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Everything we hear is an opinion, not a fact.
Everything we see is a perspective, not the truth.
Marcus Aurelius
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Summary
Enzymes catalyze essential chemical reactions in every living organism.
Without them, the reactions they accelerate would take too long to sustain life.
That is why enzymes are exceptional molecules that recognize substrates with
high specificity and catalyze reactions with high efficiency. If it were possible to
efficiently design these biomolecules, many possibilities would emerge in
biological, chemical, and medical applications. There are currently some
promising approaches that strive to create enzymes from scratch, capable of
catalyzing

any

desired

reaction.

One

of

these

approaches

involves

computationally designing enzymatic motifs, which are subsequently fitted into
an existing inert protein scaffold. Once measurable activity is accomplished by
this technique, in vitro evolution methods can be employed to refine the
computer‐derived model. Although some success has been achieved with this
dual approach, the large gap in activity between natural and designed enzymes is
still a major limitation for research in this field. Because of this, only few model
systems exist to date, for investigating the structure‐function relationship of
biocatalysis. Since nature has created many super‐efficient enzymes by
evolution, protein engineers often start their design with one of the reactions
catalyzed by these enzymes as the basis for their design. Today’s large
abundance of structural and sequence information is an excellent starting point
for the creation of such designs.
The retro‐aldol reaction is currently one of the favorite reactions chosen
for enzyme design studies. Retro‐aldol enzymes are particularly interesting,
because they provide a mechanism for C‐C bond cleavage, which can be
potentially used in pharmaceutical synthesis and various other industrial
applications. In light of the current research struggling to improve the catalytic
proficiency of designed enzymes our collaborators (Lars Giger, group of Prof.
Donald Hilvert, ETH Zürich, Switzerland) demonstrated that it was possible to
evolve computationally designed retro‐aldol enzymes to achieve levels of
efficiency far better from what has been previously reached for this model
system (Jiang et al. 2008). To understand this significant boost in catalytic
efficiency, we investigated the in vitro evolved aldolase (RA95.5‐5) by X‐ray
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crystallography. Surprisingly, we discovered that this enzyme employed an
active site that was not part of the in silico design. Since the examined aldolase
represented a highly evolved enzyme version, we decided to trace back
structural changes in the preceding enzyme variants along the series of
evolutionary steps that gave rise to the alternative active site and the significant
increase in catalytic efficiency. For this purpose, two additional aldolase variants
were purified, crystallized and the structures were determined by X‐ray
crystallography. All of the obtained aldolase crystals diffracted to high
resolution. The structure of the enzyme obtained by the initial computational
design reveals that the active site geometry deviates from the prediction.
Furthermore, the in vitro evolved enzyme structures explain how the introduced
mutations gave rise to the alternative catalytic site and eventually rendered the
designed site inactive. Our results demonstrate why the design failed to generate
the predicted active site. Furthermore, the structures of the evolved enzymes
allow identifying the determinants, which led to the significant activity increase,
with implications for our understanding of enzyme design principles and the
evolution of enzymatic active sites.
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Zusammenfassung
Enzyme

katalysieren

essentielle

chemische

Reaktionen

in

allen

Lebewesen. Ohne sie würden die Reaktionen, die sie katalysieren zu viel Zeit
beanspruchen, um Leben zu erhalten. Die unübertroffene Spezifität gegenüber
Substraten bei gleichzeitig hoher katalytischer Effizienz macht Enzyme zu
aussergewöhnlichen Biomolekülen. Wäre man in der Lage diese Moleküle
effizient selber zu konstruieren, dann gäbe es viele Möglichkeiten für
biologische, chemische und medizinische Anwendungen. Zurzeit existieren
einige vielversprechende Methoden um Enzyme für beliebige Reaktionen zu
kreieren. Eine dieser Methoden ist das computergestützte Design eines
enzymatischen Motifs, welches in ein inertes Proteingerüst modelliert wird.
Sobald mit dieser Methode ein Enzym mit signifikanter Aktivität erzeugt wurde,
kann das computergenerierte Modell mit Evolutionsmethoden optimiert werden.
Trotz einiger vielversprechender Ergebnisse mit diesem dualen Ansatz, ist man
immer noch weit von der katalytischen Effizienz natürlicher Enzyme entfernt.
Aus diesem Grund versucht man mit Hilfe von Modellsystemen mehr Details
über die Struktur‐Funktions‐Beziehung von Biokatalysatoren zu erfahren. In der
Natur existieren sogenannte „Super‐effiziente Enzyme“, die aufgrund ihrer
besonders hohen katalytischen Effizienz als Basis für Designstudien verwendet
werden. Zudem stehen umfangreiche Struktur‐ und Sequenzinformationen zur
Verfügung, die eine exzellente Hilfestellung für Proteindesignstudien bieten.
Derzeit ist die Retro‐Aldol Reaktion eine der populärsten Reaktionen in
Enzymdesignstudien. Retro‐Aldol Enzyme sind besonders interessant, weil sie
einen Mechanismus für die Spaltung von C‐C Bindungen aufzeigen, welche für
pharmazeutische Synthesen und andere industrielle Anwendungen nützlich sein
können. Um die katalytische Leistung von designten Enzymen zu verbessern,
haben unsere Kollaborationspartner (Lars Giger, aus der Gruppe von Prof.
Donald Hilvert, ETH Zürich, Schweiz) mit Hilfe von in vitro Evolution gezeigt,
dass die Effizienz des untersuchten in silico designten Retro‐aldol Enzyms
signifikant verbessert werden konnte. Die Effizienz dieser evolvierten Aldolasen
lag dabei höher, als bisher für dieses Modellsystem erreicht werden konnte
(Jiang, Althoff et al. 2008). Um diesen signifikanten Anstieg in katalytischer
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Effizienz besser zu verstehen, haben wir die Struktur der in vitro evolvierten
Aldolase (RA95.5‐5) mittels Röntgenkristallografie gelöst. Die Kristallstruktur
zeigte überraschenderweise, dass das Enzym ein Reaktionszentrum besitzt,
welches nicht im computergenerierten Modell vorgesehen war. Da die
untersuchte Aldolase eine in hohem Masse evolvierte Enzymversion darstellte,
entschieden wir uns in den Vorläuferenzymen aus der Optimierungsstratgie
nach strukturellen Veränderungen zu suchen, die letztendlich zu der
unerwarteten Änderung des Reaktionszentrums führte. Zu diesem Zweck
wurden zwei weitere Aldolase‐Varianten gereinigt, kristallisiert und deren
Strukturen bei hoher Auflösung gelöst. Die Struktur des Enzyms, welches durch
das Computermodell entstanden ist zeigte auf, dass die Geometrie des aktiven
Zentrums von dem vorhergesagten Modell abweicht. Weiter erklären die in vitro
evolvierten Strukturen, wie die eingeführten Mutationen zu dem alternativen
Reaktionszentrum führten und zudem das designte Zentrum inaktivierten.
Unsere

Ergebnisse

demonstrieren,

weshalb

das

computergenerierte

Designmodell nicht das vorhergesagte Reaktionszentrum aufweist. Zudem
zeigen die evolvierten Enzymstrukturen Determinanten, welche zu der
signifikanten Aktivitätssteigerung führten. Diese liefern zugleich Anhaltspunkte
für

das

Verständnis

von

Enzymdesignprinzipien

enzymatischen Reaktionszentren.

viii

und

Evolution
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Introduction

1. Introduction
1.1 Enzymes
Naturally occurring enzymes are extraordinary, highly effective catalysts.
They specifically convert substrate molecules into chemically different product
molecules at reaction rates, which can be millions of times faster than those of
comparable un‐catalyzed reactions (Radzicka and Wolfenden 1995). Like all
catalysts they work by lowering the activation energy for a given reaction (Fig. 1
A). For example, triosephosphate isomerase and superoxide dismutase are
catalytically “perfect enzymes” as they can catalyze reactions so efficiently that
their activity is only limited by the substrate and enzyme diffusion rates
(Wolfenden and Snider 2001). Here, the second order rate constant kcat/Km can
theoretically reach values in the range of 108‐1010 M‐1s‐1 (Stroppolo et al. 2001)
(Fig. 1B).

Figure 1: (A) Enzymes accelerate reactions by decreasing the activation energy (ΔG‡).
The reaction between enzyme and substrate molecules (S) forms the product (P) after
going through a ‘transition state’ (S‡) that has a higher free energy than does either S or
P. The double dagger denotes a thermodynamic property of the transition state, where
ΔG‡=GS‡‐GS. (B) List of selected enzymes with kcat/Km values from the literature
(measured at 25 °C). The second order rate constant kcat/Km describes how efficiently an
enzyme converts a substrate into a product. The turnover number kcat describes the
maximum number of substrate molecule conversions into a product (P) per enzyme and
time. While the Michaelis constant Km describes the substrate concentration at which
the speed of the reaction is at half of its maximum value (v=Vmax/2), it also characterizes
the affinity of the enzyme for its substrate.
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Enzymes accomplish this exceptional rate enhancement by specifically
binding substrate molecules to their catalytic active sites. In the active site, the
enzyme positions the substrates and stabilizes the so called ‘transition state’ (TS)
of the reaction. By orienting the substrate, the likelihood of the reaction between
the reactants will be increased significantly. Furthermore, the exclusion of
hydration shells of the substrate molecules and the interaction with amino acid
residues of the protein generates different conditions for the reaction than in
solution. This environment decreases the amount of energy needed to form the
TS (Stryer 1996). During catalysis, many enzymes transfer chemical groups
from or to the substrate. Most abundant among these are proton‐transfer
reactions (Koolman and Rohm 2003). Acid‐base catalysis by enzymes is much
more efficient than in aqueous solution. In other cases chemical groups are
transiently and covalently bound to amino acids of the biocatalyst before the
product of the reaction is released. This process is known as covalent catalysis
(Bell and Koshland 1971).
Enzymes are classified by the chemical reaction they catalyze, which is
embodied in their numerical ‘enzyme commission’ number (EC number) (1965;
IUBMB 1992). There are six different classes that each on its own represents a
distinct chemical reaction that is catalyzed by the corresponding enzyme group.
Retro aldolases are enzymes of the lyase group (EC 4). Members of this group
non‐hydrolytically add or remove groups from substrates. In other words they
cleave C‐C, C‐N, C‐O or C‐S bonds. Aldehyde lyases or aldolases (EC 4.1.2)
represent a subgroup of carbon‐carbon lyases (EC 4.1), which cleave C‐C bonds
in molecules harboring both a carbonyl group and a hydroxyl group.

A

prominent example is the ubiquitous fructose‐1,6‐bisphosphate aldolase (EC
4.1.2.13), which plays an essential role in glycolysis by breaking down fructose
1,6‐bisphosphate into glyceraldehyde and dihydroxyacetone phosphate (Grazi
and Blanzieri 1977) (Fig. 2 A). Additionally, it catalyzes the reverse reaction in
gluconeogenesis.
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Figure 2: (A) The glycolytic fructose bisphosphate aldolase (FBPA) catalyzes the
reversible cleavage of fructose 1,6‐bisphosphate (FBP) into glyceraldehyde 3‐phosphate
(GAP) and dihydroxyacetone phosphate (DHAP). (B) The reaction mechanism of FBPA
relies on Schiff base formation of the catalytic residue. During the reaction several
intermediates are covalently bound to the catalytic lysine. (1) Schiff base formation and
protonation: In the first step the keto‐group of the substrate condenses with the
catalytic lysine of the FBPA, thereby eliminating a water molecule and forming the
protonated Schiff base (iminium species), which acts as an electron sink for the next
step. (2) Aldol cleavage: The general base in the enzyme (:A‐) assists the electron
movement towards the nitrogen atom by accepting a proton from the substrate’s
hydroxyl group, which drives the cleavage and the first product (GAP) is released. (3)
Protonation: The remaining enamine intermediate is protonated in this step to generate
the protonated Schiff base of DHAP. (4) Schiff base hydrolysis frees the substrate and
ends the reaction mechanism.
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Enzymes of this class have been studied intensively as they provide a
mechanism for carbon‐carbon bond formation in living organisms (Allard et al.
2001). Based on the chemical mechanism, there are two classes of aldolases:
class I aldolases catalyze C‐C bond cleavage via Schiff base intermediates
independent of co‐factors (Fig. 2 B), whereas class II enzymes require a divalent
metal‐ion for catalysis (Sherawat et al. 2008). The retro‐aldol enzymes studied in
this work are class I aldolases, where the Schiff base is formed between a
catalytic lysine and a keto‐substrate by involving acid‐base catalysis with either
amino acid side chains or water molecules.

1.2 Enzyme applications in industry
Enzymes have been used for centuries indirectly via yeast and bacteria in
alcohol or cheese production. Like other types of catalysts, enzymes are not
consumed by the reaction they catalyze, instead they can undergo many reaction
cycles until the enzyme eventually breaks down on its own. In 1914 Otto Röhm
sold the first commercially available enzyme preparation in Germany. This
isolated digestive enzyme (trypsin) was used as a household detergent. Because
of their tremendous catalytic power and resource‐saving qualities, enzymes are
used in industrial applications (Table 1). The majority of industrial enzymes
catalyze hydrolytic reactions, mainly for the degradation of organic compounds.
For example, proteolytic enzymes are most commonly used in the detergent
industry to remove oily stains. Also, in the starch, textile and baking industries
various carbohydrases are used to break down starch into sugars. Overall, most
industrial enzymes are used by technical industries but other fields such as fuel‐
alcohol and animal‐feed industries also apply significant amount of biocatalysts
(Godfrey and Reichelt 1982; Hood 2002; Kirk et al. 2002). New applications for
example involve the biotreatment of wastewater with enzymatic cocktails. The
use of such is benign because it does not generate toxic side products and can be
upscaled at lower cost compared to conventional methods (Alcalde et al. 2006).
In pharmaceutical synthesis engineered enzymes can offer high stereoselectivity
for the production of chiral drugs and precursor molecules (Ro et al. 2006; Savile
et al. 2010).
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Table 1: Examples of enzyme applications in various industries compiled from literature
Industry
Enzyme
Application
detergent
protease
protein stain removal
lipase
lipid stain removal
starch and fuel
amylase
starch liquefaction and saccharification
glucose isomerase
glucose to fructose conversion
food and dairy
protease
milk clotting
lactase
lactose removal
pectinase
fruit based products
animal feed
xylanase
digestibility
phytase
phytate digestibility
textile
cellulase
denim finishing
laccase
bleaching
personal care
peroxidase
antimicrobial
glucose oxidase
bleaching, antimicrobial

With the rise of recombinant gene technology the commercialization of
enzymes began to accelerate. More and more frequently, the producing
organisms and also the individual biocatalysts are genetically engineered to
provide high productivity and optimized function, respectively. For example, the
great demand for high speed and high‐throughput DNA sequencing in the field of
genomics required the use of optimized polymerases, which are also employed
in a number of other applications such as cloning, genotyping and expression
monitoring (Buchholz 2009).

1.3 Enzyme design
Recent advances in biotechnology have shown that enzymatic reactions
can be tailor‐made to allow new resource saving and cost‐effective ways for
production processes (Fig. 3). The ultimate goal of ‘Enzyme Design’ however, is
to ‘use computational methods to design the arrangement of groups inside a
protein to cause any desired reaction to occur’ (Houk 2008).
Computational methods have been established to predict structures only
from amino acid sequence information (e.g. DEZYMER, ORBIT, ROSETTA). The
most successful of such methods for de novo structure prediction is the Rosetta
algorithm (Rohl et al. 2004), which combines short fragments from known
protein structures on the basis of local sequence similarity. These fragments are
then assembled using a Monte Carlo strategy to generate models that yield
native‐like protein conformations (Rohl 2005). With the Rosetta program suite it
is also possible to design and optimize novel enzyme activities into previously
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inert scaffolds. In an initial step quantum mechanical calculations generate a
minimalistic construct (theozyme) of an active site and its TS. Subsequently, the
RosettaMatch algorithm searches a scaffold, which can retain the desired active
site geometry, thus creating a 3D model of the whole enzyme. Another
computational step, RosettaDesign, optimizes the protein‐ligand interactions by
searching alternative side chain rotamers. The resulting designs can provide a
close to atomic resolution prediction. However, the accuracy varies with the
complexity of the design (Sterner et al. 2008).

Figure 3: Computational design and optimization of novel enzyme activities. (in silico)
In an initial step, a quantum mechanically (QM) calculated theozyme is generated. The
resulting active site is positioned into an appropriate scaffold protein (RosettaMatch). In
an additional step, the protein‐ligand interactions are optimized with the RosettaDesign
algorithm. (in vitro) After synthesizing genes and expressing the corresponding
enzymes, the optimized designs are tested for catalytic activity in vitro. Successful
candidates can be further enhanced by laboratory evolution experiments. The results
obtained from improved designs via laboratory evolution can be used to revise or
improve the algorithms in the in silico procedure (Damborsky and Brezovsky 2009).

Yet, relatively few successes have been reported that produced new
catalytic sites in previously inactive scaffolds (Jiang, Althoff et al. 2008;
Rothlisberger et al. 2008). At this point, the large discrepancy in efficiency
between designed and naturally occurring enzymes is a major limitation for
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computational enzyme design (Seelig and Szostak 2007; Baker 2010). Although
higher efficiency can be accomplished by laboratory evolution techniques
(Hilvert 2000; Jackel et al. 2008), there are still considerable challenges to
overcome to obtain levels of activity similar to naturally occurring enzymes. This
is why computational designs are frequently optimized by employing in vitro
evolution techniques, not only to improve the activity, but also to be able to
revise and improve algorithms of the applied in silico method, thus enhancing
our knowledge of structure‐function relationships (Brakmann 2001). Two
related in vitro evolution methodologies (Fig. 4) are increasingly used in
academic and industrial laboratories to modify and improve commercially
important enzymes:
(1) In Directed Evolution experiments, the gene of the protein of interest is
randomized. Subsequent screening and selection techniques are used
to identify the mutant with the desired properties. By iteratively
repeating the mutagenesis and selection procedure it is possible to
accumulate beneficial mutations as in Darwinian evolution (Jackel et
al. 2008). Since the method is simple and does not require knowledge
of structure, function or mechanism, it has become a popular
laboratory technique (Brakmann 2001).
(2) Iterative Saturation Mutagenesis (ISM), in contrast to directed
evolution, only randomizes a rationally chosen region of a gene
encoding a protein of interest. The possibility to rationally choose a
specific set of amino acids to be randomly mutated can decrease the
molecular biology work and screening efforts drastically (Reetz et al.
2006).
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Figure 4: Comparison of directed evolution and iterative saturation mutagenesis. The
techniques are essentially the same, except that in ISM a rationally chosen subset (hot
spot) of the target gene is mutated. In both techniques iterative cycles of mutagenesis,
protein expression and screening for desired enzyme properties are performed.

Traditional strategies of directed evolution employing error prone PCR
(epPCR) and DNA shuffling experiments effectively imitate natural Darwinian
evolution and have been applied successfully for many enzymes (Reetz,
Carballeira et al. 2006; Jackel, Kast et al. 2008). Although epPCR methods are
versatile and simple, they are limited in their ability to create diversity at the
gene level (Patrick et al. 2003). Because of the redundant genetic code and
biased mutational spectra of DNA polymerases the method can only generate a
subset of possible amino acid exchanges (Cline and Hogrefe 2000). Newer
methods however produce less biased mutations by employing polymerases
with equivalent mutation rates at A’s and T’s vs. G’s and C’s (Stratagene
GeneMorph® II Random mutagenesis kit). In the alternative method, ISM, the
mutagenesis is restricted solely to defined parts of an enzyme, which allows for
high evolutionary pressure and increases the probability of success while
reducing cost and time (Reetz and Carballeira 2007). Although powerful, ISM
does not cover the whole sequence of a target protein and the rational choice of a
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particular site to become mutated is always biased by the experimenter and does
not include possible effects of remote mutations in the scaffold protein.
In conclusion, enzyme design shows great potential to create novel
biocatalysts, however the methodology suffers from the lack of structure‐
function related information to obtain activities that compare to naturally
occurring enzymes. Consequently, the combination of computational design and
in vitro evolution techniques currently presents the most promising approach to
create functional enzymes with the desired substrate specificity and activity.

1.4 Choice of scaffold and evolution of TIM barrel proteins
One major task in enzyme design is to find a suitable scaffold for a specific
reaction. Some of the requirements are that the scaffold offers a backbone
geometry that allows the attachment of the desired enzymatic motif.
Additionally, the active site should be accessible for substrates and therefore
needs to be located in a surface‐pocket‐like geometry and not inside of a
secondary structure element (Malisi et al. 2009). Several algorithms have been
developed, that screen for scaffolds of known structures that meet these catalytic
motif requirements (e.g. DEZYMER, GRAFTER, FITSITE, ROSETTAMATCH, PINTS,
TESS or SCAFFOLDSELECTION). In the search for an appropriate host for e.g. the
Kemp elimination (Rothlisberger, Khersonsky et al. 2008) or the retro‐aldol
reaction (Jiang, Althoff et al. 2008), only very few folds were found to be suitable
to harbor the calculated active site geometries (Sterner, Merkl et al. 2008).
Among those, the most promising results were proteins of the (βα)8‐ or TIM
barrel family. Proteins with a TIM‐barrel domain (Fig. 5 A) are usually enzymes
and catalyze a vast number of different reactions, which can be appreciated by
the fact that these proteins have representatives in five of the six primary
enzyme classes (IUBMB 1992; Nagano et al. 1999). Furthermore, approximately
10% of all known enzymes contain at least one (βα)8‐fold and ~85% of those
catalyze reactions in energy, macromolecule or small‐molecule metabolism
(Rison et al. 2000; Nagano et al. 2002). Since all members of (βα)8‐barrel families
show little sequence identity at the gene level and the active sites frequently use
different loops on the catalytic face (Fig. 5 B) it is tempting to assume that TIM
barrels have arisen by convergent evolution. However, increasing amounts of
evidence revealed that (βα)8‐barrel enzymes have divergently evolved from a
9
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common ancestor by gene duplication of a (βα)4‐half‐barrel or even a (βα)2‐unit
protein (Farber and Petsko 1990; Babbitt and Gerlt 2001; Henn‐Sax et al. 2001).

Figure 5: (A) General view of the beta‐barrel structural motif. Eight beta sheets (yellow)
form the core of the TIM barrel. The sheets are connected via loops (green) to helices
(red), which form the outer layer of the structure. (B) 3D structure of the archetypal
beta‐barrel triosephosphate isomerase (PDB code 7TIM) from yeast. Left: top view into
the barrel, right, side view. In its idealized form the TIM‐barrel is formed by eight
parallel βα‐units linked via hydrogen bonds that form the cylindrical core. The active
site residues are always located at the C‐terminal end of the β‐strands and in the loops
that connect the beta strands with the subsequent helix (catalytic face). Residues
maintaining stability are located on the opposite side and in the core of the barrel
(stability face) (Hocker 2005).

The great potential of this protein fold to be used as a blueprint for
evolution and new function has been exploited in numerous studies (Gerlt and
Raushel 2003). There are many examples of how this versatile structure has
been used by protein engineers to modify existing or create new functions in
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TIM‐barrel proteins by employing computational design or directed evolution
strategies (Jiang, Althoff et al. 2008; Rothlisberger, Khersonsky et al. 2008).

1.5 Loops in enzyme catalysis
In proteins, secondary structure elements are usually connected via loop
regions of various lengths and no regular structure. Further, such loop regions
are typically solvent exposed and form hydrogen bonds with surrounding water
molecules. Beside their linking role for secondary structure elements, they are
frequently involved in forming binding sites and enzyme active sites (van
Tilbeurgh et al. 1993; Klimasauskas et al. 1994) For example, the antigen‐
binding site in antibodies is comprised of six variable loops (Branden and Tooze
1999). Since loop sections can be very flexible, they are sometimes difficult to
detect in X‐ray crystal structures and NMR studies. Such loops are often
‘invisible’ in the experiment because they do not adopt a single conformation
that represents their major conformational state. It has been repeatedly
observed that loops can control access to an enzyme active site by opening or
closing according to the induced fit mechanism (Fersht et al. 1988; Davulcu et al.
2009). Moreover, a general effect of loop closure is to shield the enzyme’s active
site from water molecules, hence increasing the transition state’s electrostatic
interactions with polar amino acid side chains or preventing adverse reactions
from occurring (Malabanan et al. 2010).
In enzyme design, the prediction of loop regions is a major source of error
because of the large number of possible conformations. Since the time required
for sampling all possible loop conformations grows exponentially with the
number of amino acids, the prediction process is a trade‐off between accuracy
and time (Bruccoleri and Karplus 1987). Until now, de novo designed enzymes
lack accuracy because backbone flexibility is not considered in the prediction
algorithms (Lassila 2010).
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1.6 Model systems for enzyme design
Research in the fast growing field of computational enzyme design gained
increasing attention as ‘tailor made’ enzymes could be used in drug production,
green chemistry and various other applications (Kirk, Borchert et al. 2002;
Janssen et al. 2005; Ro, Paradise et al. 2006). Yet, the large discrepancy in activity
(Fig. 6) between designed and naturally occurring enzymes indicates that major
aspects of biocatalysis are still missing in the design process. Currently, these
unknowns present a major setback for the creation of novel enzyme functions.
Because of that, model systems have been studied to provide data that will help
to understand the differences between the natural and engineered catalysts. So
far, four model systems have been proven to show significant second order rate
enhancement when compared to un‐catalyzed reactions (Lassila 2010).

Figure 6: Activities for computationally designed active sites catalyzing various
reactions as denoted on the x‐axis of the chart. Kemp eliminases were optimized by
directed evolution (asterisk indicates highest resulting activity). The grey area
represents the range of catalytic efficiency, which is frequently observed for naturally
occurring enzymes. (Figure taken from (Lassila 2010)).

To learn more from these model systems, one needs to study the extent to
which the design succeeds in generating the target active site geometry. Here,
structural information of the designed enzyme allows to evaluate, whether the
low level of activity is due to an unfavorable transition state binding geometry or
whether the applied design methodology failed to consider important elements
of enzyme catalysis (Baker 2010).
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1.7 Designed retro‐aldol enzymes
Aldolases are particularly interesting as they offer access to chiral
building blocks for pharmaceutical synthesis, which helps to increase drug
efficacy (Marino et al. 2004; Savile, Janey et al. 2010). Recent work demonstrated
the successful de novo design of a class I aldolase in a previously inactive scaffold
(Fig. 7). The work of Jiang and co‐workers in the lab of Prof. David Baker
(University of Washington, Seattle, USA) showed for the first time that a
complicated multi‐step reaction can be tailor made to catalyze the breakdown of
a non‐natural substrate (Fig. 8 A).

Figure 7: Top view of the active sites of TIM barrel proteins. (A) Crystal structure of
indole‐3‐glycerol phosphate synthase (IGPS) (Hennig et al. 2002) (PDB code 1LBL). The
structure served as scaffold protein in the design procedure for retro‐aldol enzymes.
Residues 210, 159 and 53 are positions in the scaffold, which were used as attachment
points for active site residues in the resulting designs.. (B) In silico generated model
design of the most successful first generation retro‐aldolase RA22 (Jiang, Althoff et al.
2008). The active site residues K159 on β‐strand 5, E53, H233 and ligand (yellow) of the
reaction are shown in stick representation. (C) In silico generated model design of a
second‐generation retro‐aldolase (RA95.0). Modeled elements of the active site are
K210 on β‐strand 7, E53, ligand, and a water molecule.

Since the activity of first generation aldolases (e.g. RA22, kcat/Km = 6.6
min‐1 M‐1 (Jiang, Althoff et al. 2008) were many orders of magnitude lower than
those of naturally occurring aldolases (e.g. FBPA, kcat/Km = 2.8 x 107 min‐1 M‐1
(Grazi and Blanzieri 1977)), Baker and colleagues altered the design by moving
the catalytic lysine from β‐strand 5 to β‐strand 7 (Fig. 7 B and C). In the new
position the iminium‐ion forming lysine was confirmed to have a lowered pKa of
8.1 compared to a pKa of 10.6 in solution (results not shown). Because the
deprotonated or neutral state of the catalytic lysine is required for the reaction,
lowering its pKa can effectively increase the concentration of active enzyme and
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thereby its catalytic efficiency (Lassila et al. 2010). Besides moving the active site
to an alternative position in the scaffold, the solubility of the enzyme was
improved by mutating five homologous sequence derived residues on the
protein surface, yielding aldolase construct RA95.0+BTC. Since the catalytic
efficiency of this second generation aldolase (kcat/Km = 14 min‐1 M‐1 (Lars Giger,
Table 18 Discussion) was in the range of first generation retro‐aldolase designs,
Baker’s team strived to further improve the design by iterative saturation
mutagenesis of the active site residues. This method increased the second‐order
rate constant in the resulting enzyme variant RA95.5 by 60‐fold (kcat/Km = 870
min‐1 M‐1 (Lars Giger, Table 18 Discussion).

A

B

Figure 8: A) Reaction of methodol. The Schiff‐base is formed after the lysine attacks and
the carbinolamine eliminates water. Proton abstraction from the hydroxyl group is now
favored because of the electron sink capacity of the iminium species. B) In case of the
1,3‐diketone analog the iminium species can form a stable vinylogous adduct to the
protein. (Figure and legend courtesy by Lars Giger)

In order to increase the activity of RA95.5 even further and test the limit
of the initial design, directed evolution was carried out in a collaborative project
with the group of Prof. Donald Hilvert (ETH Zurich, Switzerland). Here, Lars
Giger of the Hilvert group evolved the ISM construct (RA95.5) to become the
most active artificially designed aldolase to date (kcat/Km = 97,000 min‐1 M‐1 (
Lars Giger, Table 18 Discussion).
In light of the obtained results from our collaborators this PhD thesis
presents five high‐resolution crystal structures of second‐generation designed
retro‐aldol enzymes. Each of the structures describes an important stage of the
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design procedure. The structural characterization of these enzyme variants with
and without a substrate analog (Figure 8 B) is described in this thesis. When
necessary, biochemical data on enzyme kinetics obtained by Lars Giger will be
provided to discuss the structural findings described here.
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1.8 Aim of this PhD project
Enzyme design is a fast growing research field with the goal to use the
principles of naturally occurring enzymes to design novel enzymes from inert
protein scaffolds capable of catalyzing novel reactions. Although recent progress
has shown the feasibility of such strategies, there are still considerable
challenges that have to be overcome to reach catalytic efficiencies of natural
enzymes.
The aim of this work was to characterize structural features of the
designed retro‐aldol enzymes that correspond to various stages of the design
procedure with progressively increasing catalytic efficiencies. Since aldolases
catalyze important metabolic reactions in all living organisms and potentially
provide chiral building blocks for pharmaceutical synthesis, they are particularly
interesting targets for such studies. The work presented in this thesis describes
five high‐resolution crystal structures of designed aldolases, which represent
important stages of the design process. With these structures it was possible to
investigate key‐features, which led to active site changes that eventually gave
rise to the most active aldolase in this model system. Additionally, the described
structures not only deliver important information for the optimization of current
computational design strategies but also provide insights into the evolution of
naturally occurring enzymes.
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2. Materials and Methods
2.1 Protein Methods
All retro‐aldolase constructs were expressed and purified according to
the protocol established by Lars Giger with minor modifications. The plasmid
pET‐29b(+) (Novagen (EMD) Biosciences Inc., WI, USA) was used to express all
retro‐aldolase enzyme variants from Escherichia coli strain BL21‐Gold (DE3)
(Invitrogen) by employing the T7 polymerase expression system. Lars Giger
kindly provided all glycerol stocks of transformed E. coli cells.
2.1.1 Protein expression
200 mL LB medium (Bertani 1951) complemented with 2.5 mg/L
kanamycin was inoculated with a glycerol stock of the E. coli expression strain
BL21(DE3) Gold transformed with the vector pET‐29b(+) harboring one of the
aldolase variants. Cells were grown overnight at 37˚ C and 200 rpm constant
shaking. On the next morning six Erlenmeyer flasks with each 1.5 L of LB
medium were complemented with 2.5 mg/L kanamycin and inoculated with each
20 mL of overnight preculture. The cells were grown at 37˚ C and 100 rpm until
an OD600 of 0.5 was reached. Protein expression was induced by adding 0.1 mM
IPTG to the medium. The total expression time was 3 hours. Subsequently, cells
were spun down (SLC‐6000 rotor (Sorvall, Thermo Scientific), 7200 rpm, 4 ˚ C)
and the pellet was washed with ice cold PBS buffer. The resuspended cells were
collected in 50 mL tubes (Greiner Bio‐one) and pelleted again (Eppendorf 5810R,
4000 rpm, 4 ˚ C) before storing at ‐80 ˚ C.
2.1.2 Cell lysis and metal affinity chromatography
If not indicated differently all purification steps were carried out at room
temperature. 10 g of cells were homogenized in lysis buffer (25 mM Hepes KOH
pH 7.2, 300 mM NaCl, 5 mM MgCl2, 5 mM β‐mercapto‐ethanol (BME), 10 mM
imidazole (Brönnimann et al.)) and disrupted by two passages through a French
Press (Thermo Scientific) at 20,000 psi. Subsequently, the lysate was ultra‐
centrifuged at 4 ˚C for 45 min at 100.000 x g (Ti45‐rotor, Beckmann Coulter). The
cleared lysate was then loaded with a 10 mL syringe onto a 5 mL HisTrap (GE
Healthcare) nickel‐affinity column. After loading the supernatant, the column
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was washed with 20 column volumes of lysis buffer complemented with 50 mM
imidazole. Retro‐aldolase constructs were eluted from the affinity‐column with
lysis buffer complemented with 220 mM imidazole. Peak fractions were collected
and pooled.
2.1.3 Protein modification with 1‐(6‐methoxy‐2‐naphthalenyl)‐1,3‐butanedione
Enzyme variants were modified with the substrate analog 1‐(6‐methoxy‐
2‐naphthalenyl)‐1,3‐butanedione (1,3‐diketone, provided by L. Giger) (Fig. 9) to
trap the iminium‐species of the reaction. 4‐6 mL of metal affinity purified
enzyme (~ 8‐15 mg/mL) was diluted 1:8 with size exclusion buffer (20 mM
Hepes KOH pH 7.0, 100 mM NaCl, 10 mM MgCl2, 0.5 mM tris‐(hydroxymethyl)‐
phosphine (THP)) to reduce imidazole concentration prior to incubation with
the substrate analog. Up to 20 mg 1,3‐diketone were dissolved in 200 µL
dimethyl sulfoxide (DMSO) before adding to the diluted enzymes. Retro‐aldolase
constructs were incubated with 1,3‐diketone in a 1:40 to 1:100 molar ratio
(enzyme : 1,3‐diketone) for 10 hours (RA95.5 and RA95.5‐5) or 3 days
(RA95.0+BTC) at 30 ˚C and mixed at 400 rpm (Eppendorf Thermomixer).
Precipitated protein was pelleted (Eppendorf 5810R, 4000 rpm, 20 ˚ C) after
incubation and the supernatant was concentrated by ultrafiltration (Millipore,
Amicon, 10,000 Da molecular weight cut‐off) to less than 2 mL.

Figure 9: Structure of a mechanism‐based inhibitor. IUPAC‐name: 1‐(6‐methoxy‐2‐
naphthalenyl)‐1,3‐butanedione, chemical formula: C15H14O3, molecular weight: 242.3 Da.
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2.1.4 Size exclusion chromatography
The modified or unmodified aldolase enzymes were purified by gel
filtration to remove remaining contaminants, imidazole from metal affinity
purification, residual 1,3‐diketone and DMSO (if present). Concentrated protein
was loaded onto a HiLoad 16/60 Superdex 75 prep grade column (GE
Healthcare) equilibrated with size exclusion buffer (20 mM Hepes KOH pH 7.0,
100 mM NaCl, 10 mM MgCl2, 0.5 mM THP). The eluted protein was collected in 1
mL fractions and analyzed by SDS‐PAGE. Peak fractions with the highest purity
were pooled and concentrated to a final concentration of ~ 12 mg/mL. The
success of ligand incorporation into the enzyme was monitored during gel
filtration by measuring the absorption at 355 nm. Unbound ligand can be
detected at 330 nm.
2.1.5 Denaturing polyacrylamide gel electrophoresis
To analyze molecular weight and composition of a protein in solution
sodium‐dodecyl‐sulfate polyacrylamide gel electrophoresis (SDS‐PAGE) was
performed. Protein samples to be analyzed were mixed with 4xSDS sample
buffer (0.4 M Tris‐HCl pH 8.5, 5% SDS, 40% glycerol, 0.5 mM EDTA, 0.5%
bromphenol blue) and heated for 5 min at 95 C. Subsequently, the sample was
loaded on a 12% SDS‐PAGE gel (NuPAGE Novex Bis‐Tris Mini Gels) (Laemmli
1970) and run at constant 200 V and 60‐125 mA current for 45 min Gels were
stained by heating the gel in ~50 mL water before replacing it with staining
solution (10% Ethanol, 30 mM hydrochloric acid, 0.02% Coomassie brilliant blue
G) and heating again for 2‐3 min After removal of the hot staining solution, gels
were immersed in water and boiled for another 1‐2 min to remove excess stain
from the gel to allow visualization of protein bands.
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2.1.6 Molecular weight makers
For the estimation of molecular weight of SDS‐PAGE ‐ separated proteins
the following molecular weight markers were used (if not indicated differently)
(Fig. 10).

Figure 10: Novex® Sharp Standard molecular weight marker. Bands represent proteins
of indicated molecular weight in kDa.

2.1.7 Determination of protein concentration
UV absorption spectroscopy was

employed

to

determine

the

concentration of the purified retro‐aldolases. The concentration of each enzyme
could be readily evaluated by measuring the OD280 with a Nanodrop
spectrophotometer (Thermo Scientific). For precise calculation of the protein
content, the extinction coefficient of each enzyme variant was determined using
PROTPARAM (Gasteiger et al. 2003). A list of calculated extinction coefficients
and molecular weight are summarized in Table 2.
Table 2: Extinction coefficients and molecular weight of retroaldolase constructs.

Construct

Extinction coefficient [M‐1 cm‐1]

Molecular weight [kDa]

RA95.0+BTC 18,910

29,537

RA95.5

20,400

29,576

RA95.5‐5

20,400

29,589
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2.1.8 Mass spectrometric analysis of proteins
The covalent complex formation of enzymes with ligand molecules was
verified by mass spectrometry of the complex using the electrospray ionization
technique (ESI‐MS). Crystals to be analyzed were dissolved in size exclusion
buffer and sent to the “Functional Genomics Center” (FGCZ) at the University of
Zurich, Switzerland for analysis.
FGCZ: “The analysis was performed by ESI‐MS. The samples were diluted
or desalted using C4 ZipTips (Millipore). The m/z data were then deconvolved
into MS data using the MaxEnt1 Software.”
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2.2 Crystallographic Methods
2.2.1 Crystallization
Only freshly purified protein was directly used for crystallization trials. After
concentrating the protein to ~12 mg/mL by ultrafiltration (Millipore, Amicon,
10,000 Da molecular weight cut‐off) the sample was centrifuged for 20 min at
13,000 rpm in a small Eppendorf table top centrifuge to remove dust and other
unsoluble contaminants. Crystallization trials were set up at 19 C in sitting drop
96 well trays (CrystalMation Intelliplate 96‐3 lowprofile, Hampton Research) by
using the vapor diffusion technique. Crystallization drops were dispensed
automatically with a “Crystal Gryphon” nanoliter robotic system (Art Robbins
Instruments). The plates were sealed with translucent adhesive tape (Thermo
Scientific) and stored in temperature‐controlled incubators (IPP400, Memmert).
Initial screening was performed with a commercially available screen (Table 3).
Table 3: Commercially available crystallization screens used in this study.

Screen name
PEG/Ion
PEG/Ion 2
Index
Morpheus

PACT premier
Wizard Screen I+II
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Type
polymer, salt and pH
matrix crystallization
screen
diverse reagent system
crystallization screen
Sparse matrix screen
including
low
molecular
weight
ligands to promote the
formation of crystal
contacts
pH‐, anion‐ and cation‐
testing screen
Random sparse matrix
screen

Company
Hampton Research
Hampton Research
Molecular Dimension Ltd.

Molecular Dimension Ltd.
Emerald Bioscience
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2.2.2 Preparation of a microseeding solution
Crystals from the enzyme RA95.5‐5 were initially of poor quality. They
were usually very thin needles without clear edges, which grew from a sphere of
aggregated protein. To create a microseeding solution from this crystalline
material, the aggregated needles were broken off the sphere and collected in a 5
µL drop of reservoir solution of the corresponding condition. 5‐10 microcrystals
were washed twice by sequentially transferring them through two additional 5
µL droplets of reservoir solution. Subsequently, the final drop was pipetted into
a “Seed Bead” cup (Hampton Research) and 100‐500 µL reservoir solution was
added. By vortexing the solution for 5‐10 seconds the included teflon ball in the
cup crushed the crystals into small fragments. The resulting homogenous
suspension of microseeds was used for crystallization trials as shown in Table 4.
Table 4: Automatically dispensed liquid volumes used in different vapor diffusion
crystallization setups.
reservoir
setup

crystallization drop

reservoir

reservoir

sample

microseed

solution [μL]

solution [nL]

[nL]

suspension
[nL]

initial screen

80

300

300

‐

optimized screen

60

300

300

‐

microseeding 1

60

200

300

100

microseeding 2

60

200

300

50

2.2.3 Optimization of crystallization conditions
Initial crystallization hits obtained from commercial screens were improved by
grid screening around the successful conditions by varying precipitants, pH and
additives. Moreover, temperature screening at 4, 19, 22, 25, 28, 31, 33, and 37 C
was performed by employing temperature‐controlled incubators (IPP400,
Memmert) to acquire optimal thermal conditions for crystal growth.

23

Material and Methods
2.2.4 Cryoprotection of crystals
Retro‐aldolase crystals were cryo‐protected by briefly plunging into a
reservoir solution complemented with 20 % w/v glycerol prior to flash freezing
in liquid nitrogen.
2.2.5 Mounting of crystals
All cryo‐protected crystals were mounted in round LithoLoops (Molecular
Dimension Ltd.) on 18 mm pins. The diameter of the used loops ranged from 0.1
to 0.4 mm.
2.2.6 Data collection, data processing, molecular replacement, and refinement
Crystallographic data were collected at the Swiss Light Source (SLS)
X06SA PX beamline (Paul Scherrer Institute, Villigen). Diffraction images from
frozen crystals were recorded at cryogenic temperature (100 K) with a PILATUS
6M pixel detector (Dectris). The crystals were exposed to synchrotron radiation
for 0.1 s at a wavelength of 1.0000 Å in continuous rotation mode with an angle
increment of 0.08 up to 360. To reduce radiation damage and noise, the x‐ray
beam was attenuated to 1/4 of the maximal intensity during data collection.
The obtained diffraction data were indexed and integrated with the
program XDS (Kabsch 2010). All structures were solved by molecular
replacement using the program PHASER (McCoy et al. 2007) with the deposited
structure 1LBL (Hennig, Darimont et al. 2002) as a starting model. The model
was refined by using PHENIX (Adams et al. 2002; Adams et al. 2010) and the
obtained structure was subsequently optimized by iterative model building with
the program COOT (Emsley and Cowtan 2004). Non‐standard refinement
parameters, which were applied in the PHENIX structure refinement, are listed
with a short description in Table 5.
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Table 5: Summary of non‐standard refinement parameters as used in the phenix.refine
software.

Phenix refinement parameter

Description

refine {

Anisotropic b-factor refinement of all
atoms in the model except for hydrogen
atoms (applies to resolutions from 1.4 Å
and higher)

adp {
individual {
isotropic = "element H"
anisotropic = "not element H"
ordered_solvent {
new_solvent = isotropic *anisotropic
refine_occupancies = True
}
geometry_restraints.edits {
bond {

New solvent molecules are placed and
anisotropically refined. Additionally,
their occupanices are also refined
(applies to resolutions higher than 1.3 Å).
Creates covalent link between catalytic
residue and ligand molecule

atom_selection_1 = "chain A and resid 301 and name C13"
atom_selection_2 = "chain A and resid 210 and name NZ"
distance_ideal = 1.346
sigma = 0.02
}
geometry_restraints.edits {
planarity {
atom_selection = "(chain A and resid 301 and (name C12

Planarity restraint definition of Schiff
base between catalytic residue and
covalently bound ligand

or name C13 or name C14)) or (chain A and resid 210 and
(name NZ or name CE))"
sigma = 0.01
}
geometry_restraints.remove {
dihedrals = "All"
occupancies {
constrained_group {
selection = "(chain A and resid 184 and altid A) or (chain
A and resid 302 and altid X)"
}

Removal of geometry restraints for
dihedral angles in structure refinement of
RA95.0+BTC with ligand at 1.1 Å.
Example of defining the occupancy of
dependent groups. Here, only alternative
conformation A of residue 184 is present
when alternative conformation X of
residue 302 is present.
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2.3 Software
All software used in this work for data processing, data evaluation,
structure refinement, graphical display and related work are listed with a short
description in Table 6.
Table 6: List of software used in this work.

Software
Description of function
Adobe Creative Suite CS5 (Adobe Systems Image editing and illustration
Inc.)
CCP4 6.1.13 program suite
Collaborative computational project:
"The CCP4 Suite: Programs for Protein
Crystallography". (1994)
ARP/wARP
Buccaneer‐autobuild/refine
FFT
Lsqkab (superpose)
Phaser for MR
Pointless
COOT (Emsley and Cowtan 2004)
DSSP (Kabsch and Sander 1983)
LIGPLOT (Wallace et al. 1995)

Automated model building and
refinement
Automated model building and
refinement
Electron density map
creation/conversion
Superpose and transform
coordinate files
Maximum likelihood Molecular
Replacement
Evaluates Laue group and
indexing
Manual model building
Secondary structure calculation
A program to identify protein‐
ligand interactions
Word processing

Microsoft Office 2010 (Microsoft © 2011)
PHENIX:
a comprehensive Python‐based system for
macromolecular structure solution. (Adams,
Grosse‐Kunstleve et al. 2002; Adams,
Afonine et al. 2010)
autobuild
Automated model building and
refinement
comprehensive validation
Model quality assessment tool
eLBOW
polygon
reel
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Generates geometry restraint
information for refinement of
novel ligands
Graphical comparison of
validation statistics and the PDB
Geometry restraints editor for

Material and Methods
ligands
refine
Structure refinement
xtriage
Evaluates diffraction data quality
Procheck (AdIt PDB deposition tool)
Evaluation of structure factor and
PDB files
PRODRG
Converts coordinates for small
http://davapc1.bioch.dundee.ac.uk/prodrg/ molecules in PDB format to
various topology formats.
PyMOL 1.3
Graphics software for structure
(DeLano 2004)
viewing, animation and rendering.
XDS package (Kabsch 2010)
XDS
Indexing and integration of
reflection intensities.
XSCALE
Scaling and merging of reflection
data
XDSCONV
For conversion of output files to
various formats

2.4 Other Methods which apply to this work but were performed by
collaborators
The computational design of the retro‐aldolase RA95.0+BTC and its
subsequent optimization by saturation mutagenesis was performed in the
laboratory of Prof. Dr. David Baker (University of Washington, Seattle, WA, USA).
Directed evolution experiments and kinetic characterization of the retro‐aldolase
constructs were performed by Lars Giger in the group of Prof. Donald Hilvert
(ETH Zurich, Switzerland). Results from our collaborators will be clearly cited in
this work.
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3. Results
3.1 Solving the structure of designed enzymes
As described earlier, the biochemical data of our collaborators (L. Giger)
demonstrated that it was possible to evolve computationally designed retro‐
aldol enzymes to achieve levels of efficiency far better from what has been
previously reached for this model system (Jiang, Althoff et al. 2008). To
understand this significant boost in catalytic activity we investigated the evolved
enzyme (RA95.5‐5) by X‐ray crystallography and surprisingly discovered that
this enzyme employed an active site that was not part of the in silico design.
Since the examined enzyme represented an advanced point of directed evolution
we decided to trace back structural changes in the preceding enzyme variants
along the series of evolution steps that gave rise to the alternative active site and
the significant increase in catalytic efficiency. For this purpose the in silico
generated

primary

design

model

with

optimized

solubility

features

(RA95.0+BTC) and its subsequent active site‐optimized version (RA95.5)
obtained by saturation mutagenesis were investigated at high resolution using X‐
ray crystallography in the presence of covalently bound ligand.

3.2 Expression and purification of retro‐aldol enzymes
All aldolase constructs in this study were expressed in E. coli BL21‐Gold
(DE3) strain (Invitrogen) as recombinant fusion proteins with a C‐terminal hexa‐
histidine affinity tag. For direct high‐level protein expression the T7 promotor
system (Studier et al. 1990) was utilized. As all proteins in this study were
purified in a very similar manner, the purification procedure for construct
RA95.0+BTC will be described as an exemplary case.
10‐20 g of cells were lysed by two passages through a French Press
(Thermo Scientific) at 20,000 psi. Subsequently, the lysate was ultra‐centrifuged
and the supernatant was applied to the first of two chromatographic purification
steps. Large quantities of relatively pure protein could be obtained by nickel‐
affinity chromatography (Fig. 11). If modification of the enzyme was needed, the
reaction with the substrate analog (Fig. 13) was performed after the first
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chromatographic step. In a second chromatographic step, the proteins were
subjected to preparative size exclusion chromatography to obtain virtually pure
protein (Fig. 12). Up to 60 mg pure protein could be obtained by this purification
procedure, however yields were reduced by ~90% when modification with 1,3‐
diketone was performed.

Figure 11: Nickel‐affinity chromatography elution profile and SDS‐PAGE analysis of
RA95.0+BTC. Peak fractions that were collected are highlighted with a red dashed line.
Due to the large amount of overexpressed protein the SDS‐gel was quickly overloaded
and showed smeared out bands representing excess purified aldolase.

Figure 12: Size exclusion chromatograms of unmodified (A) and modified (B)
RA95.0+BTC aldolase. Multiple wavelength detection was employed for the modified
enzymes (B) to qualitatively detect the bound ligand (red line = 355 nm corresponds to
bound ligand and magenta = 330 nm also corresponds to bound ligand, however with
less intense absorption than at 355 nm). SDS‐PAGE analysis of each peak fractions is
presented next to each chromatogram. The green dashed lines highlight peak fractions.
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3.2.1 Modification of aldolases with a substrate‐analog
For the investigation of the ligand‐bound enzymes, the aldolases were
modified with a substrate analog, which irreversibly binds to the enzyme’s
catalytic lysine (Fig. 13). The modification was achieved by mixing affinity
purified enzymes with the inhibitor in a 1:40 to 1:100 molar ratio and incubation
at 30 ˚C for up to 72 h at constant 400 rpm shaking. Because of the hydrophobic
nature of the 1,3‐diketone, DMSO was added to increase its solubility. However,
the final concentration of DMSO in the reaction mix never exceeded 0.4%. After
incubation, approximately 80% of the enzyme precipitated and had to be
removed by filtering and centrifugation. Modified enzymes were subsequently
purified by gel filtration as described.

Figure 13: The 1,3‐diketone substrate analog forms a stable vinylogous adduct with the
protein, which resembles the iminium intermediate of the reaction. (Figure provided by
Lars Giger).
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3.3 Crystallization and structure determination of modified aldolases
3.3.1 Crystallization of modified aldolases
The crystallization and the structural studies of the enzymes did not
follow the chronological line of enzyme evolution steps but rather the reverse
order. Due to the unexpected active site location of the evolved construct
(RA95.5‐5) we decided to trace back the structural changes in the preceding
aldolases, which ultimately gave rise to the new active site. For this purpose
RA95.5 and RA95.0+BTC were modified with the substrate analog and
crystallized. Initial crystallization trials were carried out with several
commercially available crystallization screens. All crystallization trials were set
up with a nano‐dispensing robot (Art Robbins Instruments) by employing the
vapor diffusion technique.
Initially, aldolase crystals were of low quality because they were layered
and grew in clusters of small crystals that could not be separated. At crystal
growth temperatures below 20 ˚C the layering became stronger. Fine screening
around the starting conditions or increasing the growth temperature to 28 ˚C
improved crystallizability of all constructs. Additionally, for RA95.5‐5 the
spontaneous nucleation rate could be decreased by setting up crystallization
trials at lower concentrations of the precipitant and automatically dispensing
microseeds into the crystallization drop. Refined conditions reliably produced
three‐dimensional crystals of up to 400 x 400 x 100 µM size.
Modified RA95.5‐5 enzymes were successfully crystallized from the PACT
screen (Molecular Dimension, Ltd.) at 25 ˚C. By combining grid screens around
the starting conditions with microseeds from initial hits, it was possible to obtain
large single crystals that diffracted to 1.3 Å (Fig. 14).
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Figure 14: Optimization of crystallization condition of RA95.5‐5 ligand bound crystals.
(A) Crystals grown in 0.1 M BisTris propane pH 8.5, 20 mM sodium/potassium
phosphate, 20% w/v PEG 3350 (PACT screen, Molecular Dimension Ltd.) and 25 ˚C. (B)
Crystals grown in 0.1 M Tris‐HCl pH 8.1, 0.1 M Na2HPO4, 26% w/v PEG 3350, 28 ˚C. (C)
Single crystal grown from microseeds in 0.1 M Tris‐HCl pH 8.5, 0.2 M Na2HPO4, 23% w/v
PEG 3350, 28 ˚C.

Crystals of modified RA95.5 and RA95.0 enzymes were obtained under
similar conditions as for RA95.5‐5. Here, the temperature also played a critical
role in achieving single crystals of good quality. Similar to the evolved construct,
the optimal precipitant concentration was found to be around 20%. However,
the pH differed significantly to the refined RA95.5‐5 conditions (see the legends
for Figures 14 and 15).

Figure 15: (A) RA95.5 ligand bound crystals grown in 0.1 M Hepes KOH pH 7.6, 23%
w/v PEG 3350, 20 mM Na2HPO4, 28 ˚C. (B) RA95.0+BTC ligand bound crystal grown in
0.2 M DL‐Malic Acid pH 7.0, 20 % w/v PEG 3350 (PEG/ION Screen, Hampton Research),
28 ˚C.
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3.3.2 Data collection of modified aldolase crystals
All diffraction images of frozen crystals were recorded at the SLS (PSI,
Villigen) with a 6M PILATUS hybrid pixel detector (Dectris). The crystal data
were collected in a so called ‘continuous sample rotation mode’ with a
shutterless beamline system, thus allowing for very fast data collection.
Moreover, the high‐speed recording/readout capability of this detector allowed
fine ϕ‐slicing of the exposed crystal in a time frame that would easily exceed
hours with conventional CCD detectors. With the fine ϕ‐slicing method the
dynamic range of the detector is increased and the signal to noise ratio is
improved over established systems (Brönnimann, Eikenberry et al. 2003).
Consequently, settings for data acquisition were adapted accordingly to gain
maximum benefit of this detector system (Table 7).
Initial attempts to collect indexable data failed, because many crystals
showed multiple diffraction patterns (Fig. 16). In several cases, the multiple
crystal domain orientations were not morphologically recognized until the
diffraction image was recorded and analyzed. Furthermore, the obtained
multiple lattices were often interpenetrated and therefore inseparable in the
indexing step. Optimization of crystallization conditions and crystal screening
during data collection eventually solved this problem. Another obstacle for data
collection was that the diffraction intensities of many reflections often exceeded
the detector limit, hence providing incorrect photon‐counts. To reduce the
number of overloaded reflections in diffraction data images the X‐ray beam was
attenuated up to 76% (Table 7).
Despite initial hurdles, high‐resolution datasets were recorded for all
enzyme variants. One of the crystals of construct RA95.0+BTC even diffracted to
true atomic resolution (Fig. 17). The generated data sets were integrated and
scaled with the XDS software package (Kabsch 2010) (Table 8 ).
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Table 7: Data collection parameters for ligand bound aldolase crystals.

RA95.0+BTC
ligand bound
form

RA95.5
ligand bound
form

RA95.5‐5
ligand bound
form

Wavelength (Å)

1.0000

1.0000

1.0000

Detector distance
(Laemmli)
Beam attenuation (%)

185

200

220

76

71

0

Exposure time (s)

0.1

0.1

0.1

Angle increment (°)

0.08

0.08

0.08

Number of frames

1500

2250

800

Total rotation range (°)

120

180

64

Data Collection

Figure 16: Multiple crystal lattices were observed in diffraction images of low quality
crystals. Although high‐resolution reflections were recorded, the lattices could not be
processed separately. More detail of split reflections can be observed in the
magnification box. Contrast levels were adjusted to different viewing levels.
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Figure 17: Diffraction images of frozen crystals of modified RA95.0+BTC (A), RA95.5 (B)
and RA95.5‐5 (C). All crystals diffracted isotropically to high resolution and partially
showed several overloaded pixels. High‐resolution reflections are shown in the
magnification boxes and labeled with corresponding resolution values in Å. Contrast
levels were adjusted to different viewing levels.
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Table 8: Data collection statistics. Highest resolution shells are shown in parenthesis

RA95.0+BTC
ligand bound
form

RA95.5
ligand bound
form

RA95.5‐5
ligand bound
form

orthorombic
P212121

orthorombic
P212121

trigonal
P3121

54.0, 62.6, 80.0
90.0, 90.0, 90.0
1

53.8, 62.8, 93.2
90.0, 90.0, 90.0
1

53.9, 53.9, 148.6
90.0, 90.0, 120.0
1

Resolution (Å)

50.0‐1.1

150.0‐1.4

150.0‐1.3

Rmerge (%)

3.2 (33.8)

4.5 (77.9)

5.5 (90.7)

I/σ

34.1 (4.2)

31.1 (2.5)

21.6 (2.1)

ISa

41.7

37.4

32.3

Completeness (%)

91.8 (57.3)

99.3 (95.1)

98.1 (90.5)

Redundancy

4.1 (2.6)

6.5 (6.6)

3.4 (3.1)

Crystal System
Space Group
Cell dimensions
a, b, c (Å)
α, β, γ (°)
Monomers per
asymmetric unit

Data Statistics

3.3.3 Estimation of the unit cell content
After diffraction data were collected (Table 8), each crystal’s unit cell content
was determined by calculating the Matthews coefficient (VM) (Matthews 1968)
(Table 9). The calculated estimate for the number of molecules per asymmetric
unit (asu) gave a likely solution of one molecule in each crystal unit cell.
Table 9: Estimate of unit cell contents of each crystal form. (http://www.ruppweb.org/)
Only one likely solution was obtained for each crystal form.
VS [%]
Mw
Crystal
N(mol)
Prob
Prob
VM
3
‐1
[Å Da ]
solvent
[Da]
(N)
(N)
resol
overall

RA95.0+BTC 1
RA95.5
1
RA95.5‐5
1

1.0
1.0
1.0

1.0
1.0
1.0

2.3
2.7
2.2

46.7
54.2
43.1

29,000
29,000
29,000
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3.3.4 Model building and refinement of modified aldolases
After obtaining complete datasets from modified crystals (Table 8) the
Matthews coefficients were calculated and molecular replacement (MR) was
performed with PDB ID: 1LBL (Hennig, Darimont et al. 2002) as an input model.
Having acquired a properly positioned molecular replacement solution as a
starting model, a first round of refinement with PHENIX (Adams, Grosse‐
Kunstleve et al. 2002; Adams, Afonine et al. 2010) was carried out to verify the
MR solution. The initial refined model was then improved by iterative model
building with COOT (Emsley and Cowtan 2004). In a first step the mutated
residues of the designed enzymes were introduced into the refined MR solution.
Further, regions that showed weak electron density were removed from the
model (most of these regions corresponded to loops surrounding the active site
of the enzyme). After several rounds of iterative refinement and structure
building a complete model was obtained which in all cases showed better than
average Rwork and Rfree values when compared to other structures at similar
resolution from the PDB (http://www.pdb.org/) (Table 10).
Table 10: Refinement statistics of modified aldolase models.

RA95.0+BTC
ligand bound
form

RA95.5
ligand bound
form

RA95.5‐5
ligand bound
form

Resolution (Å)

1.1‐8.0

1.4‐8.0

1.3‐8.0

No. of reflections

100714

62213

60786

Reflections used for
crossvalidation (%)
Rwork/Rfree (%)

2.0
12.0/13.8

3.0
13.5/15.9

4.0
13.5/16.4

5303
2399
17
381
2506

4890
2267
51
209
2363

4648
2153
34
200
2261

0.013
1.524
12.7
0

0.005
1.275
22.8
0

0.009
1.212
20.8
0

Refinement

No. atoms
Protein
Ligand
Solvent
Hydrogens
r.m.s deviations
Bond lengths (Å)
Bond angles (°)
Wilson B
Ramachandran
Outlier
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3.3.5 RA95.0+BTC‐ligand crystal structure was solved to true atomic resolution
In small molecule crystallography atomic resolution (1.0‐1.2 Å) is
frequently achieved and atomic coordinates can be determined directly as peaks
in Fourier maps. In macromolecular crystallography this resolution is rarely
accomplished and the calculated electron density maps are at least to some
extent the result of subjective interpretation by the experimenter (Jaskolski et al.
2007). To date, there are 73,503 biological macromolecule structures deposited
at the PDB database, 382 of which are structures with bound ligand solved to
true‐atomic resolution. This number is reduced to 27 structures if only similar
sized proteins (240‐260 amino acids per chain) with less than 95 % sequence
similarity are searched for (results retrieved from http://www.rcsb.org/ on June
2nd 2011).

Figure 18: 2Fobs‐Fcalc electron density map of RA95.0+BTC at 5 sigma and ‐5 b‐
sharpening. Labeled residues are representative coordinates in the electron density map
which show well resolved density at each residue atoms. At Met 109 it was possible to
assign alternative side chain conformations (A/B).

The collected diffraction data of a RA95.0+BTC‐ligand crystal allowed
refinement at 1.1 Å resolution. In the calculated electron density map (Fig. 18),
the characteristic bulges around single atoms, which correspond to atomic
orbitals, can be clearly recognized. Further, the identification of alternative
amino acid side‐chain conformations and also in some cases alternative water
molecule conformations were identified with confidence. The overall quality of
the RA95.0+BTC‐ligand structure was evaluated by POLYGON (Urzhumtseva et
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al. 2009) and the resulting statistics confirmed that most parameters are better
or within the range of structures determined at extremely high resolution (Fig.
19).

Figure 19: The graph shows histograms of the distribution of selected statistics across
595 PDB entries (retrieved from http://www.pdb.org, May, 25th 2011) of similar
resolution, with the range specified by numbers printed in red. Statistics of the
RA95.0+BTC structure are printed in black; the connecting polygon (in black) shows
where these values fall in the distribution. A typical well‐refined structure will have a
small and roughly equilateral polygon.
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3.3.6 Comparison of in silico designed and the determined X‐ray crystal structure
Previous chapters outlined the experiments performed to obtain three
high‐resolution X‐ray crystal structures of ligand‐bound enzymes. These
structures represent snapshots of an enzyme design process with an aim to
increase catalytic efficiency of the designed retro‐aldol reaction. The first
comparison that can be made is between the designed in silico model and the
corresponding crystal structure. This comparison is useful for addressing the
following questions: (i) To which extent was the overall structure prediction
correct? (ii) To which extent did the design model succeed in predicting the
active site geometry? (iii) Are the modeled active site interactions with the
ligand as predicted?

Figure 20: (A) Overlay of the in silico design model (white) with the X‐ray crystal
structure (blue) of RA95.0+BTC. (B) Magnification of active site. Substrate‐analog
(green), modeled ligand (grey), residues affected during optimization, and malic acid
(mlt, green) are shown in stick representation.

To address these questions the in silico designed model and its crystal structure
were superimposed to visualize overall structural differences. In most regions,
the design model aligned well with the crystal structure, however major
differences were observed in the loop regions surrounding the active site and
many predicted side chain conformations disagree with the actual conformations
observed in the crystal structure (Fig. 20). The calculated C‐α root mean square
deviation (RMSD) between loop 1, 6, and 7 of the structures was in the range of
2‐4 Å (Fig. 21). Furthermore, the crystal structure revealed that the ligand is
tilted approximately 114° compared to the anticipated binding position
according to the modeling. Consequently, the actual binding mode was not in
41

Results
agreement with the predicted active site geometry and ligand contacts
(answering question (ii) and (iii)).

Figure 21: C‐α RMSD per residue (calculated with superpose, CCP4) between the in silico
design model and crystal structure of ligand bound RA95.0+BTC. Loops L1, L6, and L7
show the highest deviations from the model design. The overall C‐α RMSD between the
structures is 0.46 Å.

However, it should be noted that the L1 and L6 loops of RA95.0+BTC are
involved in crystal contacts and therefore their conformations may deviate from
their conformation in solution. Additionally, a malic acid molecule (mlt) (Fig. 20
B) from the crystallization buffer was identified at approximately 3 Å distance to
the inhibitor. The identification of this compound was validated by a simulated
annealing omit map calculation (Fig. 24), which allowed the molecule to be fit
into the difference density with confidence. In this binding mode arginine 182
probably compensates the negative charge on the deprotonated carboxylate
group of the malic acid. Furthermore, five water molecules are in hydrogen
bonding distance of the malic acid. It is possible that the bound malic acid
influenced the inhibitor position in the active site of this construct. However, this
seems unlikely because activity tests in the presence of the malic acid (L. Giger,
results not shown) did not influence the kinetic parameters of this enzyme,
suggesting that the malic acid does not perturb active site residues.

42

Results
3.3.7 Overall structural comparison of ligand bound aldolases
To evaluate overall structural differences between all ligand bound
enzyme variants they were superimposed (Fig. 22 A). The superposition showed
that most of the regions of the scaffold aligned well with each other. Similar to
the comparison of RA95.0+BTC with its in silico model (Fig. 20), major
differences were identified in the loop regions surrounding the active site (L1, L6
and L7). Furthermore, statistics of temperature factor distributions in the
studied molecules showed higher than average values in the loop regions (L1, L6
and L7) (Fig. 22 B and Fig. 23). These findings provide evidence that the loop
regions around the active site of all enzyme variants are highly flexible. However,
it can be argued that the diverse loop conformations (of L1, L6 and L7) among all
ligand bound enzyme variants may be induced by crystal contacts and therefore
do not represent their native structure. For this reason, we evaluated all crystal
contacts of active site loops. This analysis showed that loops 2 and 6 of RA95.5
that are not involved in crystal packing contacts exhibit the highest B‐values
compared to the loop structures in other crystallized enzyme variants (Fig. 22 B
and Fig 23 B).

Figure 22: (A) Overlay of all three ligand bound crystal structures. Loops are
represented as ribbons (RA95.0+BTC blue, RA95.5 yellow, RA95.5‐5 red). As point of
reference the covalently bound ligand in the RA95.0+BTC structure is shown in green.
Major differences between the models are found in loops L1, L6 and L7 surrounding the
active site. (B) B‐factor representation of RA95.5. Residues in loops L1, L6 and L7 show
significantly higher temperature factors (indicated by a color temperature gradient,
blue=low, red=high) than the rest of the molecule, which suggests high flexibility in
these parts of the molecule. Crystal contacts of RA95.5 were not established in these
three loops.
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Figure 23: Comparison of the B‐factor distribution in all three enzyme variants
(RA95.0+BTC blue, RA95.5 yellow, RA95.5‐5 red). (A) Overlay of all ligand bound
aldolases. Colored parts highlight the regions with elevated B‐factors. Denoted areas of
the molecules can be linked according to the letter code in the diagram in (B). Plotted
temperature factors were normalized by dividing each C‐α B‐value over the Wilson B‐
factor of each structure. The normalization allowed relative comparison of B‐values
between the examined structures.
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For a more detailed comparison of the crystallographic B‐factor
distribution in C‐α atoms of each residue in the enzymes, the values were
normalized to the Wilson B of each structure. The analysis identified four
additional regions adjacent to the aforementioned loops, which displayed
increased temperature factors (Fig. 23). Specifically, a long linker loop and three
helices of the enzymes (H2, H9, and H11) showed elevated B‐values in all
molecules. Common to these regions of the molecules is the high content (50%
or more) of charged amino acids. Furthermore, these residues are solvent
exposed and do not make salt bridges or hydrogen bonds with other secondary
structure elements. Additionally, it is possible that these helices were
destabilized by conformational changes in flanking loop regions, thus resulting in
high B‐values.

3.3.8 Identification of the substrate analog in the crystal structures
Before adding coordinates of ligands to the refined models, unbiased
difference densities accounting for the covalently bound substrate analog were
identified in electron density maps.

The calculated maps then allowed

unambiguous placement of the ligands. Surprisingly, the ligand in the evolved
enzyme structure (RA95.5‐5) was not seen to interact with the designed active
site (Lys 210) but was observed bound to lysine 83, which is located on the
second β‐strand on the catalytic face of the TIM‐barrel. In the case of ISM variant
(RA95.5), the ligand was found bound to the designed catalytic lysine 210 on β‐
strand 7 and additionally to lysine 83 as it was the case for the fully evolved
enzyme (RA95.5‐5). These results indicated that the evolved enzyme may have
acquired a secondary active site with better catalytic properties than the
originally designed active site. Following refinement of the structure with ligand
bound to the alternative catalytic lysine (Lys 83), there was still unexplained
difference density in the immediate vicinity of the inhibitor. Since this electron
density showed contiguity and matched some features of the ligand, we
concluded that it most likely originated from a ligand bound to the same side‐
chain in an alternative conformation. To reduce model bias, which possibly
caused this density, a simulated annealing omit map (with the ligands omitted
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from the model) was calculated to verify this discovery (Fig. 24). A similar
procedure was used to visualize the malic acid molecule from the crystallization
buffer bound to the RA95.0+BTC structure.

Figure 24: (A‐C Upper row) RA95.0+BTC, RA95.5, RA95.5‐5. Calculated simulated
annealing omit maps (green mesh) of the putative ligand positions. A malic acid
molecule (mlt) was identified next to the inhibitor position of RA95.0+BTC in
approximately 3‐4 Å distance. (B‐C Lower row) simulated annealing omit map of the
minor ligand position at the catalytic lysine 83. Sigma levels of the 2Fobs‐Fcalc and Fobs‐
Fcalc maps were adjusted to difference sigma levels as denoted in the figure.

The evaluations of the simulated annealing omit maps showed that ligands could
be identified at K210 (RA95.0+BTC and RA95.5) and at K83 (RA95.5 and RA95.5‐
5). Furthermore, the alternative active site revealed two modes of ligand binding.
In addition, RA95.5 showed two conformations of the catalytic lysine 83 (Fig. 24
B). After final model refinement, the occupancy levels for these alternative ligand
conformations were evaluated to understand binding preferences of each active
site (Table 11).
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Table 11: Ligand occupancies for all positions and conformations.
construct

bound to

ligand

occupancy [%]

conformation
RA95.0+BTC

K210

major

62

RA95.5

K210

major

49

K83 A

major

46

K83 B

minor

39

K83

major

68

K83

minor

36

RA95.5‐5

When comparing the positions of alternative conformations between RA95.5 and
RA95.5‐5 at catalytic lysine 83 it became evident that they are quite similar, but
show opposite occupancy preferences (Fig. 25). A second lysine 83 conformation
was evident in RA95.5, but could not be identified in the evolved construct. In
RA95.5‐5, only conformation B of RA95.5’s lysine 83 was adopted, most likely
due to conformational constriction in the evolved scaffold. Nevertheless, the
aromatic naphtyl ring adopts two positions, one of which is congruent with
conformation B in RA95.5 while the other partially overlays with conformation A
in RA95.5.

Figure 25: Overlay of ligand positions of RA95.5 (yellow) and RA95.5‐5 (red) at catalytic
lysine 83. Occupancies of the ligand conformations are shown in colored numbers
accordingly.
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3.3.9 Mass spectrometry of a RA95.5 crystal
The discovery of two covalently bound inhibitors in the RA95.5 structure
was also verified by mass spectrometry. One RA95.5 crystal was dissolved in size
exclusion buffer and analyzed by ESI‐MS (FGCZ, University of Zurich). The result
(Fig. 26) showed two major species were found in the crystal sample with higher
frequency of occurrence for the enzyme species with a molecular weight
corresponding to two bound ligands. Theoretical molecular masses were
calculated for each species and compared to the obtained measurements.
Differences in masses were 1.4 and 3.6 Da respectively. Possible modifications,
which could explain the discrepancy between the results and theoretical values
are listed in Table 12.

Figure 26: ESI‐MS analysis of RA95.5 with ligand.
Table 12: Measured molecular weight of ligand modified RA95.5 compared to
theoretical calculated mass of the complex. Both variants deviate from theoretical
calculated masses. Possible post‐translational modifications of the enzymes could
explain these differences (retrieved from “Delta Mass” http://www.abrf.org).
complex
theoretical ESI‐MS
delta
Possible modification
MW [Da]
MW [Da]
[Da]
RA95.5 + 1 x
29802.3
29800.90
1.4
Deamidation of asparagine
ligand
and glutamine to aspartate
and glutamate
RA95.5 + 2 x
30028.6
30025.00
3.6
Oxidation of Trp to
ligand
kynurenine
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3.3.10 Mutations along the optimization and directed evolution procedure
To better understand the structures of the enzyme variants it is important
to consider the methods in enzyme design that were employed to obtain them.
To increase the activity of the starting design, two methods were applied. First,
saturation mutagenesis (ISM) was employed to quickly optimize active site
residues of the in silico design. Additionally, the resulting ISM construct was
subjected to five rounds of directed evolution (DE), which improved the catalytic
properties of the enzyme further. Throughout the whole procedure a total of
twelve mutations (Table 13) were introduced into the scaffold that led to
RA95.5‐5 with the highest retro‐aldol activity for this model system. During each
optimization procedure a set of six residues were altered.
Table 13: Amino acids which were mutated during in vitro evolution are listed. Residues
shown in bold italic underlined represent changes in the current construct relative to
the preceding (less active) aldolase.
Residue
RA95.0+BTC RA95.5
RA95.5‐5
position/
ISM
DE
function
23

R

R

H

loop

43

R

R

S

helix

51

V

Y

Y

sheet

53

E

S

T

loop 1

83

T

K

K

catalysis, β‐

95

T

T

M

helix

110

S

S

N

β‐strand 3

178

G

G

S

β‐strand 6

180

M

F

F

loop 6

182

R

M

M

loop 6

183

D

N

N

loop 6

Activity

+

++

+++

strand 2
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Figure 27: Representation of mutations close to
the active site that affected catalytic properties of
the enzymes. (A) Active site of the in silico design
model of RA95.0+BTC. (B to D) X‐ray crystal
structures of enzyme variants. (B) RA95.50, (C)
RA95.5, (D) RA95.5‐5. Only major conformations
of residues (colored sticks) or inhibitors (green
sticks) are shown. Bold red letters indicate the
residues that changed from prior to the next more
active enzyme. For easier viewing the N‐terminal
helix and loop region 85‐91 were omitted in the
models.

3.3.11 Structural changes throughout aldolase
optimization
During aldolase optimization, a total of
12 residues were altered (Table 13). The in
silico design model contained an active site
comprised of K210, E53, a water molecule
and the substrate (Fig. 27 A). The overall C‐α
RMSD between the crystal structure (Fig. 27
B) and the in silico design was 0.46 Å.
Nevertheless, in the RA95.0+BTC crystal
structure the ligand conformation was tilted
by approximately 114 ˚ when compared to its
predicted

conformation.

Furthermore,

although the enzyme showed some activity it
was not based on the designed active site
mechanism because the β‐carbonyl group of
the substrate analog was more than 5 Å away
from E53 and the designated water molecule.
Surprisingly, the ISM construct (RA95.5)
gained a second catalytic residue through the
T83K mutation (Fig. 27 C). Three mutations
(V51Y, M180F and R182M) created a
hydrophobic platform that allowed ligand
accommodation in the newly created active
site. Furthermore, the mutations R182M and
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D183N altered the charge distribution in loop 6, which caused a major loop
rearrangement when compared to the RA95.0+BTC structure. Structural
characterization of the RA95.5 active site also showed that the ε‐amino group of
K210 was shifted 4.9 Å from its initial position in the model design. Here, the
M180F mutation in loop 6 prohibited lysine 210 from adopting its designed
conformation because of steric clashes with the newly introduced F180. In a very
similar manner the V51Y mutation supported the rearrangement of lysine 210
(compare Fig. 27 B and C). Interestingly, although significantly shifted into a new
position, lysine 210 remained catalytically active, suggesting flexibility in the
ligand binding. Remarkably, in the evolved enzyme (RA95.5‐5), the ligand was
found to only bind to lysine 83, establishing it as the main catalytic residue. In
the novel active site, the substrate analog was even more embedded in the
enzyme by adopting a position that is approximately 90˚ tilted from the major
RA95.5‐ligand conformation (Fig. 27 D). Furthermore, loop 6 of the evolved
enzyme stretches out more to the center of the barrel than in the preceding
enzyme variants, thus strongly reducing the accessibility of the substrate or
inhibitor to the original catalytic residue K210.
3.3.12 Analysis of the ligand‐binding pocket
For the analysis of the ligand binding pockets the program LIGPLOT
(Wallace, Laskowski et al. 1995) was employed to identify residues that are
involved in ligand contacts. The results show that all interactions with the
inhibitor are of hydrophobic nature (Fig. 28). The RA95.0+BTC‐binding site
provides four residues in loop 6 and W8 from the N‐terminal helix that are
responsible for hydrophobic contacts with the ligand. This site was altered in
RA95.5 by an additional contact in loop 1, which sandwiched the inhibitor
between loop 6 and the N‐terminal helix (Fig. 28 B). In the alternative active site
of RA95.5, we found a total of eight hydrophobic residues involved in ligand
contacts. This large buried hydrophobic patch of the enzyme evidently provides
an additional platform for ligand binding.
Mutations that derived from active site optimization in RA95.5 were
mostly found to be involved in ligand contacts at the new, and only partially at
the designed site (see Y51, F180 and M182 in Fig. 28 B). Interestingly, mutation
R182M which was introduced to loop 6 is part of both ligand‐pockets in the
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RA95.5 through shifts of the loop backbone. Similarly, F184 in loop 6 plays a
central role for inhibitor coordination, since it contacts the inhibitor in all
visualized active sites (except for the minor conformation of the ligand in the
evolved enzyme, Fig. 44 (Appendix 5.4)), delivering further evidence for the
importance of considering loop mobility in enzyme design strategies.
In the evolved enzyme, we eventually observed very efficient packing of
the ligand in the new site. Here, six hydrophobic residues uniformly surround
the ensemble of inhibitor and catalytic lysine. Especially the parallel orientation
between the aromatic moieties of F184 and the inhibitor offer excellent ligand
coordination in that site. Additionally, the hydrophobic packing might lower the
pKa of lysine 83, therefore possibly enhancing reactivity (Lassila et al. 2010).
In the alternative ligand conformation at lysine 83 of RA95.5 we identified
the most protein ligand interactions (Fig. 44 (Appendix 5.4). These ten
interactions were a mix of interactions as observed for the major conformations
of RA95.5 and RA95.5‐5. The minor alternative ligand conformation of RA95.5‐5
had, like the major conformation of RA95.5‐5, six contacts with the enzyme. In
the minor conformation of RA95.5‐5 however, we identified different ligand
interactions to L6 and no interaction to W8 as seen in the major conformation
(Fig. 44 (Appendix 5.4)).
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Figure 28: Representation of ligand binding pockets of RA95.5 (A), RA95.5 (B) and
RA95.5‐5 (C). On the left, a surface representation shows each ligand (green stick) in the
binding pocket. On the right, a cartoon representation of each site is shown to indicate
residues (in stick representation) which were found to be involved in hydrophobic
ligand contacts by using the program LIGPLOT (Wallace, Laskowski et al. 1995). In
RA95.0+BTC (A) a second ligand (mlt) from the crystallization buffer is shown in light
green. Italic letters refer to residues, which are in contact with the ligand at the
alternative site at K83. Red letters indicate residues, which are involved in ligand
contacts at both pockets in RA95.5.
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3.4 Crystallization and structure determination of unmodified retro‐
aldolases
3.4.1 Crystallization of unmodified retro‐aldolases
Initial crystallization trials with commercial screens (Table 3) failed to
obtain crystals of unmodified RA95.5‐5 enzymes. After compiling a list of 81 non‐
redundant crystallization conditions of known TIM‐barrel protein structures
(retrieved form the PDB database), the obtained data was used to narrow down
the most frequent crystallization compounds for this class of protein. Besides
generating a list of precipitants and salts, the pH and the temperature were
evaluated (Fig. 29).

precipitants

salts
11

20
13
10

7

10
6

5
1

4

3

4

4
3

NaCl

temperature
10

25

8
pH

T [˚C]

20

10

Li2SO4

MgCl2

pH

30

15

NaOAc

6
4
2

5
0

0
0

20
40
TIM barrel structures

0

20
40
60
80
TIM barrel structures

Figure 29: Statistics of crystallization conditions of 81 TIM barrel structures obtained
from the PDB. Empty bars indicate precipitants, which were not investigated in
crystallization screens. During crystal optimization LiSO4 was replaced with LiCl2 and
various sodium salts were tested throughout the screening procedure.
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The assessment of crystallization conditions gave rise to several grid
screens in a 96‐well format, which used all indicated precipitants and salts while
constantly varying the pH from 4‐9. Initial crystallization hits for apo RA95.5‐5
were improved by temperature screening and employing the microseeding
technique (Fig. 31).

Figure 30: Crystal of unmodified RA95.0+BTC. Large crystals could be reproducibly
obtained after refining starting conditions in 0.1 M Tris‐HCl pH 8.3, 31% w/v PEG 1500,
75 mM Na2HPO4, 28 ˚C.

Figure 31: Optimization of crystallization conditions of RA95.5‐5 apo crystals. (A)
Crystalline aggregates of enzymes grown in 0.1 M Hepes KOH pH 6.8, 20% w/v PEG
3350, 0.2 M NaCl, Hampton Research, 20˚ C. (B) Cluster of intergrown crystals grown at
28 ˚C in 0.1 M Hepes KOH pH 7.0, 23% w/v PEG 6000, 0.2 M LiCl2. (C) Crystals grown
from microseeds in 0.1 M Hepes KOH pH 6.8, 18% w/v PEG 6000, 0.2 M NaCl, 28 ˚C.
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3.4.2 Data collection and model building
Both enzyme variants could be crystallized and diffracted isotropically to
high resolution (Fig. 32). Data collection and data processing (Tables 14 and 15)
was performed as described for the ligand bound enzyme crystals.

Figure 32: Diffraction images of frozen crystals of apo RA95.0+BTC (A) and RA95.5‐5
(B). All crystals diffracted isotropically to high resolution. High‐resolution reflections
are shown in the magnification boxes and labeled with corresponding resolution values
in Å. Contrast levels were adjusted to different viewing levels.
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Table 14: Data Collection strategy for apo‐enzyme crystals.

RA95.0+BTC
apo form

RA95.5‐5
apo form

Wavelength (Å)

1.0000

1.0000

Detector distance (Laemmli)

290

250

Beam attenuation (%)

38

0

Exposure time (s)

0.1

0.3

Angle increment (°)

0.08

0.3

Number of frames

2250

600

Total rotation range (°)

180

180

Data Collection

Table 15: Data collection statistics. Highest Resolution shells are shown in
parenthesis

Crystal System

RA95.0+BTC
apo form
monoclinic

RA95.5‐5
apo form
monoclinic

Space Group

P21

P2

37.7, 58.3, 107.6
90.0, 95.7, 90.0

91.3, 80.9, 124.0
90.0, 104.6, 90.0

2

8

Resolution (Å)

50.0‐1.6

50‐2.0

Rmerge (%)

12.8 (106.2)

23.8 (115.2)

I/σ

16.0 (1.6)

7.7 (1.8)

ISa

43.4

25.0

Completeness (%)

97.3 (92.7)

96.2 (87.6)

Redundancy

3.3 (3.2)

3.3 (3.3)

Cell dimensions
a, b, c (Å)
α, β, γ (°)
Monomers per
asymmetric unit

Data Statistics

In the Matthews calculation (Matthews 1968) two molecules per asu for
RA95.0+BTC and 8 molecules per asymmetric unit for RA95.5‐5 were identified
(Table 16, Fig. 33). Subsequently, a molecular replacement solution for each
construct was obtained by using the same procedure as described for the ligand
bound retro‐aldolase structures (see 2.2.6 Material and Methods and 3.3.4
Results). Initial attempts to solve the structure of the evolved construct (RA95.5‐
5) by various automatic model‐building tools failed because neither method
could complete the model over the full sequence length of all 8 molecules.
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Instead, each automatic model‐building method provided an incomplete
solution, which were combined and used as a suitable starting model for the
refinement (Fig. 34).
Table 16: Estimate of unit cell content by Matthews‐coefficient. Only the correct
molecular replacement solutions are shown.
VS [%]
Mw [Da]
Crystal
N(mol)
Prob
Prob
VM
3
‐1
[Å Da ]
solvent
(N)
(N)
resol
overall

RA95.0+BTC 2
RA95.5‐5
8

0.99
0.12

0.87
0.05

4.1
1.9

69.9
35.4

58,000
232,0000

Figure 33: Crystal packing of apo aldolases. (A) RA95.0+BTC. Two molecules per
asymmetric unit were identified (molecule m (orange) and molecule n (cyan)). (B)
RA95.5‐5. Each color represents an ensemble of eight aldolase molecules.

Not all parts of the RA95.5‐5 structure were built to completion because
several regions of the molecules were poorly ordered and therefore impossible
to trace (Fig. 35). Furthermore, every molecule in the unit cell exhibited local
structural deviations, which prevented imposing strict non‐crystallographic
symmetry (ncs) operators in the model refinement. Additionally, the unordered
loop 1 and C‐terminal helix in the RA95.5‐5 structure was impossible to build.
These missing regions accounted for the mass of approximately one molecule in
the asymmetric unit, which obviously contributed to the high Rfree (30 %) of the
refined model (Table 17). In contrast, the electron density map of the apo
RA95.0+BTC crystal structure allowed building a complete model with
confidence.
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Data processing ‐ XDS

Model Refinement –
Phenix.refine

Refinement strategies
Individual Sites,
Occupancies, BS

Data Validation ‐
Phenix.xtriage

Combining output models

Rebuilding / Model
optimization in Coot

Molrep – Phaser (CCP4)

Automated model building
ARP/WARP /Buccanneer/
Phenix. Autobuild (for
RA95.5‐5 apo only)

Model Evaluation–
Phenix.validate, ADIT PDB
deposition tool

Figure 34: Working steps in the structure solving process for apo aldolases.
Table 17: Refinement statistics of modified aldolase models.

RA95.0+BTC
apo form

RA95.5‐5
apo form

Resolution (Å)

1.6‐8.0

2.0‐8.0

No. of reflections

59226

92138

Reflections used for crossvalidation (%)

3.3

1.8

Rwork/Rfree (%)

17.6/21.1

25.4/30.2

No. atoms
Protein
Ion
Solvent
Hydrogens
r.m.s deviations
Bond lengths (Å)
Bond angles (°)
Wilson B
Ramachandran Outlier

9774
5008
5
418
4761

14882
1418
7
457
0

0.009
1.272
19.4
1

0.005
0.990
28.0
47 (2.7 %)

Refinement
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3.4.3 Characterization of apo structures
3.4.3.1 apo RA95.5+BTC
The apo structure of RA95.0+BTC contained two molecules per
asymmetric unit (m and n Fig. 35), which were superposed to evaluate
conformational deviations between these structures. As in the complexes, major
differences were observed in the loops L1, L6 and L7. Most strikingly, the
measured C‐α RMSD of residues S58, G59, and L60 in L1 were in each case larger
than 10 Å, which represents the largest observed difference in all aldolase
variant comparisons in this study. Although L1 is involved in crystal packing, the
large conformational shift again underscores the high mobility of this loop.
Additionally, loop regions L6 and L7 showed deviations in their C‐α position,
which are more than 2 Å in E185 (L6) and 3 Å in L212 (L7). Smaller deviations
between the structures of the asymmetric unit were observed for the active site
residues K210 and E53. For K210 and E53, the C‐α RMSD values of 1.33 Å and
0.45 Å were determined, respectively.

Figure 35: Overlay of the two asymmetric unit molecules from the apo RA95.0+BTC
structure. Molecule m (orange) and molecule n (cyan) deviate most prominently from
each other in the loops L1, L6, and L7. Red circles indicate the position of residue L60,
which exhibited the highest C‐α RMSD (13 Å) between the superposed asymmetric unit
molecules. The magnification box (right) shows the putative active site residues in stick
representation. The overall C‐α RMSD between the two molecules is 0.38 Å.
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3.4.3.2 apo RA95.5‐5
As described earlier (3.4.2, Fig. 36), the asymmetric unit of apo RA95.5‐5
contains eight molecules. In the structure determination several loop regions
and the C‐terminal helix could not be built because of weak and discontinuous
electron density in these regions, suggesting high conformational flexibility in
these areas. Interestingly, dividing the TIM‐barrel into C‐ and N‐terminal halves
(Fig. 36), one observes that the loops closer to the C‐terminus (L1, L6, L7, and
L8) were unordered or showed higher mobility than loops closer to the N‐
terminal part (L2, L3, L4, and L5) of the barrel. It is likely that the presence of the
N‐terminal helix restricts the movement of nearby loops through stabilizing
interactions, thus explaining the high conformational similarities between all
eight molecules of the asymmetric unit relative to the loops in the C‐terminal
half. Additionally, the catalytic lysine K83 and ligand coordinating F184 (Fig. 36,
right) showed numerous different conformations, indicating high flexibility in
the absence of bound ligand.

Figure 36: Overlay of the eight asymmetric unit molecules (shades of grey) from the apo
RA95.5‐5 structure. Loops around the active site are indicated from L1‐L8. The red
dashed line divides the TIM‐barrel structure into N‐ and C‐terminal halves. The
magnification box (right) shows side‐chain conformations of K210, K83 and F184 in
stick representation.
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3.4.4 Comparison of apo and ligand bound structures
3.4.4.1 RA95.0+BTC
To describe the structural differences between apo and ligand bound
enzymes, the structures were superimposed to visualize the most prominent
variations in the related models (Fig. 37). The overall analysis of the
RA95.0+BTC apo crystal structure demonstrated that the loops surrounding the
active site exhibited conformational diversity as observed in the ligand bound
aldolases (Fig. 22). When comparing the RA95.0+BTC apo structure to the in
silico model (Fig. 37 B), large differences were noticed in loops 1, 6 and 7.
Differences in active site residues were also present, however, they showed
smaller C‐α RMSD values around 0.3 Å (molecule n, Fig. 37 B) than residues in
loop regions.
Comparison of the apo and ligand bound RA95.0+BTC crystal structures
showed that only loop 7 in molecule n of the apo structure (Fig. 37 C) adopts the
same conformation as found in the ligand bound structure. Furthermore, the
catalytic lysine 210 and glutamate 53 of molecule n showed smaller deviations to
the ligand bound structure than corresponding residues in molecule m.
Additionally, the overall C‐α RMSD of 0.23 Å between molecule n and the ligand
structure was lower than for molecule m (0.44 Å) (the RMSD calculation did not
include C‐ α atoms which could not be aligned, e.g in the loop regions).
The strong deviations in loops L1, L6 and L7 between the apo crystal
structure and the in silico design once more reveal the incorrect prediction of
these highly mobile regions. However, the agreement between the apo‐ and
ligand bound crystal structures suggest that the presence of bound ligand led to
conformational ordering of the active site. To summarize, the apo structure is
able to adopt the conformation observed in the ligand bound crystal structure,
and with the exception of loop L1 it more closely resembles the ligand bound
crystal structure than the in silico designed model.
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Figure 37: Comparison between apo RA95.0+BTC structure and model design or ligand
bound structure. (A) Asymmetric unit molecules (m (orange) and n (cyan)) of the apo
RA95.0+BTC structure. (B) Overlay of the in silico model design onto each molecule of
(A). (C) Overlay of the RA95.0+BTC ligand structure onto each molecule of (A). Active
site residues are shown in stick representation. Ligand model of the in silico design (B)
and bound ligand in the crystal structure (C) are shown in green. Malic acid (mlt) of the
ligand bound crystal structure is shown in light green (C).
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3.4.4.2 RA95.5‐5
Although some parts of the apo RA95.5‐5 structure were impossible to
build (e.g. loop 1), the number of molecules in the asymmetric unit presented a
remarkable ensemble of conformational states of the enzyme. With this set of
different structures it was possible to obtain a sense of the ‘breathing’ motion of
the loops on the protein’s catalytic face. The overlay (Fig. 38), demonstrates
different conformations in loop 6 and 7, which all clearly deviate from the ligand
bound state. Loop 1 was only visible in the ligand bound structure, suggesting
that it is disordered in the absence of the ligand. Likewise, it can be assumed that
loop 6 and 7 undergo conformational changes upon ligand binding, which in the
case of loop 7 possibly derive from transmitted structural rearrangements and
not from direct interactions with the ligand as observed in loop 6.

Figure 38: Overlay of all molecules from the asymmetric unit of RA95.5‐5 apo (shades of
grey) with the ligand bound structure of RA95.5‐5 (red). Positions of the original (K210)
and newly acquired (K83) catalytic lysines are shown in stick representation. Bound
ligand of RA95.5‐5 is shown in green. The range of C‐α RMSD between each of the eight
molecules and the ligand bound structure was 0.37 ‐ 0.53 Å.
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3.5 Water molecules possibly enhance the reactivity of the engineered
aldolases
The computationally designed catalytic motif for the retro‐aldol reaction
of the RA95.0 enzyme included a catalytic lysine in a hydrophobic environment,
a catalytic base and a water molecule. The role of the water molecule in the
reaction was to form a hydrogen bond with the carbinolamine hydroxyl group
during its formation. In the second step, the water was proposed to aid in the
water elimination step and the deprotonation of the β‐alcohol in the carbon‐
carbon bond‐breaking step (Fig. 8). For this reaction, the water molecule should
ideally be coordinated by a hydrogen‐bond donor/acceptor residue and the β‐
alcohol of the substrate in a tetrahedral geometry. Additionally, the catalytic base
(E53 in RA95.0+BTC) is expected to enhance the proton‐abstracting ability of the
water by forming a second hydrogen bond to it.

Figure 39: (A) Position of a water molecule (red sphere) in the RA95.0+BTC ligand
structure. Polar contacts (as determined by PyMOL) are indicated with yellow dashed
lines. (B) Overlay of the RA95.0+BTC apo structure on the ligand structure. Only
molecule n (salmon) of the asymmetric unit was taken for superposition. A water
molecule (cyan) locates to a very similar position as that found in (A). Asterisks indicate
the β‐carbonyl group of the substrate analog (SA). All indicated distances are around 3 Å
and do not refelct the presence of hydrogens.

Since the active site geometry in the RA95.0+BTC structure deviated from
the computational design, we searched for other possible water molecules that
might play the proposed proton‐mediating role. In fact, a water molecule was
found in both the liganded and apo structure of RA95.0+BTC (Fig. 39). Here, the
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β‐carbonyl group of the substrate analog coordinates a water molecule, which is
stabilized in an oxyanion hole formed by S181 and backbone amides. Since a
catalytic base is not present at this site, this arrangement might not fulfill the
requirements for water‐mediated proton‐transfer, so the exact reaction
mechanism cannot be derived from the obtained structures.

Figure 40: (A) Position of a water molecule (red sphere) as found in the RA95.5 ligand
structure (yellow). The water molecule is coordinated in an oxy‐anion hole formed by
S110 and a backbone amide. (B) Presentation of alternative ligand and lysine
conformation (a and b) of RA95.5 (yellow). In the alternative conformation b the methyl
group (x) of the substrate adopts a very similar position as the water molecule in
conformation a. (Note: the designated water molecule is only present when ligand and
lysine adopt conformation a.) The asterisk indicates the β‐carbonyl group of the
substrate analog (SA). All indicated distances are around 3 Å and do not consider the
presence of hydrogens.

In the RA95.5 ligand structure a water molecule for proton mediation was
not observed at the designed catalytic site (K210). Instead, such a water
molecule was found in the novel site around the imine‐forming lysine 83 (Fig.
40). Here, the water is coordinated in a putative oxyanion hole formed by serine
110 and the surrounding backbone. Interestingly, the methyl group of the minor
(less occupied) ligand conformation b points directly into this water site,
suggesting that bound ligand can move into this position after the iminium‐
species is formed.
In the most active enzyme variant, RA95.5‐5, we found a water cluster in
the overlay of the apo structures in a comparable position as found in RA95.5. In
this case the putative oxy‐anion hole was still formed and accommodated a
water molecule although the identity of the coordinating amino acid was
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changed during directed evolution (mutation S110N) (Fig. 41 A). Interestingly,
both RA95.5‐5 substrate analog conformations position their methyl group (only
the major conformation is shown in Fig. 41 B) towards the location of the water
molecule in the apo structure. Since the bound substrate‐analog closely
resembles the iminium species of the reaction, it can be assumed that the
proposed oxy‐anion hole stabilizes this intermediate by interactions with the
surrounding backbone. To conclude, our observations argue that the oxy‐anion
hole at the new site is capable of both stabilizing the carbinolamine intermediate
in the presence of a water molecule as well as supporting the dehydration to give
the iminium species by ligand interactions with the surrounding backbone.

Figure 41: (A) Overlay of all eight molecules in the asymmetric unit of RA95.5‐5 apo. A
cluster of water molecules was observed and found to be coordinated in the oxy‐anion
hole formed by N110 and the backbone of D111. (B) Overlay of the RA95.5‐5 ligand
structure on the ensemble of RA95.5‐5 apo molecules (A). Only the major conformation
of the substrate‐analog (SA) is shown. The methyl group (x) of the substrate analog (SA)
overlaps with the position of the clustered waters as found in (A). The asterisk indicates
the β‐carbonyl group of the substrate analog (SA) which is in hydrogen bond distance to
W8 and F89. All indicated distances are around 3 Å and do not consider the presence of
hydrogens.
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4. Discussion
Protein design has great potential to extend the enormous catalytic power
of enzymes to new industrial applications for which natural biocatalysts are
unavailable (Godfrey and Reichelt 1982). The use of enzymes in biochemical
processes can be advantageous because they accelerate reactions to a greater
extent and have higher substrate specificity compared to inorganic catalysts
(Kirk, Borchert et al. 2002; Kaur and Sharma 2006; Otten et al. 2010).
Furthermore, enzymes can catalyze many reaction cycles before they eventually
break down, which can increase cost and production efficiencies in industrial
processes compared to conventional methods. Additionally, enzyme design
opens up new applications in, diagnostics or DNA‐technology, to name only two
examples, where traditional enzymes need to be optimized for their specific task.
Besides, increasing environmental pollution and demand for energy requires
sustainable solutions, which designed biocatalysts are potentially able to deliver.
However, the large gap in the activity between natural and designed enzymes is
a major limitation for the widespread use of biocatalysts. That is why current
efforts to understand structure‐function relationships are crucial to ultimately
design catalysts for virtually any reaction or substrate. In this work we used
structural methods to evaluate enzyme design techniques. Our findings provide a
structural framework for understanding of advantages and the limitations of
various enzyme design and enzyme evolution strategies.
Protein design has often shown good overall agreement between the
conformation of the designed molecule and the actual structure with only small
differences in sidechain conformations and backbone structures (Kuhlman et al.
2003; Dobson et al. 2006; Dantas et al. 2007; Shah et al. 2007). Other studies
even reported that the designs exhibited similar side‐chain and backbone
dynamics as found in their wildtype counterparts (Johnson et al. 1999; Dobson,
Dantas et al. 2006). In de novo designed enzymes, however, the second order rate
constants (kcat/Km) are usually in the range of 0.01 – 100 M‐1s‐1 (Bolon and Mayo
2001; Jiang, Althoff et al. 2008; Rothlisberger, Khersonsky et al. 2008), which is
considerably lower than the values of 105‐109 M‐1s‐1 typical for naturally
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occurring enzymes and catalytic antibodies (Lassila, Baker et al. 2010). Because
of this large difference, current strategies are trying to mimic nature by
employing in vitro evolution techniques to improve these catalysts and to
understand more in detail the relevant structure function relationships. The
structures of the evolved Kemp eliminase designs (Khersonsky et al. 2010)
suggest that indirect interactions with the catalytic residues and some
rearrangement of an active‐site loop relative to the design were the source of the
overall 200‐fold improvement in kcat/Km. In the multi‐step retro‐aldol reaction,
the best design RA61 achieved a catalytic efficiency of 0.74 M‐1s‐1 kcat/Km (Jiang,
Althoff et al. 2008). Here, the increased activity was suggested to derive from a
combination of shifting the lysine pKa and generating a hydrophobic surface for
substrate binding (Lassila, Baker et al. 2010). Interestingly, most of the
structures of designed enzymes were determined without the bound ligand. In
the work of Schreier (Schreier et al. 2009) a structural analysis of previously
designed high‐affinity receptors (Looger et al. 2003; Allert et al. 2004) was
described. Unexpectedly, the biochemical characterization of the receptors via
isothermal titration calorimetry, CD, and NMR revealed that no specific ligand
binding was observed. Additionally, the crystal structure of one of the receptors
showed good agreement with the modeled binding site geometry but did not
show bound ligand, although it was crystallized in the presence of excess ligand.
In general, the difficulties of analyzing ligand‐bound structures may be due to the
low affinities of the substrates for the designed active sites, a problem that is
circumvented in this study due to the covalent attachment of the substrate
analog to the active site of the designed enzyme. This work also implies that
computational design of ligand binding is difficult or impossible to assess when
analyzing un‐liganded structures only.

4.1 Evaluation of the model quality of RA95.0+BTC
Our co‐workers selected the IGPS protein via RosettaMatch as the best
scaffold to host the aldolase I catalytic motif in their design model RA95.0. Since
the solubility of designed enzymes is often reduced (Schreier, Stumpp et al.
2009), several homologous sequence‐derived mutations on the surface were
introduced, which eventually yielded the soluble retro‐aldolase construct
RA95.0+BTC. This construct was crystallized in the presence of bound ligand to
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evaluate the extent to which the designed active site was realized
experimentally. Assessment of the 1.1 Å resolution crystal structure revealed
substantial differences relative to the design model in three loop regions and the
active site. The crystal structure also demonstrated that the substrate analog
adopted a position, which was approximately 114˚ tilted from the anticipated TS
model. In this orientation the beta‐hydroxy group of the substrate could not
interact with the proton‐abstracting base E53 via the proton mediating water,
suggesting that the active site was not functional as designed and that the active
site region uses some other features to catalyze the retro‐aldolase reaction (Fig.
42). Although it is possible that crystal contacts in loop 1 and 6 could have
influenced the overall active site geometry, this is unlikely since mutation of the
designed catalytic base E53 displayed no effect on the catalytic rate constant kcat
(L. Giger, results not shown).
The observed differences more likely reflect the limitations of the fixed
backbone and rotamer approximation of the in silico methodology (Dahiyat and
Mayo 1997; Kuhlman and Baker 2000; Grigoryan et al. 2007). Failing to take into
account loop flexibility leads to incorrect predictions of the conformations in the
loop regions of the designed enzyme. Since the active site was designed between
two of the longest loops in the scaffold protein this is particularly problematic. In
computational protein design the conformational approximation of the backbone
is simplified to reduce calculation time. Although ab initio and knowledge‐based
methods can provide close to atomic resolution prediction, only smaller loops
can be anticipated in reasonable simulation time‐frames with high accuracy. The
prediction of larger loops (~10 residues) is very challenging, since the
conformational space increases exponentially with loop length (Fiser et al. 2000;
Xiang et al. 2002; Rohl et al. 2004). Therefore, the design of such regions is often
a tradeoff between accuracy and the time necessary to perform the calculations.
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Figure 42: Active site comparison of RA95.0+BTC crystal structure (blue) and the design
model (white). (A) Overall comparison of the catalytic face of the scaffold. Loop regions
1, 6 and 7 deviate significantly as indicated by distances measured in Å between
corresponding C‐α atoms of S58 in L1, E185 in L6, and I213 in L7. (B) The modeled
ligand (grey) and substrate analog (green) differ by 114˚ (measured between planes of
the aromatic rings). Distances between modeled active site components are shown as
green dashed lines in the model design. Theoretical distances between substrate analog
(green) and the modeled water molecule is presented as a yellow dashed line for
distance estimation. Asterisks indicate the β‐hydroxy or β‐carbonyl group of the
modeled ligand (grey) or substrate analog (green), respectively.
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4.2 In vitro evolution of the in silico design gave rise to a second active site
Earlier work described that active site optimization via site directed
mutagenesis allowed kcat/Km improvements of up to two orders of magnitude.
Through this procedure the catalytic efficiency of RA95.0+BTC was improved 60‐
fold (Table 18). Strikingly, in the resulting aldolase RA95.5, six mutations (T83K,
V51Y, E53S, M180F, R182M and D183N) did not improve the designed site but
gave rise to a second, more active site. Although the newly introduced lysine 83
was thought to shift the catalytic lysine’s (K210) pKa in favor to its deprotonated
and therefore activated state (Heine et al. 2001), it unintentionally created a
second active site (Fig. 43). This observation was confirmed by mutating lysine
210 to methionine, which resulted in insignificant impact on the measured
Michelis‐Menten kinetics (L. Giger). The same mutation in lysine 83 lowered kcat
three‐fold and increased Km to over 600 µM (L. Giger, Table 19 Appendix), thus
providing strong evidence that the alternative site was already more active than
the initially designed one. Several structural changes were identified as
responsible for the evolution of the new site. Besides lysine 83, a rearrangement
of loop 6 in RA95.5 provided ligand access to the new site. Here, the charge
altering mutations R182M and D183N caused this conformational change, which
supported substrate binding at the alternative binding pocket.

Figure 43: Schematic representation of aldolase active site evolution. The grey dashed
circle implies the eight β‐strands of the TIM‐barrel structure. Positions of the catalytic
lysines are indicated on β‐strand 7 and β‐strand 2. The covalently bound substrate
analogs are shown in green. Lower occupied alternative conformations are shown as
dotted lines.
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In the further optimized construct RA95.5‐5 the initially designed active
site was rendered virtually inactive within five rounds of directed evolution (Fig.
43). In contrast, the catalytic efficiency of the new site was increased 30‐fold
compared to RA95.5 (Table 18). The assessment of the evolved aldolase
structure allowed identification of three reasons for this significant increase in
catalytic activity. The first originated from the improved packing of the catalytic
lysine‐ligand ensemble, which was conferred by well‐balanced hydrophobic
interactions in the binding pocket. Second, we suggest that the nearby oxy‐anion
hole formed by serine or asparagine 110 together with the backbone nitrogens
permitted both stabilization of intial carbinolamine formation and the
subsequent dehydration into the iminium species. Third, loop 6 adopted a
conformation that provided excellent coordination of the ligand by π‐stacking
interactions with phenylalanine 184.
Table 18: Kinetic parameters of RA95‐variants measured by UV‐Vis. 1 S: Selectivity
factor calculated as follows S = (kcat/Km)R/(kcat/Km)S. Kinetic Data was kindly provided by
Lars Giger.
Clone

Substrate

RA95.0+BTC

(±)-methodol
(R)-methodol
(S)-methodol
(±)-methodol
(R)-methodol
(S)-methodol
(±)-methodol
(R)-methodol
(S)-methodol
(±)-methodol
(R)-methodol
(S)-methodol
(±)-methodol
(R)-methodol
(S)-methodol
(±)-methodol
(R)-methodol
(S)-methodol

RA95.5

RA95.5-5

RA95.5-5-K210M

RA95.5-8

catAB 38C2

kcat
(min-1)
0.006
0.003
0.007
0.19
0.25
0.17
4.1±0.1
11.2±0.2
1.1±0.03
2
5.7
0.7
10.2±0.2
21.5±0.6
1.8±0.1
0.71±0.01
0.93

Km
(µM)
390
210
340
220
255
560
230±14
400±16
220±15
90
180
110
210±10
220±14
260±24
24±1
21

kcat/Km
(min-1 M-1)
14
14
21
870
980
300
17,800
28,000
5,000
23,000
32,200
6,700
48,600
97,700
6,900
29,600
11
44,300

S1
0.6

3.2

5.6

4.8

14.1

1.5 x 10-4

Lastly, the significant increase in enantioselectivity relative to RA95.5
(Table 18) can potentially be attributed to nearby mutations and small geometric
changes around the active site. This observation is in agreement with other
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results, which suggests that mutations close to the active site improve
enantioselectivity more effectively than distant ones (Chen‐Goodspeed et al.
2001; Reetz et al. 2001; Morley and Kazlauskas 2005). Strikingly, the most
evolved enzyme of this group reached catalytic a efficiency higher than catalytic
antibodies (Table 18, RA95.5‐8) (List et al. 1998; Sterner, Merkl et al. 2008;
Ruscio et al. 2009) and only two to three orders of magnitude lower than natural
aldolases.

4.3 Structural determinants of enzyme catalysis
Natural enzymes, as is the case for all proteins, are flexible biological
molecules and do not behave like rigid platforms to which substrates bind. It has
been proposed that enzymes can exhibit several catalytically competent
conformational states to catalyze the same reaction (Schmid and Blaschek 1981;
Lu et al. 1998; Flomenbom et al. 2005). Other studies also showed that substrate
binding, product release and chemical transformation can all affect the
conformational states of an enzyme (Boehr et al. 2006; Hammes‐Schiffer and
Benkovic 2006). Natural enzymes have been optimized for millions of years for
efficient catalysis and specificity through natural selection that resulted in finely
tuned active site geometries and complementary electrostatic interactions with
the ligand. Consequently, the introduction of novel enzyme activities into inert
scaffolds by computational design represents a difficult task, as only a small
number of interactions can be considered in the calculations (Baker 2010). In
fact, most of the designed enzymes reported to date incorporated only three to
four catalytic elements, which is significantly fewer than are present in natural
enzymes, which usually incorporate ~10 important catalytic determinants.
Moreover, the computational design methodology does not include the
possibility of several conformational states of the enzyme that are formed during
the reaction cycle. Therefore, de novo designed enzymes, although yielding
inefficient catalysts, represent a good starting point for in vitro evolution to
further enhance their activity (Ruscio, Kohn et al. 2009).
Due to the high thermal stability and robustness the IGPS scaffold (of the
TIM barrel protein‐class) can tolerate mutations, making this class of proteins an
excellent architectural framework for protein design studies (Hennig, Darimont
et al. 2002; Hocker 2005). The separation of a tightly packed core of the protein
75

Discussion
and a deep active site geometry flanked by protein loops provide optimal
attachment points for placing catalytic side‐chains in a rigid environment
(Tokuriki and Tawfik 2009). In addition, our results demonstrated that the
presence of loops, with greater than anticipated plasticity, around the active site
played a crucial role for the evolution of the alternative active site. Mutations
probably led to less efficient loop packing and increased their conformational
flexibility, which allowed access of the ligand to the new binding pocket. Since
the new active site is more deeply buried in the scaffold than the original, it may
have lower flexibility resulting in increased affinity for the ligand as has been
shown for antibodies (Thorpe and Brooks 2007). With two active sites in one
enzyme (RA95.5) the five rounds of directed evolution resulted in further
optimization of the deeper and more rigid active site, thereby outcompeting the
flexible active site. Possibly, changes in rigid active sites are more likely to be
retained, because very specific ligand contacts are created or destroyed. Since it
was possible to evolve the new site to become only two orders of magnitude
lower in efficiency as natural aldolases, it is tempting to speculate that the
alternative site was more evolvable than the designed site. Likely, the starting
point for directed evolution in the new site lay on a large fitness peak, where
improvement was easier to achieve than in the designed active site (Romero and
Arnold 2009).

4.4 Concluding remarks and future perspectives
Our result demonstrated that computational enzyme design still suffers
from limited accuracy in predicting the structure of the active site. The
underlying reasons clearly reflect the vast conformational space of protein
structures and the tradeoff between accuracy and calculation time. However,
combining computational design with in vitro evolution still has the potential to
yield enzymes with high catalytic efficiencies.
This thesis underscores the importance of ligand‐bound crystal structures
to verify the predicted ligand interactions in the intended design.

The

crystallographic study led to the discovery of the substrate‐analog bound to
lysine 83, which would not have been revealed in other studies because the
design did not consider this lysine to be reactive. In retrospect it would be
interesting to investigate why position 83 was not considered as a suitable
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attachment point for the intended catalytic motif. The crystal structures
presented here will be useful for the revision of current computational design
algorithms.
In the future, our structures could serve as a foundation for extensive
mutational analysis to elucidate further details of the evolved enzyme with
respect to the catalytic mechanism and the roles of active site residues in
substrate binding. Mutating T83K directly in the in silico design could provide
interesting information regarding whether this position is in itself sufficient to
generate a catalytically active site or if subsequent mutations are needed for it to
become active. If this mutation is predicted to be functional, the computational
design strategies should be re‐evaluated to establish why this site was not
considered in the given scaffold.
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5. Appendix
5.1 Abbreviations
1,3‐diketone
asu
BME
CD
CV
DE
EC
E. coli
ESI‐MS
epPCR
IPTG
IUBMB
IUPAC
ISM
kcat
Km
LB
NMR
o/n
PAGE
PEG
QM
RMSD
rpm
SA
SLS
THP
TIM
Tris‐HCl
TS

1‐(6‐methoxy‐2‐naphthalenyl)‐1,3‐butanedione
asymmetric unit
β‐mercaptoethanol
circular dichroism
column volume
directed evolution
enzyme commission
Escherichia coli
electrospray ionization mass spectrometry
error prone polymerase chain reaction
isopropyl‐β‐D‐thiogalactopyranosid
International Union of Biochemistry and Molecular
Biology
International Union of Pure and Applied Chemistry
iterative saturation mutagenesis
catalytic rate constant
Michaelis constant
Luria‐Bertani
nuclear magnetic resonance
over night
polyacrylamide gel electrophoresis
polyethylene glycol
quantum mechanic
root mean square deviation
revolutions per minute
substrate analog
Swiss Light Source
tris‐(hydroxymethyl)‐phosphine
triosephosphate isomerase
tris(hydroxymethyl)‐aminomethane hydrochloride
transition state
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5.2 Enzyme kinetic data
The following data were kindly provided by Lars Giger.

kcat
(min‐1)

Km
(µM)

kcat/Km
(min‐1 M‐1)

rel.
activity
(%)
‐
235
100
7
200
0.036
100
0.5
99

RA95.0‐K210M+BTC
nd
nd
nd
RA95.0‐E53A+BTC
‐
‐
33
RA95.5
0.18
150
1170
RA95.5‐K83M
0.055
660
84
RA95.5‐K210M
0.20
87
2,310
RA95.5‐K83M/K210M 0.0003
710
0.43
RA95.5‐5
2.9
99
29,090
RA95.5‐5‐K83M
0.041
300
140
RA95.5‐5‐K210M
1.4
48
28,750
RA95.5‐5‐
0.0028
550
5.1
0.018
K83M/K210M
Table 19: Bimolecular rate constants determined by
fluorescence. Activity was measured in 25 mM HEPES, 100
mM NaCl, pH 7.5 at 29°C using (±)‐methodol. In all samples a
constant concentration of 2.7% MeCN was present.
nd: no activity above background detected
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5.3 Amino acid sequences of studied enzymes
RA95.0
MPRYLKGWLK
VYERKSPSGL
SSVSIPILMS
SYGMEPLILI
IPSNVVKVAK
LEHHHHHH

DVVQLSLRRP
DVERDPIEYS
DFIVKESQID
NDENDLDIAL
LGISERNEIE

SFRASRQRPI
KFMERYAVGL
DAYNLGADTV
RIGARFIGIM
ELRKLGVNAF

ISLNERILEF
SITTEEKYFN
LLIVKILTER
SRDFETGEIN
LISSSLMRNP

NKRNITAIIA
GSYETLRKIA
ELESLLEYAR
KENQRKLISM
EKIKEFILGS

RA95.0+BTC
MPRYLKGWLE
VYERKSPSGL
SSVSIPILMS
SYGMEPLILI
IPSNVVKVAK
LEHHHHHH

DVVQLSLRRP
DVERDPIEYA
DFIVKESQID
NDENDLDIAL
LGISERNEIE

SVRASRQRPI
KFMERYAVGL
DAYNLGADTV
RIGARFIGIM
ELRKLGVNAF

ISLNERILEF
SITTEEKYFN
LLIVKILTER
SRDFETGEIN
LISSSLMRNP

NKRNITAIIA
GSYETLRKIA
ELESLLEYAR
KENQRKLISM
EKIKELIEGS

RA95.5
MPRYLKGWLE
YYSRKSPSGL
SSVSIPILMS
SYGMEPLILI
IPSNVVKVAK
LEHHHHHH

DVVQLSLRRP
DVERDPIEYA
DFIVKESQID
NDENDLDIAL
LGISERNEIE

SVRASRQRPI
KFMERYAVGL
DAYNLGADTV
RIGARFIGIF
ELRKLGVNAF

ISLNERILEF
SIKTEEKYFN
LLIVKILTER
SMNFETGEIN
LISSSLMRNP

NKRNITAIIA
GSYETLRKIA
ELESLLEYAR
KENQRKLISM
EKIKELIEGS

RA95.5-5
MPRYLKGWLE
YYTRKSPSGL
SSVSIPILMN
SYGMEPLILI
IPSNVVKVAK
LEHHHHHH

DVVQLSLRRP
DVERDPIEYA
DFIVKESQID
NDENDLDIAL
LGISERNEIE

SVHASRQRPI
KFMERYAVGL
DAYNLGADTV
RIGARFISIF
ELRKLGVNAF

ISLNERILEF
SIKTEEKYFN
LLIVKILTER
SMNFETGEIN
LISSSLMRNP

NKSNITAIIA
GSYEMLRKIA
ELESLLEYAR
KENQRKLISM
EKIKELIEGS
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5.4 Alternative protein‐ligand interactions in the active site at lysine 83

Figure 44: (A) Alternative ligand conformation b of RA95.5 at the alternative active site
(lysine 83). LIG_K210 refers to the ligand bound to lysine 210, which was identified to
make contact to the minor ligand conformation bound to lysine 83. (B) Alternative
ligand conformation b of RA95.5‐5 at the active site (lysine 83). The figure represents
the residues that are involved in hydrophobic contacts with the ligand and was
generated with the program LIGPLOT (Wallace et al., 1995).
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