + 0.87 makotriose + 

0.29 maltose 

msltoheptsose 
Q?M@l.?if3 

*O-10 mabopentaose + O-77 maltotetraose + O-06 maltdriose + 
o?gIuedase 

0.07 maltose C~2.94 gblcose 

The standard deviation of the rate coefficients is about 5% 

INTRODUtXION 

The determination of serum a-amylase (1,&x-D-gkaglucanohydrolase, EC 

03~8-4347l81/0000-0000~$02.50 g, 1981 Ekvier Scientific Publishing Company 
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3_2_1_1), a hydrolase which cleaves l,&-glycosidic bonds, became a very im- 
portaut tool for the diagnosis of paucreatitis. 

The basis of the most current procedures for the measurement of the en- 
zymatic activity is the hydrolysis of starch or of chromogenic derivatives there- 
of [I, ZJ _ The reactions are followed by determimng the formation of reducing 
groups or the release of the dye component. All these methods exhibit several 
drawbacks: (1) there is no exact stoichiometric relation between the reducing 
groups formed or the dye released and the number of hydrolyzed bonds; (2) 
the reactions are non-linear with tie; (3) the rates observed are very much 
dependent on the kind and the qualiw of the polysaccharide used. We there- 
fore developed a new method to determine a-amylase in serum by employing 
maltoheptaose as substrate (seven glucose residues in a linear l,Pa-linkage) and 
a three-step NADH-forming indicator reaction: ol-amyIase acts on maltohep- 
those yielding lower oligosaccharides which are partly hydrolyzed by cy-glu- 
cosidase. The liberated glucose is determined by the hexokinsse-glucose& 
phosphate dehydrogenase (NADdependent) method. 

Since it was undecided what kind of reaction products originate from malto- 
heptaose and which of them enter the indicator reaction, the issue was to 
evaluate the action pattern of human pancreatic a-amylase on maltoheptaose 
under the reaction conditions envisaged for the enzymatic test. We had to 
establish the stoichiometry of the reaction, which is the basis for the calcula- 
tion of amylase activity from the formation of NADH, i-e_ from the photomet- 
ric extinction in the enzymatic test. For this purpose two kinds of action pat- 
terns had to be investigated: that created by a-amylase alone and also the ac- 
tion pattern of the coupled cr-amylasea-glucosidase system to see how many 
mols of glucose result from 1 mol of degraded maltoheptaose. 

EXPERlMENTAL 

Chemicals 
KH2P04, NaCl, KOH, NaOH, methanol, cont. HCl, and acetonitrile were all 

reagent grade and purchased from E_ Merck, Dsrmstadt, G-F-R_ Bovine serum 
albumin and cr-glucosidase were from Boehringer Mannheim GmbH, Mannheim, 
G.F_R. Maltoheptaose was synthesized by one of us (E. Schaich), and a-amy- 
lase was purified from human pancreas by H. Lenz (both Boehringer Mannheim 
GmbH, Biochemica Werk Tutzing, Tutzing, G.F_R.). The ar-amylase had a 
specific activity of 230 units/mg lyophilisate, according to the amylocbrome 
test (Hoffmann-La Roche, Basel, Switzerland). 

Dowex cationexchange resin 5OW-X8 (H’), 50-100 mesh, was reagent grade 
and the anion exchanger MWA-1 (OH-), 20-50 mesh, was practical grade. Both 
were obtained from Serva, Heidelberg, G.F.R. The cation exchanger was pre- 
conditioned by washing with 1 N HCl, then with water, until the eluate was 
&e from chloride, then with methanol, and again with water. The anion ex- 
changer was treated with 1 N NaOH, then with water, until the eluate was 
neutral, then with methanol and again with water. 

Chromatogmphic sysiem 
We used a Model 931 HSRI liquid chromatograph from Optilab, Stockholm, 
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Sweden. The system includes a thermostated column box, a Thermostir 941. to 
accommodate and thermostat the solvent reservoir, a refractometer Multiref 
902 equipped witi a me asurhrg cell of 10 mm path length, a constant flow 
pump, Model 600/200, from Gyukotek, Munich, G.F.R., and a pulse dampener 
for Touzart-Mat&non, Vitry-sur-Seine, Prance. 

The detector works according to the interferometric principle [3]. Its sensi- 
tivity is about 100 times higher than that of conventional differential refrac- 
tometers. However, utilization of this sensitivity requires a highly stable tem- 
perature and eluent flow-rate in the chromatographic system, since the smallest 
changes in these parameters become apparent as signal noise. To provide a tem- 
perature constancy of O.Ol”C during each chromatographic run we employed a 
thermostat device consisting of two water-baths connected in series. The first 
bath was set at 27°C and countercooled with tap water. It tempered a second 
bath which thermostated the measurin g cell of the detector, the column box 
and the solvent reservoir. This arrangement served to keep the heating pulses 
generated in the first water-bath from being passed on to the thermostated 
circuit. 

Enzymatic procedure and subsequenf sample treahnent 
The steps of sample preparation are listed in Fig. 1. The enzymatic assays 

were carried out in phosphate buffer (pH 7.0) at 3O”C, with maltoheptaose as 
substrate. After certain time iutervals aliquots were removed from the assay 
mixture and diluted in a slurry of the mixed-bed ion exchanger, thereby 
stopping the enzymatic reaction. The ion exchanger was poured into a column 
and washed with 300 ml of water. This amount was sufficient for quantitative 
elution of the oligosaccharides. The eluates were partly evaporated and lyophi- 
lized. The precolumn step was necessary to remove the protein and most of 
the buffer ions which would have interfered with the HPLC separation of the 
oligosaccharides. 

Fig. 1. Conditions of the kinetic assay and sample treatment_ 
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Chrontatogmphic analysis 
Each lyophiked sample was dissolved in acetonitrile-water (1: 1) at a con- 

centration of 10 mg/mI for the quantification of the lower oligosacharides and 
at a concentration of 2 mg/ml for quantification of maltoheptaose. The 
lyophilized blank was dissolved in 5 ml of sample solvent. Twenty microlitres of 
each sample solution (containing 0.2 and 0.04 mg of oligosaccharides, respec- 
tively) were injected into the chromatographic system. For automatic sample 
injection we used the IX 7713 sampler from Kipp Analytica, Soliugen, G.F.R. 

The oligosacchaddes were separated by partition chromatography on the 
cationexchange column Nucleosil 10 SA (250 X 4 mm) from Macherey, Nagel 
& Co., Dilren, G-F-R., with an eluent containing 72.5% acetonitrile in water, 
and at a flow-rate of 0.7 ml/min. The column back pressure was 5.1 MPa. 

The column effluent was monitored by the Multiref differential refractom- 
eter and then routed back to the solvent reservoir. The Multiref was set at 
attenuation 20, i-e_ full recorder scale was equivalent to 2 X 10m6 RI units_ 

A Hewlett-Packard (Biiblingen, G-F-R_) automatic integrator, Type 3385A, 
recorded peak areas electronically from the detector signal. 

The areas of glucose to maltohexaose were taken from the chromatograms 
of the concentrated sample solutions_ The maltoheptaose areas were obtained 
from the runs of the diluted sample solutions, since the amount of maltohepta- 
ose contained in the concentrated sample solutions was above the linear detec- 
tion range. 

The factors relating peak area to weight are the same for all oligosaccharides. 
Therefore the weight per cent value of each oligosaccharide was equated to its 
area per cent value (100% being equal to the area sum of all oligosaccharide 
pea& in the sample). Dividing by the molecular weight and norming again to 
100% gave the mol per cent values. 

With Q-amylase alone, four parallel kinetic assays were carried out; with the 
a-amylase-a-glucosidase system eight parallel assays were prepared and treated 
statiticauy_ 

RESULTS AND DISCUSSION 

To investigate the action pattern of human pancreatic cr-amylase we had to 
overcome two problems: 

(1) To remove the so-calIed “buffer peak” in the cbromatogram. This peak is 
produced by assay components that are not retained on the mixed-bed column. 
In conventional oligosaccharide separation by high-performance liquid chroma- 
tography (HPLC) on NH, columns with an acetonitrile-water eluent the buffer 
peak is eluted between maltose.and maltotriose and interferes with the quan- 
tification of these two compoun&. 

--- 

(2) -To achieve the sensitivity of detection necessary to quantify 0.2 mol 5% 
maltoheptaose fragments formed by the enzymatic hydrolysis, in the presence 
of a large excess of undegraded maltoheptaose. In preliminary experiments we 
had found that under assay conditions only about 20% of the substrate is 



cleaved during an incubation period of 30 min_ This surplm is necessary in 
order to keep a state of substrate saturation during the enzymatic assay. 

First we tried to solve both problems by de&a&&g the oligosaccharides 
with UV-absorbing tags_ We worked with dansylhydrazine 141, dinitiophenyl- 
hydrazine [q, phenylhydrazine [6], and with 4nitrobenzoyl chloride [7l_ All 
those attempts to get a complete reaction and pure derivatives failed, since the 
higher oligosaccharides reacted sluggishly and isomers and side-products were 
formed. 

Because we could not improve the procedure for the purification of the sam- 
ples, we concentrated our efforts on developing an HPLC system in which the 
buffer peak was shifted to another part of the chromatogram where no inter- 
ference with the oligosaccharide peaks did occur. Of the many, methods we 
tested, chromatography on the Nucleosil SA cation-exchange column was the 
only one to yield the desired results. All oligosaccharides were separated in 
this system and the buffer peak was eluted together with the “solvent peak” at 
the beginning of the chromatogmm. 

The required sensitivity of detection was achieved by the Multiref differ- 
ential refractometer_ It had a quantitative detection limit of about 40 ng for 
glucose at a signal-to-noise ratio of 2: 1, i-e_ O-02% when O-2 mg of sample was 
injected. This enabled us to perform the amylase assay and to establish the 
action pattern under conditions close to the assay system employed in clinical 
chemistry. The amylase activity we used equalled about fifteen times the 
physiological a-amylase activity in human serum (7 units/30 ml according to 
the amylochrome test)_ To establish the action pattern the amylase concentra- 
tion could not be lowered further, since during the elaborate sample prepara- 
tion some spontaneous hydrolysis of maltoheptaose took place which inter- 
fered with the enzymatic hydrolysis_ 

Action pattern of a-amylase (without a-glucosiduse) 
Chromatograms C-II in Fig. 2 show the progress of enzymatic maltohep- 

taose hydrolysis in the atnylase assay mixture after the indicated periods of 
incubation_ Fig, 2A shows the chromatogram of the maltoheptaose lot which 
we used for our investigations_ It is seen that it contains minor amounts of 
maltohexaose, maltopentaose, maltotetraose and of an unidentified impurity 
(“compound X”). Fig. 2B shows the pattern of the blank sample taken from 
the assay mixture before the start by addition of maltoheptaose. Since the 
eluate was routed back to the solvent reservoir, the solvent became enriched in 
maltoheptaose. The lack of maltoheptaose in the blank sample caused a 
negative peak, but because the peak area of maltoheptaose in the assay sample 
runs was more than 100 times higher, the error caused in the quantitative 
determination could be neglected_ 

The quantitative analysis of the chromatograms is presented in Table I. The 
concentrations of the oligosaccharides were calculated in mol per cent to dis- 
play the relative interdependencies between the production of the respective 
oligosaccharides (100 mol 95 equals the total oligosaccharide content in each 
sample)_ As shown in Fig. 2E-II, maltopentaose and “compound X” were not 
fully separated in those samples that were incubated for 10 min or more. In 
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TABLBI 

HYDROLYSiS PRODUCPS FROM MAL’PGHEP’PAOSE BY HUMAN PANCREATIC 
Q_AMYL&3E 

Incubation Amount of hydrolysis compounda* in assay mixture (mol W) 
time 
(mm) Gz G, G. G, Compound X Gs G, 

1 0.25 0.66 0.91 0.11 0.31 2.86 94.90 
5 0.77 2.48 2.40 O-17 O-29 2-56 91.32 

10 1.32 4.58 4-38 0.46 2.45 86.52 
15 2.03 6.67 6.28 0.66 2-39 81.66 
20 2.61 8.74 8.17 0.75 2.25 77.17 
30 410 12.34 11.34 1.38 2.56 68.00 

*G, = maltose; G, = maltotiose; G, = maltotetraose; G, = maltopentaose; G, = malt&la- 
aose; G, = maltoheptaose. 

this case the sum of their areas was determined since “compound X” does not 
seem to be a substrate of a-amylase and its concentration remains constant 
throughout the incubation period. 

In Fig. 3 these data are presented graphically. The diagram shows that during 
the 30 min of incubation maltoheptaose decreases linearly to 68 mol % (equal 
to 80 weight per cent)_ As main products of the enzymatic action maltotiose 
and maltotekaose are produced iu about equimolar amounts. Both compounds 
increase linearly up to 20 min. Then their production rates diminish slightly. 
The concentrations of maltohexaose and “compound X” which are contami- 
nants of maltoheptaose do not change significan~y_ The amount of glucose 
remains below 0.15 mol % after 30 mm of incubation. So we can safely assume 
that glucose is not a product of a-amylase action itself. These results can be 
explained by the reaction scheme in Fig. 4. The main reaction pathway is the 
cleavage of maltoheptaose into maltotekaose and maltotriose. 

Only 10% of maltoheptaose, degraded enzymatically, is hydrolyzed to 
maltopentaose and maltose. A smell amount of maltose is derived from the 
enzymatic hydrolysis of maltotetraose, since from our experiments it seems 
very likely that maltopentaose and maltotetraose themselves can act as sub- 
strates for a-amylase, competing with maltoheptaose, This explains the steeper 
increase in maltose compared to maltopentaose in Fig. 3 and the slower in- 
crease in maltotetraose compared with maltotriose. The values that are under- 
lined in the reaction scheme were directly calculated from the chromatographic 
runs, i.e. from the concentration changes during incubation_ The values in 

pii. 2. Chromatograms of the reaction products of maltoheptaose after various periods of 
incubation with rr+unybxse_ Peaks: 1 = solvent front; z = mahose; 3 = mahotriose; 4 = ma~to- 
tetraose; 5 = mahopentaose; x = compound X, 6 = maltohexaose; 7 = mahoheptaose. 
(A) Pure maltoheptaose as used for the zssay. (B) Blank sample before the addition of sub- 
strate. (C-H) Chromatograms after 1,5,10,15,20, and 30 min, respectively, of incubation. 
Incubation conditions: 7 units of ~r-amylase in 30 ml of O-05 mol phosphate buffer (pH 7.0) 
at 30°C. Chromatographic conditions: column, 10 am Nucleosil SA (250 X 4 mm); solvent, 
acetonitril~ater (72.5 :27_5); flow-rate. 0.7 ml/min; temperature,~27”C; detection, differ- 
ential refractometer Multiref 902, full scale = 2 x low6 RI units_ 



Fig. 3. Kinetics of Qam@aSe with maltiheptase as substrate. For abbreviations see Table 1. 

parentheses relate to unobservable reaction steps and are derived from the 
underlined values_ Since we measured that 0.8’7 mol of maltotriose (stable end- 
product) originated from 1 mol of maltoheptaose, also O-87 mol of maltotetra- 
ose musk have origiuated primarily in the assay. From the fact that only 0.79 
mol. was found it can be concluded that the missing 0.08 mol was hydrolyzed 
to maltose, The second source of maltose is the side-reaction of maltoheptaose 
(cleavage to maltopentaose and maltose). 

I a-Amylase I CL-AlllyhStZ 

010 G!I + (0.10 Gz) (O-16 Gz) t 0.76 G 
. / 
‘\\ ,I’ 

‘r 
(0.26 c&-i. 029 Gz 

Fig- 4_ Reaction scheme for the &gra&ion of makoheptaose hy the action of o-amylase. 
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The measurable liberation of 0.1 mol of maltopentaose from 1 mol of malto- 
heptaose must be accompanied by the occurrence of an equimolar amount of 
maltose. Altogether 0.29 mol of maltose should result from 1 mol of reacted 
maltoheptaose. This inferred value is in good agreement with the ~perimental 
valu~$ of 0.26 mol. To show that the a-amylase action pattern does not change 
with lower enzyme concentrations we performed the kinetic assay with one- 
tenth of the enzyme activity used for tie previous experiments. Fig. 5 presents 
the resuIting patterns in analogy to Fig_ 2. It is obvious that there is no qualita- 
tive change in the appearance of the patterns although the chromatographic 
runs cannot be evaluated quantitatively. 
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Action p&tern of a-amylase-x-glucosidase 
The second series of incubation assays contained in addition to cr-amylase 

also a-glucosidase with the same enzymatic activity as used in the photometric 
test for determination of a-amylase activity in body fluids. Enzymatic proce- 
dure, sample pretreatment and chromatographic conditions were the &came as 
before. 

Fig. 6 shows the chromatograms of assay samples after consecutive periods 
of incubation. Table II and Fig. 7A and B give the quantitative evaluation of 
the chromatographic runs from eight independent assays by weight and mol 
per cent. 

In the combined assay glucose and maltotetraose increase rapidly and linear- 
ly_ The maltopentaose concentration also increases significantly during the 
incubation period, whereas maltose and maltotriose reach only small steady 
state concentrations. 

The large standard deviations (XI-25%) displayed by the weight per cent 
mean values of the hydrolysis products can be explained to a large extent by 
differences in the a-amylase activities among the eight parallel assays (amylase 
is the mte-limiting enzyme)_ Whereas the extent of maltoheptaose hydrolysis, 
i.e. the weight percentages of the hydrolysis products, depends on a-amykse 
activity in-the test, the relative distribution of the hydrolysis products should 
be independent. Therefore, for example, the quotient weight % (glucose)/ 
weight % (maltotetraose) should be independent of amylase activity and should 
have smaller standard deviations than the weight per-cent values (see Table HI). 
Since the statistical error is greater for smaller peaks, the coefficient of varia- 
tion (C.V.) of this quotient becomes lower with increasing time of incubation, 
and is around 5% for incubation periods of 15 min and more. The rate equation 
was derived from the net change of the weight per cent values for each oli- 
gomer during the whole incubation period. From these differences the rate 
coefficients for each oligosaccharide were calculated (Table IV). 

As the stoichiometric equation is independent of the amylase activity in the 
test, the statistical error of the coefficients should be around 5%. From the 
stoichiometric coefficients the reaction scheme in Fig. 8 can be constructed. 
The coefficients of the end-products are calculated from the chromatograms 
and are underlined. These vaIues and those obtained fkom the action pattern of 
amyhse alone (Fig- 4) were used to derive the coefficients of the reaction inter- 

TABLR III 

STATISTICAL ERROR INFLUENCING THE RATE COEFFICIENTS 

Period of C.V. (96) of the quotient 
incubation weight 46 (glucose)/weigbt % 
(=w (maltotetraose) 

1 34 
5 12 

10 8 
15 6 

20 4 . 
30 5 
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TABLE IV 

RATE COEF~CIENTS FOR HYDROLYSIS OF THE MALTOHEPTAOSE 

oligomer concentration changes Stoichiometric 
during29minof coefficients 

incubation 

ok!a3e + 6-11 +2.94 
IH&ose + 0.27 +0.07 
Ma&ofZiose •? 0.34 +0.06 
MaltotetZaose + 5.94 +0.77 
bGlt0pentaose + 1.00 +0.10 
MaItohexa~ + 0.30 +0.03 
Maltoheptaose -13.31 -1.00 

mediates which could not be measured directly. In the scheme they are placed 
in parentheses. Consideration of both reaction schemes leads to the following 
interpretation. Again maltotriose and maltotetraose are the most important 
primary reaction products of the amylase-dependent hydrolysis of malto- 
heptaose. Whereas maltotiose is cleaved by the auxiliary enzyme a-ghxcosidase 
almost quantitatively into three glucose molecules, maltotetraose remains 
largely stable in the assay, Only 11% is cleaved by amylase into two maltose 
units which are further hydrolyzed to glucose by a-glucosidase. The third path- 
way that provides glucose runs via the side-reaction of a-amylase, namely the 
cleavage of maltoheptaose into maltose and maltopentaose. A test for the 
consi-tency of the data is the coefficient of glucose which can be obtained 
either directly from the cbromatograms or calculated from the data pool. Both 
vahxes differ by 2%, showing that the data pool is self-consistent. The stoi- 
chiometic coefficients of comparable reaction steps in both schemes are iu 
agreement. The euzymatic indicator system has therefore no impact on the 

I CZ-AiTl#ZCSe 

O_;O Gs t (O-10 Gz) 

I 

I a-Arnylase 
U-GlUto?ridase (020 Gz) t 0.77 G 

I 

a-GIucosidase 1 1 1 u-Glucosidase 

AbbreVhthliS: G7: matc~caose G: maltotIiose 

Gr nu&~caose Gz: maltose 
CL.- maIcoc- G.: gt- 

Fig_ 8_ Reaction scheme for the degradation of maltoheptaose by the combined action of a- 
unyhe md ~-glucasidase- 



33 

(1) ~oh- OSS+HZC 
a- Amylase 

l llhltotriose •f- almetraose 

(2) hwtoehe+2Hzo 
a-GIuca&tase 

l 3 Glucose 

(3) 3Gksos0+3ATP 
Hexokinase 

b 3 Glucase6-P + 3 AOP 

(4) 3 GIUCOS~P i- 3 MAD 
+GIucoseb-P-Uefxydmgenase 

l 3 GIuconate6P + 3NADH +3H+ S 

Pig_ 9. Assay principle (simplified). 

primzsy amyJase-dependent reaction steps, even if there are several common 
intermediates. Secondly, the results show that the ac-glucosidase content in the 
assay is high enough to cleave nearly all maltose and maltotriose resulting from 
amylase action on maltoheptaose. Only steady-state concentrations of these 
two intermediates remain in the assay, reflecting the KM values of ar-glucosi- 
dase. 

Knowing the mechanism and the stoichiometic coefficients of the enzy- 
matic cleavage of maltoheptaose we could set up the reaction equations per- 
taiuiug to the a-amylase test (Fig. 9). Each cleavage of maltoheptaose by cr- 
amyIase effects the occurrence of three glucose molecules which lead to the 
fcrmation of three molecules of NADH, i.e. the indicator reaction amplifies 
the primary reaction by a factor of 3, a feature which adds to the sensitivity 
of the test_ 

CONCLUSION 

This work shows that HPLC can be used in clinical chemistry to investigate 
the mechanisms of mnltiple-step enzymatic reactions. By applying chromato- 
graphy to the reaction mixtures the concentrations of various reaction inter- 
mediates and end-products can be obtained, i.e. more parameters than a photo- 
metric test can deliver. In this way complex reaction cascades can be split up 
into a set of individual steps making clear the stoichiometry of the overall reac- 
tion. 
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