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Abstract

Isothermal titration calorimetry (ITC) has an increasing significance in enzyme kinetic studies
owing to its general applicability and sensitivity. In the present work, we aimed at developing a
simple ITC-based screening procedure for the measurement of human salivary a-amylase (HSA)
activity. Reaction of two substrates was studied with three independent methods (ITC, HPLC
and spectrophotometry). ITC experiments were made using free and chromophore-containing
maltooligomers of different length as substrates. Detailed studies revealed that maltoheptaose
or longer oligomers could model properly starch and the presence of aromatic chromophore
group did not affect the Ky, values considerably. It is the first time, when ITC was used to
investigate of HSA-catalysed hydrolysis of different substrates (2-chloro-4-nitrophenyl-4-O-o.-D-
galactopyranosyl-maltoside, maltoheptaose and starch) in the presence of acarbose inhibitor.
All measured ICso values are in micromolar range (0.9, 18.6 and 29.0 uM, respectively) and

Keywords

Enzyme kinetics, maltooligosaccharides,
method description, microcalorimetry

History

Received 9 December 2015
Revised 26 February 2016
Accepted 29 February 2016
Published online 5 April 2016

increased in parallel with the degree of polymerisation of substrates.

Introduction

Isothermal titration calorimetry (ITC) is a routinely used
technique in research to study molecular interactions. Under
optimal conditions, most of the thermodynamic reaction param-
eters can be determined by ITC, namely the binding constant (K,),
the enthalpy change (AH), the stoichiometry of the reaction (n)
and further computable parameters, like the entropy change (AS)
and Gibbs-free energy (AG)'.

Methods for determination of binding constants or inhibition
constants by ITC have already been published for many different
enzymes” ™, but in some cases, the low energy change arising
from enzyme—inhibitor interaction can limit these measurements.
The other application area where ITC is gaining ground is the
determination of kinetic constants of enzyme—substrate reactions
through measuring the heat change, which is directly proportional
to the reaction rate. For this purpose two types of methods are
available in the literature, the single- and the multiple injection
methods”™. In the single injection method, a higher proportion of
the reactant is injected into the sample cell where the total
transformation of substrate occurs. In contrast, in multiple
injection method, which is more popular for determination of
kinetic parameters of enzymes, a diluted enzyme solution is
titrated sequentially with small aliquots of concentrated substrate
solution. Therefore, the measured heat change is characteristic to
the actual substrate concentration in cell, while only a small part
of the substrate is converted®. In these measurements, the steady-
state phase of the thermogram is where y data become constant
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(see Figure 2 in Results and discussion). Equation (1) shows the
generally used formula in reaction rate (v) calculation,

APl 1 AQ
VS A T VAR A (1)

where AP is the product concentration, V is the sample cell
volume, AH is the total molar enthalpy and AQ/At is the power of
the reaction generated at different substrate concentrations®. Since
(Vx AH)" ! is a constant, thus conducting the reaction with the
same system (instrument, enzyme, substrate, concentrations) this
part of the formula has no effect on the obtained Ky, value.

Though numerous papers have already been published on
enzyme kinetic measurements using microcalorimetry, only a few
very recent articles have dealt with inhibition studies™'’. In some
cases, product or substrate inhibitions have been studied>! 1’12, but
ITC has scarcely been applied to determine half maximal
inhibitory concentration (ICsg).

Family of alpha-amylases (EC.3.2.1.1) acting on the o(1,4)
glycosidic bond between glucose units of starch, is one of the
most investigated group of glycoside hydrolases due to its broad
medical and industrial importance”. The central motif of the
enzyme is an (o/f)s TIM-barrel and the catalytic amino acids
(Asp, Glu) are situated on the C-terminal side. The binding of the
natural starch substrate occurs in the trench-like substrate binding
site with the positioning role of the carbohydrate binding module.
Hydrolysis occurs via overall retention of the anomeric config-
uration with participation of amino-acid residues acting as a
nucleophile and as a proton donor'?.

Human o-amylases, both salivary (HSA) and pancreatic
(HPA), have been thoroughly studied for clinical purposes
because they are targets of drug design in attempts to treat
diabetes, obesity, hyperlipidaemia and dental caries. A number of
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amylase inhibitors have been described and some of them have
been introduced into obesity and diabetes therapy'>. However, the
comparison of ICsg values is problematic due to the different
substrates and methods used for measurements. The methods to
determine amylase activity are often inconvenient and do not
model properly the operation of the enzyme in vivo due to the
poorly defined substrates or reaction conditions used'®. Starch'’,
modified starch'®, shorter or longer maltooligomers19 and
maltooligomer derivatives with fluorophore®® or with chromo-
phore, i.e. 2-chloro-4-nitrophenyl-4-O-o-D-galactopyranosyl-
maltoside (GalG,-CNP)?!, 2-chloro-4-nitrophenyl-f-D-maltotrio-
side  (CNP-G3)*%, 2-chloro-4-nitrophenyl-B-D-maltoheptaoside
(CNP-G,)', are used as substrates in amylase assays. Methods
for amylase activity measurements using starch as substrate
generally utilise different reducing sugar assays, e.g. 3,5-
dinitrosalicylic acid (DNS) assay>’, which similarly to other
starch-based methods like starch azure>* and Lugol methodzs,
provide coloured products to the spectrophotometric detection.
Amylase kits for diagnostic purposes use chromophore-containing
substrates (occasionally with protecting group%) in coupled
assays, when the liberation of chromophore is measured also
with spectrophotometer®’. The question is whether these modified
substrates model properly the natural substrate (starch) or the
aromatic group influences the binding, hydrolysis or inhibition
mechanisms.

The present study illustrates how the best substrate(s) can be
chosen for determination of enzyme activity using a fast and
simple ITC-based screening technique. For this purpose, human
salivary o-amylase enzyme and maltooligomer substrates were
selected as a model system. The study investigates which
maltooligomer substrate shows kinetics similar to starch and
how the chromophore group alters substrate binding. In addition,
ITC was applied for determination of the ICs( values using natural
and synthetic substrates and acarbose as a well-known amylase
inhibitor.

Materials and methods

Reagents

a-Amylase (EC 3.2.1.1) from human saliva (Type [Xa), free
maltooligomers (Figure 1), starch, and all buffer components were
purchased from Sigma-Aldrich (St. Louis, MO). The lyophilised
amylase powder contained significant amount of salt, therefore it
was extensively dialysed with Amicon 30K filter device
(Millipore, MA) to avoid the dilution heat effect during
measurements. The concentration of the enzyme stock solution

OH
HO

OH OH

o]
OH 0—R

OH

L —1n

Figure 1. Structure of substrates (n>1). R represents H in free
maltooligomers or 2-chloro-4-nitrophenyl group in chromophore-con-
taining substrates. The orientation of the hydroxyl group on the fourth
carbon of the first pyranose ring is equatorial in GalG,CNP and axial in
the maltooligomers.
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was defined with the Bradford method®®. GalG,CNP was
purchased from SORACHIM SA (Lausanne, Switzerland).
CNP-B-maltooligomer glycosides (Figure 1) were synthesised
from cyclodextrins according to a method published earlier®’.
Acarbose was extracted with water from Glucobay® tablet (Bayer,
Leverkusen, Germany) and used after freeze-drying.

Enzyme assays

Enzyme reactions were carried out at 37 °C. Each reactant (HSA,
substrates, inhibitor) was dissolved in 50 mM MES buffer (pH
6.0), containing 5mM Ca(OAc),, 51.5mM NaCl and 152 mM
sodium azide, as suggested for activity measurement with
GalG,CNP substrate™.

Isothermal titration calorimetry

ITC experiments were carried out with ITC,o9 microcalorimeter
(MicroCal, Northampton, MA) at 37°C. Stirring speed of
800rpm and reference power of 5 pcal/s were used. In each
measurement HSA (1 pl of 1.13 pM) was titrated into the sample
cell containing the solution of the substrate (0.1-10 mM) or in the
case of inhibition assays the inhibitor (3.8—-155puM), as well.
Samples were preincubated at 37°C in a water bath to avoid
bubble formation in the sample cell. The reference cell was filled
with buffer. Heat-flow was measured until the AQ/Atr value
reached the maximum at each different substrate concentration in
a separate experiment (Figure 2). A single injection gave a single
pair of data for Ky determination. Raw ITC data were evaluated
using the Origin software (Northampton, MA).

Spectrophotometric measurements

Measurements were carried out with a Jasco V550 spectropho-
tometer. GalG,CNP was dissolved in the same buffer as used in
calorimetric assay to the final volume of 500 pl. Inhibition
measurements were carried out in the presence of acarbose. The
reaction was initiated with the addition of HSA (2nM). The
increase of absorbance caused by the liberation of CNP was
measured at 400 nm. The initial velocity was determined from the
linear part of the kinetic curve using the Time Course
Measurement option of Spectra Manager software (Jasco Co.).
Every measurement was repeated at least three times.

HPLC measurements

For HPLC analysis an Agilent Infinity HPLC system was used,
equipped with degasser, diode array detector and manual sampler,
using a Genesis C-18 (15cm x 4.6mm X 4 pm) reverse phase
column and MeCN — H,O 15:85 as eluent (0.8 ml/min, detection
at 302nm). 400 pl of 1-6 mM CNP-G; solution was mixed with
8 ul of 84 nM HSA and the sample was incubated at 37 °C. The
injections occurred after 5, 25, 45, 65min of incubation. The
acquired chromatograms were evaluated with the ChemStation
software (Agilent, Santa Clara, CA). The evaluation of chro-
matograms was based on the area data of the main product (CNP-
G3) at fewer than 10% of conversion. To get the initial velocity
(vop), linear regression was made.

Data evaluation

Thermal power and reaction rate data originated from ITC, HPLC
or spectrophotometric measurements were evaluated in the same
way, using the standard relationships of enzyme kinetics, i.e. the
Michaelis—-Menten (MM) equation and the dose-response curve.

All plotting and fitting procedure were carried out using GraFit
software (Erithacus Software Ltd, Horley, UK) applying the
adequate equations. In order to determine the Ky value, power or
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v( data were plotted as a function of substrate concentration and a
curve was fitted using non-linear regression based on MM
equation (Equation (2)).
v = Vmax [S} (2)
Ky + [S]
where v is reaction rate, v, 1S the maximal reaction rate at
saturating substrate concentration, [S] is the substrate concentra-
tion and Ky, is the Michaelis constant.

For ICsy determination, the residual enzyme activity in the
presence of inhibitor was plotted as a function of the logarithm of
inhibitor concentration, and curve was fitted using standard four-
parameter logistic non-linear regression based on Equation (3).

s+b 3)

where a is the maximum y range, x is the concentration of
inhibitor, s is the slope factor and b is the background.

Results and discussion

Figure 2 shows a typical thermogram of HSA-catalysed substrate
hydrolysis. To determine the Michaelis constant, a modified
single injection method® was used, which combines the advan-
tages both of single and multiple injection methods. The one
injection allows for rapid measurement of reaction rate, the total
hydrolysis of substrate is not necessary and it does not require
long pilot studies to optimise the parameters. The classical single
injection method is applicable for such systems where v,,«/Ku
ratio is small and conditions saturating the enzyme are easily
achievable. Correct data analysis is possible only if the enzyme is
saturated, otherwise only the ratio v,,,/Ky can be determined?!.

In multiple injection methods, where the substrate is generally
in the injector, very high concentration is needed in the syringe to
achieve the saturating substrate concentration in sample cell,
which is often difficult or impossible to achieve, especially in case
of poorly soluble substrates. Using the method presented, in first
step the cell has to be filled with a saturated or concentrated
substrate solution then a small volume (1-2pl) of the enzyme
solution was added. The amplitude of the thermogram is
proportional to the reaction rate belonging to the corresponding

J Enzyme Inhib Med Chem, 2016; 31(6): 1648-1653

substrate concentration. Second, similar measurements should be
performed with a series of substrate dilutions in separate
experiments and all points of the MM curve are definable. This
strategy enables the fast optimisation procedure because only the
appropriate enzyme concentration needs to be determined.

Another problem with the classical multiple injection method
is the large dilution effect, which occurs when concentrated
solutions are injected into a diluted one. Since our method uses
the arrangement described, these problems could be eliminated.
Small volume of enzyme solution added to the cell generates a
well-detectable heat change, up to the range of hundred-
micromolar substrate concentration. The heat of dilution and
substrate binding was negligible relative to the reaction heat.
When the enzyme was added to the substrate solution the problem
of injector leakage®' was not observed. Ky values 2.9 + 0.4 mM
and 0.6 +0.3 mM were determined using GalG,-CNP and CNP-
G5 substrates, respectively.

To verify the validity of Ky, data obtained with the ITC
method, measurements on chromophore-containing substrates
were performed by means of spectrophotometry or HPLC for
GalG,CNP and CNPGy, respectively. A new HPLC method was
developed to follow the conversion of the CNP-G; substrate
quantitatively and these data were used to determine the reaction
rate. As a result of the hydrolysis, three products were formed and
the main compound (CNP-G;) was measured based on its peak
area. The initial rate of the enzyme reaction was determined from
the kinetic curves of CNP-G3 at different substrate concentrations
and Ky=0.95+0.3mM was obtained using non-linear regres-
sion. This method is a new application of HPLC in enzyme kinetic
experiments, which is a possible way to determine Ky, values of
chromophore-containing substrates.

GalG,CNP substrate with an alpha-linked chromophore
aglycon provides opportunity for a spectrophotometric amylase
assay (Ky=2.2+03mM). The values obtained with direct
reaction rate measurement using ITC were in good agreement
with others where calculation of the reaction rate was based on
determination of product concentration.

Experiments on different substrates

A series of free and chromophore-containing maltooligomers was
investigated to determine the Ky, values (Table 1), which provided

Figure 2. Thermogram of the HSA-catalysed 0.10 o
(5nM) maltoheptaose (6 mM) hydrolysis. 1
The amplitude of the curve after injection of 0.00- e i
the enzyme was considered as the reaction l e ¥
rate. The insert shows the Michaelis—Menten _0.10- g’
plot with rate values obtained at different &= &
substrate concentrations. 3 =
020 *E o
_ ® 0
g-o.so— 2 I T I R
S & [Substrate] (mM)
=, =
E’ -0.407] 2
% |
o -0.50
-0.60-]
-0.70
-0.80 T T T T T T T T T T T T T T T T T v
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50
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Table 1. Summary of Ky, values of HSA-catalysed hydrolysis reactions on free and chromophore-containing
maltooligomer substrates measured by ITC (numbers indicate the number of glucose units) (SD < 15% on values).

G3 G4 G6

Gy Gg Amylose Starch

mM
mg/ml

34 24
1.7 1.6 1.4

GalG,CNP CNP-G, CNP-Gy
2.9 2 1

1.9 1.6 1.1

1.4

mM
mg/ml

12
1.4
CNP-G,
0.6
0.8

1.1
1.4
CNP-Gg
0.6
0.9

1.4 1.4

(A) 0,25 |
0,00
025 -
0,50
0,75
-1,00
1,25 -
-1,50
1,75
_zm -
225
-2,50 -
275
3,00 .
55 65 75

Power (pcal 5°1)

85 95

Time (sec)

105

(B) 1

08 — +

0.6 —

Activity
T

04

InI

Figure 3. (A) Inhibition of starch hydrolysis with acarbose (e: O puM; x: 7.75 uM; +: 25.8 uM; A: 52 uM; B: 155uM) at 37°C. The sample cell
contained 200 pl of 5 mg/ml starch in 50 mM MES buffer at pH 6.0, the hydrolysis was initiated after 60 s delay with 1 pul of HSA. Data were recorded
up to 110 after the injection. (B) IC50 determination of acarbose on HSA-catalysed hydrolysis of starch.

information about substrate binding to HSA. The obtained data
showed that there is no remarkable difference between the two
groups of tested substrates. The observed Ky values were slightly
smaller measured with the chromophore-containing substrates,
which can be explained with the aromatic residues close to the
active site of the enzyme®>. We can conclude that the aro-
matic aglycon did not alter the catalytic mechanism of amylase in
contrast to the trypsin-catalysed reaction, where the rate limiting
step was different for free and chemically modified substrates™.
The results showed that in the case of oligomers longer
than maltoheptaose, notable decrease in Ky; values was not
observed taking into account both series of data. Kinetic
parameters for the hydrolysis of poly- and maltooligosaccharides
by Pseudoalteromonas haloplanktis o-amylase (AHA) and por-
cine pancreatic o-amylase (PPA) were determined earlier using
ITC but relationship between the number of glucose units and Ky,
was not observed’.

Inhibition studies

Acarbose is an effective, well-described transition-state analogue
alpha-glucosidase inhibitor and an efficient inhibitor of mamma-
lian o-amylases, as well. Published ICsy values for starch
hydrolysis by HSA are in the micromolar range, though the
related data in literature are inconsistent (e.g. 40.7 pM34 and
0.9 uM™®).

In the inhibition experiments, the residual activity of HSA on a
short (GalG,CNP), on an oligomer (G;) and the natural (starch)
substrate was determined at different inhibitor concentrations. An
example of the raw data curves of inhibition assays and the fitted
1Cs curve can be seen in Figure 3, measured on starch hydrolysis.
Using starch as substrate, inhibition measurements were carried
out using three different starch concentrations (2.5; 3.75; 5 mg/ml)
and inhibition constant (K;=8.0 M) was determined with the
Dixon plot (Figure 4). The inhibition measurements using

18
16

08
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04
o2 L 1

TTTTTTTTTTTIT T T T ]

T T T I O AN AN I

TN [N T A N [N S T Y B |
60 80 100 120 140 160

i M

| |
2 40

Figure 4. Dixon plot for determination of inhibition constant of acarbose
(0-155uM) on HSA-catalysed hydrolysis of starch (4+: Smg/ml; A:
3.75 mg/ml; x: 2.5 mg/ml).

Table 2. ICs, and pICsgvalues of acarbose on inhibiting of HSA activity
on different substrates.

Substrate ICso (M) pICsg Method
GalG,CNP 0.7+0.1 6.15 uv
09+0.1 6.04 ITC
G, 18.6+1.7 4.73 ITC
Starch 29.0+3.4 4.53 ITC

GalG,CNP were also performed with the spectrophotometric
method to verify the ITC results (Table 2).

ICs values of acarbose are in the micromolar range, the exact
value depends on the substrate. Acarbose can bind to the active
centre, thus higher ICs, values were measured on the favoured
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substrate. Dose-dependent inhibition of an enzyme is a logarith-
mic relationship, so for comparison of the results, pICso shows
better the relative potency of the inhibitor. The pICs, values
(negative log of ICs, expressed in M) obtained with ITC (6.15)
and spectrophotometer (6.04) showed good agreement. The pICs
for maltoheptaose and starch are very close, which also supports
the conclusion, that maltoheptaose behaves similar to starch in a
HSA-catalysed reaction.

Conclusion

Three independent methods, microcalorimetry, spectrophotom-
etry and HPLC, were used to determine Michaelis constants and
1C5q values in our model system, but among these three methods,
only the ITC was suitable for direct measurement of the reaction
rate. The Ky; and ICsy values obtained with ITC are in good
agreement with data obtained using spectrophotometer and
HPLC. The measured Kj; values show that over seven glucose
units the incorporation of further glucose units does not affect the
binding significantly, thus maltoheptaose or longer oligomers can
model the behaviour of natural (starch) substrate of HSA properly.
Although the effect of the aromatic chromophore group of
substrates is observable, it does not alter the Ky, values
considerably.

The described ITC method is appropriate for fast determin-
ation of Michaelis constants and ICs, for any enzyme—substrate or
enzyme—inhibitor pairs. These data are the most important values
for the comparison of different substrates and inhibitors. Drugs
often activate or inhibit enzymes which may result in a
therapeutic benefit to patients. Using rational drug design, we
need a test method how the selected molecules influence the
function or behaviour of the target enzyme. To select the
appropriate substrate and the suitable experimental conditions
for testing inhibitors requires the application of a general method
and ITC may be the method of choice. ITC is suitable to compare
natural and synthetic substrates based on Ky, values, to select the
proper substrate concentration (close to Kyy) to the inhibition
studies and to perform the ICs, determination using the same
reaction conditions.
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