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Abstract

Determining the Reaction Mechanism of Hydrolysis of
p-Nitrophenyl Butyrate Performed by a Cold-Adapted
Lipase, BplA
Linn Svalberg

Lipases are one of the most important biocatalysts for biotechnological
applications. They have high importance since lipases have a catalytic 
activity that is related to their hydrolysis and synthesis reactions to 
high regioselectivity and enantioselectivity. They also have an activity 
over a wide range of temperature, pH, and diverse substrates. The aim of
this master thesis project was to apply computational calculations to 
understand the reaction mechanism of the hydrolysis of p-nitrophenyl
butyrate performed by the cold-adapted lipase, Bacillus pumilus Lipase A 
(BplA). Cold-adapted lipases are enzymes that have evolved to perform 
catalysis in a colder environment.

The methods used for performing the computational calculations in this 
thesis project can be divided into three sections. The structure
preparation, molecular dynamic (MD) simulations using NAMD, and quantum 
mechanics combined with molecular mechanics (QM/MM) using ORCA. Through
eight substeps with MD and QM/MM implementations potential energy 
surfaces (PES), minimum energy path (MEP) and frequency calculations for 
the enzymatic reaction were provided. The rate-limiting step is the 
formation of the tetrahedral intermediate, the nucleophilic addition 
during the deacylation. The largest free energy barrier provided from 
the results had an activation free energy of 20.3
kcal/mol. The barriers of the deacylation were larger than the one for 
the acylation process. By understanding the reaction mechanism, one can
understand how cold-adapted enzymes could catalyze the reaction to 
create lower energy barriers at low temperatures.

ISSN: 1401-2138, UPTEC X21 009
Examinator: Johan Åqvist
Ämnesgranskare: Jens Carlsson
Handledare: Florian van der Ent & Miha Purg





 
   

Populärvetenskaplig sammanfattning 
Överallt, i varenda liten vrå av världen, i alla världens organismer och i även den minsta av 
dina celler sker det mängder av minimala men livsviktiga reaktioner. Dessa reaktioner gör att 
träd växer, att vi människor får i oss de näringsämnena som vi behöver för att fungera samt 
att producera läkemedel, mat och mycket annat. Många av reaktioner består av en substans 
som bryts ned eller sammansätts, och för att dessa ska kunna ske så effektivt som möjligt i 
den miljön det existerar finns det enzymer. Enzymer är som hjälpande maskiner. Det finns 
flera olika kategorier av enzymer, vissa som fungerar som transportör, andra som hindrar 
nedbrytandet av nödvändiga byggstenar och flera som jobbar med påskyndande av olika 
processer. Enzymer hjälper till vid processer av nedbrytande eller uppbyggnad för att de ska 
utföras snabbare. Enzymer är livsviktiga, och finns även de i världens alla hörn.  

De enzym som existerar i svala miljöer har evolutionärt utvecklats för att ha en fungera 
mekanism även där. Dessa kallas för psykrofiler. Det finns även enzym som anpassat sin 
funktion till att verka i varma miljöer, dessa kallas termofiler. Förståelsen för dess maskiner 
som verkar i extrema förhållanden är fortfarande låg. Lipaser är en kategori av enzymer och 
de hjälper till vid nedbrytningen av fettsyror. Det finns ett starkt biotekniskt intresse för 
ytterligare förståelse av de psykrofila lipaserna. Detta beror på att lipaser har speciella 
förmågor som är eftertraktade för många forskningsområden och industrier. De köld-
anpassade lipaserna har en lägre temperatur för den maximala påskyndande effekt av 
reaktioner än andra som fungerar bäst vid kroppstemperaturer. Vilket skulle kunna minska 
kostnader i produktionen av läkemedel, mat och smink då de inte behöver verka i en hög 
temperatur. 

För att förstå hur den påskyndande mekanismen fungerar behöver man kunna titta på hur 
minimala delar är kopplade till varandra i något större och mer komplext. Detta skulle kunna 
jämföras med ett intresse om hur ett fåtal höstrån i mitten av en höstack rör vid varandra. Inte 
särskilt lätt att titta på genom att kolla på utsidan av höstacken, eller hur? Det jag gör i denna 
studie, är att jag använder mig av en noggrann simuleringsmetod för den delen som har 
intressanta interaktioner medan resterande del av höstacken kommer ha en mer grov metod. 
Vilket gör det möjligt att få en detaljerad bild av vad som sker i mitten av höstacken, utan att 
tappa medvetandet om omgivningen.  

Från ett flertal analyser av systemet, som består av den påskyndande maskinen, köld-
anpassad lipas, och en substans som skulle delas på mitten, hittades delen av reaktionen som 
kräver mest energi. Denna process är den som kommer styra hastigheten som påskyndande 
mekanismen, lipasen, kan bryta upp substansen i två önskvärda delar.  
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1. Introduction 

1.1 Prior Work Important for the Study  

There has been prior research conducted at the department of cell and molecular biology 
(ICM) at Uppsala University and University of Tromsö on the enzyme Bacillus pumilus 
Lipase A. The enzyme was a part of a study about the Thermoslope, which is a software for 
determining thermodynamic parameters from single steady state experiments. The enzyme 
catalyses the hydrolysis reaction for the chromogenic substrate p-nitrophenyl butyrate. The 
results showed that the enzymes are psychrotolerant, and had an activation free energy of 
15.3 kcal/mol. The results were similar to the ones with traditional approaches but required 
less of the sample, labour and time. By using this method to determine the activation 
parameters it is possible to study the temperature-dependence of enzyme catalysis, and 
thereby understand how enzymes have evolved their function in extreme environments.  

1.2 Lipases and Their Function 

Enzymes and their function are decided from a certain fold of their unique amino acid 
sequence. Lipases are serine hydrolases and are within the class of enzymes that hydrolyse 
ester bonds of triacylglycerols to get free fatty acids, diacylglycerol, monoacylglycerol and 
sometimes even glycerol (Dartois et al., 1992; Gupta et al., 2004). The substrates that lipases 
usually break are built from long-chain triacylglycerols, and they have a high stability in 
organic solvents. The reactions are catalysed at the lipid-water interface. Lipases have the 
unique ability to carry out the reverse reaction, leading to esterification, alcoholysis and 
acidolysis, under micro-aqueous conditions. An organic solvent has micro-aqueous 
conditions (Gupta et al., 2004). Lipases are difficult to analyse, and their kinetics are not very 
straightforward. This is mainly because of the diacylglycerol and monoacylglycerol that have 
been released during the reaction and can be subject to enzymatic hydrolysis but also because 
lipases act at oil/water interfaces (Dartois et al., 1992). 

Lipases have an important role in commercial ventures. Lipases exist in many organisms, but 
microbes are used the most for commercial ventures, because of their temperature adaptation. 
Specifically, the temperature adaptation that bacterial lipases have. Lipases are enzymes that 
are of large industrial interest for biotechnological applications because their catalytic 
activities are related to their hydrolysis and synthesis reactions to high regioselectivity and 
enantioselectivity but also because of their activity over a wide range of temperature, pH and 
diverse substrates (Detry et al., 2006; Gupta et al., 2004; Jaeger et al., 1999). Lipases are 
widely used in industry for production of detergent, food, agrochemicals, and pharmaceutical 
industries. But also to produce new biopolymeric material (Gupta et al., 2004; Pandey et al., 
1999).  

Lipases are one of the most important biocatalysts for biotechnological applications. They 
work well for both scientific and industrial applications. The enzyme activity is desired to be 
as high as possible to reach the maximum yield in a bioprocess. A strategy to monitor the 
activity of lipases is to use p-nitrophenyl butyrate as the substrate. p-nitrophenyl butyrate is a 
chromogenic substrate. When the lipase performs the hydrolysis of the substrate it releases a 
chromophore which can be measured spectrophotometrically (Pliego et al., 2015).    
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Figure 1. Reaction mechanism over the hydrolysis of p-nitrophenyl butyrate catalysed by lipase/esterase. Figure 
copyright [Pliego et al.], licensed under CC BY-SA 4.0.  

Bacterial lipases are classified into eight families. Family I is the largest family, it contains 
six subfamilies. Bacillus lipases belong to subfamilies four and five, in family I. They have a 
clear biotechnological potential because of their selectivity towards racemic substrates (Wi et 
al., 2014). Racemic substrate means that it is a substrate with two enantiomers. Of the 
biomolecules that exist in living organisms the majority are chiral and consist of only one of 
the two possible enantiomeric forms. Molecular interactions of these biomolecules with a 
racemic substrate will always differ between one enantiomer and the other. This plays an 
important role in production for many different industries: pharmaceutical, food, flavour and 
fragrance (Rachwalski et al., 2013).   

The enzyme stability depends on multiple factors; thermostability, oxidative stability and 
resistance to undesired aggregation and precipitation. These qualities are critical in industrial 
applications of biocatalysts. There have been improvements in thermal and oxidative stability 
using site specific mutagenesis through rational designs, but further knowledge is hindered by 
lack of understanding of the factors (Augustyniak et al., 2012; Vieille & Zeikus, 2001). A 
fundamental difference has been detected between “laboratory stability” and “industrial 
stability”, the latter is usually governed by partial unfolding processes and an irreversible 
inactivation process. High stability is considered an economic advantage because of reduced 
enzyme turnover, since it permits use of a wider temperature span. Which may have 
beneficial effects on reaction rates, reactant solubility and risk of microbial contamination 
(Eijsink et al., 2004). 

1.3 Aim of the Project 

The aim of the project is to apply computational calculations to understand the reaction 
mechanism of the hydrolysis of p-nitrophenyl butyrate performed by the cold-adapted lipase, 
Bacillus pumilus Lipase A. By understanding the mechanism, we can understand how cold-
adapted lipases could catalyse the reaction to create low energy barriers at low temperatures. 
The aim consists of two parts. The first is to understand how the cold adaptation works and 
the second is performing a rational design over the enzymatic reaction for the hydrolysis. The 
results could be useful for further research and further use within many industries.  
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2. Background 

2.1 Lipase A from Bacillus subtilis and Bacillus pumilus 

The enzymes of interest in this thesis are Bacillus subtilis lipase A (BslA) and Bacillus 
pumilus lipase A (BplA). Both these enzymes belong to the category serine hydrolase, and 
they increase the reaction rate for the hydrolysis. They are extracellular lipase, which 
indicates that the bacteria they exist in can be a part of biocontrol and biodegradation 
(Sharma & Tiwari, 2005). BslA has been thoroughly examined and well characterized, and is 
the mesophilic ortholog to BplA. The lipase comes from a mesophilic bacterium, that grow 
and thrive in temperatures between 20-45°C. The temperature for optimum for anaerobic 
digestion is usually between 30-38°C. For BslA, three-dimensional structure has been 
determined using X-ray crystallography (Augustyniak et al., 2012). The lipase can easily be 
produced and purified in high yield as His-tagged fusion proteins, and the reaction can also 
be carried out by using a cell lyophilizate which shows high activity and enantioselectivity 
even on a preparative scale (Detry et al., 2006). BplA has a 71% sequence identity to BslA, 
and the active site is strongly conserved (Appendix S1).  

2.2 Cold-Adapted Organisms and Enzymes 

A large part of the Earth’s biosphere comprises organisms that can live and thrive in cold 
environments, these are psychrophiles (Siddiqui & Cavicchioli, 2006). A reduction in 
temperature slows down all physiological processes, changing the protein-protein 
interactions, reduces membrane fluidity and provokes an increased viscosity of water. Also, a 
decrease in temperature induces a reduction in salt solubility and an increase in gas solubility 
(Georlette et al., 2004). Psychrophiles' ability to survive and spread in the cold is due to their 
capacity to synthesize cold-adapted enzymes. These enzymes have evolved in a range of 
structural features that yield a high level of flexibility compared to their thermostable 
homologs. High flexibility is thought to be correlated with low-activation enthalpy, low-
substrate affinity, and high specific activity at low temperature (Siddiqui & Cavicchioli, 
2006).  

2.2.1 Evolution of Cold-Adapted Lipases 
Cold-adapted enzymes are a result from evolutionary adaptation of enzymes to be able to 
work at low temperatures. These temperatures are usually around the freezing point of water  
(Åqvist et al., 2017). As enzymes tend to become more rigid at low temperatures the 
psychrophilic enzymes must evolve to improve their dynamics or flexibility to achieve 
catalysis. The structural features of psychrophiles can compensate for the exponential 
decrease of chemical reaction rates induced by lowered temperature (Joseph et al., 2008; Wi 
et al., 2014). Cold-adapted lipases are widely distributed in microorganisms that can survive 
at these lower temperatures, but there are only a few bacteria and yeast that have been 
exploited for the production of them. For these enzymes it is desirable to have a high activity 
even at low temperatures. The majority of microorganisms with this ability have been 
isolated from Antarctic and Polar regions. Another potential source could be deep-sea 
bacteria (Cavicchioli et al., 2002; Joseph et al., 2008).  

Cold-adapted lipases are promising enzymes in replacing conventional enzyme processes in 
the biotechnological industry (Cavicchioli et al., 2002; Joseph et al., 2008). Cold-adapted 
lipases have characteristics that make them useful as additives to detergents, as biocatalysts 
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for biotransformation of unstable compounds at low temperatures, and for bioremediation of 
polluted waters and soils at low temperatures (Joseph et al., 2008; Wi et al., 2014). 

2.2.2 Reaction Rate of Cold-Adapted Lipases  
Cold-adapted lipases have a high reaction rate at low temperatures. This has been observed 
from Arrhenius plots. These plots are used for chemical kinetics and make it possible to 
analyse the effect of temperature on the rates of chemical reactions. The enzymatic reaction 
rate (kcat) increases, with an increase in absolute temperature and a decrease in activation 
energy. Psychrophilic organisms have evolved multiple strategies to compensate for the slow 
metabolic rates that occur at low temperatures as a result of the insufficient kinetic energy in 
the system, to overcome the free energy barrier. These strategies are energetically expensive 
and include an increase in the enzyme concentration and the enzyme evolution that made the 
reaction rate become almost temperature independent (Siddiqui & Cavicchioli, 2006).   

The characterisation and kinetic study of cold-adapted lipases can be studied in terms of 
optimum pH and stability, optimum temperature, thermostability and effect of chelating 
agents, inhibitors, solvents and metal ions (Joseph et al., 2008). A majority of cold-adapted 
enzymes are characterized by a detectable shift in temperature optimum (Topt). With low 
temperature and simultaneous decrease in stability they also tend to present a high-reaction 
rate by decreasing the activation free energy (ΔG‡) barrier between the enzyme 
substrate/ground state (ES) and the transition state (TS) (Georlette et al., 2004; Siddiqui & 
Cavicchioli, 2006). For the enzyme reaction rate (kcat) to increase at low temperature either 
the activation enthalpy (ΔH‡) has to decrease, or the activation entropy (ΔS‡) has to increase. 
Usually for cold-adapted enzymes, a decrease in enthalpy is observed, which leads to an 
increase in kcat. It is the enhanced flexibility that makes it possible for the enthalpy to 
decrease, since there is a reduction in the number of enthalpy-related interactions during the 
transition state formation. The gain in kcat would be larger if it was not for the accompanied 
decrease in entropy to the decrease in enthalpy. There is an enthalpy-entropy compensation 
that only leads to small changes in ΔG‡ (Lonhienne et al., 2000; Siddiqui & Cavicchioli, 
2006).  

There have been some results that demonstrate that the flexibility and rigidity may work 
together in cold-adapted enzymes, acting on specific areas of the enzyme structure. By the 
conformational changes occurring during catalysis. The flexibility is the main adaptive 
character of psychrophilic enzymes, since it is responsible for the decrease of activation 
enthalpy, ΔH‡, that efficiently increases the kcat at low temperatures (Lonhienne et al., 
2000).    

2.2.3 Activation Free Energy Partitioning 
An interesting aspect of activation free energy (ΔG‡) partitioning is that it can be used by 
evolution to tune the temperature dependence of enzymatic reactions. From transition state 
theory and the Eyring-Polanyi equation [1] it can be seen that the experimental damping of 
the reaction rate constant (kcat) with decreasing temperatures is due to the enthalpy term, к, 
the transmission factor (Laidler & King, 1983).  

𝑘 𝑛 = 𝜅 𝑘𝑇 𝑒
−∆𝐺‡

𝑇 = 𝜅 𝑘𝑇 𝑒
∆ ‡

𝑒−∆ ‡
𝑇  [1] 

Cold-adapted enzymes invariably have a lower enthalpy and more negative entropy of 
activation than mesophilic orthologs (Åqvist et al., 2017; Siddiqui & Cavicchioli, 2006). 
Although enzymes from psychrophiles are indeed active at more normal environmental 
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temperatures, it appears that higher activities might be reached and that the cold adaptation 
might therefore not be completed (Georlette et al., 2004; Siddiqui & Cavicchioli, 2006). The 
psychrophilic species appear to transfer part of ΔG‡ from ΔH‡ to ΔS‡. The different enthalpy-
entropy partitioning will give a higher rate at low temperature for psychrophilic enzymes and 
a higher rate at higher temperature for the mesophilic version, but they have a similar rate 
around room temperature (Åqvist et al., 2017).   

From computational experiments, the cold-adapted enzyme’s reaction rate has been 
determined. It has a universal activation enthalpy-entropy phenomenon that originates from 
the mechanical properties of the outer protein surface. There were no structural features 
present in all cold-adapted enzymes and no structural features that always correlated with 
cold adaptation (Åqvist et al., 2017; Siddiqui & Cavicchioli, 2006). The difference in 
energetics originates from the outer regions, and not from the active region. This was 
calculated from the Arrhenius plot slopes, with ΔG‡ against temperature. The calculations 
pointed towards the protein surface as responsible for the effect seen in psychrophilic 
enzymes. A couple of surface loops were also identified and found to be associated with 
different conservation patterns among psychrophilic and mesophilic species (Åqvist et al., 
2017; Isaksen et al., 2014). Simulations of some surface point mutations show that these did 
change the enthalpy-entropy balance without significantly affecting ΔG‡ at room temperature 
(Åqvist et al., 2017).  

2.2.4 Temperature Dependency 
Cold-adapted enzymes generally have a lower melting temperature, the temperature that the 
substance changes from solid to liquid state, than their mesophilic orthologs (Åqvist et al., 
2017; Siddiqui & Cavicchioli, 2006). Psychrophilic enzymes usually have their rate optimum 
at around 30-50°C (after that, they start to melt). Implying that their evolutionary 
optimization does not simply move the rate versus temperature curve to lower temperatures 
but rather corresponds to lifting the low temperature tail by a different enthalpy-entropy 
partitioning (Åqvist et al., 2017). Computational experiments have in earlier research been 
performed to understand if the protein surface rigidity can tune the enthalpy-entropy balance. 
Positional constraints were applied to surface residues of cold adapted enzymes and the 
results indicated that the protein surface rigidity could be a reason for the temperature 
adaptation of the enzymes (Åqvist et al., 2017; Isaksen et al., 2014). Mesophiles and 
thermophiles show little or no activity at low temperature. Thermophiles are organisms that 
have evolved to work under very high temperatures (Joseph et al., 2008). 

Enzymes can be subject to cold denaturation, leading to loss of enzyme activity at low 
temperatures. This is believed to occur through hydration of polar and non-polar groups of 
the protein. The weakening of hydrophobic forces is what causes the protein to unfold in 
these cases, since hydrophobic forces are crucial for protein folding and stability (Cavicchioli 
et al., 2002; Georlette et al., 2004).   

2.3 Suspected Reaction Mechanism 

The mechanism for lipases is undetermined but the reaction mechanism was suspected to 
work similarly as the one for serine protease. By understanding the reaction mechanism in 
detail, the specificity of the enzyme could be further understood. Both enzyme classes have a 
nucleophilic/uniquely reactant serine (Ser) residue at the active site (Hedstrom, 2002; Kraut, 
1977). Hydrogen bonding networks play an important role in the mechanism of enzymes. The 
conformation of the active site can be stabilized so the substrate is oriented optimally for 
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catalysis. The networks also contribute to transition state stabilization by lowering the ΔG‡ 
and stabilizing intermediates on the potential energy surface (PES) (Topf et al., 2002).  

Serine proteases have their own mechanistic class of hydrogen bonding network, 
distinguished by the presence of the Asp-His-Ser, and known as the “catalytic triad” (Blow, 
1997). The catalytic triad spans the active site cleft. It had Ser on one side and Asp and His 
on the other. The catalytic triad is part of an extensive hydrogen bonding network, where 
hydrogen bond is usually observed between Nδ1-H of His and Oδ1 of Asp and between the 
OH of Ser and the Nε2-H of His. The last-mentioned hydrogen bond is lost when His is 
protonated (Figure 2) (Hedstrom, 2002).  

 

Figure 2. The general reaction mechanism of serine protease (Hedstrom, 2002).  

There are two processes during the enzymatic reaction mechanism of serine proteases. The 
acylation processes and the deacylation process, the reaction starts with acylation. From 
Figure 2 we have Ser195 that attacks the carbonyl of the peptide substrate, assisted by His57. 
His57 is acting as a general base, to create a tetrahedral intermediate, this results in His57-H+, 
which is stabilized by the hydrogen bond to Asp102. The oxyanion of the tetrahedral 
intermediate is stabilized by interaction with the main chain NHs of the oxyanion hole. The 
oxyanion hole is formed by the backbone of the NHs of Gly193 and Ser195. The atoms form 
a pocket of positive charges that activates the carbonyl of the peptide bond and stabilizes the 
negatively charged oxyanion of the tetrahedral intermediate (Hedstrom, 2002; Matthews et 
al., 1975). The tetrahedral intermediate collapses with expulsion of the leaving group, which 
happens by assistance of His57-H+ that is acting as a general acid. The acyl-enzyme 
intermediate is then created through the formation of the ester bond (Hedstrom, 2002).  

The process is almost identically repeated for the deacylation half of the reaction. Water 
attacks the acyl-enzyme, assisted by His57, and creates a secondary tetrahedral intermediate. 
This intermediate also collapses, which results in the Ser195 and the carboxylic acid product. 
The transition states of the acylation and deacylation reactions will resemble the high energy 
tetrahedral intermediates (Hedstrom, 2002). These high energy tetrahedral intermediates are 
of interest to examine in the case for BplA, with computational calculations. The goal is 
finding the pathway with the lowest tetrahedral intermediate to reach a state that provides a 
low minimum energy path (MEP) for the entire reaction.  

The reaction rate for acylation and deacylation is determined by the formation of the 
relatively stable tetrahedral intermediates. For serine proteases the rate-limiting step can 
occur either in the acylation process with hydrolysis of amide bonds or the deacylation with 
hydrolysis of the ester bond (Harris et al., 1998; Nutho et al., 2019). Under the control of 
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ester hydrolysis, the deacylation of the acyl-enzyme intermediate is rate-limiting. It has been 
shown that recombinant proteases, for example Granzyme B, do not distinguish between 
multiple ester substrates, making the enzyme lack substrate specificity. For amide bond 
hydrolysis by the same enzyme, there is a large specificity for enzyme-substrate interactions. 
The granzyme B activity increases with the ability of the leaving group to delocalize the 
negative charges that appear in the acylation transition state. The leaving group dependence is 
consistent with the formation of the acyl-enzyme being the rate-determined for amide 
hydrolysis (Harris et al., 1998). The worse the leaving group the more likely the rate-limiting 
step occurs in the acylation with the hydrolysis of amide bonds.   

3. Materials and Methods 
The purpose of the methods used in this thesis was to gain a detailed picture of the dynamical 
behaviour and the mechanistic reaction, within a reasonable time frame, of the acylation and 
deacylation of cold-adapted lipase, BplA. The classic molecular dynamics (MD) simulation 
with a molecular mechanics (MM) potential function was used to examine the dynamics of 
the active enzyme-substrate complex. The quantum mechanics/molecular mechanics 
(QM/MM) method was used to determine the mechanistic pathways for the enzymatic 
cleavage of the substrate. The results of the QM/MM nudge elastic band (NEB) provide 
potential energy profiles and potential energy surfaces over the reaction mechanism (Nutho et 
al., 2019), and from that frequency calculations provide estimates of the free energy.  

3.1 Classic Molecular Dynamics Simulations 

The classic molecular dynamics simulation is also known as MM MD. A simulation is a 
large-scale computational experiment where the evolution of a system is studied over 
possible configurations over a large number of molecules. For each molecule one solves the 
classical Newton equations of motion, from initial geometry and velocity. The velocity for 
the molecules is dictated by the user (Chris Cramer, 2014c). This leads to a large number of 
calculations, and to handle these there is a need for a very fast method to compute relative 
quantities, therefore the MM force field was chosen. 

Over time each point will represent a new time step when following a trajectory. The 
positions of all the atoms, the velocity of all the atoms and the energy can be computed. A 
gathering of the data for each step during the trajectory provided different snapshots. 
Simulations also yield correlation functions, these are functions that measure how a property 
at one time depends on a certain point in previous time (Chris Cramer, 2014d, 2014e). For 
systems where there are time-dependent events, the MD simulations are the best and only 
method of use. The length scale that is preferred for performing MD simulations are 
approximately 10-8 m and a time scale of 10-8 s. Large problems may need a combination of 
methods (Chris Cramer, 2014e).  

3.2 Quantum Mechanics/Molecular Mechanics 

Hybrid QM/MM method is a great tool for examining enzymes and determining their 
reaction mechanism. QM has the possibility to provide a detailed picture over the system but 
is very time demanding, while MM has a simplicity which makes it possible to analyse large 
systems quite fast. 
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3.2.1 Molecular Mechanics 
The basis of molecular mechanics (MM) is a model describing atoms as completely classical 
objects bonded by mechanical springs. The bonds are predefined and will not form or break. 
This simplified representation comes from the use of Hooke's law to describe bonds between 
atoms even though the bonds are not made of any material, nor mechanical springs. From this 
the harmonic approximation provides an accurate description of the energy profile of a bond 
stretch, when staying close to the equilibrium value. The fundamental building blocks are 
atoms. There are no explicit electrons, just a partial charge on each atom. From MM the 
bonding information cannot be obtained from the model itself. It needs to be provided 
explicitly (Purg, 2018; Shurki et al., 2015).    

The MM method assumes additivity of contributions like bonds and angles, and 
transferability of parameters beyond the training set. A full set of parameters and potential 
energy functions used in MM methods are referred to as a force field. Parameterization of 
functional terms is generally performed by fitting experimental data such as X-ray structures, 
vibrational spectra, densities, dipole moments etc and/or use QM to calculate the PES and 
other properties. When fully parameterized, it has a wide range of accuracy, and can 
outperform many low-level QM methods. The benefit of MM is the simplicity of it, the 
calculation of large molecules even goes quite fast, which is useful for simulations. The 
downside of MM is that it has an inability to describe chemical reactions due to the fixed 
bonding patterns (Purg, 2018).  

3.2.2 Quantum Mechanics 
Quantum mechanics (QM) describes vibrational energy levels as quantized and that the 
energy separations between levels are dictated by the shape of the potential, within which 
vibration takes place (Chris Cramer, 2014b). In this thesis the QM methods are actually 
practical applications of the branch quantum chemistry. Quantum chemistry is a powerful 
tool to study molecules and interactions (Tu & Laaksonen, 2010), which is what this thesis 
wants to examine.  

The QM method relies on several underlying simplifying assumptions about the nature of 
QM to reduce computation time enough to be finished in a feasible and timely manner. In 
general, the more simplifications are used the lower the accuracy and the lower the cost. 
Many times, one wants a higher accuracy than that. However, it is not recommended to 
always use the most accurate approach to get a good answer for your question, but to find one 
that works for the size of your system with a good accuracy and reasonable computational 
time. Some methods may fail in some situations but give good results for others, depending 
on the type of geometry and elements involved in the system. For example, if the desire is to 
show a reaction where bonds are broken and formed this might work better with certain 
approaches than others. If a metal ion is present this must also be taken into account when it 
comes to choosing an approach and basis set (Zhao & Truhlar, 2011).  

3.3 Theoretical QM Models 

The three theoretical QM models and their most commonly used approaches will be 
explained in the following sections. The models work best for different types of applications 
and goals. There are ab initio approaches that are performed with high accuracy but only for 
small systems and semi-empirical approaches that work for relatively large systems but with 
low accuracy. Combinations of methods with a varying computational cost and accuracy can 
be used for different steps in obtaining the final results. Less expensive methods can, for 
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example, carry out geometry optimizations. For our question, to investigate the reactive 
chemistry in a medium sized system, the best method is density functional theory (DFT). It 
could be possible to look at a truncated model of the actual system by using coupled cluster-
based (CC) approaches (Friesner, 2005). The different theoretical QM methods are shown in 
Figure 3, the red approaches are three ab initio methods, the blue approaches are three 
density functional theory (DFT) methods, and the green approaches are three of the semi-
empirical methods. 

 

 

Figure 3. Schematic overview of accuracy versus the ability to work over a certain size of the system, the accuracy 
scale is arbitrary, and the Size of system refers to the number of atoms. The different theoretical models are shown 
with different colours - red are ab initio, blue DFT and green semi-empirical.  

3.3.1 Ab initio 
Ab initio quantum chemistry methods are an essential tool for studying atoms and molecules, 
shown in red in Figure 3. The goal is to be predictable. The method does not rely on 
experimental data, only math and physical constants. The core is that it provides 
computational solutions of the electronic Schrödinger equation, which describes fundamental 
properties of molecules and materials. Ab initio is also known as the wavefunction-based 
method, it expands the electronic wavefunction as a sum of Slater determinants. Slater 
determinants explain the wavefunction in a system, by the orbitals and coefficients which are 
optimized by various numerical procedures (Bartlett, 1989; Friesner, 2005). The prototypical 
ab initio method for solving the Schrödinger equation, is the Hartree-Fock (HF) method, also 
known as self-consistent-field single determination approach, where the optimization is only 
of a single determinant. The method works by examining the results after each calculation 
until it does not change. By neglecting electron correlation completely in the HF method, 
each electron experiences only an effective average potential. HF provides reasonable results 
for many properties but is incompatible with providing a proper description of reactive 
chemical events (Bartlett, 1989; Friesner, 2005; Purg, 2018).  
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Correlated wavefunction-based approaches try to account for electron correlation in varying 
degrees, resulting in significant improvement of accuracy compared to HF. Such methods are 
Möller-Plesset perturbation theory (MP2), configuration interaction (CI) and coupled cluster 
theory (CC), but they do it at a considerable computational cost (Friesner, 2005; Purg, 2018). 
For MP2 there is a perturbation correction and the functional is good enough for geometry 
optimizations. MP2 is affordable for molecules of a certain size, and many times MP2 
performs a better job than density functional theory (DFT) methods but it takes longer (Neese 
& Wennmohs, 2020). The CC method is the most accurate one of the ones shown in Figure 3, 
but also the one that is most computational expensive. Each of these approaches has a 
different computational scaling and depending on the type of problem they can be the one of 
choice (Friesner, 2005; Purg, 2018). These methods often have difficulties when dealing with 
large systems, therefore it is essential to reduce the computational dependency (Saebo & 
Pulay, 1993).  

3.3.2 Density Functional Theory  
The second class of methods are based on density functional theory (DFT), which expresses 
the total energy of a system as a functional of the electron density, and not with a 
wavefunction. The electron density depends on three coordinates. The computational effort 
that is required can be compared with the one for HF (Friesner, 2005). DFT approaches can 
handle systems around the same size as HF, but with greater accuracy and treat electron 
correlation effects in an efficient way. They are cost-effective for studying physical 
properties of molecules (Johnson et al., 1993; Saebo & Pulay, 1993). When it comes to 
results from DFT approaches it is preferred to benchmark the results against an approach with 
higher accuracy (Neese & Wennmohs, 2020).  

The following paragraphs briefly describe DTF methods used in this thesis project. TPSS is a 
meta generalised gradient approach (GGA) functional, which means it depends on the 
electron density and its gradient. This approach shows good performance for first-row 
transition metal geometries (ORCA, 2020a). These metals exist in the first row of metals in 
the periodic table. B3LYP is a common approach that works for all types of purposes. It is a 
hybrid GGA functional. B3LYP stands for three parameter hybrids of Becke X with LYP 
correlation and a 20% HF exchange. The HF exchange means the method include a portion of 
exact exchange from HF and the rest of the exchange-correlation energy comes from another 
source. B3LYP has a good record for molecule geometries but it is not the best method for 
reliable organic energies or properties. Accordingly, single-point energy calculations on 
B3LYP geometries with other functionals may give more reliable results (ORCA, 2020a). 
B3LYP over formation of large organic molecules have a large flaw for enthalpies but also an 
issue with the bad quality for organic reactivity that comes from arbitrary parameters (Lu et 
al., 2013).  

The approach M06-2X is designed with organic reactions in mind. It is a meta-hybrid GGA 
functional, with 54% HF exchange. Hybrid functionals usually give much improved energies 
(ORCA, 2020a). PBEh-3c is a hybrid functional and a highly efficient electronic structure 
approach, performing particularly well in the optimization of geometries and for interaction 
energies of non-covalent complexes. The 3c part stands for three-fold corrected method and 
has a non-local Fock-exchange of 42%. The approach PBEh-3c compared to HF-3c has a 
larger computational cost but provides much better geometries, roughly at MP2 accuracy 
(Grimme et al., 2015). Another hybrid functional, recommended in a recent benchmark study 
as the best conventional global hybrid, is PW6B95 (Goerigk et al., 2017).     
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3.3.3 Semi-Empirical 
Semi-empirical theoretical models replace complex physics with empirical parameters (Chris 
Cramer, 2014f). Many semi-empirical methods are based on approximations to the HF 
theory. Another type of semi-empirical method is the density functional tight binding 
approach. Both classes of methods use a minimal basis set and involve multiple different 
approximations to electron integrals. This leads to an increase of computational efficiency. 
Semi-empirical QM methods are approaches to bridge the gap between ab initio and classical 
force field methods (Bannwarth et al., 2019). A disadvantage with the semi-empirical 
approaches is their lack of dynamic electron correlation (Christensen et al., 2016). 

GFN2-xTB is a tight-binding approach that is primarily designed for fast calculations of 
structures and non-covalent interaction energies for molecular systems with around a 
thousand atoms. This approach includes anisotropic second order density fluctuation effects 
via short-ranged damped interactions of cumulative atomic multipole moments. High 
computational efficiency and improved physics makes this method well-suited for exploring 
the conformational space of the molecular systems (Bannwarth et al., 2019).   

3.4 ORCA for QM/MM 

A high level of sophistication is required to achieve accepted accuracy and efficiency when 
performing computational calculations. Enzymes are too big for high-level QM methods, and 
MM methods are of questionable accuracy and cannot form or break bonds. Examining large 
systems with only ab initio methods is very computationally expensive. The computational 
cost increases exponentially with the size of active space. The hybrid QM/MM method 
(Figure 4) is a great implementation for larger systems when the aim is to have a high 
accuracy at a certain location. A relatively small region of the system can be modelled at the 
ab initio quantum chemical level. This part provides good precision for describing the 
reactive region. The rest of the system can be treated more approximately by MM methods. 
The way of combining these two methods is an essential component to enable realistic 
modelling of complex molecular structures (Friesner, 2005). 

The QM/MM approach is a well-established tool for studying enzymatic reactions and their 
mechanisms. ORCA is an ab initio quantum chemistry program package that contains 
modern electronic structure methods like the density functional theory. The QM/MM feature 
can be directly combined with other ORCA methods, which makes it easy to run all kinds of 
applications for large protein systems. Ranging from simple optimizations to MEP 
explorations and spectroscopic calculations. They also work for all kinds of optimizations, 
relaxed surface scans, NEB to find MEP, and frequency analysis. The force field parameters 
are important for the MM part of QM/MM (Neese & Wennmohs, 2020). 
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Figure 4. Overview of how a system can be divided into QM and MM regions. The region marked inside the dotted 
square is the QM region and the rest of the system is the MM region.  

For the QM/MM method the QM region is chosen to include the important part of the 
reaction, the residues that make up the catalytic triad and the substrate. The active region is 
defined as the MM region close to the QM region that is also allowed to move during the 
reaction. The frozen region will be treated with MM and are constrained during the reaction.  

3.5 Potential Energy Surfaces 

The PES definition comes from the idea that each structure/geometry has a unique energy. 
Geometry changes are smooth, and this will create a smooth energy landscape (Chris Cramer, 
2014a). The PES is a function of all atom coordinates. It is in a 3N-6 dimensional, where N is 
the number of atoms. PES makes it possible to visualise the relationship between molecular 
geometry and its energy. Also to find energetically stable geometries (minimum) or transition 
states (saddle points), determine the relative stability of conformations, visualise a dihedral 
profile and calculate a reaction’s enthalpy of activation (Purg, 2018). 

The PES depends in a fundamental way on the Born-Oppenheimer approximation, because 
the energy function is dependent only on coordinates of the nuclei. The Born-Oppenheimer 
approximation is the assumption that the electronic motion and nuclear motion in molecules 
can be separated. The motions of electrons can be decoupled from the nuclei because of their 
large difference in velocity. Electrons are relaxed much faster, and relaxed instantly when 
any changes in the nuclear geometry occurs, which gives a unique electron distribution for 
each geometry of the nuclei (Chris Cramer, 2014b; Purg, 2018).  

3.6 QM/MM Nudged Elastic Band  

The QM/MM nudge elastic band (NEB) method was used to find the mechanistic pathways. 
NEB is a tool for finding the minimum energy path (MEP) and the saddle point connecting 
the two minima. The MEP is the lowest energy path from one stable configuration to the 
other. It is a chain-of-states method, used to locate MEP in configurational space; it does this 
by approximating MEP as a series of points. Reactants and products are being connected via 
transition images. Each image is connected to the adjacent images by a spring, and the spring 
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force keeps the images separated. The chain will be adjusted on PES until the chain-of-state 
finds the MEP (Bohner et al., 2013; ORCA, 2020b; TTV2 Workshop, 2019). The spring 
constant is used to increase the density of images near the top of the energy barrier to get 
improved estimation of the reaction coordinates near the saddle point (Henkelman et al., 
2000). It is designed to converge to the MEP, but in practice the convergence goes to the 
saddle point and only partially to the MEP. The information from this is often sufficient. A 
great advantage of this method is that it only needs gradients, like surface scans. But unlike 
surface scans this method converges to MEP and allows appropriate saddle point 
optimization in the same job. For the NEB there is only a small bias toward the initial 
interpolated path, and no bias toward the choice of reaction coordinate (Bohner et al., 2013).   

With a QM/MM NEB method one can successfully study large complex biological systems 
and use it to find mechanical pathways. Through the QM/MM optimization of a NEB path, a 
reliable reaction pathway can be obtained and offer a detailed description of the reaction 
process. The QM/MM NEB calculation starts from an initial pathway connecting two end-
point structures, energy minima. The images along the NEB path are being optimized to MEP 
through force projection procedures, in which the potential forces act perpendicular to the 
path whereas the spring forces act along the path (Wang et al., 2015). NEB calculations 
carried out in combination with the QM/MM features, are performed to study the enzymatic 
catalysis. For large systems it is advised to use the active region feature for the NEB 
calculations.    

3.6.1 Climbing Image NEB 
Climbing image (CI) NEB is a variation of the NEB method. The method is used when the 
pathway has partially converged to the MEP. The effective force acting on the climbing 
image is transformed in such a way that it climbs uphill in energy along the tangent of the 
pathway, and downhill in the perpendicular direction. This force on the climbing image does 
not include any spring force. The density of the images becomes different on each side of the 
climbing images. As long as the estimate of the tangent is accurate enough the climbing 
image will converge to the point of the highest energy along the pathway (Neese & 
Wennmohs, 2020).       

3.7 Frequency Calculations  

NEB calculations provide potential energies of the system, and the subsequential frequency 
calculations provide an estimate of the Gibbs free energies. Numerical frequency calculations 
are quite expensive. The vibrational frequency calculations are generated through analytic 
differentiation of the self-consistent field energy as well as one- and two-sided numerical 
differentiation of analytic gradients (Neese & Wennmohs, 2020). The vibrational frequencies 
have one imaginary mode for one single value for the transition states. If a state has zero 
imaginary modes from the frequency calculations it indicates a minimum.  

4. Implementation 
The methods used for performing the computational calculations in this thesis project can be 
divided into three sections. The structure preparation, molecular dynamics (MD) simulations 
using NAMD, and quantum mechanics combined with molecular mechanics (QM/MM) using 
ORCA.  
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4.1 Structure Preparation of Lipase BplA and Substrate p-Nitrophenyl 
Butyrate 

The implementations started with enzyme preparations of BplA. Different characteristics of 
the lipase were studied with the Maestro Schrödinger tool. All of the 215 residues in the 
lipase were examined. The interesting residues are shown in Table 1. Any ionisable residues 
were investigated particularly carefully, to understand if they were in a correct state or need 
to be modified. If the residue with a certain protonation existed around the active site it could 
have a large effect on the activity. The histidines (His) were also investigated since they have 
a pKa close to 7. Polar amino acids with uncharged side chains, especially asparagine (Asn) 
and glutamine (Gln) were examined, and if they were buried in the middle of the enzyme 
their orientation mattered.  

For charged residues the pKa was examined. The ones that had a value within ±2 from the pH 
of the surrounding were studied closely, acids within negative 2 and bases within positive 2. 
The protein preparation wizard was used to find the protonation states. Experiments for the 
lipases were performed at pH 8.  

Table 1: Interesting residues, their pKa and concerning comments. 

Interesting residues pKa Comment to interesting residue 

His4 7.90 Delta position, HID. 

Asp73 6.18 Negative charge, quite far away from active site. 

Ser78 - Protonated, part of the catalytic triad. 

Asp134 2.66 Part of the catalytic triad. 

His157 6.48 Have a proton far away from Ser78. Part of the catalytic triad. 

 
After the preparation and familiarisation of the enzyme were performed, the substrate was 
modelled using Maestro. The docking of the substrate to the lipase was tried in Maestro using 
the GLIDE (Grid based LIgand Docking with Energetic) tool. GLIDE uses hierarchical filters 
and a grid to reduce the search problem (Schrödinger, 2021). However, in the end the 
docking ended up being done manually. The covalently bound substrate from the crystal 
structure was used as a template and then modified to match p-nitrophenyl butyrate. 
Thereafter the substrate conformation was minimized using Maestro, which means finding 
the arrangement in spaces with minimized energy.    

4.2 MD Simulations with the NAMD Program 

Molecular dynamics simulations were used to provide snapshots over the system to account 
for the dynamics of the protein. The first step for the MD simulation was to apply the tool 
CGenFF (CHARMM General Force Field). It performs atom typing and assignment of 
parameters and charges in a fully automated fashion (Vanommeslaeghe & MacKerell, 2012). 
The CGenFF was used on the substrate since it lacks force field parameters. The system that 
the CGenFF was performed on should have a penalty score that is between 10-50. The 
penalty score is returned for every bonded parameter and charge and makes it possible for the 
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user to determine the quality of the force field representation. If the penalty score is not 
between 10 and 50 additional optimizations were necessary. Validation of the parameters 
before use was recommended. For the lipase, CHARMM (Chemistry at Harvard 
Macromolecular Mechanics) 36 protein force field was employed (Vanommeslaeghe et al., 
2010).  

Thereafter, the tool Qwik MD and visual molecular dynamics were used (Ribeiro et al., 
2016). Qwik MD was used to generate the input files for nanoscale molecular dynamics 
(NAMD). MD were performed on the entire complex: substrate and enzyme. The initial data 
was the same for all the different protein dynamics that were generated. The protein 
trajectories were different due to different initial velocities. The resulting snapshots from the 
trajectories differ between one another. NAMD was used to generate the snapshots. NAMD 
is a MD simulations program, particularly used for large biomolecular systems and classic 
MD (Melo et al., 2018). By using miniconda and different python packages, clusters of 
substrate conformations were created from the snapshots.  

4.3 Substeps Performed with ORCA 

The following sections explain further how MD and QM/MM implementations were used to 
provide the PES, MEP and frequency calculations for the enzymatic reaction for the 
hydrolysis of p-nitrophenyl butyrate with BplA. Multiple substeps were performed with 
ORCA, some substeps finished within minutes while others took weeks to complete. The 
long computation time was due to some re-optimizations and different tests. These substeps 
were performed independently for acylation and deacylation.  

4.3.1 Replicates Set up with Parameter Files 
Five different clusters were chosen out of the MD simulations, and five replicates were 
chosen out of each cluster. These were all for the acylation process. There were no clusters 
for the deacylation process, because of the stable binding mode of the acyl-enzyme 
intermediate. 20 replicates were chosen out of the MD simulations for the deacylation. The 
parameters were set up for all the different replicates. MM parameters were converted from 
NAMD format to ORCA format using the ‘orca-mm’ tool.   

4.3.2 QM/MM Minimization with HF-3c  
The QM and active region were assigned different atom numbers for acylation and 
deacylation (Appendix S5). The active region consists of the atoms that are within 10Å from 
the QM region. A minimization with the HF-3c approach was performed for all the replicates, 
using the data from the previous substep, 4.3.1. The minimizations had constraints that 
resembled the different transition states (TS). This occurs in the middle of the ES  I 
mechanism with one transition state (TS1) for acylation, and in the middle of the I  TI  
PS mechanism with two transition states TS2 and TS3 for deacylation. For this substep a 
QM/MM MD methodology was used.  

4.3.3 Different Optimizations with PBEh-3c  
For the acylation process three different optimizations were performed using the PBEh-3c 
approach. PBEh-3c was chosen since it is a hybrid approach that is relatively cheap (Grimme 
et al., 2015). The optimizations for the acylation process were for the enzyme substrate state 
(ES), the first transition state (TS1) and the acyl-enzyme intermediate state (I1). With 
different constraints for the bond length between residues within the catalytic triad (Appendix 
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S6). The bond length constraints depended on the state of the reaction and the assumed 
distance between the atoms in the catalytic triad.   

For the deacylation process five different optimizations were performed using the PBEh-3c 
approach. The deacylation were expected to have two local maxima and three local minima, 
one between each maximum. The initial state for the deacylation was the acyl-enzyme 
intermediate state (I2). In I2 there is no p-nitrophenol group, as in I1. The loss of this probably 
leads to an extra decrease in energy. From this the deacylation process continues to a second 
transition state (TS2), then to a tetrahedral intermediate (TI) followed by a third transition 
state (TS3) and lastly the product state (PS). All these states were optimized using PBEh-3c 
and different bond length constraints (Appendix S6). 

4.3.4 NEB Generation of Initial Pathways  
The different state dependent optimizations are joined together for the processes. For the 
acylation, the pathway was from ES to TS1 and from TS1 to I1. The same was done for the 
deacylation process, from I2 to TS2 to TI and then to TS3 to lastly connect the PS. Through 
this substep initial pathways were created. The method used was the semi-empirical PM3 
approach and QM/MM NEB tool. The PM3 approach is cheap but not the most accurate but 
worked to simulate the initial pathway for the reaction mechanism.  

4.3.5 NEB Optimization 
For this substep the results from 4.3.4 were used as the initial material. The more accurate 
approach, PBEh-3c, and the QM/MM NEB tool were then used to optimize further. Two 
optimization algorithms called FIRE and L-BFGS were included to get the system to 
converge towards the MEP. FIRE stands for Fast Inertial Relaxation Engine, and L-BFGS 
stands for Limited-memory Broyden-Fletcher-Goldfarb-Shanno. The L-BFGS method is 
more aggressive and error-prone than the FIRE method when the NEB is far from MEP, but 
also more efficient to get the correct saddle point (Neese & Wennmohs, 2020). CI-NEB were 
performed together with the L-BFGS algorithm.  

When these computational calculations finished, the optimized QM/MM NEB was analysed. 
A script was used to plot the energy profiles. The NEB optimizations generated multiple 
energy profiles. These differed both between the clusters, and the replicates within each 
cluster. When analysing NEB snapshots, it was noticed that improvements were sometimes 
needed for the computational calculations. One improvement was increasing the number of 
steps taken by the FIRE algorithm, from 10 to 100. After rerunning the optimization, it was 
detected that the L-BFGS algorithm created some difficulties, probably because the FIRE 
optimization did not get the system close enough to the MEP before the other algorithm got 
started. Additional edits were made to correct for the issue.      

After another analysis of the energy profiles of the NEB optimizations, it was determined that 
the reaction mechanism needed further optimization. This was partly done by 
reparameterization of the pathway and by enabling redistribution of the images along the 
pathway for every N iteration. This was a way to stabilize, and hopefully improve the 
efficiency of the NEB calculation (Neese & Wennmohs, 2020).    

4.3.6 Alternative Position of the Asp134 Residue 
From the energy profiles of the NEB optimization, it was also detected that a few of the 
replicates had Asp134 in the wrong position. The energy profiles were a lot higher for these 
than for other replicates. The Asp134 residue had moved out of the position that it was 
expected to be in and therefore the catalytic triad did not exist. This changed the reaction 
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mechanism of the process. A water molecule had taken over the position of the Asp134 
residue. This was something that had occurred already during the MD simulation. To 
determine whether this was something that occurred often, the MD simulations were 
analysed, using a python script. The script loaded the trajectories using the MD-traj package.  

4.3.7 Iterative Optimization  
For the second last substep, iterative optimizations were performed. This substep consisted of 
five steps. Step one, three and five performed optimizations of the QM region with the PBEh-
3c approach, while step two and four optimized the active region outside of the QM region 
with force fields. The active region consisted of the atoms within 10Å from the QM region. 
Simultaneously, for step two and four, the QM region was constrained and described with the 
GFN2-xTB method. The QM region was optimized with an approach with higher accuracy 
when it was optimized alone, than when the force field optimizations of the active region 
were also included. By performing these optimizations iteratively, the environment can be 
adapted to the reactive system, without having to run them simultaneously.  

For acylation there were three separate iteration optimizations and the deacylation had five 
separate ones. There were optimizations for each state of the pathway from ES to PS. The 
different TS optimizations used the output file from the NEB optimization (4.3.5), while the 
other used the output file from earlier optimization with the PBEh-3c approach (performed in 
4.3.3).  

4.3.8 Frequency Calculations  
The frequency calculation was performed with ORCA in the last substep. CI-NEB helped 
find something close to the TS and with that we could optimize towards an even more correct 
estimate of the TS. Frequencies were calculated separately for each state of the pathway from 
ES to PS by using the output files provided in 4.3.7. The calculations were performed with 
the approach PBEh-3c and a tight optimization for ES, I1, I2 TI and PS. For the rest a 
transition state optimization was performed with the PBEh-3c approach.  

For the frequency, there was no analytical frequency which is more efficient than numerical. 
This led to the numerical frequency being used. The frequency calculations were performed 
to estimate the entropy and enthalpy of a state and to calculate Gibbs free energies. When the 
frequency calculations were finished the results were analysed. For the transition states there 
should only exist a single imaginary frequency, which indicates the saddle point. If there are 
zero imaginary frequencies the state is a minimum.  

4.4 Deciding on Optimization QM Approaches 

Initially many of the substeps performed with ORCA were computed with a simpler QM 
approach. For example, instead of HF-3c the approach GFN2-xTB was used, and instead of 
PBEh-3c TPSS. The idea was to perform quicker, less accurate initial optimizations that 
would make the computational calculations over all the substeps finish with a faster 
computational speed.  

To find the best optimization method for the system with both the accuracy and the 
computational speed the following approaches were tested: HF-3c, PBEh-3c, PW6B95/def2-
SVP, TPSS/def2-SVP, B3LYP/def2-SVP, M06-2X/def2-SVP. The def2-SVP part is a basis 
set. Single point energy optimizations were performed on all of them.  
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5. Results 
The execution of the methods provided multiple results and in the following section the 
important and valuable ones are presented. From the MD simulations the different cluster 
centres were provided, and from those that had a reasonable positioning of the Asp134, the 
interactions of the acylation process were possible to detect. Throughout the reaction 
mechanism the geometries and the free energies changed.  

5.1 MD Simulations Providing the Cluster Centres for the Acylation 
Process 

The parameter penalty from CGenFF was 71.000 and the charge penalty was 14.512 for the 
substrate. Even though the parameter penalty was above the accepted level it was still used 
for the creation of the clusters, since the complex would eventually be minimized with the 
more rigorous QM/MM methods. MD was performed with NAMD resulting in the 
trajectories. Then mdtraj and scikit learn, affinity propagation, were used to perform 
clustering of the substrate conformations for the snapshots from the acylation. The clusters 
were modelled by performing a principal component analysis (PCA). PCA is the process of 
computing the principal components (Jolliffe & Cadima, 2016). Only the first two principal 
components were used for the PCA in Figure 5, the black dots show the cluster centre for 
each cluster. The percentage in appearance differed between the seven clusters.  

 

Figure 5. Each dot is a snapshot, and the seven different colours are the seven different clusters. The black dot in 
each cluster is the cluster centra. The clusters have different percentages in appearance.  

To decide for which of the different clusters the further analysis was to be made on; the entire 
system was modelled and examined, pymol was used for this purpose, with different colours 
for the seven cluster centres (Figure 6-8). Two clusters centres had the substrate in an 
orientation that did not seem reasonable for the reaction mechanism and had the lowest 
percentage in appearance. For these cluster centres the p-nitrophenol group was pointing out 
of the lipases and not straight in the binding pocket as the other five cluster centres. These 
two are coloured in white and magenta in Figure 6-7, where different orientations of all the 
cluster centres are shown. In the following figures the cluster centres that had the p-
nitrophenol group pointing out are coloured in white and magenta. These two were not 
chosen for further computational calculations, but the rest were (Figure 8a). Figure 7 was 



27 

created to better demonstrate why two of these cluster centres were not chosen for the further 
analysis performed with ORCA.  

 

 

a) b)

Figure 6 a)-b). Modelled orientations of the seven different cluster centres that were generated using MD simulations 
for acylation, with different orientations. 

 

a) b) 

Figure 7 a)-b). A more zoomed in view of the seven cluster centres generated from MD simulations for acylation, with 
different orientations in the binding pocket.  
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   a)   b) 

Figure 8. A more zoomed in view over the binding pocket. a) The five cluster centres chosen for the QM/MM 
calculations. b) The three best fitted cluster centres. 

In Figure 8a the cluster centres that were chosen for the QM/MM are presented. The light 
pink/beige coloured cluster centra was chosen to provide a more detailed view of the 
reaction. Figure 9 shows detailed modelling over the interactions between the catalytic triad 
and the substrate before the acylation process began. The black dotted lines are the distance 
between atoms involved in the acylation process of the reaction mechanism. There is a 3.0Å 
distance between the carbonyl carbon on the substrate (RIL-277) and the oxygen on Ser78.   

           

a)  b) 

Figure 9 a)-b). Detailed modelling from one cluster centre over the catalytic triad before the acylation process starts, 
with different orientations.  
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The first step of the reaction mechanism is the attack of the carbonyl carbon on substrate by 
the oxygen on Ser78. The hydrogen on Ser78 has a distance of 2.2Å to the closest nitrogen on 
His157. His157 assists the attack by acting as a general base. The interaction between the 
oxygen on Asp134 and one of the hydrogens on His157 has a distance of 1.9Å before the 
reaction starts. This creates a hydrogen bond that stabilizes the histidine. Thereafter the p-
nitrophenol group is protonated by His157, and a new ester linkage is formed between the 
substrate carbonyl carbon and the enzyme. The acyl-enzyme intermediate has been created. 
The deacylation process starts with the acyl-enzyme intermediate reacting with a water 
molecule and through a few steps reaching the product state.  

5.2 Alternative Positioning of the Asp134 Residue  

From the python script used to analyse the MD simulations a histogram and a plot with data 
over the Asp-His distances were created (Figure 10). The distance Asp-His increased with the 
alternative position. For the expected Asp134 position the distance to His157 was 1.9Å 
(Figure 9). The histogram shows the number of snapshots for different Asp-His distances. 
Figure 10b shows a plot that describes all the snapshots in the MD simulations, each subplot 
is a trajectory and consists of 5000 snapshots.   

      

Figure 10a. A histogram of the number of snapshots 
for different Asp-His distances. 

Figure 10b. A plot of the snapshots for each 
simulation and the Asp-His distances. 

From the histogram it was shown that the majority of replicates exist with an Asp-His 
distance around 1.9Å but there are still a relatively large number with distances around 6Å. 
For figure 10b each 5000 snapshots are one separate trajectory, from that it was quite clear 
that the majority of the Asp-His distances that were longer than 2Å came from the first 
trajectory, the subplot at the top of Figure 10b. Indicating that the alternative Asp134 position 
has been generated during the first trajectory. 

5.3 Reaction Mechanism for Hydrolysis of p-Nitrophenyl Butyrate 
Performed by BplA 

From the implementations the reaction mechanism could be determined. The acylation and 
the deacylation process for the hydrolysis of p-nitrophenyl butyrate performed by BplA can 
be shown in Figure 11. The deacylation process is subsequential to the acylation processes. In 
the acylation process the interaction between Ser78 and His157 generates a strong 
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nucleophilic alkoxide ion on Ser78. The ion attacks the substrate’s carbonyl group which 
leads to an unstable negative charge on the carbonyl oxygen of the substrate. The negative 
charge is short-lived and forms back into a double bond, at the same time as the p-nitrophenol 
group is being protonated by His157. A new ester linkage is formed between the substrate 
carbonyl carbon and the enzyme, this is called the acyl-enzyme intermediate (I1) (Figure 
11a.) (Nelson & Cox, 2004).  

The acyl-enzyme is the starting point for the deacylation process (Figure 11b). An incoming 
water molecule is deprotonated in the general-base assisted nucleophilic addition of water to 
the acyl-enzyme intermediate (I2). The hydroxide attacks the ester linkage of the acyl-
enzyme. A tetrahedral intermediate (TI) is created. Thereafter the TI collapses and the 
product state (PS) is reached and the non-acylated enzyme is regenerated (Nelson & Cox, 
2004). 

 

a)  

 

b) 

Figure 11. Reaction mechanism over the hydrolysis of p-nitrophenyl butyrate catalysed by BplA. a) Acylation 
process, ES  TS1  I1. b) Deacylation process, I2  TI  PS.  

5.4 Geometry Analysis Over All the Processes for the Reaction 
Mechanism 

A geometry analysis was performed to provide graphical material over the geometric changes 
throughout the reaction mechanism. For different states of the process specific distances were 
chosen and examined. For the acylation, the reaction goes from ES to I1 and sometimes to 
I1*. For the deacylation, the process was divided into two steps. The first step goes from I2 to 
TI and the second from TI to PS.  

For acylation, the geometry analysis had almost identical graphs for all five clusters. The 
graphs in Figure 12 are the replicates from the first cluster. The leaving group is the p-
nitrophenol group (X). Figure 12a shows the distance between the substrate’s carbonyl 
carbon (C) reactive oxygen (O) on Ser78. That first part of the reaction, starting at ES, is a 
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nucleophilic attack that decreases the C-O distance from ~3Å to 1,5Å. Thereafter Ser78 is 
bound to the fatty acid tail on the substrate and the distance between C and X increases from 
1.5Å to ~3Å. This is a concerted associative mechanism.  

For Figure 12b the hydrogen (H) is first bound to oxygen on Ser78, the hydrogen gets closer 
and closer to His157, performing a protonation on it. The proton transfer from the hydrogen 
on Ser78 is almost complete when the reaction continues to move the leaving group further 
from the carbon on the substrate, going towards the I1 state. For two of the replicates in 
Figure 12b the p-nitrophenol group is protonated and move towards the I1* state. This gives a 
second increase of the H-N distance. This mechanism can also be seen in Figure 12c. In 
Figure 12c the C-O distance decreases simultaneously as the H-N distance decreases. For H-
N and C-O the proton transfer and the nucleophilic attack happens in a concerted fashion.  

 

a)       b) 

 

c)  

Figure 12 a)-c). Distances for reactive bonds for acylation, starting at ES. C is the carbon on the substrate and X is 
the p-nitrophenol group on the substrate. O is the reactive oxygen on Ser78. N is the nitrogen on His157, and the H is 
the hydrogen which performs protonation, which from the start belongs to Ser78.  

There were eight replicates chosen for the geometry analysis over the first deacylation step 
(Figure 13), all had nice energy profiles and a barrier MEP between 8 and 15 kcal/mol. A 
water molecule comes in and attacks the carbon on the acyl-enzyme intermediate, and this 
gives a decrease in the C-OH distance and an increase in the C-O distance, shown in Figure 
13a with a start from I2. OH is the marker for oxygen from the water molecule, and C is the 
carboxyl carbon on the acyl-enzyme. This process is assisted with His157, which 
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deprotonates the water molecule. The distance between one of the nitrogens on His157 and 
the hydrogen that performs the protonation decreases through the reaction mechanism, shown 
in Figure 13b-c. The C-O distance increases through the reaction since O is the oxygen on 
Ser78 that is about to dislocate from the acyl-enzyme (Figure 13a and 13c). In Figure 13 all 
the distances changed almost simultaneously.  

 

a)       b) 

 

c) 

Figure 13 a)-c). Distances for reactive bonds for the first deacylation step, starting from I2. The graphs are from eight 
replicates. C is the carbon on the substrate and OH is the marker for oxygen from the water molecule. H is the 
hydrogen from the water molecules that performs the protonation. O is the reactive oxygen on Ser78. 

In the last step of the process nine replicates were chosen for the geometry optimization, 
these were the ones that had good results from the NEB optimizations. In Figure 14 the 
oxygen that is connecting Ser78 to the substrate is protonated and the reaction mechanism 
goes from TI to PS. Figure 14a has both the H-N distance and the C-O distance increasing 
simultaneously when the hydrogen protonates the oxygen. In Figure 14b-c the C-OH distance 
decreases and the closer it gets the longer the distance between H-N and C-O becomes. 
Through the increased distance between C and O the expulsion of the second leaving group 
occurs.  
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a)       b)  

 

c)  

Figure 14 a)-c). Distances for reactive bonds for the second deacylation step,  starting from TI. The graphs are from 
nine replicates. C is the carbon on the substrate and OH is the marker for oxygen from the water molecule. H is the 
hydrogen from the water molecules that performs the protonation. O is the reactive oxygen on Ser78. 

For the entire deacylation there is a stable tetrahedral intermediate, which occurs after the 
first step. This indicates that the mechanism is associative and stepwise. It starts with a 
nucleophilic addition and then continues with the elimination of the leaving group.  

5.5 Determining the Best QM Method 

The different single point energy optimizations were plotted for different approaches. From 
Figure 15 it was possible to detect that some approaches were more consistent than others.  
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Figure 15. Approaches and their variation when performing single point energy optimizations on the HF-3c relaxed 
energy scans. The y-axis shows the relaxed energy, and the x-axis shows the distance between the oxygen on Ser78 
and the carbonyl carbon on the substrate. 

From Figure 15 the following observations were made. PBEh-3c gives more sensible looking 
energy profiles compared to TPSS, which was the initial choice of QM approach. The energy 
profile was similar between PBEh-3c and the PW6B95 approaches. The PW6B95 approaches 
are more accurate methods but also more computationally demanding than PBEh-3c. The 
calculations performed with PBEh-3c take less time. PBEh-3c is approximately 3.5 times 
slower than TPSS but appears to improve the accuracy dramatically, almost to the same as 
PW6B95. PBEh-3c were chosen as the approach of choice to provide an accurate model of 
the reaction mechanism within a reasonable time frame.  

5.6 The Rate-Limiting Step is the Formation of the Tetrahedral 
Intermediate  

From the frequency calculations three different states had one imaginary frequency, 
indicating that there are three transition states. Gibbs free energy, 'G, was provided from the 
frequency calculations, among other variables like the total entropy, total enthalpy and the 
thermal correction. 'G were used to create an energy plot for all the different states during 
the reaction mechanism, from this the rate-limiting step was found.  

The acylation and deacylation in Figure 16 are two parts of the reaction mechanism that were 
computed independently and so were the Gibbs free energies. The activation free energy for 
acylation is relative to the ES state and the activation free energy for deacylation is relative to 
the I2 state. The free energy difference between I1 and I2 is unknown. Between the first and 
second version of the acyl-enzyme intermediate, the p-nitrophenol leaving group from 
acylation has been removed, and from that a decrease in 'G is expected to occur. The 
barriers, TS1-3, can be compared since they were relative values for the individual processes. 
From Figure 16 the rate-limiting barrier is TS2, because it has a larger activation free energy 
than the other transition states. The rate-limiting step is the formation of the tetrahedral 
intermediate (TI), from I2.  
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Figure 16. Plot over the averaged values of Gibbs free energy over all the reaction states. The different energy 
barriers are the transition states (TS). Blue dotted lines are from the acylation process and green dotted lines are 
from the deacylation process.  

The rate-limiting step was the nucleophilic addition in the deacylation process, which gave 
the free energy barrier, TS2, with an activation free energy of 20.3 kcal/mol. Thereafter, the 
elimination of the leaving group was performed and gave a barrier around 19 kcal/mol. The 
barriers of the deacylation were larger than the one for the acylation process. The acylation 
had an activation free energy of 11.4 kcal/mol. All the different values for the calculated 
average 'G are presented in Table 2. Included in the table are also the standard error for each 
of the reaction states. The exponential averages can be seen in Appendix S2.  

Table 2. The values of the calculated average 'G for the different reaction states and the standard error.  
Reaction state 'G (kcal/mol) 

ES  TS1 11.39 r 0.99 
ES  I1 −3.28 r 0.88 
I2  TS2 20.33 r 2.00  
I2  TI 17.12 r 1.14  

I2  TS3 19.34 r 1.58  
I2  PS 3.11 r 0.71 
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6. Discussion 
From the start of the project the acylation was suspected to provide the rate-limiting step. 
Through analysis over the acylation reaction mechanism, it was noticed that the rate-limiting 
step probably appeared during the deacylation. By performing multiple analyses, the rate-
limiting step was seen as the formation of the tetrahedral intermediate, with a free energy 
barrier of 20.3 kcal/mol.  

6.1 Possible Reaction Mechanism for Acylation 

The acylation was chosen from the start of the project to be examined. Seven different 
reaction mechanisms for the acylation process were provided in the beginning of the project 
(Appendix S4). The structures for the reactants (ES) and products (PS) were also known. The 
stability was assumed highest for ES, and PS came second on the proposed stability scale. 
There are intermediates between these two and they differ in stability, lower than those for 
the reactants and products. The acylation is the first part of the enzymatic reaction. To 
determine the constraints (Appendix S6) for the possible reaction mechanisms the distances 
between the atoms involved in the reaction were studied (Appendix S3).  

6.2 Reaction Mechanism for the Entire Pathway  

For five of the reaction mechanisms for acylation the computational calculations were 
performed with a more robust method, and the results were analysed. From test energy 
profiles it was shown that the acylation process was most likely not the rate-limiting step, as 
first thought. Therefore, the deacylation process of the reaction was also modelled. With a 
time-limit for the project, it was decided that only one initial reaction mechanism would be 
examined for the acylation. The deacylation was also examined with only one reaction 
mechanism. All the substeps in 4.3 were performed for both of them, with a more accurate 
QM approach for the NEB optimization.  

6.3 Optimization Method for the Pathway 

The approach PBEh-3c was chosen for the optimizations. There were other possibilities 
shown in Figure 15, like the PW6B95 and B3LYP approaches. They could have been used 
instead of PBEh-3c as a more accurate QM approach, but both of them are more 
computationally demanding. The substep 4.3.5 was the most difficult one. The approaches 
had to be tested, and then the different algorithms also needed to be examined to find the 
optimal versions, to provide good NEBs. The NEBs needed to be as close to the MEP as 
possible to find the transition states.  

6.4 Various Problems that Affected the Geometry Analysis 

For the geometry analyses all the replicates were not used, due to various problems in the 
NEB optimizations, like high barrier MEP, high barrier energies and energy profiles with a 
lot of fluctuation. It would have been preferred if the analysis could have been done on all of 
the replicates, to get even clearer results. The results that were generated seemed to follow in 
the same path but maybe with a higher number of replicates present there could be a change 
in the result.  
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6.5 Solving the Asp134 Issue  

The analysis of the alternative positioning of the Asp134 residue was performed as a result of 
issues already occurring in the MD simulations. The problems that came with the alternative 
position of Asp134 could be solved before the different substeps with ORCA and thereby 
saved us time, which could been used for further optimizations The way to have handled this 
issue at an early stage would have been to analyse the MD simulations in a more careful way, 
and make sure alternative positioning of any kind were excluded before the computational 
calculations with QM/MM. 

6.6 Previous Research and Future Development 

The previous research, mentioned in Introduction and Background, created necessary 
information that I had great use of during my project. Both with what aspects were of interest 
but also how the crystal structure of the lipase and a substrate interacted. This project will 
hopefully contribute to future development by providing more knowledge of the reaction 
mechanism of the cold-adapted lipase, BplA.  

7. Conclusion 
To conclude, the acylation and the deacylation reaction of Bacillus pumilus Lipase A have 
been characterized in detail from multiple computational approaches. Through eight substeps 
with MD and QM/MM methodologies potential energy surfaces, minimum energy paths and 
frequency calculations for the enzymatic reaction were provided. The rate-limiting step was 
the formation of the tetrahedral intermediate, the nucleophilic addition during the 
deacylation. The largest free energy barrier provided from the results had an activation free 
energy of 20.3 kcal/mol. The barriers of the deacylation were larger than the one for the 
acylation process. By understanding further how the reaction mechanism works it is possible 
to use the cold-adapted lipase in new, and future, applications.  
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Appendix 
Appendix S1: The crystal structures over Bacillus subtilis lipase A and Bacillus pumilus 
lipase A show that the active site was strongly conserved, through the use of Uniprot. A 
sequence alignment between BslA and BplA was performed, and the sequence identity was 
71.163%.  

 

Figure S1. P37957 is the Bacillus subtilis lipase A sequence and W8FKE7 is the Bacillus pumilus lipase A sequence.  

Appendix S2: From the results of the frequency calculations the exponential averages of the 
free energy were calculated for the transition states. Exponential average gives the low 
energy values a larger part of the result than the high energy values. This was performed with 
equation [2]. Boltzmann’s constant is written as kB and 'Gi are all the values per reaction 
state.  

∆𝐺𝑒 =  −𝑘 𝑇𝑙𝑛 ∑ 𝑒− ∆𝐺
𝑇  =      [2] 

 
Table S2. The reaction states and the exponential averages of Gibbs free energy.  

Reaction state 'G (kcal/mol)  
ES  TS1 6.1 
I2  TS2 10.9 
I2  TS3 16.3 

 

The result from Table S2 indicated another rate-limiting step. All the values are a lot lower 
than the ones for Gibbs free energy, and its assumed rate-limiting step changes from TS2 to 
TS3. A way to increase the validation of the results would be to perform even more optimal 
NEB optimizations than the ones we ended up with. If there had been a longer time span for 
the project this is something that I would want to examine further.   
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Appendix S3: Distances to involved atoms for the possible reaction mechanisms for 
acylation.  

 
 
Figure S3. The different mechanisms and their chemical interactions with distances. 

Appendix S4: Possible reaction mechanisms/paths for the acylation process.  

Table S4. Possible mechanisms/paths and notations over them. 

Possible mechanisms/paths Notation over the mechanism 
ES  I Concerted 

ES  A  I Proton attack first 
ES  C  I Proton attack first 
ES  D  I Leaving group departure first 
ES  B  I - 

ES  A  C  I Proton attack first 
ES  B  C  I - 

 

Appendix S5.1: QM region for the acylation part: 

 qm_region_atoms = [ 

    " CB  SER A  78", " HB1 SER A  78", " HB2 SER A  78", " OG  SER A  78", 

    " HG1 SER A  78", " CA  SER A  78", " HA  SER A  78", " C   SER A  78", 

    " O   SER A  78",  

    " N   MET A  79", " HN  MET A  79",   
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    " CB  ASP A 134",  " HB1 ASP A 134", " HB2 ASP A 134", " CG  ASP A 134",  

    " OD1 ASP A 134", " OD2 ASP A 134",  

 

     " CB  HSD A 157", " HB1 HSD A 157", " HB2 HSD A 157",  

    " ND1 HSD A 157", " HD1 HSD A 157", " CG  HSD A 157", " CE1 HSD A 157",  

     " HE1 HSD A 157", " NE2 HSD A 157", " CD2 HSD A 157", " HD2 HSD A 157", 

 

    " C5  RIL B 277", " C7  RIL B 277", " C10 RIL B 277", " C13 RIL B 277", 

    " C1  RIL B 277", " O20 RIL B 277", " O21 RIL B 277", " C2  RIL B 277", 

    " C3  RIL B 277", " C4  RIL B 277", " C8  RIL B 277", " C6  RIL B 277", 

    " C9  RIL B 277", " N1  RIL B 277", " O1  RIL B 277", " O2  RIL B 277", 

    " H1  RIL B 277", " H2  RIL B 277", " H3  RIL B 277", " H4  RIL B 277", 

    " H51 RIL B 277", " H52 RIL B 277", " H53 RIL B 277", " H71 RIL B 277", 

    " H72 RIL B 277", "H101 RIL B 277", "H102 RIL B 277", "H131 RIL B 277", 

    "H132 RIL B 277"] 

 

Appendix S5.2: QM region for the deacylation part: 

qm_region_atoms = [ 

    " CB  SEB A  78", " HB2 SEB A  78", " OG  SEB A  78", 

    " CA  SEB A  78", " HA  SEB A  78", " C   SEB A  78", 

    " O   SEB A  78", " C1  SEB A  78", " C2  SEB A  78", 

    " C3  SEB A  78", " C4  SEB A  78", " C5  SEB A  78", 

    " O1  SEB A  78", " H21 SEB A  78", " H22 SEB A  78", 

    " H23 SEB A  78", " H31 SEB A  78", " H32 SEB A  78", 

    " H41 SEB A  78", " H42 SEB A  78", " H51 SEB A  78", 

    " H52 SEB A  78", 
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    " OH2 TIP3N   1", " H1  TIP3N   1", " H2  TIP3N   1",  

 

    " N   MET A  79", " HN  MET A  79", 

 

    " CB  ASP A 134", " HB1 ASP A 134", " HB2 ASP A 134", " CG  ASP A 134", 

    " OD1 ASP A 134", " OD2 ASP A 134", 

 

    " CB  HSD A 157", " HB1 HSD A 157", " HB2 HSD A 157", " ND1 HSD A 157", 

    " HD1 HSD A 157", " CG  HSD A 157", " CE1 HSD A 157", " HE1 HSD A 157", 

    " NE2 HSD A 157", " CD2 HSD A 157", " HD2 HSD A 157"] 

 

Appendix S6:     Constraints for ES optimization: 

    { B 2739 1160 2.2 C }  # RIL.C1 - Ser.OG 

    { B 1160 1161 1.1 C }  # Ser.OG - HG1 

Constraints for TS1 optimization: 

    { B 2739 1160 1.8 C }  # RIL.C1     - Ser.OG 

    { B 2336 1161 1.3 C }  # His157.NE2 - Ser.HG1 

Constraints for I1 optimization:  

    { B 2739 1160 1.6 C }  # RIL.C1 - Ser.OG 

    { B 2739 2741 2.2 C }  # RIL.C1 - RIL.O21 

    { B 2336 1161 1.2 C }  # His.NE2 - Ser.HG1 

Constraints for I2 optimization: 

   { B 1163 2749 2.2 C }  # SEB277.C1   -  TIP3PN1.OH2 

  { B 2350 2750 1.6 C }  # His157.NE2  -  TIP3PN1.H1 

Constraints for TS2 optimization: 

    { B 1163 2749 2.0 C }  # SEB277.C1   -  TIP3PN1.OH2 
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    { B 1163 1160 1.6 C }  # SEB277.C1   -  SEB277.OG 

    { B 2350 2750 1.3 C }  # His157.NE2  -  TIP3PN1.H1 

   Constraints for TI optimization: 

    { B 1163 2749 1.6 C }  # SEB277.C1   -  TIP3PN1.OH2 

    { B 1163 1160 1.6 C }  # SEB277.C1   -  SEB277.OG 

    { B 2350 2750 1.2 C }  # His157.NE2  -  TIP3PN1.H1 

           Constraints for TS3 (00) optimization: 

    { B 1163 2749 1.6 C }  # SEB277.C1   -  TIP3PN1.OH2 

    { B 1163 1160 2.6 C }  # SEB277.C1   -  SEB277.OG 

    { B 1160 2350 3.0 C }  # SEB277.OG   -  HIS157.NE2 

        Constraints for TS3 (01) optimization: 

    { B 1163 2749 1.6 C }  # SEB277.C1   -  TIP3PN1.OH2 

    { B 1163 1160 2.6 C }  # SEB277.C1   -  SEB277.OG 

    { B 1160 2750 1.2 C }  # SEB277.OG   -  TIP3PN1.H1 

    { B 2350 2750 1.8 C }  # His157.NE2  -  TIP3PN1.H1 

    { B 1160 2350 3.0 C }  # SEB277.OG   -  HIS157.NE2 

Need both the TS3 00 and TS3 01 constraints to work. Could not combine them. 

 

    Constraints for PS optimization: 

    { B 1163 2749 1.6 C }  # SEB277.C1   -  TIP3PN1.OH2 

    { B 1163 1160 2.6 C }  # SEB277.C1   -  SEB277.OG 

    { B 1160 2750 1.2 C }  # SEB277.OG   -  TIP3PN1.H1 

    { B 2350 2750 1.8 C }  # His157.NE2  -  TIP3PN1.H1 

    { B 1160 2350 3.0 C }  # SEB277.OG   -  HIS157.NE2 
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