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Abstract
The society we live in has become more aware of sustainability, and thus puts higher
demands on industry to create less pollution and be more environmentally aware. There
is therefore an incentive in industry to use methods that attire to the principles of green
chemistry, which in summary states that chemical processes should minimize the amount of
waste, use less energy and be conducted in a overall safer manner. Enzymatic catalysis is a
good alternative for a more sustainable industry, particularly in the pharmaceutical industry
where chemicals need to be stereospecific. Chemicals that contain –-hydroxy ketones are
particularly desirable as they are used as building blocks in the synthesis of drugs that target
e.g. depression and cancer. The substrate scope and the activity of enzymes can be limited, and thus not useful for catalyzing the desired reactions. Additionally, regioselectivity
and enantioselectivity are crucial factors that must be considered. Furthermore, engineering of enzymes towards efficiently catalyzing the conversion of an unnatural substrate is
a difficult task, which in essence is an attempt to change what nature has evolved over
thousands of years. Engineering enzymes is a time consuming task, where screening efforts
are the main bottleneck. Here we show that enzyme engineering through a semi-rational
design, called iterative saturation mutagenesis, can efficiently produce new variants of alcohol dehydrogenase A (ADH-A) from Rhodococcus ruber DSM 44541, with 3-fold higher
rate of catalysis for the (1R,2S )-phenyl-1,2-propanediol. We show that both the regio- and
enantioselectivity from parent to the first generation mutant B1 have changed, and by employing semi-rational design to further evolve B1 we produce a second generation mutant,
B1F1 (F43H and F282W), which has a 2.7-fold higher rate of catalysis for (1R,2S )-phenyl1,2-propanediol than B1. The second generation mutant B1F1 is shown to have mutations
that may stabilize the active site interface, and additionally may bind the coenzyme in the
active site. We show that the changed enatio- and regioselectivity of B1 can be attributed
to structural alteration of the active site cavity, providing a direct link between structure
and function of catalysts. We further show that semi-rational design with optimized codon
usage is a powerful way to create enzyme libraries, and efficiently screen through them.
Additionally, we suggest that the overall rate of catalysis can be increased by stabilizing
the ADH-A dimer interface and binding of the coenzyme. These results further aid the
overall understanding of the structure-function relationship of enzymatic catalysis, with the
ultimate goal of understanding what defines a good catalyst and how we can guide their
design.
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Popular science summary
Sustainability is a hot topic in today’s society. The average person is becoming more
aware about their product and life style choices, in order to contribute to a greener environment. The general awareness of sustainability has put more demands on the pharmaceutical
industry, which have traditionally been using processes that are toxic, consume a lot of energy, and produce chemical waste. One particularly desirable chemical for the pharmaceutical industry is called acyloins, and these are compounds that contain the functional group
–-hydroxy ketone. These chemicals are important building blocks in many drugs which e.g.
treat depression and cancer. Due to the increased incentive to be more sustainable, the industry is looking for better ways to produce these chemicals. One solution is to change the
type of catalysts used in the reaction. To clarify, catalysts are substances used in chemical
reactions that make the reaction go faster, and are therefore commonly used in industrial
processes. Traditionally, industry uses inorganic metal-catalysts, which are typically used
in organic solvents that are environmentally unfriendly. In addition, the chemical reactions
produce toxic waste, and are often carried out at very high temperatures, which means they
need a lot of energy.
The alternative is to use so-called biocatalysts. These are specialized proteins that can
drive a chemical reaction to produce the desired product. The specialized proteins are
called enzymes, and are favourable to use in chemical reactions because they do not need
organic solvents, can work at much lower temperatures, are biodegradable, and are also
very specific. The term specificity is a very important concept when we talk about enzymes,
and refers to the ability of an enzyme to not produce undesirable by-products, but also
to very specifically produce the correct product. However, enzymes are not always able to
perform the chemical reactions that we want them to do, because they were not naturally
made to do so in the living organism that they came from. To overcome this challenge, we
can randomly alter (mutate) the enzymes using a special method that only targets a small
part of the enzyme. Because we only target a small part of the enzyme, we make a limited
number of mutants. In this way we can efficiently look for new mutants of our enzyme that
are better at performing the chemical reactions that we want them to do.
This thesis aims to study the enzyme called alcohol dehydrogenase A (ADH-A), which to
some degree is able to perform the reaction that produces the desirable acyloins previously
mentioned. We show that a mutant of ADH-A, first generation called B1, can perform
the reaction which converts (1R,2S )-phenyl-1,2-propanediol into the desired acyloin with
an activity 3-fold higher compared to the unmutated ADH-A. In addition, we show that B1
changes its selectivity in a way that results in the production of a different acyloin than the
parent. We further mutated B1, and showed that we were able to find a second generation
mutant, called B1F1, which again has a 2.7-fold higher speed of converting (1R,2S )-phenyl1,2-propanediol to the desired acyloin. In summary, analysis of the B1F1 mutants shows that
stabilization of the enzyme may be a key towards creating more efficient biocatalysts, and
that limited randomized mutation is a time-efficient way to find new and better mutants.
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DNA
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Isopropyl-—-D-1-thigalactupyranside
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Iterative saturation mutagenisis

NAD+

Nicotinamide adenine dinucleotide, oxidized

NADH

Nicotinamide adenine dinucleotide, reduced

NDT

Codon set encoding Asn, Ser, Ile, His, Arg, Leu, Tyr, Cys, Phe, Asp, Gly, and Val

NMR

Nuclear magnetic resonance

OD

Optical density

PAGE

Polyacrylamide gel electrophoresis

PCR

Polymerase chain reactions

R. ruber

Rhodococcus ruber DSM 44541 alcohol dehydrogenase A

rpm

Revolutions per minute

SDS

Sodium dodecyl sulfate

TGG

Codon set encoding Trp

UV/vis

Ultraviolet and visible light

VMA

Codon set encoding Glu, Asp, Gln, Pro, Lys, and Thr
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(1R,2S)-PPD
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(1R)-hydroxy-1-phenyl-1-propanone
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1. Introduction

Green chemistry is an emerging concept defined by Paul Anastas and John Warner [1] that,
in a nutshell, aims to cut the amount of waste initially produced in chemical processes,
find safer alternatives to the current materials, use less energy, increase safety, and enhance
yields. Traditionally there has been little or no concern regarding waste or toxicity of
both substrates and byproducts in industrial scale production. Due to higher demands
from government and general awareness of sustainability, there is an increasing incentive to
optimize chemical processes in line with the ideals of green chemistry.
Catalysts are vital for most chemical processes, but are commonly inorganic and can
be hazardous. Biocatalysis is therefore an attractive approach to green chemistry, as it
implies the use of isolated enzymes or whole cells (microbes) as catalysts. Although whole
cells offer the possibility of regenerating coenzymes, isolated enzymes are not limited by
diffusion across membranes and may be considered more practical. This thesis will focus
on the use of isolated enzymes, which are good catalysts for the following reasons: they
can perform complex chemical reactions in one go, are selective in substrate recognition
and product preference, are biodegradable, are safe to work with, and can function at low
temperatures which decreases the overall production cost [2].
Amongst others, the challenges include that enzymes are narrow in substrate preference
and require specific conditions to maintain proper activity. In addition, expensive coenzymes
are normally not regenerated. Due to these challenges, biocatalysis has had a slow advance
even though it was recognized over a century ago [1, 2]. In the 1980s and 1990s, biocatalysis
became more applicable as protein structures became available and opened the field of
protein-engineering based on rational design. Although rational design allowed for wider
substrate recognition, it was still difficult to change substrate preference of enzymes to
synthetic molecules needed in e.g. the pharmaceutical industry [3]. In the mid-1990s the
field of biocatalysis changed as molecular biology allowed for in situ evolution. Rounds of
random mutations and screening efforts created enzyme libraries with an aim to identify
novel stability, activity and substrate preferences [2].
For pharmaceutical purposes, directed evolution can provide enantioselective enzymes
with novel substrate and product preferences. However, screening efforts require a vast
amount of time where in most cases no desired improvements are identified. One should
remember that one is attempting to change what nature has used thousands of years to
produce. A more recent approach to directed evolution called iterative saturation mutagenesis (ISM), combines the randomized directed evolution approach with rational design to
narrow the mutagenesis down to a few selected residues [4–6]. In this way, screening efforts
are drastically reduced and chances of identifying a desired trait is increased.
11
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1.1 Alcohol dehydrogenase A from Rhodococcus ruber DSM 44541
An ideal enzyme for ISM studies should be well characterized in order to design focused
libraries and understand the structure-function relationship of new traits. One such group
of enzymes are the alcohol dehydrogenases (ADH) (EC 1.1.1.1), belonging to the oxidoreductase class of enzymes. The oxidoreductases are well characterized [7–10], as demonstrated
by a yeast ADH which was both purified and crystallized by Negelein and Wulff in 1937.
One can find ADH in nearly all forms of life, as they are essential for metabolism through
the interconversion of secondary alcohols to ketones (Eq. 1.1).
OH
C

H

R
R
sec-alcohol

Õ

O
NAD+
NADH+H

R

C
Ketone

RÕ

(1.1)

This thesis will focus on the alcohol dehydrogenase (ADH) A (EC 1.1.1.1), isolated from
Rhodococcus ruber (R. ruber) DSM 44541 [11]. ADH-A is a globular homodimer with the
monomeric weight of 38 kDa (345 amino acids), similar to the well characterized horse liver
isoenzyme [8, 12]. Each subunit contains two zinc ions, one in the active site and one for
structural stability. ADH-A contains a typical Rossmann fold which binds the nicotinamide
adenine dinucleotides NAD+ and NADH, that are needed to carry out oxidative or reductive
reactions, respectively (Fig. 1.1) [8, 13].

Figure 1.1. Crystal structure of ADH-A from R. ruber DSM 44541. A) Functional homodimeric
stucture of wt ADH-A. B) One subunit of wt ADH-A showing two zinc ions, and a Rossmann fold
which stabilizes the coenzyme NAD+ in the active site. Generated in PyMol Molecular Graphics
System 1.8, wt ADH-A PDB entry 3jv7 [7].

There are two main factors that make ADH-A stand out: i) it is an asymmetrical catalyst
which implies that ADH-A prefers one product enantiomer over the other, and ii) it has a
high tolerance for organic solvents [11, 14]. These features make ADH-A applicable in the
pharmaceutical industry as stereoselectivity is vital to avoid adverse effects, and tolerance
for organic solvents means that it remains active in high concentrations of ketone substrates.
The organic solvent tolerance also allows for coenzyme regeneration, by using 2-propanol as
hydrogen donor or acetone as a hydrogen acceptor [11, 15].
12
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1.2 Optimized iterative saturation mutagenesis (ISM) of ADH-A
The strategy behind iterative saturation mutagenesis (ISM) is to first define target regions
of a protein that can either increase stability, or are involved in catalysis (Fig. 1.2). One
approach is to look at B-factors in proteins to “stiffen-up” flexible regions, or systematically
go through residues that are in close proximity of the substrate in the active site [4]. The
challenge of directed evolution is the screening effort required to identify hits. Randomly
mutating two target residues with the codon NNN adds up to 642 = 4096 codon combinations to screen. Additonally, Reetz [16] have shown that to cover 95 % of the variants,
one must statistically screen a three-fold excess totaling to 4096 · 3 = 12288 variants. To
overcome this challenge, one can optimize the codon usage to reduce the number of variants. To clarify, if one limits the codon possibilities to only allow one codon for each amino
acid, then the total possibilities for random mutagenesis of two residues totals to 202 = 400
codons and 400 · 3 = 1200 variants to cover 95% of the library. Codon optimization has
been demonstrated by making a mixture of the mutagenic codons NDT, VMA, ATG and
TGG at a ratio of 12:6:1:1 for each mutations site, which means that there is no codon
redundancy [5].
Optimized codon usage for ISM has been applied by Hamnevik et al. [7] to evolve the
enantioselectivity and substrate scope of ADH-A from R. ruber DSM 44541. Active site
residues that could contribute to substrate recognition or the catalytic mechanism were
identified, and several rounds of randomized PCR were conducted at maximum two target
sites for each library (Fig. 1.2).

Figure 1.2. Crystal structure of the active site in wt ADH-A from R. ruber DSM 44541, highlighting
residues that have been of particular interest in previous work by Hamnevik et al. [7]. A) Active
site residues W295, Y294, I271, F43, Y54 and L119. B) Zinc binding residues C38, H62 and D153
B). Generated in PyMol Molecular Graphics System 1.8, PDB entry 3jv7

One of the libraries designed by Hamnevik et al. [7] targeted residues 54 and 119. Screening of this library against (1R,2S )-phenyl-1,2-propanediol ((1R,2S )-PPD) lead to the identification of the first generation mutant named B1. The B1 variant was found to have
the mutations Y54G and L119Y (Fig. 1.3), and initial screening showed that the variant
had a three-fold increase in activity from the wt ADH-A. The changes observed in just
one generation shows the plausibility of identifying novel traits through efficiently guiding
the evolution of this enzyme. By supplementing these studies with structural analysis and
comparison of new variants, one might also unravel key aspects of catalysis with regards to
structure and function.
13
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Figure 1.3. Crystal structure of the active site in wt (A) and B1 (B) ADH-A from R. ruber DSM
44541. Generated in PyMol Molecular Graphics System 1.8, PDB entry 3jv7 and B1 PDB entry
pending

1.3 Kinetic characterization of ADH-A
Alcohol dehydrogenase A is favorable to study due to the inherent spectroscopic properties of the coenzymes [13]. Both NAD+ and NADH have distinct UV/vis absorption
spectra. Light is absorbed at 260 nm due to the adenine moiety, but reduction of the nicotinamide moiety also causes the reduced NADH to absorb light at 340 nm (Eq. 1.2). As a
consequence, NADH fluoresces at 445 nm while the oxidized NAD+ does not. By exciting
at 340 nm, one can calculate steady-state rates of oxidation and reduction reactions as an
effect of increase or decrease in NADH fluorescence. Excitation at 340 nm also ensures that
innate protein fluorescence is not captured, as the dominant aromatic residue Trp absorbs
light around 280 nm.
O
C

H O
C

H
NH2

+H≠
-H≠

N+
R
NAD+

N
R

NADH

NH2

(1.2)

The kinetic parameters, K m andV max , given by the Michaelis-Menten equation (Eq.
1.3) can be determined through UV/vis spectroscopy in steady-state kinetics. To do so,
one must determine the initial velocity (V 0 ) of a reaction as a function of various substrate
concentrations, [S], over time. One can then arrive at the equilibrium constant, K m , which
provides information about the affinity of the enzyme for its substrate. The rate, V max ,
is the maximal rate of the reaction that is used to determine the rate constant k cat , that
describes the rate of substrate turnover commonly referred to as the enzyme activity and
can be defined by dividing V max by the total enzyme concentration [E]tot (Eq. 1.4).
V0 =

Vmax [S]
Km + [S]

kcat =

Vmax
[E]tot

(1.3)
(1.4)

Steady-state reactions are informative of the overall character of catalysis; however, it
does not account for binding and release of individual molecules e.g. coenzymes, substrates
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and products. Individual binding rates are informative if one aims to identify rate limiting steps of the reaction. The transient pre-steady-state kinetics occurs on the millisecond
timescale, and can be captured by amongst other the stopped-flow instrument [17]. Transient binding, as measured by stopped-flow, gives the kinetic parameter k obs (Eq. 1.5)
which can be fitted against substrate concentration to give the k off and k on rate constants.
In more common terms, we can use these rates to describe association (k on ) and dissociation
(k off ) of substrates from the enzyme. We can also divide k off by k off to get k d , which is a
equilibrium constant commonly used to describe the affinity of the enzyme for a substrate.
kobs = kon [NAD(H)] + koff

(1.5)

In the case of ADH-A, an expanded reaction scheme characterized by pre-steady state
measurements can include binding of oxidized coenzyme, binding of substrate, formation
of product and reduction of coenzyme, release of product and finally release of the reduced
enzyme (Eq. 1.6). The step-by-step characterization of the individual binding and releases
during enzymatic catalysis allows for detection of the rate limiting step, as opposed to k cat
which in the case of ADH-A only reflects the summarized reactions from a ternary complex
which consists of the enzyme (E) the substrate (R-OH) and the coenzyme (NAD+ ) to the
free enzyme (E) without product or coenzyme bound as shown by Equation 1.6.

(1.6)
The kinetic parameters can be used to determine the selectivity of an enzyme, which is
a crucial aspect in enzymatic catalysis. The selectivity of an enzyme is an argument for
enzymatic catalysis, but can also be a challenge as the substrate scope can be too narrow
and thus the desired products are not formed or the desired substrate is not efficiently
catalyzed. There are several aspects of selectivity that can be targeted, and in this thesis
two particular aspects are of interest: The first is enantioselectivity, which is the enzyme’s
preference for one stereoisomer over the other (Fig. 1.4). One can also aim to change the
enzymes regioselectivity, which is to alter what carbon atom the catalyst will target and
thus change the products that are formed from the same substrate (Fig. 1.4).

Figure 1.4. Substrate and product preferences of an enzyme in terms of A) enantioselectivity
which is the preference for S-enantiomer or R-enantiomer, B) Regioselectivity which describes the
preference for oxidation of carbon one or carbon two.

15

1. Introduction

1.4 Cascade catalysis, green chemistry and –-hydroxy ketones
In line with green chemistry, cheaper alternatives to produce chemicals should be found.
In the pharmaceutical industry, –-hydroxy ketones serve as building blocks for a variety
of drugs targeting e.g. depression, cancer and Alzheimer disease [3, 18]. Thus, there is
an incentive to safely and cheaply produce these compounds using biocatalysis. There
is already a variety of biocatalytic approaches towards efficient production of –-hydroxy
ketones, however, product preferences in terms of regioselectivity is a challenge [18].
One particular approach is to use reactive epoxides which can form diols by simple enzymatic hydrolysis [19]. The Solanum tuberosum epoxide hydrolase 1 (StEH1) (EC 3.3.2.3)
isolated from potato, has been well charactertized [20], and found to be both temperature
stable and able to hydrolyse bulky epoxides. StEH1 is enantioselective, and is shown to
specifically produce (1R,2S )-phenyl-1,2-propanediol from (1S,2S )-1-phenylpropylene oxide
[19]. This ability could allow for cascade catalysis, where StEH1 and ADH-A could sequentially catalyze the reaction from the epoxide to the desirable compounds that contain the
–-hydroxy ketone group, also known as acyloins (Eq. 1.7).
O

OH
CH3

Epoxide

StEH1

OH
CH3

OH
Vicinal diol

NAD+
ADH-A

CH3

O
Acyloin

(1.7)

1.5 Project outline
This thesis aims to characterize the first generation mutant B1 of ADH-A from R. ruber
DSM 44541. The B1 mutant was found through ISM, with the aim to evolve enzymatic
catalysts that can efficiently catalyze the conversion of (1R,2S )-PPD to acyloins that contain
the –-hydroxy ketone group. To identify what defines a good catalyst, the stereo- and
regioselectivity of B1 will be characterized and compared to the wt ADH-A. We further
aim to supplement the kinetic data with a crystal structure of B1. Additionally, this thesis
aims to further evolve B1 in order to identify new mutants with novel activity, which can
be studied to further aid the overall understanding of structure-function relationships in
enzymatic catalysis.
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2. Methods

Chemicals, media, equipment and other details
A full description of buffers, laboratory instruments, agar and media can be found in the
supplements, together with a full list of primers used for ISM (section 8).

2.1 Cloning, expression and purification of wt and B1 ADH-A
Plasmid DNA was inserted into a modified pGT7YNG064c-5H vector [20] which encoded
either the recombinant B1 or wt ADH-A [7, 21]. The plasmid was transformed into BL21AI electrocompetent Escherichia coli which contained the pREP4-AI plasmid that encodes
the chaperons GroEL and GroES [22]. Electroporation was carried out at 1.25 V, cells were
resuspended in 2TY media and incubated for one hour at 37 ¶C at 225 rpm. All media
and agar was from here on prepared with 100 µg/mL ampicillin and 30 µg/mL kanamycin,
but only half the concentration of ampicillin was used during protein expression. The cellculture was plated on Luria Bertani (LB) agar plates and incubated overnight at 37 ¶C. An
over day pure-culture was prepared from one colony forming unit (CFU) and incubated at
37 ¶C at 225 rpm. From this, an overnight culture was prepared by making a 1:35 dilution
into 2TY media, which was then incubated at 30 ¶C at 225 rpm. To prepare for expression,
a 1:100 dilution of the overnight culture was made into 750 mL 2TY media, and grown to
OD600 = 0.4. Expression was induced by both L-arabinose to a final concentraction of 0.04%
(w/v), and IPTG to a final concentration of 1 mM. The culture were incubated overnight
at 30 ¶C at 200 rpm.
All steps of harvesting and purification of protein was carried out at 4 ¶C as previosuly
described by Hamnevik et al. [7]: Cells were harvested by centrifugation (Avant J-20, JA-14
rotor, Beckman Counter) for 13 min at 5000 rpm, and pellets were stored at ≠80 ¶C. To
purify the protein, cell pellets were thawed and resuspended in B1-lysis buffer and lysed
by six rounds of sonication at 70% amplitude, with a pulse of 20 s on and 30 s rest. Cell
debris was pelleted by centrifugation (Avant J-20, JA-25-5 rotor, Beckman Counter) for
one hour at 15000 rpm. The lysate was transferred to a pre-equilibrated nickel IMAC gel,
washed thrice with 10·GV B1-washing buffer, and eluted with 10 mL B1-elution buffer. The
B1-eluate was concentrated and buffer was exchanged in a PD-10 size exclusion column.
For biocatalytic experiment, the PD-10 column was equilibrated and eluted with 3.5 mL
B1-desalting buffer, and for crystallization trials the column was equilibrated and eluted
with B1-crystallization buffer.
The concentration of the purified protein was measured spectrophotometrically at 280 nm
using Beer-Lamberts law. Purity of the sample was determined by SDS-PAGE. Both wt
and B1 ADH-A were stored at 4 ¶C for up to one month, with retained activity [7]. The
extinction coefficient for both wt and B1 ADH-A was 31 517 cm≠1 M≠1 .
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2. Methods

2.2 Coning, expression and purification of StEH1
Plasmid DNA containing a lactose operon that encoded the potato StEH1 was transformed into electrocompetent XL1-Blue cells. Cloning, expression and purification was
carried out the same way as for wt and B1 ADH-A, apart from only using ampicillin for
culturing and IPTG for inducing expression. All purification buffers and media are the same
as for wt and B1 ADH-A, except for the desalting buffer which did not contain ZnSO4 . The
potato StEH1 extinction coefficient is 59 030 cm≠1 M≠1 .

2.3 Synthesis of (1R,2S )-phenyl-1,2-propanediol
The substrate (1R,2S )-PPD is not sold commercially. Using the epoxide hydrolase StEH1
and 1-phenyl-(1S,2S )-propaneoxide as substrate, a final concentration of 300 mM (1R,2S )PPD was synthesized in B1 assay buffer at room temperature with minimal stirring as
previously described by Lindberg et al. [19].

2.4 Steady state-kinetics of wt and B1 ADH-A
The velocity of coenzyme turnover by wt and B1 ADH-A was measured spectrophotometrically at 340 nm, to determine steady-steady kinetics parameters (Eqs. 1.3 and 1.4).
Reactions were carried out in saturating concentration of coenzyme NAD+ (1.6 mM) or
NADH (0.4 mM) [7], with varying concentrations of four different substrates (Table 2.1).
All reactions were run at 30 ¶C in B1-Assay buffer. Coenzyme turnover by wt ADH-A was
only quantified for (1R,2S )-PPD.
Table 2.1.
Substrate range [mM] for steady state kinetics. The wt was only
characterized with (1R,1S)-PPD while B1 was characterized against all four substrates.

B1

wt ADH-A

Substrate

Abbreviation

Range [mM]

Range [mM]

(1R,2S )-phenyl-1,2-propanediol
2-hydroxyacetophenone
1R-phenyl-1,2-ethanediol
1S -phenyl-1,2-ethanediol

(1R,2S )-PPD
2-HAP
(1R)-PED
(1S )-PED

5 - 140
1.25 - 20
5 - 200
2.5 - 80

1 - 100
-

2.5 Determining kinetic parameters using SIMFIT, mmfit and rffit
The SIMFIT curve-fitting program package [23] was use to determine kinetic parameters
of wt ADH-A and B1. Included in the program package one can find the Michaelis-Menten
curve fitting programs mmfit and rffit, which perform non-linear regression to give the
steady-state kinetics parameters.
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2.6 Pre-steady-state kinetics of B1

2.6 Pre-steady-state kinetics of B1
The transient pre-steady-state parameters were determined by exploiting the intrinsic
tryptophan fluorescence, using stopped-flow. Binding of coenzyme NAD+ was determined
by exciting at 290 nm and fluorescence of tryptophan was measured with a cutoff-filter of
320 nm. Binding of coenzyme NADH was measured by exciting at 340 nm and measuring fluorescence with a cutoff-filter of 420 nm, in order to avoid interference from Trp fluorescence.
With the substrate (1R)-PED, the oxidation rates were measured using both wt and B1
ADH-A. Substrate concentration ranged from 5 to 200 mM, with saturating concentrations
of NAD+ and 4 µM enzyme in the reaction mixtures.

2.7 Crystallization trials of B1
Crystals were formed by hanging drop vapor diffusion at 20 ¶C in 4 µL droplets over a
1 mL reservoir. Enzyme concentrations in droplet was 8 mg/mL, with 18 % polyacrylic acid
5100, 4 µM NAD+ , 10 mM MgCl2 and 7.5 mM Bromo-Triflouracetophenone in Tris buffer
set to pH 8.4. Diffraction patterns were collected through a remote session at beamline I04
of Diamond Light Source (Didcot, UK). Data was processed using the CCP4 software 9
COMBAT to convert the data, pointless, aimless and ctruncate to define the unit-cell and
optimize the data. An electron density map was generated by molecular replacement (from
wt ADH-A pdb entry 3jv7).

2.8 Product analysis: Regioselectivity of wt vs. B1 ADH-A
Two biocatalytic reactions were setup to determine the regioselectivity of wt and B1
ADH-A from the substrate (1R,2S )-PPD. A total of 280 mM (1R,2S )-PPD was incubated
with 3 µM ADH-A (wt or B1), and saturating concentrations of coenzyme NAD+ [7]. To
regenerate the coenzyme, a total of 2 U/mL of L-Lactate dehydrogenase and 280 mM Lpyruvate was included in the reaction to recover NAD+ . The reaction was carried out in B1assay buffer at 30 ¶C at 75 rpm in dark. The remaining volume of the biocatalytic reaction
was phase-separated after 30 h by adding 2 mL 99.8 % deuterated chloroform (CDCl3 ) to
extract the organic phase for proton nuclear magnetic resonance (NMR). The two phases
were separated by centrifugation (MicroStar 17, VWR) at 15000 rpm, and the final organic
phase was analyzed by proton NMR (400 MHz).
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2. Methods

2.9 ISM: directed evolution of B1
Phenylalanine residues 43 and 282, in close proximity of the active site, were targeted
for ISM. Residue 43 has previously been targeted [24] and is in close proximity of residue
282. Together they seem to control the opening of the dimer-interface and the access to the
active site (Fig. 2.1).

Figure 2.1. Active site of B1 highlighting target residues F43 and F282 which seem to connect
subunits A and B of ADH-A through ﬁ-stacking. Generated in PyMol Molecular Graphics System
1.8, PDB entry pending.

Codon optimized mutagenic primers (mix of NDT, VMA, ATG and TGG, ratio 12:6:1:1)
[5, 16] were designed for each target residue (Table 8.3). Mutagenic primers were designed
for the reverse (rev) direction at residue 43 with the corresponding non-mutagenic primer
located downstream of the target codon, and for the forward direction at residue 282 with
the corresponding non-mutagenic primer upstream of the target codon (Fig. 2.2). Annealing
temperatures were optimized to 60 ¶C for all primers. The mutations were introduced to B1
by stepwise amplifying three segments of the gene, which were separated on a 1 % agarose gel
to confirm size and remove impurities. Following extraction, the segments were sequentially
combined by PCR to produce the a full length B1 fragment library.

Figure 2.2. ISM primer were designed for residues 43 and 282 (brown) in the B1 ADH-A gene
sequence. The gene was amplified in three segments (A, B and C) to introduce the randomized
mutations.

To insert the fragments to a plasmid vector, 500 ng of the fragment library and 1000 ng
of the vector were digested with restriction enzymes Xho1 (40 U/µL) and BcuI (SpeI)
(10 U/µL) at 37 ¶C. Both digests were separated on a 1 % agarose gel and extracted to purify
and confirm digestion. An overnight ligation with 100 ng of the digested fragment library
(1.25 nM), and 55 ng of the digested vector (0.25 nM vector) was set up with 40 U/µL T4
DNA ligase. Plasmid DNA was concentrated overnight by precipitation at ≠20 ¶C with 1/10
volume of 3 M sodium acetate, 2.5 times the sample volume of 99 % ethanol and 1 mg/mL
glycogen to initiate precipitation. Plasmid DNA was pelleted by centrifugation (MicroStar
17, VWR) at 14 000 g for 20 min, and washed twice with 70 % ethanol. The plasmid DNA
was resuspended in deionized water.
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2.9 ISM: directed evolution of B1
To screen for potential hits, plasmid DNA from Library F was transformed into electrocompetent BL21-AI, then grown and expressed as described in section 2.1 with the following
exceptions: Colonies were inoculated into 350 µL 2TY in 96-well plates, and grown overnight
at 30 ¶C with 175 rpm for 18 h. After the first overnight growth, all cultures were diluted
(1:25) into fresh 2TY media in new 96-well plates and the old plates were stored at ≠80 ¶C
with a final concentration of 15 % glycerol. The new plates were grown for three hours
before expression was induced and grown overnight at 30 ¶C with 175 rpm for 18 h. Cells
were harvested by centrifugation (Allegra 25R, TS-5.1-500 rotor) at 4100 rpm, then lysed
(using Lysis buffer B) while incubated at room temperature at 250 rpm for one hour. Cells
debris was pellet (Allegra 25R, TS-5.1-500 rotor) at 4100 rpm, and lysate was stored at 4 ¶C
during screening. A total of 1200 CFU were picked according to Fig. 2.3, to screen the
library with 95 % coverage.

Figure 2.3. Screening setup in 96-well plates. Each well was inoculated with one colony from the
F-library. Green wells contained the parent B1, blue wells contain 2TY media and orange wells
were negative controls that contained the epoxide hydrolase YNR [20]. In total, 15 plates were
prepared and screened.

In the 96-well plate, eight wells contained 2TY media only, four wells grew the epoxide
hydrolase YNR [20] as a negative control, and four wells contained the first generation
parent B1 as a standard to compare the activity against. Screening was conducted at
30 ¶C in flat-bottom 96-well plates. Enzymes in the plates were excited at 340 nm and the
change in absorbance ( Abs340 /min) was measured over a time period of 15 min. Each
well contained a total volume of 150 µL with 20 mM 2-propanol or 10 mM (1R,2S )-PPD and
0.5 mM NAD+ . Of this volume, 40 µL was crude lysate, while the other components were
dissolved in B1-assay buffer.
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3. Results

The ADH-A and StEH1 proteins were purified by IMAC. Each purification (either wt, B1
or StEH1) had a typical yield between 25 mg and 30 mg pure protein (Fig. 3.1).

(a) B1

(b) StEH1

Figure 3.1. SDS-PAGE of purified proteins from 750 mL expression, showing normalized samples
from pellet (P), lysate (L), flowthrough (FT), wash (W1-W3) and elution (E1-E2). A) ADH-A B1
of 345 amino acids, and B) StEH1 of 322 amino acids

To evaluate enantioselectivity and the overall catalytic character of B1 compared to the wt
ADH-A, the kinetic parameters given as k cat , K m and k cat /K m were determined through
steady-state kinetics. The parameters (Table 3.1) show that B1 has a k cat 2.7-fold higher
than the wt for (1R,2S )-PPD, which it was selected against. B1 also prefers (1S )-PED
over (1R)-PED, shown by a 3.7-fold higher k cat , and a 20-fold higher k cat /K m for (1S )PED; additionally, the K m was shown to be 5-fold lower in concentration for (1S )-PED
compared to (1R)-PED. In contrast, the wt was previously found to have a 77-fold higher
k cat for (1R)-PED as compared to (1S )-PED [7]. Michaelis-Menten curves are found in the
Supplements (Figs. 8.1–8.3).
Table 3.1. Steady-state kinetic parameters for the oxidation of the vicinal diols (1S)-PED,
(1R)-PED and (1R,2S)-PPD, and the reduction of the acyloin 2-HAP. Comparison of B1 and the
wt ADH-A.
wt ADH-Aa

B1 ADH-A
k cat (s≠1 )

K m (mM)

(1S)-PED

0.64±0.01

24±2

(1R)-PED

kcat

(mM≠1 s≠1 )

kcat

k cat (s≠1 )

K m (mM)

0.026±0.001

0.0095±0.0005

3±0.7

0.0031±0.0006

Km

Km

(mM≠1 s≠1 )

0.17 ±0.01

130±12

0.0013±0.0001

0.75±0.01

17±0.6

0.044±0.0008

2-HAP

0.55±0.02

15±1.0

0.036±0.001

2±0.08

3.7±0.4

0.55±0.03

(1R,2S)-PPD

1.1±0.02

43±3

0.026±0.001

0.41±0.01

7±0.4

0.058±0.003

a
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Previously collected data for (1S)-PED, (1R)-PED and 2-HAP (Hamnevik et.all, 2014).

To fully characterize the rate-limiting steps of the catalysis, both binding and release of
coenzyme was determined by stopped-flow measurements (example of curve fitting shown
in Fig. 8.4). The rate constant for the release of NAD+ was found to be 120 s≠1 , and that
of NADH was found to be 64 s≠1 . The binding rates were used to determine the affinity,
K d , which were found to be 13 µM for NAD+ and 5.5 µM for NADH.
Table 3.2. Pre-steady-state rates of coenzyme release from
E·NAD+ or E·NADH complex.
wt ADH-Aa

B1 ADH-A

k on (s≠1 µM≠1 )

NAD+

NADH

NAD+

12 ± 0.5

9.7 ± 0.4

5.1 ± 0.1

2.7 ± 0.06

5.5

13

64 ± 0.5

k off (s≠1 )
K d (µM)

a

NADH

120 ± 15

51 ± 6

12

31.2 ± 2
10

Previously collected data by Hamnevik et al. [24].

Regioselectivity of B1 and wt ADH-A from the diol (1R,2S )-PPD was evaluated by proton
NMR. Except for the remaining starting material, only two products were indentified: (2S )hydroxy-1-phenyl-1-propanone ((2S )-HPP) and (1R)-hydroxy-1-phenyl-1-propanone ((1R)HPP). Comparison of product ratios (Fig. 3.2) shows that both wt and B1 ADH-A have
similar remaining percentages (71 % vs. 69 %) of the starting material (1R,2S )-PPD. Of
the two products detected, the wt showed a clear regioselectivity towards forming the (2S )HPP (22.1%) compared to (1R)-HPP (6.2 %), in contrast B1 showed a clear regioselectivity
towards (1R)-HPP (23.6 %) compared to (2S )-HPP (6.9 %).
0
0

PPD

wt ADH-A
B1-ADH-A
6.2

(1R)-HPP

(2S)-HPP

23.6
22.1

6.9

(1R,2S)-PPD
0

10

20

30

40
50
Percentage %

60

71.7
69.5
70

Figure 3.2. Regioselectivity of biocatalytic reaction with 280 mM 1-phenylethane-1,2-dione
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3. Results
To understand the underlying cause of regioselectivity, a high resolution structure of B1
(1.83 Å) was collected in an effort to co-crystallize B1 with the substrate. The structure was
solved through molecular replacement, using the wt ADH-A (pdb entry 3jv7) (Table 3.3).

Table 3.3. Data collection for B1 protein crystal
with x-ray crystallography

Data Type

B1 ADH-A

Beamline
Cell dimension
Space group
Rwork /Rf ree
Resolution (Å)

Dimond Light source IO4
65.56, 105.97, 108.08
P21
19.19/21.98
1.83

The substrate was not observed in the crystal (Fig. 3.3), but a very undefined density of
low resolution was observed in the active site. In addition, the resolution of B1 was higher
than previously collected data (unpublished). The structures of B1 and wt ADH-A are near
perfectly superimposable (Fig. 3.4) with the exception of the active site, where Y54G and
L119Y mutations in B1 rearrange the shape of active site cavity (Fig. 3.3).

Figure 3.3. Two perspectives of the active site cavity in B1 (top blue) and wt ADH-A (bottom
orange) from R. ruber DSM 44541. The B1 is the first generation evolved from the wt and includes
the mutation Y54G and L119Y. Across from the coenzyme NAD+ in B1, there is a large opening,
where the L119 is found in the wt ADH-A. Generated in PyMol Molecular Graphics System 1.8, wt
PDB entry 3jv7 and B1 PDB entry pending.
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Figure 3.4. Superimposition of one subunit from B1 (blue) and one subunit from wt ADH-A
(orange), showing the coenzyme NAD+ and the two zinc metal ions. Generated in PyMol Molecular
Graphics System 1.8, wt PDB entry 3jv7 and B1 PDB entry pending.

Library F was created in an attempt to expand the investigation of the active site, to include residue 282 and the previously investigated residue 43. Screening of library F revealed
17 new variants with higher activity than the parent B1. The library was screened against
(1R,2S )-PPD in hope of identifying variants with increased activity (Table 3.4). Most hits
contained His, Ser or Asn at residue 43, with the exception of Leu and Thr. In contrast,
the hits at residue 282 showed a wide variety of preferences, including hydrophobic, polar,
aromatic, positively and negatively charged residues. A few of the top hits also conserved
Phe at site 282. All hits had similar biocatalytic activity as parent B1 when screened against
the secondary alcohol 2-propanol.
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3. Results
Table 3.4. Top 17 hits from Library F, targeting residue 43 and 282, screened
with 95% coverage. The hits are first arranged according to mutation at site 43,
then secondly by activity for (1R,2S)-PPD. Six additional residues were naturally
altered, and three residues had silent mutations. The activity represents the
average activity of the mutant (three replicates) divided by the average activity
of B1 (seven replicates).

Activity

a

2-propanolb (1R,2S )-PPDc

Mutations
F43

F282

Other

0.8

3.3

F43T

F282W

1.3
1.1
0.9
0.8
0.7
1

2.8
2.7
2.4
2.1
2.0
1.8

F43H
F43H
F43H
F43H
F43H
F43H

F282K
F282T
F282
F282V
F282M
F282T

G274D
D205G

1
1.1
1.1
0.7
1
1

2.8
2.4
2.3
2.3
2.2
1.6

F43S
F43S
F43S
F43S
F43S
F43S

F282P
F282C
F282N
F282K
F282S
F282V

V194I

1

1.2

F43L

F282H

0.9
0.9
1.2

1.6
1.2
1.2

F43N
F43N
F43N

F282
F282R
F282D

Codon Change

S267K
A212, A126

H185

P122S
G274D

a

Average activity ( Abs340 /min) of mutant divided by average activity of parent

b

20 mM 2-propanol

c

10 mM (1R,2S)-PPD

The four best hits had 2.7 to 3.3-old higher activity than B1 for (1R,2S )-PPD, and
three of them had additional mutations outside of the active site (Fig. 3.5). The four best
mutations will from here on be denoted as i) B1F1 for F43T and F282W, ii) B1F2 for F43S,
F282P, iii) B1F3 for F43H, F282K and G274D, and lastly iv) B1F4 for F43H, F282T and
D205G.
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Figure 3.5. Theoretical comparison of the four best hits with in silico structure proposed in bright
green, and B1 structure shown with chain A in blue and chain B in red. A) F43T and F282W
(B1F1), where W282 is in close proximity of Q51. B) F43S and F282P with the additonal mutation
V194I (B1F2). C) F43H and F282K with the additional mutation G274D (B1F3). D) F43H and
F282T with the additional mutation D205G (B1F4). Generated in PyMol Molecular Graphics
System 1.8, B1 BDP entry pending.
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4. Discussion

The directed evolution of ADH-A performed in this thesis, has the overall aim of producing
–-hydroxy ketones for industrial purposes. The ability to oxidize vicinal diols with regio- and
enantiospecificity is therefore of interest, particularly (1R,2S )-PPD which can be produced
from epoxides [25]. Furthermore, the study of the general catalytic character of evolved
ADH-A in combination with structural insight aids the overall understanding of enzyme
catalysis.
In pursuit of these answers, steady-state kinetics was measured for the oxidation of the
vicinal diols (1S )-PED , (1R)-PED and (1R,2S )-PPD, in addition to the reduction of the
acyloin 2-HAP. Comparison of the oxidative steady-state kinetics shows that B1 has altered
its catalytic preferences, both with regards to enantio- and regioselectivity. The overall
change in B1 enantioselectivity is highlighted by the 67-fold increased k cat for (1S )-PED,
and 8.4-fold increase in catalytic efficiency as defined by kcat /Km (mM≠1 s≠1 ). Additionally,
B1 displays a 2.7-fold increase in k cat for the (1R,2S )-PPD which it was selected against,
but due to a much lower K m the wt still has a 2.2-fold higher catalytic efficiency.
To rationalize the cause and effect of these preferences, it is important to consider the
structural differences between wt and B1. The mutations introduced to B1 include Y54G
and L119Y, which are found to alter the active site cavity (Fig. 3.3). The structural changes
are located distal from the coenzyme NAD+ , where one mutation (Y54G) creates an open
space which is compensated by a complete change in orientation of the second mutation
L119Y. In effect, the active site cavity becomes more oval and open in shape distal to the
coenzyme NAD+ . These changes are most likely causing repositioning of the substrate’s,
making hydride transfer more preferable for the S -enantiomer at C1, and also demonstrates
that there is a clear relationship between structure and function in enzymes.
Repositioning of the substrate, as a cause of the changed enantioselectivity, can also
rationalize why the wt has a 15-fold higher kcat /Km than B1 in the reductive catalysis of
2-HAP. The reductive reaction requires a transfer of the NADH hydride at C4 to C1 of
the substrate. Since 2-HAP is a ketone which does not posses an R nor an S conformation
at C1, the B1 decreased preference for this substrate indicates that an oxidation at the
position of C1 could be overall less preferable for B1 compared to the wt.
The decreased kcat /Km of B1 for (1R,2S )-PPD could also be explained by these structural
changes, as a larger cavity can introduce more flexibility in binding. To clarify, although
B1 catalyzes the reactions at a higher rate, it is very inefficient at binding the substrate.
This is also seen for all four tested substrates, as the K m is found to be higher in all cases
as compared to the wt. This does not necessarily mean that B1 is worse than the wt for
industrial applications; on the contrary, an industrial reaction does not necessarily need to
have high affinity as one can easily push the reaction by adding more substrate. Additionally,
increased substrate scope as an effect of more flexibility could be very preferable in industry,
where one might want the enzyme to be able to accept a range of substrate for various
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applications. In summary, as long as the enzyme is producing the desired chemical products
at a desired rate, the actual affinity is of less importance.
Interestingly, no burst was captured in the pre-steady state oxidation of (1R)-PED, which
should be observed due to accumulation of the binary complex (E · NADH). There are two
explanations for this: the release of the product and reduced cofactor are too fast and
thus we can only capture the steady-state, or the small burst could be an effect of nonproductive binding. To explain the second postulation a bit further, we have shown that
the rate constant of NADH dissociation is 64 s≠1 while the k cat for (1R)-PED is 0.17 s≠1 .
There is a 376-fold difference in the two rate constants, which is expected to reflect the same
reaction (Eq. 1.6). However, as release of the reduced coenzyme NADH is assumed to be
the rate-limiting step [24], we can explain the reduced k cat as non-productive binding of
substrate [17]. More simply stated, the rate differences indicated that only one out of 376
substrates bind in the active site in a way that forms a product.
B1 also displays a change in regioselectivity, most evident from the end-point analysis of
the oxidative reaction with vicinal diol (1R,2S )-PPD. Interestingly, the wt had a clear regioselectivity towards the acyloin (2S)-HPP, as a consequence of hydride transfer at C1. In
contrast, B1 showed a clear regioselectivity toward the acyloin (1R)-HPP, as a consequence
of hydride transfer at C2 (Fig. 4.1).

Figure 4.1. Regioselectivity is the preference between C1 and C2 for oxidative reactions with
the vicinal diol (1R,2S)-phenyl-1,2-propanediol. The wt has a preference for C1 while B1 has a
preference for C2.

Although the substrate was not modeled into the crystal structure of B1, we were able
to detect electron density in the active site. This density was of very low resolution, which
is rational if B1 has increased its binding modes for the substrate. We have shown that the
K m of B1 for all tested substrates is higher than the wt ADH-A K m , we also show that
its regio- and enanteoselectivity has changed, and we observe that the the density for the
substrate in the active site is not defined. If we puzzle these clues together, and remember
that a crystal structure represents an average of many B1 proteins with substrates, in the
end we get a low resolution density in the active site because the electron density of the
substrate is an average of the many ways in which B1 binds the substrate, as an effect of
increased flexibility in the active site, which is also reflected in K m .
Design, creation and screening of library F was possible within the short time-frame
of one month, demonstrating the efficiency of optimized codon usage and ISM to evolve
enzymes. At residue 43, all of the top hits except F43V were found to have amino acids
capable of forming hydrogen bonds. Previously, Hamnevik et al. [24] showed that the F43H
mutation in ADH-A changes the orientation of the residue in such a way that it can bind
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4. Discussion
the ribose moiety of NAD+ to provide stability. As His, Ser and Asn were frequently found
mutations amongst the top 17 hits, this seems to be a general trend for increased stability
both in library F and in the previously investigated ADH-A variants by Hamnevik et al.
[24].
The best hit, B1F1, from library F had an average of 3.3-fold higher activity than B1 for
(1R,2S )-PPD, and was found have the mutations F43T and F2828W (Fig. 3.5). Interestingly T43 is also a polar group in close proximity of the coenzyme NAD+ , and as previously
stated it could potentially stabilize the coenzyme by forming hydrogen bonds to the ribose
moety of NAD+ through a water molecule.
The second mutation in B1F1 to W282, places a large aromatic amino acid in the interface
between the two ADH-A subunits just across from Q51. This could induce a planar stacking
interaction between W282 and Q51 [26], which would stabilize the dimer-interface. A second
example of stabilization was again seen in one of the other top four hits, B1F2 (F32S,
F282P and V1994I), were F282P is introduced to a loop of subunit B. Proline is sterically
constrained and can therefore provide rigidity to the loop of the subunit B.
The hits B1F3 (F43H, F282K and G274D) might also provide stabilization of the dimer
interface, and this could explain why this hit has a 2.8-fold higher activity than B1 for
(1R,2S )-PPD. The B1F3 variant has the mutation F43H which was previously discussed,
but also F282K and the additional G274D which was also found in one of the other top 17
hits. The in silico mutations (Fig. 3.5) show that F282K and G274D are in close proximity,
but on each side of the subunit interface, and they could therefore form a salt-bridge to
stabilize the dimer-interface and provide stability to the two loops that they are situated
on.
The fourth best hit, B1F4, contained the mutations F43H, F282T and D205G. The most
interesting of these three mutations is probably D205G, which is located in a loop at the
distal end of the NAD+ . Placement of a glycine in a loop should introduce more flexibility
in this region, and could influence the rate of both binding and release of the coenzyme
during catalysis.
Although there seems to be a general trend that favors stabilization of the NAD+ at
residue 43, there is no particular trend for preferred amino acids at position 282. This suggests that there is no mutation which influences catalysis at residue 282; however, structural
stabilization of the dimer interface is more likely the cause of the increased rate of catalysis.
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5. Conclusion and outlook

The directed evolution of ADH-A from R. ruber by ISM identified the first generation B1
mutant (Y54Y, L119Y) with a 2.7-fold higher rate of catalysis for the diol (1R,2S )-PPD.
Here we have shown that B1 displays a change in both enatio- and regioselectivity which
we attribute to the structural alteration of the active site cavity. Further, we show that
new rounds of directed evolution gave rise to 17 mutants with higher activity for (1R,2S )PPD, where the top hit B1F1 had a 3.3-fold higher activity for (1R,2S )-PPD than B1. This
thesis shows that mutations that increase stability of the dimer interface, and binding of the
coenzyme NAD+ increases the activity of ADH-A, as shown by the potential planar stacking
interaction between W282 and Q51 in B1F1, and a salt-bridge by K282 and D274 in B1F3.
These findings show that there is a clear relationship between the structure and the function
of ADH-A. Further characterization of new mutants and co-crystallization of substrate with
the ADH-A should be done to further understand what defines a good catalyst, and how
we can ultimately guide catalyst design.
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8. Supplements

B1-lysis buffer: 500mM NaCl, 20mM imidazole, 20mM NaPi, 0.02% sodium azide, one EDTA free protease
tablet, 20µg/mL DNase1, pH 7.5
B1-binding buffer: 500mM NaCl, 20mM imidazole, 20mM NaPi, 0.02% sodium azide, pH 7.5
B1-washing buffer: 500mM NaCl, 100mM imidazole, 20mM NaPi, 0.02% sodium azide, pH 7.5
B1-elution buffer: 500mM NaCl, 300mM imidazole, 20mM NaPi, 0.02% sodium azide, pH 7.5
B1-desalting buffer: 100mM NaPi, 100 µM ZnSO4, 0.02% sodium azide, pH 7.4
B1-crystallisation buffer: 30mM Trizma® base, 0.02% sodium azide, pH 7.4
B1-mother liquor for crystallization: 30mM Trizma® base, 0.02% sodium azide, pH 8
B1-Assay buffer: 100 mM NaPi, 10 µM ZnSO4, pH 8 ADH-A B1 media
Lysis buffer B: In 10 mL B-PER solution: 20 mg/mL lysozyme, 10 mg/mL lysozyme, 1 complte EDTA free
protease tablet and 10 mM ZnSo4
LB: 1% w/v tryptone, 1% (w/v) yeast extract, 0.5% (w/v) NaCl,
LB-agar: 1% (w/v) tryptone, 1% (w/v) yeast extract, 0.5% (w/v) NaCl, 1.6% agar
2TY: 2% (w/v) tryptone, 2% (w/v) yeast extract, 0.5% (w/v) Nacl

Table 8.1. General equipment
Equipment

Model

Manifacturer

Incubator and shaker
Tabletop centrifuge
Gradient Thermal Cycler
Plate reader
Centrifuge
Centrifuge
Spectrophotometer
Stopped-flow fluometer
Purification Column
Gel for IMAC
HPLC component
HPLC component
HPLC component
HPLC component
Electroporation Unit

Hood TH30 with shaker SM30
Micro Star 17
PC 960G
SpectraMax® 190 Absorbance Microplate Reader
Avant J-20, JA-14 rotor and JA-25-5 rotor
Allegra 25R, TS-5.1-500 rotor
UV-17000 Pharmaspec
SX20
PD-10
Chelating sepharose Fast Flow
SPD-M20A detector
CHIRALPAK®analytical column
LC-20AD Pump
SIL-20A autosamples
Gene Pulser, Pulse Controller, Capacitance Extender

Edmund Bühler
VWR
CR
Molecular Devices
Beckman Coulter
Beckman Counter
Shimadzu
Photophysics
GE-healthcare
GE-healthcare
Shimadzu
Shimadzu
Shimadzu
Shimadzu
Bio-Rad, Inc.

Table 8.2. Commercially bought substrates and enzymes
Chemical /Enzyme

Purity /concentration

Supplier

(1S)-phenyl-1,2-ethanediol
(1R)-phenyl-1,2-ethanediol
2-Hydroxyacetophenone
Natrium Pyruvate
L-Lactic Dehydrogenase from bovine heart

99 %
99 %
98 %
99 %
300 U/mg protein

Merck
Merck
Merck
Merck
Merck

35

8. Supplements
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(b) ADH-A B1 (1S-PED)

Figure 8.1. Michaelis-Menten curves for various concentrations of (1R)-Phenyl-1,2-thanediol
(1R-PED) and (1S)-Phenyl-1,2-ethanediol (1S-PED). ADHA-A B1 concentration of 420 nM for
(1S)-PED and 210 nM for (1R)-PED.
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Figure 8.2. Michaelis-Menten curves for various concentrations of (1R,2S)-PPD with either 20 nM
wt ADH-A, and 33 nM B1.
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Figure 8.3.
8.3 Michaelis-Menten curves for various concentrations of 2-HAP, with 42 nM B1.
Figure
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Figure 8.4. Example of pre-steady-state binding-curves for coenzyme NAD+ and NADH. Coenzyme NADH was excited at 340 nm and fluorescence was measured with a cutoff-filter of 420 nm.
Coenzyme NAD+ was excited at 290 nm and fluorescence was measured with a cutoff filter of
320 nm. Total of 1 µM B1 in reaction.

Table 8.3. Primers for ISM and amplification and sequencing of the B1 gene
Primer

Sequence

B1 Forward

GTAAAACGACGGCCAGTG

B1 Reverse

CAGGAAACAGCTATGACC

F282 Forward

TGCCCATGCAAAAGTTGGCTTTndtATGATTCCGTTTGGTGCAAGCG
TGCCCATGCAAAAGTTGGCTTTvmaATGATTCCGTTTGGTGCAAGCG
TGCCCATGCAAAAGTTGGCTTTatgATGATTCCGTTTGGTGCAAGCG
TGCCCATGCAAAAGTTGGCTTTtggATGATTCCGTTTGGTGCAAGCG

F282 Reverse

AAAGCCAACTTTTGCATGGGCA

F43 Forward

GTTATGGATATGCCTGCAGCACAG

F43 Reverse

CTGTGCTGCAGGCATATCCATAACahnAATATCGCTATGACACAGACCTGCTG
CTGTGCTGCAGGCATATCCATAACtkbAATATCGCTATGACACAGACCTGCTG
CTGTGCTGCAGGCATATCCATAACcatAATATCGCTATGACACAGACCTGCTG
CTGTGCTGCAGGCATATCCATAACccaAATATCGCTATGACACAGACCTGCTG
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1

H NMR (400 MHz, CDCl3, 25 ¶C, wt ADH-A, substrate (RS)-4): (S)-1, d = 7.90 (dd,J = 8.5, 1.3 Hz,
2H), 7.64 - 7.58 (m, 1H), 7.52 - 7.46 (m, 2H), 5.16 - 5.08 (m, 1H), 1.42 (d, J = 7.0 Hz, 3H). (R)-2, d =
7.35 - 7.29 (m, 5H), 5.06 (d, J = 4.1 Hz, 1H), 2.05 (s, 3H). (1R, 2S)-4, d = 7.35 - 7.29 (m, 5H), 4.64 (d, J
= 4.1 Hz, 1H), 3.99-3.93 (p, J = 6.3 Hz, 1H), 1.03 (d, J = 6.4 Hz, 3H).

1

H NMR (400 MHz, CDCl3, 25 ¶C, B1 ADH-A, (RS)-4): (R)-2, d = 7.36 - 7.29 (m, 5H), 5.06 (d, J = 4.1

Hz, 1H), 2.05 (s, 3H). (S)-1, d = 7.90 (dd, J = 8.5, 1.3 Hz, 2H), 7.64 - 7.58 (m, 1H), 7.52 - 7.46 (m, 2H),
5.16 - 5.08 (m, 1H), 1.42 (d, J = 7.0 Hz, 3H). (1R, 2S)-4, d = 7.35 - 7.29 (m, 5H), 4.64 (d, J = 4.1 Hz,
1H), 3.99-3.93 (p, J = 6.3 Hz, 1H), 1.03 (d, J = 6.4 Hz, 3H).

Corresponding percentage of products in Figure 8.5 was determined by dividing the
summarized integral value of each product by the summarized integrals of all peaks of from
starting material and products.

38

Figure 8.5. NMR spectra from end-products in a biocatalytic reaction with either B1 or wt
ADH-A, with substrate (1R,2S)-PPD.
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