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Abstract 

Polyethylene terephthalate (PET) is a commonly used plastic worldwide and reducing its prevalence 

is crucial to improving environmental pollution. PETase that degrades PET plastic have received a 

lot of attention recently. This paper evaluates the ester hydrolysis process under both acidic and basic 

conditions, and shows that the local environment of the protein active site takes advantage of both. 

High pH in the protein buffer creates a better nucleophile to attack the ester through a proton shuttle 

channel in the protein, while local hydrogen bonds to the carbonyl of the ester stabilizes the 

intermediate/transition state of the hydrolysis reaction. With the understanding at the atomic level, 

we propose two engineering directions that can potentially improve the reactivity of the PETase: 1) 

increase the alkaline stability of the protein in general; 2) perturb the local hydrogen bond network 

to increase the partial charge on the PET carbonyl to be hydrolyzed.  

Keywords: PETase; ester hydrolysis; DFT calculations; protein engineering; thermodynamics and 

kinetics 

 

1. Introduction 

Plastics are one of the most prevalent man-made materials globally. In the past 50 years, plastic 

production has increased 20-fold [1], with most consisting of single-use packaging plastics [2], which 

are disposed of rapidly and build up in landfills. Geyer et al. [2] found that, in fact, of all the plastics 

in circulation up until 2015, only 9% have been recycled and are currently in circulation, whereas 79% 

have ended up in landfills or the environment. This buildup in the environment is due to plastics 

being non-biodegradable [3], resulting in an ever-growing amount of plastic on the planet. 

Plastics can break down over time through mechanical stresses, photo-oxidation, and biological 

processes [4]. However, the rate of degradation is not enough to recycle safe products back into the 

environment. The process of degradation creates secondary micro- and nano- plastics, with diverse 

chemical compositions, forms, and effects [5]. Primary microplastics are created through industrial 

processes directly and are often used in cosmetic products [5] in the form of beads. The health risks 

posed by microplastics are non-negligible: toxic chemicals can be bound to these fibers or beads, 

including BPA, phthalates, polyfluorinated chemicals, and more. Microplastics have been found in 

the digestive tract, lungs [6], circulation, reproductive systems [6], and even the brain [7], though the 

toxic [8] effects of the mostly inert plastic particles have not been studied in much depth. As such, 

plastic pollution is a global health concern now. 

Given the widespread prevalence of plastics in the environment, solutions must be proposed to 

reduce plastic pollution and leaching into the biosphere. We intend to target the first stage and 

ultimately degrade plastics into inert, smaller monomers through the biochemical degradation 
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pathway. Our main focus is on polyethylene terephthalate (PET), one of the most widely used plastics 

for commercial and industrial applications. Compared with other plastics such as polyethylene (PE), 

which lack functional groups and are relatively inert, PET monomers are linked by ester bonds and 

are more prone to being degraded by enzymes. Numerous PETases have been discovered and 

studied extensively [9–12]. In one of the recent studies, Lu et al. [12] used machine learning to aid 

enzyme engineering to improve the enzymatic ability through the modification of global protein 

stability. Other studies have improved the thermostability of IsPETase [13,14]. There are also 

theoretical studies, such as a QM/MM calculation to model the whole protein with the degradation 

process [15]. However, working with the whole protein tends to lack focus at the active site. 

Understanding the reaction mechanism at fundamental level may provide insights to best engineer 

the enzyme. In this work, we adopt a mechanism-informed strategy by focusing on the PETase active 

site and its reaction pathway. By evaluating the ester degradation reactions at the atomic scale and 

analyzing the energy profile, we have new insights into the advantage of the protein active sites and 

proposed directions to engineer PETase variants that surpass the efficiency of the native enzyme. 

2. Materials and Methods 

Pymol [16] was used to visualize the protein structure, and the PDB codes 5XJH and 5XH3 were 

used for detailed analysis. The reaction models with protein environments were built using 

Avogadro [17]. Density Functional Theory calculations were carried out using the ORCA software 

[18]. B3LYP functional and TZVP basis sets were chosen based on our previous experience, and a 

polarized continuum model (PCM) was used for solvent effects. The scan feature in ORCA was used 

to model the reaction coordinate and locate the transition state. 

All calculations were run on the supercomputing cluster Lawrencium at the Lawrence Berkeley 

National Lab. We wrote our own Python scripts to pull out the energies from the output file and for 

further data analysis. Alphafold 3 [19] was used to check the fold of the protein after the proposed 

mutations. 

3. Results and Discussion 

3.1. Classic Ester Hydrolysis Reactions 

The nature of the PET degradation is essentially the hydrolysis of the ester bond, as shown in 

reaction (1). Organic chemistry textbooks say such reactions are not likely to occur under neutral 

conditions, but can occur under either acidic conditions or basic conditions. This is because under 

acidic conditions, the protonation of the carbonyl oxygen can better induce nucleophilic attack by 

water, while under basic conditions, the hydroxide ion itself is a better nucleophile than neutral 

water. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 February 2026 doi:10.20944/preprints202602.0292.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.0292.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 10 

 

 

Computationally, the ΔE of the neutral reaction (1N) is +1.8 kcal/mol with a reaction barrier of 

57.4 kcal/mol, suggesting that the reaction under neutral conditions is endothermic. The ΔE of the 

acidic reaction (1A) is 1.0 kcal/mol, slightly lower than that of neutral, but the reaction barrier 

decreases to 50.2 kcal/mol. On the other hand, the ΔE of the basic reaction (1B) is very exothermic, 

with -31.6 kcal/mol. A detailed investigation shows that the ΔE of the old C-O bond cleavage and 

new C-O bond formation is +2.0 kcal/mol, while the similar structure of the four-coordinated 

“transition state” becomes an intermediate state, which is 0.8kcal/mol lower than the reactant. The 

driving force is mainly from the later proton rearrangement from the carboxylic acid to the alcohol 

(Figure 1).  
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Figure 1. Energy profile for the ester hydrolysis under neutral (black), acidic (red), and basic (blue) conditions. 

These calculated values are consistent with previous literature [20] as well as the experimental 

observations that the hydrolysis of the ester is likely to occur under either acidic or basic conditions, 

and the reaction under basic conditions has more driving force.  

It should be noted that the calculations here, although using a PCM model for the solvent 

dielectric effect, are only applicable to molecular systems and cannot reflect the proton exchange in 

aqueous conditions. Thus, in reality, where the OH- concentration is 10-4M for a pH=10 solution, the 

water concentration is 55.5M. The real free energy values should be much lower and will be discussed 

in later sections. 

One can imagine that if the carbonyl is protonated and the nucleophile is a hydroxide ion, the 

reaction is more prone to occur. Calculations support this hypothesis that the calculated ΔE of 

reaction (1C) is even more negative to be -66.3kcal/mol. A similar set of calculations on ethyl acetate 

shows a comparable trend. Such mixed conditions are not possible in aqueous solution, but they can 

be possible in proteins, where the local reaction environment is determined by amino acids near the 

active site. 

3.2. Ester Hydrolysis in PETase 

As shown in Figure 2, the active site of the PETase has a very conserved oxyanion hole. The 

carbonyl of the ester is hydrogen-bonded to two amides, which makes it partially protonated. On the 

other side, the deprotonated serine can be the nucleophile that readily attacks the carbonyl from the 

back. The first step is a transesterification (ester exchange) reaction, where the C-O bond in the PET 

is cleaved, and the carbonyl is connected to the protein serine, forming a new ester. After that step, 

another water or hydroxide enters the active site, cleaves the C-O bond between the left over PET 

and the serine, and regenerates the active site. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 February 2026 doi:10.20944/preprints202602.0292.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.0292.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 10 

 

 

Figure 2. (A) The active site of the PETase, with the substrate shown in green, nucleophile serine shown in blue, 

and two amide hydrogen bond donors shown in magenta. (B) The two-step equations for the ester bond 

hydrolysis are shown in two steps. The first step is a transesterification (ester exchange) reaction, and the second 

step is the hydrolysis of the newly formed ester. 

The overall reaction of the two steps will be similar to Rxn 1. Regardless of the role of the protein, 

the net thermodynamics of the ester hydrolysis cannot be changed. Based on the calculations above, 

such reactions are endothermic under neutral and acidic conditions. That means it requires energy 

input to achieve the PET degradation, thus the forward reaction is favored at relatively high 

temperatures. This is consistent with the fact that lots of the reactions in literature happen at up to 65 

°C, and it explains the motivation in some studies for optimizing the thermostability of the enzyme 

[13,14]. 

However, based on the calculations in Section 3.1, there are other ways to potentially improve 

the enzyme performance. As shown above, the reaction is exothermic under basic conditions; thus, 

increasing the basicity of the reactants can make the reaction occur simultaneously at moderate 

temperatures. On the other hand, increasing the acidity around the carbonyl, although it cannot 

change the overall thermodynamics, can lower the reaction barrier for both ester exchange and the 

later hydrolysis step. 

3.3. Improving the Basicity of the Nucleophile 

The first ester exchange step can be initiated by deprotonation of the serine, while the following 

ester hydrolysis step is also favored if the nucleophile is a hydroxyl anion. Both anion formation 
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reactions can occur through a proton shuttle mechanism by transferring the proton to the solvent 

environment (Figure 3). 

 

Figure 3. Demonstration that the pH of the solvent can impact the protonation state of Ser131 through a proton 

shuttle mechanism, which plays an important role in the ester hydrolysis. 

Increasing the pH in the environment can increase the odds of the formation of the anionic 

nucleophile at the active site, leading to a more favorable forward reaction towards the ester 

hydrolysis. This is supported by the observation in Carletti et al. [21]. Improving the alkaline stability 

of the protein extends the lifetime of the enzyme, thus it can be a direction of protein engineering. 

Achieving alkaline stability, like enhancing thermostability, will require a holistic understanding of 

the entire protein — an important direction for future work. 

3.4. Increasing the Carbonyl Protonation 

As shown in Section 3.1, protonation of the carbonyl of the ester can effectively lower the reaction 

barrier of both the ester exchange and the final hydrolysis steps. In the enzyme, this is achieved by 

forming hydrogen bonds with two amides (Tyr58 and Met132) from the protein framework. We 

propose that increasing the H-bond strength can decrease the activation energy and validate this idea 

by DFT calculations. 

The experimental pKa values of amide H can be found in Šebesta et al. [22], but it needs to be 

pointed out that modeling the pKa values of amide H by theory itself can be very challenging and 

worth a separate study. [22] In this project, we did a series of 2D energy surface scans at different 

fixed H-bond distances (Figure 4), assuming longer distances lead to weaker H-bonds. This 

assumption was confirmed by the fact that the partial Mulliken charge on the carbonyl increases with 

shorter H-bonds. The relative energies of the transition/intermediate states at different hydrogen 

bond distances are shown in Table 1. It is clear that as the hydrogen bond becomes closer thus 

stronger, the transition/intermediate state is more stable, thus the reaction rate can go faster. This 

conclusion is also supported by the QM/MM calculations by Jerves et al. [15], where they also 

reported the hydrogen bond shrinking at the transition state when they model the whole reaction 

coordinate.  
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Figure 4. (A) A 2D energy surface scan to locate the transition/intermediate state of the ester hydrolysis reaction 

with the N(H)-O(=C) distance locked at 2.7Å. X-axis corresponds to the distance between the center C and O(H); 

Y-axis corresponds to the distance between the center C and O(Et). Thus, the red circle on the bottom right corner 

represents the reactant; the one on the top left corner represents the product; the red circle in the center represents 

the transition/intermediate state. (B) Our computational model of the four coordinated transition/intermediate 

state, with two hydrogen atoms toward the carbonyl. (C) Active site of the AlphaFold 3 predicted model 

(magenta) overlays with the crystal structure (cyan, PDB: 5XH3). It shows the Met132Ser mutation can form an 

additional hydrogen bond with the substrate carbonyl. 

Table 1. Transition/Intermediate State Energy Change Relative to H-bond Distance Between the Oxygen in 

Carbonyl in the PET and Amide Nitrogen in Tyr58 and Met132. 

N-H…O=C distance (Å ) Relative energy (kcal/mol) of the 

transition/intermediate state 

No H-bond 0 

3.7 -0.9 

3.5 -1.3 

3.3 -2.0 

3.1 -3.0 
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2.9 -4.5 

Thus, we propose mutating the two amides to those with a lower pKa can lower the reaction 

barrier and thus increase the reaction rate. Interestingly, in IsPETase, the two hydrogen bond donors 

are Tyr58 and Met132, and their corresponding pKa values are already on the lowest end among all 

amino acids. Our theory may help to explain why nature chose these two amino acids in the wild 

type. The only amino acid that has a lower pKa on the amide is Asn, which is a potential candidate 

to mutate into. On the other hand, we also propose to mutate Met132 to either Ser or Thr, so the OH 

group on the side chain can form an additional hydrogen bond with the PET carbonyl. We have used 

AlphaFold 3 to confirm that such mutations do not change the overall folding of the enzyme, and the 

OH group of a Met132Ser mutation is within the hydrogen bond range with the PET carbonyl. 

3.5. Big Picture of the Ester Hydrolysis by PETase 

The hydrolysis of PET at the PETase active site is a two-step reaction. The first step is an ester 

exchange reaction by linking the PET to the protein through the key serine, while the follow-up step 

is to hydrolyze the newly formed ester and regenerate the active site. The two steps are similar in 

mechanisms, and a general energy profile is plotted in Figure 5. 

 

Figure 5. Overall picture of the thermodynamics of the ester hydrolysis. It is demonstrated that increasing the 

environmental pH can make better reactants, while increasing the H-bond strength towards the PET carbonyl 

can stabilize the transition/intermediate state. Both ways can improve the efficiency of the enzyme. 

It is found that all the C-O bonds in different esters and in the carboxylic acid product have 

comparable bond strength. The pKa values of water, the OH group in the serine side chain, and the 

OH group in the alcohol products are also similar, so the reaction is really driven by reactant 

concentrations. If the hydroxide ion concentration in the environment is increased, there will be a 
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better chance that the serine anion (in step 1) or the hydroxide (in step 2) nucleophile is going to form, 

so the overall free energy of the reactant is increasing toward the molecular scenario as we calculated 

for Rxn 1B. On the other hand, the transition/intermediate state can be stabilized by increasing the 

local hydrogen bond strength. This can be achieved by either mutating the existing amino acids to 

those that have lower amide pKa’s, such as Asn, or introducing new hydrogen bonds from side 

chains, such as a Met132Ser mutation. 

To sum up, our study brings a fundamental understanding of ester hydrolysis reaction, thus 

PET degradation reactions themselves at the atomic level. It is shown that the enzyme active site 

creates a local environment such that it takes advantage of both acidic and basic conditions for the 

ester hydrolysis. Two directions to engineer the enzyme are then proposed to have better reactivity, 

either thermodynamically or kinetically.  This study also provides novel insights into future 

research directions and can be extended to other similar enzymes in the family that utilize the 

oxyanion hole as an active site. 
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