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ABSTRACT: Temperature influences the reaction kinetics and 
evolvability of all enzymes. To understand how evolution 
shapes the thermodynamic drivers of catalysis, we optimized 
the modest activity of a computationally designed enzyme for 
an elementary proton transfer reaction by nearly four orders 
of magnitude over nine rounds of mutagenesis and screening. 
As theorized for primordial enzymes, the catalytic effects of the 
original design were almost entirely enthalpic in origin, as 
were the rate enhancements achieved by laboratory evolution. 
However, the large reductions in ∆H‡ were partially offset by a 
decrease in T∆S‡ and, unexpectedly, accompanied by a negative 
activation heat capacity, signaling strong adaptation to the 
operating temperature. These findings echo reports of 
temperature-dependent activation parameters for highly 
evolved natural enzymes, and are relevant to explanations of 
enzymatic catalysis and adaptation to changing thermal 
environments. 

Wolfenden has shown that the rate accelerations achieved by 
many natural enzymes have largely enthalpic origins.1, 2 If life 
originated in a hot environment,3-6 primordial enzymes that 
shared this trait would have had an evolutionary advantage in 
sustaining significant rates as the early earth cooled because of 
their shallow temperature dependence. Thermal adaptation of 
enzymes has been studied by analysis of modern enzyme 
homologs,7 ancestral sequence reconstruction,8 and 
computation.9 Here, instead, we exploited directed evolution at 
ambient temperature to assess how the thermodynamic 
drivers of catalysis respond to selection for enhanced activity 
of an elementary chemical reaction.  

Computationally designed enzymes10,11 are valuable 
models of evolutionarily naïve catalysts. They display the 
modest activities expected for primordial enzymes but can be 
substantially improved by laboratory evolution.12,13 As our 
starting point, we chose the computational design 1A53-2,14 
which catalyzes the base-promoted E2 elimination of 5-
nitrobenzisoxazole (Figure 1). This reaction, the Kemp 
elimination, is a well-studied model for proton transfer from 
carbon.15,16 1A53-2 was created by equipping a thermostable 
indole-3-glycerolphosphate synthetase with a carboxylate base 
(Glu178), sandwiched between two tryptophan residues, in a 
pocket tailored for transition state binding.14 The resulting 

catalyst accelerated the Kemp elimination of 
5-nitrobenzisoxazole by 7.8 x 104 fold over the uncatalyzed 
reaction (kcat/kuncat).  

 

 

Figure 1. The Kemp elimination catalyzed by 1A53-2. (A) 
6-Nitrobenzisoxazole deprotonation affords a 
salicylonitrile. (B) Glu178 serves as the base in 1A53-2 and 
forms a hydrogen bond with the inhibitor 5-
nitrobenzotriazole (orange carbons).14 

 

 

Although 1A53-2 was designed to cleave 5-
nitrobenzisoxazole, the crystal structure of the enzyme 
complexed with 5-nitrobenzotriazole indicated that the less 
reactive 6-nitrobenzisoxazole would also be a substrate, which 
we confirmed experimentally (kcat = 0.0058 ± 0.0008 s-1 and 
kcat/KM = 3.9 ± 1.4 M-1 s-1; Table S1). The 1.1 × 104-fold rate 
acceleration for this substrate is only 7-times lower than that 
for 5-nitrobenzisoxazole, mirroring its intrinsic reactivity.15 
The pH-rate profile for the enzyme-catalyzed reaction is bell 
shaped, with maximum activity achieved at pH 9 (Figure 2C). 
The apparent ionization constant for the acidic limb suggests 
that Glu178 has a pKa of 8.7 ± 0.3. This value is substantially 
elevated compared to acetate in aqueous solution or the 
carboxylic bases in other Kemp eliminases,13,17-19 but in accord 
with the PROPKA prediction of 9.3,20 reflecting the 
hydrophobic nature of the 1A53-2 active site. 
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To optimize catalytic efficiency, we subjected 1A53-2 to 
nine rounds of laboratory evolution by screening for 6-
nitrobenzisoxazole cleavage at ambient temperature in 
microtiter plates (Figures 2A, S2, and S3). In the first five 
rounds, residues lining the active site were targeted by 
saturation mutagenesis. All first-shell residues were 
individually randomized with NNK codons and favorable 
mutations combined by DNA shuffling. In the last four rounds, 
the entire gene was randomized by error-prone PCR and DNA 
shuffling. Strikingly, most of the 8,400-fold improvement was 
achieved during active site optimization, whereas the last four 
rounds increased efficiency only threefold. 

The most active variant, 1A53-2.9, cleaves 6-
nitrobenzisoxazole with a 120-fold preference over 5-
nitrobenzisoxazole. Like the evolutionary intermediate 1A53-
2.5, 1A53-2.9 is active over a much broader pH range than the 
starting design due to a large decrease in the apparent pKa of 
the catalytic base to 5.4 ± 0.1 (Figure 2C). At pH 7.0 and 25 ˚C, 
kcat and kcat/KM were 24 ± 2 s-1 and 40,900 ± 5,800 M-1 s-1, 
respectively (Table S1). The resulting 4.2 × 107-fold rate 
acceleration exceeds that of many other engineered enzymes17-

19 and catalytic antibodies21, 22 and is only 15-times below that 
of HG3.17,13 the most active Kemp eliminase known (Table S3). 
Comparison of kcat/KM with the second-order rate constant for 
the acetate-promoted reaction (kAcO-) further shows that 
Glu178 is a >5 × 109-fold better base than a simple carboxylate 
in aqueous solution. 

Although 1A53-2.9 failed to crystallize, we solved the x-ray 
structure of 1A53-2.5 in complex with 5-nitrobenzotriazole at 
2.6 Å resolution (PDB ID: 6NW4). The evolved enzyme and the 
original design have very similar folds (Cα rmsd of 0.53 Å) with 
only a few solvent exposed loops displaying slightly different 
conformations (Figure S5). The ligand adopts a similar pose in 
both structures but is better packed by the evolved active site 
(Figure 3). Mutations such as A157Y, A180C and L184F fill 
space surrounding the ligand and improve shape 
complementarity. Tyr157 additionally positions and stabilizes 
the Glu178 carboxylate through a hydrogen bond, accounting 
for the decrease in apparent pKa. Consistent with this 
interpretation, replacement of Tyr157 with either alanine or 

phenylalanine shifts the Glu178 pKa back to >8 (Figure S4B). 
The 1A53-2 variants, like most eliminases,13,17-19 lack a 
hydrogen-bonding residue in the vicinity of the phenolic 
leaving group, so negative charge in the transition state is 
presumably stabilized by bulk water. 

 

 

Figure 3. Cut-away view of the (A) 1A53-2 and (B) 1A53-2.5 
active sites in complex with 5-nitrobenzotriazole (orange 
carbons). H-bonding interactions (yellow) and important 
protein residues (white) are shown. 

 

 

To assess the thermodynamic origins of the catalytic rate 
enhancements, we measured the temperature dependence of 
6-nitrobenzisoxazole decomposition. The analyses were 
performed in the kcat/KM regime due to limited substrate 
solubility (Figure S6). Nevertheless, the observed trends 
provide direct insight into the effects of temperature on active 
site chemistry as opposed to substrate binding, given that kcat 
increased by almost four orders of magnitude over the course 
of evolution, whereas KM decreased only twofold. Focusing on 
kcat/KM also enables direct comparison with temperature 
effects on kAcO-. 

 

 

 

 

Figure 2. Laboratory evolution of 1A53-2. (A) Evolution was performed in two stages, focusing first on active site residues and then 
on the entire sequence. (B) Mutations introduced in the first (green spheres) and second (blue spheres) stages are mapped onto the 
structure of 1A53-2 in complex with 5-nitrobenzotriazole (orange carbons).14 (C) pH-rate profiles for the starting catalyst (gray), 
intermediate 1A53-2.5 (green), and evolved 1A53-2.9 enzyme (blue).  
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Figure 4. Temperature dependence of the Kemp elimination 
reaction. (A) The acetate (black) and 1A53-2 (gray) data were 
fitted to the standard Eyring equation.23 (B) 1A53-2.5 (green) 
and 1A53-2.9 (blue) show clear temperature optima and were 
fitted instead to equation 1 (T0 = 298 K).7 (C) At T0, substantial 
decreases in ∆H‡, partially offset by an unfavorable 
−T∆S‡ term, account for the observed rate enhancements. The 
error bars denote the standard deviation.  

 

Fitting the data for 1A53-2 to the Eyring equation23 gave an 
activation enthalpy (∆H‡) of 19.4 ± 0.9 kcal mol-1 and an 
activation entropy (∆S‡) of 9.2 ± 2.9 cal mol-1 K-1 (Figures 4A 
and S7). The corresponding values for the acetate reaction 
were ∆H‡ = 25.9 ± 1.3 kcal mol-1 and ∆S‡ = 4.7 ± 4.3 cal mol-1 K-1. 
Thus, in accord with Wolfenden’s predictions for a primitive 
catalyst, the starting design enhances the rate of the Kemp 
elimination primarily by lowering ∆H‡. Moreover, as 1A53-2 
was optimized, its temperature dependence became even 
shallower, indicating a further decrease in ∆H‡. In contrast to 
the linear Eyring plots for the reactions promoted by acetate 
and 1A53-2, the plots for the evolved catalysts show 
pronounced curvature (Figures 4B and S7) with temperature 
optima ≥18 K above the temperature at which the evolutionary 
experiments were performed. 

Such curvature would occur trivially if the proteins 
denatured around Topt. This possibility can be excluded in the 

case of the evolved eliminases. Structural differences between 
1A53-2.5, which shows curvature, and 1A53-2, which does not, 
are localized at the active site and increased the melting 
temperature (Tm) by 8 K (Figure S8 and Table S1). As a result, 
the Tm for 1A53-2.5 is 32 K higher than Topt. Although 1A53-2.9 
is 19 K less stable than 1A53-2.5, its Tm is still 21 K higher than 
Topt and the kinetic properties of both proteins are very similar. 
Furthermore, activity loss at high temperature was 
instantaneous rather than time dependent, inconsistent with 
temperature-induced unfolding.7 

Curved Eyring plots can also arise if the activation enthalpy 
and entropy are temperature dependent.7,24,25 Such 
temperature dependence is manifest as a nonzero activation 

heat capacity (∆Cp
‡), which reflects the difference in heat 

capacity between ground and transition state. Negative ∆Cp
‡  

values ranging from -0.2 to -3 kcal mol-1 K-1 have been reported 

for several enzymes, including ketosteroid isomerase (∆Cp
‡ =

 -0.21 kcal mol-1 K-1)9 which also catalyzes a proton transfer 

reaction. Introduction of ∆Cp
‡  in the Eyring equation gives 

eq. 1:7 

 

 𝑙𝑛(𝑘) = 𝑙𝑛 (
𝑘BT

ℎ
) −

[ΔHT0
‡ +ΔC𝑝

‡ (T−T0)]

RT
+

[ΔST0
‡ +ΔC𝑝

‡ 𝑙𝑛(T/T0)]

R
  (1) 

 

where 𝑘𝐵  is the Boltzmann constant, ℎ the Planck constant, and 
𝑇0 a reference temperature with corresponding activation 

enthalpy (∆HTo
‡ ) and entropy (∆STo

‡ ).7 Fitting the temperature 
data for the evolved eliminases to eq. 1 significantly improved 
the fits (Figure S7). For 1A53-2.9, the thermodynamic 

activation parameters at 𝑇0 = 298 K were ∆HTo
‡  = 5.2 ± 0.2 kcal 

mol-1, ∆STo
‡  = -21.0 ± 0.8 cal mol-1 K-1, and ∆Cp

‡  = -0.29 ± 0.03 kcal 

mol-1 K-1. Similar parameters were obtained for 1A53-2.5 
(Table S1). Comparison with the starting design confirms that 
the increase in efficiency was achieved entirely by lowering 

∆HTo
‡ , offset by an unfavorable activation entropy. In contrast 

to 1A53-2, the ∆H‡ and -T∆S‡ terms for the evolved enzymes 
contribute nearly equally to the reaction barrier at T0. Because 
the activation parameters are temperature dependent, 
however, the relative enthalpic and entropic contributions to 
the barrier are temperature specific (Figure S9). At 
temperatures below 298 K, the enthalpic term dominates, 
whereas the entropic term is more important at higher 
temperatures. 

The emergence of an activation heat capacity for this simple 
chemical reaction is intriguing and may be a thermodynamic 
signature of the structural changes wrought by molecular 
evolution of the 1A53-2 scaffold. It has been suggested that 
curvature in a rate versus temperature plot is a generic 
property of enzyme-catalyzed reactions, a natural consequence 
of tight transition state binding affording a more ordered state 
than the relatively weakly bound enzyme-substrate complex, 
resulting in a lower relative heat capacity.7 Consistent with this 
view, optimization of 1A53-2 increased the differential 
stabilization of the transition state ensemble relative to the 
ground state by more than three orders of magnitude. Thus, the 
apparent equilibrium constant for dissociation of the transition 
state from the catalyst [KTS = kuncat/(kcat/KM)] dropped from 
63.2 nM to 7.6 pM over the course of evolution, whereas ligand 
affinity increased roughly twofold assuming KM  KS. The x-ray 

B
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data suggest that transformation of the loose binding pocket of 
the naïve starting catalyst into a tight receptor for the 
transition state may have been crucial in this regard, reducing 
the number of conformational states in the transition state 
ensemble relative to the ground state. Nevertheless, to 
elucidate the precise physical origins of these effects, further 
analyses, including molecular dynamics simulations9 and 
calorimetric measurements,26, 27 will be necessary. Because the 
binding pocket is buried and hydrophobic, (partially) rate-
limiting ligand binding, protein conformational changes, 
and/or altered active site solvation may also contribute to the 
observed heat capacity effects.  

Our results document the changes in thermodynamic 
drivers for a computationally designed Kemp eliminase 
evolved at ambient temperature. As for most natural enzymes, 
the rate enhancements achieved have enthalpic origins, which 
became more pronounced as the catalyst evolved. 
Unexpectedly, the best variants exhibit temperature-
dependent activation parameters, which can be explained by 
the emergence of an activation heat capacity. Similar effects 
have been observed for some natural biocatalysts7 and signal 
strong adaptation to the conditions of the evolutionary 
experiments. By adapting our eliminase to higher and lower 
temperatures, it should be possible to tune Topt and to explore 
how ∆H‡ and ∆S‡ respond to varying thermal enviroments.28 

Such experiments could shed light on the origins of ∆Cp
‡ , as well 

as its role in the evolution and thermoadaptation of this 
enzyme and its natural counterparts. 
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