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Abstract
Enzymes enable life by promoting chemical reactions that govern the metabolism of
all living organisms. As green catalysts, they have been extensively used in industry.
However, to reach their full potential, engineering is often required, which can benefit from a detailed understanding of the underlying reaction mechanism.
In Paper I, we screened for an esterase with promiscuous amidase activity capitalizing on a key hydrogen bond acceptor that is able to stabilize the rate limiting nitrogen inversion. In silico analyses revealed the esterase patatin as promising target
that indeed catalyzed amide hydrolysis when tested in vitro.
While key transition state stabilizers for amide hydrolysis are known, we were interested in increasing our fundamental understanding of terpene cyclase catalysis (Paper II-V).
In Paper II, kinetic studies in D2O-enriched buffers using a soluble diterpene
cyclase suggested that hydrogen tunneling is part of the rate-limiting protonation
step. In Paper III, we performed intense computational analyses on a bacterial
triterpene cyclase to show the influence of water flow on catalysis. Water movement
in the active site and in specific water channels, influencing transition state formation, was detected using streamline analysis. In Paper IV and V, we focused on
the human membrane-bound triterpene cyclase oxidosqualene cyclase. We first established a bacterial expression and purification protocol in Paper IV, before performing detailed in vitro and in silico analyses in Paper V. Our analyses showed an
entropy-driven reaction mechanism and the existence of a tunnel network in the
structure of the human enzyme. The influence of water network rearrangements on
the thermodynamics of the transition state formation were confirmed. Introducing
mutations in the tunnel lining residues severely affected the temperature dependence of the reaction by changing the water flow and network rearrangements in the
tunnels and concomitant the active site.
Keywords: catalytic mechanisms, terpene cyclase, triterpene cyclase, solvent dynamics, protein hydration, thermodynamics, quantum tunneling, polycyclization,
natural compounds, 𝛼/𝛽-hydrolase, esterase, amidase, enzyme engineering, biocatalysis
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Popular Scientific Summary
Enzymes are the cell’s catalysts. They accelerate chemical reactions, crucial for metabolic processes, and thereby enable life for all organisms. Most often they are proteins that perform chemistry at very mild conditions, such as a neutral pH, modest
temperatures and atmospheric pressure. Additionally, in comparison to many traditionally used chemical catalysts, they are characterized by their selectivity. Their potential as green catalysts, performing incredible chemistry at environmentallyfriendly conditions, has been explored in industry. In addition to using natural enzymes for industrial purposes, efforts to custom-tailor the biocatalysts for specific
needs has fascinated biochemists for decades and has generated a number of industry-applied biocatalysts. A detailed understanding of the performed reaction can
build a solid foundation for engineering processes.
Different enzymes catalyze different reactions but all of them accelerate the reaction
by lowering the activation energy, which is the energy barrier between the reactants
and the transition state on the way to product formation. A lowering of the activation
energy can be achieved using different strategies. In the studies comprised within
this thesis, we focused on two different enzyme classes: hydrolases and triterpene
cyclases.
Hydrolases perform hydrolytic reactions, where a chemical bond is cleaved using
water. Many hydrolases are essential for our digestion, like lipases that break down
lipids (fats). They are also commonly used in industry, for example in laundry detergents to remove stains from clothing, as a greener alternative to conventionally used
chemicals.
In Paper I, we applied the knowledge of a key interaction that lowers the activation
energy in the hydrolytic cleavage of amides to identify an esterase (a hydrolase that
uses esters as substrates and not amides) that can perform amide hydrolysis. Computational screening for a protein scaffold, which stabilizes this key interaction, revealed the potato enzyme patatin as a promising target. In vitro analysis of patatin
indeed showed that this enzyme exhibits amidase activity. This study highlights, how
a deeper understanding of the reaction mechanism can help in finding enzymes that
can perform a certain reaction, even if only with low activity. Those hits can be a good
starting point for further engineering strategies.
While the key activity shifter of hydrolases has been known, we were interested in
increasing our fundamental understanding of terpene cyclase catalysis for future engineering (Paper II to V).
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Terpene cyclases, perform elaborate reactions to produce complex scaffolds, which
can have different beneficial functions. These multicyclic compounds can possess
anti-microbial, anti-cancer, and anti-viral properties and are therefore of high industrial and pharmaceutical value. The human triterpene cyclase produces the precursor to all steroids, which forms the backbone of many hormones, vitamins, and
signaling compounds. In Paper II to V, we focused on elucidating fundamentals of
the terpene cyclase reaction mechanism.
In Paper II, analyses with a soluble terpene cyclase using heavy water (D2O) showed
that hydrogen tunneling, describing an atom moving through instead of over the
above-mentioned energy barrier, is part of the reaction.
Paper III to V evolve around a subclass of terpene cyclases – the triterpene cyclases.
Computational analyses of a bacterial triterpene cyclase performed in Paper III,
revealed that water molecules in the enzyme structure move in distinct streamlines.
This water movement seems to be specific at different stages of the catalytic cycle,
which could affect the lowering of the activation energy.
The protein structures of triterpene cyclases are very conserved, that is why in Paper
IV and Paper V, we put our attention towards the human oxidosqualene cyclase
and analyzed if water movement also impacts the catalytic reaction performed by the
human enzyme. First, we had to establish an easy-to-handle bacterial expression and
purification protocol (Paper IV) to produce large quantities of the enzyme, before
we performed the extensive in vitro and in silico analyses presented in Paper V.
Our analyses showed that the enzyme’s structure is honeycombed with a tunnel network that allows water molecules to move within the structure. Furthermore, we
were able to show that water network rearrangements immensely influence the activation barrier between substrates and products. We introduced tunnel obscuring
mutations in the tunnel linings, which severely affected the reaction energetics by
changing the water flow in the tunnels and concomitant active site.
In summary, the presented studies highlight the potential of understanding reaction
mechanisms for enzyme engineering and the influence of solvent rearrangements on
enzyme catalysis.
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Populärvetenskaplig Sammanfattning
Enzymer är cellens katalysatorer. De är proteiner som accelererar kemiska reaktioner som är nödvändiga för metaboliska processer, och därmed möjliggör allt liv
som vi känner det. De kan genomföra molekylära modifikationer under milda förhållanden med avseende på pH, temperatur och tryck. Jämfört med traditionell syntetisk kemi erbjuder ofta enzymer en hög grad av precision och selektivitet. Enzymer
utforskas därför inom industrin för sin potential som ”gröna” katalysatorer av komplexa molekylsynteser under milda reaktionsförhållanden. Utöver användandet av
naturens egna enzymer har ambitionen att skräddarsy artificiella enzymer för särskilda syften fascinerat biokemister i årtionden och lett till utveckling av en rad industriellt gångbara biokatalysatorer. En detaljerad förståelse för dessa molekylära
processer skulle kunna ge en solid grund för framskridandet av sådan teknik. I naturen finns enzymer för en ofantlig variation av kemiska reaktioner, alla med samma
gemensamma strategi; att accelerera reaktionshastigheten genom att sänka aktiveringsenergin som utgör tröskeln för att kunna konvertera substrat (reaktant) till produkt. Sänkning av aktiveringsenergin kan ske genom ett antal olika tillvägagångssätt. I studierna som omfattas av denna avhandling ligger fokus på två olika enzymklasser: hydrolaser och triterpencyklaser.
Hydrolaser katalyserar hydrolytiska reaktioner, där kemiska bindningar klyvs genom inkorporering av vatten. Många hydrolaser är essentiella för vår matspjälkning
som till exempel lipaser, vilka bryter ner lipider (fetter) i kroppen. Dessa är även
vanligt förekommande inom industrin som exempelvis komponenter i tvättmedel
för att få bort fläckar på ett mer skonsamt sätt än med konventionellt använda kemikalier.
I Artikel I använde vi oss av tidigare kunskap om en molekylär nyckelinteraktion
som sänker aktiveringsenergin för den hydrolytiska reaktionen för klyvandet av amider för att upptäcka ett esteras (ett hydrolas som använder estrar som substrat istället för amider) som kan hydrolysera amider. Efter screenande av potentiella enzymkandidater som stabiliserar denna nyckelinteraktion, valdes potatisenzymet patatin
som ett lovande esteras att fokusera på. In vitro-studier av patatin visade sedermera
att enzymet mycket riktigt uppvisade amidas-aktivitet. Denna studie understryker
vikten av hur djupgående förståelse av enzymers reaktionsmekanismer kan bidra till
att upptäcka nya reaktioner, om än med låg aktivitet. Dessa förståelse utgör startpunkten för fortsatta utvecklingsstrategier inom teknologin.
Medan skiftet av aktivitet för detta hydrolas tidigare varit känt för studien sammanfattad i Artikel I, så ville vi intressera oss för mer fundamentala aspekter inom enzymkatalys hos terpencyklaser för framtida enzymteknik (Artikel II till V).
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Terpencyklaser har förmågan att syntetisera komplexa molekylära strukturer genom
katalys av mycket sofistikerade reaktioner. Dessa producerar multicykliska molekyler med en rad intressanta biologiska egenskaper såsom anti-mikrobiella, anti-cancer och anti-virala, och är därför av stort industriellt och farmaceutiskt värde. Det
mänskliga triterpencyklaset producerar en molekyl som är föregångare till alla steroiderer, vilka utgör stommen i många hormoner, vitaminer och signalämnen.
I Artikel II till V, riktade vi in oss på att försöka klargöra fundamentala delar i terpencyklasens mekanism. I Artikel II utfördes analyser av reaktionsmekanismen
med terpencyklas löst i tungt vatten (D2O), vilka uppvisade ett fenomen kallat ”hydrogen tunneling” (vätetunnling) där en atom rörs genom, istället för över, den tidigare nämnda aktiveringsenergi-barriären.
Artikel II till V elaborerar kring en subklass av terpencyklaser – triterpencyklaser.
Beräkningssimuleringar av ett bakteriellt triterpencyklas som genomfördes i Artikel III avslöjade vattenmolekylers rörelsemönster enligt distinkta strömlinjer i enzymets struktur. Dessa rörelsemönster är specifika vid olika stadier i den katalytiska
mekanismen och bidrar till sänkandet av aktiveringsenergin hos denna enzymklass.
Triterpencyklasers proteinstrukturer är mycket lika varandra, vilket är anledningen
till att vi i Artikel IV och Artikel V lade fokus mot det mänskliga oxidoskvalencyklaset och analyserade huruvida vattnets rörelsemönster inverkade på katalysen
hos det mänskliga enzymet också. Det var i första hand nödvändigt att ta fram en
lättanvänd metod för bakteriellt utryck och proteinrening (Artikel IV) för produktion av stora mängder av enzymet innan genomförandet av omfattande in vitro- och
in silico-analyser (Artikel V). Våra analyser påvisade en enzymstruktur med håligheter, utgörande ett tunnelnätverk som möjliggör vattenmolekylers rörelse inom
proteinet. Vidare kunde vi visa att omordning av vattenmolekylers nätverk kraftigt
påverkar aktiveringsenergi-barriären. Vi introducerade obstruerande mutationer i
nämnda tunnlar vilket hade avgörande effekt på energin för reaktionen genom at
ändra vattnets flöde i tunnlarna och samtidigt även det aktiva sätet (enzymets center
där reaktionen äger rum).
Sammanfattningsvis betonar dessa studier potentialen av fundamental kunskap om
enzymers reaktionsmekanismer för utvecklandet av nya tekniker samt effekten av
omordning av lösningsmedel (vatten) inom enzymkatalys.
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On Catalytic Mechanisms for Rational Enzyme Design Strategies

Thesis Outline
This thesis highlights the importance and potential of understanding catalytic mechanisms for the further development of comprehensive rational engineering strategies.
Chapter I gives an overall introduction to enzymes, their structure and use in biocatalysis and their engineering potential. It also includes a section about the basics
and methods used for computer-aided protein design.
Chapter II deals with basic catalytic strategies, analytic tools to investigate enzyme
catalysis and introduces thermodynamic principles. Protein dynamics and the influence of hydration and solvent movement on the thermodynamics of the system, with
a focus on entropy of the reaction and catalysis, are elucidated in more detail.
Chapter III and IV introduce hydrolases and terpene cyclases, the enzyme classes
and enzymes analyzed within the scope of this thesis.
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I.

Enzymes

Enzymes (from the Greek enzymos, leavened or in yeast [1]) are protein-based biological catalysts (biocatalysts). They can accelerate chemical reactions up to a factor
of 1026 compared to the uncatalyzed reaction [2]. The fastest enzymes reach kinetic
perfection and work at the diffusion limit, where the rate limiting step is the diffusion
of the substrate or product in or out of the active site [3]. Almost all reactions occurring in cells and viruses need enzymatic catalysis for essential metabolic processes
to occur at rates compatible with life. Essential reactions that would otherwise take
up to hundreds or thousands of years or longer are accelerated up to sub-second
timescales [4]. Humans have made use of enzymatic activity for centuries without
knowing the molecular mechanisms governing the processes. The use of yeast in
sugar fermentation to alcohol for the enzymatic production of wine predates
6000 BC and evidence for the production of cheese for dairy preservation dates back
to 5500 BC [5]. Since then, enzymes in the form of yeast cultures, vegetable extracts
or rennet have been used in many biotechnological applications, such as in the food
production, in fermentation processes, dairy production, bread making, and meat
tenderizing.
Jöns Jacob Berzelius was the first to acknowledge a special catalytic power of living
tissue and sap coming from plants and animals that enhance chemical reactions in
1838 [6]. He was also the one to coin the word protein (from the Greek proteios,
meaning primary) [7]. The connection that most enzymes are proteins came much
later, with the first purification and crystallization of the enzyme urease from jack
beans in 1926 by Sumner [8]. The new insight and understanding eventually led to
the publication of the first 3D protein structure of myoglobin in 1958 [9] and the first
enzyme structure of lysozyme in 1965 [10]. This propelled a structural revolution in
protein science and enzymology. Today, 132,902 protein structures are reported in
PDB (Protein Data Bank, as of August 2018).
Structure elucidation has had an incredible impact on the pharmaceutical industry
as it allows a more targeted structural approach in drug design [11], but also on the
biotechnology sector. Enzymes as biocatalysts are widely used in a variety of different industries [12]. However, there is often a need for enzyme engineering to generate the highly efficient and specialized enzymes used in industry today, especially for
the production of novel compounds [13, 14]. The design process is simplified, when
structural knowledge can be implemented.
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Enzyme Structure
Most catalytic activities in the cell are performed by protein-based catalysts that are
composed of varying sequences of smaller building blocks, the amino acids. There
are 20 different proteinogenic amino acids with varying side chain properties that
are connected via peptide bonds between their carboxy (C-) and amino (N-) -termini
to form peptides and polypeptides (Figure 1 A and B). The polypeptide chain can
consist of tens to tens of thousands of residues [15, 16]. The linear amino acid sequence is referred to as the primary structure of a protein (Figure 1 B). Interactions
between backbone atoms of the biopolymer chain (mostly hydrogen bonds) dictate
the formation of structural patterns called 𝛼-helices, 𝛽-sheets or loops (Figure 1 C).
These secondary structural elements are arranged into a three-dimensional tertiary
structure (Figure 1 D) that imparts protein function [17]. In addition to hydrogen
bonds, the tertiary structure can be stabilized by other factors, such as hydrophobic
effects, ionic interactions and salt bridges between the side chain residues, or by covalent interactions, such as disulfide bridges. Several tertiary structures of the same
or different macromolecules can also cluster together and form a quaternary fold
(Figure 1 E).
The amino acid sequence usually determines the structure of the protein, which in
turn confers a protein’s function [17]. Despite the countless different primary structures, only a couple of hundreds of different tertiary protein folds have been observed
in nature [18]. Enzymes performing similar reactions often share a common fold,
such as the 𝛼/𝛽-hydrolases (see 𝛼/𝛽-Hydrolases and Esterases). The structurefunction relationship puts larger evolutionary constraints on the structure compared
to the sequence. If a mutation changes an amino acid, it doesn´t necessarily mean
that the structure is changed. But if the structure is changed, the mutation is much
more likely to impact the protein’s function. Catalytic residues, such as the catalytic
triad in the 𝛼/𝛽-hydrolases (see 𝛼/𝛽-Hydrolases and Esterases), are an exception and are highly conserved; mutagenesis will directly affect activity. Under the
selective pressure caused by evolution, the organism holding a functionally negative
mutated protein will eventually be eradicated. This results in protein structures being more conserved than their amino acid sequences [19].
More recently it has been shown that, despite the fact that most catalytic function in
the cell is executed by protein-based enzymes, RNA-based catalysts (Ribozymes) like
the Ribosome exist [20]. Their discovery in the 1980s is seen as major evidence for
the RNA-world hypothesis as the origin of life, in which ribozymes are proposed to
be the most ancient biological catalysts [21].
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Figure 1: Protein structure. A: Two amino acids with side chains R1 and R2 are linked via a peptide bond (blue)
in a condensation reaction, resulting in a peptide and water (green). In the cell, this reaction is performed by
the ribosome using aminoacyl-tRNAs that carry the amino acids. B: Primary protein structure in form of a
linear, unfolded polypeptide chain. C: 𝛼-helices (blue) and 𝛽-sheets (cyan) as secondary structural elements,
represented as ribbons. D: Tertiary protein structure colored according to C with loops shown in grey. E: Quaternary protein structure with the different monomers colored in purple, green and cyan.
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Biocatalysis and Enzyme Engineering
Biocatalysis is generally defined as the industrial use of enzymes and whole cells in
green chemistry applications [13]. Enzymes are very specific and selective and can
be employed under mild reaction conditions in terms of temperature, pressure and
solvent and are therefore regarded as an attractive alternative to traditional chemical
synthesis [13]. Enzymes can either be used as catalysts in the manufacturing of a
commercial product, for example for the production of high fructose corn syrup using glucose isomerase [22], or the enzyme can be the commercial product itself, such
as lipases that are a key component of detergents [23]. Drawbacks of using enzymes
for industrial purposes compared to traditional chemical catalysis can be the high
cost of enzyme production -which might include enzyme purification-, possible substrate, and product inhibition, low solubility of substrate or product [24] and limited
operating conditions (pH, temperature, solvent tolerance) [25]. Therefore, cheap
and easy expression systems are crucial to enable thorough enzymatic analysis (see
Paper IV) and the large-scale production and industrial use of biocatalysts. Additionally, enzymes are often used for purposes or under conditions that they did not
naturally evolve for, so that they require modifications to meet the desired needs [13,
26]. Molecular biology techniques, such as DNA mutagenesis but also the incorporation of unnatural amino acids [27], allow alteration of the protein sequence, leading to a modified amino acid chain with possibly new structure and/or function. Enzyme engineering studies can target the enzyme’s structural stability [28], activity in
different environments [29, 30], substrate scope [29, 31] and product profile [32].
Generally, enzyme engineering strategies can be categorized into rational, random,
semi-rational and de novo design approaches.
The random engineering approach (Figure 2, left), often in the form of directed
evolution, does not require much knowledge about the protein structure and catalytic mechanism. Random mutagenesis, for example by error-prone Polymerase
Chain Reaction (PCR), usually leads to large libraries (>1000) of mutated DNA sequences that can be transformed into the selected host organism. A screening process tailored to the enzymes’ catalytic activity can be used to select hit candidates
that are expressed and tested in more detail. The best variant is then subjected to
another round of random mutagenesis in an iterative process, until a protein variant
with the desired features is generated. The screening process is pivotal for the selection of the catalyst, which is often summarized as “you get what you screen for” – the
first law of directed evolution coined by Frances Arnold, a pioneer in this field [33].
One drawback of such a traditional directed evolutionary approach is the fact, that
each generated variant is independent of the other variants in the library, meaning
that beneficial substitutions (and also deleterious mutations) cannot be shared with
the other library members and have to be “found” individually. To overcome this
problem, a DNA shuffling step can be introduced, where the genes in the library are
fragmented by digestion and randomly recombined by homologous recombination,
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which enables lateral combination of beneficial mutations [34]. Random mutagenesis approaches can lead to mutations widely spread throughout the protein sequence
and structure, and final enzyme variants can contain mutations far away from the
catalytic active site. The consequence and influence of the introduced mutations on
enzymatic activity is usually analyzed after obtaining the variant with the desired
features and can lead to a rational understanding [35]. Such analysis can also reveal
the influence of mutations in second or third shell residues on activity regulation
mechanisms by for example protein [36, 37] or potentially solvent dynamics.
Random engineering

Rational design

Random mutagenesis (error-prone PCR)
Transformation
Protein expression and puriﬁcation
Screening and selection
Biochemical testing
of selected enzymes

In silico enzyme design
Site-directed mutagenesis
Transformation
Protein expression and puriﬁcation
Biochemical testing
of engineered enzyme

Engineered enzyme with
improved properties

Figure 2: Random engineering and rational enzyme design. Left: The random engineering approach usually
labelled as directed evolution does not require any prior knowledge of structure or catalytic mechanism. Random mutations are introduced to the DNA sequence, e.g. by error-prone PCR, the generated sequences (the
library) are transformed into the host of choice, protein variants (yellow mutations) are expressed and eventually purified. The large number of generated sequences requires an additional screening and selection process and then further biochemical characterization of the generated variants. Usually, directed evolution is
performed as an iterative process, where an overall very large number of variants is generated and tested,
requiring a simple assay to test for the desired trait. Right: Rational enzyme design is a knowledge-based
engineering strategy, where mutagenesis-sites are usually chosen in silico based on previously gathered information, such as structure elucidation. Specific mutations (blue) are introduced by site-directed mutagenesis;
the altered sequence is transformed into the host of choice and the protein variant is expressed, purified and
tested for the desired trait. Enzyme in grey, mutations in blue and yellow.

Random engineering approaches can generally be applied in cases, where no structural knowledge is prevailing or when the catalytic mechanism is unknown. In contrast, rational enzyme engineering strategies (Figure 2, right) require an in-depth
understanding of the protein structure and the catalytic mechanism and often involve computational analyses (see Analysis of Computational Models and Applications for Enzyme Engineering) as well. Important residues that supposedly influence the targeted feature are changed purposely to generate a single or multiple number of variants that are expressed in the host of choice and analyzed with
respect to the specific feature [38].
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Semi-rational engineering strategies, a combination of both approaches, lead to a
more targeted generation of a smaller library with mutations located in a certain selected area, which presumably impacts the trait to be optimized [39, 40]. One semirational enzyme engineering method based on structural knowledge widely applied
in the field is the CAST (Combinatorial Active site Saturation Test) method [41, 42].
By targeting two to three spatially close amino acids simultaneously, this method
allows cooperative, synergistic effects in a small mutant library. Followed by a traditional directed evolutionary approach, even more diverse but small libraries can be
generated [41].
Engineering approaches do not only focus on improving already existing reactions,
but also on generating catalysts that can promote reactions new to nature [14, 43].
For this purpose and in general semi-rational design strategies, choosing the right
structural backbone as starting point for further engineering is crucial. A promising
strategy to do so, is to exploit and evolve promiscuity [44-46], the ability of many
enzymes to perform side activities in addition to their native catalyzed reaction [47].
It has been hypothesized that also in nature promiscuous activities serve as starting
points for the natural evolution of enzymes with new catalytic functions [48]. Finding a backbone with potential side activities towards the desired reaction requires a
deep understanding of the catalytic mechanism of both the natural and the new reaction (explored in Paper I).
However, not only natural enzyme scaffolds can be promising starting points for further engineering attempts. More recently such starting points have been designed de
novo. In contrast to the above described methods, de novo protein design does not
rely on already existing scaffolds but focuses on designing new structures from
scratch. The design of the novel backbones is based on physical and not natures’
principles, which enables introducing enzymatic activity to sequences and structures
new to nature [49]. Do novo protein design heavily relies on computational analysis
(see Computational Methods for Enzyme Engineering) [50]. Besides designing whole novel protein scaffolds, de novo enzyme design, where a computed Transition State (TS) structure of a desired reaction is docked into an already existing
backbone to find a promising scaffold, has been explored as well [51]. And although
de novo enzymes have been designed [50, 51], their catalytic activities are usually
low and they are often improved by including a subsequent directed evolution approach to optimize the designed backbone [52, 53]. These directed evolution experiments can lead to mutations far away from the active site, probably changing solvation and protein stability [54].
The fact that to date, we are not able to design high biocatalytic activity from scratch,
resembling natural turn over numbers, highlights that our understanding of enzymatic activity and influences of the structure and solvation on catalysis is not complete. However, for semi-rational, rational engineering and de novo approaches to
improve a catalyst or to introduce new reactivities, a profound knowledge of the catalytic mechanism as well as the structure-function relationship is crucial.
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Computational methods can aid in gaining a deeper insight into the structure, dynamics and catalytic mechanisms of a desired reaction – both for improving an already existing reaction and for the de novo design of catalytic activities.

Computational Methods for Enzyme Engineering
Many modern enzyme engineering strategies include analysis of in silico models to
understand, improve, and design enzymatic activity. A model, defined as larger (or
smaller) representation of the object of interest, is easy to handle, simplified and
helps to explain, control and predict events and allows the analysis of “what if” scenarios. The generation and analysis of in silico models, based on the protein structure, can thus help in investigating reaction mechanisms (Paper III, Paper V), in
analyzing protein structure and dynamics and in redesigning catalytic activity. Furthermore, computational models can aid in creating more focused libraries in semirational approaches, or in finding promiscuous scaffolds (Paper I) and are crucial
in de novo design. Results presented in this thesis contain conclusions drawn from
analyses of static models and Molecular Dynamics (MD) trajectories, mostly focusing on properties of the protein structures and changes in solvation. Therefore, the
following sections focus on the generation of MD trajectories, on analyses performed
within this thesis, and on typical examples of in silico-based enzyme engineering approaches.
Model Generation and Dynamic Trajectories
Most commonly used approaches to generate enzyme models are either empirical,
such as Molecular Mechanics (MM), MD and Docking methods or rely on ab initio
calculations, based on quantum chemistry (Quantum Mechanics, QM). The modelling methods do not only differ in their fundamental principles but also in the time
scales they allow to model (Figure 3). This is mostly limited by computer power.
Static MM and progressive MD (evolution of the system over time) simulations use
force fields (ff) to calculate the potential energies of all parts of the model. For simplification, atoms are treated as single particles with an assigned mass, radius, polarizability, and constant net charge. Bonds are treated as springs with an equilibrium distance equal to the experimental or calculated (by precise QM calculations)
bond length. The same applies for bond angle bending and dihedral angles. Intraand intermolecular interaction of the different atoms and molecules of the system
are described by different equations comprised in the ff. They can be based both on
empirical observations and quantum mechanics calculations and allow determination of the potential energies. The potential energies of the molecules equal the sum
of energy terms for covalent and noncovalent interactions between atoms. Covalent
interactions comprise energies for bond stretching, angle bending, rotation and the
dihedral angle, whereas noncovalent interactions include electrostatic and van der
Waals interactions. ffs differ in functional forms and parameters and are therefore
suitable for different structures.
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Figure 3: Time scales of motions associated with enzyme structure and catalysis and in silico methods that
can capture them. The length of ab initio MD and QM/MM MD mainly depends on the size of the regions
treated using QM.

For the simulation of proteins most commonly used ffs are AMBER [55] (used in
Paper III), CHARMM [56] and GROMOS (developed for GROMACS [57]). Some
programs incorporate their own ffs, such as YAMBER [58], an AMBER based ff developed for the user-friendly simulation program YASARA [58] (used in Paper II,
Paper V). MM energy minimizations are frequently used for the preparation of
structures for following MD simulations. The experimentally determined structure,
a common starting point for MD simulations of proteins, often does not represent
the natural solvated form of the protein. There could be artefacts from crystal packing, for example. The natural structure usually corresponds to the most stable complex at the potential energy minimum [59]. Therefore, an energy minimization step
that brings the structure to a low potential energy-geometry, can prepare the structure for further analysis. Different minimization techniques use different amounts
of energetic information. An increasing amount of energetic information makes it
easier to find the global energy minimum but comes at an increased computational
cost. Energy minimizations in YASARA, using the YAMBER ff, start with a first-order steepest descent minimization, which gives a first approximation of the structure
at a potential energy minimum. This is followed by a simulated annealing step until
the potential energy of the structure converges and the structure is at its energy minimized fold. As mentioned above, ffs build not only the basis for static MM methods
but also for the generation of MD trajectories, which simulate the dynamic evolution
of the system over time (t). The trajectories of the atoms in the molecular system are
calculated by numerically solving Newton’s equations of motion. The forces that the
different molecules of the system exert on each other (calculated using the ff), determine their behavior in the system and with that the position of the particle at time
t+𝛥t. Such ff-based in silico models can be analyzed in numerous different ways and
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build the basis for many successful rational, semi-rational or de novo enzyme engineering studies [52, 60-62]. Because in such ff-based methods each atom is treated
as single particle, energies are calculated as functions of the nuclear positions only
and electronic motions are not considered. Therefore, electron distribution and with
that bond breakage and formation (reactions) cannot be studied using MM and MD
simulations. However, high-energy intermediates can be used to represent the TS
during MD simulations.
In contrast, QM methods and ab initio MD, capitalize on the wave-particle duality
of the atoms, so that electronic rearrangement processes -chemical reactions- can be
followed. To simulate molecular systems and their potential energies and electronic
structures on such detailed level, different quantum theories can be incorporated to
solve the wavefunctions of the particles. A frequently used method is Density Functional Theory (DFT). The detail of these calculations allows their application mostly
to smaller systems and is limited by computer power. Therefore, hybrid QM/MM
[63] and QM/MM MD methods have been developed. For the simulation of enzymes
and their catalyzed reactions, the active site region can be treated with QM, whereas
the rest of the protein body is treated with lower cost MM methods. The QM/MM
interaction region is very complex and the coupling of the two differently treated
areas is an active field of development today.
Dynamic simulations (both MD, ab initio MD and hybrid QM/MM MD systems) are
influenced by external parameters such as pH, temperature and solvation. These parameters need to be controlled. When modelling protein structures, usually a big
number of water molecules has to be included in the model, which comes along with
a computational cost. However, there are different solvent models that treat the solvent in the simulation box differently. If the movement of single water molecules and
specific interactions with water molecules (hydrogen bonds for example) are not the
center of the study, implicit solvent models can be applied. The solvent is thereby
treated as polarizable continuum with a dielectric constant 𝛆. In explicit solvent
models, on the contrary, each single solvent molecule is simulated individually,
which requires incorporation of empirical interaction potentials between solvent and
solute and between the solvent molecules and makes the simulations longer and
computationally more expensive. However, within the studies in this thesis, we were
mostly interested in solvent dynamics and water network rearrangements, so that
explicit simulations of water molecules were necessary (see Paper III and Paper
V).
Analysis of Computational Models and Applications for Enzyme Engineering
Before an enzyme can be engineered rationally based on a computational model, the
model or MD trajectory has to be analyzed accordingly. This is not limited to the
protein structure and dynamics but also includes solvation and water network rearrangements.
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Analyses based on the structure include a simple but effective visual inspection of
the active regions (can be active site only or for example substrate access tunnel) of
the generated model. Based on an understanding of the mechanism, such inspections allow rational placement of amino acid substitutions and analysis of introduced
changes in silico and subsequently in vitro that can have major consequences on the
catalytic activity or protein function [60]. An initial analysis of the protein structure
often also includes determination of Root Mean Square Deviations (RMSD), the average distances between the atoms (usually atomic coordinates of the C𝛼, Figure 1
A) of superimposed proteins. This can give insight into the similarity of for example
two different homologous proteins (used in Paper IV) or when analyzed with snapshots of an MD trajectory, the variation in the structure over time. Such changes in
RMSD over time can also give valuable insight into the integrity and stability of the
protein in the set-up system and is used to determine if the system reached equilibrium (applied in Paper III, Paper V). When analyzing a dynamic system where the
atomic coordinates of the C𝛼 atoms of the amino acids fluctuate around a distinct
average position over time, the RMSF (Root Mean Square Fluctuations) can additionally be calculated. RMSF analysis allows determination of large and small scale
dynamics of single residues, structural elements and the protein backbone over time
(used in Paper V) [64]. Such structural analyses can also reveal functional rearrangements of the structure over time, for example, large loop movements that can
be crucial for catalysis and therefore depict a possible engineering target [65, 66].
However, one major goal of optimizing enzymes for their industrial use is to increase
enzyme stability, the ability to remain active under challenging process conditions
(e.g. pH, temperature, salt) [67]. It has been shown that the protein stability is related to its structural dynamics and that rigidification of flexible sites usually increases protein stability [62]. Such flexible regions and engineering targets can be
detected by standard MD simulations (RMSF analysis), high-temperature MD that
triggers the unfolding of the structure, or behavioral comparison of trajectories of
the protein of interest to a homologous thermostable protein that can reveal different
flexible regions [62]. Stability can also be increased by hydrophobic packing of the
core, by introducing more charged amino acid side chains at the protein surface or
by introducing disulfide bridges, with predictions usually based on the protein model
[62]. Increasing protein stability, as an important concept in biocatalysis, has been
widely studied and different algorithms have been designed that can predict beneficial mutations [68].
Structural rearrangements and dynamics can also drive activity regulation, as for example allostery (see Protein Structural Dynamics and Influence on Catalytic Function). Understanding dynamic regulatory mechanisms often involves the
analysis of MD trajectories [69]. A deeper understanding of allosteric regulation can
help in both redesigning or newly introducing allostery for regulated enzymatic activity using rational or semi-rational engineering strategies [69, 70].
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Analyses within this thesis, include elucidating the influence of water movement on
triterpene cyclase catalysis (see Paper III, Paper V). Based on the idea that specific
water tunnels in the structure of triterpene cyclases exist [71], dynamic tunnel analyses using the CAVER algorithm [72, 73] were performed. CAVER identifies tunnels
and channels in the structure that connect buried cavities, such as the active site,
with the surroundings. Several programs developed for the detection of tunnels or
channels in the structure (CAVER but also MOLE [74], or MolAxis [75], only CAVER
is able to cluster tunnels and therefore allows detection of the tunnel dynamics [72])
generate Voronoi diagrams to analyze the geometry of the structure computationally.
For the Voronoi diagram, the van der Waals radii of the atoms of the structure are
approximated and adjusted to be equal to the size of the smallest atom in the structure. The atoms are treated as balls that then build the center for the Voronoi cells
and the generation of the diagram. The identified tunnels represent the shortest
pathway (with a certain radius) centered on the Voronoi cell walls connecting the
seeding point with the bulk. The detected tunnels can then be analyzed according to
the tunnel profile, the tunnel lining residues, the bottleneck radii and residues constructing the bottleneck [72, 73]. Bottleneck residues, comprising the narrowest
point of a tunnel, can be hot spots for the modification of the tunnel and with that
modification of the protein function or enzyme activity. Tunnels in protein structures
enable transport of substrates and products to and from buried active sites, ions and
water molecules and can therefore be modified to engineer an enzyme’s substrate
specificity [76], enantioselectivity [77], and activity [78]. In Paper V, we show that
a tunnel network in the human triterpene cyclase oxidosqualene cyclase exists. Redesign of the tunnel network by introducing single point mutations in the tunnel lining residues massively influences the thermodynamics (see Transition State Theory and Thermodynamics of Enzymatic Reactions) of the reaction, potentially due to altered water movement during catalysis. Such analyses can show how
modifications of tunnel networks allows influencing enzymatic activity on an energetic level, which can be explored as potential engineering strategy.
However, CAVER analysis is purely based on the protein structure and does not detect water movement within the channels or localizes water molecules, and their energetic properties in the active site. As mentioned above, MD trajectories performed
using an explicit solvent model do not only allow the analysis of the trajectory in
terms of the structure but also in terms of the water movement over time. Multiple
MD-based methods and algorithms to perform such analysis have been developed.
One commonly used method, focusing on protein-ligand binding and therefore extensively used in drug design and development, is WaterMap [79]. WaterMap localizes hydration sites in the protein structure and computes their thermodynamic
properties. Hydration sites are locations in the structure where water aggregates as
detected from water densities in the MD trajectories. Excess entropy and enthalpy
are calculated using ff parameters and are based on thermodynamic properties of
the water molecules observed in the hydration site in comparison to water molecules

13

Charlotte Kürten
in the bulk. WaterMap has been developed to improve ligand binding and is therefore focusing on cavities, where water shows different behavior compared to water
in bulk.
Analysis of water network rearrangement and influence on triterpene cyclization,
however, involved analysis of water movement and relocalization of water molecules
in the previously detected water channels of a bacterial triterpene cyclase ([71], Paper III) and human triterpene cyclase (Paper V). We therefore employed two different strategies. For analysis of the water flow in the bacterial enzyme (Paper III),
a biophysical analysis technique initially designed to track water movement in the
Photosystem II has been adapted [80]. This algorithm originates from fluid dynamics and is designed for detecting areas with highly anisotropic movement of water
(“streams”). Such directed movement of water molecules can be detected with diffusion tensor fields that describe the diffusion pattern of water molecules in a certain
area (voxel) of the protein (1 Å3) over the whole trajectory. To detect the diffusion
tensor, the direction of the fastest water movement in each voxel, the initial and future position of the water molecules in each voxel (at time t and t+𝛥t), are determined. Then, tensor elements are calculated, averaged over the time frame of the
MD simulation and the diffusion tensor is computed. Voxels that show increased
linear, directed water streams (movement in the detected direction needs to be at
least 1,5 times faster than movement in any other direction) are identified, connected
to neighboring voxels and water movement is visualized as streamlines [80, 81].
For the analysis of the human enzyme (see Paper V), we were interested in analyzing specific changes in water networks during catalysis and effects of introducing
tunnel obscuring mutations. To be able to correlate specific water network rearrangements to the formation of the TS, we analyzed the MD trajectory for hydrogenbonded water networks, using a previously designed algorithm [82]. It detects and
clusters water networks, based on hydrogen bonding, starting from a seeding point.
Water networks were compared for the empty enzyme without ligand bound in the
active site and the structure with the product (TS-analogue) localized in the active
site. We additionally analyzed and compared water networks in the CAVER detected
tunnels of the Wild Type (WT) to the networks in tunnels of variants with obscured
tunnels.
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II.

Enzyme Catalysis

Catalytic Mechanisms
Traditionally, the analysis of an enzyme’s operational mode centered around discerning the catalytic mechanism, which is mostly focused on the action in the active
site [83, 84]. Enzyme-catalyzed reactions can generally be conceived as the succession of three reaction steps: enzyme-substrate binding, product formation and product release (Figure 4). Enzymes enhance the rate of the performed chemical reactions by reducing the activation energy (Ea) or TS free energy compared to the energy
of the uncatalyzed reaction. A stabilization of TS, or decrease of Ea, is generally considered to increases the abundance of the TS structure, which will accelerate product
formation. TS stabilization can be achieved via many different routes, both during
the binding step, but also via different mechanisms during the product formation.
Binding
+ S

TS
formation
S

Michaelis complex (ES)

Product
release

Catalysis
S‡

P

+ P

ES‡

Figure 4: Reaction scheme of enzyme catalyzed reactions. The enzyme (grey) binds to the Substrate (S) and
forms the Michaelis complex (ES) followed by transition state formation (ES⧧). The Product (P) is formed and
released to yield the free, unchanged enzyme and product.

Binding
The initial model for enzyme catalysis, the “lock and key” model, focusing on the
binding step, was proposed by Emil Fischer in 1894 [85]. He suggested that the high
specificity in both substrate recognition and product profile of enzyme catalyzed reactions arises from the complementarity of the geometric shape of the active site (the
lock) and the substrate (the key). The lock and key model became the standing model
of enzyme catalysis until Pauling proposed in 1946 [86, 87] that enzymes bind the
activated substrate (the TS) and thereby promote the reaction. Pauling’s hypothesis
was influenced by Eyring’s transition state theory, published in 1935 [88], concerning rates of chemical reactions. Based on the increasing recognition that protein
structures are flexible and not static, Koshland proposed the “induced-fit model for
binding” in 1958 [89]. Both, the induced-fit model and the model of conformational
selection proposed around a decade later [90, 91] are the currently standing models
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[92] for substrate binding. They both consider protein flexibility and the involved
structural changes during the ligand binding step. The induced-fit model assumes
that the enzyme binds the substrate and subsequently changes its conformation accordingly to fit the substrate or its TS perfectly. The conformational selection model
states instead that the enzyme is periodically sampling different structural conformations and the substrate or its TS binds to the conformation that is suitable to undergo the enzymatic reaction [92, 93]. Different enzymes apply different binding
strategies, mostly induced-fit or conformational selection, or a combination thereof
[92].
Active site topology, stereochemistry, hydrophobicity and electrostatic profile define
which molecules can bind, be brought into the TS and undergo catalysis. A reduction
of Ea upon binding can be achieved by a preferred binding of the substrate TS
through better active site complementarity (preorganized active site) to the TS, by
approximation and proper orientation of the reactants, or by bond distortion upon
binding [94]. Enzyme-substrate binding usually results in a net-stabilization of the
system, where hydrogen bonds, van der Waals interactions, and hydrophobic and
electrostatic forces are energetically more favorable in the enzyme-substrate complex and compensate for the unfavorable energetic contributions of losing translational and rotational entropy [94].

Catalytic Principles
Enzymes can employ different chemical strategies to lower the TS free energy. Proximity effects influence most enzymatic reactions: Enzyme-substrate binding brings
reactive groups in close proximity, which gives the reaction an intramolecular character. This increases the reaction rate similarly to the effect of an increased concentration of the reactants. Other principles include covalent catalysis, electrostatic effects (in the preorganized active site involving hydrogen bonding, stabilization by ion
pairs or metal ions) and general acid/base catalysis [94]. Usually, a combination of
different catalytic principles leads to the enzymatic rate acceleration. The enzymes
analyzed in this thesis, 𝛼/𝛽-hydrolases and terpene cyclases, mostly apply covalent
catalysis, acid/base catalysis, stabilization by electrostatic effects and hydrogen tunneling, which are explained in more detail below (Figure 5).

16

On Catalytic Mechanisms for Rational Enzyme Design Strategies

A

1. Enzyme +
substrate

Nuc

Nuc

A

Acid

Base

R2

B

Nuc
O

X

O

O

H+
B

Acid

A

O

X
H 2O

Base
A

Acid

X

R1

H 2O

R 2H
B

B

-

A

Acid

-

6. Enzyme +
second product

R1

Base

Nuc

O

Base

5. Second tetrahedral
intermediate
Nuc

4. Acyl-enzyme +
second substrate
R 2H

X

-

A

Acid

R1

-

R2

H+
B

-

3. Acyl-enzyme +
ﬁrst product

R1

R1
X
H

Base

2. First tetrahedral
intermediate

Nuc

-

HO

R1
X
H

Base

O
HO

B

-

Acid

A

-

ǂ

B

O

O

R

O

R

R
R

O

O

H

R
R

OH

H

C
Energy

Probability

ǂ

H
R

0
H
R

H
H+
R

Reaction coordinate

Figure 5: Catalytic mechanisms. A: Covalent catalysis implemented by a catalytic triad with six stages of catalysis. If the second nucleophile is an activated water molecule as depicted in the figure (4.), the reaction is
of hydrolytic nature B: General acid catalysis as performed by class II terpene cyclases with an aspartate residue (R) as catalytic acid protonating a double bond. The transition state of the reaction is indicated in square
brackets. Note that the transition states of terpene cyclizations are stabilized by cation-𝛑 interactions with
side chains of aromatic amino acids in the active site (electrostatic effects, not shown). C: Reaction sequence
of a proton (magenta) transfer mediated via proton tunneling through the transition state barrier. Probabilities of the localization of the proton are depicted in cyan. The probability of finding a particle/atom at a certain
position can be calculated using the squared wave function that relates the probability of finding the atom in
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particle energy and the potential energy. Instead of forming the high energy transition state (indicated in
square brackets) a tunneling proton is transferring through the barrier.
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Covalent Catalysis
Covalent catalysis is characterized by the substrate, or part of the substrate, transiently binding to a residue (or cofactor) of the enzyme in a covalent manner. By employing this strategy, the enzyme is providing an alternative route with a TS lower in
energy instead of decreasing the TS energy of the reaction in solution [95]. Covalent
catalysis using a catalytic triad (or more seldomly catalytic dyad) is mostly performed
by transferases and hydrolases. This well-studied mechanism is very versatile and is
involved in the degradation of different biomacromolecules, but also man-made materials, such as polyethylene terephthalate (PET) [96, 97].
A catalytic triad usually consists of a nucleophile (serine, cysteine, threonine), which
initiates the reaction, a base that polarizes and eventually deprotonates the nucleophile, increasing the reactivity (histidine, lysine, serine), and an acid that positions
and polarizes the base. The acid is not always necessary and is not present in catalytic
dyads. Covalent catalysis can be separated into two main phases with six sub-stages
(Figure 5 A). In phase one (Figure 5 A 1-3), the nucleophile attacks the carbonyl
carbon of the substrate, which forces the electrons towards the carbonyl oxygen, creating a negative charge that is usually stabilized by an “oxyanion hole”. This leads to
the formation of the first tetrahedral intermediate, where the substrate is covalently
bound to the enzyme. The intermediate disintegrates back to reform the C=O double
bond, which leads to the release of part of the original substrate, usually assisted by
donation of a hydrogen from the catalytic base. The release of the second half of the
substrate in phase two of the reaction (Figure 5 A 4-6) requires the formation of a
new tetrahedral intermediate assisted by the attack of a second substrate (water in
hydrolases). The second tetrahedral intermediate collapses in a similar manner as
the first tetrahedral intermediate, leading to the release of the second substrate
which completes the catalytic cycle [98].
Electrostatic Effects
The lowering of the TS energy by an electrostatic stabilization of the TS structure has
been described as major component of the rate-enhancement achieved by enzyme
catalysis [95]. Such electrostatic stabilization of a charged TS can be achieved, for
example, by formation of ionic bonds between the substrate and amino acid side
chains with acidic or basic properties, between the substrate and metal cofactors or
by the formation of hydrogen bonds for the orientation of the substrate (as exemplified in Figure 4). A preorganized active site with positioned polar groups enables
the formation of strong electrostatic fields (dielectric constants average around
4 F/m in enzyme active sites [99]), which has been shown to correlate with the catalytic rate-enhancement achieved during enzyme catalysis [100, 101]. The electrostatic stabilization of carbocationic TS in terpene cyclase catalysis by aromatic side
chains that possess partial negative charges in the ring systems (see Terpene
Cyclases) drives the reaction forward and can be decisive for the product outcome
[102]. Additionally, in class I terpene cyclases (see Terpene Cyclases) that act on
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phosphorylated substrates, the free pyrophosphate group, emerging after reaction
initiation, can act as a counter-ion and thereby influence the reaction outcome (see
Terpene Cyclases) [103]. Electrostatic effects are also a major contributor to catalysis performed by 𝛼/𝛽-hydrolases where, for example, the developing negative
charge at the substrate oxygen is stabilized in an “oxyanion hole”. Additionally, a
water molecule is activated by electrostatic effects to act as nucleophile to finalize the
hydrolytic reaction (see Covalent Catalysis).
General Acid-Base Catalysis
For acid-base catalysis, side chains with acidic or basic properties participate in proton transfer reactions to stabilize the TS and thereby enhance the speed of the reaction (Figure 5 B) [104]. This can occur via the counter-balancing of developing
charges, the activation of nucleophiles or electrophiles needed for catalysis, or an
increase of electric interactions. Nearly every enzymatic reaction requires some type
of proton transfer, involving acidic or basic groups (aspartate, glutamate, histidine,
cysteine, tyrosine, lysine), where the pKa that determines the reactivity of the side
chain can be perturbed by the local protein environment to enhance the acidic or
basic strength [105].
Hydrogen Tunneling
Some enzymatic reactions involving hydrogen transfers have been described, where
the reaction proceeds under seemingly impossible conditions (e.g. not sufficient energy to be able to surpass the TS). Such phenomena cannot be explained by the classical mechanics “over the barrier” model of chemical reactions that is based on the
particle nature of atoms. To explain those discrepancies, the wave properties (quantum mechanics) of atoms have to be considered. In quantum mechanics “through
the barrier” movements are allowed (Figure 5 C). Atoms obey probability laws,
where a quantum particle can be found in different areas with some regions having
higher probabilities of harboring the particle than others. This probability that can
be calculated using wave functions, can penetrate the activation barrier, especially
for lighter atoms, such as hydrogen. This means that there is a probability for the
hydrogen to cut through and be located at the other side of the barrier, a property
known as tunneling. Lighter particles, such as hydrogen/protons possess more
quantum mechanical characteristics and thus can tunnel easier, which is why tunneling contributes mostly to hydrogen/proton transfer reactions. The tunneling
probability is not only dependent on the height and width of the TS barrier, but also
on the donor-acceptor distance. This allows enzymes to partially influence tunneling
by altering the distance with structural flexibility and dynamics [106-108].
The influence of tunneling on enzymatic protonation reactions is mostly measured
indirectly, for example, by the determination of kinetic isotope effects (KIE = kHydrogen/kDeuterium). Therefore, the transferred proton (H) is replaced by deuterium (D, or
tritium) and the effect on the rate of the catalyzed reaction is measured (see Enzyme
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Kinetics). In classical mechanics, based on the particle nature of atoms, the rate for
the deuterium transfer is expected to be lower compared to the rate for the hydrogen
transfer because of reduced bond vibration frequencies due to the heavier mass of
deuterium. These reduced vibrations for a C-D bond lead to a reduced ground state
energy (of around 1.15 kcal/mol) compared to a C-H bond. Thus, a maximum KIE of
7 (based on Equation 2, with 1.15 kcal/mol lower ground state energy for the C-D
bond and the assumption that AH and AD are similar) can be explained by classical
mechanics. If tunneling is involved, much larger KIEs of up to 300 can be observed.
As mentioned above, the lighter the particle, the higher the probability for tunneling,
which is especially notable for the isotopes H and D, where D has twice the mass of
H. In transfer reactions, where tunneling is involved, the rate for the H-transfer (kHydrogen) will thus be much faster (up to 300 times faster compared to 7 times faster for
reactions without tunneling) compared to the rate of the D-transfer (kDeuterium). However, also lower KIEs do not exclude a potential contribution of hydrogen tunneling
to the reaction, if the KIE is temperature-independent [109]. The temperature-dependence of the KIEs for classical reactions and reactions where tunneling is involved can be explained using the Arrhenius equation (Equation 1), proposed by
Svante Arrhenius 1889 [110, 111], which relates reaction rates to temperature.
k = 𝐴 × e+,- //0

(Equation 1)

where k is the rate constant, A the pre-exponential Arrhenius factor, Ea the activation
energy, T the absolute temperature in K, and R the universal gas constant. For analysis of the temperature-dependence of the KIE, Equation 1 can be reformulated to
Equation 2.
6

ln KIE = ln 67 = −
8

,;7 +,;8
/

×

<

>

+ ln >7 (Equation 2)
0
8

According to Equation 1, a transfer reaction following the classical over the barrier
scheme, will give a straight line with a negative slope when plotting ln k against 1/T
(Arrhenius plot). The slope of a plot for a classic over the barrier mechanism based
on Equation 2 depends on the difference in the activation energies (EaH-EaD), which
is, in some cases, the difference of the different ground state energies between the
two reactants (C-D bond and the C-H bond). As previously mentioned, this difference corresponds to maximum 1.15 kcal/mol leading to a maximum KIE of 7 that can
be explained by classical mechanics (see above). The pre-exponential factor A describes the frequency of collisions in the correct orientation and is not very sensitive
to a change from C-H to C-D, so that the AH/AD ratio is expected to be close to 1 for
a reaction following a classical scheme.
In contrast, for a transfer reaction where tunneling is involved and the particles cross
through the barrier, Ea reduces and effectively at very low temperatures or extensive
tunneling, becomes 0. This results in a curved or temperature-independent slopes
(for both plots based on Equation 1 and Equation 2) and with that temperature-
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independent KIEs (when Ea,H= Ea,D). Classical over the barrier moves become less
likely at very low temperatures, so that under those conditions, tunneling predominates the reaction, which gives slopes that eventually becomes 0 at low temperatures,
giving AH/AD values above 1 and close to the KIE [112]. Analysis of the KIE, the temperature-dependence of the KIE together with analysis of the Arrhenius factor is
used in Paper II to analyze the contribution of tunneling to the hydrogen transfer
reaction performed by a class II diterpene cyclase (see also Terpene Cyclases).
Usually, enzymes use a combination of different catalytic principles. The non-canonical 𝛼/𝛽-hydrolase patatin (Paper I) relies on covalent catalysis performed by a catalytic dyad, which also involves acid/base catalysis and electrostatic effects. Paper
II to V, revolve around class II terpene cyclases, which require a specific pre-folding
of the substrate upon binding and capitalize on general acid catalysis executed by a
conserved aspartic acid residue in combination with a preorganized electrostatic environment in the active site. In Paper II, we additionally demonstrate the importance of tunneling in a class II diterpene cyclase based on temperature-independent KIEs.

Enzyme Kinetics
Generally, the study of enzyme catalysis and the influence of different catalytic mechanisms involves the determination of the reaction rate - an enzyme’s kinetics. Varying conditions and analysis of their influence on the rate does not only allow determination of the employed catalytic mechanism, but can also give insight into activity
regulation, metabolic role and is crucial in drug design and development [97, 113,
114].
The kinetic parameters KM, the Michaelis constant that describes how much substrate is needed to reach half maximum velocity, and kcat, the rate constant of the
rate determining step, can both be determined from measuring the initial conversion
rate (vo, at t=0) of product formation at different substrate concentrations [S]. The
hyperbolic correlation of increasing initial rate with increasing [S] was first described by Victor Henri in 1902, who also paved the way for the later mathematical
description of enzymatic reactions by Leonor Michaelis and Maud Menten in 1913
[115]. The description is based on separation of the reaction in two different steps formation of the ES complex (described by the constants k1 and k-1 for association
and dissociation, respectively) and product formation (Equation 3, k-2 (backwards
reaction) is negligible at t≈0).

E+S

k1
⇄
k-1

ES

k2
→

E+P

(Equation 3)
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The initial conversion rate of this reaction is dependent of the concentration of the
ES complex and the rate of product formation (k2) and can be described by Equation 4.
v0 = k2 [ES]

(Equation 4)

The concentration of [ES] is unknown. But under the assumption that [ES] is stable
(steady-state assumption), the association of ES from free enzyme E and free substrate S (described by the rate constant k1) and the dissociation of the ES complex
(described by the constants k-1 and k2) are equal (Equation 5).
k1 [E][S] = k-1 [ES] + k2 [ES]

(Equation 5)

However, to solve this equation for [ES], the concentration of the free enzyme [E]
needs to be derived using the total enzyme concentration [Etot] according to Equation 6.
[Etot] = [E] + [ES]

(Equation 6)

Solving Equation 6 for [E], substitution into Equation 5 and rearrangement to
solve for [ES] gives Equation 7 as description for the [ES] concentration.
[B

][F]

[ES] = GHI CDC
JGK
GI

(Equation 7)

L[F]

The relation of the rate constants

6HI L6K
6<

is summarized in the Michaelis constant KM,

and the so defined concentration of the [ES] complex can be substituted into Equation 4 to give Equation 8, a description of the enzymatic velocity.
v0 =

6K [BCDC ][F]

(Equation 8)

MN L[F]

k2 corresponds to the catalytic rate kcat and multiplied by [Etot] gives the maximum
velocity Vmax (kcat × [Etot] = Vmax). Substitution of this information into Equation 8
gives the final form of the Henri-Michaelis-Menten equation (Equation 9) that describes the velocity of enzymatic reactions. It is valid under the assumption that E +
S and ES are under quasi-equilibrium, that the total enzyme concentration [Etot] is
constant and much lower than [S], and that the reaction follows saturation kinetics.
v0 =

6O;C [BCDC ][F]
MN L[F]

=

PQ;R [F]
[F]LMN

(Equation 9)

This mathematical model of enzymatic reactions allows for the determination of the
catalytic efficiency of unimolecular reactions measuring the product formation over
time using different starting substrate concentrations. If the reaction can be saturated and the rate is approaching the maximum rate Vmax asymptotically, kcat and KM
can both be extracted so that effects of different conditions on the efficiency can be
determined to be on either kcat or KM (Paper II). Generally, kcat/KM represents a
common measure for an enzyme’s efficiency as it describes both substrate binding
as well as TS stabilization. Therefore, under unsaturated conditions, kcat/KM can be
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used instead of the first-order rate constants. Under our experimental conditions,
triterpene cyclases (studied in Paper III, Paper IV and Paper V) as membrane
enzymes with hydrophobic substrates were unsaturable, probably because both enzyme and substrate have to be solubilized in micelle-forming detergent. Hence, in
Paper V, kcat/KM was used to compare designed variants to WT.
For more complex reactions, such as kinetic models involving more than one substrate Equation 9 has to be modified. Kinetics of bimolecular reactions that follow
a ping-pong bi-bi reaction scheme (which would describe covalent catalysis involving catalytic triads employed by hydrolases), are mathematically described by Equation 10, where S1 and S2 represent the two different substrates.
V=

S
MNI

6O;C [B][FI ][FK]
S

[TK ] L MNK [FI] L [FI][FK ]

(Equation 10)

Often however, determination of kinetic parameters of bimolecular reactions can be
simplified by measuring the rate under conditions where one substrate is in excess
([S1] >> KM, naturally the case for hydrolases where water as substrate usually is in
excess) and the concentration is constant. The reaction rate is then showing pseudofirst order behavior and is only dependent on varied concentration of the other substrate ([S2]), which enables estimation of kinetic constants using the traditional
Michaelis-Menten equation (Equation 10).

Transition State Theory and Thermodynamics of Enzymatic
Reactions
While kinetic studies investigate how fast a catalytic process occurs, thermodynamic
studies generally explore if the reaction does occur (𝛥G<0). They can also be used to
determine different energetic contributions to the Gibbs free energy (G) (Figure 6),
a thermodynamic state function that is composed of an enthalpic (H) and entropic
(S) part (Equation 11).
𝛥G = 𝛥H – T𝛥S

(Equation 11)

This concept of both an enthalpic and an entropic contribution to the free energy has
been incorporated into the description of the temperature-dependence -the thermodynamics- of chemical reactions in Eyring’s transition state theory (Equations 12
and 13, with k as the rate constant, 𝜅 as transmission coefficient that describes the
fraction of the transition state complexes that proceeds to become product and is
here assumed to be 1, T as the absolute temperature in K, kB as the Boltzmann constant, h as the Planck constant and R as the universal gas constant [88, 116]). Under
the assumption that there is a quasi-equilibrium between the substrate and the TS,
it is possible to decompose the enthalpic (𝛥H⧧) and entropic (𝛥S⧧) contributions to
TS formation (Figure 6).
𝑘=𝜅

6X 0
Y

𝑒

H[\⧧
]^

(Equation 12)
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ln GX^ =

+`a ⧧
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+

`T ⧧

(Equation 13)

/

Equation 12 is very similar to the Arrhenius equation (Equation 1), that also describes the temperature-dependence of chemical reactions, but it is based on the
Gibbs free energy of activation (G⧧) instead of Ea, which enables derivation of 𝛥H⧧
and 𝛥S⧧. Based on Equation 13, measuring the temperature-dependence of the en6

zymatic reaction and performing linear regression of ln GX^ against 1/T reveals the
_

activation enthalpy
(-slope × R) and the activation entropy 𝛥S⧧ (intercept × R)
[116] (Paper V). It should be mentioned that also hydrogen tunneling contributions
can be incorporated into TS theory via the pre-exponential factor 𝜅 [117]. Depending
on which kinetic constants (k) are measured and inserted in Equation 8, energetic
contributions can technically be determined for ES-complex formation (KM), the catalytic steps (combined in kcat) or the overall catalytic efficiency (kcat/KM, Figure 6).

Free energy [G]

𝛥H⧧

S‡
knon
ΔG‡non

‡
ΔΔGcat

ES‡
kcat ΔG‡kcat/KM
KM
E+S
KM
ΔGKM
ES

kcat
‡
ΔGcat

EP
ΔG

E+P
Binding

Catalysis

Product release
Reaction coordinate

Figure 6: Energy profile of an enzymatic reaction (black) in comparison to the uncatalyzed reaction (grey)
and associated changes in the respective Gibbs free energies (colored grey for uncatalyzed reaction, green,
cyan and blue for catalyzed reaction). For the enzymatic reaction, substrate (S) binds to the enzyme (E) to
form the enzyme-substrate-complex (ES), which is accompanied by a usually favorable change in free energy
(𝛥GKM) associated with the kinetic parameter KM (cyan). Upon binding follows the transition state formation
(ES⧧), which is the high free energy-intermediate associated with the free energy change 𝛥G⧧cat and the catalytic rate constant kcat (blue). Alternatively, kcat/KM can be used to determine 𝛥G⧧kcat/KM (green), which then
includes both the ES-complex formation described by KM and the catalytic rate constant kcat. The uncatalyzed
reaction passes through a high free energy transition state (S⧧) that is associated with the rate knon. Enzymes
lower the transition state energy (by stabilizing the TS structure by 𝛥𝛥G⧧cat) to speed up the equilibrium between substrates and products, but they do not change the equilibrium of the reaction determined by 𝛥G. 𝛥G
as a state function is pathway-independent and does not change in the presence of a catalyst. If determined
under standard conditions, the energy change is referred to as 𝛥G0.
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However, most often the focus of scientific studies lies either on enzyme-ligand binding, essential in drug design and development [118], or on the performed chemistry
in biocatalysis [71, 119]. Comparing the thermodynamic parameters of the uncatalyzed reaction to those of the catalyzed reaction can give valuable insight into enzymatic strategies for lowering the TS energy [120, 121]. For instance, a lowering in
enthalpy can usually be attributed to electrostatic effects and hydrogen bond formation. A (rarer) increase in entropy is often ascribed to proximity, dynamic effects
or to solvent contribution (see below). However, it often is a challenge to decipher
the contributions and effects of the different parts of the system (enzyme, substrate,
solvent). Analysis of entropic and enthalpic contribution to the energy barrier of an
enzyme catalyzed reaction cannot only be used to compare uncatalyzed and catalyzed reactions but can also be informative when comparing enzyme variants with
mutations that supposedly alter catalysis (Paper V).

Enthalpic Catalysis
Enthalpy is a thermodynamic potential describing the systems internal energy at a
certain pressure and volume. It is often referred to as the heat of the reaction, as it
can be increased or decreased by absorbing or releasing energy in form of heat.
Enthalpy in enzymatic reactions is mainly connected to bond formation and breaking and electrostatic effects, such as hydrogen bonding or ionic interactions [95].
Such enthalpic, electrostatic effects in a preorganized active site have in fact been
discussed as major contributors to the reduced Ea of enzyme-catalyzed reactions as
described by Warshel based on computational studies [95, 122]. A series of comparisons of activation parameters of uncatalyzed and enzyme catalyzed reactions revealed that indeed many enzymes increase the reaction rate mainly by lowering the
activation enthalpy ([123-128], see Table 4 in [129]). Differential activation enthalpies when comparing uncatalyzed and corresponding catalyzed reaction, reactions of an enzyme with different substrates, or enzyme variants to wild type is thus
an indication of a difference in steric and electrostatic interactions in the system.
Because of the prevalence of described enthalpically regulated catalysis and the advantage of temperature-dependence, enthalpic rate-enhancement has also been described as the evolutionary origin of the catalytic power associated with enzyme catalysis [4, 129]. Wolfenden et al. showed in several publications that most enzymatic
rate-enhancement over the corresponding uncatalyzed reaction comes from a decrease of the enthalpy of activation. The decrease in enthalpy of activation to an average of 12 kcal/mol (catalyzed) from 28 kcal/mol (uncatalyzed) allows a massive
increase of the reaction rate (∼ 1012) and entails an automatic increase of rate-enhancement with the decrease of the temperature on a cooling earth [4, 129, 130],
according to Equation 12 and 13.
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Entropic Catalysis
Entropy is a more complex thermodynamic concept that describes the disorder of a
system, which translates to the number of accessible states of the system. The higher
the number of accessible microstates that can be populated, the higher and more
favorable the entropy of the system. The different configurations arise from translational, rotational and vibrational degrees of freedom. According to Equation 11, a
lowering of the activation energy can not only be achieved by a decrease in enthalpy
but also by a favorable entropic contribution to catalysis, which corresponds to an
increase in entropy (Figure 7).
In fact, before Warshel’s description of electrostatic effects and preorganized active
sites as major contributors to catalysis [95, 122] and Wolfenden’s theory that enzymes evolved to lower the enthalpy of activation (see above), entropy had been anticipated as dominating factor to lower the activation barrier, both by proximity effects and the so-called Circe-effect. Proximity effects during the enthalpically favorable enzyme-substrate binding, allow the enzymatic reaction to proceed as a unimolecular reaction and the disadvantage in terms of losing translational and rotational degrees of freedom is already paid for upon binding [131]. The favorable entropic effect on catalysis of the substrate ground state destabilization -the Circe-effect- has been described by Jencks in 1975 [132]. The reactants are tightly bound
during enzyme-substrate binding and they are less mobile in a restrained conformation, so that their shape changes less than in solution – corresponding to a reduced entropy.
However, many typical examples for entropic catalysis, where unfavorable entropic
effects in binding have been believed to cancel out with the favorable enthalpic effects in binding and thereby decrease the entropic disadvantage in the activation
barrier, have been shown to operate by enthalpic, electrostatic catalysis instead [133,
134]. Moreover, a comparison of the uncatalyzed to the corresponding enzyme-catalyzed reaction (that can proceed through different transition states) often shows a
negative, unfavorable activation entropy, corresponding to a loss of translational and
rotational motions when going through the TS [134]. However, such experiments
can also reveal rare, less unfavorable, or even favorable entropic contributions to TS
formation in the catalyzed reaction, as for example described for peptide bond formation at the ribosome, terpene cyclase squalene-hopene cyclase or cytidine deaminase [71, 120, 135]. It can be difficult to unravel the origin of the entropic contributions that can arise from enzyme, substrate and/or solvent (Figure 7). For enzymatic systems, most changes in degrees of freedom moving along the reaction coordinate are supposedly associated with solvent molecules (see Protein Hydration
and Solvent Influence on Protein Function). Nevertheless, also the protein
and substrate contribute to the entropy of the system, which can be associated with
for example the conformational degrees of freedom of the protein [136, 137] (see
Protein Structural Dynamics) or changes in bond vibrations of the reactants or
products (Figure 7) [131].
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Figure 7: Possible entropic effects in enzymatic reactions. Entropy can affect enzyme-substrate binding (left,
going from free enzyme and substrate to the ES complex) and catalysis (right, going from the ES complex to
the TS) in a favorable (top) and unfavorable (bottom) fashion. Entropic contributions can thereby arise from
enzyme, substrate or solvent. Consequences of the entropic effects on the binding free energy (𝛥GKM) or the
free energy of activation (𝛥G⧧) and the reaction rate (k) are labelled with arrows. For example, a favorable
entropic effect in binding will lower the energy of the ES complex, which corresponds to a decrease in 𝛥GKM
(↓) and an increase in Ea which will be concomitant with a decrease in overall rate, labelled as k↓ (see Figure
6). The influence of changes in the structural flexibility [136, 137] and water release upon enzyme-substrate
association [138] have been described to influence binding energetics in a positive way. On the other hand, a
decrease in dynamics, a destabilization of the ground state, a loss in translational and rotational entropy by
forming one complex from several molecules [131] and trapping water molecules during the binding process
[139] can influence binding unfavorably. However, it is important to keep in mind that usually overall binding
is energetically favorable so that these unfavorable entropic effects are counterbalanced by favorable enthalpic contributions. For example, a trapped water molecule is entropically unfavorable but enables enthalpically
favorable hydrogen bonding between binding partners [120]. Favorable entropic effects in the catalytic steps
(usually referring to 𝛥G⧧ based on kcat but can also refer to 𝛥G⧧ based on kcat/KM) can arise from increased
configurational entropy, large conformational changes or dynamic flexibility [140, 141]. Increased bond vibrations in the TS or product and the fact that a bimolecular reaction can proceed as unimolecular reactions [131]
can have favorable effects on catalysis. Solvent release upon TS formation [71] and water network reorganization (Paper V) have additionally been discussed as favorable entropic contributors to catalysis. On the other
hand, a decreased dynamic flexibility, trapped water molecules and unfavorable water molecule reorganization upon TS formation can have unfavorable effects on enzyme catalysis.

Most examples where favorable entropic effects in the association step have been
observed are linked to an allosteric configurational change, structural changes and
desolvation of the protein (see Table 6 in Supporting Information of Paper V).
A series of similar reactions, such as a comparison of the association of different substrates with the same enzyme or comparison of WT to variants, often shows
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compensatory effects in entropic and enthalpic contributions to catalysis. This is
called enthalpy-entropy compensation, a phenomenon not only observed for biochemical reactions [71, 142]. A more favorable enthalpy of activation will usually
come hand in hand with a less favorable entropy of activation and vice versa, to an
extent that the effects compensate each other. For example, an enthalpically more
favorable TS binding leads to a more rigid, entropically less favorable TS [142]. The
existence and source of the widely observed compensatory effects have been discussed vividly [143, 144] and the importance of solvation has been mentioned [145,
146]. Despite the fact that the physical background for the compensatory effects are
not completely understood, the concept has been used in drug discovery and enzymology to investigate the relatedness of different binding events or catalytic reactions [71, 142, 147].
A thermodynamic analysis of enzymatic reactions can thus give insight into enthalpic and entropic contributions to catalysis and reaction mechanisms and can further
reveal influence of protein dynamics and solvent movement on enzymatic activity.
The entropically driven triterpene cyclization performed by human oxidosqualene
cyclase has been analyzed in Paper V: a combination of in vitro and in silico analyses of WT and designed mutants led to the conclusion that water network reorganization allows an entropically-driven catalysis (see also Protein Hydration and
Solvent Influence on Protein Function).

Protein Structural Dynamics and Influence on Catalytic Function
Many studies elucidating enzyme mechanisms often focus on the active site composition (both structure and nature of amino acids forming the active site) and on understanding the underlying chemical mechanisms that lower the activation barrier.
This has been and still is analyzed with kinetic studies, comparing WT and activesite-mutants (see Enzyme Kinetics) [148, 149]. The active site, however, constitutes often just a small portion of the protein (around 10-20% of the volume) [150]
and the purpose of the large size of enzymes has been fascinating protein-biochemist
for decades. The influence of the protein structure outside the active site on catalysis,
besides putting the catalytic residues in place, is often connected to protein structural dynamics and associated solvent motions. Such contributions of protein or solvent movement on catalysis can be detected by a favorable entropic effect on catalysis (see Entropic Catalysis).
Generally, catalytic function requires balancing between structural flexibility and
stiffness. Flexibility is necessary to allow substrate binding, TS formation, correct
positioning of reacting groups, and product release. Stability keeps the reacting
groups in proximity and allows correct interaction between enzyme and substrate. A
direct link between structural motions (fast and slow (pico- to millisecond)) that can
induce rearrangements (local and global) and the catalytic activity has been observed
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[151]. Structural movement can affect catalytic activity in a direct way by inducing
motion of participating groups (such as reacting groups in hydrogen tunneling, see
Hydrogen Tunneling) or by rearrangements that enable the substrate to enter the
active site (for example side chain or loop movements that allow unhindered substrate entrance to the active site) [102]. Movements can also influence protein function in a more subtle way by, for example, enhanced configurational entropy [140]
or fluctuations in protein dynamics that have been shown to be intrinsic properties
of the structure [152]. Protein dynamics and altered structural entropy have additionally demonstrated to be crucial in protein activity regulation via allostery [153155].
Despite the strong coupling of protein and solvent movement [156, 157], most studies focus on protein dynamics to explain regulatory mechanisms such as allosteric
regulation. Advances in experimental techniques, such as Nuclear Magnetic Resonance (NMR) [158], Cryo-Electron Microscopy (EM) [159], Liquid Chromatography
coupled with Mass Spectrometry (LC-MS/MS) [160] (Paper V), and TeraHertz
(THz) spectroscopy [161] allow a deeper understanding. Experimental analysis in
combination with computational tools [82, 162] (Paper V), can help to untangle
protein and solvent contribution to enzyme activity and regulation.

Protein Hydration and Solvent Influence on Protein Function
The main project of this thesis involved elucidating the influence of water network
reorganization on terpene cyclase catalysis (see Terpenes and Terpene Synthases). The effect of protein hydration and solvent dynamics on enzyme catalysis
is rarely studied. Therefore, the following chapter is giving an overview of solvent
influence on proteins and protein function in general, information that can give insight into its potential influence on enzyme catalysis as well.
Despite water being the “matrix of life” [163] that contributes to all reactions in the
cell, the thermodynamic consequences and influence of water and water dynamics
on protein function are not completely understood and often neglected. The unique
properties of water, such as the high boiling and freezing points and the high surface
tension, consequences of the formation of hydrogen bonds, enable the prevailing water-solvent-based biochemistry on earth. In the earlier days of enzymology, water
was seen as a passive solvent. Nowadays, water is thought of as an active contributor
that governs the structure, stability, dynamics, and activity of biomolecules and
thereby dictates life in the cell [157]. The concentration of macromolecules in the cell
is around 400 g/L [164], making the cell a very crowded place. As a consequence,
two molecules in the cell will be only 1-2 nm apart, separated by only a few layers of
water [165]. A point of discussion is the behavior of these water molecules in the cell
compared to bulk water behavior. It is often assumed and stated that water in the
cell is so confined that it displays slowed down reorientational dynamics and a lower
average coordination number, giving the cytoplasm a gel-like consistency [165, 166].
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However, in vivo NMR measurements and neutron scattering experiments show
that around 85% of the water molecules in the cell behave like bulk water molecules
and only the water surrounding solutes shows differing behavior [167, 168]. Even in
perturbed water networks, the hydrogen bonds are constantly rearranging, influencing the structure, function, and dynamics of biomolecules and other solutes in the
cell. Thus, water is not a passive diffusion medium, but it interacts with and determines the capability of the solvated molecules (Figure 8).

A Protein folding and formation of the hydration layer

Water
exclusion

B Internal structural water molecules
and water ﬁlling pockets

C Water in catalysis for example
by water expulsion upon enzyme
substrate binding

S

S

Figure 8: Water-influence on protein structure and function. A: Water exclusion can drive protein folding via
the hydrophobic effect. A hydration layer surrounding the protein is formed that stabilizes the structure and
is important for interaction with other molecules by either enabling interaction by water expulsion or by
providing hydrogen bonding interactions. B: Water is filling clefts and pockets on the in- and outside of the
protein. Internal water molecules mediate interactions and stabilize the structure. C: Water is part of enzyme
catalysis on several levels as exemplified here by driving protein-substrate-binding through, for example, entropic gain upon water release (for more details see Water in Enzymatic Reactions). Protein in grey, water in
elemental colors, substrate in blue.
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Water Drives Protein Folding
One of the most profound influences of water on many protein structures and functions is the water-driven folding of the amino acid chains to their 3D tertiary structures (see Enzyme Structure). The strong polarity (dielectric constant = 80 F/m)
and consequent hydrogen bonding properties of water molecules have a severe impact on the arrangement of water networks around apolar solutes, such as hydrophobic amino acid side chains, upon solvation. The interaction between water molecules is more favorable than interacting with hydrophobic side chain residues. This
results in the water molecules arranging in a cage-like structure around the particle,
which constitutes to a hypothetical entropic cost. If then two hydrophobic molecules
are solvated in close proximity, “entropically unhappy” water molecules can be liberated if the two molecules are surrounded by a single cage - the so-called hydrophobic effect (as depicted in Figure 8 A). The association of the apolar side chain residues to form the hydrophobic inner core of the protein, i.e. the folding of the amino
acid chain, would thus be driven by a favorable entropic contribution. The general
assumption of the hydrophobic effect as a pure entropic effect by water expulsion, as
initially stated by Frank and Evans [169], is more and more questioned [170]. Large
changes in both enthalpy and entropy seem to drive the hydrophobic association of
particles [170]. Protein folding by the hydrophobic effect seems to be more complex
than initially postulated but connected to solvent rearrangement and movement
[171].

The Hydration Layer – Water Surrounding the Protein
The folded solvated protein is surrounded by a hydration layer that also fills gaps,
clefts, and potentially exposed active sites of enzymes. It forms a protective layer by
maintaining the local conformational dynamics of the protein [172] and it determines the function of biomolecules [173]. Hydration water - also referred to as biological water [174] - is often analyzed in comparison to water behavior in bulk solvent. Changes in water behavior induced by the protein surface are still discussed
vividly. Overall water density, relaxation times, and dynamics of the hydration layer
are believed to be perturbed in comparison to bulk water. It has been shown that
water in the hydration layer (around 5 Å, 2 layers of water [173]) shows a 10% increase in density due to shortening of water-water distance and an increased coordination number - the global-surface density effect, induced by the generated electrostatic field on the protein surface [175]. The dynamics of the hydration layer are
mainly dependent on the amino acid composition, the electrostatic field, the side
chain movement [176], and also the topology [175, 177] of the surface. Water relaxation times can be faster [178] or slower than in bulk (3-5 times [157]) and range from
a few hundred femto- to a few hundred picoseconds [179]. Counter-intuitively, water
in proximity to hydrophobic residues can show slower relaxation times than water
close to hydrophilic residues [177] or vice versa [176, 180], leading to the conclusion
that mainly geometrical surface topology governs relaxation times and not the type
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of residue [181]. This also demonstrates the heterogeneity of biological water dynamics that are unique to a protein as they are dependent of the surface composition and
topology. Protein hydration of peripheral membrane proteins, such as triterpene
cyclases (Paper III, Paper IV, Paper V), is different compared to that of soluble
proteins. The phospholipid head groups of the membrane strongly interact with the
water molecules, inducing water retardation (3-8 times slower relaxation than in
bulk) up to 10 Å above the membrane, including the hydration layer of the solvated
protein. The observed entropy-gradient of perturbation perpendicular to the membrane is stronger than the observed retardation in the hydration shell of soluble proteins (2.5 times) [181].
The importance of the hydration layer of proteins for their function is gaining increasing attention [182] and it has been implied that instead of studying the protein
structure as it is, the "active volume" of the substance (van der Waals surface) and
the consequences on the water networks and dynamics surrounding them should be
considered. This is because hydration water mediates interactions between molecules and influences protein activity on several different levels [165]: it has, for example, been shown that water dynamics on the surface of the molecular chaperone
GroES are on average faster compared to other protein surfaces, which enables unhindered interactions with proteins that need folding assistance by the chaperone
[178]. More generally, all enzymatic activity seems to be dependent on the presence
of the hydration layer that ensures that the enzyme keeps its structural integrity and
flexibility. Although there are many benefits of using enzymes in organic solvent
[183], it has been shown that enzymes usually benefit from an increased concentration of water in the reaction [184], demonstrating the general importance of water
for catalysis.
Overall, water in proximity to the protein surface seems to be altered on many different levels, which can affect thermodynamic properties. However, this applies not
only to water on the outside of the protein, but also to internally captured water molecules.

Internal Water Molecules – Solvent Dynamics
Despite the expected entropic gain upon water exclusion, proteins are not completely
dry and desolvated [185]. The analysis of several crystal structures revealed that 3060 vol% of the protein crystal is water [186], including water on the out- (The Hydration Layer – Water Surrounding the Protein) and inside of the protein
structure. The water captured inside the protein structure can be divided into structurally fixed and loose, flexible water molecules. The former rigid water molecules
are well hydrogen bonded, mediate structural interactions between amino acids
[187] and thus have been described as the “twenty-first” proteinogenic amino acid
[180]. They are active components of the structure, stability, and dynamics and it
has been demonstrated that inclusion of water molecules into the modelling of protein structures based on amino acid sequences is crucial for correct structure
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prediction [188]. Such localized, structured water molecules can be observed by high
resolution (around 2 Å) static X-ray structures and by NMR dispersion. They show
residence times, a measure of how much time a water molecule spends in the same
space, on the millisecond timescale [157] and can exchange with the bulk solvent
within microseconds [185].
However, not all water localized inside the protein body is that structured. The
looser, flexibly bound water molecules can only be detected by density or relaxation
properties using neutron scattering [189], dielectric spectroscopy [190], NMR [191]
or via computational methods such as MD simulations [192, 193] (see Computational Methods for Enzyme Engineering). They show exchange rates on a nanosecond timescale [157] (Paper V). As opposed to the structural water, internal
flexible water molecules can have higher entropy than in the bulk environment [157].
The localization and environment of the water determine the thermodynamic properties of such internal water molecules [194].
The direct influence of perturbed water dynamics on protein function has, for example, been shown for water molecules in the central cavity of the SecY translocon. Water dynamics showed strongly retarded behavior in diffusive motions and rotational
dynamics compared to bulk water, leading to a dipole alignment of the water molecules that is crucial for the SecY function of folding and partitioning of membrane
proteins to the membrane [195]. Other studies showed that water movement in G
Protein-Coupled Receptors (GPCRs) determines receptor activity [196, 197]. A more
complex, indirect influence of water movement on protein function comes from the
connection of solvent and protein dynamics. It has been observed that the water molecule exchange rate with the bulk solvent correlates with slow rearrangements of the
protein matrix, giving the first indication that protein and solvent movement could
be intertwined. Additionally, correlation of the thermal dependence of protein and
water motions at low temperatures by a few Å and in the pico- to nanosecond timescale [198], together with the discovery that the entropy-driven protein dynamics
underlie internal water rotational dynamics, allowed the conclusion that some protein motions are slaved by solvent dynamics. Movement of surface hydration water
induces the motion of surface residue side chains, which then transmits to the protein core and evokes slower movements of the protein backbone - dynamic motions
necessary for the proper function of many proteins (Protein Structural Dynamics and Influence on Catalytic Function). However, the general applicability of
solvent-slaved protein dynamics has also been questioned, leading to a proposed
model where motions in proteins can either be slaved or be independent of the solvent movement [157, 199].

Water in Enzymatic Reactions
Water is essential for protein folding, structure, stability, dynamics, and solubility,
but as discussed below can also be a key player in all steps of enzyme catalysis - binding, the catalytic step, product release - and activity regulation (Figure 9).
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Figure 9: Water contribution to enzyme catalysis. A: Water influences enzyme-substrate binding on several
levels. Partial or complete desolvation of the binding pocket and the substrate upon association can give favorable energetic effects. Captured water molecules can support molecular recognition through hydrogen
bonding or can aid in shaping the active site for correct substrate arrangement. B: Water can be chemically
involved in catalysis as, for example, substrate itself (hydrolases). It can also mediate protonation, stabilize
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34

On Catalytic Mechanisms for Rational Enzyme Design Strategies
Protein-Ligand Binding
Water is acknowledged as an integral part of most protein-protein, protein-DNA and
protein-ligand interactions. The interaction of an enzyme with its ligand or substrate
entails a partial or complete desolvation of the ligand and the binding site and a reorganization of the water-networks surrounding both binding partners (Figure 9
A). The free energies of the water molecules localized in the active sites differ markedly from the free energies of water molecules in bulk, depending on the pocket environment (see Internal Water Molecules – Solvent Dynamics) [194]. Side
chains in apolar pockets cannot provide hydrogen bonding interactions, leaving the
water molecules in a potentially enthalpically and/or entropically unfavorable state.
Upon ligand binding, displacement or rearrangement of these water molecules that
mostly form hydrogen bonds amongst themselves, can be energetically favorable
with several kcal/mol and can thus increase protein-ligand affinity. An example for
an entropy-driven protein-ligand binding event that follows the classical view of an
entropic hydrophobic effect is the binding of ligands to thrombin. Increasing size
and hydrophobicity of the ligand has been shown to correlate with the number of
water molecules expelled upon binding, which coincides with an increasing entropy
of binding (up to around 5 kcal/mol) [138]. However, as described above (see Water
Drives Protein Folding), the energetic origin of the hydrophobic effect is not necessarily entropic. An example for an enthalpy-driven association event is the binding
of ligands to human carbonic anhydrase [200]. Reorganization of well-ordered water
networks in the hydrophobic binding pocket leads to an enthalpy-dominated process.
In contrast, polar pockets do provide hydrogen bonding interactions between amino
acid side chains and water molecules, leading to enthalpically favored water localizations that are kept in place by three or four hydrogen bonds. Instead of being expelled upon ligand-binding, these water molecules can mediate an enthalpy-driven
enzyme-substrate recognition and binding, such as observed for nevirapine binding
to HIV1 reverse transcriptase (one bridging water molecule accounts for around
7 kcal/mol in binding) [201]. It has been shown that up to 21 water molecules can be
ligand-bound in the active site [202], either bridging interactions of substrate with
the active site lining side chains or they function as extensions of the active site lining
to enable correct folding of hydrophobic substrates [203]. However, these structured
active site water molecules usually possess an unfavorable entropy. The theoretical
entropy increase upon release of such a highly ordered water molecule from the active site to the bulk has been determined to be 7 cal mol-1 K-1, around 2.2 kcal mol-1
at a physiological temperature [204].
A delicate balance of enthalpic and entropic contributions, majorly influenced by the
localization and movement of the involved water molecules, determines the energetics of enzyme-substrate binding. Energetics of the binding event are thus dependent
on the environment and very specific for each interacting pair. It has, for example,
been shown that water network-perturbating mutations lead to altered
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thermodynamics of ligand binding in human carbonic anhydrase [118]. Both entropy
and enthalpy of binding were affected by the introduced mutations, although most
analyses (different enzyme variants and ligand combinations) showed the same
trend with an unfavorable change in binding enthalpy and a favorable change in
binding entropy compared to WT. This is probably attributable to a strengthening
effect on water-networks by the introduced mutations. This study furthermore highlights the importance of water molecules and network rearrangements in the energetics of the binding process.
The understanding of the immense impact of water displacement or relocation on
the free energy change upon ligand binding is not only of fundamental biochemical
interest but also became a standing pillar in modern, computer-aided drug design
[205] (see also Computational Methods for Enzyme Engineering). The binding of a drug, often enzyme inhibitors, that replaces water molecules and additionally
mimics the water-active site interactions, will have a more favorable binding free
energy. This leads to a tightly bound ligand, which is generally a more effective drug.
Small changes in the water-hydrogen-bonding network can have large impact on the
interaction energy, such that the binding free energy is dominated by the contributions of the water instead of direct interactions between the ligand and the binding
pocket [206]. Programs like WaterMap, which can determine the thermodynamic
properties of water molecules in the binding pocket, can give reliable information
about the increase in affinity upon displacement of active site water by the ligand
[207] (see Computational Methods for Enzyme Engineering). Not only the
displacement of single water molecules affects the binding affinity, but also rearrangement or stabilization of water-networks can direct protein-ligand binding
[208]. Water dynamics in enzyme-ligand binding, coupled water-protein motion
that assist enzyme-substrate interaction [209] and also hydration funnels mediating
ligand binding have been described [210].
Water molecules do not only determine the energetics of the enzyme-substrate interaction. Different water networks can also mediate different active site-ligand interactions and accordingly allow binding of different substrates, increasing the catalytic scope of a biocatalyst [211, 212]. Water involved in protein-ligand binding thus
can affect catalysis on several levels: it drives ligand binding and unbinding kinetics
[213], binding thermodynamics and active site water often determines substrate
recognition [214], specificity [215], enantioselectivity [216] and product profile [203]
of an enzyme.
The Catalytic Step
As discussed above, water molecules are usually expelled when they do not mediate
binding or have catalytic function. This is often due to energetic or steric reasons.
Additionally, a dry protein environment has many advantages for enzyme catalysis,
such as enabling stronger electrostatic fields (dielectric constant in enzyme active
sites average around 4 F/m [99]) or shielding of unstable intermediates from being
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quenched by active site water molecules. However, analysis of nearly 400 proteinligand structures has shown that there are on average 4.6 water molecules per protein-ligand interface with a wide diversity of 0 to 21 water molecules per structure
[202], usually depending on the composition of the catalytic pocket. These remaining internal water molecules can either be involved in catalysis, they can contribute
to the stabilization of the ligand or TS, they can be of importance for the energetics
of the reaction (Figure 9 B) or they can be part of activity regulation, as described
below.
Water molecules can participate in chemical reactions as substrates themselves, for
example in hydrolytic reactions [217], or they can be metal-ionized nucleophiles, as
in the hydration of carbon dioxide performed by carbonic anhydrase [218]. Furthermore, the amphoteric nature of water molecules allows them to be involved in proton
transfer reactions [102].
Trapped water molecules in the active site have been shown to serve as extension of
the active site residues to help in stabilizing the TS structure [219, 220] or smoothen
out the active site wall to ensure a proper fit of the substrate, as demonstrated for a
terpene cyclase [203]. Different solvation of the TS and water networks in the active
site have been retrospectively described as a source of increased enzymatic activity
in different engineering attempts [221, 222]. An intended TS stabilization by internal
water molecules has been recently explored as enzyme engineering strategy [82].
The significance of active site solvation and rearrangement of hydration pattern in
TS formation has also been acknowledged in a de novo designed kemp eliminase
[222]. However, theses active site water molecules need to be controlled precisely to
avoid unwanted side reactions. Water displacement to and from the active site at the
right moment during a catalytic cycle can be promoted via the formation of water
channels like in all trypsin-like proteases [223] or FabI Staphylococcus aureus
enoyl-acyl carrier protein reductase [224]. The formation of such water-wire harboring water channels that connect the bulk with the active site [225] has also been observed to allow re- or deprotonation of amino acids, cofactors, substrate or product
[102].
A subtler solvent contribution to catalysis has been observed for peptide hydrolysis
by a metalloprotease. By following catalysis time-dependently, it has been shown
that solvent dynamics are substrate-specific and generate slow protein-water-coupled motions that persisted longer than one catalytic cycle, which influences enzyme
reactivity [161]. Such solvent movement in form of relocation of water molecules and
water network reorganization, which can occur in tandem with dynamic protein
movements, can improve the energetics of the reaction [226]. Water relocation in
the active site but also from the active site to the bulk solvent during the transition
state can influence the Gibbs free energy of activation by several kcal/mol in both
enthalpy and entropy of activation [226]. A lowering of the free energy by water network rearrangements and water movement from energetically unfavored to energetically favored locations in the active site has been studied for protein-ligand binding
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(see Protein-Ligand Binding) but rarely for the catalytic step (as explored in Paper V).
Thermodynamically, all parts of the system, protein, substrate and solvent, need to
reach the TS. However, solvent contribution is usually neglected and the influence
of solvent dynamics on enzyme activity remains poorly understood. A deeper understanding of solvent distribution and water network rearrangements upon transition
state formation (Paper V) could help in extending rational enzyme engineering
strategies in the future.
Activity Regulation
Enzyme activity can be regulated by different strategies, such as by allostery, the
long-distance communication between distinct binding sites that can be promoted
by water molecules (Figure 9 C) [227, 228]. The interconnection of protein and
solvent dynamics makes it difficult to untangle both effects experimentally. However, there are examples where allostery has been shown to be transmitted via structural water molecules [227, 228], the rearrangement of water networks or solvent
dynamics, including examples where the allosteric regulation is not accompanied by
large conformational changes. Examples for allosteric regulation of enzymatic activity based on hydration water, structural water, or water-networks include aurora kinase [229] and GTPase allostery mediated via structural water networks [230, 231].
Allosteric regulation by intertwined solvent and protein dynamics has, for example,
been reported for fluoroacetate dehalogenase (FAcD) [155].
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III. 𝛼/𝛽-Hydrolases and Esterases
Paper I presented in this thesis investigates the promiscuous activity of a non-canonical 𝛼/𝛽-hydrolase from potatoes. The following chapter is therefore introducing
𝛼/𝛽-hydrolases and more specifically the esterase patatin.
Hydrolases are essential enzymes that break down biomacromolecules, using water
to cleave chemical bonds. They can be further classified based on the type of bond
they can hydrolyze into, for example, amidases or esterases, cleaving amide or ester
bonds, respectively. Many hydrolases have been analyzed and engineered for industrial purposes, as for example detergent ingredients or for applications in the pharmaceutical or food industry [23, 232]. Promising engineering examples include the
substantial increase of thermostability of Bacillus subtilis lipase LipA [233], the
complete inversion of the enantioselectivity of a Bacillus subtilis esterase [234] but
also complete transformation of catalytic activity, for example, from esterase to
epoxidase hydrolase activity [235]. Different hydrolases cover a large array of bondcleavage reactions, which are performed by different structures and mechanisms.
Based on their catalytic mechanism and fold, they can be clustered into different
groups. Large subgroups are the PA (proteases of mixed nucleophile, superfamily A)
clan that have a chymotrypsin fold or the 𝛼/𝛽-hydrolase-fold superfamily.
The 𝛼/𝛽-hydrolase superfamily is one of the largest structurally-related group of enzymes [236]. They share a common fold with a central mostly parallel 𝛽-sheet core,
interconnected and surrounded by 𝛼-helices [236, 237] (Figure 10). They have very
low sequence similarities but high conservation of catalytic residues. Catalysis by
𝛼/𝛽-hydrolases is most commonly performed by a catalytic triad (see Covalent Catalysis) that is able to degrade a variety of different substrate bonds. In brief, a nucleophilic residue, polarized by the base of the triad, is attacking the electrophilic
carbon (carbonyl carbon in amides or esters) of the substrate. This yields the first
tetrahedral intermediate with a charge build-up at the carbonyl oxygen that is usually stabilized in an oxyanion hole. The tetrahedral intermediate collapses back to
the carbonyl carbon, which yields in a covalently-bound acyl-enzyme intermediate
and the first product that leaves the active site. Attack of a water molecule triggers
the formation of a second tetrahedral intermediate, which collapses, yielding the free
enzyme and second product (Figure 5). Most important conserved residues are the
members of the catalytic triad and the residues comprising the oxyanion hole. Recent
studied examples belonging to the 𝛼/𝛽-hydrolases and performing such covalent catalysis include the PET degrading hydrolase PETase [97] (Figure 10).
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Figure 10: Structure (A, PDB 5XG0 [97]) and topology (B) of an 𝛼/𝛽-hydrolase-fold enzyme (PETase). 𝛽-sheets
in cyan/light blue, labeled 𝛽1 to 𝛽9, 𝛼-helices in dark blue, labeled 𝛼1 to 𝛼7, residues of the catalytic triad
(Ser131 – His208 – Asp177 for PETase) in magenta.

The esterase patatin analyzed in Paper I is a non-canonical 𝛼/𝛽-hydrolase. It is a
non-specific lipid acyl hydrolase that degrades phospholipids, glycolipids, sulfolipids
and mono- and diacylglycerols. Similar to canonical 𝛼/𝛽-hydrolases, it possesses a
central 𝛽-sheet core kept in place between a front and back 𝛼-helical domain [238,
239] (Figure 11). However, patatin possesses only six central 𝛽-sheets (𝛽1,2,5,6,9,11,
Figure 11) in its core domain, which is topologically different from canonical 𝛼/𝛽hydrolases.
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Figure 11: Structure (A, PDB 1OXW [238]) and topology (B) of the non-canonical 𝛼/𝛽-hydrolase patatin. 𝛽sheets in cyan/light blue, labeled 𝛽1 to 𝛽12, 𝛼-helices in dark blue, labeled 𝛼1 to 𝛼10, residues of the catalytic
dyad (Ser77 – Asp215) in magenta.

Additionally, the catalytic mechanism of patatin is distinct from the typical catalytic
triad-based mechanism, using a catalytic Ser-Asp dyad instead. Similar to other hydrolytic enzymes performing catalysis with a catalytic dyad [239], the Oγ atom of the
catalytic serine is very close to Oδ2 of the aspartate, allowing direct activation by
abstraction of the serine proton prior to nucleophilic attack of the substrate carbonyl
carbon. The following catalytic cascade is similar to the reaction performed by a catalytic triad (Figure 5). An oxyanion hole is formed to stabilize the developing negative charge at the substrate carbonyl oxygen during formation of the tetrahedral
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intermediate. The first product leaves supported by a proton transfer from the aspartate. Hydrolysis and regeneration of the free enzyme occurs through a similar
mechanism [239].
The differences in structure and mechanism of patatin compared to other hydrolases
and especially esterases enables the formation of a hydrogen bond between the protein backbone and the substrates’ amide group. This hydrogen bond is key to why it
shows high promiscuous activity towards amides, a fact described and explored in
Paper I.
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IV. Terpenes and Terpene Synthases
The majority of the work performed within this thesis focused on analyzing the catalytic mechanism of different terpene cyclases. These enzymes are key to terpene
synthesis and are introduced in the following chapter.

Terpenes
Terpenes and terpenoids comprise the largest, most ancient and structurally diverse
class of natural products with more than 80,000 registered compounds in the natural product dictionary [240, 241]. They are produced by organisms of all kingdoms
of life and new compounds are still discovered regularly [242]. The word terpene
originates in the word “turpentine” that comes from the tree species Pistacia terebinthus, the first source for harvesting the terpene-rich turpentine resin. Today however, according to the terpene rule initially formulated by Ruzicka in 1953 [243], all
chemical compounds that descend from an isoprene precursor and possess the basic
molecular formula (C5H8)n belong to the chemical class of terpenes (also called isoprenes). Terpenes, hydrocarbon-based compounds, are often modified or further
functionalized, giving rise to a large diversity of natural products with different properties. If they contain additional functional groups, they are classified as terpenoids
(for simplification, terpenes and terpenoids will be referred to as terpenes). Their
natural role is often unknown, but many terpenes are plant secondary metabolites
and can act, for example, as attractants, expellents, anti-feedants, signaling compounds and growth regulators and can have anti-microbial, anti-viral, anti-malaria
and anti-cancer properties [244].
All these various natural attributes give rise to the usage of many terpenes in a variety
of different industries as drugs, solvents, flavors, fragrances, synthetic intermediates
or as polymers in rubber [245, 246]. Traditionally, commercially useful terpenes are
harvested from their plant source, associated with high costs and a negative environmental outcome. An increasing number of terpene synthesis routes are recreated
chemically but the chemical synthesis is very challenging and often involves many
steps and harsh chemicals [247, 248], so that the biotechnological terpene production is gaining more and more attention [24, 46, 249, 250]. Although the basic molecular structure of terpenes is a multiple of isoprene units, it should be noted that
not all terpenes are carbon multiples of five: This is because subsequent modifications can involve cleavage or further addition of carbons and can give structures with
various carbon numbers. They are, however, divided according to the number of
fused five-carbon subunits into hemi (C5)-, mono (C10)-, sesqui (C15)-, di (C20)-, sester
(C25)-, tri (C30)-, sesquar (C35)- and poly (C5n)-terpenes (Figure 12).
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Their biosynthetic production can be separated into four phases (Figure 12). In the
first phase, the five-carbon precursor molecules are generated. In the second phase,
the isoprene subunits are fused to produce the linear hydrocarbon isoprene backbone that is then cyclized in the third phase and further functionalized in the last
phase by downstream tailoring enzymes such as cytochrome P450 or methyltransferases.
The precursor molecules DMAPP (dimethylallyl-diphosphate) and IPP (isopentenyldiphosphate, Figure 12, Phase I) are produced in the mevalonate (eukaryotes and
archaea) or in the non-mevalonate (MEP pathway in prokaryotes and cyanobacteria)
pathway (both pathways exist in plants). Formation of the linear isoprene precursor
for subsequent cyclization, the second phase of terpene production, is performed by
prenyltransferases (Figure 12, Phase II). They are terpene synthases that couple
isoprenyl subunits in a most commonly head-to-tail (C1-C4) or rarer tail-to-tail (C4C4, squalene synthase) manner. Irregular isoprenyl coupling in a non-head-to-tail or
tail-to-tail manner, especially for the generation of longer isoprenes (C30), leads to
an even larger variety of precursor molecules. The generation of longer isoprenes has
been reported to be sometimes split into two or even three steps, such as for bacterial
squalene synthesis [251]. Otherwise, prenyltransferases are processive enzymes that
elongate the chain by subsequently adding IPP units. They possess an 𝛼-helical fold
with a central active site pocket that determines the length of the product (“molecular ruler”) [240].
Regular prenyltransferases are metal-dependent enzymes (Mg2+), where three metal
ions are required to provide efficient ionization of the substrate and for carbocation
formation that allows product generation. The metal ions are coordinated by two
aspartate-rich metal ion binding motifs (DDXXD; number of Xs can vary) and by the
remaining diphosphate group of the substrate. A structural rearrangement caps the
active site and leads to water exclusion to avoid premature quenching of the generated carbocation. The enormous structural diversity of the terpene class, however,
comes from the cyclization (Figure 12, Phase III) of the generated linear isoprene
molecules. The cyclization reactions performed by terpene cyclases are outstandingly complex and have been repeatedly described as the most complicated existing
enzymatic reactions [240] with more than half of the substrate carbons undergoing
bond changes and hybridization during catalysis.
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Terpene Cyclases
Traditionally, all terpene cyclases are categorized into two different classes according
to the catalytic strategy they employ. Class I enzymes use activated substrates and
initiate the reaction by metal-assisted ionization, whereas class II cyclization is protonation-initiated (Figure 13).
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Figure 13: Initiation of terpene cyclization by class I and class II terpene cyclases [252]. Top: Class I cyclases
require a trinuclear Mg2+ cluster to perform ionization-initiated dephosphorylation of an activated substrate
for the generation of the initial carbocation that triggers ring closure reactions. Bottom: Class II cyclases protonate the terminal alkene (or epoxide group) of the substrate by a conserved aspartate to generate the first
carbocation that triggers ring closure reactions.

Despite the differences in substrate composition, initiation of the reaction, protein
fold and amino acid sequence, there are many noticeable common features across
the classes. Both classes follow the same reaction scheme, where the substrate is acquired and prefolded in the active site, followed by initiation of the reaction, carbocation stabilization and final deprotonation.
In both class I and class II enzymes, substrate binding and arrangement into the
active prefold with correct stereochemical configuration is crucial for the product
outcome. The active site serves as a template that guides the flexible isoprene substrate into a reactive conformation that resembles the product structure. Initiation
of the reaction is class-specific but in both classes leads to a carbocation that propagates through the substrate and induces all following ring-closure reactions. The active site has to stabilize the generated high-energy carbocationic intermediates and
prevents premature quenching by providing cation-𝛑-interactions with at least two
to three aromatic side chains in the hydrophobic active site lining. In fact, it is the
preciseness of the prefold and the stabilization of the carbocationic intermediates
that determine the fidelity of the cyclase. High-fidelity cyclases, such as human oxidosqualene cyclase, provide a snug fit and allow only a single substrate prefold [84,
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253]. Other cyclases, such as 𝛾-humulene synthase from Abies grandis, produce over
52 different products from the same substrate by being able to accommodate different prefolds [254]. This has been explored as a rational enzyme engineering strategy,
where single amino acid substitutions in the active site that remold the active site
contour have led to different product outcome [255, 256] without changing the catalytic strategy itself. Terpene cyclization is finalized by deprotonation by a suitable
base or water addition using a bulk water m0lecule [257]. For final deprotonation by
water addition, a highly coordinated water molecule has to be present in the active
site that needs to be controlled so that it cannot quench previous intermediates. Alternatively, it has been proposed that water accesses the active site by loop movements that allow water to enter the active site only for deprotonation and formation
of the alcohol product [257, 258]. Overall, terpene cyclases chaperone the cyclization
but interfere little chemically.
The increasing number of available crystal structures in the last 20 years has revealed that terpene cyclases do not only apply similar catalytic strategies but are also
structurally related. Terpene synthases (including cyclases of both classes and
prenyltransferases) generally are composed of so-called 𝛼-, 𝛽- and 𝛾-folds that are
combined to a number of different tertiary structures [240]. Triterpene cyclases with
an 𝛼-helical 𝛽𝛾-fold are believed to be the most ancient terpene cyclases. The 𝛾-and
the 𝛽-fold of the triterpene cyclase squalene hopene cyclase from Alicyclobacillus
acidocaldarius share 23% sequence identity and structural homologies. This led to
the conclusion that the 𝛾-domain arose from a primordial gene duplication and fusion to the 𝛽-unit followed by the development of the catalytic activity at the domain
interface. The class I 𝛼-fold is evolutionary distinct and arose from a gene duplication
event of a four helical bundle metal-binding protein that initially performed solely
prenyltransferase activity. Fusion of the 𝛽𝛾- to the 𝛼-fold gave 𝛼𝛽𝛾-structures, the
typical fold of plant diterpene cyclases with class II catalytic activity and possibly
bifunctional activity [259, 260]. Cyclase activity in 𝛼 developed later, giving the class
I cyclase mechanism. A subsequent loss of the 𝛾-fold led to the 𝛼𝛽-structures of today’s class I terpene cyclases. This was probably followed by a loss of the 𝛽-unit, giving 𝛼-fold cyclases. This evolutionary relationship is apparent in the same folds and
chemistries, originating from the common primordial ancestor [240, 261, 262]. It
has been shown that domain architecture is crucial for the catalytic outcome of terpene cyclization reactions. For example, swapping of domains can yield novel products and deletion of catalytically inactive domains (such as deletion of the 𝛽𝛾-domain
in an 𝛼𝛽𝛾-class I cyclase) has been shown to compromise cyclization fidelity [263].
It should be mentioned that examples of non-canonical terpene cyclization reactions
by structurally non-related enzymes with different catalytic mechanisms have been
reported recently [264, 265]. However, the focus of this thesis lies on traditional class
II terpene cyclases and their employed catalytic strategies.
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Class II Cyclases
Class II cyclases protonate the terminal carbon-carbon 𝛑-bond (alkene group) or
epoxide group of the isoprene substrates GGPP (diterpene cyclases) or (oxido)squalene (triterpene cyclases) (Figure 13). They employ general acid catalysis using a
Brønsted acid, a strictly conserved aspartate located in the sequence motif DXDD
(prokaryotes) or XXDCX (eukaryotes). For class II terpene cyclases that protonate a
terminal double bond, the proton has been reported to be oriented in an anti-position, making the acid 104-fold more acidic than with a syn-oriented proton [266,
267], which enables the protonation of the alkene bond. This anti-orientation can be
stabilized by hydrogen bonds, including incorporation of a water molecule as shown
in Arabidopsis thaliana CotB2 [268]. The reprotonation of the catalytic acid has
been reported to occur via a water wire connecting the catalytic acid with the bulk
that can allow proton transport via a Grotthuss mechanism [269].
Protonation of the alkene or epoxide group yields a tertiary carbocation that then
reacts with the closest remaining 𝛑-bond of the substrate to form a 6-membered ring
(A-ring, see Figure 14 and Figure 15). The reaction proceeds by iterative carbocation formations and ring closure reactions to form the multicyclic product. This
emphasizes the importance of the correct prefold of the flexible linear substrate and
the shielding of the generated carbocations from premature quenching. The product
diversity comes from subsequent reactions such as 1,2-hydride or 1,2-alkyl shifts and
rearrangements. Final deprotonation occurs by a base or the capture of a water molecule to form the alcohol product.
Class II terpene cyclases perform activity in a 𝛽𝛾-fold scaffold with the large hydrophobic active site cavity lying at the interface of the two domains and the catalytic
aspartate located in the 𝛽-fold. Many class II cyclases are monotopic membrane proteins with the membrane helix located in the 𝛾-fold. They can have 𝛼𝛽𝛾-folds with
either the 𝛼-fold inactive or, for bifunctional cyclases such as Abietadiene synthase
that performs tandem class I and class II diterpene cyclization, with activity in both
active sites [270].
Class II Diterpene Cyclases
Class II diterpene cyclases promote cyclization of the 20-carbon isoprene GGPP to a
variety of different products with promising properties [271]. The pyrophosphate
moiety of the substrate that is not part of the initiation of the reaction serves as a
handle to fix the substrate in the large hydrophobic active site. The active site cavity
lies at the interface of the 𝛽𝛾-fold. Substrate stabilization can occur via a Mg2+-cluster
bound to an EDXXD-motif in the 𝛾-fold [241]. Protonation of the terminal double
bond by an anti-oriented proton of the catalytic aspartate at the opposite end to the
diphosphate group yields a carbocation. This is accompanied by a concerted C10-C15
and C6-C11 bond formation (Figure 14 B) to form the bicyclic carbocationic intermediate. Aromatic residues in the active site provide stabilizing 𝛑-electron
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interactions. As previously described, the contour of the active site enforces prefolding of the substrate and thus determines the product outcome. Subsequent modifications such as hydride transfers and methyl shifts occur before termination by proton elimination or solvent addition. The remaining diphosphate stays intact and can
be the substrate for further cyclization by a class I cyclase. This “double cyclization”
occurs naturally in plant diterpene biosynthesis and together with the modular nature of terpene cyclase folds has been explored for the construction of different synthetic routes to a repertoire of functional diterpenes [272]. Different class II and class
I terpene cyclase folds have been combined to enable first a class II cyclization reaction, initiated at the GGPP terminal double bond, followed by a class I cyclization
with the remaining diphosphate, which led to the generation of 41 novel diterpene
compounds [272].
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Figure 14: PtmT2 structure (A, PDB: 5BP8 [273]) and enzymatic reaction mechanism (B). Enzyme colored
according to secondary structural elements (helices in blue, sheets in cyan) with the catalytic aspartic acid
(Asp313) in magenta in the active site cavity in the 𝛽𝛾-interface.

Aside from the structure of the bifunctional abietadiene synthase that exerts class II
diterpene cyclization in the 𝛽𝛾-interface [274], crystal structures of two pure class II
terpene cyclases have been solved [266]. Both are ent-copalyl diphosphate synthases
(CPS) using the same catalytic strategy. Plant CPS from Arabidopsis thaliana reveals
the typical 𝛼𝛽𝛾-fold of plant class II diterpene cyclases with an inactive 𝛼-unit [269].
Structural elucidation of PtmT2 [273], a CPS from the soil bacterium Streptomyces
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platensis (analyzed in Paper II) shows 𝛽𝛾-architecture (Figure 14). The 𝛽𝛾-fold of
PtmT2 has been shown to be more closely related to the A. thaliana CPS 𝛽𝛾-fold than
to the 𝛽𝛾-fold of the triterpene cyclase squalene hopene cyclase (SHC) although the
sequence is more similar to the SHC sequence (24% sequence identity and 39% sequence similarities to SHC vs 16% sequence identity and 26% sequence similarities
to AtCPS). The active site in the interface of the PtmT2 𝛽𝛾-fold harbors the catalytic
DXDD motif. It contains seven aromatic and four aliphatic residues that form the
hydrophobic active site walls. Nevertheless, it is filled with water molecules. The negatively charged diphosphate group of the substrate is stabilized by two lysine residues and a Mg2+ ion, coordinated by three aspartate residues [273].
Class II Triterpene Cyclases
Triterpene cyclases occur in all kingdoms of life - prokaryotes, eukaryotes and archaea [275]. Ancient linear and cyclic triterpenes, used as biomarkers to analyze sediments and fossils, have been proposed to be part of the evolution of biomembranes
as primitive membrane components that clustered and essentially formed the first
cell-like structures [276]. Modern triterpene cyclases generate a large diversity of
different compounds with diverse function in many organisms, such as providing
membrane fluidity and integrity [277]. Additionally, they are precursor molecules
for the generation of steroids, other hormones and secondary metabolites [102].
Triterpene cyclases use the class II mechanism (Figure 13), with a reaction sequence very similar to the diterpene cyclase mechanism described above. Instead of
the C20 GGPP, they use a C30 linear isoprene substrate that can be a pure hydrocarbon such as squalene or the epoxidized form – 2,3-oxidosqualene. Generally, squalene cyclases can be found in bacteria and oxidosqualene cyclases (OSC) are present
in higher organisms. However, OSC with eukaryotic origin can occur in bacteria as
well, which supposedly arose from lateral gene transfer [275].
Differences in triterpene cyclase active site geometries give rise to different prefolds
and with that to the catalysis of more than 80 different carbon skeletons, divided
into several groups such as sterols, hopanes and lupanes [278]. Triterpene cyclases
are inherently promiscuous and therefore promising engineering targets for the generation of novel compounds with potent properties [252, 279-281]. Compounds
based on natural polycyclic triterpenes are already widely used, or in the drug discovery pipeline. For example, as antibiotics (zeylasterone [282]), as anti-cancer compounds (ursolic acid [283], cucurbitacin [284], botulin [285]), or as insecticides
(azadiron [286]). Human triterpene cyclase OSC is also a drug target for hypercholesterolemia, artherosclerosis [287] and tumor growth [288].
Despite differences in molecular structure and prefold of the substrate, the catalytic
active motif, and the rearrangements occurring after initiation, there are many similarities in the reaction sequence of squalene and oxidosqualene cyclases that generally follow the above presented terpene cyclization scheme (see Terpene
Cyclases). A deeper understanding of the structure-function relationship and
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details of the catalytic mechanism arose from the two resolved triterpene cyclase
crystal structures of SHC from A. acidocaldarius (best resolved structure: 1UMP
[104]) and human OSC (hOSC, 1W6K [102]) (Figure 15), the latter being the main
focus of this thesis.
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and C, PDB 1W6K [102]). Enzymes colored according to secondary structural elements (helices in blue, sheets
in cyan) with the catalytic aspartic acid in magenta (Asp376 in SHC and Asp455 in OSC) in the active site cavity
lying in the 𝛽𝛾-interface.

Substrate acquisition of the monotopic membrane enzymes usually occurs from the
membrane, as both substrates and products are highly hydrophobic. The substrate,
squalene for SHC and oxidosqualene for OSC, enters the active site and is forced into
its prefold by the shape of the active site. The large central active site cavity of SHC,
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with aromatic amino acids in the walls, binds squalene in the required chair-chairchair conformation [290]. For OSC it has been shown that the substrate acquisition
channel is separated from the active site via a constriction site, such that side chains
have to move to allow the passage of the substrate. The energetically unfavorable
chair-boat-chair conformation of 2,3-oxidosqualene is enforced by Tyr98, located in
the upper half of the active site that pushes the methyl group at C10 below the molecular plane (one residue insertion above and one residue deletion below the molecular
plane in sequence comparison to SHC) to create the B-ring (Figure 15) [102].
This is followed by the initiation of the reaction by the catalytic active aspartate at
the top of the active site, which generates the initial carbocation [291]. The catalytic
active DXDD motif of SHC with Asp376 is backed up by His451 as strong electrophile. The anti-position of the transferred proton is ensured by hydrogen bonding to
Asp374 and Asp377 that makes it a very strong Brønsted acid, able to protonate the
terminal carbon-𝛑 bond. SHC also accepts the more readily protonated epoxide
group of oxidosqualene [292]. The human OSC reaction is initiated by Asp455 that
is hydrogen bonded to Cys456 and Cys533, which increases its acidity. However, its
syn-oriented proton is less acidic compared to the SHC counterpart (Asp376) and is
not able to activate the C=C 𝛑-bond of squalene [102].
The initiation leads to carbocation formation, which results in the first ring formation and delocalization of the carbocation that then migrates through the substrate skeleton and initiates all following ring closure reactions (Figure 15). For
SHC, the polycyclization occurs in eight substeps: A- and B-ring formation, C-ring
closure as a 5-membered ring, ring expansion, formation of a 5-membered D-ring,
ring expansion and E-ring closure as 5-membered ring, finished by final deprotonation to either hopene or hopanol, which are functional analogues of steroids in bacterial membranes [293]. A water network polarized by residues G-R-N-N, at the base
of the active site, functions as catalytic base for the deprotonation [104].
In human OSC, carbocation formation triggers A- and B-ring closure. This is followed by an anti-Markovnikov 5-membered C-ring formation that is rearranged to a
6-membered ring, followed by ring formation of the 5-membered D-ring to generate
the protosterol cation with the carbocation at C20 (Figure 15). Other than in SHC,
this carbocation cannot be stabilized as there are no corresponding aromatic amino
acids providing negative point charges, so that there is no fifth ring formed in human
OSC [102]. Computational QM/MM MD (see Computational Methods for Enzyme Engineering) studies showed that A- to C-ring formation occurs in a concerted asynchronous manner and gives a 6-6-5 intermediate which is followed by
ring expansion of the C-ring, concomitant with the 5-membered D-ring formation
[294, 295]. Following skeletal rearrangements, such as 1,2-methyl and 1,2-hydride
shifts, lead to the carbocation being shifted to C8/C9, where it is eliminated by His232
as catalytic base that is hydrogen bonded to Tyr302 [102].

52

On Catalytic Mechanisms for Rational Enzyme Design Strategies
The heat released during the highly exergonic reaction has been discussed to widen
up the substrate channel so that the bulky pentacyclic hopene or hopanol (SHC) or
the tetracyclic lanosterol (OSC) can be released back to the membrane [290]. As described for all terpene cyclizations, aromatic amino acids, lining the active site walls,
provide stabilizing cation-𝛑 interactions and prevent early elimination of the generated carbocation by nucleophilic attacks through water in the active site or amino
acid side chains and ensure the full cyclization to the respective product [102, 296].
Reprotonation of the catalytic acid of SHC, Asp376, occurs via Tyr495 and a positioned water molecule [290]. The catalytic acid of hOSC, Asp455, is reprotonated via
Glu459 that is connected to the bulk solvent by a chain of water molecules or by the
proton from the final deprotonation step that can be transferred back to Asp455
[102].
The great acceleration of the reaction compared to the reaction in solvent supposedly
arises from the stabilization of the carbocations in an electron rich environment
[292]. This purely enthalpic origin of the reaction has been questioned and the involvement of solvent dynamics has been discussed [71] (additionally explored in Paper III and Paper V).
The described similarities of the catalyzed reactions emerge from a parallel evolution
and high structural similarities (Figure 15). Triterpene cyclases are composed of
two domains (𝛽𝛾), giving them a dumbbell-shaped structure, where each domain is
comprised of an alpha/alpha barrel fold with a large hydrophobic active site cavity
at the interface [102, 290]. Interestingly, this fold is shared by the catalytically unrelated farnesyl transferase and nisin cyclase [296], highlighting the evolvability and
promiscuity of the structural backbone. Despite the high structural similarities, sequences of triterpene cyclases are quite diverse (only around 40% sequence identities) and they only share a few common sequence motifs. One sequence motif that
only occurs in triterpene cyclases with differing quantity (5-8) is the QW motif that
is supposedly stabilizing the structure during the highly exothermic reaction
(48 kcal/mol [290]). It probably prevents thermal denaturation of the structure by
electrostatic forces [297]. Although it could be assumed that OSC evolved from SHC
after the great oxidation event, it becomes more and more evident that they share
the same common ancestry and evolved in parallel. According to an evolutionary
model first expressed by Ourrisson, extant cyclases evolved from a primitive enzyme
through gene duplication and divergence, while maintaining crucial elements in the
active site (acid, base). Product specificity arose through mutations that changed the
shape of the active site [298]. A classification of modern triterpene cyclases, based
on phylogenetic analysis, reveals 20 homologous families arranged into 2 superfamilies (OSC and SHC) with 10 subfamilies in each clade [299].
Within the scope of this thesis, the triterpene cyclases SHC, hOSC and the diterpene
cyclase PtmT2 were analyzed in more detail.
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V.

Present investigation

The work presented in this thesis aims to emphasize the importance of understanding catalytic mechanisms of enzymes for further development of improved, more
comprehensive rational engineering approaches. In Paper I, we used the detailed
mechanistic understanding of a reaction to find a promiscuous scaffold that is able
to perform the desired reaction, as a promising starting point for further enzyme
engineering. Paper II to Paper V evolve around class II terpene cyclases. Details
of the employed catalytic mechanism and the previously unacknowledged importance of water movement in the active site for efficient catalysis are discussed. A
combination of in silico and in vitro experiments build the basis for the presented
studies.

Paper I
Mechanism-Guided Discovery of an Esterase Scaffold with Promiscuous
Amidase Activity
Catalytic promiscuity is an enzyme’s capability to catalyze not only its main reaction
but also various side reactions, usually with lower specificity or turnover. For natural
enzyme evolution, promiscuity allows the development of novel catalytic activities
that can be beneficial under certain evolutionary pressures. Prominent examples of
promiscuous enzyme structures include the terpene cyclase γ-humulene synthase
that produces 52 different terpene products from the same substrate [254] and the
𝛼/𝛽-hydrolase fold superfamily (see 𝛼/𝛽-Hydrolases and Esterases), including
enzymes with the same fold that catalyze at least 17 different reactions [300]. Promiscuous activities are also promising starting points for both directed evolution and
rational engineering strategies [12, 46] that further increase the specificity or efficiency of the catalyst towards the desired reaction. However, a key step in the beginning is the identification of such a promiscuous starting point. Within this study, we
used amide bond hydrolysis as a model reaction to present a mechanism-guided
identification of an esterase with potentially promiscuous amidase activity. We further expressed and analyzed the discovered enzyme scaffold that indeed displayed
high amidase over esterase activity.
Both amidase and esterase activity can be performed by the 𝛼/𝛽-hydrolase fold.
However, proteases and amidases can usually cleave both amide and ester bonds,
whereas esterases, if at all, perform poor amidase activity. This is due to the ratelimiting TS nitrogen inversion required for amidase activity that is stabilized by a
hydrogen bond between the NH group of the substrate and either the amidase
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(enzyme-assisted) or the substrate itself (substrate-assisted) [301] (Figure 16 1.).
This stabilizing interaction is usually missing in esterases, so that they can only perform poor amidase activity. Previous screening of esterases possessing a canonical
𝛼/𝛽-hydrolase fold (see 𝛼/𝛽-Hydrolases and Esterases) for a scaffold with a hydrogen bond acceptor for TS stabilization, hinting at a potential promiscuous amidase activity, did not give any results [301]. Thus, within this work, we focused on
non-canonical 𝛼/𝛽-hydrolase esterases (Figure 16 2.) to find an esterase backbone
that allows such a hydrogen bond formation between the substrate and the enzyme.
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Figure 16: Mechanism-guided identification of an esterase performing amidase activity. 1. Mechanistic key
players of amidase activity were identified (hydrogen bond assisted nitrogen inversion in orange, hydrogen
bonds in magenta). 2. In silico screening identified a non-canonical α/β-hydrolase as potential promiscuous
scaffold. 3. 90 ns MD simulations showed that patatin provides the necessary backbone hydrogen bond donor
and forms a productive TS with an amide substrate (A188, catalytic residues and residues of the oxyanion hole
are shown in stick and elemental colors). 4. Expression and analysis of patatin revealed high promiscuous
amidase over esterase activity.
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To identify non-canonical 𝛼/𝛽-hydrolase esterases with a hydrogen bond acceptor
able to stabilize the required nitrogen inversion for amidase activity, a previously
calculated TS structure (calculated with quantum mechanics using DFT at the
B3LYP/6-31G(d,p) level [82]) was used. The TS structure was superposed (using the
catalytic serine and residues forming the oxyanion hole as guiding points) to noncanonical 𝛼/𝛽-hydrolase esterases to screen for enzymes providing potential hydrogen bond acceptors. This docking of the TS led to the identification of human phospholipase A2 and the structurally related acyl hydrolase patatin from potatoes (see
𝛼/𝛽-Hydrolases and Esterases). This analysis revealed the backbones of the
amino acids G394 and A188, for human phospholipase A2 and patatin respectively,
that could act as hydrogen bond acceptors for stabilization of the TS. To enable more
detailed analysis of the potential promiscuity of the soluble esterase patatin, 90 ns
MD simulations were performed. They were based on the 2nd tetrahedral intermediate of the reaction (see Covalent Catalysis and 𝛼/𝛽-Hydrolases and Esterases
for details of the reaction mechanism) to focus on the rate-limiting nitrogen inversion stabilized by the discussed hydrogen bond. For the generation of this 2nd tetrahedral intermediate, the TS structure was covalently attached to the catalytic nucleophile (S77 in patatin). Additionally, to keep the catalytic acid D215 in a productive
conformation, the reacting NH group was protonated. Analysis of the MD trajectory
showed that a productive transition state was formed in 2% of all snapshots (Figure
16 3.).
Expression and analysis of the identified patatin scaffold for esterase and promiscuous amidase activity (Figure 16 4.), using p-nitrophenyl butyrate as ester and pnitrobutyranilide as amide, confirmed high amidase over esterase activity (ratio of
2*10-5 with kcat/KM (amide)= 0.45 M-1 s-1 and (ester)= 20900 M-1 s-1). In contrast to
previously determined high promiscuous amidase activities performed by esterases,
for example of Bacillus subtilis esterase (ratio of 1.1 * 10-4 (with kcat/KM (amide)=
0.46 M-1 s-1 and (ester)= 4200 M-1 s-1) [302] that was attributed to a water network
mediating the interaction between the scissile nitrogen of the substrate and the
amino acid E188, patatin enables a direct hydrogen bond between the substrate and
the enzyme.
Previous engineering efforts to perform amidase activity in an esterase scaffold, both
by directed evolution [303, 304] and rational design [82, 305], gave esterases with
improved amidase activity. These studies either focused on introducing an amino
acid residue to enable direct hydrogen bonding between the substrate and the protein [82, 305] or focused on engineering a water mediated hydrogen bond bridge
between the nitrogen and the protein backbone [82, 305]. Directed evolution approaches led to amino acid substitutions that probably enabled promiscuous activity
using other mechanisms: The promiscuous activity of a generated B. subtilis double
mutant, for example, affected substrate binding [304]. In contrast, we herein applied
the detailed mechanistic understanding of the amidase reaction to find a promiscuous scaffold that already possesses the internal hydrogen bond acceptor which could
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be a promising starting point for further enzyme engineering efforts. Other strategies
to find promiscuous scaffolds, such as de novo enzyme design or ancestral sequence
reconstruction, can also give starting points for further engineering efforts [52, 306].
However, if the key mechanistic activity shifter is known, finding a promiscuous scaffold in already existing enzymes allows bypassing the disadvantages of such bioinformatic methods such as poor sequence quality or quantity or uncertainties in the
constructed evolutionary tree, the base of ancestral sequence reconstruction.

Paper II
Protonation-Initiated Cyclization by a Class II Terpene Cyclase Assisted
by Tunneling
A major goal of this thesis was to provide more insight into the terpene cyclase catalytic mechanism employed by class II terpene cyclases (see also Paper III to Paper
V). Terpene cyclase catalysis has been described as the most complicated biochemical reaction [240]. A simple linear isoprene substrate is subjected to a number of
stereospecific ring closure reactions followed by potential 1,2-methyl and 1,2-hydride shifts, giving rise to a countless number of polycyclic compounds with often
potent bioactivities. Therefore, terpene cyclases are promising engineering targets,
making a deeper understanding of the underlying mechanism desirable (see Terpenes and Terpene Synthases).
It has been previously suggested that the rate-limiting [71] proton transfer that initiates class II terpene cyclization is supported by proton tunneling [307]. To further
study if proton transfer is affecting class II terpene cyclization, we turned our attention to the soluble diterpene cyclase ent-copalyl diphosphate synthase PtmT2 from
Streptomyces platensis (Figure 14) [273]. Instead of deionizing the diphosphate
moiety of the substrate (which would correspond to a class I mechanism), PtmT2
performs a class II bicyclization, initiated at the terminal double bond of the GGPP
substrate.
We performed kinetic studies of GGPP cyclization to the bicyclic ent-copalyl diphosphate by PtmT2 to determine the KIE and to analyze the influence of tunneling on
the enzymatic reaction (see Hydrogen Tunneling). To reduce experimental errors, in relation to determination of the actual deuterium concentration in the medium, KIEs were determined in varying H2O/D2O buffer concentrations. The entcopalyl diphosphate product was analyzed using high-performance liquid chromatography (HPLC) coupled with UV detection. The liquid sample is thereby mixed
with a carrier phase and then separated chromatographically into its components
(mainly the substrate GGPP and the product ent-CPP) depending on their interactions with the stationary phase (the column) followed by UV-detection. Incorporation of deuterium was determined by electrospray ionization of the sample, followed
by mass spectrometry, which gave m/z ratios for the different components in the
sample. HPLC-MS measurements revealed a peak with an m/z of 273 or 274,
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respectively, corresponding to the dephosphorylated product with either hydrogen
or deuterium incorporated. Initial measurements gave a high KIE of 7 in 94% D2O
which leveled off to around 4 when using lower H2O/D2O ratios. KIEs <7 can be explained by classical mechanics (see Hydrogen Tunneling) and are not necessarily
demonstrating the importance of tunneling in a reaction. Thus, we furthermore determined the temperature-dependence of the KIE. This analysis revealed a temperature-independent KIE (Figure 17 A) and Arrhenius factors AH/AD of 4 that are
characteristic for hydrogen transfer reactions, where tunneling is involved (see Hydrogen Tunneling). A twofold reduction of kcat in D2O together with previously
determined deuterium isotope effects for the triterpene cyclase SHC from Alicyclobacillus acidocaldarius [71] suggest that the hydrogen transfer is part of the ratelimiting step. Reduced values for kcat/KM imply that binding could also be affected
by performing the reaction in heavy water. Simple in silico analysis of hydrogen
transfer distances support the proposed hypothesis of hydrogen tunneling involvement in PtmT2 catalysis (Figure 17 A).
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Figure 17: Hydrogen tunneling in class II terpene cyclase PtmT2. A: Temperature-independent KIEs imply a
contribution of hydrogen tunneling to the cyclization reaction. B: In silico analysis reveal a short distance between the catalytic aspartate (Asp313) and the double bond in the substrate. C: Overall principle of hydrogen
tunneling performed by PtmT2.

In summary, we demonstrated the importance of hydrogen tunneling in the GGPP
cyclase PtmT2 (Figure 17 C).

59

Charlotte Kürten

Paper III
MD Simulations Reveal Complex Water Paths in Squalene Hopene
Cyclase: Tunnel-Obstructing Mutations Increase the Flow of Water in
the Active Site
As previously mentioned, one major goal of this thesis was to give more insight into
class II terpene cyclization with a special focus on enzyme hydration and the influence of water movement on catalysis. The importance of water movement on triterpene cyclization achieved by Alicyclobacillus acidocaldarius SHC has been previously studied by combined in silico and in vitro analyses [71]. It has been shown that
water tunnels in the SHC structure, connecting the large central active site and the
surroundings, allow water passage from the active site to the bulk solvent [71]. Furthermore, it has been hypothesized that water expulsion during the substrate prefold
and catalytic cycle allows the entropically driven polycyclization reaction of the WT
enzyme [71]. To study this hypothesis, enzyme variants with a hindered water flow,
achieved by insertion of bulky amino acids into the wall-lining of the water tunnels,
were analyzed [71]. Obscured thermodynamic profiles with entropies of activations
fully unfavorable for the reaction, as analyzed using Eyring transition state theory,
were detected [71] (see Transition State Theory and Thermodynamics of Enzymatic Reactions). All variants with introduced tunnel obscuring mutations
showed a decrease in activation entropy concomitant with a lowering in activation
enthalpy [71].
The present in silico study was a follow-up study to further analyze these previously
designed and thermodynamically analyzed SHC variants [71] concerning the water
flow within the active site and between active site and bulk solvent. Therefore, a computational method [80] was redesigned to visualize the most likely pathways of water
in SHC and designed variants as streamlines, based on detected water movement in
the MD trajectory (see Analysis of Computational Models and Applications
for Enzyme Engineering).
For this purpose, 150 ns to 300 ns MD trajectories were computed with AMBER,
using the SHC crystal structures 1UMP [289] and 2SQC [104]. Water flow in the
empty enzyme, enzyme with substrate located in the entrance channel, substrate
squalene in the active site, protonated squalene in the active site, product in the active site, and product in the substrate entrance channel (which supposedly is also the
gateway of the product back to the membrane) of the WT structures were compared.
Additionally, to analyze the effect of the mutations lying in the previously identified
tunnels, mutations (S38W, S168F, S168W, F605W, V440F (control)) were introduced in silico, MD simulations were performed similarly, and water flows with substrate in the active site were identified and compared to WT analyses.
Streamline analysis of all WT trajectories (empty, substrate, protonated substrate,
product) showed a continuous flow through certain regions of the structure with
most streamlines detected in and around the active site. Water molecules were
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moving in and out during all stages of catalysis as exemplified by analyzing the
empty, substrate-bound, intermediate-bound and product trajectories. However,
streamlines corresponding to water movement were distinct in the different stages.
This could be due to steric reasons as the least movement is detected in the trajectory
of the structure with the bulky product. However, differences in water movement can
also largely affect thermodynamic properties of the system and with that severely
affect catalysis (see Water in Enzymatic Reactions and Paper V). Remarkably,
differences in water flow of the trajectory with the substrate in the active site and the
protonated substrate in the active site (corresponding to the structures before and
after the rate limiting proton transfer) were detected, which are most likely not
evoked by steric hindrance.

Figure 18: Streamlines in the active site of WT (A and B) and variants and concomitant changes in the
streamlines in the active site evoked by introducing bulkier residues in the tunnel linings (C-H). Protein in
grey, streamlines in red, substrate in green, catalytic aspartate in cyan and mutated residues in yellow (S38W),
orange (S168F), magenta (S168W) or cyan (F605W).

Comparison of the water flow in the WT structure to the previously constructed variants with obscured thermodynamic parameters showed that introducing bulkier
side chains forces water to reroute, which concomitantly changes the water movement in the active site (Figure 18). Initially surprising was the detection of an increased water flow and movement in the active site of the designed variants (except
for the control) and also in the region between the catalytic active aspartate (Asp367)
and the substrate (Figure 18). Additionally, the number of water molecules in a
radius of 5 Å around the catalytic aspartate and the protonation distance between
catalytic aspartate and substrate seems to be increased by introducing mutations in
the wall-linings of the detected tunnels (Table 1). However, this is not valid for all
variants and also does not show the same pattern as observed for the in vitro [71]
determined entropies of activation (Table 1).
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Table 1: Previously determined entropies of activation [71], average number of water
molecules in a 5 Å radius (with and without cut-off of the first 50 ns of the trajectory, justified
by the observed diverting behavior for some of the trajectories, where equilibrium was reached after
50 ns) and protonation distance between acid and C=C bond in the substrate (with and
without cut-off).

WT
S38W
S168F
S168W
F605W
V440F

Entropy of
activation
based on
kcat/KM (at
328 K) [71]
[kcal/mol]

Average
number of
water molecules in 5
Å radius of
Asp367

16
-41
-16
-13
-7
n. d.

2.5
3.5
3.2
2.6
3.6
2.8

Average
number of
water molecules in 5
Å radius of
Asp367
(cut-off)
2.9
4.0
3.2
3.1
4.0
2.6

Protonation distance [Å]

Protonation distance (cutoff) [Å]

4.14
4.77
5.33
4.93
5.37
3.88

4.29
4.88
5.45
5.29
5.37
3.67

Based on these results, it was hypothesized that the increased protonation distance
could potentially result from water molecules being fixed in between the aspartate
and the substrate which could at least partially (2.3 kcal/mol in entropy for fixing
one water molecule to a protein at 328 K, see Protein-Ligand Binding) explain
the unfavorable entropy in the variants and the concomitant lowering in activation
enthalpy. For further clarification, near attack conformer (NAC) analysis [308] has
been performed for WT and variants. A NAC is a reactive substrate conformation
[309], energetically between the Michaelis complex and the TS. The NAC concept
has been used to explain enzyme catalysis: in an enzyme catalyzed reaction NACs
will form more easily compared to the reaction in solution, which will enhance the
rate of product formation for the enzyme catalyzed reaction. Within this study, a
NAC was defined as a structure, where the protonation distance (catalytic hydrogen
of Asp367 and reacting carbon in the substrate) is within the sum of the van der
Waals radii of the interacting atoms. The protonation ready conformations (NAC)
for the C-H bond in SHC should be close to 3 Å. The fraction of structures reaching
NAC and the corresponding activation energies to reach the NAC (𝛥GNAC) have been
determined. A higher NAC-frequency for WT and control concomitant with a lower
𝛥GNAC have been observed. However, the variants barely reach NAC status, according to this analysis. In contrast, in vitro analysis of the designed variants showed that
some of the variants have a lower 𝛥G⧧ and should thus have higher frequencies of
reaching NAC-status and a lower 𝛥GNAC.
Overall, it can be concluded that in the triterpene cyclase SHC, water tunnels exist
that allow water movement from the active site to the bulk. Obscuring those tunnels
by introducing bulkier side chains changes water movement around the mutation
but also has severe effects on the water flow in the active site. In the present study,
where all variants were designed to close the tunnels (by the bulkier side chains), an
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increased number of water molecules and an increased flow of water has been detected in the active site.
Based on the above described similarities in structure and reaction sequence (see
Class II Cyclases) it was of interest to analyze if other (tri)terpene cyclases also
perform an entropy driven catalysis, where water movement is decisive. In Paper
IV and Paper V, we therefore established the expression and investigated the influence of water movement on the catalysis performed by human triterpene cyclase.

Paper IV
Overexpression of Functional Human Oxidosqualene Cyclase in Escherichia coli
The importance of water movement for triterpene cyclization in bacteria has been
analyzed in Paper III on the basis of previously performed thermodynamic studies
with Alicyclobacillus acidocaldarius SHC [71]. A key objective of this thesis was to
additionally analyze and compare water influence on human triterpene cyclization
by oxidosqualene cyclase. hOSC produces tetracyclic lanosterol from 2,3-oxidosqualene, which constitutes a key step in sterol biosynthesis (Figure 15). This makes it
not only an interesting biotechnological engineering target for the generation of valuable polycyclic compounds but additional a promising pharmaceutical drug target
for hypercholesterolemia and other cardiovascular diseases [102, 287]. A central pillar for drug design in general is a deep understanding of the reaction mechanism
(Paper II, Paper V) and an overall well-studied and well-analyzed target. This usually also requires an easy-to-handle, stable and cheap expression and purification
system. However, hOSC, as other triterpene cyclases as well, is a membrane-bound,
insoluble protein which makes its expression in bacteria more challenging. Therefore, triterpene cyclases from origins other than bacteria are usually expressed in
eukaryotic systems such as yeast or insect cells, often in time-consuming procedures
leading to low yields of active enzyme [287, 310-313].
Thus, for further analysis, the aim of this study was to set up an easy expression,
extraction and purification protocol for hOSC that does not require time-consuming
experiments or expensive equipment (Figure 19).
We first assessed if post-translational modifications (PTMs), a high GC content or a
low codon adaptation index (CAI) of hOSC could be a potential reason for the previously published unsuccessful expression of a homologous eukaryotic lanosterol synthase in E. coli (Figure 19 1.). Indeed, a high GC content in the N-terminal region
and a low CAI (0.65) were found. Both issues could be prevented by using a codon
optimized gene for E. coli. We additionally compared hOSC to SHC, the latter easily
expressible in E. coli. Overall, the highly conserved structures, sequence similarities,
and predicted common ancestry let us hypothesize that expression of hOSC in E. coli
should be feasible, using a codon optimized gene (CAI=0.83, GC content adjusted).
We chose E. coli BL21 (DE3) and BL21 (DE3) Star cells in combination with His-

63

Charlotte Kürten
tagged protein (both C- and N-terminal hexa-histidine tag) as cheap and easy to handle expression systems (Figure 19 2. and 3.) embedded in the in-house (former
DNA2.0, now ATUM) plasmid pD861. The expression systems were established by
test expressions in both strains using both C- and N-terminally tagged protein to
determine the optimal growth conditions, correct inducer concentration (rhamnose)
and to optimize the extraction and purification protocol for high hOSC yields (Figure 19 4.).
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deoxyribose
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Figure 19: Generalized protocol for setting up a new expression, extraction and purification protocol. 1.
Post-translational modifications (PTMs) such as ubiquitination (Ub), common in eukaryotic cells, or phosphorylation (P, both in magenta) as well as low codon adaptation indices (CAI) or an unbalanced GC content can
hinder successful recombinant expression. Several different algorithms, e.g. collected at ExPASy.org, can predict PTM-sites, CAI (depending on the host) and GC contents. 2. Depending on 1. and the aim of the study, a
suitable expression system needs to be chosen. Codon optimization, where the codons of the recombinant
gene are adapted to the codon usage repertoire in the host cell, is often necessary to ensure optimal protein
yields. 3. Transformation into the selected cells. 4. and 5. Optimization of expression, extraction and purification might be necessary to enable highest possible yields of pure and active enzyme. 6. Activity essays accompanied with product analysis, for example by GC-MS, can be used to confirm the successful production of
active enzyme.

An optimized extraction procedure followed by metal affinity purification with NiNTA agarose beads (Figure 19 5.) led to fairly pure hOSC protein (Figure 20 A)
and a yield of 2.9 mg/g bacterial cell pellet after 4 h of expression compared to the
previously reported 2.7 mg/g yeast cells after 48 h of expression. Subsequent activity
essays and product determination by thin layer chromatography (TLC) and gas
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chromatography mass spectrometry (GC-MS, Figure 19 6., Figure 20 B and C)
confirmed the successful purification of active hOSC from E. coli, using this simple
expression, extraction and purification protocol.

A
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Figure 20: Expression, extraction and purification of active hOSC from E. coli. A: SDS-Page of different fractions of hOSC purification by Ni-NTA affinity chromatography. L: Ladder with marked signals for 25, 50 and
75 kDa, MF: Membrane fraction, F: Flow through, W1 and W2: Wash fractions and E1 – E4: Elution fractions.
B: Thin layer chromatography showing a lanosterol product reference (L), an oxidosqualene substrate reference (O) and the extracted reaction (R). C: GC-MS chromatogram of the derivatized extracted reaction (green)
giving a lanosterol product peak (derivatized lanosterol reference in blue, marked by an arrow).

Paper V
Engineering of Water Networks in Class II Terpene Cyclases Underscores the Importance of Amino Acid Hydration and Entropy in Biocatalysis and Enzyme Design
Using the bacterial expression, extraction and purification protocol established in
Paper IV, we could further investigate the importance of water placement and repositioning during catalysis of class II terpene cyclases. The previously analyzed SHC
[71] (Paper III), a thermophilic enzyme, has a high benefit of an entropy driven
reaction (𝛥G⧧=𝛥H⧧-T𝛥S⧧), so that we questioned if the highly favorable entropy is
enabling a unique catalytic mechanism or if it is rather a general trait of class II terpene cyclases. We focused our attention on hOSC (see Class II Triterpene
Cyclases), a crucial enzyme in the steroid biosynthesis and a homologous enzyme
to SHC. We reasoned that hOSC could serve as an ideal model system to investigate
the importance of entropy and water on biocatalysis. It requires a specific substrate
prefold of the linear isoprene substrate, concomitant with a change in entropy. Similar to SHC, it is a membrane protein acting on a hydrophobic membrane-solubilized
substrate that is directly acquired from the membrane. This means that no large
desolvation effects that usually contribute to the entropy of the system (see ProteinLigand Binding) are expected.
The free energies of water molecules within the enzyme structure depend on the positioning and the local environment of the molecules. Thus, a repositioning of water
molecules or water-network-reconfiguration, where water molecules are relocated,
are expected to contribute to the thermodynamic state of the system. The
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repositioning of water molecules during transition state formation can therefore affect enthalpy and entropy of activation and can contribute favorably to biocatalysis
(Figure 9). An enhanced understanding of the contribution of solvent dynamics to
the Gibbs free energy of the transition state, which in turn determines the rate of the
reaction, would enable the generation of a more fine-tuned rational enzyme engineering approach of terpene cyclases. The aim of this study was to further analyze
how water movement on the ps- to ns-timescale contributes to biocatalysis that typically occurs on a 𝜇s- to ms-timescale with combined in vitro and in silico studies
(Figure 21).
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Figure 21: Overview of the combined in vitro and in silico approach to determine the influence of entropy
and water network rearrangement on class II terpene cyclase catalysis.

Kinetic and thermodynamic analysis of hOSC WT revealed strong temperature-dependence of kcat/KM associated with a large favorable entropy of activation (𝛥S⧧) of
7.6 kcal/mol (at 37 °C) and an unfavorable enthalpy of activation (𝛥H⧧ =
22.7 kcal/mol). Probably because of the membrane-associated nature of triterpene
cyclases, hOSC was not saturable under in vitro conditions. Thus, we additionally
determined kinetic and thermodynamic parameters of PtmT2, a soluble, saturable
diterpene cyclase, following a class II terpene cyclase mechanism (see also Paper
II). PtmT2 analysis could confirm that both rates, kcat (1.4 kcal/mol) and kcat/KM
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(5.5 kcal/mol), are accelerated by a favorable entropic contribution. Interestingly,
enthalpies of activation of the thermodynamically analyzed hOSC, PtmT2
(16.5 kcal/mol) and SHC (31 kcal/mol) [71] are much higher than the enthalpies of
activation of similar chemical reactions, showing the generally entropy-driven nature of class II terpene cyclases.
To investigate if the favorable entropic contribution is enabled by water movement
in specific water tunnels that have been previously identified in the homologous SHC
structure, we performed in silico CAVER [72] analysis (see Computational Methods for Enzyme Engineering). A tunnel network consisting of 15 tunnels connecting the active site with the bulk solvent was detected. The ten highest ranked
tunnels (according to tunnel parameters such as the bottleneck radii of the tunnels)
were selected for further inspection, whereof six tunnels were targeted for obstruction (Figure 22 A, showing tunnels T1 to T3). Tunnel obstructing mutations
were introduced both in vitro by site-directed mutagenesis and in silico (Figure 22
B) by simple amino acid swaps. In vitro activity screening of all six variants showed
dramatically perturbed thermodynamic activation parameters with some variants
showing completely inversed temperature profiles (variants S580W and S443T, respectively, blocked tunnels referred to as T2 and T3). More detailed kinetic and thermodynamic analyses of those variants gave completely obscured activation parameters with entropies of activation of -13.1 kcal/mol (S580W) and -11.1 kcal/mol
(S443T) and compensatory changes in enthalpies of activation (2.7 and 11.1 kcal/mol, respectively, Figure 22 C). Such dramatic changes in the entropy of
a system (changing from very favorable to unfavorable) could theoretically be associated with all parts of the system (enzyme, substrate, solvent). The same substrate
was used in all measurements, so that we concluded that either large structural rearrangements, a change in protein dynamics (configurational dynamics) or a change
in solvent rearrangement caused the observed differences in entropy of activation.
To exclude differences in entropy due to contributions from altered protein dynamics in the variants compared to the WT, we performed a limited proteolysis – mass
spectrometry (LiP-MS) experiment [160, 314]. LiP-MS is based on the assumption
that protease accessibility (under a limited amount of time) is linked to protein dynamics. With this relatively simple experimental approach, we could determine
overall similar structural and dynamical landscapes.
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Figure 22: Overview of the results gained from the combined in vitro and in silico approach presented in
Figure 21. A: The three highest ranked tunnels (blue) detected by CAVER analysis based on hOSC structure
(grey). Introduced mutations are marked in red. B: Illustration of a tunnel (T2, outer lines in black) that has
been blocked by S580W (protein backbone in grey, serine in elemental colors and enlarged sticks, tryptophan
in yellow and balls, water molecules in stick, substrate in purple). C: Gibbs free energies of activation for WT,
S580W, and S443T show the drastically altered thermodynamic parameters. D: Reconfigured water networks
in the S580W variant. The WT structure, residues and water molecules (1,2) are illustrated in purple. Introducing the S580W mutant (backbone in grey, side chains in cyan) reconfigured the water network to the water
networks marked in cyan labelled A-E.

In silico comparison (RMSD) of substrate-analogue (PDB: 1W6J [102]) and productbound hOSC structures (PDB: 1W6K [102]) allowed the conclusion that no large
structural rearrangements occur during catalysis that could explain the large favorable entropic contributions to WT catalysis. Additionally, the product-bound structure and the corresponding structure with an empty active site of WT and in silico
generated variants built the basis of 200 ns MD trajectories generated in YASARA
(see Computational Methods for Enzyme Engineering). Average RMSF values determined over the whole 200 ns trajectories for WT and variants were very
similar. Thereby, a contribution of protein dynamics via changes in configurational
entropy to the dramatic in vitro observed changes in activation entropy was concluded to be minimal.
We therefore focused on the in silico analysis of differences in water tunnels and
water networks between WT and variants and additionally compared the empty and
product-bound (considered TS-like) trajectories to determine water network
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rearrangements in reaching the TS. Time-dependent CAVER analysis of WT and variants showed that the tunnel network is very dynamic with tunnels opening and closing during the simulation. Introducing mutations in the tunnel-lining residues led to
changed tunnel parameters for T2 (S580W, such as the radius) and to a roughly tentimes reduced speed of water movement within the tunnel and furthermore a completely blocked tunnel T3 (S443T). We also compared specific water network rearrangements that occurred in the detected tunnels by changing tunnel wall lining residues using a previously written algorithm [82]. Tunnel hydration was completely
altered by introducing single amino acid changes. Based on the conclusions from
Paper III, we hypothesized that changes in the water movement and networks in
the tunnels should be accompanied by changes in solvation and water networks in
the active site. Adjusting the algorithm for water network analysis of hOSC [82], we
were able to detect changes in the water network configuration between the empty
and the product-bound structures and between WT and variants.
In summary, we found substantial differences in the water-network-configurations
in the ground and transition states in hOSC WT and variants. Water relocation in
reaching the TS in variants with obscured water tunnels that allow water movement
from the bulk to the active site and vice versa is very different to that of WT and
could explain the previously determined in vitro differences in activation entropy.
This let us conclude that the favorable entropic contribution to hOSC and potentially
in general in class II terpene cyclase catalysis could be driven by water network rearrangements.
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Conclusions and Future Perspectives
Enzymes, as biocatalysts, promote chemical reactions that govern the metabolism of
all living organisms. Their ability to perform incredible chemistry at modest conditions has been exploited in industry and has contributed to the generation of a more
sustainable society. However, not all natural enzymes can stand industrial conditions or perform the reactions needed, so that many different enzyme engineering
techniques have been developed to custom-tailor the biocatalysts to our needs.
A detailed understanding of the reaction mechanism can build a solid foundation for
rational, semi-rational and de novo engineering strategies. Also directed evolutionary approaches rely on the selection of an appropriate starting point, which is facilitated by a certain understanding as well.
The overall aim of this thesis was to highlight the potential of a deep mechanistic
understanding of enzyme catalysis for enzyme engineering, of both the chemistry
performed in the catalytic center (Paper I and II) but also synergistic solvent dynamic effects that occur in the active site but also in the protein scaffold (Paper III
to V).
The atomistic understanding of key differences of the performed hydrolytic chemistry of amidases and esterases, the rate-limiting nitrogen inversion that needs stabilization by a hydrogen bond acceptor, paved the way for finding an esterase scaffold
able to perform promiscuous amide hydrolysis. Such promiscuous activities are
prominent starting points for random directed evolutionary engineering approaches
[12, 46]. The combination of using a deep understanding, translating it into the essential structural requirements with in silico screening for a scaffold and simple in
vitro analysis has therefore proven as a successful strategy to predict promising targets for further engineering. More recently, instead of finding natural promiscuous
scaffolds, de novo design strategies enabled the constructions of scaffolds new to nature that have been explored as starting points for directed evolutionary approaches
as well [52]. Until now, de novo designed enzymes do not reach turn over numbers
of nature’s own catalysts. Random engineering approaches or such combinatory design strategies (de novo + directed evolution or semi-rational) can lead to mutations
scattered over the whole protein structure, not only directly in the active site. This
highlights the importance of the protein scaffold. Outer regions can influence the
activity on several levels including structural and solvent dynamics, which has been
partly explored in Paper II to V.
Paper II to V evolve around terpene cyclases. They catalyze remarkable reactions
that produce a countless number of bioactive polycyclic compounds, terpenes, whose
biocatalytic production is of major interest for different industry sectors. We were
interested in gaining fundamental insights into terpene cyclase catalysis that could
build the basis for future enzyme engineering approaches.
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To increase our understanding of terpene cyclase catalysis, we performed kinetic
analysis of a soluble diterpene cyclase using D2O-enriched buffers. This resulted in
temperature-independent kinetic isotope effects, leading to the conclusion that
quantum tunneling is important for the rate limiting initial protonation step. It has
been argued that enzymes that promote quantum tunneling can influence the process by enabling a short donor-acceptor distance via dynamic movements of the participating atoms [106]. This in turn also suggests that engineering attempts affecting
the protein dynamics can influence the tunneling process. In case of the analyzed
terpene cyclase, such improved dynamics would influence the rate limiting protonation, which could increase product formation and thus represents an engineering
target.
Not only protein dynamics can have large impacts on catalysis [152] but also solvent
movement can play an important role [71]. It has been previously shown that the
unusually large favorable entropy of activation of the bacterial triterpene cyclase
squalene hopene cyclase is probably enabled by water movement during catalysis.
Based on this hypothesis, in Paper III, we performed extensive in silico analysis to
show that water in the squalene hopene cyclase structure flows in distinct streamlines. Such water movement occurs both in the active site and also in specific water
channels in the structure that allow movement between the active site and the bulk.
The water flow, which can have large influence on the energetics and thermodynamics of the reaction, was different for the substrate-bound and transition state structure.
To elucidate if the influence of water movement on the thermodynamics of catalysis
is limited to the bacterial squalene hopene cyclase or rather a general concept, we
included the structural homologue, human triterpene cyclase oxidosqualene cyclase
into our analysis (Paper IV-V). With the in Paper IV established expression and
purification protocol, we were able to produce large amounts of pure and active enzyme. This allowed a thorough in vitro thermodynamic analysis of human oxidosqualene cyclase presented in Paper V. This analysis showed a strong temperature-dependence and entropy driven reaction. In silico evaluation of MD simulations
revealed a tunnel network in the enzyme structure that allows for water movement.
By introducing single point mutations in the tunnel lining residues to disturb the
water movement in the tunnels, we could additionally show that these changes in the
tunnels lead to water network rearrangements in the active site, concomitantly
changing the thermodynamics of the reaction.
As enthalpy and entropy of activation comprise the energy required to reach the transition state, a lowering of the TS barrier and with that increase of activity and product
formation, could potentially be achieved by adjusting solvent dynamics in the tunnels of the structure. Modulating enzyme activity by altering solvent dynamics is not
straight forward and has therefore not been extensively explored yet. However, redesigning water networks in the enzyme structure for improved biocatalysis has been
highlighted recently [226]. Many bioactive polycyclic triterpene natural products are
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generated by enzymes of the plant kingdom. Difficulties in the biotechnological production and analysis, however, lead to less identified and analyzed plant triterpene
cyclases and no solved structures that would enable computational analysis to the
same extent. A future aim would be to identify similarities in structure, catalysis and
solvent dynamics to cover cyclases from the different kingdoms of life and further,
extend the analysis to other enzyme classes as well. The analyses performed in Paper III and V highlight the often neglected importance of water networks and water
rearrangements for catalysis, which can be explored as future enzyme engineering
strategy.
Additionally, the human enzyme is a promising drug target for cholesterol lowering
pharmaceuticals that can also have anti-cancer and anti-microbial properties [288,
315]. Obstruction of some water channels, by introducing mutations in the tunnel
lining residues, led to loss of activity potentially by blocking water movement between bulk solvent and active site. This could be exploited further for drug design
strategies that could focus on blocking the channels instead of purely focusing on the
active site region.
In conclusion, this thesis emphasizes the importance of understanding reaction
mechanisms on an atomistic level for all engineering strategies. We furthermore provide evidence that highlight the influence of water network rearrangements and dynamics on catalysis, which can build the basis for new enzyme design strategies.

73

On Catalytic Mechanisms for Rational Enzyme Design Strategies

Acknowledgements
I would like to thank all co-authors and colleagues who have helped me along the
road to accomplish the work presented in this thesis.
Per-Olof, thank you for giving me the chance to work on such an interesting but
also challenging project and for the opportunity to move to Stockholm, a city that I
love and that will always be my second home.
Lucie, my PhD and life wouldn´t have been the same without you. I am so grateful
that you became my second supervisor and gave me constant support during all PhDlife situations. I learnt so much from you, both scientifically but also some meaningful life lessons. Thank you for your open door, constant encouragement and guidance. You are a role-model to me and I think everyone should have a Lucie in their
PhD-Life.
Peter, I am beyond grateful that you’ve always had an open door for me. Without
your positivity, calmness and support this thesis probably wouldn´t have been written after all. Even though you´re so busy you always took the time to listen to me and
guide me through some tough times. In my opinion not only a Lucie but also a Peter
should be available for every PhD student!
Natalie and Björn, I am the luckiest PhD student to have had you as my group
mates. To me it feels like we became family! I learnt so much from both of you and I
am truly grateful to have you in my life. Natalie, from the moment we met, you were
a great friend and later colleague. You are an inspiration to me and I think, no matter
where we end up, we will be close. Björn, you were the best student (together with
Adam J) and later colleague someone could wish for. I admire your strength, reliability and kindness. Thank you (also for helping me with the Sammanfattning)!
Arne, even though you weren’t in Scilife all the time, you integrated within seconds.
I wish I´d be as relaxed as you are!
Camilla, we had a lot of fun working together, even though it wasn´t always easy.
Thanks for trying to teach me how to be a better modeler – even though my membrane kept crashing in ns, I learned a lot.
Paul and the Cyano group, thank you for adopting me, especially in the beginning of my PhD. It was so much fun sharing lab and office space with all of you.
Ivana, Josefine and Danuta, thank you for freeing up some precious fridge and
freezer space for me, showing me around everywhere in Scilife and giving me the
best start to my PhD. I am grateful for all your support throughout my PhD, not only
scientifically! We should all reunite and have some serious discussions in the GC

75

Charlotte Kürten
room! Kiyan, we had the most fun teaching the gene technology course together,
what a great way to become friends. I love hanging out with you in what I would
consider to be MY hood.
To the Caulobacter group, thank you all for mixing up the lab a bit and bringing
so much new knowledge and energy to Gamma 5. Kristina H., I am constantly
amazed by your wisdom. I was so happy that we were able to write our theses together, at least partially, which kept me sane and made me realize that probably everyone goes through the same stages during the writing of a PhD thesis. On a side
note: I am still happy to have found someone that is on the same page when it comes
to cleanliness and organization J. Deike, thanks for always having an open ear and
for taking 3000 pictures of me to get one good shot for my applications!
Anders, Yasmin, Leif and the rest of the drug discovery and development platform on Gamma 5, thank you for all your help and support for the protein expression
and purification part of my thesis. I know that I was pretty lucky to be on the same
floor with you, your knowledge and equipment J.
Everyone on Gamma 5, thank you for a great time and so many funny lunch
breaks!
Laura and Christian, Lucia, Maria M. and Maria J. on Alpha 2, thanks for being
so supportive. Sofia, thanks for introducing me to the world of Kickboxing – sorry,
for all the uncontrolled punches and kicks that you had to take. I am still learning!
Lisa M., it was so much fun organizing the GRS with you. The whole planning and
organization brought so much positivity into my life!
To all the students, PhD students, post docs and researchers I had the privilege to
meet during my time as PhD student, I had so much fun getting to know you and
your science. That was the best part of my PhD.
To all my friends and family: thank you for your support! I especially want to thank
my sister Phi, my cousin Lisa and Anna: everything that I achieve in life is connected to your support and positive energy. Thank you for always being there and
for giving me love, laughter and joy (and Helene). Hannah, thank you for sharing
all the hipster interests with me J.
To my parents, Mama, Papa and Claudi, thank you for your support. I wouldn´t
be where I am without you! Susanne and Conny, thank you for being my additional parents!
David, I don´t know what to say – thank you for everything! You are the greatest
and you make me who I am.

76

On Catalytic Mechanisms for Rational Enzyme Design Strategies

References
1.

Kühne, W., Ueber das Verhalten verschiedener organisirter und sog. ungeformter
Fermente; [On the behavior of various organized and so-called unformed
ferments]. Verhandlungen des naturhistorisch-medicinischen Vereins zu
Heidelberg, 1877. 1: p. 190-193.

2.

Edwards, D.R., D.C. Lohman, and R. Wolfenden, Catalytic Proficiency: The Extreme
Case of S–O Cleaving Sulfatases. Journal of the American Chemical Society, 2012.
134(1): p. 525-531.

3.

Bar-Even, A., et al., The Moderately Efficient Enzyme: Evolutionary and
Physicochemical Trends Shaping Enzyme Parameters. Biochemistry, 2011. 50(21):
p. 4402-4410.

4.

Wolfenden, R. and M.J. Snider, The depth of chemical time and the power of
enzymes as catalysts. Acc Chem Res, 2001. 34(12): p. 938-45.

5.

Salque, M., et al., Earliest evidence for cheese making in the sixth millennium bc in
northern Europe. Nature, 2012. 493: p. 522.

6.

Jorpes, J.E. and V. Mutt, On the Biological Assay of Secretin. The Reference
Standard. Acta Physiologica Scandinavica, 1966. 66(3): p. 316-325.

7.

Hartley, H., Origin of the Word ‘Protein’. Nature, 1951. 168: p. 244.

8.

Sumner, J.B., The Isolation and Crystallization of the Enzyme Urease: Preliminary
Paper. Journal of Biological Chemistry, 1926. 69(2): p. 435-441.

9.

Kendrew, J.C., et al., A Three-Dimensional Model of the Myoglobin Molecule
Obtained by X-Ray Analysis. Nature, 1958. 181: p. 662.

10.

Blake, C.C.F., et al., Structure of Hen Egg-White Lysozyme: A Three-dimensional
Fourier Synthesis at 2 Å Resolution. Nature, 1965. 206: p. 757.

11.

Zheng, H., et al., The future of crystallography in drug discovery. Expert opinion on
drug discovery, 2014. 9(2): p. 125-137.

12.

Renata, H., Z.J. Wang, and H. Arnold Frances, Expanding the Enzyme Universe:
Accessing Non-Natural Reactions by Mechanism-Guided Directed Evolution.
Angewandte Chemie International Edition, 2015. 54(11): p. 3351-3367.

13.

Bornscheuer, U.T., et al., Engineering the third wave of biocatalysis. Nature, 2012.
485: p. 185.

14.

Bornscheuer, U.T., The fourth wave of biocatalysis is approaching. Philosophical
Transactions of the Royal Society A: Mathematical, Physical and Engineering
Sciences, 2018. 376(2110).

15.

Labeit, S. and B. Kolmerer, Titins: Giant Proteins in Charge of Muscle
Ultrastructure and Elasticity. Science, 1995. 270(5234): p. 293.

16.

Galindo, M.I., et al., Peptides Encoded by Short ORFs Control Development and
Define a New Eukaryotic Gene Family. PLOS Biology, 2007. 5(5): p. e106.

17.

Anfinsen, C.B., Principles that Govern the Folding of Protein Chains. Science, 1973.
181(4096): p. 223.

18.

Wang, Z.X., How many fold types of protein are there in nature? Proteins:
Structure, Function, and Bioinformatics, 1996. 26(2): p. 186-191.

77

Charlotte Kürten
19.

Worth, C.L., S. Gong, and T.L. Blundell, Structural and functional constraints in the
evolution of protein families. Nature Reviews Molecular Cell Biology, 2009. 10: p.
709.

20.

Rodnina, M.V., M. Beringer, and W. Wintermeyer, How ribosomes make peptide
bonds. Trends in Biochemical Sciences, 2007. 32(1): p. 20-26.

21.

Joyce, G.F., The antiquity of RNA-based evolution. Nature, 2002. 418: p. 214.

22.

Bhosale, S.H., M.B. Rao, and V.V. Deshpande, Molecular and industrial aspects of
glucose isomerase. Microbiological Reviews, 1996. 60(2): p. 280-300.

23.

Houde, A., A. Kademi, and D. Leblanc, Lipases and their industrial applications.
Applied Biochemistry and Biotechnology, 2004. 118(1): p. 155-170.

24.

Tang, X., R.K. Allemann, and T. Wirth, Optimising Terpene Synthesis with Flow
Biocatalysis. European Journal of Organic Chemistry, 2016. 2017(2): p. 414-418.

25.

Johannes, T., M.R. Simurdiak, and H. Zhao, Biocatalysis. Encyclopedia of Chemical
Processing, 2006.

26.

Woodley, J.M., Integrating protein engineering with process design for
biocatalysis. Philosophical Transactions of the Royal Society A: Mathematical,
Physical and Engineering Sciences, 2018. 376(2110).

27.

Ravikumar, Y., et al., Unnatural amino acid mutagenesis-based enzyme
engineering. Trends in Biotechnology, 2015. 33(8): p. 462-470.

28.

Eijsink, V.G.H., et al., Rational engineering of enzyme stability. Journal of
Biotechnology, 2004. 113(1): p. 105-120.

29.

Liu, D., et al., Rational Design of Pseudozyma antarctica Lipase B Yielding a
General Esterification Catalyst. ChemBioChem, 2010. 11(6): p. 789-795.

30.

Chen, K. and F.H. Arnold, Enzyme Engineering for Nonaqueous Solvents: Random
Mutagenesis to Enhance Activity of Subtilisin E in Polar Organic Media.
Bio/Technology, 1991. 9: p. 1073.

31.

Savile, C.K., et al., Biocatalytic Asymmetric Synthesis of Chiral Amines from
Ketones Applied to Sitagliptin Manufacture. Science, 2010. 329(5989): p. 305.

32.

Yoshikuni, Y., T.E. Ferrin, and J.D. Keasling, Designed divergent evolution of
enzyme function. Nature, 2006. 440: p. 1078.

33.

You, L. and F.H. Arnold, Directed evolution of subtilisin E in Bacillus subtilis to
enhance total activity in aqueous dimethylformamide. Protein Engineering, 1996.
9(1): p. 77-83.

34.

Stemmer, W.P., DNA shuffling by random fragmentation and reassembly: in vitro
recombination for molecular evolution. Proceedings of the National Academy of
Sciences, 1994. 91(22): p. 10747.

35.

Jäckel, C., P. Kast, and D. Hilvert, Protein Design by Directed Evolution. Annual
Review of Biophysics, 2008. 37(1): p. 153-173.

36.

Bahnson, B.J., et al., Unmasking of hydrogen tunneling in the horse liver alcohol
dehydrogenase reaction by site-directed mutagenesis. Biochemistry, 1993. 32(21):
p. 5503-7.

37.

González, M.M., et al., Optimization of Conformational Dynamics in an Epistatic
Evolutionary Trajectory. Molecular Biology and Evolution, 2016. 33(7): p. 17681776.

38.

Steiner, K. and H. Schwab, Recent advances in rational approaches for enzyme
engineering. Computational and Structural Biotechnology Journal, 2012. 2: p.
e201209010.

78

On Catalytic Mechanisms for Rational Enzyme Design Strategies
39.

Lutz, S., Beyond directed evolution - semi-rational protein engineering and design.
Current opinion in biotechnology, 2010. 21(6): p. 734-743.

40.

Chica, R.A., N. Doucet, and J.N. Pelletier, Semi-rational approaches to engineering
enzyme activity: combining the benefits of directed evolution and rational design.
Current Opinion in Biotechnology, 2005. 16(4): p. 378-384.

41.

Reetz, M.T., L.-W. Wang, and M. Bocola, Directed Evolution of Enantioselective
Enzymes: Iterative Cycles of CASTing for Probing Protein-Sequence Space.
Angewandte Chemie International Edition, 2006. 45(8): p. 1236-1241.

42.

Reetz, M.T., et al., Expanding the Range of Substrate Acceptance of Enzymes:
Combinatorial Active-Site Saturation Test. Angewandte Chemie International
Edition, 2005. 44(27): p. 4192-4196.

43.

Arnold, F.H., Directed Evolution: Bringing New Chemistry to Life. Angewandte
Chemie International Edition, 2017. 57(16): p. 4143-4148.

44.

O'Brien, P.J. and D. Herschlag, Catalytic promiscuity and the evolution of new
enzymatic activities. Chemistry & Biology, 1999. 6(4): p. R91-R105.

45.

Aharoni, A., et al., The evolvability of promiscuous protein functions. Nature
Genetics, 2004. 37: p. 73.

46.

Demiray, M., et al., An Efficient Chemoenzymatic Synthesis of Dihydroartemisinic
Aldehyde. Angewandte Chemie International Edition, 2017. 56(15): p. 4347-4350.

47.

Hult, K. and P. Berglund, Enzyme promiscuity: mechanism and applications.
Trends in Biotechnology, 2007. 25(5): p. 231-238.

48.

Tawfik, O.K. and S. Dan, Enzyme Promiscuity: A Mechanistic and Evolutionary
Perspective. Annual Review of Biochemistry, 2010. 79(1): p. 471-505.

49.

Huang, P.-S., S.E. Boyken, and D. Baker, The coming of age of de novo protein
design. Nature, 2016. 537: p. 320.

50.

Kaplan, J. and W.F. DeGrado, De novo design of catalytic proteins. Proceedings of
the National Academy of Sciences of the United States of America, 2004. 101(32): p.
11566.

51.

Zanghellini, A., de novo computational enzyme design. Current Opinion in
Biotechnology, 2014. 29: p. 132-138.

52.

Kries, H., R. Blomberg, and D. Hilvert, De novo enzymes by computational design.
Current Opinion in Chemical Biology, 2013. 17(2): p. 221-228.

53.

Jiang, L., et al., De Novo Computational Design of Retro-Aldol Enzymes. Science,
2008. 319(5868): p. 1387-1391.

54.

Khersonsky, O., et al., Bridging the gaps in design methodologies by evolutionary
optimization of the stability and proficiency of designed Kemp eliminase KE59.
Proceedings of the National Academy of Sciences, 2012. 109(26): p. 10358.

55.

Case, D.A., AMBER 2018. University of California, San Francisco, 2018.

56.

Brooks, B.R., et al., CHARMM: The Biomolecular Simulation Program. Journal of
computational chemistry, 2009. 30(10): p. 1545-1614.

57.

Berendsen, H.J.C., D. van der Spoel, and R. van Drunen, GROMACS: A messagepassing parallel molecular dynamics implementation. Computer Physics
Communications, 1995. 91(1): p. 43-56.

58.

Krieger, E., et al., Making optimal use of empirical energy functions: force-field
parameterization in crystal space. Proteins, 2004. 57(4): p. 678-83.

59.

Epstein, C.J., R.F. Goldberger, and C.B. Anfinsen, The Genetic Control of Tertiary
Protein Structure: Studies With Model Systems. Cold Spring Harb Symp Quant Biol
1963. 28: p. 439-449.

79

Charlotte Kürten
60.

Ghislieri, D., et al., Engineering an Enantioselective Amine Oxidase for the
Synthesis of Pharmaceutical Building Blocks and Alkaloid Natural Products.
Journal of the American Chemical Society, 2013. 135(29): p. 10863-10869.

61.

Raza, S., L. Fransson, and K. Hult, Enantioselectivity in Candida antarctica lipase
B: A molecular dynamics study. Protein Science, 2008. 10(2): p. 329-338.

62.

Childers, M.C. and V. Daggett, Insights from molecular dynamics simulations for
computational protein design. Molecular Systems Design & Engineering, 2017. 2(1):
p. 9-33.

63.

Warshel, A. and M. Levitt, Theoretical studies of enzymic reactions: Dielectric,
electrostatic and steric stabilization of the carbonium ion in the reaction of
lysozyme. Journal of Molecular Biology, 1976. 103(2): p. 227-249.

64.

Henzler-Wildman, K. and D. Kern, Dynamic personalities of proteins. Nature, 2007.
450: p. 964.

65.

Gunasekaran, K., B. Ma, and R. Nussinov, Triggering Loops and Enzyme Function:
Identification of Loops that Trigger and Modulate Movements. Journal of Molecular
Biology, 2003. 332(1): p. 143-159.

66.

Nestl, B.M. and B. Hauer, Engineering of Flexible Loops in Enzymes. ACS Catalysis,
2014. 4(9): p. 3201-3211.

67.

Misset, O., Stability of Industrial Enzymes, in Studies in Organic Chemistry. 1993,
Elsevier. p. 111-131.

68.

Buß, O., J. Rudat, and K. Ochsenreither, FoldX as Protein Engineering Tool: Better
Than Random Based Approaches? Computational and Structural Biotechnology
Journal, 2018. 16: p. 25-33.

69.

Greener, J.G. and M.J.E. Sternberg, Structure-based prediction of protein allostery.
Current Opinion in Structural Biology, 2018. 50: p. 1-8.

70.

Wu, S., J.P. Acevedo, and M.T. Reetz, Induced allostery in the directed evolution of
an enantioselective Baeyer–Villiger monooxygenase. Proceedings of the National
Academy of Sciences, 2010. 107(7): p. 2775.

71.

Syrén, P.-O., et al., Entropy is Key to the Formation of Pentacyclic Terpenoids by
Enzyme-Catalyzed Polycyclization. Angewandte Chemie International Edition,
2014. 53(19): p. 4845-4849.

72.

Kozlikova, B., et al., CAVER Analyst 1.0: graphic tool for interactive visualization
and analysis of tunnels and channels in protein structures. Bioinformatics, 2014.
30(18): p. 2684-5.

73.

Chovancova, E., et al., CAVER 3.0: a tool for the analysis of transport pathways in
dynamic protein structures. PLoS Comput Biol, 2012. 8(10): p. e1002708.

74.

Petřek, M., et al., MOLE: A Voronoi Diagram-Based Explorer of Molecular
Channels, Pores, and Tunnels. Structure, 2007. 15(11): p. 1357-1363.

75.

Yaffe, E., et al., MolAxis: Efficient and accurate identification of channels in
macromolecules. Proteins: Structure, Function, and Bioinformatics, 2008. 73(1): p.
72-86.

76.

Chaloupková, R., et al., Modification of Activity and Specificity of Haloalkane
Dehalogenase from Sphingomonas paucimobilis UT26 by Engineering of Its
Entrance Tunnel. Journal of Biological Chemistry, 2003. 278(52): p. 52622-52628.

77.

Li, G., et al., Simultaneous engineering of an enzyme's entrance tunnel and active
site: the case of monoamine oxidase MAO-N. Chemical Science, 2017. 8(5): p. 40934099.

80

On Catalytic Mechanisms for Rational Enzyme Design Strategies
78.

Biedermannová, L., et al., A Single Mutation in a Tunnel to the Active Site Changes
the Mechanism and Kinetics of Product Release in Haloalkane Dehalogenase LinB.
Journal of Biological Chemistry, 2012. 287(34): p. 29062-29074.

79.

Young, T., et al., Motifs for molecular recognition exploiting hydrophobic enclosure
in protein–ligand binding. Proceedings of the National Academy of Sciences of the
United States of America, 2007. 104(3): p. 808-813.

80.

Vassiliev, S., et al., Tracking the Flow of Water through Photosystem II Using
Molecular Dynamics and Streamline Tracing. Biochemistry, 2010. 49(9): p. 18731881.

81.

Vassiliev, S. and D. Bruce, Water and Oxygen Diffusion Pathways Within
Photosystem II. Computational Studies of Controlled Substrate Access and Product
Release, in The Biophysics of Photosynthesis, J. Golbeck and A. van der Est, Editors.
2014, Springer New York: New York, NY. p. 351-380.

82.

Hendil-Forssell, P., M. Martinelle, and P.O. Syren, Exploring water as building
bricks in enzyme engineering. Chem Commun (Camb), 2015. 51(97): p. 17221-4.

83.

Feil, C., et al., Site-directed mutagenesis of putative active-site residues in squalenehopene cyclase. Eur J Biochem, 1996. 242(1): p. 51-5.

84.

Corey, E.J., et al., Studies on the Substrate Binding Segments and Catalytic Action
of Lanosterol Synthase. Affinity Labeling with Carbocations Derived from
Mechanism-Based Analogs of 2,3-Oxidosqualene and Site-Directed Mutagenesis
Probes. Journal of the American Chemical Society, 1997. 119(6): p. 1289-1296.

85.

Fischer, E., Einfluss der Configuration auf die Wirkung der Enzyme. Berichte der
deutschen chemischen Gesellschaft, 1894. 27(3): p. 2985-2993.

86.

Pauling, L., Molecular Architecture and Biological Reactions. Chemical &
Engineering News Archive, 1946. 24(10): p. 1375-1377.

87.

Pauling, L., Nature of Forces between Large Molecules of Biological Interest.
Nature, 1948. 161: p. 707.

88.

Eyring, H., The Activated Complex and the Absolute Rate of Chemical Reactions.
Chemical Reviews, 1935. 17(1): p. 65-77.

89.

Koshland, D.E., Application of a Theory of Enzyme Specificity to Protein Synthesis.
Proceedings of the National Academy of Sciences of the United States of America,
1958. 44(2): p. 98-104.

90.

Monod, J., J. Wyman, and J.-P. Changeux, On the nature of allosteric transitions: A
plausible model. Journal of Molecular Biology, 1965. 12(1): p. 88-118.

91.

Rubin, M.M. and J.-P. Changeux, On the nature of allosteric transitions:
Implications of non-exclusive ligand binding. Journal of Molecular Biology, 1966.
21(2): p. 265-274.

92.

Gianni, S., J. Dogan, and P. Jemth, Distinguishing induced fit from conformational
selection. Biophysical Chemistry, 2014. 189: p. 33-39.

93.

Changeux, J.-P. and S. Edelstein, Conformational selection or induced fit? 50 years
of debate resolved. F1000 Biology Reports, 2011. 3: p. 19.

94.

Copeland, R.A., Enzymes - A Practical Introduction to Structure, Mechanism and
Data Analysis. Vol. 2nd. 2000: Wiley-VCH, Inc.

95.

Warshel, A., et al., Electrostatic Basis for Enzyme Catalysis. Chemical Reviews,
2006. 106(8): p. 3210-3235.

96.

Yoshida, S., et al., A bacterium that degrades and assimilates poly(ethylene
terephthalate). Science, 2016. 351(6278): p. 1196.

97.

Han, X., et al., Structural insight into catalytic mechanism of PET hydrolase. Nature
Communications, 2017. 8(1): p. 2106.

81

Charlotte Kürten
98.

Dodson, G. and A. Wlodawer, Catalytic triads and their relatives. Trends in
Biochemical Sciences, 1998. 23(9): p. 347-352.

99.

Mertz, E.L. and L.I. Krishtalik, Low dielectric response in enzyme active site.
Proceedings of the National Academy of Sciences of the United States of America,
2000. 97(5): p. 2081-2086.

100.

Fried, S.D., S. Bagchi, and S.G. Boxer, Extreme electric fields power catalysis in the
active site of ketosteroid isomerase. Science (New York, N.Y.), 2014. 346(6216): p.
1510-1514.

101.

Fried, S.D. and S.G. Boxer, Electric Fields and Enzyme Catalysis. Annual Review of
Biochemistry, 2017. 86(1): p. 387-415.

102.

Thoma, R., et al., Insight into steroid scaffold formation from the structure of
human oxidosqualene cyclase. Nature, 2004. 432(7013): p. 118-22.

103.

Zhou, K. and R.J. Peters, Electrostatic effects on (di)terpene synthase product
outcome. Chemical Communications, 2011. 47(14): p. 4074-4080.

104.

Wendt, K.U., A. Lenhart, and G.E. Schulz, The structure of the membrane protein
squalene-hopene cyclase at 2.0 å resolution 11Edited by D. C. Rees. Journal of
Molecular Biology, 1999. 286(1): p. 175-187.

105.

Kirby, A.J., Acid–Base Catalysis by Enzymes, in eLS. 2010.

106.

Klinman, J.P. and A. Kohen, Hydrogen tunneling links protein dynamics to enzyme
catalysis. Annu Rev Biochem, 2013. 82: p. 471-96.

107.

Bahnson, B.J., et al., A link between protein structure and enzyme catalyzed
hydrogen tunneling. Proc Natl Acad Sci U S A, 1997. 94(24): p. 12797-802.

108.

Boehr, D., R.N. D'Amico, and K.F. O'Rourke, Engineered control of enzyme
structural dynamics and function. Protein Science, 2018. 27(4): p. 825-838.

109.

Meisner, J. and J. Kästner, Der Tunneleffekt von Atomen in der Chemie. Angewandte
Chemie, 2016. 128(18): p. 5488-5502.

110.

Arrhenius, S., Über die Dissociationswärme und den Einfluss der Temperatur auf
den Dissociationsgrad der Elektrolyte, in Zeitschrift für Physikalische Chemie.
1889. p. 96.

111.

Arrhenius, S., Über die Reaktionsgeschwindigkeit bei der Inversion von Rohrzucker
durch Säuren, in Zeitschrift für Physikalische Chemie. 1889. p. 226.

112.

Sen, A. and A. Kohen, Enzymatic tunneling and kinetic isotope effects: chemistry at
the crossroads. Journal of Physical Organic Chemistry, 2010. 23(7): p. 613-619.

113.

Tewawong, N., et al., Neuraminidase inhibitor susceptibility and neuraminidase
enzyme kinetics of human influenza A and B viruses circulating in Thailand in
2010–2015. Plos One, 2018. 13(1): p. e0190877.

114.

Bisaria, N., I. Jarmoskaite, and D. Herschlag, Lessons from Enzyme Kinetics Reveal
Specificity Principles for RNA-Guided Nucleases in RNA Interference and CRISPRBased Genome Editing. Cell Systems, 2017. 4(1): p. 21-29.

115.

Menten, L.M.a.M.L., Die Kinetik der Invertinwirkung. Biochemistry, 1913. 49: p.
333-369.

116.

Kurten, C. and P.O. Syren, Unraveling Entropic Rate Acceleration Induced by
Solvent Dynamics in Membrane Enzymes. J Vis Exp, 2016(107): p. e53168.

117.

Garcia-Viloca, M., et al., How Enzymes Work: Analysis by Modern Rate Theory and
Computer Simulations. Science, 2004. 303(5655): p. 186.

118.

Fox, J.M., et al., Water-Restructuring Mutations Can Reverse the Thermodynamic
Signature of Ligand Binding to Human Carbonic Anhydrase. Angewandte Chemie
International Edition, 2017. 56(14): p. 3833-3837.

82

On Catalytic Mechanisms for Rational Enzyme Design Strategies
119.

Ottosson, J. and K. Hult, Influence of acyl chain length on the enantioselectivity of
Candida antarctica lipase B and its thermodynamic components in kinetic
resolution of sec-alcohols. Journal of Molecular Catalysis B: Enzymatic, 2001. 11(4):
p. 1025-1028.

120.

Sievers, A., et al., The ribosome as an entropy trap. Proc Natl Acad Sci U S A, 2004.
101(21): p. 7897-901.

121.

van Gelderen, H., J.M. Mayer, and B. Testa, Thermodynamic studies of enzyme
catalysis. What can we learn about specificity and mechanism? Biochem
Pharmacol, 1994. 47(5): p. 753-6.

122.

Warshel, A., Electrostatic Origin of the Catalytic Power of Enzymes and the Role of
Preorganized Active Sites. Journal of Biological Chemistry, 1998. 273(42): p. 2703527038.

123.

Horvat, C.M. and R.V. Wolfenden, A persistent pesticide residue and the unusual
catalytic proficiency of a dehalogenating enzyme. Proceedings of the National
Academy of Sciences of the United States of America, 2005. 102(45): p. 1619916202.

124.

Huang, D.T., et al., Thermodynamic Analysis of Catalysis by the Dihydroorotases
from Hamster and Bacillus caldolyticus, As Compared with the Uncatalyzed
Reaction. Biochemistry, 2006. 45(27): p. 8275-8283.

125.

Snider, M.J., et al., Temperature Effects on the Catalytic Efficiency, Rate
Enhancement, and Transition State Affinity of Cytidine Deaminase, and the
Thermodynamic Consequences for Catalysis of Removing a Substrate “Anchor”.
Biochemistry, 2000. 39(32): p. 9746-9753.

126.

St. Maurice, M. and S.L. Bearne, Kinetics and Thermodynamics of Mandelate
Racemase Catalysis. Biochemistry, 2002. 41(12): p. 4048-4058.

127.

Stockbridge, R.B., et al., Impact of temperature on the time required for the
establishment of primordial biochemistry, and for the evolution of enzymes.
Proceedings of the National Academy of Sciences, 2010. 107(51): p. 22102-22105.

128.

Stockbridge, R.B. and R. Wolfenden, The Intrinsic Reactivity of ATP and the
Catalytic Proficiencies of Kinases Acting on Glucose, N-Acetylgalactosamine, and
Homoserine: A Thermodynamic Analysis. Journal of Biological Chemistry, 2009.
284(34): p. 22747-22757.

129.

Stockbridge, R.B., et al., Impact of temperature on the time required for the
establishment of primordial biochemistry, and for the evolution of enzymes.
Proceedings of the National Academy of Sciences of the United States of America,
2010. 107(51): p. 22102-22105.

130.

Wolfenden, R., Primordial chemistry and enzyme evolution in a warm
environment. Cellular and molecular life sciences : CMLS, 2014. 71(15): p. 29092915.

131.

Page, M.I. and W.P. Jencks, Entropic contributions to rate accelerations in enzymic
and intramolecular reactions and the chelate effect. Proc Natl Acad Sci U S A, 1971.
68(8): p. 1678-83.

132.

Jencks, W.P., Binding energy, specificity, and enzymic catalysis: the circe effect.
Advances in enzymology and related areas of molecular biology, 1975. 43: p. 219410.

133.

Kazemi, M., F. Himo, and J. Aqvist, Enzyme catalysis by entropy without Circe
effect. Proc Natl Acad Sci U S A, 2016.

134.

Aqvist, J., et al., Entropy and Enzyme Catalysis. Acc Chem Res, 2017. 50(2): p. 199207.

83

Charlotte Kürten
135.

Snider, M.J., D. Lazarevic, and R. Wolfenden, Catalysis by Entropic Effects: The
Action of Cytidine Deaminase on 5,6-Dihydrocytidine. Biochemistry, 2002. 41(12):
p. 3925-3930.

136.

Caro, J.A., et al., Entropy in molecular recognition by proteins. Proceedings of the
National Academy of Sciences, 2017.

137.

Frederick, K.K., et al., Conformational entropy in molecular recognition by
proteins. Nature, 2007. 448: p. 325.

138.

Biela, A., et al., Ligand Binding Stepwise Disrupts Water Network in Thrombin:
Enthalpic and Entropic Changes Reveal Classical Hydrophobic Effect. Journal of
Medicinal Chemistry, 2012. 55(13): p. 6094-6110.

139.

Stegmann, C.M., et al., The Thermodynamic Influence of Trapped Water Molecules
on a Protein–Ligand Interaction. Angewandte Chemie International Edition, 2009.
48(28): p. 5207-5210.

140.

Wang, M. and K. Warncke, Entropic origin of cobalt-carbon bond cleavage catalysis
in adenosylcobalamin-dependent ethanolamine ammonia-lyase. J Am Chem Soc,
2013. 135(40): p. 15077-84.

141.

Lonhienne, T., C. Gerday, and G. Feller, Psychrophilic enzymes: revisiting the
thermodynamic parameters of activation may explain local flexibility. Biochim
Biophys Acta, 2000. 1543(1): p. 1-10.

142.

Liu, L. and Q.-X. Guo, Isokinetic Relationship, Isoequilibrium Relationship, and
Enthalpy−Entropy Compensation. Chemical Reviews, 2001. 101(3): p. 673-696.

143.

Sharp, K., Entropy—enthalpy compensation: Fact or artifact? Protein Science : A
Publication of the Protein Society, 2001. 10(3): p. 661-667.

144.

Starikov, E.B. and B. Nordén, Enthalpy−Entropy Compensation: A Phantom or
Something Useful? The Journal of Physical Chemistry B, 2007. 111(51): p. 1443114435.

145.

Lumry, R. and S. Rajender, Enthalpy-entropy compensation phenomena in water
solutions of proteins and small molecules: a ubiquitous property of water.
Biopolymers, 1970. 9(10): p. 1125-227.

146.

Dragan, A.I., C.M. Read, and C. Crane-Robinson, Enthalpy–entropy compensation:
the role of solvation. European Biophysics Journal, 2017. 46(4): p. 301-308.

147.

King, N.M., et al., Extreme Entropy–Enthalpy Compensation in a Drug-Resistant
Variant of HIV-1 Protease. ACS Chemical Biology, 2012. 7(9): p. 1536-1546.

148.

Wendt, K.U., Enzyme mechanisms for triterpene cyclization: new pieces of the
puzzle. Angew Chem Int Ed Engl, 2005. 44(26): p. 3966-71.

149.

Tenkovskaia, L., et al., Analysis of the Catalytic Mechanism of Bifunctional
Triterpene/Sesquarterpene Cyclase: Tyr167 Functions To Terminate Cyclization of
Squalene at the Bicyclic Step. ChemBioChem, 2017. 18(19): p. 1910-1913.

150.

Bugg, T.D.H., All Enzymes Are Proteins, in Introduction to Enzyme and Coenzyme
Chemistry. 2012.

151.

Henzler-Wildman, K.A., et al., A hierarchy of timescales in protein dynamics is
linked to enzyme catalysis. Nature, 2007. 450: p. 913.

152.

Eisenmesser, E.Z., et al., Intrinsic dynamics of an enzyme underlies catalysis.
Nature, 2005. 438: p. 117.

153.

Kumar, G.S., et al., Dynamic activation and regulation of the mitogen-activated
protein kinase p38. Proceedings of the National Academy of Sciences, 2018.

154.

Capdevila, D.A., et al., Entropy redistribution controls allostery in a
metalloregulatory protein. Proceedings of the National Academy of Sciences, 2017.
114(17): p. 4424-4429.

84

On Catalytic Mechanisms for Rational Enzyme Design Strategies
155.

Kim, T.H., et al., The role of dimer asymmetry and protomer dynamics in enzyme
catalysis. Science, 2017. 355(6322).

156.

Lewandowski, J.R., et al., Direct observation of hierarchical protein dynamics.
Science, 2015. 348(6234): p. 578.

157.

Bellissent-Funel, M.-C., et al., Water Determines the Structure and Dynamics of
Proteins. Chemical Reviews, 2016. 116(13): p. 7673-7697.

158.

Vasa, S.K., et al., Dynamics and Interactions of a 29 kDa Human Enzyme Studied
by Solid-State NMR. The Journal of Physical Chemistry Letters, 2018. 9(6): p. 13071311.

159.

Bonomi, M., R. Pellarin, and M. Vendruscolo, Simultaneous Determination of
Protein Structure and Dynamics Using Cryo-Electron Microscopy. Biophysical
Journal, 2018. 114(7): p. 1604-1613.

160.

Feng, Y., et al., Global analysis of protein structural changes in complex proteomes.
Nat Biotechnol, 2014. 32(10): p. 1036-44.

161.

Dielmann-Gessner, J., et al., Enzymatic turnover of macromolecules generates
long-lasting protein–water-coupled motions beyond reaction steady state.
Proceedings of the National Academy of Sciences, 2014. 111(50): p. 17857.

162.

Heyden, M. and M. Havenith, Combining THz spectroscopy and MD simulations to
study protein-hydration coupling. Methods, 2010. 52(1): p. 74-83.

163.

Ball, P., Life's matrix: water in the cell. Cell Mol Biol (Noisy-le-grand), 2001. 47(5):
p. 717-20.

164.

Zimmerman, S.B. and S.O. Trach, Estimation of macromolecule concentrations and
excluded volume effects for the cytoplasm of Escherichia coli. Journal of Molecular
Biology, 1991. 222(3): p. 599-620.

165.

Ball, P., Water as an active constituent in cell biology. Chem Rev, 2008. 108(1): p.
74-108.

166.

Ball, P., Water is an active matrix of life for cell and molecular biology. Proc Natl
Acad Sci U S A, 2017. 114(51): p. 13327-13335.

167.

Persson, E. and B. Halle, Cell water dynamics on multiple time scales. Proceedings
of the National Academy of Sciences, 2008. 105(17): p. 6266.

168.

Jasnin, M., et al., Down to atomic-scale intracellular water dynamics. EMBO
Reports, 2008. 9(6): p. 543-547.

169.

Frank, H.S. and M.W. Evans, Free Volume and Entropy in Condensed Systems III.
Entropy in Binary Liquid Mixtures; Partial Molal Entropy in Dilute Solutions;
Structure and Thermodynamics in Aqueous Electrolytes. The Journal of Chemical
Physics, 1945. 13(11): p. 507-532.

170.

Biela, A., et al., Dissecting the hydrophobic effect on the molecular level: the role of
water, enthalpy, and entropy in ligand binding to thermolysin. Angew Chem Int Ed
Engl, 2013. 52(6): p. 1822-8.

171.

Frauenfelder, H., et al., Protein folding is slaved to solvent motions. Proc Natl Acad
Sci U S A, 2006. 103(42): p. 15469-72.

172.

Mallamace, F., et al., Some thermodynamical aspects of protein hydration water.
The Journal of Chemical Physics, 2015. 142(21): p. 215103.

173.

Perticaroli, S., et al., Description of Hydration Water in Protein (Green Fluorescent
Protein) Solution. Journal of the American Chemical Society, 2017. 139(3): p. 10981105.

174.

Bhattacharyya, K., Nature of biological water: a femtosecond study. Chemical
Communications, 2008(25): p. 2848-2857.

85

Charlotte Kürten
175.

Smith, J.C., et al., Structure, dynamics and reactions of protein hydration water.
Philosophical Transactions of the Royal Society B: Biological Sciences, 2004.
359(1448): p. 1181-1190.

176.

Qin, Y., L. Wang, and D. Zhong, Dynamics and mechanism of ultrafast water–
protein interactions. Proceedings of the National Academy of Sciences, 2016.
113(30): p. 8424-8429.

177.

Brotzakis, Z.F., et al., Dynamics of Hydration Water around Native and Misfolded
α-Lactalbumin. The Journal of Physical Chemistry B, 2016. 120(21): p. 4756-4766.

178.

Franck, J.M., et al., Probing Water Density and Dynamics in the Chaperonin GroEL
Cavity. Journal of the American Chemical Society, 2014. 136(26): p. 9396-9403.

179.

Yang, J., et al., Mapping Hydration Dynamics around a β-Barrel Protein. Journal
of the American Chemical Society, 2017. 139(12): p. 4399-4408.

180.

Russo, D., G. Hura, and T. Head-Gordon, Hydration Dynamics Near a Model
Protein Surface. Biophysical Journal. 86(3): p. 1852-1862.

181.

Fisette, O., et al., Hydration Dynamics of a Peripheral Membrane Protein. J Am
Chem Soc, 2016. 138(36): p. 11526-35.

182.

Bagchi, B., Untangling complex dynamics of biological water at protein-water
interface. Proceedings of the National Academy of Sciences of the United States of
America, 2016. 113(30): p. 8355-8357.

183.

Klibanov, A.M., Improving enzymes by using them in organic solvents. Nature,
2001. 409: p. 241.

184.

Zaks, A. and A.M. Klibanov, The effect of water on enzyme action in organic media.
Journal of Biological Chemistry, 1988. 263(17): p. 8017-21.

185.

Denisov, V.P., et al., Using buried water molecules to explore the energy landscape
of proteins. Nature Structural Biology, 1996. 3: p. 505.

186.

Matthews, B.W., Solvent content of protein crystals. Journal of Molecular Biology,
1968. 33(2): p. 491-497.

187.

Marino, M., et al., Structure of the InlB Leucine-Rich Repeats, a Domain that
Triggers Host Cell Invasion by the Bacterial Pathogen L. monocytogenes. Molecular
Cell, 1999. 4(6): p. 1063-1072.

188.

Papoian, G.A., et al., Water in protein structure prediction. Proceedings of the
National Academy of Sciences of the United States of America, 2004. 101(10): p.
3352.

189.

Gabel, F., et al., Protein dynamics studied by neutron scattering. Quarterly Reviews
of Biophysics, 2002. 35(4): p. 327-367.

190.

Jan, S. and C. Silvina, Dynamics of deeply supercooled interfacial water. Journal of
Physics: Condensed Matter, 2015. 27(3): p. 033102.

191.

Halle, B., Water in biological systems: the NMR picture. Water in biological systems,
1999. Hydration processes in biology.

192.

Conti Nibali, V., et al., On the Coupling between the Collective Dynamics of Proteins
and Their Hydration Water. The Journal of Physical Chemistry Letters, 2014. 5(7):
p. 1181-1186.

193.

Schirò, G., et al., Translational diffusion of hydration water correlates with
functional motions in folded and intrinsically disordered proteins. Nature
Communications, 2015. 6: p. 6490.

194.

Olano, L.R. and S.W. Rick, Hydration Free Energies and Entropies for Water in
Protein Interiors. Journal of the American Chemical Society, 2004. 126(25): p. 79918000.

86

On Catalytic Mechanisms for Rational Enzyme Design Strategies
195.

Capponi, S., et al., Anomalous behavior of water inside the SecY translocon.
Proceedings of the National Academy of Sciences, 2015. 112(29): p. 9016.

196.

Lee, Y., et al., Ultraslow Water-Mediated Transmembrane Interactions Regulate
the Activation of A2A Adenosine Receptor. Biophys J, 2016. 111(6): p. 1180-91.

197.

Yuan, S., et al., Activation of G-protein-coupled receptors correlates with the
formation of a continuous internal water pathway. Nature Communications, 2014.
5: p. 4733.

198.

Zanotti, J.M., G. Gibrat, and M.C. Bellissent-Funel, Hydration water rotational
motion as a source of configurational entropy driving protein dynamics.
Crossovers at 150 and 220 K. Physical Chemistry Chemical Physics, 2008. 10(32):
p. 4865-4870.

199.

Fenimore, P.W., et al., Slaving: Solvent fluctuations dominate protein dynamics
and functions. Proceedings of the National Academy of Sciences, 2002. 99(25): p.
16047.

200.

Snyder, P.W., et al., Mechanism of the hydrophobic effect in the biomolecular
recognition of arylsulfonamides by carbonic anhydrase. Proceedings of the
National Academy of Sciences of the United States of America, 2011. 108(44): p.
17889-17894.

201.

Treesuwan, W. and S. Hannongbua, Bridge water mediates nevirapine binding to
wild type and Y181C HIV-1 reverse transcriptase—Evidence from molecular
dynamics simulations and MM-PBSA calculations. Journal of Molecular Graphics
and Modelling, 2009. 27(8): p. 921-929.

202.

Lu, Y., et al., Analysis of Ligand-Bound Water Molecules in High-Resolution Crystal
Structures of Protein−Ligand Complexes. Journal of Chemical Information and
Modeling, 2007. 47(2): p. 668-675.

203.

Chen, M., et al., Probing the Role of Active Site Water in the Sesquiterpene
Cyclization Reaction Catalyzed by Aristolochene Synthase. Biochemistry, 2016.
55(20): p. 2864-74.

204.

Dunitz, J.D., The entropic cost of bound water in crystals and biomolecules. Science,
1994. 264(5159): p. 670.

205.

de Beer, S.B., N.P. Vermeulen, and C. Oostenbrink, The role of water molecules in
computational drug design. Curr Top Med Chem, 2010. 10(1): p. 55-66.

206.

Hummer, G., Under water´s influence. Nature Chemistry, 2010. 2: p. 906.

207.

Bodnarchuk, M.S., Water, water, everywhere... It's time to stop and think. Drug
Discov Today, 2016. 21(7): p. 1139-46.

208.

Breiten, B., et al., Water Networks Contribute to Enthalpy/Entropy Compensation
in Protein–Ligand Binding. Journal of the American Chemical Society, 2013.
135(41): p. 15579-15584.

209.

Grossman, M., et al., Correlated structural kinetics and retarded solvent dynamics
at the metalloprotease active site. Nat Struct Mol Biol, 2011. 18(10): p. 1102-8.

210.

Conti Nibali, V. and M. Havenith, New Insights into the Role of Water in Biological
Function: Studying Solvated Biomolecules Using Terahertz Absorption
Spectroscopy in Conjunction with Molecular Dynamics Simulations. Journal of the
American Chemical Society, 2014. 136(37): p. 12800-12807.

211.

Corbeil, C.R. and N. Moitessier, Docking Ligands into Flexible and Solvated
Macromolecules. 3. Impact of Input Ligand Conformation, Protein Flexibility, and
Water Molecules on the Accuracy of Docking Programs. Journal of Chemical
Information and Modeling, 2009. 49(4): p. 997-1009.

87

Charlotte Kürten
212.

Valero-González, J., et al., A proactive role of water molecules in acceptor
recognition by protein O-fucosyltransferase 2. Nature Chemical Biology, 2016. 12:
p. 240.

213.

Tiwary, P., et al., Role of water and steric constraints in the kinetics of cavity–ligand
unbinding. Proceedings of the National Academy of Sciences of the United States of
America, 2015. 112(39): p. 12015-12019.

214.

Guinto, E.R., et al., Unexpected crucial role of residue 225 in serine proteases. Proc
Natl Acad Sci U S A, 1999. 96(5): p. 1852-7.

215.

Robinson, D., W. Sherman, and R. Farid, Understanding Kinase Selectivity Through
Energetic Analysis of Binding Site Waters. ChemMedChem, 2010. 5(4): p. 618-627.

216.

Amaro, M., et al., Site-Specific Analysis of Protein Hydration Based on Unnatural
Amino Acid Fluorescence. Journal of the American Chemical Society, 2015. 137(15):
p. 4988-4992.

217.

Blow, D.M., Structure and mechanism of chymotrypsin. Accounts of Chemical
Research, 1976. 9(4): p. 145-152.

218.

Lindskog, S., Structure and mechanism of carbonic anhydrase. Pharmacology &
Therapeutics, 1997. 74(1): p. 1-20.

219.

Wallin, G. and J. Aqvist, The transition state for peptide bond formation reveals the
ribosome as a water trap. Proc Natl Acad Sci U S A, 2010. 107(5): p. 1888-93.

220.

Szefczyk, B., et al., Differential Transition-State Stabilization in Enzyme Catalysis:
Quantum Chemical Analysis of Interactions in the Chorismate Mutase Reaction and
Prediction of the Optimal Catalytic Field. Journal of the American Chemical Society,
2004. 126(49): p. 16148-16159.

221.

Debler, E.W., et al., An aspartate and a water molecule mediate efficient acid-base
catalysis in a tailored antibody pocket. Proceedings of the National Academy of
Sciences, 2009. 106(44): p. 18539.

222.

Belsare, S., et al., Solvent Entropy Contributions to Catalytic Activity in Designed
and Optimized Kemp Eliminases. The Journal of Physical Chemistry B, 2017.

223.

Meyer, E., Internal water molecules and H-bonding in biological macromolecules:
a review of structural features with functional implications. Protein Science : A
Publication of the Protein Society, 1992. 1(12): p. 1543-1562.

224.

Schiebel, J., et al., An ordered water channel in Staphylococcus aureus FabI:
unraveling the mechanism of substrate recognition and reduction. Biochemistry,
2015. 54(10): p. 1943-55.

225.

Zhang, X. and T.C. Bruice, Histone Lysine Methyltransferase SET7/9: Formation
of a Water Channel Precedes Each Methyl Transfer. Biochemistry, 2007. 46(51): p.
14838-14844.

226.

Fink, M.J. and P.-O. Syrén, Redesign of water networks for efficient biocatalysis.
Current Opinion in Chemical Biology, 2017. 37: p. 107-114.

227.

Angel, T.E., M.R. Chance, and K. Palczewski, Conserved waters mediate structural
and functional activation of family A (rhodopsin-like) G protein-coupled receptors.
Proceedings of the National Academy of Sciences, 2009. 106(21): p. 8555.

228.

Woods, K.N., et al., Vibrational resonance, allostery, and activation in rhodopsinlike G protein-coupled receptors. Scientific Reports, 2016. 6: p. 37290.

229.

Cyphers, S., et al., A water-mediated allosteric network governs activation of
Aurora kinase A. Nature Chemical Biology, 2017. 13: p. 402.

230.

Marcus, K., et al., Probing the role of allostery in Rho and Ras GTPases. The FASEB
Journal, 2017. 31(1_supplement): p. 761.4-761.4.

88

On Catalytic Mechanisms for Rational Enzyme Design Strategies
231.

Buhrman, G., et al., Allosteric modulation of Ras positions Q61 for a direct role in
catalysis. Proceedings of the National Academy of Sciences, 2010. 107(11): p. 4931.

232.

Bornscheuer, U.T. and R.J. Kazlauskas, Hydrolases in Organic Synthesis: Regioand Stereoselective Biotransformations. 2006: Wiley-VCH Verlag GmbH & Co.
KGaA.

233.

Reetz, M.T., J.D. Carballeira, and A. Vogel, Iterative Saturation Mutagenesis on the
Basis of B Factors as a Strategy for Increasing Protein Thermostability.
Angewandte Chemie International Edition, 2006. 45(46): p. 7745-7751.

234.

Bartsch, S., R. Kourist, and U.T. Bornscheuer, Complete Inversion of
Enantioselectivity towards Acetylated Tertiary Alcohols by a Double Mutant of a
Bacillus Subtilis Esterase. Angewandte Chemie International Edition, 2008. 47(8):
p. 1508-1511.

235.

Jochens, H., et al., Converting an Esterase into an Epoxide Hydrolase. Angewandte
Chemie International Edition, 2009. 48(19): p. 3532-3535.

236.

Ollis, D.L., et al., The α/β hydrolase fold. Protein Engineering, Design and Selection,
1992. 5(3): p. 197-211.

237.

Nardini, M. and B.W. Dijkstra, α/β Hydrolase fold enzymes: the family keeps
growing. Current Opinion in Structural Biology, 1999. 9(6): p. 732-737.

238.

Rydel, T.J., et al., The Crystal Structure, Mutagenesis, and Activity Studies Reveal
that Patatin Is a Lipid Acyl Hydrolase with a Ser-Asp Catalytic Dyad. Biochemistry,
2003. 42(22): p. 6696-6708.

239.

Dessen, A., et al., Crystal Structure of Human Cytosolic Phospholipase A2 Reveals
a Novel Topology and Catalytic Mechanism. Cell, 1999. 97(3): p. 349-360.

240.

Christianson, D.W., Structural and Chemical Biology of Terpenoid Cyclases. Chem
Rev, 2017. 117(17): p. 11570-11648.

241.

Cao, R., et al., Diterpene cyclases and the nature of the isoprene fold. Proteins:
Structure, Function, and Bioinformatics, 2010. 78(11): p. 2417-2432.

242.

Rabe, P., et al., Mechanistic Investigations of Two Bacterial Diterpene Cyclases:
Spiroviolene Synthase and Tsukubadiene Synthase. Angewandte Chemie
International Edition, 2017. 56(10): p. 2776-2779.

243.

Ruzicka, L., The isoprene rule and the biogenesis of terpenic compounds.
Experientia, 1953. 9(10): p. 357-367.

244.

Gershenzon, J. and N. Dudareva, The function of terpene natural products in the
natural world. Nature Chemical Biology, 2007. 3: p. 408.

245.

Lorenzo, C. and A. Eugenio, Use of Terpenoids as Natural Flavouring Compounds
in Food Industry. Recent Patents on Food, Nutrition & Agriculture, 2011. 3(1): p. 916.

246.

Zwenger, S.R. and B. Chhandak, Plant terpenoids: Applications and future
potentials. Biotechnology and Molecular Biology Reviews, 2008. 3(1): p. 001-007.

247.

Hung, K., X. Hu, and T.J. Maimone, Total synthesis of complex terpenoids
employing radical cascade processes. Natural Product Reports, 2018. 35(2): p. 174202.

248.

Liu, J., et al., Asymmetric Total Synthesis of Cyclocitrinol. Journal of the American
Chemical Society, 2018. 140(16): p. 5365-5369.

249.

Paramasivan, K. and S. Mutturi, Progress in terpene synthesis strategies through
engineering of Saccharomyces cerevisiae. Critical Reviews in Biotechnology, 2017.
37(8): p. 974-989.

250.

Ro, D.K., et al., Production of the antimalarial drug precursor artemisinic acid in
engineered yeast. Nature, 2006. 440(7086): p. 940-3.

89

Charlotte Kürten
251.

Pan, J.-J., et al., Biosynthesis of Squalene from Farnesyl Diphosphate in Bacteria:
Three Steps Catalyzed by Three Enzymes. ACS Central Science, 2015. 1(2): p. 77-82.

252.

Hammer, S.C., et al., Squalene hopene cyclases: highly promiscuous and evolvable
catalysts for stereoselective CC and CX bond formation. Current Opinion in
Chemical Biology, 2013. 17(2): p. 293-300.

253.

Abe, I., M. Rohmer, and G.D. Prestwich, Enzymatic Cyclization of Squalene and
Oxidosqualene to Sterols and Triterpenes. Chemical Reviews, 1993. 93(6): p. 21892206.

254.

Steele, C.L., et al., Sesquiterpene Synthases from Grand Fir (Abies grandis):
Comparison of Constitutive and Wound-Induced Activities, and cDNA Isolation,
Characterization, and Bacterial Expression of δ-Selinene Synthase and γHumulene Synthase. Journal of Biological Chemistry, 1998. 273(4): p. 2078-2089.

255.

Li, R., et al., Reprogramming the Chemodiversity of Terpenoid Cyclization by
Remolding the Active Site Contour of epi-Isozizaene Synthase. Biochemistry, 2014.
53(7): p. 1155-1168.

256.

Wu, T.-K., et al., Alteration of the Substrate’s Prefolded Conformation and
Cyclization
Stereochemistry
of
Oxidosqualene-Lanosterol
Cyclase
of
Saccharomyces cerevisiae by Substitution at Phenylalanine 699. Organic Letters,
2010. 12(3): p. 500-503.

257.

Grundy, D.J., et al., Mechanism of Germacradien-4-ol Synthase-Controlled Water
Capture. Biochemistry, 2016. 55(14): p. 2112-21.

258.

Loizzi, M., et al., Nucleophilic Water Capture or Proton Loss: Single Amino Acid
Switch Converts δ-Cadinene Synthase into Germacradien-4-ol Synthase.
Chembiochem, 2018. 19(1): p. 100-105.

259.

Chen, M., et al., Structure and Function of Fusicoccadiene Synthase, a Hexameric
Bifunctional Diterpene Synthase. ACS Chem Biol, 2016. 11(4): p. 889-99.

260.

Chen, M., et al., Multi-domain terpenoid cyclase architecture and prospects for
proximity in bifunctional catalysis. Curr Opin Struct Biol, 2016. 41: p. 27-37.

261.

Lesburg, C.A., et al., Crystal Structure of Pentalenene Synthase: Mechanistic
Insights on Terpenoid Cyclization Reactions in Biology. Science, 1997. 277(5333):
p. 1820.

262.

Rynkiewicz, M.J., D.E. Cane, and D.W. Christianson, Structure of trichodiene
synthase from Fusarium sporotrichioides provides mechanistic inferences on the
terpene cyclization cascade. Proceedings of the National Academy of Sciences, 2001.
98(24): p. 13543.

263.

Pemberton, T.A., et al., Exploring the Influence of Domain Architecture on the
Catalytic Function of Diterpene Synthases. Biochemistry, 2017. 56(14): p. 20102023.

264.

Baunach, M., J. Franke, and C. Hertweck, Terpenoid Biosynthesis Off the Beaten
Track: Unconventional Cyclases and Their Impact on Biomimetic Synthesis.
Angewandte Chemie International Edition, 2015. 54(9): p. 2604-2626.

265.

Kugel, S., et al., Cryptic indole hydroxylation by a non-canonical terpenoid cyclase
parallels bacterial xenobiotic detoxification. Nature Communications, 2017. 8: p.
15804.

266.

Koksal, M., et al., Structure and mechanism of the diterpene cyclase ent-copalyl
diphosphate synthase. Nat Chem Biol, 2011. 7(7): p. 431-3.

267.

Gandour, R.D., On the importance of orientation in general base catalysis by
carboxylate. Bioorganic Chemistry, 1981. 10(2): p. 169-176.

90

On Catalytic Mechanisms for Rational Enzyme Design Strategies
268.

Tomita, T., et al., Structural Insights into the CotB2-Catalyzed Cyclization of
Geranylgeranyl Diphosphate to the Diterpene Cyclooctat-9-en-7-ol. ACS Chem Biol,
2017.

269.

Köksal, M., et al., 1.55 Å-Resolution Structure of ent-Copalyl Diphosphate Synthase
and Exploration of General Acid Function by Site-Directed Mutagenesis().
Biochimica et biophysica acta, 2014. 1840(1): p. 10.1016/j.bbagen.2013.09.004.

270.

Peters, R.J., et al., Bifunctional Abietadiene Synthase: Mutual Structural
Dependence of the Active Sites for Protonation-Initiated and Ionization-Initiated
Cyclizations. Biochemistry, 2003. 42(9): p. 2700-2707.

271.

Ajikumar, P.K., et al., Isoprenoid pathway optimization for Taxol precursor
overproduction in Escherichia coli. Science, 2010. 330(6000): p. 70-4.

272.

Andersen-Ranberg, J., et al., Expanding the Landscape of Diterpene Structural
Diversity through Stereochemically Controlled Combinatorial Biosynthesis.
Angewandte Chemie International Edition, 2016. 55(6): p. 2142-2146.

273.

Rudolf, J.D., et al., Structure of the ent-Copalyl Diphosphate Synthase PtmT2 from
Streptomyces platensis CB00739, a Bacterial Type II Diterpene Synthase. J Am
Chem Soc, 2016. 138(34): p. 10905-15.

274.

Zhou, K., et al., Insights into Diterpene Cyclization from Structure of Bifunctional
Abietadiene Synthase from Abies grandis. Journal of Biological Chemistry, 2012.
287(9): p. 6840-6850.

275.

Frickey, T. and E. Kannenberg, Phylogenetic analysis of the triterpene cyclase
protein family in prokaryotes and eukaryotes suggests bidirectional lateral gene
transfer. Environmental Microbiology, 2009. 11(5): p. 1224-1241.

276.

Rohmer, M., P. Bouvier, and G. Ourisson, Molecular evolution of biomembranes:
structural equivalents and phylogenetic precursors of sterols. Proc Natl Acad Sci U
S A, 1979. 76(2): p. 847-51.

277.

Belin, B.J., et al., Hopanoid lipids: from membranes to plant–bacteria interactions.
Nature Reviews Microbiology, 2018. 16: p. 304.

278.

Ebizuka, Y., et al., Functional genomics approach to the study of triterpene
biosynthesis, in Pure and Applied Chemistry. 2003. p. 369.

279.

Hammer, S.C., et al., Squalene hopene cyclases are protonases for stereoselective
Brønsted acid catalysis. Nature Chemical Biology, 2014. 11: p. 121.

280.

Hoshino, T. and T. Sato, Squalene-hopene cyclase: catalytic mechanism and
substrate recognition. Chemical Communications, 2002(4): p. 291-301.

281.

Seitz, M., et al., Synthesis of heterocyclic terpenoids by promiscuous squalenehopene cyclases. Chembiochem, 2013. 14(4): p. 436-9.

282.

de León, L., M.R. López, and L. Moujir, Antibacterial properties of zeylasterone, a
triterpenoid isolated from Maytenus blepharodes, against Staphylococcus aureus.
Microbiological Research, 2010. 165(8): p. 617-626.

283.

Mu, D., et al., Ursolic acid activates the apoptosis of prostate cancer via
ROCK/PTEN mediated mitochondrial translocation of cofilin-1. Oncology Letters,
2018. 15(3): p. 3202-3206.

284.

Sikander, M., et al., Cucurbitacin D exhibits potent anti-cancer activity in cervical
cancer. Scientific Reports, 2016. 6: p. 36594.

285.

Alakurtti, S., et al., Pharmacological properties of the ubiquitous natural product
betulin. European Journal of Pharmaceutical Sciences, 2006. 29(1): p. 1-13.

286.

Goktepe, I. and L.C. Plhak, Comparative toxicity of two azadirachtin-based neem
pesticides to Daphnia pulex. Environmental Toxicology and Chemistry, 2009. 21(1):
p. 31-36.

91

Charlotte Kürten
287.

Huff, M.W. and D.E. Telford, Lord of the rings-the mechanism for
oxidosqualene:lanosterol cyclase becomes crystal clear. Trends Pharmacol Sci,
2005. 26(7): p. 335-40.

288.

Maione, F., et al., The cholesterol biosynthesis enzyme oxidosqualene cyclase is a
new target to impair tumour angiogenesis and metastasis dissemination. Sci Rep,
2015. 5: p. 9054.

289.

Reinert, D.J., G. Balliano, and G.E. Schulz, Conversion of Squalene to the
Pentacarbocyclic Hopene. Chemistry & Biology, 2004. 11(1): p. 121-126.

290.

Wendt, K.U., K. Poralla, and G.E. Schulz, Structure and Function of a Squalene
Cyclase. Science, 1997. 277(5333): p. 1811.

291.

Corey, E.J. and W.E. Russey, Metabolic Fate of 10,11-Dihydrosqualene in SterolProducing Rat Liver Homogenate. Journal of the American Chemical Society, 1966.
88(20): p. 4751-4752.

292.

Siedenburg, G. and D. Jendrossek, Squalene-hopene cyclases. Appl Environ
Microbiol, 2011. 77(12): p. 3905-15.

293.

Sáenz, J.P., et al., Hopanoids as functional analogues of cholesterol in bacterial
membranes. Proceedings of the National Academy of Sciences, 2015. 112(38): p.
11971.

294.

Chen, N., et al., Biosynthetic Mechanism of Lanosterol: Cyclization. Angew Chem
Int Ed Engl, 2015. 54(30): p. 8693-6.

295.

Chen, N., et al., Concerted Cyclization of Lanosterol C-Ring and D-Ring Under
Human Oxidosqualene Cyclase Catalysis: An ab Initio QM/MM MD Study. J Chem
Theory Comput, 2014. 10(3): p. 1109-20.

296.

Christianson, D.W., Unearthing the roots of the terpenome. Curr Opin Chem Biol,
2008. 12(2): p. 141-50.

297.

Sato, T. and T. Hoshino, Kinetic studies on the function of all the conserved
tryptophans involved inside and outside the QW motifs of squalene-hopene cyclase:
stabilizing effect of the protein structure against thermal denaturation. Biosci
Biotechnol Biochem, 1999. 63(7): p. 1171-80.

298.

Ourisson, G. and Y. Nakatani, The terpenoid theory of the origin of cellular life: the
evolution of terpenoids to cholesterol. Chemistry & Biology, 1994. 1(1): p. 11-23.

299.

Racolta, S., et al., The triterpene cyclase protein family: a systematic analysis.
Proteins, 2012. 80(8): p. 2009-19.

300.

Rauwerdink, A. and R.J. Kazlauskas, How the Same Core Catalytic Machinery
Catalyzes 17 Different Reactions: the Serine-Histidine-Aspartate Catalytic Triad of
α/β-Hydrolase Fold Enzymes. ACS Catalysis, 2015. 5(10): p. 6153-6176.

301.

Syrén, P.O. and K. Hult, Amidases Have a Hydrogen Bond that Facilitates Nitrogen
Inversion, but Esterases Have Not. ChemCatChem, 2011. 3(5): p. 853-860.

302.

Robert, K., et al., Understanding Promiscuous Amidase Activity of an Esterase from
Bacillus subtilis. ChemBioChem, 2008. 9(1): p. 67-69.

303.

Nakagawa, Y., et al., Engineering of Pseudomonas aeruginosa lipase by directed
evolution for enhanced amidase activity: mechanistic implication for amide
hydrolysis by serine hydrolases. Protein Engineering, Design and Selection, 2007.
20(7): p. 339-346.

304.

Hackenschmidt, S., et al., Enhancement of Promiscuous Amidase Activity of a
Bacillus subtilis Esterase by Formation of a π–π Network. ChemCatChem, 2014.
6(4): p. 1015-1020.

92

On Catalytic Mechanisms for Rational Enzyme Design Strategies

305.

Syrén, P.O., et al., Esterases with an Introduced Amidase-Like Hydrogen Bond in
the Transition State Have Increased Amidase Specificity. ChemBioChem, 2012.
13(5): p. 645-648.

306.

Devamani, T., et al., Catalytic Promiscuity of Ancestral Esterases and
Hydroxynitrile Lyases. Journal of the American Chemical Society, 2016. 138(3): p.
1046-1056.

307.

Major, D.T., Y. Freud, and M. Weitman, Catalytic control in terpenoid cyclases:
multiscale modeling of thermodynamic, kinetic, and dynamic effects. Curr Opin
Chem Biol, 2014. 21: p. 25-33.

308.

Hur, S. and T.C. Bruice, The near attack conformation approach to the study of the
chorismate to prephenate reaction. Proceedings of the National Academy of Sciences
of the United States of America, 2003. 100(21): p. 12015-12020.

309.

Lau, E.Y., et al., The importance of reactant positioning in enzyme catalysis: A
hybrid quantum mechanics/molecular mechanics study of a haloalkane
dehalogenase. Proceedings of the National Academy of Sciences, 2000. 97(18): p.
9937.

310.

Ruf, A., et al., The monotopic membrane protein human oxidosqualene cyclase is
active as monomer. Biochem Biophys Res Commun, 2004. 315(2): p. 247-54.

311.

Thimmappa, R., et al., Triterpene Biosynthesis in Plants. Annual Review of Plant
Biology, 2014. 65(1): p. 225-257.

312.

Boutanaev, A.M., et al., Investigation of terpene diversification across multiple
sequenced plant genomes. Proceedings of the National Academy of Sciences, 2015.
112(1): p. E81.

313.

Corey, E.J., et al., Methodology for the Preparation of Pure Recombinant S.
cerevisiae Lanosterol Synthase Using a Baculovirus Expression System. Evidence
That Oxirane Cleavage and A-Ring Formation Are Concerted in the Biosynthesis of
Lanosterol from 2,3-Oxidosqualene. Journal of the American Chemical Society,
1997. 119(6): p. 1277-1288.

314.

Leuenberger, P., et al., Cell-wide analysis of protein thermal unfolding reveals
determinants of thermostability. Science, 2017. 355(6327).

315.

Rabelo, V.W.-H., N.C. Romeiro, and P.A. Abreu, Design strategies of oxidosqualene
cyclase inhibitors: Targeting the sterol biosynthetic pathway. The Journal of
Steroid Biochemistry and Molecular Biology, 2017. 171: p. 305-317.

93

Charlotte Kürten

94

Publications and Manuscripts

