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Enzyme-catalyzed reactions sometimes display curvature in their 
Eyring plots in the absence of denaturation, indicative of a change 
in activation heat capacity. However, pH and (de)protonation 
effects on this phenomenon have remained unexplored. Herein, 
we report a kinetic characterization of the thermophilic 
pyrimidine nucleoside phosphorylase from Geobacillus 

thermoglucosidasius across a two-dimensional working space 
covering 35 °C and 3 pH units with two substrates displaying 
different pKa values. Our analysis revealed the presence of a 
measurable activation heat capacity change Δ��‡ in this reaction 
system, which showed no significant dependence on medium pH 
or substrate charge. Our results further describe the remarkable effects of a single halide substitution which has a minor 
influence on Δ��‡ but conveys a significant kinetic effect by lowering the activation enthalpy, causing a >10-fold rate increase. 
Collectively, our results present an important piece in the understanding of enzymatic systems across multidimensional working 
spaces where the choice of reaction conditions can affect rate, affinity and thermodynamic phenomena independently of one 
another. 
 
Temperature is a central variable for the rates of chemical 
reactions. Most first-order reactions follow an exponential 
rate-temperature relationship as described by the Eyring 
equation.[1,2]  

� = ���	ℎ �� �−Δ�‡ + �Δ�‡
�� � (1) 

Herein, � is the rate constant, � is the reaction temperature, � is the universal gas constant and �� and ℎ are the 
Boltzmann and Planck constants, respectively. Δ�‡ and Δ�‡ 
are the enthalpy and entropy change between the reactants 
and the transition state. The transmission coefficient κ is 
presumed to be 1 hereafter. Despite this equation holding 
remarkably well for most chemical transformations, there is 
a growing consensus that enzyme-catalyzed reactions can 
deviate from the rate-temperature relationship predicted by 
the Eyring equation by displaying a curvature in their Eyring 
plots.[3,4] This behavior has been shown to originate from a 
heat capacity change between the enzyme substrate complex 
and the enzyme transition state complex, caused by pre-
organization of the enzyme along the reaction coordinate 
(i.e. during transition state binding).[5–14] This molecular 
property has been described by the Macromolecular Rate 
Theory (MMRT), which extends the Eyring equation by 
terms accounting for activation heat capacity changes.[5]  
 

� = ���ℎ �� �−Δ���‡ − Δ��‡(� − ��)��
+ ΔS��‡ + Δ��‡(��� − ����)� � 

(2) 

Here, Δ��‡ is the change in activation heat capacity and Δ���‡  

and ΔS��‡  are the activation enthalpy and entropy, 

respectively, at an arbitrary reference temperature ��. Thus, 
MMRT provides a molecular explanation for the observed 
curvature in Eyring plots in the absence of denaturation, 
which has been demonstrated for a variety of biocatalytic 
reactions (see Table S1 for a list). Nonetheless, previous 
characterizations of rate-temperature relationships of 
various enzymes via Eyring plots have generally been 
performed at only one pH value (typically pH 7 in phosphate 
buffer, Table S1), leaving the pH dimension of the reaction 
space, as well as protonation effects on any of the activation 
parameters in equations (1) and (2), largely unexplored. 

In this context we became interested in the rate-
temperature relationships of thermostable nucleoside 
phosphorylases (NPs)[15] as these enzymes allow an 
experimental coverage of both a broad pH and temperature 
window. NPs perform the reversible phosphorolysis of 
nucleosides (Figure 1A) and are key catabolic enzymes in 
all kingdoms of life.[16] Owing to their important role in 
various diseases,[17–22] their catalytic properties have 
received considerable attention. Furthermore, NPs are used 
in synthetic chemistry for the preparation of pentose-1-
phosphates and nucleoside analogs[23–28] and have been 
employed as analytical tools.[29] While purine NPs have 
been researched intensively,[30–36] including their rate-
temperature relationships,[10,37] comparably little is known 
about rate-temperature relationships of reactions catalyzed 
by the structurally distinct pyrimidine NPs.[38] Since these 
enzymes typically operate across a wide pH window with 
similar rate constants[39,40] and convert electronically diverse 
substrates,[38,39] we hypothesized that they would present a 
convenient model system to interrogate pH and 
deprotonation effects on the Eyring plots of nucleoside 
phosphorolysis, as an example of a simple nucleophilic 
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substitution. Thus, we questioned if there exists an 
activation heat capacity change during the phosphorolysis 
reactions catalyzed by thermostable pyrimidine NPs and, if 
so, whether this effect shows any pH- and/or protonation-
dependence across the broad working space of these 
enzymes. Herein, we report a kinetic characterization of the 
thermophilic pyrimidine NP from Geobacillus 

thermoglucosidasius (GtPyNP) across a two-dimensional 
working space covering 35 °C and 3 pH units with two 
substrates displaying different pKa values (thymidine, 1a, 
pKa ≈ 10.0 and 2’-deoxy-5-fluorouridine, 1b, pKa ≈ 7.3,[41] 
Figure 1A). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Phosphorolysis of the nucleosides 1a and 1b 
catalyzed by GtPyNP (A) and its rate-temperature 
relationship at pH 7 (B). Both pKa values listed in A 
represent approximate values at 25 °C and are subject to 
slight changes at higher temperatures. Data in B were 
acquired via sampling and discontinuous monitoring of 
reactions with a high-throughput assay[42,43] and fitted to the 
Eyring (1) and MMRT (2) equations, as described in the 
Supplementary Information. Please see the externally 
hosted Supporting Information for raw data and 
calculations.[44] 
 

 
First, we assayed GtPyNP for phosphorolytic conversion 

of 1a and 1b at pH 7, employing deconvolution of UV 
absorption spectra for reaction monitoring.[42,43] To this end, 
several preliminary experiments were essential, as we aimed 
to acquire activity data unaffected by denaturation effects 
(TM = 77.5 °C, Figure S1), which required the selection of 
experimental conditions enabling sufficient stability of the 
enzyme (please see the Supplementary Information for 
details). Employing saturating substrate concentrations and 
a temperature window of 30−65 °C, the methylated 
nucleoside 1a was converted with observed rate constants 

���� of 2.1−30.3 s-1, showing a clear temperature-
dependence (Figure 1B). Both the Eyring and the MMRT 
equation provided reasonably good fits of the experimental 
data (R2 = 0.84 and 0.86). However, the Eyring fit showed 
a systematic deviation from the data by overestimating at 
the extremes of the temperature and underestimating in the 
middle of the dataset, while also suggesting a considerable 
enthalpy-entropy trade-off (Δ�‡ = 49.9 kJ mol-1 and Δ�‡ = -71.8 J mol-1 K-1). In contrast, the MMRT fit 
provided a more realistic description of the dataset by 
reflecting the experimental data more evenly throughout the 
full temperature range, as supported by the Akaike 
information criterion (AIC, Table S3).[45]  This fit yielded a 
heat capacity change Δ��‡ of -1.9 ± 0.7 kJ mol-1 K-1, 
manifesting itself in a moderate but significant curvature in 
the graph. A similar observation was made for the 
fluorinated nucleoside 1b, whose phosphorolysis showed a 
Δ��‡ of -1.2 ± 0.6 kJ mol-1 K-1. This suggests a comparable 
binding of the transition states of both substrates, which is 
likely rooted in the nearly equal steric demand of these 
substrates as well as their identical electronic interactions 
with the H-bonding residues in the GtPyNP active site under 
these conditions. In contrast to 1a, the fluorinated 1b was 
converted with much higher rate constants of 69.7−406.6 s-1. 
Interestingly, this increase of ���� originated from a 
significantly lower activation enthalpy (Δ� !"#‡  = 
92.2 kJ mol-1 for 1a and 62.5 kJ mol-1 for 1b), which 
outweighed the lower entropic contribution (Table S3) and 
most likely reflects a weaker glycosidic bond caused by 
electron withdrawal through the fluorine substituent. In line 
with the lower activation enthalpy observed for 1b, its 
phosphorolysis showed a shallower temperature-
dependence, reflected by a rate increase of factor 4.9 
between 30 and 65 °C, compared to a factor of 8.6 for 1a.  

Collectively, these results provide several insights. First, 
despite disagreeing literature,[46] this untangling of activity 
and denaturation effects revealed that GtPyNP possesses no 
classical optimum temperature.[5] Previous assignments of 
an optimum temperature of this enzyme[46] can likely be 
ascribed to enzyme denaturation since its theoretical 
optimum temperature is approximately equal to its melting 
temperature (TM = 77.5 °C, theoretical Topt = 75 °C for 1a or 
79 °C for 1b, Figures S1 and S6). Secondly, the data 
presented above lend further evidence to the notion that 
binding of the substrate and binding of the transition state 
are unrelated phenomena,[47] as enzymes primarily 
discriminate between substrates on the transition state level 
rather than via selective binding of the ground states of 
substrates. This is evident here in the observed difference of 
the affinities for the two substrates (KM = 0.6 mM for 1a and 
3.1 mM for 1b) and the similarity of Δ��‡ (-1.9 
and -1.2 kJ mol-1 K-1). Thirdly, considering previous work 
indicating that the overall phosphorolysis of 1a and 1b 
proceeds with almost the same equilibrium state 
thermodynamics,[39] these results indicate that electron 
withdrawal by the fluorine substituent primarily has a 
kinetic effect in this reaction system and almost no 
thermodynamic one. This is reflected by the lower Δ�‡ for 
1b compared to 1a contrasting their almost identical 
equilibrium constants (Keq = 0.15 for 1a and 0.12 for 1b) 
and apparent net thermodynamic parameters Δ� and Δ� 
(Scheme S2).[39] 
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Next, we extended this kinetic characterization to the 
entire pH range accessible with GtPyNP to examine the 
impact of reaction pH and substrate deprotonation on the 
kinetic behavior of this system. We hypothesized that the 
medium pH might influence the surface charge of the 
protein and, consequently, its molecular dynamics, which 
might be reflected by the heat capacity changes during 
catalysis. Furthermore, 1b (pKa ≈ 7.3)[41] becomes fully 
deprotonated at higher pH values and we expected to see pH 
effects on its activation thermodynamics. To probe these 
hypotheses, we obtained Eyring plots for the phosphorolysis 
of 1a and 1b from pH 7−10 in steps of 0.5 pH units (Figure 
S4). In all but one condition, the AIC supported the MMRT 
model (2) as the better fit, substantiating the presence of a 
negative Δ��‡ (Table S3, Figure 2). Unexpectedly, the 
reaction pH generally had no significant impact on the 
phosphorolysis kinetics with 1a as ���� and all fit 
parameters remained largely unchanged across the working 
space (Figure 2A). Despite its deprotonation in the upper 
portion of the working space, a similar situation existed for 
1b, albeit with a much lower and error-prone Δ�‡ (Figure 
2B). Although deprotonation severely affected GtPyNP’s 
affinity for this substrate (KM >10 mM at pH 9 compared to 
3.1 mM at pH 7, Figure S3D), it had no significant effect on 
the thermodynamic activation parameters, suggesting that 
transition state formation and binding are unaffected by the 
net charge of this substrate. Most likely, deprotonation of 
the substrate occurs per se in the active site of the enzyme 
where an anionic species would be well stabilized by 
positively charged residues (Scheme S1 and e.g. pdb ID 
1uou or 2wk6). As such, considering this mode of substrate 
complexation in pyrimidine NP active sites, it is reasonable 
to assume that even a partial dianion present during such a 
transformation can be accommodated (Scheme S1). Overall, 
the results of these experiments indicate that GtPyNP-
catalyzed phosphorolysis is strikingly robust and shows 
little sensitivity to pH shifts or the protonation state of its 
nucleoside substrate, despite charge delocalization being a 
primary mechanism of rate acceleration in pyrimidine 
NPs.[48] The fact that we obtained very similar Eyring plots 
over a broad pH range further indicates that the surface 
charge of the protein insignificantly contributed to the 
molecular dynamics and, in extension, activation heat 
capacity changes along the reaction coordinate. 
Nonetheless, it remains to be demonstrated if this behavior 
observed for the dimeric GtPyNP with a solvent-shielded 
active site also translates to highly multimeric enzymes or 
those with solvent-exposed active sites. 

In conclusion, our kinetic characterization of GtPyNP 
revealed the presence of a measurable activation heat 
capacity change Δ��‡, which showed no significant 
dependence on medium pH or substrate charge. 
Experiments across a wide working space uncovered the 
remarkable effects of a single halide substitution which has 
a minor influence on Δ��‡ but conveys a significant kinetic 
effect by lowering the activation enthalpy, causing a >10-
fold rate increase. Therefore, our results present an 
important piece in the understanding of enzymatic systems 
across multidimensional working spaces where the choice 
of reaction conditions can affect rate, affinity and 
thermodynamic phenomena independently of one another. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Activation thermodynamics of the GtPyNP-
catalyzed phosphorolysis of 1a (A) and 1b (B) across the 
accessible working space. For clarity, errors (shaded bars) 
are only shown in one direction. Please see Table S3 for 
tabulated data as well as the externally hosted Supporting 
Information for raw data and calculations.[44]  
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