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Abstract 19 

Gluconate is a commonly encountered nutrient, which is degraded by the enzyme gluconokinase 20 

to generate 6-phosphogluconate. Here we used isothermal titration calorimetry to study the 21 
properties of this reaction. ∆H, KM and kcat are reported along with substrate binding data. We 22 
propose that the reaction follows a ternary complex mechanism, with ATP binding first. The 23 

reaction is inhibited by gluconate, as it binds to an Enzyme-ADP complex forming a dead-end 24 
complex. The study exemplifies that ITC can be used to determine mechanisms of enzyme 25 

catalyzed reactions, for which it is currently not commonly applied.  26 

Introduction 27 

Gluconate (Glcn) is a naturally occurring carboxylic acid that is found abundantly in various 28 
fruits, vegetables and dairy products as well as being added to processed foods and 29 
pharmaceuticals due to its refreshing taste. Gluconate has also found use in formulation 30 
chemistry, both in industry and in the health sector on account of its metal chelating properties. In 31 
the clinic, calcium gluconate is used for treating calcium deficiency, hydrofluoric acid burns and 32 

as dietary supplements in the form of zinc gluconate and iron gluconate derivatives [1, 2]. 33 
Despite widespread use of the compound across diverse sectors and its presence in human bio-34 
fluids [3, 4] the details of gluconate production and consumption in humans remain relatively 35 
unexplored as highlighted in a recent metabolic network gap analysis of human metabolism [5].  36 
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Phosphorylated gluconate is an intermediate of the pentose phosphate pathway. The oxidation of 37 
6-phosphogluconate contributes to NADPH formation in the cytosol and thus to both anabolic 38 

reactions and the recycling of glutathione, ultimately combating oxidative stress [6, 7]. 39 
Metabolism of gluconate is likely to follow this pathway given that consumed gluconate is 40 
absorbed and subsequently phosphorylated (Fig. 1). Indeed, isoform I of the human gene 41 
C9orf103 was recently shown to encode gluconokinase activity [5]. Through a computational 42 
metabolic modeling approach, the metabolic contribution of gluconate has also been estimated to 43 

have broad impact on cellular metabolism in accordance with its contribution to NADPH 44 
formation [8]. It is likely that gluconate follows this metabolic route in humans. Early 45 
biochemical investigations into the fate of gluconate added to rat liver perfusions strengthen this 46 
hypothesis. These studies showed that gluconate is internalized but is metabolized differently as 47 
compared to glucose [9]. In addition, gluconate metabolism in prokaryotes and lower eukaryotes 48 

is very well characterized where it is metabolized following phosphorylation by gluconokinase 49 
[10]. The biological conditions under which human gluconokinase (hGntK) is active have not 50 
been deduced. Analysis of publically accessible gene expression profiles indicate that these are 51 

likely context specific with the gene primarily expressed in brain, lymph node, kidney and 52 

hepatic tissue. Despite incomplete understanding of its metabolic context, human gluconokinase 53 
activity is encoded within the human genome and this enzyme is likely to play a pivotal role in 54 

the metabolism of gluconate in humans. 55 

Gluconokinase belongs to the family of FGGY carbohydrate domain containing kinases [11] of 56 
which gluconokinase from Escherichia coli is one of the best described [12-14]. We recently 57 

reported the biochemical characterization of a recombinantly produced isoform I of human 58 

gluconokinase (hGntK) encoded by the gene IDNK (Uniprot id: Q5T6J7). Human gluconokinase 59 
is a dimer, each monomer weighing 23.33 kDa, that catalyzes ATP dependent phosphorylation of 60 
gluconate to 6-phosphogluconate. The enzyme was shown to be similar in secondary structure to 61 

its Escherichia coli counterpart and was specific towards the phosphorylation of gluconate. The 62 
kinetics of the enzymatic reaction was characterized spectrophotometrically by coupling 6-63 

phosphogluconate formation with consumption by 6-phosphogluconate dehydrogenase.  64 

Here we report the kinetic characterization of the gluconokinase catalyzed reaction using 65 
isothermal titration calorimetry (ITC). The kinetic and thermodynamic characterization of 66 

metabolic enzymes has recently gained interest from the computational metabolic modeling 67 
community where kinetic parameters are required for models that accurately capture 68 

genotype/phenotype relationships [15]. Employing ITC we were able to study the reaction 69 

without any coupling of the reaction or tagging of the substrates. ITC was used to determine 70 

kinetic parameters of the reaction under varying concentrations of each substrate. Kinetic data 71 
was fit to equations descriptive of relevant reaction models to deduce the reaction mechanism. 72 
The results suggest that the gluconokinase reaction follows a ternary complex mechanism and is 73 
inhibited at high concentrations of gluconate.  74 

Materials and methods 75 

Recombinant human gluconokinase was prepared as described previously [8]. Protein 76 
concentration was estimated using Beer-Lambert’s Law from measured absorbance at 280 nm. 77 
Molar absorption coefficient was calculated using Tyr, Trp and Cys content of the protein [16]. 78 

MicroCal iTC200 (MicroCal, Northampton, MA, USA) was used to monitor enzymatic activity 79 



directly by detecting heat flow during the reaction at 25 ˚C. All the experiments were performed 80 
in a kinase assay buffer composed of 100 mM sodium phosphate, 40 mM NaCl, 2.5 mM MgCl2 81 

(unless otherwise stated) and at pH 7.2. All enzyme and substrate solutions were prepared in this 82 
buffer, in order to minimize the heat of dilution during injection. The reaction cell was filled with 83 
200 µL of the reaction mixture, with stirring speed 1000 rpm and each reaction had an initial 84 
delay of 60 seconds. All the experiments were performed in triplicates. These assays were based 85 
on the principles of implementations of ITC described by Wiseman et al. [17]. The raw ITC data 86 

was analyzed using the MicroCal iTC200 Origin Software package and MATLAB (Mathworks, 87 
Natick, MA, USA) was used for fitting and plotting the data. 88 

Determination of enthalpy change (∆H) 89 

We measured the enthalpy using the multiple injection ITC method [18, 19]. The experiment was 90 
carried out by titrating 0.7 µL of 20 mM Glcn into the reaction cell containing 33.5 nM hGntK 91 
and 1 mM ATP, at 40 minute intervals. A total of 20 injections were done which continued for 13 92 

hours. The enthalpy of the reaction (∆H) was then determined by dividing total heat change in 93 
each injection by the amount of substrate in the cell after the injection. 94 
 95 

   
 

           
 

     

  
  

   

   

 [Eq 1] 

 96 
where [S]Total is the concentration of the limiting substrate, V is the volume of the reaction 97 

mixture and dQ is the heat change measured at time t. The determination of ∆H and the data 98 

fitting was done in MicroCal iTC200 Origin Software package for experiments performed at 25 99 

and 37 ˚C. As after a few injections product concentration increased significantly and started 100 
affecting the rate, average of first few ∆H values was calculated [18]. For blanks, the substrate 101 

was injected in cell containing reaction mixtures without the enzyme and the blanks were then 102 
subtracted. 103 

Kinetic experiments to study mechanism of reaction 104 

ITC enables the determination of enzymatic parameters of the reaction under study as the rate of 105 
the reaction is proportional to the measured heat flow, according to: 106 

 107 

  

  
 

    

  
      [Eq 2] 

 108 
In the experimental conditions where one substrate is at a saturating concentration, the enzymatic 109 
reaction can be described in terms of first-order kinetics in relation to the other substrate. The 110 
heat flow is given by: 111 
 112 

  

  
                    

[Eq 3] 

 113 
where, k is the rate constant, and [S]0 is the initial concentration of the limiting substrate, ∆H is 114 
the experimentally determined molar enthalpy for the reaction.   115 

 116 



Kinetic parameters were determined under pseudo steady-state conditions [20]. The sample cell 117 
was loaded with a solution containing hGntK (67 nM) and a fixed concentration of Glcn. Sixteen 118 

injections of 1.5 µL (20 mM) ATP were done every 60 s at 25 ˚C. The saturating concentration of 119 
the fixed substrate is important for the estimation of kinetic parameters but for determining the 120 
mechanism, the fixed substrate has to vary over a broader range, from sub-saturated to saturated 121 
concentrations. Thus for these experiments, Glcn was fixed from 0.5 mM to 12.5 mM. As the 122 
concentration of ATP in the cell increases from 0.15 mM to 2.4 mM, the concentration of MgCl2 123 

was maintained at 6mM to maintain a steady amount of MgATP
2-

. All experiments were done in 124 
triplicates or more. Analogous experiments were done for Glcn (20 mM), where 1.2 µL of Glcn 125 
was injected (16 injections) into the reaction solution containing 67 nM hGntK and 0.5 mM of 126 
fixed ATP concentration. The experiments for the other fixed ATP concentration values (1 mM – 127 
7.5 mM) were performed at an enzyme concentration of 53.6 nM. The enzyme concentration in 128 

these experiments was reduced in order to attain a pseudo steady state condition after every 129 
injection. The MgCl2 in these experiments was maintained at 5 mM excess of ATP. Enzyme 130 
blanks were carried out for each experiment. Reaction rates were obtained by dividing the 131 

measured baseline heat flow by the ∆H of the reaction (evaluated as described above). Primary 132 

plots for the kinetic data were plotted and analyzed in Origin.  133 

Substrate Binding 134 

Substrate binding experiments were performed to add more experimental support to the kinetic 135 
mechanism. For this, 36 injections of 1 µL of ATP (1 mM) were done every 120 seconds, in a 136 
cell containing 52.3 µM of hGntK. Similarly for Glcn, 36 injections of 1 µL (1 mM) were done 137 

every 120 seconds, in a cell containing 52.3 µM of hGntK. The basic principle behind these 138 

experiments is explained in detail in the book “Methods in cell biology” [21]. The heat change 139 
measured after every injection is proportional to the level of binding of the substrate to the 140 
enzyme. “Single Set of Identical Sites” model in the MicroCal iTC200 Origin Software was used 141 

to calculate change in enthalpy, change in entropy during binding and the binding constant. 142 
Experiments without enzyme in the cell were performed in order to get the blank values. 143 

 144 
MicroScale Thermophoresis (MST) experiments were carried out with fluorescently labeled 145 
hGntK. MST is based on the principle that molecules move within a temperature gradient based 146 

on their charge, size and hydration shell, a property called thermophoresis. The movement is 147 
traced by measuring fluorescence. A fluorescent label (NT- 647) was covalently attached to the 148 

protein using NHS coupling using a Monolith NT Protein Labeling Kit (NanoTemper 149 

Technologies GmbH, Munich, Germany). Labeled hGntK was kept constant at 10 nM, while the 150 

concentration of the non-labeled ATP was varied between 3 mM – 0.09 μM. The assay was 151 
performed in an assay buffer with 0.05% Tween-20 and prepared in protein low-binding tubes. 152 
After a short incubation, the samples were loaded into MST NT.115 hydrophilic glass capillaries 153 
and the MST analysis was performed using the Monolith NT.115. Similar experiments were 154 
performed for measuring the binding of Glcn, where the concentration of the non-labeled Glcn 155 

was varied between 50 mM – 1.5 μM.  156 

Data fitting to estimate the kinetic parameters 157 

In order to calculate the kinetic parameters, reaction rates obtained from the kinetic experiments 158 
were fitted to relevant equations, using a nonlinear least-squares procedure in MATLAB. As 159 



substrate inhibition by Glcn was observed, the data was fitted to a compulsory-order ternary 160 
complex mechanism with substrate inhibition equation [Eq 4] and substituted enzyme mechanism 161 

with substrate inhibition [Eq 5]. 162 
 163 
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[Eq 5] 

 164 

In the above equations vi (mM/s) is the reaction rate, kcat is turnover number, E0 is the initial 165 

enzyme concentration, [A] and [G] (mM) are concentrations of ATP and Glcn respectively, KmA 166 

and KmG (mM) are the Michaelis-Menten constants for ATP and Glcn respectively, KiA (mM) is 167 

the dissociation constant of Enzyme-ATP (this was determined experimentally), and KsiG (mM) is 168 

a constant that defines the strength of inhibition. The equations are taken from Fundamentals of 169 

Enzyme kinetics [22]. The model having the smallest residual sum of squares is then selected as 170 

best fit. When analysis of the residuals does not reveal a significant difference between models, 171 

the model with the fewest number of parameters is chosen. 172 

  173 

Results  174 

Determination of ∆H at 25 and 37 ˚C 175 

The amount of heat exchanged by the reaction system with the surroundings over time was 176 
measured using ITC [21]. A prerequisite for determining kinetic parameters using ITC was the 177 
determination of reaction enthalpy (∆H). This was required in order to relate heat change, the 178 

parameter measured by ITC, to product/substrate concentration, allowing the reaction rate to be 179 
calculated through changes in concentration over time [Eq 1]. The heat flow (µcal/s) was 180 

measured as a function of time, following multiple injections of Glcn into the calorimeter cell 181 
containing the reaction mixture as described in the materials and methods section. Fig. 2 shows a 182 
thermogram resulting from the injections of 0.7 µL of 20 mM Glcn, into the cell containing ATP 183 

(1 mM) and 33.5 nM of hGntK. Each injection resulted in an exothermic reaction as observed 184 
from a negative value of the heat flow. After complete consumption of Glcn, the heat flow 185 
returned to the baseline level, indicating that the substrate had been used up. The enthalpy change 186 
(∆H) of the reaction was calculated under these experimental conditions, with the Origin 187 

Software. The average enthalpy change of first seven injections was -8.04 ± 1.09 kcal/mol at 25 188 
˚C. In similar manner, the ∆H of hGntK was also determined at 37 ˚C, a physiologically more 189 
realistic temperature. ∆H at 37 ˚C was measured to be -8.22 ± 0.15 kcal/mol, by injecting 1 µL of 190 

Glcn (20 mM) into the cell containing 1 mM ATP and 33.5 nM hGntK. 191 



Kinetics of gluconate phosphorylation  192 

In order to determine the rate of Glcn phosphorylation by hGntK, the heat flow was measured as 193 

a function of time under pseudo steady-state conditions. In order to maintain pseudo steady-state 194 
conditions in ITC, a large amount of the substrate is injected into the reaction cell containing 195 
much lower concentration of the enzyme, thus there is negligible depletion in substrate 196 
concentration and the reaction proceeds at a steady rate. This was achieved using a multiple 197 
injection method where either substrate (ATP or Glcn) at known concentrations was titrated into 198 

the reaction mixture at time intervals that prevented the titrated substrate being totally consumed. 199 
Fig. 3A shows the thermograms resulting from injections of ATP into the sample cell containing 200 
hGntK and Glcn at fixed concentrations, ranging from 0.5 to 12.5 mM. Upon titration with ATP, 201 
heat was initially consumed by the reaction mixture (heat of dilution), followed immediately by a 202 

drop in thermal power, with respect to the baseline, indicating heat released by the reaction 203 
mixture. The output then became steady, corresponding to the point at which the hGntK catalytic 204 
rate is at its maximum, up until additional ATP was titrated into the cell and a new rate maximum 205 

was achieved, as defined by altered substrate concentrations. Human GntK reaction rates 206 
following each injection were calculated from Eq 2. At Glcn a concentration of 0.5 mM, the rate 207 

of reaction decreased after a few injections of ATP. This was caused by depletion of Glcn in the 208 
reaction mixture. At all other Glcn concentrations, this effect was not observed and the reaction 209 

rate increased until maximum rate was achieved. 210 

Analogous experiments were done to determine the kinetics of Glcn. Glcn was injected into the 211 

sample cell containing a solution of hGntK with a constant ATP concentration (Fig. 3B). Upon 212 
titration of Glcn, we observed smaller injection peaks associated with substrate dilution than 213 

compared to ATP injection. A subsequent drop in thermal power indicative of an increase in 214 
reaction rate followed immediately thereafter, but after only a few injections of Glcn, the rate of 215 

reaction was reduced. This reduction in reaction rate was observed at all constant ATP 216 
concentrations (Fig. 3B, lower panels) as opposed to when Glcn was kept constant (Fig. 3A, 217 

lower panels) and was indicative of reaction inhibition due to excess Glcn. 218 

Mechanism of Glcn phosphorylation by hGntK 219 

Bimolecular reactions can be catalyzed through two distinct molecular mechanisms. We used the 220 

substrate inhibition observed to differentiate between a ternary-complex mechanism and a 221 
substituted-enzyme mechanism. Thus there was no need to do product inhibition studies in order 222 

to differentiate between different mechanisms [22]. Hanes-Woolf plots were generated, where the 223 
ratio of substrate concentration to reaction rate [S]/V is plotted against substrate concentration 224 

[S]. Fig. 4A shows that for ATP injections at variable Glcn concentration, a linear trend is 225 
observed with lines having no common point of intersection. The Hanes-Woolf plot of kinetic 226 
data series for Glcn injections in Fig. 4B shows non-linear curves that all intersect at a single 227 
point. These figures confirm that the reaction is inhibited by Glcn [21]. Hanes-Woolf plots for 228 
both the substrates together suggest a ternary complex mechanism with ATP binding first and 229 

inhibited by Glcn. For Glcn to inhibit the reaction following a ternary complex mechanism it will 230 
have to bind to the ADP-Enzyme complex forming a dead-end ADP-Enzyme-Glcn complex. 231 

Intrinsically, this also means that 6-phosphogluconate is the first product to leave. 232 

Substrate Binding  233 



In order to add support to our hypothesis about the mechanism of the reaction we performed 234 
substrate-binding experiments. Employing ITC, ATP and Glcn were injected into the cell 235 

containing hGntK at a fixed concentration. The heat changes during binding were measured for 236 
each substrate and the binding constants were calculated. These experiments indicated that ATP 237 
binds to the free enzyme but due to low heat of interaction these experiments were not accurate 238 
enough for Kd measurements. Binding of Glcn to the free enzyme could not be confirmed using 239 
ITC experiments. Thus, in order to obtain an accurate measure of Kd, MST experiments were 240 

done. 241 

In MST experiments the movement of fluorescently labeled enzyme was measured with ATP and 242 

Glcn. The Kd value for ATP measured by MST was 90.5 μM ± 9.5 μM. The binding for Glcn was 243 
again too low to obtain an accurate estimate be measured accurately. Kd for Glcn was estimated 244 

nearly equal to 1.6 ± 0.3 mM. This shows that Glcn has very low affinity for the free enzyme in 245 
absence of ATP. Fig. 5 (A) shows the thermogram of ATP from ITC and Fig. 5 (B) shows the 246 
graph of concentrations versus normalized fluorescence from MST. Figures for Glcn are not 247 
provided because the binding was too low. These results support the hypothesis that the reaction 248 

adheres to an ordered binding of substrates, with ATP binding first.  249 

Data fitting to calculate kinetic parameters (KM and kcat) 250 

In order to calculate the kinetic parameters, the data was fitted to equations describing ternary 251 
complex and substituted enzyme complex reaction mechanisms [Eq 4 and 5]. By comparing the 252 

residual errors and parameter estimates it was concluded that the data better corresponded to a 253 
compulsory-order ternary complex mechanism with substrate inhibition [Eq 4]. This was also 254 

supported by Hanes-Woolf plots of the data. The estimated kinetic parameters are shown in 255 
Tables 1 and 2. The kinetic parameters at sub-saturated concentrations are not accurate but just 256 
an estimate as explained in materials and methods. These experiments were done to get the 257 

mechanism. As seen in Table 1, kcat decreases with increasing constant Glcn when ATP is being 258 
injected into the cell. On the other hand with ATP being kept fixed at increasing levels, it remains 259 

un-changed when Glcn is being injected, as seen in Table 2. We also observed that Ksi, which is 260 
a constant that defines the strength of inhibition by Glcn, increases with increasing ATP.  261 
Combined, this further supports inhibition by Glcn. 262 

Discussion 263 

Determining kinetic and thermodynamic properties of enzyme catalyzed reactions using ITC is 264 

fairly common but to the best of our knowledge, it has never been utilized to understand kinetics 265 
of a reaction beyond Michaelis-Menten mechanism of reaction. Here we have demonstrated that 266 

ITC can be used to get a complete understanding of kinetic properties of an enzyme catalyzed 267 
reaction, including the mechanism of reaction.  268 

Determination of the change in enthalpy was a prerequisite for the determination of hGntK 269 
kinetic parameters with ITC [21]. In Fig. 2 the isotherm shows that the reaction peaks were not 270 
consistent in shape which indicates product inhibition. Therefore the average of first seven 271 

injections where the inhibition was not significant was used to estimate ∆H for fitting the kinetic 272 
data [18]. The ∆H of the reaction at 25 ˚C and 37 ˚C were indicative of an exothermic reaction as 273 
expected accompanying the hydrolysis of ATP. The enthalpy change observed at 37 ˚C was 274 

slightly higher than the enthalpy change at 25 ˚C. The measured enthalpy change was nearly -8 275 



kcal/mol, which is similar to reactions catalyzed by other small molecule phosphotransferases 276 
such as yeast hexokinase (-10.75 to -12.18 kcal/mol) [23], serine/threonine phosphatase (-8.7 277 

kcal/mol) and Ap4A hydrolase (-8.6 kcal/mol) [18] whose reaction enthalpies have been 278 
determined by ITC.  279 

The mechanism of the enzyme catalyzed reaction was determined to be a compulsory-ordered 280 
ternary complex mechanism. A Hanes-Woolf plot for Glcn revealed that Glcn inhibited the 281 
reaction, as the plots were parabolic. Similar plots for ATP were straight lines that had no 282 

common point of intersection. These two graphs together are typically seen when reactions 283 
follows compulsory-ordered ternary complex mechanism and are inhibited by the second 284 
substrate, in this case Glcn [21]. We performed substrate-binding experiments to add more 285 
experimental support to the sequential binding kinetic mechanism. As the heat of interaction is 286 

too low in order to obtain an accurate measure of Kd we confirmed this data with additional 287 
experiments in microscale thermophoresis. Data from ITC and MST show that Glcn has very low 288 
to negligible binding to the free enzyme in the absence of ATP. These results confirm that the 289 

reaction likely adheres to a ternary complex mechanism with ATP binding first.   290 

A structural study of GntK in E.coli revealed that the ATP binding site is accessible in the 291 

absence of Glcn, whereas, Glcn cannot bind in absence of ATP [14]. Collectively all this data 292 
serves to confirm the previously proposed structural similarity between human and E.coli GntK 293 

and furthermore that the catalytic mechanism of these two enzymes is similar, where ATP 294 
binding induces a conformational change required to allow gluconate to bind. As Glcn inhibits 295 
the reaction, it implies Glcn also binds to the ADP-Enzyme complex forming a non-productive 296 

complex. This suggests that 6-phosphogluconate is the first product to leave. Fig. 6 shows the 297 

proposed mechanism of the reaction. Gluconokinase from Pseudomonad and 298 
Schizosaccharomyces pombe both have been reported to follow ternary complex mechanism [24, 299 
25]. Additionally, S. pombe gluconokinase was reported to form E-ADP-Gluconate complex 300 

meaning it also has substrate inhibition [26]. However, while S. pombe gluconokinase was 301 
reported to have random order of substrate binding, our results indicate that human 302 

gluconokinase has sequential binding of substrates, by substrate binding studies.  303 

Kinetic data for the enzyme under varying substrate concentrations was fitted  Eq 4 and 5 to get 304 
more evidence for the predicted model and to calculate the kinetic parameters. The KM for ATP 305 

lies in the range 0.1 to 0.3 mM at varying concentrations of Glcn. Although when Glcn is 2 mM, 306 
there is a large error in the parameter estimates. The KM of Glcn is in the range 0.2 to 0.3 mM. In 307 

this case the parameters at ATP 7.5 mM have huge error. The values of KM’s of substrates for the 308 
structurally similar FGGY carbohydrate kinases lie in the range of 0.1 to 0.3 mM at 37 ˚C 309 

although with exceptions, the KM for L-fuculokinase is for example 1.4 mM. The value of KM of 310 
ATP and Glcn for E. coli GntK is reported to be 0.123 mM and 0.04 mM respectively at 25 ˚C. 311 
Earlier we reported kinetic parameters of hGntK using spectrophotometric assays. The KM for 312 
ATP in previous study was calculated to be 0.34 ± 0.01 mM and kcat to be 9.5 ± 0.5 sec

-1
 at a 313 

Glcn concentration 1 mM. This is comparable to KM and kcat in this study at Glcn 1 mM, the 314 

values for which are 0.28 ± 0.11 mM and 9.75 ± 1.65 sec
-1

. For Glcn however, the data do not 315 
correspond to our earlier study as the range of Glcn concentrations tested earlier was not high 316 
enough to detect substrate inhibition. The parameters for Glcn are therefore not comparable [8].  317 



Holistic approaches to modeling the metabolic states of cells are rapidly moving from static 318 
stoichiometric models of metabolism to dynamic kinetic models. Computational biologists have 319 

expressed a shortage in detailed biochemical data for organisms of interest required to build 320 
context specific dynamic metabolic models required to explain complex genotype phenotype 321 
relationships [26]. In this respect elucidating the kinetic parameters of enzymes has recently 322 
gained increased importance and attention because the descriptive and predictive capabilities of 323 
these models are dependent upon accurate biochemical information [27, 28]. Spectroscopic 324 

techniques determine kinetic parameters, with the need to couple the enzyme or labeling the 325 
substrate. This is not required in ITC. Thus isothermal calorimetry has the advantage of 326 
determining enzymatic activity and thermodynamic parameters directly and simultaneously [29]. 327 
Knowledge of these parameters is the key to understanding bioenergetics of metabolism and is 328 
used increasingly to compute metabolic flux phenotypes [30, 31]. Here we have reported the 329 

kinetic and mechanism of reaction of isoform I of hGntK encoded by the gene IDNK that was 330 
recently highlighted to be incompletely characterized in a metabolic systems analysis of human 331 
metabolic reactions.  332 
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Figures 

 

 

Fig. 1. Overview of the gluconate metabolism in humans. Gluconate is phosphorylated by 

gluconokinase (EC 2.7.1.12). 6-phosphogluconate can then be degraded through the pentose 

phosphate pathway although the biological context in which this occurs in humans has not been 

demonstrated. 

 

Fig. 2. Micro-calorimetric titration isotherm for determination of enthalpy of the hGntK 

reaction. Injections of 0.7 µL gluconate (20 mM) were done every 40 minutes, into a cell 

containing hGntK (33.5 nM) and an excess of ATP (1 mM). Each peak in the left graph 

corresponds to the heat released on addition of gluconate to the reaction cell. The total heat 

accumulated up to a particular injection is normalized to the total gluconate concentration at that 

step and is plotted against the ratio of the total gluconate concentration at that step to the total 

ATP concentration. This yields the titration curve shown in the right graph.  The 



Fig. 3. (A) Determination of the 

kinetic parameters for ATP. 
The graphs on the top of each 

panel show the raw ITC data, 

where heat flow is measured 

while maintaining pseudo steady-

state conditions. Injections of 1.5 

µL of ATP (20 mM) were done 

every 60 sec, in a cell containing 

67 nM of hGntK and varying 

concentrations of Glcn. The 

lower graphs show the measured 

rate vs. substrate concentration at 

25 ˚C. Red lines indicate data 

fitted with ternary complex 

mechanism with second substrate 

inhibition [Eq 4]. Inset in these 

graphs show the residuals from 

the fitting procedure. 



Fig. 3. (B) Determination of the kinetic parameters for gluconate. The top graphs in each panel show the 

enzyme assay where the reaction mixture had varying concentrations of ATP (0.5 to 7.5 mM). Sixteen 

injections of 1.2 µL Glcn (20 mM) were done every 60 seconds. In contrast with ATP, high Glcn 

concentrations slowed down the reaction leading to an apparent inhibition by excess substrate. This is seen 

in the lower graphs in each panel. Red lines are fitted data with ternary complex mechanism taking 

inhibition by gluconate into account [Eq 4]. Each graph has inset showing the residuals.  



 

 

Fig. 4. Hanes-Woolf plots of hGntK catalyzed reaction at altering Glcn and ATP 

concentrations. (A) For ATP at fixed concentrations of Glcn 0.5 mM (black; square), Glcn 1 

mM (red; circle), 2 mM (green; triangle), 5 mM (blue; diamond), 7.5 mM (cyan; star), 10 mM 

(magenta; star), 12.5 mM (orange; pentagon). The curves are linear and do not have a 

common point of intersection.  (B) Analogous plots for Glcn at fixed concentrations of ATP: 

0.5 mM (black; square), 7.5 mM (cyan; star), 10 mM (magenta; star). The curves here are 

parabolic in contrast to the first graph and have a single intersection point. These two graphs 

together, point towards a ternary complex mechanism, with Glcn inhibition. 

 

 

Fig. 5. (A) Binding of ATP and hGntK. Left graph is a thermogram showing the binding of 

ATP to the enzyme. 36 injections of 1 µL of ATP (1 mM) were done every 120 seconds, into 

a cell containing 52.3 µM of hGntK (4 outlier data points were removed) (B) Binding of ATP 

and hGntK (MST). Concentrations on the horizontal axis are plotted in μM, with normalized 

fluorescence on the vertical axis. A Kd of 90.5 μM +/- 9.5 μM was determined for this 

interaction. For Glcn binding to hGntK in the absence of ATP, binding detected was too low. 



 

Fig. 6. Proposed mechanism of hGntK catalysis (Start from top left). The reaction follows 

a compulsory-order ternary-complex mechanism, with ATP binding first. Glcn then binds to 

form 6-pglcn. Glcn also binds to the Enzyme-ADP complex to form a non-productive dead-

end complex, which results in reduction of the reaction rate. 

  



 
kcat (sec

-1
) KMA (mM) Residual error 

[Glcn] = 0.5 mM 14.95 ± 9.28 0.16 ± 0.04 0.002109 

[Glcn] = 1 mM 9.75 ± 1.65 0.28 ± 0.11 0.000333 

[Glcn] = 2 mM 8.95 ± 2.78 0.89 ± 0.80 0.000351 

[Glcn] = 5 mM 9.35 ± 1.46 0.12 ± 0.01 0.003564 

[Glcn] = 7.5 mM 9.17 ± 3.78 0.11 ± 0.02 0.000681 

[Glcn] = 10 mM 5.47 ± 0.39 0.20 ± 0.07 0.000466 

[Glcn] = 12.5 mM 6.38 ± 2.02 0.30 ± 0.16 0.001012 

Table1. Kinetic parameters for ATP. The parameter values are obtained by fitting 

measurements to Eq. 4 (Fig. 3A). The values listed are average ± standard deviation from 

three replicates. 

 kcat (sec
-1

) KMG (mM) Ksi (mM) Residual error 

[ATP] = 0.5 mM 15.08 ± 3.60 0.33 ± 0.09 0.38 ± 0.13 0.000082 

[ATP] = 1 mM 15.47 ± 6.38 0.20 ± 0.02 1.15 ± 0.45 0.000049 

[ATP] = 2 mM 14.69 ± 2.14 0.16 ± 0.02 1.52 ± 0.23 0.000116 

[ATP] = 5 mM 15.64 ± 1.38 0.22 ± 0.02 2.85 ± 0.55 0.000781 

[ATP] = 7.5 mM 16.01 ± 4.51 0.34 ± 0.03 2.30 ± 0.62 0.000766 

 

Table2. Kinetic parameters for Glcn. The parameter values are obtained by fitting 

measurements to Eq. 4 (Fig. 3B). The values listed are average ± standard deviation from 

three replicates.  
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