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ABSTRACT
Novel biocatalysts are highly demanded in the white biotechnology. Hence, the
development of highly stable and enantioselective biocatalysts with novel
functionalities is an ongoing research topic.
Here, an osmium ligating single-site ArM was created based on the biotinstreptavidin technology for the dihydroxylation of olefins. For the creation of the
artificial catalytic metal center in the streptavidin (SAV) cavity, efficient osmium
tetroxide (OsO4) chelating biotin-ligands were created. The unspecific metal
binding of the host scaffold was diminished through genetical and chemical
modification of the host protein. The created single-site OsO4 chelating ArM was
successfully applied in the asymmetric cyclopropanation, revealing a stable and
tunable catalytic hybrid system for application.
The structural analysis of protein-ligand complexes is essential for the advanced
rational design and engineering of artificial metalloenzymes. In previous studies,
a SAV-dirhodium ArM was created and successfully applied in the asymmetric
cyclopropanation reaction. To improve the selectivity of the SAV-dirhodium
complex, the structural location of the organometallic complex in the SAV cavity
was targeted and small-angle x-ray scattering (SAXS) was used to obtain the
structural information. The SAXS analysis revealed valuable information of the
molecular state of the complexes; hence, the method proved to be useful for the
structural analysis of protein-ligand interactions.
The discovery of novel enzymes from nature is still the major source for improved
biocatalysts. One of the most important enzymes used in the molecular biology
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are DNA polymerases in PCR reactions. The halothermophilic brine-pool 3
polymerase (BR3 Pol) from the Atlantis II Red Sea brine pool showed optimal
activities at 55 °C and salt concentrations up to 0.5 M NaCl, and was stable at
temperatures above 95 °C. The comparison with the hyperthermophilic KOD
polymerase revealed the haloadaptation of BR3 Pol due to an increased negative
electrostatic surface charge and an overall higher structural flexibility. Engineered
chimeric KOD polymerases with swapped single BR3 Pol domains revealed
increased salt tolerance in the PCR, showing increased structural flexibility and a
local negative surface charge. The understanding of the BR3 Pol haloadaptation
might enable the development of a DNA polymerase tailored for specific PCR
reactions with increased salt concentrations.
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1. General Introduction

In both nature and industry catalysis plays a major role since almost every
reaction depends on a specific catalyst [1]. Catalysis as such is defined as the
rate acceleration of a chemical reaction by the addition of a substance that is not
consumed or permanently changed during reaction [2]. The so-called “catalyst”
forms a temporary complex with the substrate, enabling the formation of a
transition state that reduces the activation energy of the catalytic reaction (ΔG’)
and, thus, accelerates the reaction rate. The overall thermodynamics and
equilibrium of the catalytic reaction, presented as the Gibbs free energy
(ΔGreaction), remain the same (Figure 1).

Figure 1: Depiction of the transition state of an uncatalyzed and catalyzed
exothermic reaction of a substrate (S) to a product (P). The Gibbs free enthalphy
ΔG’ of the activation is shown for both reactions, as well as the overall free
enthalphy of the reaction. The energetic difference in the activation energy
between both reactions is shown by ΔΔG’ (ΔΔG’= ΔG’uncat - ΔG’cat.) (Figure
derived from [3]).
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There are three major fields in catalysis, the heterogeneous catalysis, the
homogeneous catalysis and the biocatalysis. In the heterogeneous catalysis the
reactants and the catalysts are in different phases such as gas, liquid or solid,
and are mainly used in industry for (petro-) chemical, pharmaceutical and
environmental bulk processes. In the homogeneous catalysis the reactant and
catalysts are in the same phase and comprehend a huge variety of catalysts
including organic compounds, metal-, and organometallic complexes. However,
the term ‘homogeneous catalysis’ is mostly used nowadays for the liquid-phase
catalysis using organometallic complexes, since they became increasingly
important for the modern fine-chemical and bulk-chemical industry.
The field of biocatalysis lies between the aforementioned fields and comprises all
catalytic reactions that are catalyzed by biologic material. Biocatalysts include
enzymes, proteins, ribonucleoproteins, catalytic DNA and RNA, as well as whole
cells and cell extract, or even plants. In the ‘green chemistry’ biocatalysis
becomes increasingly important due to the attractive features in terms of
sustainability, safety and environmental compatibility [4]. Beside their high
activities and specificities, they reach exceptional chemo-, region- and
stereoselectivities and, hence, higher purities of the products and less waste
production than compared with standard chemical processes. Nowadays, most
biocatalytic processes are performed with isolated enzymes or enzymes in
whole-cell biotranformations [5]. Hereby, the unique three-dimensional structure
of the enzyme defines the biological activity and selectivity of the biocatalyst.
Comparing an enzyme structure with an organometallic catalyst, the enzyme
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provides a highly defined catalytical site that provides efficient substrate
orientation by the amino acid residues, resulting in high selectivities. In nature a
great variety of enzymatic macromolecular structures with diverse biological
functionalities, substrate specificities, selectivities and reaction kinetics had been
created that regulate all kinds of biochemical reactions. In the chemical industry,
enzymes are increasingly employed in chemical, pharmaceutical and food
manufacturing as well as in environmental processing. Therefore, the
development of tailored enzymes for specific purposes with improved properties
and functionalities is of high demand in industry [6].
There are several methods available for the development of novel enzymes with
increased stabilities and improved functionalities (Figure 2). First is the discovery
of novel enzymes in nature, whereby suitable enzymes may be derived from
various biological sources, ranging from single microbial cells to multicellular
organisms. These biological cells have naturally adapted to specific conditions of
their habitat or to a specific biological role and developed enzymes with tailored
properties. Extremophilic microorganisms adapted to extreme conditions
developed enzymes with high stabilities at non-physiological conditions as high
temperatures, acidic or basic pH, high salt, or high heavy metal contents. These
extremozymes are of major interest for the industrial application and therefore in
the main focus of research [6].
The molecular structure of already discovered and applied enzymes may further
be engineered or re-designed in order to optimize or fine-tune catalytic
properties, reaction specificities, or stabilities. Several methods are available
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including the rational design and directed evolution approaches as well as
chemical post-translational modifications [7].
Another approach is the design and engineering of artificial enzymes with novel
functionalities that are beyond nature’s possibilities. Hereby, hybrid catalysts are
created consisting of a protein scaffolds with an integrated catalytic unnatural
compound. Several methods for the incorporation are available as the sitespecific incorporation of unnatural amino acids, the incorporation of non-native
cofactors, transition metals or organometallic complexes, resulting in the
combination functional diversity the homogenous catalyst with the selectivity
provided by the biological scaffold [6].
Discovery of novel enzymes
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2. Design of a single site artificial metalloenzyme for the cisdihydroxylation of olefins
2.1

Introduction

2.1.1 Asymmetric dihydroxylation of olefins

In the last decades, research has focused on the design and development of
enantioselective catalysts for the dihydroxylation reactions [9]. Whereas
dihydroxylation as such just describes the introduction of two hydroxyl groups
into a molecule, it is mostly referred to the process of converting an olefin into a
vicinal diol. In this process two carbon-oxygen-bonds with defined relative
configuration are generated [10]. Osmium tetroxide (OsO4) as catalytic metal
shows high reliability, efficiency and power. Due to these attractive properties it
has been established as the cornerstone catalyst in dihydroxylations [11].
In 1912 Hofmann for the first time used OsO4 in combination with a stoichiometric
oxidant as catalytic system for the cis-dihydroxylation of olefins, resulting in 1,2diols with syn-stereoselectivity [12]. The system was improved in the late 30´s by
Criegee et al., who discovered an enhanced rate acceleration by the addition of
pyridine or tertiary amines [13,14]. This was explained by the ligand acceleration
effect, mathematically defined as the saturation rate in presence of the ligand
divided by the rate without ligand, that guides the reaction through a catalystmediated pathway [15,16]. Several cooxidants had been used in combination
with osmium OsO4, like hydrogen peroxide (Milas’ reagent), metal chlorates, tert-
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butyl hydroperoxide, and amine N-oxides as N-methylmorpoline. However,
hexacyanoferrate(III), first introduced by Minato et al., was established as the
most appropriate oxidant in the dihydroxylation in combination with a tert-butyl
alcohol [17].
The reaction runs after a distinct underlying mechanism when a suitable ligand,
the catalytic OsO4, potassium ferricyanide (K3Fe(CN)6) as oxidant, and αmethylstyrene as substrate are combined in a biphasic solvent system of tertbutanol and water (Figure 3) [17-19]. Initially, the pyridine or quinuclidine ligand
coordinates with OsO4 by a nucleophilic attack of the nitrogen´s ion pair. The
resulting Os(VIII)-ligand complex acts as an active catalyst and is added
oxidatively to α-methylstyrene in a concerted [3+2] cycloaddition. This
mechanism was first proposed by Criegee in 1936 and ensures the syn-addition,
which yields the cyclic monomeric glycolate osmium(VI) ester [20]. Potassium
carbonate (K2CO3) as a base supports the following hydrolysis of the complex by
which both 2-phenylpropane-1,2-diol concomitant and ligand are liberated to the
organic layer and K2[OsO2(OH)4] to the aqueous phase. In the final step,
K3Fe(CN)6 acts as the cooxidant and reoxidizes K2[OsO2(OH)4] to Os(VIII)
represented

as

potassium

dihydroxotetraoxoosmate

(K2[OsO4(OH)2]).

Dissociation of two potassium hydroxide molecules then completes the catalytic
cycle [19,21].
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Figure 3: Mechanism of the Sharpless asymmetric dihydroxylation of an olefin
with K3Fe(CN)6 as oxidant. (Figure adapted from Kolb et al. [21]).

As mentioned, (achiral) ligands are crucial in order to achieve rate accelerations.
As the first ones, Sharpless and coworkers have tested chiral versions which
have led to the introduction of enantioselectivity into dihydroxylations [18].
Remarkably, high enantioselectivities up to >99.5% ee are obtained when using
ligands of the phthalazine class, such as 1,4-bis(dihydroquinidinyl)phthalazine
((DHQD)2-PHAL) and 1,4-bis(dihydroquininyl)phthalazine ((DHQ)2-PHAL) [22].
The ligand transfers its defined chiral information by complexing both the prochiral olefin and OsO4 within its U-shaped pocket. In this conformation one side
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of the substrate is sterically hindered by the ligand´s presence, hence, the
nucleophilic addition of the catalyst can just occur from the other side [23]. By
using the biphasic system, a premature re-oxidation of the cyclic osmium(VI)
monoglycolate ester, which would have caused the loss of the chiral information,
is prevented [19]. The mnemonic, shown in Figure 4, sketches out how the use of
(DHQ)2-PHAL

or

(DHQD)2-PHAL

influences

the

product´s

enantiomeric

configuration.
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Figure 4: Mnemonic for the Sharpless asymmetric dihydroxylation (SADH). The
face selectivity can be predicted using the mnemonic device. The prochiral olefin
with a largest (RL), a medium-sized (RM) and a smallest (RS) substituent build a
complex with OsO4 and the ligand. The resulting chiral environment is based on
the exposure of just one face of the alkene to the oxidant. Following attack can
either happen from the β-face when using (DHQD)2-PHAL or from the α-face
when using (DHQ)2-PHAL. This leads to the formation of distinct enantiomers.
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The combination of K2[OsO2(OH)4], K3[Fe(CN)6], K2CO3 and one of the chiral
PHAL ligands, by now commercially available as asymmetric dihydroxylation mix
(AD-mix), has become a milestone in chemistry [18]. It allows the use of a broad
range of substrates since it eliminates the need of an auxiliary or directing
functional group to be part of the educt and gives good yields with high
enantioselectivities [21,24]. Based on that, the dihydroxylation of alkenes was
named as Sharpless asymmetric dihydroxylation and, "for his work on chiral
catalyzed oxidation reactions", Sharpless has been honored with the Nobel prize
in 2001 [22].

2.1.2

Artificial

metalloenzymes

in

the

asymmetric

dihydroxylation

The development of an artificial metalloenzyme includes the exploration of a
suitable catalytic metal-center that is incorporated into a protein scaffold, and a
corresponding catalytic reaction that runs under mild conditions. The asymmetric
dihydroxylation (AD) of olefins is a well-characterized reaction and runs in a
mixture of water and organic solvent using OsO4 as catalytic metal [25]. The biphasic organic/aqueous reaction medium is beneficial for the use of protein
scaffolds, as they remain stable in the aqueous phase during catalysis.
Accordingly, the use of a protein as chiral ligand was already attempted by
Kokubo et al. in 1983. He used a catalytic osmate-BSA complex in the cisdihydroxylation of alkenes, reaching an enantiomeric access (ee) of 68% [25].
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The Ward group continued with the work and screened several protein scaffolds
in the AD, with streptavidin (SAV) reaching the highest ee of 96% with αmethylstyrene as substrate [26]. Hereby, various exposed amino acid residues of
SAV were identified to ligate osmium and to be responsible for the chiral
induction. However, different substrates as well as different concentrations of
osmium generated diverging results in the ee. The effort to engineer the
enantioselectivity through protein engineering did not work out as desired, as the
effect of the multiple ligating residues was difficult to predict. Though, SAV
proofed to be a stable host scaffold in the AD using OsO4 as catalytic metal in
combination with K3[Fe(CN)6] and K2CO3 in aqueous solution.
Great progress in the AD with artificial metalloenzyme was achieved using
polymer-enzyme conjugates (PECs) as osmium ligands [27]. Hereby, enzymes
were conjugated with poly(2-methyl-oxazoline), resulting in enhanced solubility
and activity in organic solvents as well as aqueous solutions. High ee were
achieved with a modified laccase-PEC for several substrates (99.4% for αmethylstyrene), however, with slow rates.
An engineered artificial metalloenzyme with a well-defined catalytic site for the
AD was designed by Fujieda et al.. Hereby, osmium was bound to a cupin
protein by dative anchoring, using four histidine residues in the cleft of the
protein. The AD was carried out in aqueous solution with good yields, using
peroxide as oxidant. However, no enantioselectivity was achieved and the
products were formed racemic [28].
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2.1.3 Objectives
The asymmetric dihydroxylation (AD) is a well-established catalytic reaction in
the catalytic chemistry with several developed chiral ligands, mainly based on
quinidine and quinine. Most of the olefins are converted with good selectivities
and activities, however, the cis-dihydroxylation of olefins still challenging [26].
Going towards green chemistry, affords have been made to establish an effective
and tunable artificial metalloenzyme for the AD. The developed systems enabled
the conversion of olefins with high ee and moderate yields. However, all systems
lack in either tunability, selectivity or turnover number.
The aim of the work was to engineer a well-defined platform for a single-site
artificial metalloenzyme for the AD, using the biotin-streptavidin technology.
Hereby, SAV as host scaffold should be combined with biotin-linked ligands,
forming a SAV-ligand complex with the catalytic osmium bound into the tunable
chiral SAV cavity. The SAV scaffold should be modified in order to diminish
unspecific osmium binding to free amino acid residues, in order to create a single
catalytic site in the SAV cavity. Following the previously reported application of
polymer-enzyme conjugates, SAV should further be modified by polyethylene
glycol (PEG) chains in order to increase the stability and solubility of the protein.
The created single-site artificial metalloenzyme should be tested in the AD,
enabling the selective conversion of olefins with high turnover numbers.
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2.2

Results

2.2.1 Design of osmium(VIII) chelating biotin-ligands

Sharpless and co-workers developed several ligands for the osmium-catalyzed
asymmetric dihydroxylation (AD). Based on the ligand acceleration effect of the
Sharpless ligands the turnover numbers were greatly enhanced [21]. Here,
biotin-coupled ligands were designed based on known SADH ligands. Those
biotin-coupled ligands should on the one hand provide the anchor of the
chelating ligand into the right position, the SAV binding pocket, and further
provide strong ligation of the OsO4 to the open cavity of SAV, providing a single
site catalytic center. The first reported acceleration of the osmium catalyzed
reaction used pyridine as accelerating agent [14]. Based on that, the biotinpyridine ligand (Biot-py) was designed (Figure 5A). Moreover, quinuclidine was
shown to form a reactive quinuclidine-OsO4 complex and to have a stronger
affinity to OsO4 than pyridine [17,29]. Therefore, a biotin-linked quinuclidine
ligand, biotin-quinuclidine (Biot-Q), was designed (Figure 5B). However, both
ligands do not provide a chiral induction. Therefore, the SAV binding pocket as
secondary coordination sphere should provide the chiral environment for the
reaction.
The most prominent and frequently used ligands in the AD are cinchona alkaloid
ligands, providing chiral product formation with good enantiomeric excesses [21].
The alkaloid core ensures high rates, binding and solubility [15]. Based on the
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environment of the oxygen O9, the enantioselectivity of the ligand is influenced.
Here, the biotin-dihydroquinidine (Biot-DHQD) and the enantiomer biotindihydroquinine (Biot-DHQ) were designed, providing a chiral primary coordination
sphere that should be combined with the secondary coordination sphere of the
protein (Figure 5C/D).

B) Biotin-quinuclidine (Biot-Q)

A) Biotin-pyridine (Biot-py)
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Figure 5: Designed biotin-ligands for the osmium-catalyzed asymmetric
dihydroxylation. The ligands were synthesized by the Sungyoung company Co,
Ltd., Seoul, South Korea.
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2.2.2

Engineering of the streptavidin host scaffold

In order to build a single-site artificial metalloenzyme with one catalytic metal
center in the SAV binding pocket, unspecific binding of metal ions to the SAV
scaffold were diminished. Here, amino acid point mutations were performed at
position H87 and H127 in order to remove the unspecific binding of osmium
tetroxide to the imine group of the histidine side chain. Both histidines were
substituted with non-coordinating polar amino acids and the histidine-free SAV
variants was created. As histidine H87 was reported to be important for the
proper folding of the SAV [26,30], it was substituted with an asparagine. In
modeling experiments asparagine showed the ability to build the necessary
hydrogen bond in the antiparallel beta-sheet and, hence, stabilizes the secondary
structure of the protein. The histidine H127 on the other hand was substituted by
the polar residue tyrosine. The resulting double histidine mutant H87N H127Y
was named SAV dHis.
In the second step, the SAV protein was subjected to chemical modification in
order to remove the amine group of the exposed lysines. Therefore, MS-PEG4NHS-ester and PEG12-NHS-ester were used for the PEGylation of the protein
surface. The N-hydroxysuccinimide (NHS) ester reacts with the primary amines
of SAV at basic pH (7-9) spontaneously and transfers the methyl-polyethylene
glycol (MS-PEGn) to the protein side chain. Beside the six lysines
(K80/121/132/134/144/145) of the SAV monomer, the N-terminal amide of the
polypeptide chain is also affected by PEGylation. The resulting PEGylated
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tetrameric SAV exhibits a total of 28 PEGylated positions located at the protein
surface. Beside the protection of the primary amines of the protein, the
PEGylation increases the solubility of the protein in both water and organic
solvents and further increases the rigidity and thermo stability of the host scaffold
[3]. In Figure 6 the schema of the designed single-site artificial metalloenzyme
(SAV-monomer) for the SADH is shown. The Biotin-py ligand binds the osmium
tetroxide into the SAV binding pocket, providing the secondary coordination
sphere to the catalytic metal center.
H 3C O
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K80-PEG4

O
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N87
K134-PEG4

O
O
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Figure 6: Schematic model of single-site artificial metalloenzyme. The methylPEG4 modified SAV dHis (monomer) with integrated Biot-py ligand and bound
catalytic osmium tetroxide is shown. The Biot-py was modeled into the SAV
binding pocket (template structure: PDB 2QCB) and energy minimized using
YASARA.
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2.2.3 Expression and purification of the SAV protein

The SAV protein scaffold was expressed using an optimized protocol after
Humbert et al. [31]. The production of SAV is known to be toxic for the host cells,
as

they

suffer

from

biotin

depletion.

Therefore,

the

E. coli

strain

BL21(DE3) pLysS in combination with the pET expression vector was utilized as
expression system. The strain effectively suppresses the basal expression of the
T7 promoter of the pET plasmid, preventing leak expression of SAV. Additionally,
D-glucose was added to the expression medium that inhibits the transcription
from the lac-promoter, regulating the T7-polymerase expression [32,33]. The
host cells, containing the expression vector pET11-SAV, were grown to a high
cell density with an OD600 of ~ 1.8 before induction. The protein expression was
induced with the addition of IPTG and the expression temperature was reduced
to 30 °C. The overnight expression resulted in high yield production of soluble
SAV wt and SAV dHis (Figure 7A). After affinity purification with an iminobiotin
column, the purified fraction showed the produced SAV and further a
contaminant protein at ~ 20 kDa. This contaminant protein, most probably the
acetyl-CoA

carboxylase,

was

removed

by

subsequent

neutralization buffer and water by precipitation (Figure 7B).

dialysis

against
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Figure 7: SDS-PAGE of Expression and Purification of SAV dHis. (A) Expression
of SAV dHis in E. coli (DE3)pLysS (S1 –supernatant of cell lysate before
induction, S2 – supernatant of cell lysate after overnight expression); (B)
Purification of expressed SAV dHis (F1 – purified protein fraction after affinity
purification, F2 – fraction after dialysis in neutralization buffer/ water). The SAV
dHis monomer band is visible at ~ 16 kDa.

The production of SAV wt and SAV dHis resulted in a protein yield of 101 mg L-1
and 40 mg L-1 with a purity of >95%. The free binding pockets of the produced
SAV were analyzed by titration with biotin-4-fluorescein (B4F). The SAV wt
contained ~95 - 100% functional free binding pockets, whereas SAV dHis
contained ~50 - 55% of functional free binding pockets.

2.2.4 Binding studies of the SAV-ligand complex

The effective binding of the biotin-ligands Biot-py, Biot-Q and Biot-DHQD to the
SAV pocket was analyzed by blocking studies using the B4F titration assay. The
corresponding biotin-ligand was incubated in a stoichiometric amount with SAV
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and subsequently titrated with B4F. The amount of ligand occupied pockets was
calculated from the titration curves. No effective binding of the Biot-py ligand was
found, probably due to decomposition of the compound (Figure 8A). Therefore,
Biot-py was excluded from further studies. Effective binding was found for the
Biot-Q and Biot-DHQD/DHQ ligands with ~90% occupied SAV pockets when
incubated 1:1 with SAV (Figure 8B/C). Those functional ligands were used for the
following catalysis reactions.
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Figure 8: Blocking studies of SAV wt with Biotin-Ligands. Different ratios of
ligand to SAV wt were incubated and the free binding pockets were measured by
titration with B4F. The number of blocked pockets was calculated. Ligands:
(A) Biot-py, (B) Biot-Q and (C) Biot-DHQD.
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2.2.5 Thermal stability of the SAV-ligand complex

The thermal stability of SAV with the bulky Biot-DHQD was analyzed in order to
gain insight into the overall stability of the complex. The melting curves were
measured by circular dichroism (CD) spectroscopy using a thermal gradient from
20 – 95 °C and the melting temperatures Tm were calculated from the curves.
The thermal stability of the SAV wt and SAV dHis with and without Biot-DHQD
were compared (Figure 9). Surprisingly, the bulky Biot-DHQD ligand improved
the thermal stability of both SAV wt and SAV dHis remarkably above 100 °C. The
thermal stability of the SAV-ligand complex was nearly as good as of SAV with
naturally bound biotin. Chemical modification of the protein by PEGylation further
enhances the thermal stability notably Table 1.

Table 1: Melting temperature of PEGylated SAV wt and dHIs with/without ligand.

Tm [°C]

SAV wt-PEG4

SAV dHis-PEG4

SAVwt-PEG4

SAV dHis-PEG4

[3]

[3]

+ Biot-DHQD

+ Biot-DHQD

92

90

> 100

> 100

34
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8
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Figure 9: Melting curves of SAV wt (A) and SAV dHis (B). The melting curves
were measured with SAV apo, with bound biotin or bound Biot-DHQD.

2.2.6 Enantioselective cis-dihydroxylation with the SAV-ligand
complex

The following results of the catalytic reactions were measured together with the
intern student Julia Polishchuk, RWTH Aachen.
The concept of the single-site artificial dihydroxylase was tested in the cisdihydroxylation of olefins after the protocol of Koehler et al. [26]. The
dihydroxylation of α-methyl styrene to 2-phenyl-1,2-propanediol was used as
standard reaction (Figure 10). The reaction was carried out in aqueous solution
(0.2 ml) containing the osmate redox mix with 120 mM potassium ferricyanide
(K2[Fe(CN)6), 120 mM potassium carbonate (K2CO3) and 2.5 mol% potassium
tetrahydroxo-dioxoosmate(VI) (K2[OsO2(OH)4),]). The reaction was started with
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the addition of 6 mmol of α-methyl styrene and the reaction was stirred for 24 h at
room temperature. After reaction the organic compounds were extracted and
analyzed by chiral HPLC (Figure 11). The yield of the products was determined
using a standard curve with 2-phenylethanol as internal standard.

2.5 mol% K 2[OsO 2(OH) 4]
120 mM K 2CO3, K 3[Fe(CN) 6]

OH

HO
OH

OH

H 2O, RT, 24 h

α-methyl styrene

2-phenyl-1,2-propanediol

6 mmol, 0.7 mg

6 mmol, 0.9 mg

Figure 10: Asymmetric cis-dihydroxylation of α-methyl styrene to 2-phenyl-1,2propanediol.

Figure 11: HPLC-chromatogram of the separation of the reaction product. The
starting
material
α-methyl
styrene
and
the
internal
standard
2-phenylethanol are visible as well as the (S)-2-phenyl-1,2-propanediol and (R)2-phenyl-1,2-propanediol. The compounds were separated using a Chiralpak
IA-3 column.
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The biotin-ligands Biot-Q, Biot-DHQD and Biot-DHQ were tested first without
protein in order to analyze the effect of the ligands on the enantioselectivity. In
Table 2 the resulting enantiomeric excess (ee) of the resulting product is shown.
The ligand Biot-Q showed no effect on the ee, whereas the ligands Biot-DHQD
and Biot-DHQ showed both enantioselectivity, with an ee of -23% and 20%
respectively. Because of severe fluctuating yields of replicated reactions,
probably caused by the small reaction volumes and losses during extraction, the
yield % are not shown in the following.

Table 2: Effect of biotin-ligands on the enantioselectivity
Protein

Ligand

ee [%]

no protein

-

0

no protein

Biot-Q

0

no protein

Biot-DHQD

-23

no protein
Biot-DHQ
20
The reaction was performed using 2.5 mol% Biot-ligand in dH2O, mixed with the
redox solution (120 mM K2[Fe(CN)6, 120 mM K2CO3) containing 2.5 mol%
K2[OsO2(OH)4).

For the following reactions with protein, the reaction conditions were adjusted for
in the cis-dihydroxylation using decreased amounts of K2[Fe(CN)6 and K2CO3 in
the redox mix as shown in Figure 12, to ensure the stability of the protein [26].
The amount of catalytic osmium and ligating SAV was reduced to 1.25 mol%.
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1.25 mol% SAV
1.25 mol% K 2[OsO 2(OH) 4]
90 mM K 2CO3, K 3[Fe(CN) 6]

OH

HO
OH

OH

H 2O, RT, 24 h
6 mmol
0.7 mg

6 mmol
0.9 mg

Figure 12: Adjusted reaction conditions for the asymmetric cis-dihydroxylation
using SAV as host scaffold in the reaction.

The enantioselective effect of SAV wt and SAV dHis and the osmium loading
was investigated using different stoichiometric ratios of osmium in the reaction
(Table 3). The highest ee was found with 1 or 2 eq. molar osmium for both SAV
wt and dHis, whereby coinciding results were obtained. Taking 3 - 4 eq. molar
osmium, a substantial drop in ee was seen for both SAV proteins and another
drop was seen for SAV wt with 5 - 6 eq. molar osmium loading (Figure 13).
However, SAV dHis overall revealed lower ee than SAV wt. The histidine
residues are strong ligating ligands for osmium and seemed to have a strong
influence on the enantioselectivity of the reaction. With the deletion of the
histidine residues, a strong impact can be seen on the ee. Furthermore, two
other residues seem to have a major impact on the ee, that’s may be seen in the
second drop in ee of SAV wt. This coincides with the ee drop of SAV dHis. The
additional modification of the free lysines by PEGylation should completely
diminish the binding of osmium to the SAV residues and inhibit the unspecific
enantioselectivity.
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Table 3: Different osmium loadings of SAV wt (A) and SAV dHis (B).
A) SAV wt
Protein

Loading

ee [%]

SAV wt

1 eq. OsO4

-79

SAV wt

2 eq. OsO4

-80

SAV wt

3 eq. OsO4

-67

SAV wt

4 eq. OsO4

-68

SAV wt

5 eq. OsO4

-53

SAV wt

6 eq. OsO4

-50

Protein

Loading

ee [%]

SAV dHis

1 eq. OsO4

-51

SAV dHis

2 eq. OsO4

-51

SAV dHis

3 eq. OsO4

-38

SAV dHis

4 eq. OsO4

-37

SAV dHis

5 eq. OsO4

-36

SAV dHis

6 eq. OsO4

-35

B) SAV dHis

The reaction was performed using 1.25 mol% SAV in dH2O, mixed with the redox
solution

(90 mM

K2[OsO2(OH)4).

K2[Fe(CN)6,

90 mM

K2CO3)

containing

1.25 - 7.5 mol%
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Figure 13: Effect of various OsO4 loadings on SAV wt and SAV dHis. The
cis-dihydroxylation of a-methoxystyrene was carried out using SAV as ligand with
varying equimolar amount of OsO4.

In the following the effect of the PEGylation on the unspecific induced
enantioselectivity of SAV was tested. For that SAV wt and SAV dHis with methylPEG4 and methyl-PEG12 modification were tested using ~0.9 eq. molar osmium
in the reaction. Remarkably, the PEGylation of the SAV’s primary amines
resulted in almost complete reduction of the unspecific ee%, resulting in 5% for
SAV wt-PEG4 and 2% for SAV dHis-PEG4 (Table 4). The combination of the dHis
mutation and the methyl-PEG4 modification was found to be most successful, as
it almost reached racemic product formation. The PEG4 modification was found to
be more successful than the PEG12 modification. This may be explained by the
uncompleted modification of SAV by methyl-PEG12, as not all free residues were
accessible by PEG12 [3].
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Table 4: Effect of SAV and SAV-PEG with and without PEGylation.
Protein

Ligand

ee [%]

SAV wt

-

-96

SAV wt (PEG4)

-

5

SAV wt (PEG12)

-

-15

SAV dHis

-

-51

SAV dHis (PEG4)

-

2

SAV dHis (PEG12)

-

4

The reaction was performed using 1.25 mol% SAV in dH2O, mixed with the redox
solution (90 mM K2[Fe(CN)6, 90 mM K2CO3) containing 1.1 mol% K2[OsO2(OH)4).

The effect of the SAV with bound ligands was tested. The SAV wt and SAV dHis
with and without PEGylation were tested using ~0.9 eq. molar osmium in the
reaction. Surprisingly, the combination of unmodified SAV wt/dHis with the Biot-Q
ligand showed low ee of ~ (-4) – (-5)% (Table 5). The previously observed high
ee induced by SAV wt/dHis without ligands was not observed. This might be
explained by the strong chelating effect of the quinuclidine ligand that binds the
free osmium effectively and prevents unspecific binding to the scaffold. The
same effect was observed with SAV bound Biot-DHQD, showing ee of ~(-16) –
(20)%. The SAV-PEG4 in combination with Biot-Q reached higher ee of (-32) – (34)%, whereas SAV-PEG12 showed lower ee of ~4 - 6%.
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Table 5: Effect of SAV with bound biotin-ligands on the enantioselectivity.
Protein

Ligand

ee [%]

SAV wt

Biot-Q

-4

SAV wt (PEG4)

Biot-Q

-32

SAV wt (PEG12)

Biot-Q

4

SAV dHis

Biot-Q

-5

SAV dHis (PEG4)

Biot-Q

-34

SAV dHis (PEG12)

Biot-Q

6

SAV wt

Biot-DHQD

-16

SAV dHis

Biot-DHQD

-20

The reaction was performed using 1 mol% SAV/Biot-ligand in dH2O, mixed with
the redox solution (90 mM K2[Fe(CN)6, 90 mM K2CO3) containing 1.1 mol%
K2[OsO2(OH)4).
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2.3

Discussion

In this work, the biotin-streptavidin technology was utilized for the development of
a

single-site

artificial

metalloenzyme

for

the

Sharpless

asymmetric

dihydroxylation (AD) of olefins. Starting with the design of osmium-chelating
ligands, the biotin-linked Biot-py, Biot-Q, Biot-DHQD and Biot-DHQ ligands were
synthesized. The ligands provide strong osmium binding and reaction
acceleration on the one hand, and proper anchoring of the ligand into the SAV
binding pocket via the linked biotin on the other hand. The chiral secondary
coordination sphere around the osmium-ligand complex is provided by the SAV
cavity. In order to provide a suitable host scaffold, SAV was genetically
engineered and modified in order to prevent unspecific osmium binding to the
SAV surface residues. As reported previously by Koehler et al., binding of OsO4
was found at the free histidine and lysine residues of the SAV exposed surface,
inducing unanticipated selectivities in the AD [26]. Therefore, the SAV dHis
mutant with substituted histidine residues was created. The SAV dHis mutant
was soluble and functionally expressed with moderate yields and about ~55%
functional free binding pockets, making it an adequate host protein scaffold.
Using chemical modification, the primary amines of the free lysines were used for
the PEGylation of the protein. The PEG4/12-modification covered the ligating
group of the lysine, preventing unspecific osmium binding, and further enhanced
the thermal stability as well as the overall solubility of the SAV scaffold [3,27].
The SAV-ligand complexes were tested for proper binding of the ligands into the
SAV binding pocket. Surprisingly, the Biot-py ligand revealed no binding to the
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SAV protein and was therefore excluded from further analysis. Reasons may be
the decomposition of the ligand or the cross reaction with other compounds. All
other biotin-ligands showed proper binding with 90% occupied SAV binding
pockets in an equimolar mixture. Furthermore, the stability of the SAV-DHQD
complex was tested, as the bulky DHQD group might lead to the destabilization
of the SAV structure. Remarkably, the SAV-DHQD complex showed an
increased thermo stability with a Tm of >100 °C for both SAV wt and dHis that is
comparable with the thermo stability of the natural SAV-biotin complex. This
finding suggests high structural stability of the SAV-DHQD/DHQ complex,
making it a promiscuous candidate for the AD reaction.
The catalytic functionality was tested for the biotin-ligands, the host scaffolds
SAV wt and dHis with and without PEGylation, and the SAV-ligand complex in
the Sharpless AD using α-methylstyrene as starting material. Unfortunately, the
yield of the reactions was not consistent, probably due to problems in the
extractions of small volumes. However, the enantiomeric access were accessible
and used to study the catalysts in the AD.
The catalysis with the unbound biotin-ligands showed racemic conversion for
Biot-Q, whereas Biot-DHQD and Biot-DHQ showed ee of ~ 20 - 23% for either
the (R)- or the (S)-enantiomer of the product. Coinciding with the previously
reported results by Kohler et al., the unmodified SAV wt showed 96% (R) ee
(0.9 eq. OsO4) by unspecific selectivity [26]. The substitution of the histidine
residues resulted in the reduction of the unspecific enantioselectivity, with SAV
dHis showing an ee of 55% (R) (0.9 eq. OsO4). The additional modification of the
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lysine residues by PEGylation almost completely eliminated the unspecific
osmium binding of the host scaffold. Noticeably, SAV dHis-PEG4 showed almost
racemic conversion with 2% (S) ee, making it an optimal host scaffold for the use
of metal chelating biotin-ligands in the AD, but also in other reaction with free
catalytic metal ions.
The Biot-Q ligand bound to unmodified SAV wt or dHis showed low ee of
4 - 5% (R) (0.9 eq. OsO4). Due to the high binding affinity of quinuclidine, the
ligand probably competed successfully with the unspecific binding of the free
SAV

residues.

However,

the

SAV

binding

pocket

did

not

provide

enantioselectivity, resulting in low ee. Analogous, Biot-DHGQ ligand bound to the
SAV wt or dHis mutant resulted in similar ee as seen with free Biot-DHQD.
Similarly, the SAV secondary coordination sphere did not provide chirality for the
reaction. Surprisingly, the ee increased up to 32 - 34% (R) when using Biot-Q
with the PEG4-modified SAV protein. The lysine K121 at the open cavity of SAV
is located in close proximity to the catalytic site. The lysine linked PEG4-chain
most probably influences the enantioselectivity of the reaction. The further
modification of the cavity of SAV by the introduction of chiral hydrophobic
residues might enhance the enantioselectivity of the reaction. However, the
overall stability of the host protein is affected by multiple hydrophobic mutations,
resulting in miss folding and inclusion body formation, as seen in previous
experiments [3]. Directed evolution and screening methods might lead to a stable
and enantioselective SAV host scaffold, tailored for the specific product
formation.
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3. Structural investigation of a dirhodium artificial
metalloenzyme
3.1

Introduction

3.1.1 SAV-dirhodium artificial metalloenzymes for carbenetransfer reactions
In the homogenous catalysis dirhodium(II) tetracarboxylates are greatly
employed in the catalysis of carbene-transfer reactions. Because of their great
stability and high catalytic efficiency under physiological conditions, dirhodium(II)
tetracarboxylates were also successfully employed for several application in the
medical biology as the modification of DNA and the metal uptake within tumor
cells [34,35]. Moreover, a dirhodium complex linked to a peptide scaffold was
successfully used for protein modification and cell imaging by Ball et al. [36].
Furthermore, an artificial metalloenzyme based on a prolyl oligopeptidase
scaffold with an integrated dirhodium carboxylate was established and
successfully applied in the enantioselective cyclopropanation reaction for the
creation of chiral cyclopropanes [37].
In my previous research work, a dirhodium artificial metalloenzyme was created
using the biotin-streptavidin technology with streptavidin as the host protein and
a biotin-linked dirhodium tetracarboxylate complex (Biot-diRh) as catalytic unit
(Figure 14).
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Figure 14: Schema of the SAV-dirhodium artificial metalloenzyme. The
Streptavidin tetramer is used as the host protein for the catalytic organometallic
dirhodium complex (Biot-Ar(CO2)2Rh2(OAc)2) that is bound through the linked
biotin into the SAV cavity. The SAV cavity provides the chiral secondary
coordination sphere during the catalytic reaction (Figure adapted from [3]).

The SAV cavity was genetically modified in order to make the cavity more
hydrophobic and chiral. Therefore, amino acid residues in close proximity to the
catalytical dirhodium complex were substituted and exchanged with hydrophobic
residues. The created SAV-dirhodium complexes (SAV-diRh) were successfully
applied in the asymmetric cyclopropanation reaction of olefins and reached
moderate yields with enantioselectivities up to 49% ee [3]. The tunability of the
secondary coordination sphere, the high stability and the easy production of the
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SAV-diRh complex make this dirhodium ArM system versatile and applicable for
various carbene-transfer reactions. In order to gain insight into the structure of
the SAV-diRh complex, the structure resolution was attempted by protein
crystallization, however, no crystals were obtained [3]. Thus, structural
information gained by another method is highly appreciable, as the precise
positioning of the dirhodium complex in the SAV cavity might lead to improved
rational designed SAV scaffolds.

3.1.2 Small-angle x-ray scattering for structural analysis of
proteins

Small angle x-ray scattering (SAXS) is used to analyze structure and interaction
of biological macromolecules in solution. The advantage of SAXS over
crystallization is that no protein crystals are needed and the actual
thermodynamic state of the protein in solution is measured, whereas a protein
crystal does not necessarily reflect the natural conformation [38]. The basic
principle is to beam monochromal x-rays through a sample, whereby x-ray
photons are scattered elastically off the molecules in the sample. Hereby, the
scattering intensity (I) is recorded at small angles as a function of the momentum
transfer (q), containing the information of the global structure and conformation of
the sample, whereby the solvent scattering is subtracted (Figure 15). The
resolution of SAXS is best at low angles (2 - 3 nm), giving information of the
molecular shape. At medium resolution of 0.5 - 2 nm the overall fold of the
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molecule may be resolved; however, the differences are less pronounced. Higher
resolution of ≤ 0.5 nm, the curves get very similar and thus are not suited for
atomic structure analysis [39]. Nevertheless, for the analysis of macromolecular
structure complexes in solution, SAXS is highly reliable and convenient method
[40].

Figure 15: Schematic small-angle x-ray scattering (SAXS) setup. The intensity of
the SAXS is recorded as a function of the momentum transfer q [A-1], whereby q
= 4π sin(θ)/λ, with 2θ = total scattering angle, λ = x-ray wavelength. (Figure and
legend description derived from [38]).
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3.1.3

Objectives

The previously reported SAV-diRh artificial metalloenzyme was successfully
employed in the cyclopropanation reaction with moderate ee of 49% using αmethylstyrene as substrate [3]. In order to engineer the catalytic site in the cavity
of SAV for higher selectivities, structural resolution of SAV with bound Biot-diRh
complex is essential. Protein crystallization was carried out in order to gain
structural information of the SAV-diRh complex, however, no crystal growth of
the SAV-diRh complex were achieved.
In this work, the structural resolution of the SAV-diRh complex in solution was
tried using small-angle x-ray scattering (SAXS). The structural information should
provide the well-defined positioning of the dirhodium complex in the SAV cavity,
revealing the key residues of the chiral binding pocket that induce enantiomeric
conversion of the substrates.
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3.2

Results

3.2.1 Modeling of various SAV-dirhodium (SAV-diRh) states

In order to analyze the SAV-diRh complex by small-angle x-ray scattering
(SAXS), several structural models of possible SAV-diRh compositions are
needed to fit the SAXS data. Based on the previously established SAV-diRh
structure model, two additional variants with rotated dirhodium complexes in the
binding pocket were created using YASARA. For that the dirhodium complex was
rotated dihedral at the variable N-C axis to either side of the protein pocket,
whereby all ligands were identically rotated in all four binding pockets as depicted
in Figure 16, resulting in three different models (model1 = angle 0.51, model2 =
angle 0.74, model3 = angle 0.98). Additionally, the crystal structure of SAV wt
apo in open and closed form (with bound C-tail in the binding pocket, PDB
2BC3), as well as SAV wt with bound biotin, were used to fit the SAXS data.

51

Figure 16: Model of SAV binding pocket with integrated Biotin-diRh complex.
The Biotin-dirhodium complex was rotated at the N-C axis, resulting in three
different models as depicted in the picture. The models were made using
YASARA [41].

3.2.2 Measurements of small-angle x-ray scattering

The structural investigation of the SAV-diRh complex was done using smallangle x-ray scattering (SAXS). The SAXS measurements of the samples and the
fitting of the data were done by Prof. Stefan T. Arold and co-workers, King
Abdullah University of Science and Technology.
The samples of the SAV wt and the enantioselective mutants SAV S112A K121A
and SAV S112A K121L with bound Biot-diRh ligand were measured. As control
the empty SAV wt apo protein was measured. The samples were prepared in the
alkaline Na-carbonate pH 10 buffer, where the SAV-diRh complexes are known
to be most stable and soluble. The samples were analyzed at the Synchrotron
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SOLEIL and were measured at a resolution of 0.37 Å-1 (data points: 800) and
0.27 Å-1 (data points: 583). The data was fitted against the different curves of the
calculated models using MultiFoXS as demonstrated in Figure 17 [42]. The Chi2
values are shown in Table 6 for the SAV wt apo form and Table 7 for the different
SAV variants with bound Biot-diRh ligand.
The SAXS measurement of the SAV wt apo revealed a good fit for the
combination of the Apo open and closed form with ~90% in the open formation
and ~10% in closed formation (Table 6, Comb2). Surprisingly, the measurement
of the SAV variants with bound Biot-diRh ligand did not fit well with any of the
created SAV-diRh structure models. The closest fit of all SAV-diRh samples was
found with the biotin-bound SAV complex. However, the SAV-diRh dataset was
noisier compared with the SAV wt apo dataset.
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Figure 17: Small-angle x-ray diffraction profile of SAV wt apo and SAV wt, SAV
S112A K121A and SAV S112A K121L with bound Biotin-dirhodium complex. The
data were measured at a resolution of 0.37 Å-1 (data points: 800) (A) and 0.27 Å-1
(data points: 583) (B). The data was fitted with the models using MultiFoXS [42].
In the figures the best fitting model is shown in red and the second best is shown
in green/blue.
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Table 6: Comparison of the SAXS data of SAV wt apo with the predicted models.
Chi2

Apo-closed

Apo-open

Biotin-open

Comb2

SAV wt apo - 800

20.1

1.55

1.46

1.42 (0.92; 0.08)

SAV wt apo - 583

27.4

1.7

1.47 (0.90; 0.10)

The calculated Chi2 values are shown for the measured SAV wt apo at the
resolution of 800 Å -1 and 583 Å -1. Com2 is a 2-state model of Apo-open/closed
with given ratios in brackets. The fitting was done using MultiFOXS [42].

Table 7: Comparison of the SAXS data of SAV wt (1), SAV S112A K121A (2)
and SAV S112A K121L (3) with the predicted models.
Apo-

Apo-

Biotin

Biotin-Rh2

Biotin-Rh2

Biotin-Rh2

closed

open

-open

- angle 0.51

- angle 0.74

- angle 0.98

SAV1-800 res

15.7

1.84

1.77

2.51

2.44

2.43

SAV1-583 res

21.46

2.25

-

3.13

3.04

3.04

SAV2-800 res

9.63

1.64

1.62

2.13

2.07

2.07

SAV2-583 res

13.0

1.87

-

2.51

2.44

2.44

SAV3-800 res

17.2

2.68

2.63

3.57

3.46

3.47

SAV3-583 res

23.5

3.31

-

4.50

4.35

4.38

Chi2

The calculated Chi2 values are shown for the measured SAV wt apo at the
resolution of 800 Å -1 and 583 Å -1. The fitting was done using MultiFOXS [42].
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3.3

Discussion

The development of suitable hybrid biocatalysts by combining the catalytic
potential of an organometallic catalyst and the efficient selectivity of biological
scaffolds is a main goal in the development of artificial metalloenzymes. The
structural resolution of such artificial metalloenzymes is highly demanded, as the
information of the interaction of the homogenous catalyst and the biological
scaffold is needed for advanced engineering approaches and mechanistic
studies.
Here, the structural resolution of a dirhodium artificial metalloenzyme with
streptavidin as biological scaffold and an integrated dirhodium carboxylate
complex as catalytic unit was attempted. In previous studies, the structural
resolution by crystallization of the SAV-diRh complex was attempted, however,
upon binding of the Biot-diRh complex to the SAV scaffold the co-crystallization
was hindered. This might be due to the high hydrophobicity and flexibility of the
dirhodium complex in the SAV binding pocket, inhibiting the growth of an ordered
crystal. Soaking experiments of SAV crystals with Biot-diRh resulted in cracked
crystals without intact diffraction pattern that hints on a major structural change in
the crystal [3]. In literature, several other artificial metalloenzymes with integrated
dirhodium complexes were attempted, however, no crystal structures were
archived until now [43].
In this thesis the structural resolution of the SAV-diRh complex in solution was
attempted by SAXS. As the crystal structure of the tetrameric streptavidin with
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integrated biotin is already known, resolution at atomic levels is not necessary
and thus the SAXS measurement is well suited for the resolution of the proteinligand interaction. Based on the known crystal structure and structure models of
the SAV-diRh complex, the SAXS data could be fitted conveniently on the
calculated model data. The SAXS data of the SAV apo protein without ligand
provided highly reliable data of the protein state, displaying the ratio of open and
closed conformation of SAV in solution. However, the measurement of SAV-diRh
variants did not result into the desired structure data as the best fit was found for
the SAV structure with bound biotin, whereas the fitting with the SAV-diRh
models was far off. Reasons for this might be the structural decomposition of the
Biot-diRh ligand due to the freeze-thaw cycle or the purification through a size
exclusion chromatography (SEC) prior to the measurements, resulting in SAV
with bound biotin and a detached dirhodium complex. This is supported by the
observed brown precipitation of the sample on the SEC, probably representing
the insoluble detached dirhodium complex.
Concluding from the experiments, one can say that SAXS is well suited for the
structural resolution of streptavidin with a biotin-ligand and may be applied for
future structural resolutions of artificial metalloenzymes based on the biotinstreptavidin technology.
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4. Investigation of the structural adaptation of the halothermophilic brine pool 3 DNA-polymerase

4.1

Introduction

4.1.1 Extremophilic DNA-polymerases for application

The DNA-polymerase belongs to the enzyme group of transferases and
catalyzes the transfer of deoxyribonucleotides. It is a ubiquitous enzyme that
synthesizes the complementary DNA strand from a template DNA and plays the
key role in the DNA replication in all living cells (catalytic reaction in Figure 18). In
the molecular biology, DNA-polymerases are employed in the polymerase chain
reaction (PCR), enabling the in-vitro replication of DNA strands that is widely
used in molecular techniques as DNA cloning, sequencing, mutagenesis and
labeling [44].
One of the first discovered thermostable DNA-polymerase was the Taq
polymerase from Thermus aquaticus, which was later established in the first
reliable PCR method in 1988 [45,46]. Due to the thermo stability, the enzyme
could withstand the denaturation step of the DNA at 95 °C and, hence, the whole
cycle of the PCR was enabled to run in a single reaction tube using a protocol
with changing temperatures. Since then, great efforts were done in the discovery
of hyperthermostable DNA polymerases, aiming to provide improved specific
properties in the processivity, the fidelity and the selectivity of the enzyme [44].
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Figure 18: DNA chain elongation reaction catalyzed by DNA polymerase. Colors:
blue – newly synthesized DNA single strand, gray – DNA template single strand,
green – deoxyribonucleotide.

There are seven families of DNA-polymerases that have been classified based
on their amino acid sequence and structural similarity. The most studied ones are
the family A and family B polymerases. The family A, including the Taqpolymerase, exhibits fast extension rates but mostly low fidelity. On the contrary,
the family B, including several archaeal polymerases as the Pfu polymerase from
Pyrococcus furious, shows high fidelity through the 3’-5’ exonuclease activity but
low extension rates [47,48]. The commercially successful established KOD
polymerase of the family B, originated from the hyperthermophilic archaeon
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Thermococcus kodakaraensis, combines both high fidelity and high extension
rates [49].
In Figure 19 the structure of the hyperthermophilic archaeal KOD polymerase
with bound DNA and highlighted conserved domains is shown. There were five
domains identified in the structure of the archaeal family B polymerases, the Nterminal domain, the 3’-5’ exonuclease, the palm, the thumb and the fingers [50].
One half of the disc like structure resembles the common right-hand shape of
polymerases formed by palm, thumb and fingers, whereas the catalytic domain is
located at the palm next to the central hole of the enzyme. The other half of the
disc is formed by the N-terminal and the 3’-5’ exonuclease domain, which
exhibits the exonuclease activity and, hence, the proof-reading of the polymerase
[51].
Because of the advanced properties of the archaeal DNA polymerase family B in
terms of thermostability, high fidelity and processivity, research has focused
extensively on them. Beside enzyme discovery, enzyme engineering methods
were applied in order to create tailored DNA polymerases for a specific purpose.
One method to create novel functionalities is the genetically exchange of a
domain from one enzyme to another, resulting in chimeric DNA polymerases.
Several chimeric archaeal DNA polymerases are commercially available to date
with enhanced functionalities [52].
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Figure 19: Ribbon diagram of hyperthermophilic KOD DNA-Polymerase with
bound DNA in polymerization mode (PDB: 4K8Z). The five domains of the
polymerase are colored as indicated.

4.1.2 Halo-thermophilic BR3 DNA-polymerase from the Red Sea
brine pools

In the PCR the salt concentration of the reaction mix has a major impact on the
activity and functionality of the DNA polymerase and the DNA molecules itself.
The standard PCR uses low salt concentrations of ~50 mM KCl as general DNA
polymerases, including the Taq polymerase, are inhibited under higher salt
conditions. However, for specific protocols for example for the amplification of
short DNA fragments (100 bp – 1000 bp) or for the reduction of non-specific
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primer binding, the increase of the KCl concentration is often recommended
[53,54]. Therefore, the discovery of a thermo- and salt stable DNA polymerases
may be interesting, as varying salt concentration in the PCR may enable
adaptation of the PCR protocol for specific needs.
The Red Sea brine pools are one of the most remote environments on earth,
inhabiting microorganisms that adapted to various extreme conditions as high
salt concentrations, elevated temperatures, high heavy metal contents, depletion
of oxygen and sunlight, as well as high hydrostatic pressures [55,56]. Here, the
gene of the brine-pool-3 DNA-polymerase (BR3 Pol) was annotated from single
amplified genomes (SAG) of uncultured cells derived from water samples of the
Red Sea brine pools [57]. The specific SAG originated from the brine-interphase
region of the Atlantis II deep Red Sea brine pool at a depth of ~2036 m. The
extreme environment of this habitat is demonstrated in a high salt content of 15.1
- 16.8%, elevated temperatures of 57 - 63 °C, a slight acidic pH of 5.6, and high
heavy metal contents of iron, copper and zinc. The Atlantis II deep is anoxic and
contains predominantly N2, high levels of methane and small levels of CO2,
ethane and H2S as dissolved gas [56]. The gene of the BR3 Pol was identified on
two different SAGs (ID: AAA261G05 and AAA261F17) that were extracted from
uncultured archaeon species of the candidate MSBL1 Division (Mediterranean
Sea Brine Lakes 1) [58]. Based on previous caracterized enzymes of the
Atlantis II brine pool, the BR3 Pol was expected to be halo- and thermostable
due to adaptation to the extemes of its habitate [59].
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The BR3 Pol was successfully expressed in E. coli and showed high activity
under increased salt concentrations of 100 mM - 500 mM NaCl (Figure 21A), but
lost activity at lower salt concentrations. In comparision, the commercially
avaiable homologous hyperthermostable Pfu and KOD polymerases were active
up to 20 mM and 100 mM respectively, but lost activity rapidly at higher
concentrations. Remarkebly, the rate and pocessivity of the BR3 Pol was found
to be higher than of the Pfu Pol. Additionally, BR3 Pol showed unusal high
activities in the presence of ZnSO4 (0.2 – 1 mM), whereas the homologous Pfu
and KOD Pol did not show any activity. Further, the BR3 Pol was found to be
thermophilic with good acitvities up to ~55 °C, but not hyper thermophilic as the
Pfu Pol and the KOD Pol that are optimal active at ~75 °C [60] [61].
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Figure 20: Schema of the construction of the chimeric KODBR3 polymerases
(Figure after [61]).
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In order to create a halophilic KOD polymerase, different domains of the KOD Pol
were exchanged with a domain of BR3, resulting in the chimeric polymerases
KODBR3exo, KODBR3thumb, KODBR3fingers (Figure 20) [61]. The effect of the domain
shuffling on the salt stability of KOD was investigated and showed increased salt
tolerance of all chimeric proteins compared, whereby KODBR3exo and KODBR3thumb
were active up to 300 mM NaCl and KODBR3fingers up to 100 mM NaCl (Figure 21)
[61].

A

BR3 Pol
(mM) NaCl concentration

Figure 21: Effect of different salt concentrations on polymerase activity. The
PCR was performed using a 15 nt primer and a 35 nt single strand template
DNA. The figures were derived from Takahashi et al. [61].
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4.1.3 Objectives

Up to date, hyperthermophilic archaeal polymerases are well investigated and
employed in the PCR. Beside their outperforming thermostability, they generally
lose activity fast with increasing salt concentrations. The discovery of the
halothermophilic brine-pool 3 polymerase (BR3 Pol) revealed a polymerase that
is active at increased salt concentrations and elevated temperatures.
In this thesis, structural adaptation mechanisms of BR3 Pol towards salt
tolerance should be investigated. Beside computational analysis, Raman and CD
spectroscopy should be used for the analysis of the dynamic secondary structure
under different conditions. Furthermore, several chimeric KOD polymerases with
swapped domains of the BR3 Pol should be analyzed for their structural
alterations towards salt tolerance.
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4.2

Results

4.2.1 Sequence analysis of BR3 DNA-Polymerase

The BR3 polymerase was annotated by the conserved domain database (CDD)
as a member of the thermostable archaeal DNA polymerase type-B subfamily B3
based on the amino acid sequence. Several conserved positions of the active
center and the metal binding site were identified. The well-known archaeal
hyperthermophilic KOD polymerase from Thermococcus kodakaraensis showed
very similar conserved domains with a sequence identity of 49% and was used
for comparison. The sequence alignment of both DNA polymerases is shown in
Figure 22 and the identified domains N-terminal, exonuclease, palm, fingers and
thumb are highlighted. Several sequence regions are highly conserved including
the active site and the metal binding site. However, major amino acid exchanges
were found in the beginning of the sequence at the N-terminal domain. An
additional 28 amino acid long loop at position 133 - 161 between the N-terminal
and exonuclease domain of BR3 Pol was found revealing a high content of the
negatively charged glutamic acid.
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Figure 22: Amino acid sequence comparison of BR3 Pol with KOD Pol
(accession number: 1WNS-A). The sequence alignment was done using
CLUSTALW. The subdomains of the DNA polymerases are colored as depicted.
Bold residues are highly conserved positions that are involved in DNA binding
and processing.
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4.2.2 Homology model of DNA-Polymerase BR3

In order to investigate structural features and differences of BR3 Pol, a homology
model was calculated using the closest known homologous crystal structure of
the KOD Pol as template (PDB: 4k8z, 48.8% seq. identity). The homology model
appeared to be reliable with a QMEAN Z-score of -1.96 and a QMQE of 0.74.
The quality assessment of the model revealed several highly conserved
domains, but also various less conserved areas mainly located at the surface of
the protein (Figure 23A). The local quality estimate (QMEAN) of the model
located several non-conserved sites (QMEAN < 0.7) throughout the sequence,
which indicates increased structural variance (Figure 23B/C).

The structure alignment of the BR3 homology model with the KOD crystal
structure revealed several divergent positions (Figure 24). Particularly the small
additional loop between the at the exonuclease domain (Figure 24A), which is in
contact with the DNA, as well as the exposed extra loop at the surface of the Nterminal domain (Figure 24B) are noteworthy. Remarkably, almost all major
structural changes were found on the exposed surface of BR3 Pol, whereas the
majority of the core protein was highly conserved. This finding supports the
assumption that haloadaptation is mainly due to changes on the protein surface,
making the protein more stable and soluble in high salt concentration.
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Figure 23: Structure model assessment of BR3 Pol. A) Local quality score
shown on the Ribbon-diagram of BR3 Pol model calculated with template KOD
Pol (PDB: 4K8Z, [62]) using Swiss-model (Picture derived from server). Coloring:
local quality score with red = 0 and blue = 1. B) Local quality scores (QMEAN)
are shown for each amino acid position of BR3 Pol. The overall quality of the
homology model is reliable (most scores around 0.8), except of some more
flexible positions (scores < 0.6). C) Amino acid sequence of BR3 Pol colored
according to the QMEAN. (values between 0 and 1, values below 0.6 are of low
quality).
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Figure 24: Structure alignment of BR3 Pol model and KOD Pol structure (PDB:
4K8Z, [62]) as ribbon diagram. The alignment of the structures was done using
UCSF Chimera [63]. Coloring: blue: BR3 Pol, gray = KOD Pol (with bound DNA).
Red arrows highlight variable positions of the model.

4.2.3 Comparison of the structural features of BR3 polymerase
and KOD polymerase

In order to find features for the haloadaptation of BR3 Pol, the structure of the
halothermophilic BR3 Pol and hyperthermophilic KOD Pol were compared. As
mentioned earlier, haloadaptation takes mostly place at the enzyme surface
while the enzyme core domains are conserved. Therefore, the solvent-exposed
residues and the electrostatic surface potential of KOD Pol and BR3 Pol were
investigated. The analysis of the surface amino acid composition of BR3 Pol
revealed increased amounts of charged residues (64.7%); whereas the ratio of
negatively charged residues (35.9%) were clearly higher than of the positively
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charged residues (28.8%). The KOD Pol revealed a similar high number of
charged residues (65.6%), however, the composition was almost balanced
(33.7% vs. 31.9%). Both polymerases showed a clear preference for glutamic
acid over aspartic acid. Furthermore, lysine was the most prominent positive
residue, whereas histidine was almost not presented. Notably, BR3 Pol revealed
several exposed hydrophobic leucine residues (~5%), whereas KOD Pol did not
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Figure 25: Surface exposed amino acid residues of BR3 Pol and KOD Pol. (A)
Distribution of all exposed residues categorized in acidic, basic, polar and nonpolar. (B) Ratio of single charged amino acids of all exposed amino acids. The
exposed residues were analyzed using Swiss-PDB viewer with a surface
accessibility of ≥ 30%.

The analysis of the electrostatic surface potential showed a balanced
electrostatic surface charge with well-distributed positive and negative charges
on the outer surface of KOD Pol. The inner surface, where the DNA binding
takes place, an increase of positive electrostatic charges was visible, making the
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binding of the negative DNA possible. On the contrary, BR3 Pol revealed an
extreme negative charged outer surface with almost no positive or neutral
charges. Similar, but to a less extend, the DNA binding inner surface showed an
extreme positive charge for DNA binding.

Figure 26: Electrostatic surface charge of KOD and BR3 DNA polymerase. The
solvent-exposed surface is colored red (negative), white (neutral) and blue
(positive). (A) Structure of thermostable KOD Pol of Thermococcus
kodakaraensis (PDB: 4Z8K, [62]); (B) structure model of halothermophilic BR3
Pol of unspecified MSBL1 Archaeon. Coloring: red – blue = (-10) - (+10) [kbTe-1],
Unit: [kbTe-1], kb= Boltzmann constant, T = temperature [K], e = charge of an
electron.
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4.2.4 Structural investigation by RAMAN spectroscopy

The resonance Raman spectroscopy measurements and evaluation were done
by Dr. Monica Marini, King Abdullah University of Science and Technology
(KAUST).
The Raman spectra was used as a tool to evaluate the secondary structure of
the proteins and delivered reliable vibrational frequency assignments. The
Raman spectra of KOD Pol and BR3 Pol were measured in the range between
1500 – 1800 cm-1 with varying NaCl concentrations (0 M, 0.5 M, 1 M). The signal
curve was fitted using six curves of the mixed Gaussian and Lorentzian
distribution functions and the secondary structure elements were estimated by
calculation of the integrated areas of the peaks at 1650 cm-1 (α-helix), 1665 cm-1
(random coil) and 1680 cm-1 (β-sheet) (data not shown) [61].
The KOD Pol revealed a high percentage of α-helix and β-sheet, whereas the
percentage of random coil was quiet low (~11.8%) (Figure 27). This suggests a
very rigid and packed structure of the KOD Pol and few flexible regions. On the
contrary, the BR3 Pol revealed a 3-fold higher amount of random coil (~30%)
compared to KOD Pol, whereas the β-sheet content was fairly decreased (Figure
27). Therefore, the overall structure of BR3 Pol seems to be much more flexible
than of KOD Pol. With the change of the salt concentration in the buffer, the
structural changes were minor. However, BR3 seems to become structural more
flexible with the addition of salt, whereas KOD became more rigid.
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Figure 27: Percentage of secondary structure elements of KOD and BR3
polymerase in different salt concentrations (0 M – 1 M KCl). The measurements
were done using Raman spectroscopy at a range of 1500 – 1800 cm-1. The curve
was fitted and the secondary structure elements were estimated using specific
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4.2.5 Structural investigation by CD spectroscopy

The secondary structure of the DNA Polymerases KOD Pol and BR3 Pol were
investigated at different salt concentrations (0 M, 0.5 M, 1 M NaCl) by CD
spectroscopy. In Figure 28 the CD curves of each enzyme is shown at 200 nm –
250 nm measured in different NaCl concentration. The KOD Pol showed an
overall more pronounced signal at the minimum at 210 nm - 220 nm compared to
the BR3 Pol that suggests a more defined and rigid secondary structure of the
KOD Pol with a higher portion of β-sheets than the BR3 Pol.
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Minor changes in the CD signal were visible with changing salt amounts and
revealed an overall stable secondary structure for both DNA polymerases up to
1 M NaCl. No unfolding or major structural change due to high salt
concentrations was detected.
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Figure 28: Comparison of CD-curves of KOD and BR3 at different salt
concentrations. The measurement was done in phosphate buffered saline (PBS)
with different NaCl concentrations at 20 °C.

The secondary structure of the created KODBR3 chimeras were investigated by
CD-spectroscopy and compared with the wild-type polymerases as shown in
Figure 29. Differences in the intensity of the CD signals were noticeable in the
maximum at 190 nm and the minima at 210 and 220 nm. The CD curves of the
KODBR3 chimeras were overall more similar to the KOD wt curve, with a high
maximum at ~190 nm. The signal at the minima at 210 and 220 nm were lower
as compared with the KOD wt, revealing more structural flexibility based on the
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domain exchange. The KODBR3exo showed the biggest signal deviation and was
the most similar one to BR3 Pol, which might be due to the additional random coil
part in the beginning of the BR3 Pol exonuclease domain. The CD-curves of
KODBR3thumbs and KODBR3fingers were more similar to the KOD wt, as the swapped
domains thumbs and fingers of BR3 are more conserved and similar to KOD wt.
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Figure 29: Comparison of CD-curves of KOD, BR3 and KODBR3 chimeras
measured in Na2HPO4 buffer with 0 M NaCl at 20 °C.

4.2.6 Temperature stability by CD spectroscopy

The temperature stability of KOD wt, BR3 and the KODBR3 chimeras were
investigated by CD measurements in sodium phosphate buffer without salt using
a gradual stepwise temperature increase from 20 °C up to 95 °C. The CD curves
of the polymerases at different temperatures measured from 190 nm – 250 nm
(Figure 30) as well as the melting curves measured at 220 nm are shown (Figure
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31). The KOD wt, the BR3 Pol and the chimeras KODBR3fingers and KODBR3thumb
were highly thermostable as their CD signal and accordingly the secondary
structure remained intact up to 95 °C. Increased structural flexibility was visible
with rising temperature particularly for BR3 Pol and KODBR3fingers. In contrast to
that, KODBR3exo unfolded at elevated temperatures and revealed a melting
temperature (Tm) of 80.4 °C. The temperature stability under different salt
concentrations wasn’t investigated. Hence, higher stabilities for the KODBR3exo at
higher salt concentrations is possible.
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Figure 30: CD-curves of DNA-Polymerases KOD, BR3 and KODBR3 chimera
measured at different temperatures. The measurement was performed in
Na2HPO4 buffer.
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Figure 31: Melting curves of DNA-Polymerases KOD, BR3 and KODBR3
chimera measured at 220 nm. The measurement was performed in Na2HPO4
buffer.
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4.3

Discussion

The development of DNA polymerases that are tailored for specific needs in the
PCR is still an ongoing research topic in the molecular biology. The research
focused mostly on the discovery of hyperthermophilic DNA polymerases of the
archaeal polymerase family B, as they are highly thermostable and show great
fidelities in combination with good processivities [44]. The brine-pool 3
polymerase (BR3 Pol) derived from an unclassified archaeon of the Atlantis II
Red Sea brine pool was found to be halophilic and simultaneously thermostable.
In the general PCR, the BR3 Pol showed high activity in elevated salt
concentrations of 0.2 M to 0.5 M KCl. The increase of the salt content in the
general PCR may be useful for specific purposes, as for the amplification of short
DNA fragments or to reduce unspecific primer binding [61].
In this thesis, the structural features of the halothermophilic BR3 Pol were
investigated and compared with the hyperthermophilic KOD polymerase, in order
to reveal mechanisms of the simultaneous halo- and thermoadaptation.
Furthermore, the structure of chimeric KOD polymerases with inserted single
BR3 domains were investigated regarding their structural features.
Based on sequential analysis BR3 Pol was classified as a member of the
archaeal polymerase family B, revealing the typical domains N-terminal,
exonuclease, palm, fingers and thumb. The amino acid sequence alignment with
the KOD Pol revealed high sequential identity (49%), therefore, the construction
of a reliable homology model was enabled based on the KOD crystal structure.
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The sequential and structural comparison of BR3 Pol and KOD Pol revealed
highly conserved regions throughout the whole sequence, mainly located at the
core of the enzyme and the catalytical and DNA binding sites. The analysis of the
electrostatic surface charge revealed a high negative electrostatic charge at the
outer surface of BR3 Pol, whereas the inner DNA binding surface is positively
charged. The outer negative charge is based on the increased ration of solventexposed acidic amino acid residues, especially of glutamic acid. This is known to
be a major adaptation mechanism of halophilic proteins, as the negatively
charged residues attract hydrated salt ions to the protein surface. These salt ions
bind water molecules and, hence, enable the hydration of the enzyme surface
[64]. The additional glutamate residues, represented at the solvent-exposed
acidic extra loop of BR3 Pol, add probably to the negative surface charge of the
molecule. For both polymerases, BR3 and KOD, increased amounts of solventexposed charged residues were found. In KOD Pol as well as in other
hyperthermophilic enzymes the increased formation of salt bridges between the
charged residues stabilizes the enzyme structure and makes it thermo stable
[65,66]. In halophilic proteins, an increased amount of salt bridges are also
known to be formed, however, the extra amount of negative charges are used for
the binding of salt ions [64]. Concluding one can say, that the increase of solventexposed charged residues adds to both, halo- and thermostability.
Furthermore, the secondary structure analysis revealed an higher structural
flexibility of BR3 Pol with increased amounts of random coil and decreased
amounts of β-sheets, resembling another haloadaptation mechanism [64]. On the
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contrary, KOD Pol showed a more rigid structure with low amounts of random
coil and increased amounts of β-sheets that is typical for thermophilic enzymes
[65]. The thermostability of KOD Pol and BR3 Pol were similar, as the secondary
structure stayed intact up to 95 °C. However, BR3 Pol showed an optimal activity
at 55 °C making it thermophilic, whereas hyperthermophilic KOD Pol showed
optimal activity at 75 °C.
The chimeric KODBR3 polymerases with swapped single domains of BR3 Pol
showed increased salt tolerance in the PCR compared to KOD wt Pol [61]. The
secondary structure analysis of the chimeric KODBR3 polymerases revealed
increased structural flexibility of all chimeric polymerases, probably caused by
the exchange of the more rigid KOD domain to the more flexible BR3 domain.
The higher flexibility combined with the increased local negative charge of the
swapped BR3 domains resulted probably in the increased salt tolerance of the
chimeric proteins. The thermostability of the chimeric polymerases was as high
as of the wild-type enzymes, with the exception of KODBR3exo that showed
structural unfolding with rising temperature. The reduced thermostability of
KODBR3exo might be due to the acidic extra loop at the beginning of the BR3
exonuclease domain that may not fit to the overall KOD structure and cause
structural instability due to increased flexibility. However, the KODBR3thumb variant
with swapped ‘thumb’ domain was both thermostable and exhibited increase salt
tolerance (Figure 32).
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Figure 32: Modeled structure of chimeric KODBR3thumb polymerase with bound
DNA (green). Coloring: red – blue = (-10) - (+10) [kbTe-1], Unit: [kbTe-1], kb=
Boltzmann constant, T = temperature [K], e = charge of an electron.

The combination of the thermostability of the KOD Pol and the salt tolerance of
BR3 Pol by the creation of chimeric DNA polymerases successfully aimed into
enzymes with both features. The structural understanding of the haloadaptation
of BR3 might further enhance future work in the polymerase engineering for
enzymes tailored for specific PCR reactions with increased salt concentrations.
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5. Conclusion and outlook

In this work, three different research topics were presented, aiming into the
development and characterization of novel biocatalysts with promising properties
that are not found in nature. The design of a defined single-site SAV-OsO4 ArM
based on the biotin-streptavidin technology provided a tunable hybrid catalyst for
the asymmetric dihydroxylation (AD). The unspecific metal binding of the host
scaffold SAV was successfully eliminated, making it a suitable candidate for
reactions with free catalytic metal ions. The created biotin-ligands provide strong
chelating effects for osmium and showed catalytic reactivity in the AD. The
bottleneck of the system is the problematic extraction of the products, making the
yield inconsistent. However, the advantage of the SAV-biotin-ligand system is the
easy exchange of the ligands and hence the first coordination sphere of the
reaction, whereas the secondary coordination sphere may be easily modified by
amino acid substitution or chemical modification. The created SAV system with
chelating metal ligands may not only be applied for the AD, but also for other
reactions using free catalytic metal ions.
The second topic was based on a previously designed catalytic SAV-dirhodium
ArM for the asymmetric cyclopropanation. Structural resolution by protein
crystallization did not succeed; hence, an alternative method was tested. Here,
the SAV-diRh complex was investigated by small-angle x-ray scattering and
delivered valuable information of the protein state in solution. However, the
positioning of the biotin-diRh complex could not be achieved, as the ligand
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seemed to be decomposed during handling and SAV with bound biotin was
measured instead. Improved handling may result into the desired structural
information in future and may help to improve the selectivity of the biocatalyst in
the reaction.
The structural investigation of the discovered halothermophilic BR3 DNA
polymerase resulted into the revelation of the adaptation mechanisms to its
extremophilic brine pool habitat. Comparison of BR3 Pol with the commercially
available hyperthermophilic KOD Pol revealed increased structural flexibility with
higher amount of random coil structures and reduced amounts of β-sheets. The
amount of charged residues on the surface was comparable, however, BR3 Pol
revealed increased amounts of negative charged amino acids whereas the
distribution of KOD Pol was balanced. The created chimeric KODBR3 variants
revealed structural and catalytic features of both polymerases, resulting into the
promiscuous variant KODBR3thumb that may be investigated for application in
specific high salt PCR reactions.
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6. Material and Methods

6.1

Material

6.1.1 Chemicals
Unless otherwise noted, all chemicals were purchased from Sigma Aldrich or
VWR and were used without further purification. LB-Media was obtained from
Luria Broth Ready Mix (Sigma Aldrich).

6.1.2 Instruments
Equipment

Modell

Supplier

Balance

Balance LSM 200

PCE Group, Southampton
Hampshire, UK

Centrifuge

Varifuge 3.0 R

Heraeus Sepatech

Centrifuge

Cool-Centrifuge 5417R

Eppendorf, Hamburg,
Germany

Centrifuge

Centrifuge SIGMA 3-30K

SIGMA

Chromatography

Prime plus

GE Healthcare, Chalfont,
USA

Cell disrupter
Electroporation

Constant Cell Disrupter

Constant Systems,

System E1061

Northants, GBR

PowerPac Universal Power

BioRad, Hercules, USA

Supply
GC-MS

GC-MSD system 5975C,

Agilent, Santa Clara, USA

7890A GC system
Gel documentation

Gel Doc EZ system

Bio-Rad, Hercules, USA

Gel documentation

Bio-Rad Power Pac HV

Bio-Rad , Hercules, USA
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system
HPLC

1260 Infinity II LC system

Agilent Technologies

HPLC

UltiMate™ 3000 UHPLC

ThermoFisher

Imager

Versa Doc 4000MP

Bio-Rad, Hercules, USA

Microplate reader

TECAN INFINITE M1000

Tecan, ZürichSwitzerland

Microscope

DMi8

Leica

Peltier system

Peltier system PCB 1500

DBS Vigonza, Italy

RAMAN

Confocal RAMAN system

WITec Instruments,

spectroscopy
Rotary evaporator
Sonifier

Knoxville, USA
WG-EV311-V-Plus Rotary

Wilmad-LabGlass,

evaporator

Vineland, NJ

Branson Digital Sonifier 250

G. Heinemann,
Schwäbisch Gmünd, GER

Spectrophotometer

NanoDrop 2000c

Thermo Scientific,

Spectrophotometer

Ultrospec 7000

GE healthcare, Fairfeld,
USA

Spectropolarimeter

JASCO J-815

Jasco Applied Sciences,
Nova Scotia, Canada

Thermomixer

Thermomixer Compact

Eppendorf

Vortexer

MS2 Minishaker

IKA Works Inc.

6.1.3 Buffers and Solutions
Media used for E. coli
LB medium:
Peptone
Yeast extract
NaCl
For solid media: Agar

1% (w/v)
0.5% (w/v)
0.5% (w/v)
2% (w/v)
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MTP medium:
Tryptone
Yeast extract
NaCl
For solid media: Agar
Mix after autoclave:
Na2HPO4
KH2PO4
SOC medium:
Peptone
Yeast extract
MgSO4
NaCl
KCl
Glucose
Selective antibiotic:
Ampicillin
Chloramphenicol

2% (w/v)
1.5% (w/v)
0.8% (w/v)
2% (w/v)
0.22% (w/v)
0.1% (w/v)

2% (w/v)
0.5% (w/v)
10 mM
10 mM
2.5 mM
20 mM
100 µg ml-1 (in dH2O)
34 µg ml-1 (in 70% EtOH)

Buffers used for SAV purification
Iminobiotin binding buffer:
NaCl
Na2CO3
1 M NaOH

0.5 M
50 mM
adjust to pH 9.8

Elution buffer I:
Na-acetate
HCl (37% v/v)

50 mM
adjust to pH 4.0

Elution buffer II:
dH2O
Acetic acid glacial

pure
adjust to pH 2.9 (~0.1 M)

Neutralization buffer:
Tris
HCl (37% v/v)

2M
adjust to pH 7.5
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Dialysis buffer:
Tris
HCl (37% v/v)

10 mM
adjust to pH 7.5

Buffers for DNA polymerase purification:
Lysis buffer:
KCl
Tris
EDTA
2-ME
1 M HCl

80 mM
10 mM
1 mM
5 mM
adjust to pH 8.0

Loading buffer:
NaCl
Tris
1 M HCl

500 mM
50 mM
adjust to pH 8.0

IMAC elution buffer:
KCl/NaCl
Tris
imidazol
1 M HCl

50 mM
10 mM
500 mM
adjust to pH 8.0

Heparin elution buffer:
KCl
Tris
1 M HCl

1M
10 mM
adjust to pH 8.0

Heparin elution buffer II:
NaCl
Tris
2-ME
1 M HCl

1M
20 mM
10 mM
adjust to pH 8.0
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Buffer used for the fluorescence B4F titration assay
Buffer A:
NaCl
NaH2PO4
EDTA
1 M NaOH

0.1 M
50 mM
1 mM
adjust to pH 7.5

Buffer B:
NaCl
NaH2PO4
EDTA
BSA (10 mg/ml)
1 M NaOH

0.1 M
50 mM
1 mM
0.1 mg ml-1
adjust to pH 7.5

Buffer C:
NaCl
H3BO3
1 M NaOH

0.1 M
50 mM
adjust to pH 9.0

Biotin-4 fluorescein (B4F) solutions:
B4F stock solution
500 µM in DMSO (stored at -80°C)
B4F working solution
16 µM in buffer A (freshly prepared)

D-biotin solutions:
D-biotin stock solution
D-biotin standard solution

4 mM in buffer A (stored at -80°C)
16 µM in buffer A(freshly prepared)

Solutions for the catalysis
Redox stock solution I:
K2CO3
K3[Fe(CN)6]

225 mM
225 mM

Redox stock solution II:
K2CO3
K3[Fe(CN)6]

90 mM
90 mM

90

6.1.4 Strains
Strain

Genotype

Supplier

E. coli Rosetta

F-, ompT, hsdS (rB- mB-), gal,

Novagen, Stamford,

2(DE3)

dcm, λ(DE3), pRARE2, Cmr

USA

E. coli XL10-

TetrΔ _(mcrA)183 Δ(mcrCB-

Agilent Technologies

Gold

hsdSMR-mrr)173 endA1 supE44 thi- (Santa Clara, USA)
1 recA1 gyrA96 relA1 lac Hte [F’
proAB lacIqZΔM15 Tn10 (Tetr) Amy
Cmr]

E. coli XL1-Blue

recA1 endA1 gyrA96 thi-1 hsdR17

Agilent Technologies

supE44 relA1 lac [F- proAB

(Santa Clara, USA)

lacIqZ∆M15 Tn10 (Tetr)]
E. coli BL21

F-, ompT, hsdS(rB- mB-), dcm+, gal,

Thermo Fisher

(DE3) pLysS

λ(DE3), pLysS, Cmr

Scientific (Waltman,
MA, USA)

6.1.5 Plasmids
Vector name

Description

Supplier/Reference

pCold/KODWT

Expression of KOD wt Pol

Dr. T. Kusakabe,
Kyushu University

pCold/KODBR3xx

Expression of KODBR3 chimera

Dr. M. Takahashi, [61]

DEST17

Expression vector

Thermo Fisher Scientific

pDEST17/BR3

Expression of BR3 Pol

Dr. M. Takahashi, [61]

pET11_T7_SAVwt

Expression of SAVwt

Dr. T. Ward, University
of Basel

pET11_T7_SAVxx

Expression of SAV mutants
(Supplementary Table S4)

Dr. A. Gespers, [3]
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6.1.6 Enzymes and Standards
Enzymes

Supplier

Lysozyme

Sigma-Aldrich, St. Louis, USA

Phusion High Fidelity Polymerase

Finnzymes, Espoo, Finnland

Restriction endonuclease BamHI

NEB, Ipswich, USA

Restriction endonuclease NdeI

NEB, Ipswich, USA

T4 DNA Ligase

NEB, Ipswich, USA

Trypsin

Sigma-Aldrich, St. Louis, USA

Standard

Supplier

Streptavidin from Streptomyces avidinii

Sigma-Aldrich, St. Louis, USA

peqGOLD 1 kb DNA ladder

Peqlab, Erlangen, Germany

peqGOLD Protein Marker I

Peqlab, Erlangen, Germany

peqGOLD Protein Marker II

Peqlab, Erlangen, Germany

PageRuler Prestained Protein Ladder

Thermo Scientific, Waltham, USA

6.1.7 Oligonucleotides
Oligonucleotides were synthesized by Integrated DNA Technologies (Skokie,
USA). The lyophilized oligonucleotides were dissolved in dH2O to a stock
concentration of 100 pmol µl-1 and further diluted to a working concentration of
10 pmol µl-1. The aliquots were stored at -20 °C.
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6.2

Methods

6.2.1 Agarose gel electrophoresis
Analytical and preparative DNA separation was done by agarose gel
electrophoresis. For that purpose, 1% agarose gels were casted by polymerizing
agarose in TAE buffer. The DNA samples were mixed with loading dye and
loaded on the gel sample. The gel electrophoresis was performed in TAE buffer
using a constant voltage of 140 V for approx. 35 min. The gel was stained in TAE
buffer containing 10 µl of SYBR Green solution I (Sigma-Aldrich) for 10 min. The
gels were analyzed at 254 nm using the gel documentation system Imaging
Versa Doc 4000MP. For extraction, the specific DNA bands were excised on a
UV-table and extracted with the peqGOLD Gel Extraction Kit as described in the
kits manual.

6.2.2 Plasmid isolation and DNA purification
Plasmid DNA was extracted from bacterial cells using the peqGOLD Plasmid
Miniprep Kit II. Additional purification or purification after PCR was done using
peqGOLD Cycle-pure Kit. The protocols were followed after manufacture’s
manual.
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6.2.3 General polymerase chain reaction (PCR)
The PCR was used to amplify genes of interest. The reaction mixture was
prepared after NEB’s protocol as shown below in a total volume of 50 µl. The
PCR reaction was performed in a thermal cycler using a specific designed
temperature protocol after manufacturers protocol.

Reagent

Quantity

Template DNA (50-100 ng µl-1)

1.0 µl

Phusion H.F. Polymerase (2 U µl-1)

0.5 µl

-1

2.5 µl

-1

Reverse primer (10 pmol µl )

2.5 µl

5 x Phusion GC buffer

10 µl

DMSO

1.5 µl

dNTP (10 mM)

1.0 µl

dH2O

32 µl

Forward primer (10 pmol µl )

6.2.4 Site directed mutagenesis
Site-directed mutagenesis was performed on pET11_SAV_wt (denoted as wildtype) with the QuikChange Kit (StratageneTM, Agilent Technologies) to obtain
our designed mutants. A detailed outline of all Mutants and Primers is shown
elsewhere (supplementary). Primers were designed according to the guidelines
of the kit and subsequently obtained from Eurofins MWG Operon. Mutant
plasmids were transformed into E. coli BL21 (DE3) Gold (StratageneTM, Agilent
Technologies) and purified using peqGOLD Plasmid MiniPrep Kit II (peqlab
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Biotechnologie GmbH). Purities and successful mutagenesis were checked by
Sanger Sequencing (KAUST Core Facilities).

6.2.5 Gibson cloning
The chimera constructs of the DNA polymerases KODBR3exo, KODBR3thumb,
KODBR3fingers were constructed using the Gibson Assembly Cloning Kit (NEB).
The oligonucleotides were designed with the NEBuilder Assembly Tool and the
cloning was performed after manufacturers manual.

6.2.6 DNA restriction digestion and ligation
The restriction digestion of plasmid DNA was done after manufacturers manual.
The digestion with NdeI and BamHI was performed in Cut-Smart buffer (NEB) at
37 °C for 2 h and were analyzed by agarose gel electrophoresis.
For the DNA ligation the DNA ligase of NEB (1U µl-1) was used and the protocol
of the manufacturer was followed. Generally, the ligation was carried out in a
volume of 20 µl and the insert was mixed in threefold excess to the vector. In
order to unwind the DNA the mixture was heated to 55 °C for 10 min and cooled
down on ice for 5 min. The reaction was started with the addition of T4 DNA
ligation buffer and 0.5 µl of T4 DNA ligase. The reaction was carried out at 16 °C
overnight. The product was diluted 1:10 in sterile MilliQ-water and transformed
into electrocompetent E. coli cells.
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6.2.7 Production of electro competent cells
For the production of electrocompetent E. coli cells a culture was grown in 1 L of
LB medium that was inoculated with 20 - 50 ml of an overnight culture of the
corresponding bacterial strain. The culture was incubated at 37 °C until an OD600
of 0.4 – 0.6 was reached. The culture was cooled on ice and further work was
performed at the 4 °C cold room. The cells were centrifuged at 4000 x g and the
cell pellet was washed twice with 200 ml of pre-cooled sterile MilliQ-water. In the
third washing step the cells were washed with 40ml of pre-cooled sterile 20%
glycerol and in the last step the washed pellet was suspended in 10 ml of precooled sterile 20% glycerol. The suspended cells were aliquoted into 1.5 ml
Eppendorf tubes containing 50 µl per tube and frozen in liquid nitrogen. The cells
were stored in -80 °C.

6.2.8 Transformation of Escherichia coli
The plasmid DNA was transformed into E. coli cells using electroporation. For
that electrocompetent cells (25 - 40 µl) were mixed with 0.5 - 1 µl of plasmid DNA
and transferred into a electroporation cuvette (1 mm). An electric pulse was
applied once (2.5 kV, 25 µF, 200 Ω) and the cells were suspended in 1 ml SOC
medium. The transformed cells were transferred to an Eppendorf tube and
incubated at 37 °C for 1 h while shaking. After incubation different amounts of the
cell culture (10, 50, 100 µl) were streaked on LB agar plates containing the
corresponding antibiotic supplements. The LB plates were cultivated at 37 °C
overnight and checked for single colonies the next day.
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6.2.9 Cryostock preparation
Cryostocks of E. coli cells were prepared for long time storage. For that 15 ml of
a liquid culture was centrifuged at 4500 x g for 15 min at 4 °C, the supernatant
was discarded and the cell pellet was suspended in 2 ml of LB with 30% glycerol.
Two aliquots of 1 ml were transferred into cryotubes, frozen in liquid nitrogen and
stored at -80 °C.

6.2.10 DNA Sequencing
The DNA sequencing was performed by the KAUST Bioscience Core lab
facilities using Sanger Sequencing.

6.2.11 Recombinant protein production and purification

Expression and purification of Streptavidin
The production and purification of SAV was done by following the protocol of
Humbert et al [31]. The recombinant E. coli BL21(DE3)pLysS harboring the
pET11_SAV was grown in 5L-baffled shaking flasks containing 2 L MTP-medium
supplemented with glucose (0.4% w/v), ampicillin (60 µg ml-1), chloramphenicol
(34 µg ml-1) and 250 µl of Antifoam A (0.05% v/v).
The culture was incubated at 37 °C and vigorous shaking (200 rpm) to an OD600
of 1.8. After shifting the cultures to the expression temperature of 30 °C, the
protein

expression

was

induced

by

addition

of

isopropyl

β-D-1-

thiogalactopyranoside (IPTG) to a final concentration of 0.8 mM and incubated
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overnight. The culture was cooled down on ice and harvested by centrifugation
(4,500 x g, 30 min, 4 °C). The cell pellets were stored at -80 °C.
The SAV purification protocol of Humbert et al. was slightly adapted. After
thawing the bacterial pellet, the cells were suspended directly in 5 ml/mg cell
weigh iminobiotin binding buffer (50 mM Na2CO3, pH 9.8, 0.5 M NaCl). About
5 mg of DNAse I powder and Pefabloc SC powder, 25 mM MgCl2 and 5 mM
CaCl2 was added and stirred at room temperature for 20 min. The cells were
disrupted by French press cell disruptor at 1.8 kbar for three rounds. The
disrupted cells were centrifuged twice at 60.000 x g for 30 min and the
supernatant was filtered through a 0.25 µm filter before applying to the
iminobiotin column. Around 20 ml of 2-Iminobiotin-agarose (Sigma-Aldrich) was
used as column matrix. The cell supernatant was applied on the column and
washed with iminobiotin binding buffer. The elution was performed in two steps,
first the protein was eluted with 50 mM Na-Acetate, pH 4, followed by a complete
elution with 0.1 M acetic acid pH 2.9. The pH of the collected 5 ml fractions was
neutralized with 250 µl of 2 M Tris-HCl, pH 7.4, and the fractions were pooled
and dialyzed against 10 mM Tris-HCl, pH 7.4. The purity was determined by
SDS-PAGE gel electrophoresis. The pure protein fractions were subsequently
dialyzed for two rounds against dH2O, frozen in liquid nitrogen and lyophilized.
The lyophilized protein was stored at -20 °C.
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Expression and purification of BR3 Pol and KOD Pol
The cloning and production of the DNA polymerases was done by Dr. Masateru
Takahashi and coworkers. The gene of the DNA-Polymerase BR3 Pol was
cloned into the expression vector pDEST17 and recombinantly expressed in the
E. coli strain Rosetta 2(DE3) (Novagen). The cells were cultivated in cultivation
flasks after standard protocol and were induced with 1 mM isopropyl β-D-1thiogalactopyranoside (IPTG). The cells were harvested after 3 h incubation. The
harvested cells were resuspended in lysis buffer (10 mM Tris-HCl pH 8.0, 80 mM
KCl, 5 mM 2-ME, 1 mM EDTA) and incubated with 1 mg/ml lysozyme for 60 min
on ice. The cells were disrupted by sonication and the cell debris were removed
from the crude extract by centrifugation. The supernatant was subjected to an
ammonium sulfate precipitation at 70 % saturation and the obtained pellet was
resuspended in loading buffer (50 mM Tris-HCl, pH 8.0, 500 mM NaCl) and
loaded on a Sephacryl Sepharose column (GE Healthcare). The BR3 Pol
fractions were collected, pooled and loaded on a Histrap HP 5 ml column (GE
Healthcare). The column was washed and the protein eluted using a gradient
with IMAC elution buffer (10 mM Tris-HCl, pH 8.0, 50 mM KCl, 500 mM
imidazole). The BR3 Pol fractions were collected and subsequently loaded onto a
HiTrap Heparin 1 ml column (GE Healthcare). The bound proteins were eluted
using a gradient with Heparin elution buffer (10 mM Tris-HCl, pH 8.0,1 M KCl)
and the collected fractions containing BR3 Pol were dialyzed against 50 mM TrisHCl, pH 7.5, 50 mM KCl, 1 mM DTT, 0.1% Tween 20, 50% glycerol).
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The KOD Pol wt and chimera KODBR3finger, KODBR3thumb and KODBR3exo were
cloned into the expression plasmid pCold and recombinantly expressed using
E. coli BL21(DE3) pLysS (Novagen). The cells were cultivated at 37 °C, cooled
down to an expression temperature of 16 °C and induced with 1 mM IPTG. The
cells were harvested after 6 h. The cell pellet were disrupted and the cell
supernatant was subjected to an ammonium precipitation as explained above.
The pellet was suspended in loading buffer and purified by IMAC as explained
above using an HisTrap FF 5 ml column (GE Healthcare). The collected fractions
containing KOD Pol protein was subsequently loaded on a HiTrap Heparin 1 ml
column (GE Healthcare) and eluted using a gradient with Heparin elution buffer 2
(20 mM Tris-HCl pH 8.0, 10 mM 2-ME, 1 M NaCl). The purified KOD Pol fractions
were dialyzed against 50 mM Tris-HCl pH 8.0, 0.1 mM EDTA, 0.1 mM DTT, 0.1%
NP-40, 0.1% Tween 20, 50% glycerol.

6.2.12

SDS-PAGE

The denaturing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDSPAGE) was used to analyze the purity of protein samples. The samples were
diluted in Laemmlie sample buffer (Bio-Rad Laboratories Inc.), incubated at
95 °C for 10 min, and centrifuged before loading onto the SDS gel. A protein
ladder was loaded next to the samples for comparison. For the SDS-PAGE the
precast Mini-PROTEAN TGX stain-free 4 - 20% gels (Bio-Rad Laboratories Inc.)
were runned in running buffer (25 mM Tris-HCl, 192 mM glycine, 0.1% SDS, pH
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8.3) at 35 mA per gel for approximate ~35 min. The TGX stain-free gel was
visualized using the Gel Doc EX system.

6.2.13

Protein dialysis

In order to remove buffer components or to exchange the buffer the protein
solutions were dialyzed. The protein solution was filled into a dialysis tube or a
MINI dialysis unit with the correct molecular cut-off, placed into 10x volume of the
desired buffer and stirred at 4 °C for 2 h or overnight.

6.2.14

Concentration of protein solutions

Diluted protein solutions were concentrated by centrifugation using AmiconUltra
Centrifugal Filters with the correct cut-off (10 - 30 kDa MWCO) that is 2-3 times
smaller than of the concentrated protein. The centrifugation was done at 4 °C
after manufacture’s manual.

6.2.15

Determination of protein and DNA concentrations

Absorbance measurements for the determination of protein concentration were
carried out on a NanoDropTM 2000 spectrophotometer using the protein
measurement mode of UV absorbance at 260 and 280 nm. Samples of 2 µl were
usually measured and the specific extinction coefficient ε as well as the
molecular mass of the protein were used to calculate the concentration using the
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Lambert Beer’s equation. The extinction coefficients and the masses were
calculated with Protparam [67].

6.2.16

Circular dichroism (CD) spectroscopy

Stability studies of SAV mutants
CD spectroscopy was used to analyze the secondary structure of SAV and
mutants. For that the spectropolarimeter JASCO J-815 was used with the
analysis program Spectra Manager Version 2.08.01. For the measurement 300 µl
of a protein solution with a concentration of 15 - 20 µM in HPLC-water was
prepared and measured in a Hellma Precision Cell (Type no. 110 QS, 1mm light
path). The absorption and ellipticity of SAV was measured at far UV wavelength
spectrum of 190 - 250 nm. Each sample was measured at least in triplicates and
the spectra were merged and smoothen. Melting curves were established while
heating the sample from 20 °C to 100 °C measuring CD curves in increments of
2 °C or 5 °C. The melting curve was obtained plotting the CD values of the
maximum at 234 nm against the temperature and the melting temperature TM
was calculated using the van’t Hoff equation with GraphPad Prism [68,69].

Structure and stability studies of DNA-polymerases
The secondary structures of the DNA polymerases were investigated by circular
dichroism at a wavelength of 200 to 250 nm at 20°C. For the measurement the
data was collected in 1 nm intervals with 10 accumulations per read. The
enzymes were diluted to a final concentration of 3 µM (BR3) and 1.3 µM (KOD)
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with PBS or Na2HPO4 buffer containing the corresponding salt concentration.
The samples were incubated at room temperature for 5 min prior to the
measurements. For the measurement a volume of 300 µl was used in a 0.1 cm
quartz cuvette (Hellma Type no. 110 QS, 1mm light path) and the measurement
was performed on a JASCO J-815 Spectrometer. The molar ellipticity [θ] was
calculated using Spectra manager version II. The melting curves were
established while heating the sample from 20 °C to 100 °C with in increments of
2 °C or 5 °C. The melting curve was obtained plotting the CD values of the
minimum at 210 or 220 nm against the temperature. The melting temperature
was calculated using the sigmoidal Boltzmann function of GraphPad Prism.

For the calculation of the molar ellipticity the following equations were used:
(1.1)
(1.2)

𝑐! = 𝑛 × 𝑐!
𝜃 =

!
!" × !! × !

cp = molar protein concentration
cr = residual concentration
n = number of amino acids
θ = measured ellipticity in millidegrees [mdeg]
[θ] = molar ellipticity in [deg cm2 decimol-1]
l = cuvette path length, [cm]
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6.2.17

Biotin-4-Fluorescein titration assay

Assay titration procedure
The determination of free and functional binding pockets of SAV was done by a
fluorescence titration assay after Ebner et al. [70], using the biotin-4-fluorescein
(B4F) dye (Sigma-Aldrich). The free SAV binding pockets were determined by
quenching the fluorescence of the B4F dye upon binding to the SAV pocket. The
“reverse titration” assay of an unknown amount of SAV was set up in a 96-well
plate. Increasing amounts of a ~10 nM SAV (0 - 115 µl) was mixed with a fixed
amount of 160 nM B4F (10 µl) and filled up to 200 µl with assay buffer B. After
mixing and incubation for 10 min at RT the fluorescence was measured using
TECAN INFINITE M1000 according to standard procedure. As control a
commercial SAV protein from Streptomyces avidinii (Sigma-Aldrich) was used.
The free binding pockets of SAV were determined by the calculation of the
breakpoint between declining fluorescence and saturation, which resembles the
functional SAV concentration. The functional SAV concentration was defined as
the concentration of SAV monomers, which are capable of binding biotin.

Testing of biotin-ligand binding
Several SAV samples (1 mg ml-1) in dH2O were mixed with the corresponding
biotin-ligand in a ratio of 0.5:1, 1:1 and 1.5:1 SAVmono to ligand and incubated for
10 min at RT. The binding of the biotin-ligands was investigated via titration of
the remaining free binding pockets of SAV with B4F as explained above.
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6.2.18

PEGylation

SAV was dissolved in buffer (100 mM NaHCO3 pH 8.3) to a final concentration of
5 mg/ml. The methyl-PEG-NHS-ester regents, MS(PEG)4 or MS(PEG)12 (Thermo
Scientific, Waltham, USA), were dissolved in DMF to a final concentration of
250 mM. The PEG-NHS-ester was added in 105-fold excess to the protein
mixture. This accounted to 15-fold equimolar excess for each of the seven
primary amines (six lysine residues and the N-terminus) present in SAV. The
conjugation reaction was performed for 24 h at 4 °C. The excess ester was
removed by two rounds of dialysis against dH2O for 24 h at 4 °C. The PEGylated
SAV was lyophilized and stored at -80 °C.

6.2.19

Preparation of the SAV-ligand complex

The lyophilized SAV host protein was dissolved in dH2O and the concentration
was measured and adjusted to desired concentration of 1.6 mM. The biotinligand was added stoichiometrically 0.9:1 to the protein, taking the free binding
pockets of SAV into the calculation. The solution was slowly inverted and
incubated for 2 min at RT to form the SAV-ligand complex. The sample was
centrifuged down at 14.000 x g for 10 min and the supernatant was taken for
catalysis. Before catalysis the SAV-ligand complex was dialyzed against reaction
buffer for 2 h.
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Ligand

Stock solution

Biot-py

4.2 mg/ml in MeOH (12.5 mM)

Biotin-Q

4.6 mg/ml in MeOH (12.5 mM)

Biot-DHQD/DHQ

5.2 mg/ml in MeOH (8.64 mM)

Table 8: Stock solutions of biotin-ligands.

6.2.20

Sharpless asymmetric dihydroxylation

The reaction set-up, extraction and analysis were done after Kohler et al. [26].
The SAV-ligand complex was freshly prepared and 1 eq. of K2[OsO2(OH)4] was
added to the protein solution (1.25 mol%). The redox solution of 90 mM K2CO3
and 90 mM K3[Fe(CN)6] was added to the mixture and the reaction was started
adding 6 µmol of α-methoxy-styrene to the mixture (HPLC vials, V = 0.2 ml). The
reaction was stirred at 1000 rpm, RT for 24 h. The reaction was quenched with
addition of saturated Na2SO3 solution (100 µl) and the internal standard 2phenylethanol (25 µl of 120 mM) was added. The reaction solution was extracted
with 1 ml of diethyl ether for several rounds and dried over sodium sulfate. The
extract was filtered and evaporated with a rotavap (40°C, 120 mbar) and further
diluted in 1 ml of hexane/isopropane (9:1). The ee was analyzed using HPLC
with a Chiralpak IA or IA-3 column (Diacel corporation, Osaka, Japan) using
hexane/isopropane (9:1) with a flow of 1 mg ml-1. The ee and yield of product
were calculated using the standard curve (Figure 33).

Area [prod.] / Area [std.]
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0.2
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1.0

1.5

c [prod.] / c [std.]

Figure 33: Standard curve of the product 2-phenyl-1,2-propanediol with 2phenylethanol as standard.

6.2.21

Small angle X-ray scattering (SAXS)

The structural investigation of the SAV-diRh complex was done by small-angle Xray scattering (SAXS in collaboration with Prof. Stefan Arold and co-worker. For
the preparation of the samples SAV wt apo and the SAV-diRh variants, the
protein powder was solved in 20 mM Na-carbonate buffer, pH 10, to a final
concentration of 5 mg/ml. To form the SAV-diRh complex, the Biotin-diRh ligand
(20 mg/ml in DMSO) was given to the protein in a molecular ratio of 1:1
(protein : ligand) and slowly inverted. The samples were frozen in liquid nitrogen
and shipped to the Synchrotron SOLEIL (French national synchrotron facility,
Saint-Aubin, France). Before measurement the samples were unfrozen,
centrifuged and loaded onto a size exclusion chromatography (SEC) before
measurement. Each sample was measured in triplicates as well as the
corresponding buffer in duplicates. The data was averaged and the signal of the
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buffer was subtracted. The data of each sample were analyzed using the ATSAS
Software Paket [71]. The comparison and calculation of the best fitting model
was done using FOXS [42].

6.2.22

RAMAN spectroscopy

For each sample 5 µl were drop-casted on CaF2 substrates (Crustran, Poole)
and analyzed with a WITec confocal Raman system (532-nm laser, x100
objective, 1.32 mW with a 600 line/mm grating). The measurements were done in
liquid state and performed in the back-scattering configuration at room
temperature and 53% relative humidity. About 10 spectra were obtained from
different points of the droplet and were used for data analysis with the WITec
Project 4 software (WITec Instruments). RAMAN measurements were performed
by Dr. Monica Marini, King Abdullah University of Science and Technology.

6.2.23

Computational approaches

Structure analysis and visualization were pursued with UCSF Chimera version
1.10.1 from the University of California [63]. Structure modeling and energetic
minimization was done with YASARA (Yet Another Scientific Artificial Reality
Application) by YASARA Biosciences GmbH [41]. Cloning strategies were
developed with the software ApE (A plasmid Editor) version 2.0.4 by M. Wayne
Davis. Plasmid maps were made using SnapGene Viewer 2.3.3 from GSL
Biotech LLC (Chicago, USA). Graphics were drawn using Prism 7 from
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GraphPad Software, Inc. Analysis of the protein sequence and it’s structural
domains was done with NCBI’s conserved domain database (CDD) [72]. The
homology model was created and the assessment of the model was done using
SWISS-MODEL from the Swiss Institute of Bioinformatics [73]. Structure files
were received from the Protein Data Base (PDB) [74]. The electrostatic surface
charge was calculated using the APBS plugin of UCSF Chimera with default
values [75]. The surface-accessible amino acid residues were analyzed by the
Swiss PDB viewer 4.1.1 (surface accessibility ≥ 30%).
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