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Abstract

Glycogen phosphorylase enzymes (GP) catalyse reversible reactions; the glucose transfer from
glycogen to inorganic phosphate (Pi, phosphorolysis) or the reverse glucose transfer from
glucose-1-phosphate (G-1-P) to glycogen (synthesis). Rabbit muscle GPb (rmGPb) was used as a
model enzyme to study the reversible enzyme reaction. To follow both directions of this
reversible reaction, we have developed a novel isothermal titration calorimetry (ITC) method for
the determination of the direct reaction rate. The preference of forward or reverse reaction was
ensured by the 0.1 or 10 concentration ratios of G-1-P/P;, respectively. Substrate specificity was
studied using different maltooligosaccharides and glycogen. Based on the Kw values, glycogen
and 2-chloro-4-nitrophenyl maltoheptaoside (CNP-G7) were found to be analogous substrates,
which allowed to optimize the method by taking advantage of the CNP chromophore being
detectable in HPLC. In case of CNP-G7, substrate inhibition was observed and characterised by
Ki of 23+ 7 mM. Inhibition of human GP is a promising strategy for the treatment of diabetes.
Our ITC measurements have confirmed that caffeine and glucopyranosylidene-spiro-
thiohydantoin (GTH), as known GPb inhibitors, inhibit the rmGPb-catalysed reversible reaction
in both directions. K; values obtained in the direction of synthesis (1.92+0.14 mM for caffeine
and 11.5+ 2.0 uM for GTH) have been shown to be in good agreement with the Ki values
obtained in the direction of phosphorolysis (4.05+0.26 mM for caffeine and 13.8+1.6 uM for
GTH). The higher difference between the inhibition constants of caffeine was explained by the
non-competitive mechanism. The described ITC method using the developed experimental design
and reaction conditions is suitable for activity measurements of different phosphorylase enzymes
on various substrates and is applicable for inhibition studies as well.
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reaction; substrate inhibition; activity measurement.



1. Introduction

Glycogen is the major storage form of carbohydrates in animals. It provides glucose units for
glycolysis within the muscle, while liver glycogen maintains the blood glucose level. Glycogen
phosphorylase (GP), the principal enzyme of glycogen metabolism, is a possible target for the
treatment of diabetes. Muscle GP enzyme exists in phosphorylated, active (GPa) and
dephoshorylated, inactive (GPb) form, which is active only in the presence of its allosteric
activators including adenosine monophosphate (AMP). Since GP catalyses a reversible reaction,
different activity measurement methods have been developed for the forward or reverse reaction.
An early and complicated method was applied by Tanabe for following the phosphorolytic
reaction [1]. In this case, the phosphate content of G-1-P was measured after a hydrolysis step. In
the direction of phosphorolysis, glycogen and phosphate substrates are often used in a coupled
enzyme assay (with phosphoglucomutase and glucose-6-phosphate dehydrogenase). The reduced
coenzyme (NADH or NADPH) generated in the redox reaction is determined by
spectrophotometry [2]. This system is less convenient for inhibition studies due to the presence of
the two additional enzymes, which can also bind to the inhibitor. Recently an ESI-MS method
has been suggested for the quantification of G-1-P produced during the degradation of the
glycogen or maltooligomer substrates to promote the proteomic study of sugar phosphorylases
[3]. There is an additional option for the measurement of G-1-P released from glycogen, namely
the use of an anion-exchange HPLC method on Carbopack PA10 column with pulsed
amperometric detection [4]. Fluorescent substrates (pyridylaminated maltohexaose and some of
its derivatives) and HPLC measurement on polymer based HILIC column have recently been
utilized for probing the catalytic site of rabbit muscle GPb (rmGPb) [5].

Several research groups study the enzyme in the direction of glycogen synthesis which doesn’t
correspond with the physiological reaction. The most frequently applied method is based on the
colorimetric determination of inorganic phosphate deriving from G-1-P during the glycogen
synthesis. This colour reaction is very sensitive, but the intensity of the colour is influenced by
several parameters, which can deteriorate the accuracy [6]. Radioactive measurements of the
product obtained from the synthesis reaction catalysed by GP require special equipment and
radioactive labelled G-1-P substrate [7]. In 2009 Makino et al. reported a method in which
glycogen phosphorylase activity was determined by HPLC in the direction of glycogen synthesis.



This assay was carried out in the presence of glucose-1-phosphate and maltooligosaccharides as
substrates which had been labelled with chromophore group in a pyridylamination reaction [8].
Our aim was to develop a method suitable for activity measurement in both directions of the
enzyme reaction. Isothermal titration calorimeters can be considered as universal detectors
because of the change in heat occurring in almost every chemical reaction. There are further
advantages of isothermal titration calorimetry (ITC): natural substrates can be utilized without
derivatization and the applied measurement method is not sensitive to the composition of reaction
mixture. Rabbit muscle glycogen phosphorylase b (EC 2.4.1.1) was chosen as a model enzyme
since most of the inhibition measurements of GP have been carried out with rmGP enzyme (see
BRENDA database). Considering that GPb is inactive, experiments were accomplished in the
presence of AMP [9].
In this work we studied the effect of two known GP inhibitors (caffeine as allosteric and
glucopyranosylidene-spiro-thiohydantoin (GTH) as competitive inhibitor) in both directions of
the catalysed reaction using the same ITC method for the measurement of the reaction rate.

2. Results and discussion
2.1. Characterization of synthetic and phosphorolytic reactions of rmGPb by ITC

Reaction rate measurements were performed by ITC in both directions of the rmGPb-catalysed
reversible reaction. Synthesis is an exothermic process, while phosphorolysis is an endothermic

one resulting in negative (Figure 1A) and positive (Figure 1B) heat flow, respectively.
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Figure 1. Representative ITC curves of a synthesis (A) and a phosphorolysis (B) reaction
catalysed by rmGP enzyme. 0.5 % glycogen was applied as substrate. Arrows symbolize the
measured heat flow, dQ/dt, which is equal to the maximal deflection from the baseline.



The reaction rate is proportional to the maximal heat flow (dQ/dt) of the reaction and it is not
relevant to the reaction rate whether the heat signal is positive or negative. Single injection ITC
experiments were carried out where the enzyme solution (in the injector) was titrated into the
sample cell containing the proper dilutions of the substrate solution.

Equation (1) allows the reaction rate to be calculated from the measured heat flow [10]:

d[P] 1 d_Q

V= = X (1)

dat V XAH dat

where d[P]/dt is the rate of product formation, V is the cell volume, dQ/dt is the heat flow, and
AH is the enthalpy change. The (Vx4H)™* value is constant using the same system (cell and
enzyme concentration, substrate) and temperature, hence dQ/dt is a measure of the reaction rate.
Initial rate (vo) was determined in our experiments since the maximal deflection was obtained at
the beginning of the reaction (1-2 min after the injection) where the conversion of substrate is

less than 10%. Therefore, a single injection resulted in a single data pair of vo in the function of

[S].

2.2. Selection of effective activator concentration

The inactive free GPb enzyme may be activated by the addition of its well-known allosteric
activator (AMP). In order to select the appropriate AMP concentration, the activation effect of
AMP was studied on CNP-G7 substrate in the direction of phosphorolysis as well as of synthesis
under pseudo-first order conditions provided by the high concentration of the second substrate (P;
and G-1-P, respectively). We got 50 uM and 26 uM for half maximal effective concentration
(ECs0) measured in the direction of phosphorolysis and synthesis, respectively. ECsg values of
literature for glycogen substrate fall in the range of 20-90 uM, which is in good accordance with
our results [11,12].

The experimental curve reached the saturation at 1mM concentration of AMP (data are not
shown), which is in good agreement with the use of 1-2 mM AMP as activator in the experiments

published earlier [1], [12-14]. Based on our results, ImM AMP was applied in each experiment.



2.3. Study of substrate specificity

Substrate specificity was studied in view of developing a new enzyme assay.

ITC measurements were carried out on maltooligomers (maltopentaose: G5, maltoheptaose: G7),
glycogen and a chromophore containing maltoheptaoside substrate (CNP-G7) along with P; as a
second substrate to ensure the phosphorolytic reaction. Figure 2. represents the experimental ITC
curves obtained for G5 of different concentrations. The maximum values of the curves gave the

heat flow, which is proportional to the reaction rate and were applied for the determination of Ku

and Vmax.
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Figure 2. Experimental ITC thermograms for GPb-G5 reactions at different substrate
concentrations. Measurements were carried out at 37°C. Substrate concentration ranged from 0.5
to 30 mM and 0.37 uM enzyme was applied.

In order to compare the catalytic effectiveness of rmGPb for the four substrates being studied,
keat/Km ratios were determined. First, the maximal reaction rates (Vmax) were calculated from our
experimental heat flow data using Equation (1), where the total cell volume was V=204 uL and
the A4H value, obtained from a single injection measurement, was 2.32 kcal/mol. G5 substrate was

selected for the determination of AH since the pentamer includes only a single glycosidic bond
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cleavable by GPb enzyme. The subsequent step was to divide vmax by the initial enzyme
concentration [E]o= 0.37*10° M (same in each experiment), which resulted in Kear values.

The results of our ITC measurements and data from literature are listed in Table 1.

Table 1. Kinetic constants of rmGPb enzyme on different substrates

Measured by ITC Data of literature?

phosphorolysis synthesis phosphorolysis synthesis
Substrate ccat/k

’ ca ’
Ku (mv)  KCaU/K Kw (MM) Y Ku(mM) Ky (MM)
ucalL(sMg)™* pcalL(sMg)

G5 20.2+0.3 2.3*10* nd nd 9.1 38
G7 6.0£0.6 3.0*10* nd nd 7.1 31
CNP-G7 2.3+0.6° 6.6 * 10 15.2+2.1 0.16 * 10* nd nd
glycogen 1.5+0.1¢ nd nd nd 0.15 0.6
“[1]
b [S]os because CNP-G7 reaction does not obey the Michaelis-Menten kinetics
“mg/mi
nd: no data

+ values are the fitting error

Additional measurements were performed in the direction of synthesis in the presence of G-1-P
and CNP-G7 due to the lack of kinetic data for chain lengthening reaction utilizing CNP-G7 as
substrate. Kinetic parameters K= 15.2+2.2 mM and Kear/Km=0.25*10° s*M* were determined for
synthesis reaction. Substrate specificity proved to be very low in the synthesis reaction of CNP-
G7. The ratio of Ky values obtained from the phosphorolysis and synthesis reactions of CNP-G7
is similar to the ratio published for maltooligomers. Comparing the kinetic parameters (Km and
kea/Kw) Obtained for G7 and CNP-G7, preferential effect of CNP was observed (see Table 1).

Even though rmGP is a well-studied enzyme, literature currently includes only a single article
(published by Tanabe et al. [1]) containing Km data for maltooligomer substrates with different
chain lengths. These values have been determined for both directions of the reversible reaction.
Although the order of magnitude was similar, Ku values obtained for the same substrate in this
work differed from those reported by Tanabe, which can be explained by the different phosphate
and AMP concentrations. Comparison of Ky values derived from the two reactions revealed that
lower substrate concentration is necessary for phosphorolysis than for synthesis to achieve the

half maximal reaction rate. It is in accordance with the physiological function of mammalian



glycogen phosphorylase which is the breakdown of glycogen. Catalytic effectiveness (Kcat/Km) of
linear substrates are similar in magnitude, while this value for glycogen is much higher due to the

numerous nonreducing ends (Table 1).

2.4. Substrate inhibition of rmGPb

During data evaluation substrate inhibition was observed in the phosphorolysis reaction of the
chromophore containing substrate, CNP-G7 (Fig. 3).
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Figure 3. The effect of [G7] and [CNP-G7] on the activity of rmGPb enzyme measured by
ITC. Curves were fitted with nonlinear regression applying Michaelis-Menten equation for
phosphorolysis of G7 (m) as well as for synthesis reaction of CNP-G7 (x) and Haldane
equation for phosphorolysis of CNP-G7 (A).

Substrate inhibition is often observed in nature and can play a role in metabolic feedback
regulation processes in case of the natural substrate [15]. Substrate inhibition occurs when an
enzyme has a second substrate binding site and two substrates can simultaneously bind to the
enzyme. The experimental data for the phosphorolytic reaction of CNP-G7 (see A in Fig. 3)

demonstrate this phenomenon; following the achievement of the maximal heat rate, an increase in



the substrate concentration rather leads to the decrease in the reaction rate than becoming
constant. It may result from the possible binding of the second substrate. Therefore, Km= 2.3+ 0.6
mM and Ki= 23t7 mM were determined by using Haldane equation related to the substrate
inhibition. The inhibitory effect of 4-nitrophenol (PNP) was published earlier and 1Cs0=5 mM
was reported for the reaction of glycogen elongation in the presence of G-1-P [12]. In our study,
which was carried out by ITC applying G7 and P; substrates, 1Cso = 9 mM was obtained for CNP
in the direction of phosphorolysis. Consequently, substrate inhibition is assumed as allosteric
inhibition occurring at the same binding site where the free PNP/CNP can also bind to. The
remarkably high Ku value of CNP-G7 did not allow us to experimentally achieve the saturation
range of the substrate. [S] should be in the range of 0.1-10 K for the precise determination of the
Michaelis constant. Based on our experimental data, it is ambiguous whether substrate inhibition
occurs also in the direction of synthesis, or this reaction obeys Michaelis-Menten kinetics (Fig.
3).

2.5 mM CNP-G7 was applied to the further inhibition measurements to exclude the inhibitory

effect of the substrate.

2.5. ITC activity measurement method development in both directions

Our aim was to develop an ITC method suitable for activity measurement of GP enzyme in both
directions of the catalysed reversible reaction. First, CNP-G7 was used as a model substrate for
the optimization of the reaction conditions because CNP-G7 and glycogen substrates had similar
Kwm values (expressed in mg/ml). In addition, due to the CNP chromophore group, the reaction
can be monitored by HPLC. The second substrate determines the direction of the reaction: the
synthesis is favoured in the presence of G-1-P, whereas the phosphorolysis reaction is favoured
in the presence of inorganic phosphate. Initial substrate concentration was 2.5 mM for each of the
substrates. At the equilibrium, 58 % of CNP-G7 was transformed, which resulted in longer (24
%) and shorter (34 %) products. Varying the G-1-P/P; ratio systematically, we could achieve the
appropriate dominance of either the synthesis or the degradation at 10 and 0.1 ratio, respectively
(upper chromatograms in Fig. 4). The same concentration ratios were applied for measurements

on the glycogen substrate during the ITC inhibition studies.



2.6. Inhibition studies
There are numerous known GP inhibitors [16-18], but the inhibition data of literature are not

always comparable. Inhibitory parameters (ICso, Ki) of several compounds are often determined
in the biologically not relevant synthesis reaction (mainly by spectrophotometry after the colour
reaction of Pj) [19-22]. Breakdown reaction measurements were also carried out mainly by
coupled enzyme assays [23-25]. However, measurements in both directions are less common
[26].
ITC method developed in this project is suitable for activity measurements in both directions.
Two well-known inhibitors were selected for our inhibition studies:

- Caffeine — as allosteric inhibitor binding to the inhibitor site — nucleotide binding site

- GTH —as glucose analogue competitive inhibitor
Prior to the ITC inhibition studies, some pre-trial were carried out on CNP-G7 substrate using
HPLC technique to follow the reaction. Caffeine and GTH were applied at a concentration close
to Ki. Chromatograms represented in Fig. 4 illustrate the products resulting from the reaction of

breakdown and synthesis, after 5 min incubation, in the absence and presence of inhibitors.
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Figure 4. Phosphorolysis and synthesis of CNP-G7 substrate catalysed by rmGPb. Reaction was
followed by HPLC in the absence (above) and in the presence (bottom) of inhibitors. A: GTH-
phosphorolysis B: GTH-synthesis C: caffeine- phosphorolysis D: caffeine- synthesis

Shorter products were produced during phosphorolysis (4A and 4C above) and longer products
were produced during synthesis (4B and 4D above). The peak area of products decreased in the
presence of GTH (4A and 4B bottom) and caffeine (4C and 4D bottom) inhibitors. The
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measurements were accomplished using initial rate conditions proved by the chromatograms
(Fig. 4) where the main peak belongs to the CNP-G7 substrate in all cases.

ITC measurements were performed under similar reaction conditions with the exception of CNP-
G7, which was exchanged for glycogen substrate. Inhibitor concentration was varied and dose-
response curves were plotted. The curve fitting was accomplished with nonlinear regression,

which allowed the apparent inhibition constant (Ki") values to be determined.

2.6.1. Study of inhibitory effect of caffeine on glycogen substrate

Caffeine has been reported as non-competitive inhibitor affecting the purine nucleotide binding
site of GPa in both the liver and the skeletal muscle. It is often applied as positive control in
different inhibition studies in concentration of 1 mM [27-30].

The results of inhibition measurements with caffeine were illustrated in Figure 5.
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Figure 5. Caffeine inhibition curves of GPb enzyme catalysed reversible reaction. A) Parallel
measurements of glycogen phosphorolysis. B) Parallel measurements of glycogen synthesis.
Curve fitted to all points obtained from the parallel measurements in the same direction was
represented by dashed line.

Model of tight binding inhibition by Greco-Hakala (Equation 5) has been fit to several sets of our
experimental data. Data of parallel measurements accomplished in both reactions were in good
agreement, although the match is better for the phosphorolysis reaction (Fig.5A). Apparent
inhibition constants (Ki*) provided by the curve fittings were 1.9+0.14 mM for synthesis and

4.0£0.26 mM for phosphorolysis (Table 2.). Choosing total enzyme concentration as a variable
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did not change the value of K;*, which can be replaced by Ki in case of caffeine, a pure
noncompetitive inhibitor. Inhibition constant of 0.1 mM has already published for muscle and

liver GPa [31], however, there are no K; data for GPb in literature.

2.6.2. Study of inhibitory effect of GTH on glycogen substrate

GTH (synthesized in our institute by Somsak et al.) is a very effective competitive inhibitor for
GPb [25]. X-ray crystallographic studies revealed that this compound binds to the catalytic site of
the T-state GPb. Inhibition constants were determined in both directions (Table 2), but K; values
proved to be different from those reported in the literature [23,24].

o
o
1

Fractional activity
o
FS
1

o
[N
1

o
[=]
1

1E-6 1E-5 1E-4 1E-3 0,01
(17 (M)

Figure 6. GTH inhibition curves of GPb enzyme catalysed reversible reactions on glycogen. Data
points and fitted curves are represented by black (m) and red (A) for synthesis and
phosphorolysis reaction, respectively.

The inhibition curves fitted to our experimental data (Fig. 6) are very similar and Ki* values are
also close to each other; 48.9+4.1 uM and 59.9+3.2 uM for the directions of synthesis and
phosphorolysis, respectively.

Ki values of 11.3 uM and 13,8 uM were calculated from Ki* using Equation (5), where [S]=5
mg/ml and Kmv=1.5 mg/ml were applied for glycogen (Table 2).
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3. Conclusion

ITC, in addition to its prevalent role in binding studies, is a promising method in enzymatic
assays due to the elimination of the need of synthetic chromophores, fluorophores, radioactive
labels on substrate or of indirect coupled assays. A further advantage of the ITC method is that
the obtained data are directly proportional to the reaction rate, in contrast with the discontinuous
measurements where the concentration-time relationship must be determined. Classical ITC
methods (single or multiple injections) for enzyme kinetic measurements [10] are not suitable for
the study of reversible enzyme reactions since the products are also the substrates for the reverse
reaction. Instead of complete substrate depletion, necessary for a single injection ITC method, an
equilibrium mixture is formed where the rates of forward and reverse reactions are equal. This
may be one of the reasons why ITC method has been mainly used for studying hydrolases where
the reverse reaction is negligible due to the presence of a large amount of water [32-36]. Using
rmGPb as a model for sugar phosphorylases we have established the conditions suitable for

activity measurements in both directions of the reversible reaction.
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Figure 7. Summary of inhibition measurements on the GPb-glycogen reaction in the presence of
GTH and caffeine. Curves were fitted on all the points obtained from the parallel measurements
carried out in the direction of synthesis (black) and phosphorolysis (red).

Inhibition measurements demonstrated that inhibiton constants are almost the same in case of
competitive inhibitor, while the difference is higher for non-competitive inhibitor. In competitive
inhibition enzyme-inhibitor complex (EI) is formed, which can be characterized by a well-
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defined, single inhibition constant (Kgei). Kei must be the same in both forward and reverse
reactions. However, in case of non-competitive inhibition two types of inhibitor complex are
formed EI and ESI. Therefore, two inhibition constants (Kg and Kegs)) are necessary for the
description of inhibition. In the reversible reaction catalysed by glycogen phosphorylase the
substrates and their concentrations are different in synthetic and phosphorolytic reaction resulted
in different Kesi values. Even if all microscopic dissociation constants are identical, they differ
from the macroscopic ones, and calculated K values can be different for synthesis and
phosphorolysis.

The results presented here have demonstrated that the ITC method, using the developed
experimental design and reaction conditions, is suitable for activity measurements of different
phosphorylase enzymes on various substrates in both directions and is applicable for inhibition
studies as well. Although under physiological conditions the glycogen breakdown is favoured by
rmGPb, there are some other phosphorylases preferring synthesis rather than phosphorolysis
reaction [37]. Our new method can be very useful for the examination of similar reversible

processes in order to determine the preferences of the enzymes.

4. Experimental

4.1. Materials

Glycogen phosphorylase b enzyme from rabbit muscle, AMP, EDTA and free
maltooligosaccharide substrates (maltopentaose: G5, maltoheptaose: G7), were purchased from
SIGMA Aldrich (St. Louis, MO, USA). Oyster glycogen (Mw= 85000 gmol) was obtained from
Merck (Darmstadt, Germany). Glucose-1-phosphoric acid dipotassium salt 14ehydrate was
purchased from Reanal-Across (Budapest, Hungary). Caffeine was acquired from WHO
International Chemical Reference Substances (Stockholm, Sweden). 2-Chloro-4-nitrophenyl-p-
maltoheptaoside (CNP-G7) and GTH were synthesized at the University of Debrecen [38, 39].

4.2. Enzyme assays

For the substrate specificity measurements 1M phosphate buffer containing 2.6 mM EDTA and 4
mM AMP was applied in the direction of phosphorolysis, whereas 35.4 mM [-glycerophosphate
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buffer containing 2.6 mM EDTA, 4 mM AMP, 50mM G-1-P was used in the direction of
synthesis.

During the inhibition studies each reactant (enzyme, glycogen or CNP-G7 and inhibitor) was
dissolved in 35 mM glycerophosphate buffer (pH 6.8) containing 2.6 mM EDTA, 1 mM AMP 2.5
mM Pj and 25 mM G-1-P for synthesis or 25 mM P; 2.5 mM G-1-P for breakdown. Enzyme

reactions were carried out at 37 °C.

4.2.1. Isothermal titration calorimetry

ITC experiments were carried out with an ITC200 microcalorimeter (MicroCal, Northampton, MA,
USA) at 37 °C using similar experimental layout to our recently published method [40]. In each
measurement rmGP solution was injected (5uL/10 s) into the sample cell containing the substrate
solution (5 mg/ml glycogen, in synthesis or breakdown buffer) in the presence or absence of
inhibitors. In each experiment heat flow (dQ/dt) was measured in “low-gain” feedback mode until
its absolute value reached the maximum at each different substrate or inhibitor concentrations.
Origin 7 software (Northampton, MA, USA) was applied for evaluating the experimental raw ITC
data.

In addition, 4H was determined for phosphorolysis using the usual single injection method. The
reaction was initiated by injecting GPb enzyme solution into the sample cell containing 15 mM
G5 substrate dissolved in 1M phosphate buffer. The reaction could go to completion in the
calorimeter cell, and the power P was recorded as a function of time t. Integration of the excess

power P associated with the reaction enables 4H to be determined according to Equation (2) [41].

_Jy Pt
A= fsove @

This calculated value of 4H was applied only for the determination of kcat/Km (See in Table 1.).

4.2.2. HPLC method for GP b activity measurement

The enzyme solution (4 mg/ml) was prepared in buffer pH 6.8. For each measurement 2.5 mM
CNP-G7 and 2.5 mM-25 mM G-1-P or P; substrates were freshly dissolved in buffer. The
mixture of 14 ul enzyme and 1ml substrate was homogenized with vortex and incubated at 37°C
for 5 minutes. 5 ul of the solution was injected into the column in every 15 minutes, 4 times in
total. Agilent 1260 Infinity 2 instrument equipped with quaternary pump, degasser and automata

sample injector was used for the measurements. Separation was made using a Hypersil ODS (20
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cm x 4.6 mm 120 A 5 um, Agilent) column. Isocratic elution was applied with MeCN/H-0O
(12:88, viv %) and with the flow rate of 1 ml/min. The column temperature was set to 30°C.
Detection of CNP-G7 and longer or shorter CNP-oligomer products were carried out at 302nm.
Summarized area data of CNP-oligomer products were plotted in the function of reaction time to
determine the reaction rate. Linear regression was used and the slope of the fitted linear curve

provided the enzyme activity.

4.3. Evaluation of kinetic data

Heat flow values, considered as reaction rate data, originated from ITC measurements were
evaluated in the same way for each experiment. All plotting and fitting procedures were
accomplished by using the Origin software applying the adequate equations. In order to determine
the Km and K; values, heat flow (dQ/dt) data proportional to vo were plotted as a function of
substrate concentrations and a curve was fitted with nonlinear regression based on Michaelis-
Menten and Haldane equations [42] (Equation (3) and (4), respectively),

_ VmaxX[S]
T Km+S] )

Vimax X[S]
= max’ 4
1<',\4+[S]+[f‘,—]_2 )

i

where v is the reaction rate, vmax is the maximal reaction rate at saturating substrate concentration,
[S] is the substrate concentration, Kw is the Michaelis constant and Ki; is the inhibition constant.
The experimental data of inhibition measurements were evaluated applying Greco-Hakala

relative rate equation [43] below.

2
v E-1-K; +J(Et—1—K§ ) +4EeK; )

Vo ZEt

Ki*=Ki(1+[S]/Km) for competitive inhibition

Ki*=Ki for non competitive inhibition

where the dependent variable is the relative reaction rate (v/vo), Ki* is the apparent inhibition
constant, E; is the total enzyme concentration, I is the inhibitor concentration (independent
variable), [S] is the substrate concentration and Ky, is the Michaelis constant.

The equation was inserted to the Origin as user defined relationship.
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