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Symbols 22 

Greek letters 23 

Symbol Property Unit 

   fraction of species i - 

     
  
  association-energy parameter K 

  
  generic activity coefficient of component   on molality base (kg 

water)∙mol-1 

  
  generic activity coefficient of component   on mole fraction 

base 

- 

  
    rational activity coefficient of component   on molality base - 

  
    generic activity coefficient of component   at infinite dilution 

on molality base 

(kg 

water)∙mol-1 

      association-volume parameter - 

   segment diameter of component   Å 

  osmotic coefficient - 

   stoichiometric coefficient of component   - 

 24 

Latin letters 25 

Symbol Property Unit 

   activity of component   - 

     residual Helmholtz energy  J 
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    hard-chain contribution to Helmholtz energy J 

      dispersion contribution to Helmholtz energy J 

       association contribution to Helmholtz energy J 

     ionic contribution to Helmholtz energy J 

    Gibbs energy of chemical reaction J∙mol-1 

      standard Gibbs energy of biochemical reaction J∙mol-1 

          observed standard Gibbs energy of biochemical 

reaction 

J∙mol-1 

      standard enthalpy of biochemical reaction J∙mol-1 

     standard gas-phase enthalpy of formation J∙mol-1 

  
 
   standard vaporization enthalpy J∙mol-1 

     standard liquid-phase enthalpy of formation J∙mol-1 

   Boltzmann constant (1.38∙10-23∙m2∙kg∙s-2∙K-1) J∙K-1 

    binary interaction parameter of components   and   - 

  
  thermodynamic equilibrium constant of biochemical 

reaction 

- 

    dissociation constant mol∙(kg water)-1 

  
  biochemical activity-coefficient ratio of enolase 

reaction 

(kg water)∙mol-1 

   chemical apparent equilibrium constant on molality-

base of enolase reaction 

mol∙(kg water)-1 

  
  biochemical apparent equilibrium constant on molality- mol∙(kg water)-1 
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base of enolase reaction 

     magnesium complex dissociation constant mol∙(kg water)-1 

   molality of component   mol∙(kg water)-1 

  
    initial molality of component   mol∙(kg water)-1 

  
   

 segment number of component   - 

   molar mass of component   g∙mol-1 

  
      number of association sites of component   - 

    osmolality mol∙(kg water)-1 

  charge of an ion - 

  ideal gas constant (8.314 J∙mol-1∙K-1) J∙mol-1∙K-1 

  temperature K 

      dispersion-energy parameter of component   K 

   mole fraction of component   - 

  26 
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Abstract 27 

The glycolytic pathway is one of the most important pathways for living organisms, due 28 

to its role in energy production and as supplier of precursors for biosynthesis in living 29 

cells. This work focuses on determination of the standard Gibbs energy of reaction       30 

of the enolase reaction, the ninth reaction in the glycolysis pathway. Exact       values 31 

are required to predict the thermodynamic feasibility of single metabolic reactions or 32 

even of metabolic reaction sequences under cytosolic conditions. So-called “apparent” 33 

standard data from literature are only valid at specific conditions. Nevertheless, such 34 

data are often used in pathway analyses, which might lead to misinterpretation of the 35 

results. In this work, equilibrium measurements were combined with activity coefficients 36 

in order to obtain new standard values       for the enolase reaction that are 37 

independent of the cytosolic conditions. Reaction equilibria were measured at different 38 

initial substrate concentrations and temperatures of 298.15, 305.15 and 310.15 K at 39 

pH 7. The activity coefficients were predicted using the equation of state electrolyte 40 

Perturbed-Chain Statistical Associating Fluid Theory (ePC-SAFT). The ePC-SAFT 41 

parameters were taken from literature or fitted to new experimentally determined 42 

osmotic coefficients and densities. At 298.15 K and pH 7, a      (298.15 K, pH 7) value 43 

of -2.8±0.2 kJ mol-1 was obtained. This value differs by up to 5 kJ mol-1 from literature 44 

data. Reasons are the poorly defined “standard” conditions and partly undefined 45 

reaction conditions of literature works. Finally, using temperature-dependent equilibrium 46 

constants and the van ’t Hoff equation, the standard enthalpy of reaction of 47 

    (298.15 K, pH 7) = 27±10 kJ mol-1 was determined, and a similar value was found 48 

by quantum-chemistry calculations. 49 
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 50 

Introduction 51 

The second law of thermodynamics explains whether a (bio-)chemical reaction occurs 52 

under the prevailing conditions or not. Reactions and reaction sequences with negative 53 

Gibbs energy of reaction      values are thermodynamically feasible, while others are 54 

not. The standard Gibbs energy of reaction       is required to calculate     , which is 55 

shown in eq. (1). 56 

                     
  

 

  (1) 

Especially for the glycolysis pathway, inconsistent standard data exist in literature. Using 57 

those data leads to a misinterpretation of glycolysis. More concrete, positive values of 58 

     under present activities in cells were calculated in contrast to the experience that 59 

glycolysis obviously occurs under cytosolic conditions (1–4). Thus, in previous works 60 

new standard data       were determined in order to rectify the thermodynamic 61 

characterization of glycolysis (5–9). The thermodynamic activity-based procedure to 62 

obtain consistent standard data will be applied in this work for the enolase reaction 63 

shown in eq. (2), which is the ninth reaction in the ten-step metabolism of glycolysis. 64 

                 H   (2) 

For the enolase, the state of the art value of       which is often used is 65 

     (298.15 K) = 1.7 kJ mol-1 (pH unknown, concentrations unknown) (1,10). 66 

Nevertheless, a broad range of values is reported in literature (11–15) which includes 67 

negative and positive values for       that differ by up to 6 kJ mol-1, which leads to the 68 
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question, which values are correct and should be used for pathway calculations? 69 

Obviously, the large difference in       leads to completely different conclusions about 70 

the thermodynamic feasibility of metabolic reactions using eq. (1). One possible reason 71 

for this high discrepancy is that authors measured at different conditions. Thus, a 72 

precise description of the conditions (T, pH, buffers, ionic strength, substrate 73 

concentration) at which the values were measured is required. Unfortunately, this 74 

information is often not provided by authors, which makes an evaluation of given 75 

literature data even harder. So Wold and Ballou (15) determined       = -3.61 kJ mol-1 76 

at 298.15 K, pH 7, 1 mM MgSO4 and 50 mM imidazole buffer, but the substrate 77 

concentration is unknown. Meyerhof and Oesper (13) determined       = -2.63 kJ mol-1 78 

at 297.15 K in bicarbonate buffer with Mg2+ as a cofactor but unknown pH and unknown 79 

concentrations. A value generally recommended and often used in thermodynamic 80 

feasibility analyses for the enolase reaction was published by Garrett and Grisham: 81 

      = 1.8 kJ mol-1 determined at 298.15 K (16). Another possible reason is the fact 82 

that authors did not convert their data to the standard state, e.g. to the hypothetically 83 

ideal solution. This means the values of       given by several authors might have been 84 

determined at different medium conditions and are thus not necessarily consistent 85 

standard data. To overcome this issue, in this work       was determined considering 86 

the influence on the measuring conditions by activity-based equilibrium constants. That 87 

required measuring equilibrium concentrations and predicting the corresponding activity 88 

coefficients of the reacting agents. The latter were predicted with the equation of state 89 

ePC-SAFT (17,18). ePC-SAFT allows describing interactions between charged 90 

biomolecules by predicting activity coefficients in multi-component systems with a high 91 
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accuracy and reliability (19–22). This procedure will allow for a correct thermodynamic 92 

characterization of the enolase reaction. 93 

Thermodynamic Formalism for Enolase Reaction 94 

The enzyme enolase converts D-2-phosphoglycerate (2-PG) to phosphoenolpyruvate 95 

(PEP) and water, see eq. (2)Error! Reference source not found.. Eq. (2)Error! 96 

Reference source not found. shows the textbook biochemical expression while eq. (3) 97 

shows the real chemical reaction. 98 

 

  

  

    
3 

      
3 
   H    (3) 

With the biochemical definition, the apparent equilibrium constant   
  is defined as seen 99 

in eq. (4) based on the sum of species molalities. The sum of species molalities means 100 

the sum of the molalities of each single species of a substance (e.g. PEP is the sum of 101 

the molalities of the species H3PEP, H2PEP-, HPEP2- and PEP3-). With the chemical 102 

definition,    is defined as seen in eq. (5) based on the molalities of the reacting 103 

species (23). Please note, that in literature, the apparent equilibrium constant of 104 

reactions including water as a reactant or product occurring in aqueous solutions, is 105 

often defined without     
  

. In this work, we introduce a generally applicable procedure. 106 

Thus, water will be considered and its activity will not be set to one, but will be calculated 107 

from     
  

 and the corresponding activity coefficient  H  
    

, yielding a thermodynamically 108 

correct description of the enolase reaction. This means that literature values for the 109 
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apparent equilibrium constant, where water was not considered, need to be multiplied 110 

with     
  

. This is a factor of 55.51 mol kg-1. In this work molalities were used as 111 

concentration scale. In contrast to molarity (mol/L) molality is a temperature-independent 112 

unit that does not depend on density of solution. It should be noted that molality and 113 

molarity are similar numbers given that the sum of concentration of all components 114 

(except water) is low. 115 

  
  

    
  

     
  

     
   (4) 

   
 

     
  

     
  

 
      
   (5) 

To calculate       from activities, activity coefficients of the reactants and products at 116 

equilibrium   
    

 are required. These can be predicted with models such as equations of 117 

state or gE-models. In this work, ePC-SAFT is used for this purpose. In order to account 118 

for the different species of the substances present in the reaction medium, activity 119 

coefficients were species-averaged (i.e. one activity coefficient was used to describe the 120 

different species of a substance). Two different types of activity coefficients were used: 121 

the generic activity coefficient   , for which the standard state is the pure substance and 122 

the rational activity coefficient   
 , for which the standard state is the hypothetical ideal 123 

solution. In this work we define hypothetical ideal solution as an infinite dilution of the 124 

substance in water.   
  was calculated from    with eq. (6), using the activity coefficient at 125 

infinite dilution   
 . 126 

  
  

  
  
  (6) 
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As water is a product and the solvent of the enolase reaction at the same time (see 127 

eq. (2)Error! Reference source not found.) and thus, is closer to a standard state of 128 

pure substance, the generic activity coefficient on molality base     
  is used for water. 129 

For 2-PG and PEP, which are highly diluted in water, the rational activity coefficient on 130 

molality base   
   

 is used. Thus,   
 , the activity-coefficient ratio based on species-131 

averaged activity coefficients, is expressed according to eq. (7). 132 

  
  

    
      

  H  
    

 
    

       (7) 

At the standard state “hypothetical ideal solution”,  
 -  

   
 and     

   
 are equal to one.     

  133 

becomes     
   at the standard state “pure water”. This is due to eq. (8): for pure water, 134 

    
  is by definition equal to one. Thus,      is equal to one and     

  is equal to     
  , 135 

which is a value of 0.018015 kg mol-1. That is, eq. (7) becomes eq. (9) in the ideal case. 136 

              
           

  (8) 

  
        

    
              

       

     
         

 
        

 
 (9) 

The biochemical thermodynamic equilibrium constant   
  is calculated with eq. (10) from 137 

  
  and   

 . It is used to calculate       according to eq. (11). 138 

  
    

    
  

 
     
  

     
  

 
      
   (10) 

              
   (11) 

The temperature dependency of   
  was described by the standard enthalpy of reaction 139 

     , which is shown by the van ’t Hoff equation in eq. (12). 140 
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 (12) 

Integrating eq. (12) assuming a temperature-independent reaction enthalpy yields 141 

eq. (13). 142 

   
  
     

  
     

   
     

 
 
 

  
 
 

  
  (13) 

Calculation of pH and pMg Dependency of Enolase Reaction 143 

pH has an influence on the reaction equilibrium of biochemical reactions if one of the 144 

reacting agents is able to dissociate und thus, the concentration of the reactive species 145 

is modified by pH. The pH dependency of a reaction can be calculated given that the 146 

distribution of the differently charged species of the reactants and products at a certain 147 

pH is known. The species distribution can be calculated with the dissociation constants 148 

of the substances. The dissociation constants    are defined as shown in eq. (14). The 149 

molalities of the charged dissociated species      , the non-dissociated species       150 

and the activity of the hydrogen ion       are required (see eqs. (S5)-(S7) in the SI 151 

(chapter 2.) for example). 152 

   
           

     
 (14) 

For these equations it is assumed that the species have the same activity coefficients; 153 

this assumption has shown to be acceptable for many biochemical reactions. Eq. (15) 154 

shows how the fraction of the non-dissociated species     can be calculated in an 155 

aqueous solution, where the non-dissociated species and the dissociated species are 156 

present. Therefore,    and       need to be known (see eq. (S8) in the SI for example). 157 
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 (15) 

In order to account for complex formation with magnesium, complex dissociation 158 

constants     are needed, which are defined as shown in eq. (16) (see eqs. (S9)-(S10) 159 

in the SI for example). 160 

    
              

      
 (16) 

The equation system, which is needed to calculate the   for the different species, was 161 

solved iteratively with the bisection method. This was necessary as         depends 162 

on the   and is not known from a measurement (in contrast to      ). 163 

Figure 1 shows the calculated species distribution of PEP. The     and     values for 164 

the calculation were taken from literature or were estimated and are listed in Table S1 in 165 

the SI. Figure 1 further shows that the MgPEP1- species is not present in the aqueous 166 

solutions used in this work. Thus, we did consider Mg2+ for all activity-coefficient 167 

calculations in this work but we did not consider the MgPEP1- species. 168 
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 169 

Figure 1: Species distribution of PEP: solid (black) line represents PEP
3-

, dotted (blue) line represents 170 

HPEP
2-

, dashed - dotted (green) line represents H2PEP
-
, gray solid line represents uncharged H3PEP and 171 

dashed line (magenta) represents MgPEP
1-

.     and     values were taken from Table S1 (see SI). 172 

Calculation was performed for       = 0.8 mmol kg
-1

 and      = 13.4 mmol kg
-1

. Vertical line indicates 173 

pH 7. 174 

Materials and Methods 175 

Materials 176 

The substances used in this work are listed in Table S2 in the SI and have been used 177 

without further purification. The enzyme used in this work was a lyophilized enolase from 178 

Saccharomyces cerevisiae. According to the supplier, the enzyme should be prepared in 179 

a 15 mmol kg-1 Trizma™-hydrochloride solution and is activated by Mg2+, which is why 180 

these conditions were used for the equilibrium measurements. Further, the enzymatic 181 

activity for different reactions was tested by the supplier with results of zero activity 182 

(0 U g-1) for both, 3-phosphoglycerate kinase reaction and glyceraldehyde 3-phosphate 183 

dehydrogenase reaction. Another potentially overlapping reaction is the conversion of 184 

phosphoenolpyruvate and bicarbonate into oxaloacetate catalyzed by carboxylases. In 185 
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order to be able to exclude this side reaction, aspartate was added as a well 186 

investigated inhibitor of the carboxylation (24). A significant contribution of the 187 

carboxylation can be excluded from the coincidence of the calorimetrically monitored 188 

reaction rates with and without inhibitor (Figure S1 in SI). This is important, as reactions 189 

occurring simultaneously to the enolase reaction, would influence the equilibrium 190 

measurements. The water used in this work was ultra-pure water freshly generated with 191 

a Millipore® purification system (Merck KGaA, Darmstadt, Germany). The water content 192 

of the phospho(enol)pyruvic acid monosodium salt hydrate, which was provided by the 193 

supplier, was considered in all calculations. All solutions were composed by weight with 194 

an analytical balance XS205 (Mettler Toledo GmbH, Gießen, Germany) with an 195 

accuracy of 0.01 mg. 196 

Measurement of Densities and Osmotic Coefficients 197 

In order to determine pure-component and binary interaction parameters required for the 198 

ePC-SAFT modeling, densities and osmotic coefficients of the system water and PEP 199 

were measured. Densities of aqueous PEP solutions with different concentrations were 200 

measured with a micro-viscometer Lovis 2000 M/ME, which is combined with the density 201 

meter DMA 4100 M (Anton Paar GmbH, Graz, Austria), maintained at 298.15 K. The 202 

measurement of osmotic coefficients were performed using a freezing point osmometer 203 

OSMOMAT 010 (Gonotec GmbH, Berlin, Germany), which was calibrated with aqueous 204 

sodium chloride standards provided by Gonotec. As described before, PEP dissociates 205 

in water yielding different PEP species with different charges. Thus, different pH values 206 

of the solution yield different osmotic coefficients. In order to account for this behavior, 207 

the pH values were adjusted with sodium hydroxide prior to the measurement of osmotic 208 

coefficients. Three different pH values 2.5, 5.1 and 8.2 were adjusted, each of them 209 



15 
 

corresponding to a maximum concentration of H2PEP-, HPEP2-, PEP3-, respectively. 210 

Afterwards, the measurement was performed and the osmotic coefficient   was 211 

calculated with eq. (17) from the measured osmolality    . Because of the addition of 212 

sodium hydroxide to the solution the ions stemming from this have also to be accounted 213 

for in the denominator of eq. (17). 214 

  
   

                  
 (17) 

Where      means the sum of all PEP species. Please note, that      was so low that 215 

it was neglected in the following. 216 

Equilibrium Experiments 217 

The experiments were carried out in 1.5 mL Eppendorf Tubes® (Eppendorf AG, 218 

Hamburg, Germany), which were placed in a ThermoMixer C (Eppendorf AG, Hamburg, 219 

Germany). In order to ensure that equilibrium was reached, the evolution of PEP 220 

concentration was measured over time in three separate reaction vessels. Equilibrium 221 

was defined as the time point where the concentration of PEP was constant. Prior to 222 

this, solutions containing the substances required for the reaction were freshly prepared 223 

by weighing: first, a buffer solution was made from 15 mmol kg-1 Trizma™-hydrochloride 224 

and 15 mmol kg-1 Trizma® base solutions, such that pH 7.0 was reached (measured 225 

with a QpH 70 by VWR International GmbH, Darmstadt, Germany). Afterwards, a buffer 226 

solution containing MgCl2 was prepared by adding the buffer solution to solid MgCl2. The 227 

enzyme enolase was weighed and diluted in the buffer solution containing MgCl2. 228 

According to the supplier, this creates a suitable reaction medium for the enzyme. PEP 229 

was weighed and diluted in the buffer solution. Afterwards, these two solutions were 230 

mixed such that the desired reaction conditions were achieved. The reaction medium 231 
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thus contained 3-5 U g-1 enolase, which leads to a reaction time of <30 min until 232 

equilibrium was reached at the reaction conditions used in this work (validated for 233 

298.15 K). The pH value was adjusted to 7.0 by adding NaOH; the amount of NaOH 234 

solution, which was added to the reaction medium was determined gravimetrically. The 235 

reaction was carried out at reaction temperature (298.15 K, 305.15 K or 310.15 K) and 236 

350 rpm. 237 

Concentration Analysis 238 

The samples of the equilibrium experiments were analyzed in a UV spectrometer 239 

BioSpectrometer® kinetic (Eppendorf AG, Hamburg, Germany), which was maintained 240 

at reaction temperature (298.15 K, 305.15 K or 310.15 K ±0.1 K). A High Precision 241 

cuvette (Hellma Analytics, Müllheim, Germany) with a pathway of 10 mm was used. 242 

Prior to the UV measurements, a calibration curve of the UV absorption of PEP at 243 

245 nm was determined for molalities between 0 and 3 mmol kg-1 PEP in 15 mmol kg-1 244 

Tris buffer including 1 mmol kg-1 MgCl2 at 298.15 K and pH 7. The coefficient of 245 

determination of the linear calibration curve, consisting of eight three-fold 246 

determinations, was 0.999. The molal extinction coefficient at 298.15 K is 695 kg mol-1 247 

cm-1 (see Figure S2 in the SI). The blank for all measurements also consisted of 248 

15 mmol kg-1 Tris buffer including 1 mmol kg-1 MgCl2 at pH 7. The enolase did not show 249 

any significant influence on the UV measurements under all measuring conditions. All 250 

experiments with equilibrium molalities of PEP of > 3 mmol kg-1 required further 251 

treatment of the samples. These samples were separated from the enzyme by placing 252 

them in a Centrifuge 5418 R (Eppendorf AG, Hamburg, Germany) at 16 g at the same 253 

temperature as the reaction temperature. VWR centrifugal filters (VWR International 254 

GmbH, Darmstadt, Germany) with a pore size of 10 kDa were used (enolase has a 255 
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molecular weight of 90 kDa). Afterwards, the samples were diluted in 15 mmol kg-1 Tris 256 

buffer including 1 mmol kg-1 MgCl2 in order to reach concentrations of PEP < 3 mmol kg-257 

1. The so-obtained dilutions were finally measured with the UV spectrometer at 245 nm. 258 

The equilibrium molality of 2-PG  
 -  

  
 was calculated according to eq. (18) from the 259 

molality of PEP before the reaction     
    and the molality of PEP at equilibrium     

  
. 260 

     
  

     
        

  
 (18) 

Thermodynamic Modeling  261 

As shown in eqs. (10) and (11), activity coefficients are required for the calculation of 262 

      from experimental molalities. In this work, the equation of state ePC-SAFT, as 263 

proposed by Held et al. (17), was used to predict activity coefficients. ePC-SAFT is 264 

based on original PC-SAFT from Gross and Sadowski (18) and the extension from 265 

Cameretti et al. (25). Within ePC-SAFT, the residual Helmholtz energy      is calculated 266 

from different contributions, as shown in eq. (19). 267 

                           (19) 

    is the reference contribution which is calculated assuming a reference system of a 268 

hard chain composed of hard spheres. The other contributions account for perturbations 269 

to this hard sphere reference system.       accounts for molecular dispersive 270 

interactions, which are related to the van der Waals energy.        accounts for 271 

associative interactions such as hydrogen bonding forces and      accounts for 272 

Coulomb interactions, described by a Debye-Hückel expression. In order to account for 273 

these contributions, five pure-component parameters are required for ePC-SAFT. The 274 

geometry of the hard sphere reference system is described by the segment number 275 

  
   

 and the segment diameter   . Dispersive interactions are described by the 276 
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dispersion-energy parameter       including the Boltzmann constant   . Associative 277 

interactions are described by the association-energy parameter          and the 278 

association-volume parameter      . Additionally, the number of association sites   
      279 

has to be chosen prior to modeling. 280 

Based on mixing rules (see eqs. (S1)-(S4) in the SI, chapter 1.) the residual Helmholtz 281 

energy      is expressed for any multi-component mixture. Derivation of      with 282 

respect to density and mole fraction yields fugacity coefficients and activity coefficients 283 

of the reactants and products (standard procedures according to (26)). 284 

Estimation of ePC-SAFT Parameters 285 

As described before, five pure-component parameters and one binary interaction 286 

parameter between a substance and water and between ions are required for the 287 

thermodynamic modeling with ePC-SAFT. The parameters for water, the ions Na+, Mg2+ 288 

and Cl- and the buffer component Tris base were available from literature (Table 1). The 289 

pure-component parameters for the buffer component Tris-H+ were also available from 290 

literature, but the binary interaction parameter between water and Tris-H+ had to be 291 

fitted in this work to experimental osmotic coefficients at 298.15 K available from 292 

literature (27). The ePC-SAFT parameters for PEP were fitted to osmotic coefficients 293 

from own measurements. 2-PG was not available for purchase. Thus, the 2-PG 294 

parameters were inherited from the isomer 3-PG, which is a reasonable assumption and 295 

even more, the 3-PG parameters were available from literature (9). Therefore, the 296 

following objective function OF was minimized using a Levenberg-Marquardt algorithm 297 

for the number of experimental data points    . 298 
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 (20) 

The resulting pure-component and the binary interaction parameters estimated in this 299 

work, as well as the applied parameters available from literature are listed in Table 1. 300 

Table 1: ePC-SAFT parameters applied in this work with the sources for the respective sets of 301 

parameters. For 2-PG the parameters of its isomer 3-PG were used. 302 

 
  

   
    

  
  
    

      
     

  
                 source 

 - Å K - K - - -  

PEP 12.007 2.200 407.27 2+2 5000 0.1 a -2  

3-PG or 

2-PG 
3.110 4.66 322.02 5+5 501.2 10-4 b -2 (9) 

Tris 6.373 2.748 302.16 1+1 4786.9 0.020271 -0.047 - (5) 

Tris-H+ 10.205 2.408 348.10 4+4 10970.9 10-6 -0.061c - (5) 

water 1.2047 d 353.94 1+1 2425.7 0.045099 - - (28) 

Na+ e 1 2.8232 230.00 - - - f +1 (17) 

Mg2+ g 1 3.1327 1500.00 - - - -0.25 +2 (17) 

Cl- 1 2.7560 170.00 - - - -0.25 -1 (17) 

a            = -0.005083 T/K + 1.3316 (from this work) 303 

b             = 0.002033 T/K – 0.7064 (9) 304 

c                (from this work) 305 

d        = 2.7927 + 10.11 exp(-0.01775 T/K) – 1.417 exp(-0.01146 T/K) (28) 306 

e          = 0.3166 (17) 307 

f            = -0.007981 T/K + 2.3799 (17) 308 

g           = 0.817 (17) 309 
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Quantum-chemical calculations 310 

Enthalpies of formation of model compounds were calculated with the composite G4 311 

method implemented in the Gaussian 09 program package (29). An initial search for the 312 

stable conformers was performed with the force field method MM3 (30) and the b3lyp/6-313 

31g(d,p) method (31). Energies    and enthalpies      of the most stable conformers 314 

were calculated by using the composite method G4 (32) from the Gaussian 09 suit of 315 

programs. Details on computational procedure were reported elsewhere (33). We used 316 

the values of      directly available from the output, which were obtained according to 317 

the “rigid rotator”-“harmonic oscillator” approach embedded in the  aussian 09. 318 

Results 319 

Osmotic coefficients 320 

The osmotic coefficients of the system water and NaPEP and the system water and Tris-321 

HCl and the densities of the system water and NaPEP were used for fitting the pure-322 

component parameters of PEP and Tris-H+ and the binary parameters between these 323 

components and water. The results of the experimental osmotic coefficients of the 324 

system water and NaPEP and the resulting modeling curve from ePC-SAFT for the 325 

species HPEP2- are shown in Figure 2a and in Tables S3-S5 in the SI. The experiments 326 

show that the different PEP species interact differently with water, yielding different 327 

osmotic coefficients. This is mainly caused by the different charges of the PEP species. 328 

Figure 2a further shows that the difference between the species HPEP2- and PEP3- is 329 

smaller than the difference between H2PEP- and HPEP2-. The modeling with ePC-SAFT 330 

was performed using parameters for the species HPEP2-, because HPEP2- and PEP3-, 331 
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which are mainly present at the investigated pH value of 7, show a similar behavior in 332 

aqueous solution. The results of the experimental densities of the system water and 333 

NaPEP and the resulting modeling curve from ePC-SAFT are shown in Figure 2c and 334 

Table S6 in the SI. 335 

The experimental osmotic coefficients of the system water and Tris-HCl from Robinson 336 

and Bower (27) and the resulting modeling curve from ePC-SAFT are shown in Figure 337 

2b. The good overall modeling results prove that the pure-component parameters of 338 

Tris-H+ are still valid independent of the fact that the parameters were originally fitted by 339 

Hoffmann et al. (5) using outdated Cl- parameters. 340 

  

 

Figure 2: a: Osmotic coefficient   vs molality of NaPEP        of aqueous NaPEP solutions at 273.15 K 341 

and 1 bar. Circles represent experimental data for the species H2PEP
-
, triangles represent experimental 342 
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data for the species HPEP
2-

, squares represent experimental data for the species PEP
3-

, solid line 343 

represents modeling with ePC-SAFT for the species HPEP
2-

. b: Osmotic coefficient   vs molality of Tris-344 

HCl           of aqueous Tris-HCl solutions at 298.15 K and 1 bar. Circles represent experimental data 345 

from Robinson and Bower (27), solid line represents modeling with ePC-SAFT for Tris-H
+
. Modeling using 346 

parameters from Table 1. c: Density   vs molality of NaPEP        of aqueous NaPEP solutions at 347 

298.15 K and 1 bar. Circles represent experimental data, solid line represents modeling with ePC-SAFT 348 

for PEP using parameters from Table 1. 349 

 350 

Standard Gibbs Energy of Reaction 351 

The biochemical apparent equilibrium constant, expressed as   
 , of the enolase 352 

reaction was calculated with eq. (4) using experimental equilibrium molalities of the 353 

reactants and products at 298.15 K, 1 mmol kg-1 Mg2+ and pH 7. The results in Figure 3a 354 

show that the reaction equilibrium does not significantly depend on the substrate 355 

molality. A slight increase of   
  (about 10%) can be observed in the considered range 356 

from zero up to 13.5 mmol kg-1 PEP. Error bars in Figure 3 and all following figures as 357 

well as estimated uncertainties in Tables show the precision of the measurements and 358 

are estimated by means of a Taylor series using uncertainty stemming from triplet single 359 

measurements. 360 
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Figure 3: a: Apparent equilibrium constant on molality base   
  vs equilibrium molality of PEP     

  
 at 361 

298.15 K,        = 1 mmol kg
-1

,       = 15 mmol kg
-1

, pH 7 and 1 bar. Circles represent experimental 362 

data from this work, solid line represents linear fit to the experimental data. b: Activity-coefficient ratio   
  363 

vs equilibrium molality of PEP     
  

 at 298.15 K,        = 1 mmol kg
-1

,       = 15 mmol kg
-1

, pH 7 and 364 

1 bar. Circles represent predicted activity-coefficient ratio with ePC-SAFT, squares represent activity-365 

coefficient ratio calculated with Debye-Hückel limiting law according to (1), dashed line represents ideal 366 

value of   
 (     = 0) = 0.01805 kg mol

-1
. 367 

In order to calculate the biochemical thermodynamic equilibrium constant   
 , the 368 

activity-coefficient ratio   
  is required.   

  was calculated using the activity coefficients of 369 

the reactants and products with eq. (7). The activity coefficients were predicted with 370 

ePC-SAFT at the same conditions at which the equilibrium measurements were 371 

performed. For these predictions, all substances, which were present in the multi-372 

component reaction medium during the equilibrium measurements, except the enzyme, 373 

have been considered explicitly. These included the reactants water and PEP, the 374 

product 2-PG, as well as the inert substances Mg2+, Cl-, Na+ and the Trizma™-375 

hydrochloride buffer which includes Tris-H+ and the Tris base. The pure-component and 376 

binary interaction parameters, which are required for these predictions are listed in Table 377 
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1. Figure 3b shows the prediction results of the activity-coefficient ratio   
  together with 378 

the ideal value   
       

, which is 0.01805 kg mol-1 (see eq. (9) for explanation). 379 

In contrast to the behavior of an ideal solution, ePC-SAFT predicts decreasing   
  with 380 

increasing molality of PEP. This is in accurate agreement with the increase of   
  and 381 

proves a concentration-independent value for the thermodynamic equilibrium constant 382 

  
 (298.15 K, pH 7) of 3.2±0.2. Based on this   

 , the standard Gibbs energy of reaction 383 

      was calculated for different conditions under investigation using eq. (11). As 384 

shown in Figure 4, the calculation yields an average value of 385 

     (298.15 K, pH 7) = -2.8±0.2 kJ mol-1. Furthermore, the activity-coefficient ratio   
  386 

determined with ePC-SAFT was compared to the determination with the Debye-Hückel 387 

limiting law in Figure 3b. The   
  values determined with ePC-SAFT are lower and differ 388 

more from the ideal value than the values determined with the Debye-Hückel limiting 389 

law, but both yield a decreasing   
  with an increasing molality of PEP at the reaction 390 

conditions used in this work. 391 
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 392 

Figure 4: Standard Gibbs energy of biochemical reaction      (298.15 K, pH 7) vs equilibrium molality of 393 

PEP     
  

 at        = 1 mmol kg
-1

,       = 15 mmol kg
-1

 and 1 bar. 394 

 395 

Influence of pH and pMg on reaction equilibrium 396 

As previously described, pH might have a large influence on the equilibrium of many 397 

biochemical reactions. In general, pH influence can be calculated using dissociation 398 

constants     of the reactants and products. In order to apply this to the enolase 399 

reaction, the species distributions of 2-PG and PEP were calculated, as shown for PEP 400 

in Figure 1. The      and      values for the calculation were taken from literature or 401 

were estimated and are listed in Table S1 in the SI. All measurements in this work were 402 

performed at pH 7.0±0.1, at which the reacting species PEP3- is mainly present besides 403 

small amounts of the species HPEP2- and very small amounts of the complex MgPEP1-. 404 

The pH-dependency of   
  of the enolase reaction is shown in Figure 5. An increase of 405 

pH yields a significant increase of   
 , i.e. the reaction equilibrium is shifted to the 406 

product side. The influence of pH on   
  is strong in the range between pH 6 and pH 8, 407 

while the influence of pH on   
  is comparably weak at pH < 5 and pH > 9. In the 408 
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interesting range for living systems between 5 and 9,   
  is between 70 mol kg-1 and 409 

300 mol kg-1. For the sake of completeness, the value for the chemical apparent 410 

equilibrium constant   , which is a pH-independent value, is 314 mol kg-1 (see eq. (5) 411 

and reference (7) for the definition and the proof of a pH-independent    value). 412 

 413 

Figure 5: Biochemical apparent equilibrium constant on molality base   
  vs pH at 298.15 K and 1 bar. 414 

Circle represents   
  value from this work, stars represent data from Alberty (12) and solid line represents 415 

calculation based on species distribution. Calculation was performed for       = 1 mmol kg
-1

,       416 

= 3.7 mmol kg
-1

 and      = 13.4 mmol kg
-1

 based on      and      values from Table S1 (see SI). 417 

 418 

Standard Enthalpy of Reaction 419 

In order to determine the standard enthalpy of reaction       at 298.15 K and pH 7, the 420 

equilibrium constant   
  was determined at different temperatures of 298.15 K, 305.15 K 421 

and 310.15 K. According to eq. (13), a linear regression in the van ’t Hoff plot was 422 

performed as shown in Figure 6. This procedure has been used in previous works and 423 

yields reliable       values that are consistent with other methods (5,9,20,22). This 424 

yields a      (298.15 K, pH 7) = 27±10 kJ mol-1. The error represents the precision and 425 
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results from the errors of the measurements at the different temperatures, which allow 426 

different slopes in the van ’t Hoff plot. A positive value means that the enolase reaction 427 

is endothermic and the equilibrium constant   
  is favored by higher temperatures. 428 

 429 

Figure 6: Natural logarithm of biochemical equilibrium constant   
  vs inverse temperature at pH 7 and 430 

1 bar. Line: linear regression to determine       with van ’t Hoff equation. 431 

 432 

Table 2: Biochemical apparent equilibrium constant on molality base   
  calculated according to eq. (4) at 433 

experimental conditions (columns 1-3 and       = 15 mmol kg
-1

,        = 1 mmol kg
-1

, pH 7 and 1 bar), 434 

biochemical activity-coefficient ratio   
 , biochemical equilibrium constant   

  and biochemical standard 435 

Gibbs energy of reaction      . Estimated errors provided in this table represent the precision of the 436 

measurements.   437 

      
  

      
  

   
    

    
        

K mmol kg-1 mmol kg-1 mol kg-1 kg mol-1 - kJ mol-1 

298.15 0.71±0.02 0.21±0.03 188±29 0.0170 3.19±0.49 -2.87±0.38 

298.15 1.43±0.02 0.42±0.03 189±14 0.0169 3.27±0.24 -2.94±0.18 

298.15 2.20±0.02 0.60±0.03 203±10 0.0167 3.40±0.17 -3.03±0.13 

298.15 5.01±0.07 1.44±0.08 195±12 0.0163 3.17±0.19 -2.85±0.16 
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298.15 10.54±0.06 3.10±0.08 189±6 0.0155 2.92±0.09 -2.66±0.08 

298.15 13.43±0.06 3.66±0.09 204±6 0.0151 3.07±0.09 -2.78±0.07 

305.15 1.54±0.02 0.36±0.02 233±22 0.0171 4.04±0.38 -3.54±0.24 

310.15 1.60±0.01 0.30±0.02 294±29 0.0172 5.04±0.50 -4.17±0.25 

Discussion 438 

In this work,       was calculated from the activity-based thermodynamic equilibrium 439 

constant   
  and thus, the      -value is independent of initial substrate concentration at 440 

298.15 K and pH 7 even if buffer or other inert species are present in the reaction 441 

mixture. In contrast, literature Gibbs energy of reaction values for the enolase reaction 442 

were calculated from the apparent equilibrium constant   
 , see eq. (21). Thus, the 443 

literature values are only valid at the conditions at which the equilibrium concentrations 444 

were measured and they should be called ‘observed standard Gibbs energy of reaction’ 445 

         . 446 

                  
   (21) 

These data are – in contrast to values based on our   
  – neither valid at other 447 

concentrations nor if other inert species or buffer components are present. Even worse, 448 

such inconsistent data have been used in current thermodynamic feasibility analyses. 449 

Available           values published for the enolase reaction are shown in Figure 7. 450 

Wold and Ballou (15) found a          (298.15 K, pH 7, 1 mM MgSO4, 50 mM imidazole 451 

buffer, substrate concentration unknown) of -3.61 kJ mol-1, while Meyerhof and Oesper 452 

(13) found an apparent equilibrium constant of 2.9     , which yields a 453 

         (297.15 K, pH unknown, concentrations unknown) of -2.63 kJ mol-1. Both values 454 
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are in the same order of magnitude as the          (298.15 K, pH 7, 1.4 mM PEP, 455 

0.4 mM 2-PG, 15 mM Tris buffer, 1 mM MgCl2) of -3.1±0.2 kJ mol-1 found in this work. 456 

However, as the conditions (concentration, ions, buffer components and strength) were 457 

probably different, the qualitative agreement of these different values are mere chance. 458 

Wold and Ballou (15) investigated the enolase reaction at different concentrations of 459 

MgSO4 (0 – 0.01 mol dm-3), MnSO4 (0 – 5 mmol dm-3) and KCl (0 – 0.4 mol dm-3), at 460 

different temperatures (288 – 307.5 K) and at different pH values (5.9 – 8.5). They 461 

performed the reaction in 0.05 mol dm-3 imidazole buffer. The          (298.15 K, pH 7,) 462 

value of -3.61 kJ mol-1 is calculated from an apparent equilibrium constant measured 463 

with 1 mmol dm-3 MgSO4 and 0.05 mol dm-3 imidazole buffer. The equilibrium or starting 464 

concentrations of the substrates are unknown; thus, unfortunately, the           cannot 465 

be converted into       by using activity coefficients. Meyerhof and Oesper (13) 466 

performed the enolase reaction and the phosphoglyceric mutase reaction 467 

simultaneously and calculated the apparent equilibrium constant of the enolase reaction 468 

from the overall apparent equilibrium constant of both reactions. They performed the 469 

reaction at 297 K and the          (298.15 K, pH unknown, concentrations unknown), 470 

transformed with the      (298.15 K, pH 7) from this work (value of 27±10 kJ mol-1), is 471 

-2.73 kJ mol-1. They performed the reaction in bicarbonate buffer and used Mg2+ as a 472 

cofactor. However, it is unknown at which pH the reaction was performed, which means 473 

that this value should not be used for any calculations and should not be compared to 474 

other values, since pH has a large influence on the enolase reaction. Burton and Krebs 475 

(2) calculated a      (298.15 K, pH 7) of -0.15 kJ mol-1. Warburg and Christian (14) 476 

found a          (293.15 K, pH 7.34, 50 mM bicarbonate buffer, 30 mM glycine, 3 mM 477 

MgSO4, 0.9 mM PEP, 2.1 mM 2-PG) of -0.87 kJ mol-1. This value was transformed in the 478 
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present work to pH 7 and 298.15 K with      (298.15 K, pH 7) = 27 kJ mol-1 and the 479 

species distribution yielding          (298.15 K, pH 7, 50 mM bicarbonate buffer, 30 mM 480 

glycine, 3 mM MgSO4, 0.9 mM PEP, 2.1 mM 2-PG) = -0.89 kJ mol-1. Further, Warburg 481 

and Christian performed the equilibrium measurements at non-ideal medium 482 

compositions (0.05 mol dm-3 bicarbonate, 0.03 mol dm-3 glycine and 3 mmol dm-3 483 

MgSO4, initial concentration of sodium D-2-PG was 1.5 mmol dm-3 stemming from a 3 484 

mmol dm-3 racemic mixture). Thus, in the present work the activity coefficients of water, 485 

2-PG and PEP were predicted with ePC-SAFT and          (298.15 K, pH 7, 50 mM 486 

bicarbonate buffer, 30 mM glycine, 3 mM MgSO4, 0.9 mM PEP, 2.1 mM 2-PG) was 487 

transformed into      (298.15 K, pH 7) finally yielding a value of -0.91 kJ mol-1. This 488 

value still differs significantly from the value found in this work 489 

(     (298.15 K, pH 7) = -2.8±0.2 kJ mol-1). For an exact comparison, uncertainty of 490 

data from Warburg and Christian would be required. 491 

Values which are generally recommended and often used in thermodynamic feasibility 492 

analyses for the enolase reaction were published by Garrett and Grisham, i.e. 493 

         (298.15 K, pH unknown, concentrations unknown) of 1.8 kJ mol-1 (16). The 494 

value is assumed to be the same at 298 K and 310 K and the pH value is even 495 

unknown. Especially this value should not be used to perform a thermodynamic 496 

feasibility analysis. The fact that this value is positive means that the equilibrium at the 497 

conditions where the measurement was performed was on the side of the reactant 498 

2-PG. In contrast, all other literature values, which are presented in Figure 7, found that 499 

the equilibrium was on the side of PEP at pH 7 and 298.15 K. According to the species 500 

distribution from this work, even at pH 4, the concentration of the product PEP is slightly 501 
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higher than the concentration of the reactant 2-PG. Thus, it is unclear how the positive 502 

          value was determined. 503 

 504 

Figure 7: Gray bars represent      (298.15 K, pH 7) (         
  ) and black bars represent 505 

         (298.15 K, pH 7) (         
    

        with   
           

  ). 1: own values, 2: Garrett and 506 

Grisham (16), 3: Wold and Ballou (15), 4: Burton and Krebs (2), 5: Meyerhof and Oesper (13) corrected 507 

for temperature with      (298.15 K, pH 7) from this work, 6: Warburg and Christian (14) corrected for 508 

temperature and pH with      (298.15 K, pH 7) and the species distribution from this work (black) and 509 

combined with activity coefficients predicted with ePC-SAFT (gray). 510 

 511 

The equilibrium of the enolase reaction is influenced significantly by pH as shown in 512 

Figure 5, because the reactant 2-PG and the product PEP dissociate in water and only 513 

one of the respective dissociated species is converted by the enzyme (see eq. (3)). As 514 

shown in Figure 5, especially at pH values about 7, the equilibrium is strongly pH-515 

dependent. It is recommended to exactly measure pH while performing equilibrium 516 

measurements of the enolase reaction and to specify at which pH the equilibrium was 517 

measured when publishing   
  values. 518 
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 519 

Standard enthalpy of reaction for different scales 520 

As mentioned above, the value for           is assumed to be the same at 298 K and 521 

310 K in thermodynamic feasibility analyses for the enolase reaction as recommended in 522 

the literature (16). That is,       is postulated to be zero. However, the standard 523 

enthalpy of reaction      (298.15 K, pH 7) of 27±10 kJ mol-1 as determined in this work 524 

indicates that the enolase reaction is an endothermic reaction. This was also found by 525 

Wold and Ballou (15), who found a        (298.15 K, pH 7.5, 8 mM MgSO4, 0.4 M KCl, 526 

substrate concentrations unknown) of 15 kJ mol-1. Our value and that from Wold and 527 

Ballou (derived from equilibrium measurements and the van ’t Hoff equation) were 528 

determined at different pH values, which potentially explains the difference between both 529 

values. Furthermore, Wold and Ballou did not provide any error estimation, which 530 

complicates the data comparison. In general, it is known from chemical dehydration 531 

reactions that these are rather exothermic (e.g. Figure S6 in the SI). In the following, we 532 

suggest an explanation of the strong endothermic behavior we found in this work. To this 533 

end, standard data can also be accessed by means of quantum chemistry even at 534 

different scale. The enzymatically catalyzed dehydration reaction of 535 

D-2-phosphoglycerate (2-PG) to phosphoenolpyruvate (PEP) according to eq. (2)Error! 536 

Reference source not found. studied in this work was further addressed by quantum-537 

chemical (QC) methods to assess energetics of biologically relevant reactions. It is well 538 

established that the high-level QC-methods (e.g. the composite method G4) are able to 539 

provide reliable gas-phase enthalpies of formation     (298.15 K) at the level of 540 

“chemical accuracy” of   – 4 kJ mol-1 (34). Thus, the reaction enthalpies of any reaction 541 
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in the gas phase can be calculated according to the Hess´s Law. However, the biological 542 

reactions proceed mostly in aqueous medium and a direct propagation of gas-phase 543 

QC-results to these conditions seems to be overoptimistic. In order to overcome this 544 

difficulty, we are developing a concept based on a “model molecule” (see Figure S3 in 545 

the SI) in this work. For example, for 2-PG we suggest to cut the   3
 -

 fragment and to 546 

attach the CH3 group instead. Moreover, in order to avoid any charge of the model 547 

molecule we attached a proton to the (   - 
-
)-group. The resulting model molecule is 548 

the 3-hydroxy-2-methoxy propionic acid. This model contains all specific characteristics 549 

for 2-PG groups, but it is not charged and its gas-phase enthalpy of formation 550 

    (298.15 K) = -740.9 kJ mol-1 was calculated by the G4-method. In the same way 551 

we have “re-shaped” (see Figure S3 in the SI) the PEP and the enthalpy of formation 552 

    (298.15 K) = -461.8 kJ mol-1 of the model molecule 2-methoxy acrylic acid was 553 

calculated. In order to get the required thermochemical property in the liquid phase we 554 

calculated standard molar vaporization enthalpies   
 
  (298.15 K) = 98.0 kJ mol-1 for 555 

3-hydroxy-2-methoxy propionic acid and   
 
  (298.15 K) = 65.1 kJ mol-1 for 2-methoxy 556 

acrylic acid. Calculations of vaporization enthalpies have been performed by using well-557 

established group-additivity procedure with uncertainty assessed to be of 1.5  kJ mol-1 558 

(35). Combination of     (298.15 K) and   
 
  (298.15 K)-values lead to the standard 559 

molar liquid-phase enthalpies of formation     (298.15 K) required for the calculation of 560 

the reaction enthalpy of the model reaction given in Figure S5 in the SI. Using the liquid-561 

phase enthalpy of formation     (298.15 K) = -285.8 kJ mol-1 (36) for water, the 562 

standard enthalpy of the model reaction (see Figure S5 in the SI)     (298.15 K) 563 

= 27±5 kJ mol-1 was estimated (uncertainty of vaporization enthalpies are included). 564 
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Please note, that this enthalpy has the standard state “pure component” in the liquid 565 

phase for water, 2-PG and PEP. All values determined in this work except QC methods 566 

have the standard state “hypothetical ideal solution” for 2-PG and PEP. However, the 567 

standard enthalpy of the model reaction (Figure S5 in the SI) is very similar to the result 568 

     (298.15 K, pH 7) = 27±10 kJ mol-1 from van’t Hoff (Figure 6). Nevertheless, the 569 

endothermic effect of the 2-PG dehydration reactions derived experimentally and 570 

confirmed theoretically seems to be somewhat perplexing, because, e.g. the liquid-571 

phase dehydration of ethanol is a highly exothermic process (Figure S6 in the SI). In 572 

order to get more insight in energetics of dehydration reactions, we collected 573 

thermochemical data for 1,2-ethanediol, 3-hydroxy-propionic acid and products of their 574 

dehydration (see Table S6 in the SI). It has turned out, that already for 1,2-ethandiol the 575 

sign of the reaction enthalpy is changed from negative to positive. Moreover, the 576 

reaction enthalpy of 3-hydroxy-propionic acid (which structurally is closest to the 2-PG) 577 

dehydration of 29±4 kJ mol-1 is in the same order of magnitude as observed already in 578 

the van ’t Hoff plot (27±10 kJ mol-1, Figure 6). 579 

In order to further prove the modeling approach developed in this work, the 580 

isomerization reaction (see eq. (22)) of D-3-phosphoglycerate (3-PG) to 581 

D-2-phosphoglycerate (2-PG) was additionally studied. 582 

3               (22) 

The model for the 3-   compound was “constructed” in the same way as it was made 583 

for 2-PG (see Figure S4 in the SI). The structure of the resulting model molecule 2-584 

hydroxy-3-methoxy-propionic acid was optimized and calculated with the G4 method. 585 

The standard molar enthalpy of formation     (298.15 K) = -746.5 kJ mol-1 and 586 
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standard molar vaporization enthalpy   
 
  (298.15 K) = 94.7 kJ mol-1 were used to 587 

estimate the liquid-phase enthalpy of formation     (298.15 K) = -841.2 kJ mol-1 for 588 

2-hydroxy-3-methoxy propionic acid. The latter value was used to calculate the 589 

theoretical reaction enthalpy     (298.15 K) = 2±5 kJ mol-1, according to eq. (22). The 590 

small value of the enthalpy met reasonable expectations for such type of isomerization 591 

reactions. 592 

To sum up, we calculated the enthalpy of reaction with the standard state “pure-593 

component” to be     (298.15 K) = 27±5 kJ mol-1 based on QC methods. Additionally, 594 

we determined the enthalpy of reaction with standard state “hypothetical ideal solution” 595 

from equilibrium measurements at 298.15 – 310.15 K using the van ‘t Hoff equation to 596 

be      (298.15 K, pH 7) = 27±10 kJ mol-1. Both methods show that the enolase 597 

reaction is an endothermic reaction, which was also validated by a calorimetric 598 

measurement, see Figure S1 in the SI. Please note that the heat production rate shown 599 

in Figure S1 is negative because we performed the reaction using PEP as a substrate, 600 

which is the product of the reaction regarding glycolysis. Thus, the negative value in 601 

Figure S1 yields a positive enthalpy of reaction. 602 

Conclusion 603 

Combination of equilibrium measurements and prediction of activity coefficients with 604 

ePC-SAFT were used to determine the thermodynamic equilibrium constant   
  of the 605 

enolase reaction.   
  was used to calculate the standard Gibbs energy of reaction      , 606 

which is constant at any equilibrium composition at constant T and pH. 607 

  
 (298.15 K, pH 7) and      (298.15 K, pH 7) were determined in this work to be 608 
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3.2±0.2 and -2.8±0.2 kJ mol-1, respectively. We found that the reaction equilibrium did 609 

not depend strongly on concentration in the considered concentration range up to 610 

12 mmol kg-1 PEP. In contrast, the equilibrium of the enolase reaction depends strongly 611 

on pH, especially at pH values between 5 and 9. The       value at 298.15 K and pH 7 612 

differs from literature           values. This is not a surprising result as the data beyond 613 

postulated           values from literature were measured often without providing the 614 

complete measuring conditions (concentrations, buffer type, pH, pMg). Thus, it might be 615 

argued that the postulated           values from literature are reliable standard data. The 616 

reason behind the medium effect on reaction equilibrium is found by the activity 617 

coefficients of the reactant and products. This information is included in       value from 618 

the present work, and thus this value is recommended in all future works that are based 619 

on thermodynamic feasibility analysis of the glycolytic pathway. 620 

Additionally, the standard enthalpy of reaction      (298.15 K, pH 7) was determined 621 

from equilibrium measurements at 298.15 – 310.15 K to be 27±10 kJ mol-1 using the 622 

van ‘t Hoff equation. The reason behind the endothermic behavior was addressed by 623 

quantum-chemical calculations, which proved that an exothermic-endothermic shift 624 

occurs for dehydration reactions depending on the chain length of the reactant. Applying 625 

a new concept that replaces the biological species by model molecules allows accessing 626 

the enthalpy of reaction at the level of pure-component standard state in the liquid phase 627 

to be     (298.15 K) = 27±5 kJ mol-1. 628 

 629 

 630 
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 631 

Appendix 632 

Table 3: Osmotic coefficient   of aqueous NaPEP solutions at pH 2.5, 273.15 K and 1 bar. pH was 633 

adjusted with NaOH which was considered in the determination of the osmotic coefficient (see eq. (16)). 634 

      
    

mol kg-1 - 

0.1000 0.8625 

0.0800 0.8771 

0.0700 0.8663 

0.0583 0.8827 

0.0499 0.8818 

0.0400 0.9038 

0.0299 0.9182 

 635 

Table 4: Osmotic coefficient   of aqueous NaPEP solutions at pH 5.1, 273.15 K and 1 bar. pH was 636 

adjusted with NaOH which was considered in the determination of the osmotic coefficient (see eq. (16)). 637 

      
    

mol kg-1 - 

0.1016 0.7803 

0.0811 0.7924 

0.0706 0.7946 

0.0605 0.7924 

0.0511 0.8000 

0.0406 0.8194 
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0.0303 0.8429 

 638 

Table 5: Osmotic coefficient   of aqueous NaPEP solutions at pH 8.2, 273.15 K and 1 bar. pH was 639 

adjusted with NaOH which was considered in the determination of the osmotic coefficient (see eq. (16)). 640 

      
    

mol kg-1 - 

0.1018 0.7365 

0.0812 0.7537 

0.0714 0.7584 

0.0609 0.7655 

0.0508 0.7742 

0.0398 0.7846 

0.0303 0.7968 

 641 

Table 6: Density   of aqueous NaPEP solutions at 298.15 K and 1 bar. 642 

      
    

mol kg-1 kg m-3 

0.1366 1011.5 

0.0680 1004.4 

0.0405 1001.4 

0.0262 999.4 

  643 
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Accession ID for the enzyme enolase  644 

 nolase was used from baker’s yeast (Uni rotKB - P00924). 645 
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