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Abstract

The objective of this master’s thesis, as a part of the Synthetic Biology Research Programme (FinSynBio) at
the Academy of Finland, was the expression, purification and characterization of two enzymes involved in a
synthetic non-phosphorylative in vitro metabolic pathway. Additionally, the aim of this work was to validate
the feasibility of this synthetic non-phosphorylative metabolic pathway experimentally, by combining these
two enzymes with other relevant pathway enzymes to construct a synthetic in vitro metabolic pathway for
the production of a biotechnologically relevant compound, glycolic acid, starting from D-xylose.

A xylonolactonase from Caulobacter crescentus and an aldehyde dehydrogenase from Escherichia coli
were expressed in E. coli as the corresponding genes xylC and aldA in the pBAT4 plasmid. The encoded
proteins were purified using column chromatography. To determine lactonase activity, the decolorization of
p-nitrophenol, caused by the production of sugar acids, was followed spectrophotometrically, and the disap-
pearance of the lactone structure was followed using circular dichroism spectroscopy. To determine dehy-
drogenase activity, the formation of NADH was followed spectrophotometrically. Metabolic pathway activity
was also coupled to the formation of NADH in the last step, catalyzed by Ec AldA.

Highest xylonolactonase activity was measured in alkaline conditions, in the presence of the divalent metal
ion Zn2+. The presence of Zn2+ was shown to alter the secondary structure of Cc XylC, and the presence of
zinc in storage buffer was shown have a deleterious effect on lactonase activity. Highest dehydrogenase
activity was measured in alkaline conditions, in the presence of DTT, a reducing and a chelating agent. Im-
plications of substrate inhibition were observed at substrate concentrations of 0.5 mM and above. The pres-
ence of Zn2+ was shown to be deleterious to Ec AldA activity. In the case of the in vitro pathway, the Cc
XylC lactonase was shown increase the overall rate of glycolic acid formation in pH 7. In pH 8, the inclusion
of the lactonase was shown to have little effect.

In this work, we expressed, purified, and characterized the xylonolactonase XylC from C. crescentus and
the aldehyde dehydrogenase AldA from E. coli. Feasibility of the synthetic metabolic pathway was validated
experimentally by demonstrating the production of glycolic acid from D-xylonolactone and D-xylonate in
vitro. The results in this thesis can be used to optimize and understand the glycolic acid synthesis process in
vitro and in vivo. This pathway can also be extended for the production of biotechnologically relevant com-
pounds, such as ethylene glycol, lactic acid, or citric acid cycle derivatives from D-xylose.

Keywords Dehydrogenase, Lactonase, D-xylose, D-xylonolactone, D-xylonate, Glycolaldehyde,

Glycolic acid, in vitro, metabolic pathway, sugar acid, organic acid, Caulobacter crescentus
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Tiivistelmä

Tämän diplomityön tavoitteena, osana Suomen Akatemian Synteettisen biologian FinSynBio-
tutkimusohjelmaa, oli kahden synteettiseen, fosforyloimattomaan in vitro metaboliareittiin liittyvän entsyymin
ekspressointi, eristys ja karakterisointi. Työn päämääränä oli synteettisen, fosforyloimattoman in vitro meta-
boliareitin toteutettavuuden kokeellinen validointi yhdistämällä edellämainitut kaksi entsyymiä muiden oleel-
listen metaboliareittientsyymien kanssa rakentaen synteettinen in vitro metaboliareitti bioteknologisesti mer-
kittävän yhdisteen, glykolihapon, tuottamiseksi D-ksyloosista.

Ksylonolaktonaasi Caulobacter crescentus -bakteerista ja aldehydidehydrogenaasi Escherichia coli-
bakteerista ekspressoitiin E. coli -bakteerissa vastaavina xylC ja aldA geeneinä pBAT4-plasmidissa. Geene-
jä vastaavat proteiinit eristettiin pylväskromatografian avulla. Laktonaasiaktiivisuuden määrittämiseksi p-
nitrofenolin muuttumista värittömäksi sokerihappojen muodostumisen seurauksena seurattiin spektrofoto-
merisesti, ja laktonirakenteen katoamista seurattiin sirkulaaridikroismispektroskopian avulla. Dehydro-
genaasiaktiivisuuden määrittämiseksi NADH:n muodostumista seurattiin spektrofotometrisesti. Metabo-
liareittiaktiivisuuden määrittämiseksi NADH:n muodostumista reitin viimeisen entsyymin, Ec AldA:n kataly-
soimana seurattiin spektrofotometrisesti.

Korkein ksylonolaktonaasiaktiivisuus mitattiin emäksisissä olosuhteissa, kaksiarvoisen metalli-ionin Zn2+

ollessa läsnä reaktioseoksessa.  Zn2+ -ionien läsnäolon havaittiin aiheuttavan muutoksia Cc XylC:n sekun-
daarirakenteessa, ja entsyymiaktiivisuuden havaittiin laskevan varastoitaessa entsyymi sinkkiä sisältävässä
puskurissa. Korkein dehydrogenaasiaktiivusus mitattiin emäksisissä olosuhteissa, pelkistävän ja kelatoivan
yhdisteen, DTT:n ollessa läsnä reaktioseoksessa. Merkkejä substraatti-inhibitiosta havaittiin käytettäessä
0.5 mM ja korkeampia substraattikonsentraatioita. Zn2+ -ionien läsnäolon havaittiin olevan haitallista Ec AldA
aktiivisuudelle. In vitro -reitin tapauksessa Cc XylC laktonaasin osoitettiin parantavan glykolihapon tuottoa
pH:ssa 7. pH:ssa 8 laktonaasin vaikutus glykolihapon tuottoon oli puolestaan vähäinen.

Tässä työssä ekspressoitiin, eristettiin ja karakterisoitiin ksylonolaktonaasi XylC C. crescentus -bakteerista
ja aldehydidehydrogenaasi AldA E. coli -bakteerista. Synteettisen metaboliareitin toteuttavuus validoitiin
kokeellisesti osoittamalla glykolihapon tuotto D-ksylonolaktonista ja D-ksylonaatista in vitro. Tämän työn
tuloksia voidaan käyttää fosforyloimattoman glykolihapposynteesin ymmärtämiseen ja optimoimiseen in vitro
ja in vivo. Synteettistä metaboliareittiä voidaan jatkaa muiden bioteknologisesti merkittävien tuotteiden, ku-
ten etyleeniglykolin, maitohapon, tai sitruunahapposyklijohdannaisten tuottamiseksi D-ksyloosista.

Avainsanat Dehydrogenaasi, Laktonaasi, D-ksyloosi, D-ksylonolaktoni, D-ksylonaatti, Glykolial-
dehydi, Glykolihappo, in vitro, metaboliareitti, sokerihappo, orgaaninen happo, Caulobacter
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Abbreviations and definitions

Abbreviation Definition

CD Circular dichroism

DTT Dithiothreitol

EDTA Ethylenediaminetetraacetic acid

NAD+ Oxidized form of nicotinamide adenine dinucleotide

NADH Reduced form of nicotinamide adenine dinucleotide

PE Poly(ethylene)

PLA Poly(lactic acid)

PGA Poly(glycolic acid)

PLGA Poly(lactic-co-glycolic acid)

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis

UPLC Ulra Performance Liquid Chromatography
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1 Introduction

Lignocellulose has gained attention as an alternative biotechnological feedstock for the

production of value-added chemicals due to its wide availability, low cost, high

carbohydrate content, and ability to circumvent “food vs. fuel” related aspects, (Graham-

Rowe, 2011; Werpy and Petersen, 2004). The carbohydrate fractions of lignocellulose

(cellulose and hemicellulose) can be converted to monosaccharides such as D-glucose,

D-mannose, D-galactose, D-xylose and L-arabinose through thermochemical or

enzymatic treatment (Harmsen et al., 2010; Alonso et al., 2015; Mehtiö et al., 2016).

Utilization of carbon sources derived from hemicellulose and pectin polysaccharides is

important, as these compounds can constitute more than one-third of the available

sugars in lignocellulose (Li et al., 2011; Himmel et al., 1994).

The main constituent of the hemicellulose fraction in lignocellulose is D-xylose, which

can be used as a starting material for the production of various value-added chemicals

such as mono- or di-carboxylic acids (Alonso et al., 2015; Becker et al., 2015; Mehtiö et

al., 2016). These acids can be used for the production of chemical intermediates, building

blocks for chemical synthesis, and polymer compounds (Adkins et al., 2012).

The objective of this master’s thesis was the expression, purification and characterization

of two enzymes involved in a non-phosphorylative in vitro synthetic metabolic pathway

for the production of a biotechnologically relevant compound, glycolic acid from D-

xylose. The aim was to validate the feasibility of this non-phosphorylative synthetic

pathway experimentally, by combining these two enzymes with other relevant pathway

enzymes  to  construct  an in vitro synthetic metabolic pathway for the production of

glycolic acid. Emphasis in this thesis was placed on characterizing a xylonolactonase from

Caulobacter crescentus, and determining the role if this enzyme in the synthetic in vitro

pathway in addition to validating the feasibility of this synthetic pathway.
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2 Lignocellulosic raw materials

Lignocellulose produced by plants is the most abundant renewable resource on earth,

with an estimated capacity to provide energy equal to five times the global energy

consumption (Zhang et al., 2013). The carbohydrate fractions of lignocellulose can be

converted to monosaccharides such as D-glucose, D-mannose, D-galactose, D-xylose and

L-arabinose  through  thermochemical  or  enzymatic  treatment  (Alonso et al., 2015;

Mehtiö et al., 2016). Currently the majority of biotechnological processes utilize D-

glucose as their primary carbon source for the production of biotechnologically relevant

compounds, such as bioethanol (Sarris and Papanikolaou, 2016). The utilization of other

carbon sources derived from hemicellulose and pectin polysaccharides, such as D-xylose,

L-arabinose or D-galacturonate (a sugar acid) is also important as these compounds can

constitute more than one-third of the available sugars in lignocellulose (Li et al., 2011;

Himmel et al., 1994).

The US Department of Energy (Werpy and Petersen, 2004) has compiled a list of the top

value-added chemicals producible from biomass with a major part of these chemicals

being  organic  mono-  or  di-acids.  These  organic  acids  can  be  further  converted  to

chemical intermediates, building blocks for chemical synthesis, or polymer compounds

(Adkins et al., 2012). Organic acids contain carboxylic groups which can be reacted with

the amino groups of other chemicals to produce highly durable polyamides through the

formation of amide bonds. Dicarboxylic acids can also be polymerized with different

alcohols to produce polyester fabrics and fibers by forming ester bonds. Polymerization

of acetic acid derivatives that have unsaturated carbon-carbon bonds generates plastic

materials (e.g. PE) by forming new carbon-carbon bonds resulting from addition

polymerization. Finally, the polymerization of hydroxy acids (e.g. lactic acid) produces

polymers (e.g. PLA) by the formation of ester bonds (Mehtiö et al., 2016).
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One method for the biotechnological production of organic acids is microbial

biosynthesis, recently reviewed by Alonso et al. (2015), Becker et al. (2015), and Mehtiö

et al. (2016). While bulk commodity carboxylic acids such as lactic and citric acid have

already  found  their  place  in  the  market  (Sauer et al., 2008; Yadav et al., 2011), the

chemical industry has recently focused on emerging high value-organic acids, such as

intermediates of the tricarboxylic acid cycle (e.g., succinic, fumaric and α-ketoglutaric

acid), sugar acids from microbial oxidative processes (e.g., xylonic, gluconic and

lactobionic acid), or specialty building-block and platform organic acids (e.g., adipic,

muconic, itaconic and propionic acid) with broader industrial applications (Alonso et al.,

2015).
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3 Microbial biosynthesis

Biocatalysis (using microbial cells or isolated enzymes) has multiple specific advantages

over traditional chemical catalysts, which often require high reaction temperature and

pressure. The majority of enzymes have evolved to carry out reactions at low

temperature and pressure. Compared to chemical catalyst-based reactions where side

products or multiple isomers of a single product are formed, biocatalysts have specific

advantages in their chemo-, regio-, and stereoselectivity over chemical catalysts

(Goldberg et al., 2007; Moore et al., 2007). The third advantage of biocatalytic processes

is their environment-friendliness. In the case of soluble metal complexes (i.e.

homogenous catalysts used in chemical processes), heavy metal toxicity and the use of

volatile organic solvents is often an issue of concern (Anastas et al., 2001). Most enzymes

use water as the reaction medium, thus eliminating negative impact on environment

caused by the accumulation of heavy metal residues and use of organic solvents.

Microbial fermentations are therefore a potential sustainable alternative for the

industrial production of organic acids, otherwise produced via complex high carbon

footprint chemical processes (Hermann et al., 2007; Smidt, 2011).

Traditional microbial production processes can rely on bacteria and fungi, with the most

common expression organism (based on literature) being the bacterium E. coli (Chou,

2007). For industrial applications, model organisms such as E. coli are not suitable due to

their low tolerance to acidic conditions, temperature fluctuations, and the presence of

inhibitors (such as organic acids, furans and aromatics) generated during the

pretreatment and hydrolysis of lignocellulosic feedstock (Abdel-Banat et al., 2010;

Larsson et al., 1999; Palmqvist and Hahn-Hägerdal, 2000, Nichols et al., 2010). Instead,

inhibitor tolerant fungi are regarded more amenable due to their robustness and

tolerance to acidic conditions (Penttilä, et al., 2014; Kubicek, et al., 2011; Magnuson and

Lasure, 2004; Sauer et al., 2008; Sauer et al., 2010). Genetic manipulation of the
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production organisms is often required and this usually involves introduction of

heterologous enzymes with high activity, overexpression of key enzymes, disruption of

genes leading to unwanted side products, modification of gene sequences to alter the

functionality of certain enzymes and the application of overall evolutionary engineering

strategies (Lee et al., 2007; Lee et al., 2012).

3.1 Application potential of the oxidative D-xylose pathway

Bacteria and Eukarya have evolved to utilize D-xylose, L-arabinose and D-galacturonate

as carbon and energy sources for cellular metabolism, providing useful pathways for

engineering purposes. A number of natural or engineered microbial strains have been

isolated or constructed to ferment xylose, for an example, for the production of ethanol

(Nielsen et al., 2013), xylitol (Akinterinwa and Cirino, 2011), xylonic acid (Toivari et al.,

2013), succinate (Liu et al., 2012b), lactate (Shinkawa et al., 2011) and other important

products.

Three microbial pathways have been described for D-xylose catabolism (Brouns et al.

2006, Johnsen et al. 2009, Johnsen et al. 2004, Johnsen et al. 2013) and are presented in

Fig. 1. The synthetic in vitro pathway described in this thesis is based on the oxidative,

nonphosphorylative D-xylose pathway (rightmost lane), first observed in Pseudomonas

fragi by Weimberg (1961). Due to the lack of phosphorylating reactions, this oxidative

pathway  is  an  energy-efficient  alternative  compared  to  two  other  xylose  utilizing

pathways.
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Fig. 1. The three main microbial oxidative pathways for D-xylose catabolism found in fungi, bacteria and

archaea. The oxidative pathway leading from D-xylose to glycoladehyde and puruvate is known as the

Dahms pathway and the one leading from D-xylose to a-ketoglutarate semialdehyde is known as the

Weimberg pathway. (Bräsen et al., 2014)



7

In the fungal pathway, a xylose reductase reduces D-xylose to xylitol using NADH or

NADPH as a cofactor. Xylitol is then oxidized to D-xylulose by xylitol dehydrogenase using

the cofactor NAD+.  In the last step, an ATP utilizing xylulose kinase phosphorylates D-

xylulose. The pentose phosphate pathway metabolizes the product, D-xylulose-5-

phosphate. The fungal and bacterial pathways are similar, but in the latter one, a xylose

isomerase converts D-xylose directly into D-xylulose. D-xylulose is then phosphorylated

as in the fungal pathway and the product, D-xylulose-5-phosphate is metabolized by the

pentose  phosphate  pathway.  In  the  case  of  some  bacteria  and  archaea,  an  oxidative

pathway is used where D-xylose is oxidized to D-xylonolactone by a D-xylose

dehydrogenase, followed by a lactonase to hydrolyze the lactone to D-xylonic acid. A

xylonate dehydratase removes a water molecule from xylonic acid, resulting in 2-keto-3-

deoxy-xylonate. In the Weimberg pathway (Weimberg, 1961), a second hydratase forms

the α-ketoglutarate semialdehyde, which is subsequently oxidized to α-ketoglutarate,

and  in  the  Dahms  pathway  (Dahms,  1974),  the  2-keto-3-deoxy-xylonate  is  split  by  an

aldolase to pyruvate and glycolaldehyde.

The establishment of an alternative nonphosphorylative metabolism provides a

metabolic platform for the biosynthesis of a variety of chemicals, such as dicarboxylic

acids (succinate and glutaconate), and the “glutamate family” of amino acids, starting

from pentose sugars. Furthermore, it enables the biotransformation of pharmaceutically

important products catalysed by 2-ketoglutarate-dependent dioxygenases (Lin et al.,

2013; Djurdjevic et al., 2011). The pathway can also be used for the production of xylonic

acid (Toivari et al., 2012), ethylene glycol (Liu et al., 2013), glycolic acid (Penttilä et al.,

2014), lactic acid (Penttilä et al., 2014), 1,2,4-butanetriol (Niu et al., 2003; Cao et al.,

2015), and 1,4-butanediol (Liao and Yan, 2011; Tai et al., 2016) as shown in Fig. 2. In the

following chapters, these products are described in more detail.
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Fig. 2. The application potential of the oxidative, nonphosphorylative pathway pathway illustrated. Dashed

arrow indicates the application potential of the pathway and should not be confused with a reaction arrow.

3.1.1 D-xylonate

Like many other sugar acids, D-xylonate (a five-carbon organic acid) has versatile

applications in food, chemical and pharmaceutical industries (Ramachandran et al.,

2006). Although many natural bacterial species produce D-xylonate in high yields

(Buchert et al., 1986; Ishizaki et al., 1973; Buchert and Viikari, 1988), these natural

producers always require expensive nutrient media and take several days to reach the

maximum titer. As a solution, several heterologous systems, utilizing the yeasts

Saccharomyces cerevisiae (Toivari et al., 2012), Kluyveromyces lactis (Nygård et al.,

2011), Pichia kudriavzevii (Toivari et al., 2013), and the bacterium Escherichia coli (Cao

et al., 2013; Liu et al., 2012a) have been developed for the efficient production of D-

xylonate. However, since xylonate production has been shown to stop once

metabolizable carbon has been consumed, an energy providing co-substrate such as

ethanol or D-glucose has to be added to the feedstock for organisms lacking the natural

ability to utilize D-xylose (Toivari et al., 2010).
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Although D-xylonolactone is the immediate product of D-xylose dehydrogenases

(Weimberg, 1961), the heterologous expression of D-xylose dehydrogenases has been

shown to result in the production of D-xylonate (Toivari et al., 2010; Nygård et al., 2011;

Nygård et al., 2014). This can be explained by the spontaneous hydrolysis of D-

xylonolactones to D-xylonate, which has been shown to occur at neutral and alkaline

conditions (Hummel et al., 2010). Although genes encoding xylonolactonases are present

in many organisms that utilize the Weimberg or Dahms pathway, only relatively little in

general is known about xylonolactonases.

3.1.2 1,2,4-butanetriol

1,2,4-Butanetriol (a four-carbon polyol) has applications in the production of

polyurethane foams (Gmitter, 1964), as a liquid medium for high-quality inks (Shirota et

al., 1993), as a building block for the synthesis of various pharmaceuticals (Zingaro and

Papoutsakis, 2013), and as a plasticizer to replace nitroglycerin for an example

(Gouranlou and Kohsary, 2010; Li et al., 2014). A 1,2,4-butanetriol producing E. coli strain

has been constructed by co-expressing the D-xylose dehydrogenase (xylB) and D-

xylonolactonase (xylC) from Caulobacter crescentus, the benzoylformate decarboxylase

(mdlC) from Pseudomonas putida, and two native enzymes, the D-xylonate dehydratase

(yjhG) and an aldehyde reductase/alcohol dehydrogenase (adhP) from E. coli (Cao et al.,

2015). Under fed-batch conditions, the strain was found to produce up to 3.92 g/L 1,2,4-

butanetriol from 20 g/L of xylose, corresponding to a molar yield of 27.7% (Cao et al.,

2015).
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3.1.3 1,4-butanediol

1,4-butanediol is an industrial solvent used for the productions of plastics, elastic fibers

and polyurethanes. It is also used for the synthesis of γ-butyrolactone, and for the

production of the important solvents tetrahydrofuran and butyrolactone (Niu et al.,

2003).  Using  a  selection  platform,  Tai et al. (2016) have demonstrated the complete

nonphosphorylative metabolism of D-xylose, L-arabinose and D-galacturonate to 2-

ketoglutarate in E. coli. By continuing the metabolic pathway further to the production

of 1,4-butanediol, a yield of 0.37 g/g of 1,4-butanediol was reported when D-xylose was

used as the substrate.

3.1.4 Ethylene glycol

Ethylene glycol is a commonly used polymer precursor, an anti-freezing agent and a

coolant (Aggarwal and Sweeting, 1957; Baudot and Odagescu, 2004). It is commercially

produced from ethylene, a main product of the petrochemical industry (Harris, 2013).

An ethylene glycol producing E. coli strain has been constructed by coexpressing the

xylose dehydrogenase (xylB) from Caulobacter crescentus, a xylonic acid dehydratase

(YjhG or YagF) from E. coli, a 2-dehydro-3-deoxy-D-pentonate aldolase (YjhH or YagE)

from E. coli,  and  aldehyde  reductase  (YqhD) from E. coli.  The  resulting  strain  was

reported to produce more than 10 g/L ethylene glycol from 40 g/L D-xylose (Liu et al.,

2013).
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3.1.5 Glycolic acid

Glycolic acid is the smallest α-hydroxy acid containing both alcohol and carboxyl groups.

It is used in a wide range of chemical processes, in cosmetic industry and as a precursor

for biopolymers (Koivistoinen et al., 2013). Glycolic acid can be polymerized to

polyglycolic acid (PGA), a polyester that has excellent gas-barrier properties and

mechanical strength, making PGA a potential packaging material (Robertson, 2012).

Glycolic acid is also used together with lactic acid to produce a co-polymer (PLGA) for

medical applications, e.g. in drug delivery (Fredenberg et al., 2011).

Native microbial production of glycolic acid has been described in cases where ethylene

glycol is oxidized to glycolic acid (Kataoka et al., 2001), glycolonitrile is hydrolysed to

glycolic acid (He et al., 2010) and by a partially unknown mechanism in

chemolithotrophic iron- and sulphur-oxidizing bacteria (Nancucheo et al., 2010). Glycolic

acid production has also been demonstrated in engineered microbial hosts, by utilising

the glyoxylate cycle in E. coli (Martin et al., 2013), Saccharomyces cerevisiae (Koivistoinen

et al., 2013), and Kluyveromyces lactis (Koivistoinen et al., 2013). Penttilä et al. (2014)

have also described the microbial production of glycolic acid by using the oxidative,

nonphosphorylative pathway.
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4 Advantages and disadvantages of in vitro systems

Cell-free biology is defined as the activation of complex biological processes without

intact living cells (Swartz, 2011; Carlson et al., 2012; Hodgman and Jewett, 2012). The

concept has been known since Buchner (1897) used yeast cell extract to convert glucose

to ethanol. DNA is removed during the process and therefore genetic regulation is

disrupted, and the requirement for cellular viability eliminated (Hodgman and Jewett,

2012). The absence of cellular barriers provides further benefits for cell-free systems by

enabling easy substrate incorporation, efficient product removal, rapid system

monitoring and convenient sampling. To produce the biological material for in vitro

applications, either purified proteins or protein containing cell extracts can be used, or

alternatively the protein(s) can be synthetized in vitro starting from the corresponding

genes. Cell-free systems have opened up the possibility to produce proteins relatively

fast in vitro for various characterisation and testing purposes (Kim et al., 2010), and these

systems have also allowed new commercial production platforms (up to 100 L scale) for

the production of higher value proteins used e.g. in therapeutics and vaccines (Zawada

et al., 2011).

Using a cell free approach, Guterl et al. (2012) have, for an example, created an

enzymatic  cascade  that  remains  highly  active  up  to  a  4  %  (v/v)  concentration  of

isobutanol (the product). This concentration of isobutanol is lethal for bacterial cells, and

as a result, they can no longer survive or maintain an active metabolism (Atsumi et al.,

2010; Guterl et al., 2013; Atsumi et al., 2008; Brynildsen and Liao, 2009). Some other

applications of in vitro systems include understanding and optimization of in vivo

metabolic pathways (Bogorad et al., 2013; Keller et al., 2013); synthesis of fine chemicals

(Bruggink et al., 2003; Bujara et al., 2011), synthesis of non-commercial radiolabelled

products, such as isotopomers of mevalonate, purine bases, and poly(ADP-ribose)

(Rodriguez and Leyh, 2014; Schultheisz et al., 2008, 2009), synthesis of nucleotides and
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nucleotide analogues (Schultheisz et al., 2008; Scism and Bachmann, 2010), synthesis of

proteins (Carlson et al., 2012; Hodgman and Jewett, 2012; Swartz, 2013), synthesis of

medically relevant complex carbohydrates and heparins (Boltje et al., 2009; Xu et al.,

2011, 2014), and production of DNA, DNA/RNA, and DNA/RNA/protein based circuitry

capable of complex mathematical calculations, associative memory tasks, and sensing of

small molecules (Hockenberry and Jewett, 2012; Katz and Privman, 2010; Kim and

Winfree, 2011; Noireaux, 2003; Yordanov et al., 2014). Under the following sections,

aspects related to the in vitro usage of enzymes for cascade reactions (pathways) is

described in more details.

4.1 In vitro enzymatic pathways

Synthetic pathways can surpass the constraints of whole-cells and cell extracts for

implementing some biological reactions that microbes cannot perform such as high yield

production of hydrogen (Martín del Campo et al., 2013), or enzymatic transformation of

cellulose to starch (You et al., 2013). Although cell-free ethanol production was

discovered in the 1890s, the use of purified and immobilized enzymes began later in the

1960s-1970s with the industrial production of high fructose corn syrup and semi-

synthetic antibiotics like cephalosporin (Demain, 2004).  More complicated cell free

systems have evolved over time; nowadays multiple enzymes are used in order to

improve volumetric productivity, decrease product inhibition, and to shift the reaction

equilibrium towards product formation (Santacoloma et al., 2011; Schoffelen and van

Hest, 2012). The pharmaceutical and fine chemistry industries use synthetic enzymatic

pathways to produce high-value chiral alcohols, α-hydroxy acids, and α-amino acids, such

as, (S)-2-butanol, L-tert-leucine, (S)-ethyl-4-chloro-3-hydroxybutyrate, and atorvastatin

(Bornscheuer et al., 2012; Huisman et al., 2010; Wildeman et al., 2007). However, the
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high cost of purifying stable, stand-alone enzymes is still prohibitive for large-scale

commercial applications (Hodgman and Jewett, 2012).

Additionally, the relative simplicity of in vitro enzyme pathways compared to whole cells

makes it easier to simulate processes and predict optimal enzyme ratios for maximizing

product yield and accelerating volumetric productivity. Alteration of enzyme

concentrations in a cell-free in vitro system is easier than in vivo, and has been utilized

to guide the optimization of fatty acid, fatty alcohol and farnesene synthesis process (Yu

et al., 2011; Liu et al., 2014; Zhu et al., 2014). For an example, Bujara et al. (2011) have

produced dihydroxyacetone phosphate in vitro with a crude cell extract system. Their

high-resolution  mass  spectrometry  analysis  enabled  metabolite  profiling  for  the

identification of rate-limiting steps, which were then used for rational optimization of

the synthetic network increasing dihydroxyacetone phosphate yields an additional 2.5-

fold over their earlier work (Bujara et al., 2010). Although crude cell extracts containing

thousands of intracellular metabolites were used in this case, in vitro systems can also

be used to measure tens of metabolites relatively easy if purified enzymes are used

(Bennett et al., 2009).
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4.2 Optimization of in vitro systems

Aspects related to improvement of enzyme properties for cell-free reactions are

discussed in the following sections.

4.2.1 Enzyme stability

When cytosolic enzymes (from reducing conditions) are used under in vitro (oxidizing)

conditions, the stability of enzymes may particularly be an issue. In general, three

strategies are used to improve enzyme stability; enzyme immobilization, the use of

enzymes from thermophilic hosts (thermoenzymes), and enzyme engineering.

Immobilized enzymatic pathways have been shown to be robust, reusable, and more

productive than the soluble alternatives (Sheldon and van Pelt, 2013). Elevated reaction

temperatures generally increase reaction rates, providing additional justification for the

use of thermoenzymes. However, high temperatures may also cause degradation of

substrates, products or reaction intermediates (Zhang et al., 2015).

Common immobilization techniques are often based on physical adsorption, covalent

binding into support structures, and cross-linked enzyme aggregates (Zhang et al.,

2011b). A non-specific method for the immobilization of enzymes is to produce

covalently linked enzyme aggregate (CLEA) particles (van Rantwijk and Sheldon, 2007).

In this approach, enzymes are precipitated in the presence of ammonium sulphate and

then cross-linked with glutaraldehyde.  Sheldon and van Pelt (2013) have utilized this

method to produce a synthetic CLEA immobilized enzymatic pathway consisting of five

different  enzymes.  By  combining  the  use  of  a  thermostable  enzyme  and  enzyme

immobilization Myung et al. (2011) have been able to produce a phosphoglucose

isomerase with a total turnover number of more than 10  at 60 °C.
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4.2.2 Enzyme compartmentalization and metabolic channeling

Multienzymatic biosynthesis of a desired compound often leads to shortcomings such as

product or intermediate feedback inhibition, diffusive losses, and consumption of co-

factors (Jandt et al., 2013). On the other hand, such cascade enzyme biosynthesis

featuring substrate channeling inside living cells is ubiquitous. Cells have evolved two

main strategies to deal with the challenges presented by rate-limited enzymes,

competing metabolic reactions, and labile or toxic intermediates. One is

compartmentalization, which is the physical separation of biological reactions to bring

the cascade enzymes close to each other.  Compartmentalization can commonly be seen

in membrane-bound organelles such as peroxisomes, which encapsulate reactions that

generate or consume toxic hydrogen peroxide in oxidative reactions in eukaryotes

(Gehrmann and Elsner, 2011). Another option is the formation of metabolic channelling

in enzyme complexes, which links cascade enzymes together. A typical example of

channeling is tryptophan synthase, a two-enzyme complex that catalyzes the last two

reactions in the biosynthesis of L-tryptophan (Dunn, 2012). The reactive intermediate

insole is channelled from the active site of the α-enzyme to the active site of the β-

enzyme without being released into the surrounding environment.

Many nature-inspired synthetic systems have been designed to mimic cellular

compartmentalization and enzyme complex systems featuring substrate channelling.

The objective of these systems is to bring the cascade enzymes spatially close, resulting

in increased reaction rates and reduced diffusion of intermediates to the surrounding

environments. In Fig. 3., an illustration of the common strategies for the construction of

compartmentalized multienzymatic systems is shown. These include  enzyme

encapsulation (a), such as purified synthetic carboxysomes which have been shown to

fix carbon dioxide in vitro (Bonacci et al., 2012); fusion proteins (b), combined by a linker

to form a multifunctional single polypeptide (Conrado et al., 2008; Zhang, 2011a); co-



17

immobilization (c), used for immobilizing cascade enzymes by tethering enzymes on one

solid support (Betancor et al., 2006; El-Zahab et al., 2004; van de Velde et al., 2000; You

and Zhang, 2012) or direct cross-linking (Mateo et al., 2006; Moehlenbrock et al., 2010),

and protein/nuclear acid scaffolds (d), used to assemble, for an example, a NADH-flavin

mononucleotide oxidoreductase and a luciferase onto DNA scaffold by using

streptavidin-biotin linkages, leading to enhanced enzymatic activity relative to the free

enzyme mixture (Niemeyer et al., 2002). Although many methods and approaches exist

to facilitate artificial multienzymatic biosynthesis, the details are often not systematically

understood and metabolic channeling is often simply triggered by the close proximity of

two active sites.

Fig. 3. An illustration of common strategies for compartmentalization of cascade enzymes.  (a) Enzyme

encapsulation by membrane or protein shell, (b) a fusion protein of multiple functions, (c) an enzyme

complex through the interaction with a scaffold, and (d) co-immobilization of several enzymes. (Jandt et

al., 2013)
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4.2.3 Cofactor regeneration

Some enzymes have cofactors, such as nicotinamide adenine dinucleotide (NAD) and

nicotinamide adenine dinucleotide phosphate (NADP), acting as the actual active sites of

electron transfer in redox reactions (Jandt et al., 2013). These cofactors are expensive

and their stoichiometric addition is often not feasible, unless high-value products such

as chiral compounds are produced (Wildeman et al., 2007). Thus, for the enzyme to be

practically useful, by catalysing multiple rounds of the same reaction, the correct form

of  the  cofactor  must  be  available.  Cofactor  availability  should  be  a  major  target  for

increasing the efficiency of already established biological processes. It should also be

taken into account for designing any new processes to gain the maximum yield of the

product and better economics (Jandt et al., 2013).

In living systems, an intricate network of coupled redox reactions maintains the correct

balance between oxidized and reduced cofactors. One common problem of cell-free

systems is the regeneration of enzyme cofactors without cellular metabolism. To answer

this challenge, Shaked and Whitesides (1980) have used a formate hydrogenase to

convert the co-factor NAD+ to NADH using formate as the substrate. The product in this

case  is  CO2, which can be easily removed from the system. Direct electrochemical

reduction has also been used successfully in certain cases, such as the conversion of α-

ketoglutarate to L-glutamate using glutamate dehydrogenase from bovine liver with 100

% conversion and 3300 turnovers (Siu et al., 2007). Another enzyme that can be used for

cofactor regeneration is the NADH oxidase, which regenerates NAD+ by oxidizing NADH

with a reported turnover number of > 5000 (Ödman et al., 2004).
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5 Aims

The objective of this master’s thesis was the expression, purification and characterization

of two enzymes, a xylonolactonase from C. crescentus and an aldehyde dehydrogenase

from E. coli, involved in a non-phosphorylative in vitro synthetic metabolic pathway for

the production of a biotechnologically relevant compound, glycolic acid, starting from D-

xylose.  Additionally,  the  aim  was  to  validate  the  feasibility  of  this  synthetic  non-

phosphorylative metabolic pathway experimentally, by combining these two enzymes

with other relevant pathway enzymes to construct an in vitro synthetic metabolic

pathway for the production of glycolic acid. The results in this thesis could thus be used

to optimize and understand the in vitro or in vivo glycolic acid synthesis process.

One interesting topic related to this alternative D-xylose metabolism is the role of the

lactonase. Relatively little in general is known about lactonases, and their role in the

production of organic acids is not well understood, although these enzymes are present

in most organisms utilizing this alternative non-phosphorylative D-xylose metabolism.

Because sugar lactones have been shown to hydrolyze spontaneously to the

corresponding sugar acids in neutral and alkaline conditions, it is not obvious whether

lactonases are required for synthetic pathways and furthermore, under what conditions

do lactonases improve the overall reaction rates of these pathways.   Therefore,

emphasis in this thesis was placed on characterizing the C. crescentus xylonolactonase

and determining the role if this enzyme in the synthetic in vitro pathway, in addition to

validating the feasibility of this synthetic pathway.
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6 Materials and methods

6.1 Chemicals

D-gluconic acid lactone was purchased from Sigma-Aldrich, Ireland. Glycolaldehyde

dimer was purchased from Sigma-Aldrich, Germany. D-xylono-1,4-lactone, DL-

lactaldehyde solution, and D-xylonic acid lithium salt were purchased from Sigma-

Aldrich, Switzerland. Calcium chloride dehydrate and magnesium chloride-6-hydrate

were purchased from Riedel-de Haën, Germany. Zinc chloride was purchased from

Merck, Germany. Ampicillin was purchased from Sigma-Aldrich, Belgium and IPTG from

Melford Laboratories, UK.

6.2 Cloning of the C. crescentus xylC and E. coli aldA genes

The D-xylonolactonase encoding gene from C. crescentus (xylC, CC_0820, Gene ID:

941305, NCBI) and an aldehyde dehydrogenase encoding gene from E. coli (aldA,

ECK1408, Gene ID: 945672, NCBI) were purchased as synthetic genes, codon optimized

for E. coli (GenScript, China) in the pBAT4 vector (Peränen et al., 1996). The plasmids

were transformed by heat shocking into E. coli XL1-Blue strain for plasmid storage and

DNA production, and into E. coli BL21(DE3) strain for protein production. xylC was

ordered as two different plasmid constructs with an eight amino acid long Strep-tag II

(Trp-Ser-His-Pro-Gln-Phe-Glu-Lys) at the N-terminus (1), and at the C-terminus (2). aldA

was ordered as two different plasmid constructs; with a six amino acid long His-tag (His-

His-His-His-His-His) at the N-terminus (1), and without a tag (2).

Q5 Site-Directed Mutagenesis Kit (New England Biolabs, USA) was used to introduce a

three amino acid long (Gly-Ser-Gly) linker sequence before the xylC C-terminal Strep-tag
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in an attempt to improve the accessibility of the tag. Amplification and transformation

was done according to instructions provided by New England Biolabs, using the following

primers; F_XylC_GSG, 5’-CGGCTGGAGCCATCCGCAATTTG-3’; R_XylC_GSG, 5’-

GAGCCAACCAGGCGGACTTCGTG-3’. Sequencing was done by Source Bioscience

Sequencing, UK.

6.3 Expression and purification of Cc XylC and Ec AldA

The genes corresponding to a D-xylonolactonase (xylC) and an aldehyde dehydrogenase

(aldA) were expressed in E. coli BL21(DE3) in the corresponding pBAT4-XylC_ GSG _C-

Strep II or pBAT4-AldA_N-6xHis plasmids.  Cultivations were done in Luria Broth medium

(Bertani, 1951) supplemented with 100 μg/mL ampicillin, at 30 °C, 200 rpm, and at 30 °C,

150 rpm, respectively. Once OD  ≥ 0.6 was reached, 1 mM isopropyl-β-D-

thiogalactopyranoside (IPTG) was added to the growth medium to induce expression of

the genes of interest, and the cultures were further grown in the same conditions

overnight. Cells were harvested by centrifugation at 4,250 x g for  15 min at  4 °C and

suspended in ice-cold lysis buffer (50 mM Tris-HCl pH 8, 100 mM NaCl buffer for Cc XylC,

and 50 mM Tris-HCl pH 8, 300 mM NaCl buffer for Ec AldA), and then disrupted with two

passes through a french press at 10.000 psi. The resulting cell lysate was incubated for

30 min in the presence of 1x protease inhibitor cocktail tablet (cOmplete EDTA-free),

DNase I, RNase A and lysozyme (Roche) after which the insoluble fraction was separated

by centrifugation at 37,150 x g for  at  4  °C.  The  soluble  fraction  was  used  for  protein

purification in all cases.

For the purification of Cc XylC used for the initial characterization of the enzyme, cell-

free extract was filtered through a 0.45 μm Acrodisc Syringe Filter with GHP Membrane

(Pall, UK) and loaded onto a 5-mL StrepTrap HP column (GE Healthcare) equilibrated with
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50 mM Tris-HCl, 100 mM NaCl, pH 8.0. After the column was washed with 10 column

volumes of equilibration buffer, the bound fraction was eluted with 2.5 mM D-

desthiobiotin in 50 mM Tris-HCl, 100 mM NaCl buffer, pH 8.0 in 8 column volumes. 1 mL

fractions were collected during elution, and protein purity in these fractions was

analysed with SDS-PAGE (4-20% Criterion TGX Stain-Free Protein Gel, Bio Rad). Fractions

were pooled together after which the resulting enzyme pool was concentrated, and the

buffer exchanged to 50 mM Tris-HCl buffer, pH 8, 100 mM NaCl by ultrafiltration using a

10.000 MWCO PES filter (Sartorius, Germany).

For the purification of Cc XylC, used for the in vitro pathway measurements and stability

assays, the cell-free extract (20 mL) was dialysed in + 4 °C against 1 L of 50 mM Tris-HCl,

1 mM DTT buffer, pH 8.5. The dialysed cell-free extract was then filtered through a 0.45

μm Acrodisc Syringe Filter with GHP Membrane (Pall, UK) and loaded onto a 1-mL Bio-

Scale Mini Macro-Prep High Q strong anion exchange cartridge (Bio-Rad) equilibrated

with 50 mM Tris-HCl, 1 mM DTT buffer, pH 8.5. After the column was washed with 10

column volumes of equilibration buffer, the bound fraction was eluted with a linear

gradient from 0 to 150 mM NaCl in 50 mM Tris-HCl, 1 mM DTT buffer, pH 8.5 in 8 column

volumes. 1 mL fractions were collected during elution, and protein purity in these

fractions was analysed with SDS-PAGE (4-20% Criterion TGX Stain-Free Protein Gel, Bio

Rad).

For the purification of Ec AldA, 20 mL of the cell-free extract was filtered through a 0.45

μm Acrodisc Syringe Filter with GHP Membrane (Pall, UK) and loaded onto a 5-mL HiTrap

Chelating HP column (GE Healthcare) equilibrated with 50 mM Tris-HCl, pH 8, 300 mM

NaCl. After the column was washed with 50 mL equilibration buffer,  the bound fraction

was  eluted  with  a  gradient  (10  column  volumes)  from  0  to  500  mM  imidazole.  1  mL

fractions were collected during elution, and protein purity in these fractions was

analysed with SDS-PAGE (4-20% Criterion TGX Stain-Free Protein Gel, Bio Rad). Buffer
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exchange (50 mM Tris-HCl buffer, pH 7.5, 100 mM NaCl) was performed by gel filtration

using an EconoPac 10 DG desalting column (Bio-Rad).

Protein concentrations for the purified enzymes were calculated from A280 measured

with a NanoDrop 2000 C spectrophotometer (Thermo Scientific), using a theoretical

extinction coefficient calculated by ProtParam (ε = 50670 M cm , and 59485

M cm  for Cc XylC and Ec AldA, respectively) (http://web.expasy.org/protparam/).

6.4 Enzyme activity measurements

Cc XylC lactonase activity was measured using the substrates D-xylono-1,4-lactone and

D-gluconic  acid  lactone  by  two  different  methods.  First,  sugar  acid  (the  product)

formation was monitored by following decolorization of p-nitrophenolate (the anion

derived from p-nitrophenol) at 405 nm. p-nitrophenolate is yellow in alkaline conditions

and  p-nitrophenol  colourless  in  acidic  conditions  (MacKintosh,  1993).  The  second

approach was to follow the circular dichroism spectrum of the lactone substrate. In the

case of gluconolactone, a negative circular dichroism peak centered at 218 nm (Jia et al.,

2009) characterizes the compound. We observed similar characteristic circular dichroism

peak  for  D-xylonolactone  at  220  nm,  and  therefore  correlated  the  disappearance  of

negative circular dichroism at 220 nm to lactonase activity. p-nitrophenol assays were

performed on a microtitre plate at 25 °C, in 10 mM PIPES buffer, pH 6, containing 10 mM

lactone, 0.25 mM p-nitrophenol, varying amounts of divalent metal ions and an aliquot

of enzyme. Circular dichroism assays were performed as described below in 10 mM PIPES

buffer, pH 6 - 8, 1 mM lactone, with varying amounts of divalent metal ions and an aliquot

of enzyme.

http://web.expasy.org/protparam/
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Ec AldA  is  known  to  be  an  NAD+-dependent enzyme (Di Costanza et al., 2007), and

because the reduced nicotinamide ring in the enzyme cofactor NADH shows an

absorbance maximum near 340 nm (Schmid, 2001), the activity of this dehydrogenase

could be measured directly by following the increase in absorbance at 340 nm. This

absorbance maximum is lost upon NADH oxidation to NAD+.  Assays  were  done  on  a

microtitre plate at 25 °C, in 50 mM Tris-HCl buffer, pH 6 - 8, with 0 to 3 mM for

glycolaldehyde kinetics, or with 0 to 2 mM for lactaldehyde kinetics, 0 to 4 mM NAD, 0.5

mM DTT, and an aliquot of enzyme. For Ec AldA kinetic analysis, all measurements were

done triplicate. For the calculation of ∆  the first five points of measurements were

chosen with a r2 value of > 98 % for a linear regression fit, and the slopes of these linear

regression curves were then used for the calculation of the averages of three

measurements.

The rate of glycolic acid formation in the last step of the pathway was also measured by

following NADH formation, catalyzed by the Ec AldA aldehyde dehydrogenase. Assays

were performed using a microtitre plate at 25 °C in 50 mM Tris-HCl buffer, pH 7 or 8,

with 1 mM D-xylonolactone or D-xylonate, 2 mM NAD+, 10 mM Mg2+ and 0.5 mM DTT.

Individual enzyme amounts were varied from 0 to 2200 nM.

6.5 SDS-PAGE and Western blotting

All samples were denatured by boiling for 5 minutes prior to loading on polyacrylamide

gels (4–20% or 10%, Criterion™ TGX Stain-Free™ Protein Gel) (Bio-Rad, USA).

Electrophoresis was performed at 250 V for 45 minutes. The power supply used was a

PowerPac™ HC (Bio-Rad, Singapore). Imaging was done with a Criterion™ Stain-Free™

Imager (Bio-Rad, USA).
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For western blotting, proteins were transferred to a polyvinylidene difluoride (PVDF)

membrane (Trans-Blot® Turbo™ Transfer Pack, Midi Format 0.2 μm PVDF, Bio-Rad, USA)

using the Trans-Blot® Turbo™ Transfer System (Bio-Rad, Singapore). Blocking was done

in 1x TBST buffer, containing 2 % (w/v) milk powder. The antibody used for proteins

containing the Strep-tag II was Strep-Tactin® conjugated to alkaline phosphatase (IBA,

Germany). The antibody used for proteins containing the 6xHis-tag was Anti-His tag

Mouse Monoclonal (IgG2b) antibody (Trend Pharma & Tech Inc., Canada). Visualization

of immunoreactivity was completed using AP-buffer with BCIP (5-bromo-4-chloro-3-

indolyl-phosphate), and NBT (nitro blue tetrazolium) according to manufacturer’s

instructions (Promega, USA).

6.6 Circular dichroism spectroscopy

Circular dichroism (CD) spectra was recorded on a Chirascan CD spectrometer (Applied

Photophysics, UK) equipped with a Peltier thermally controlled cuvette holder. Spectra

were recorded using two scans, a bandwidth of 1 nm and a wavelength step of 0.5 nm,

and the values were corrected for buffer contribution. The cuvette used for all

measurements was a 1 mm light path QS quartz cuvette (Hellma). Temperature was set

to 25 °C in all measurements, and for the temperature induced unfolding studies the

spectrum of the sample was measured in 5 °C intervals.

6.7 Determination of the protein oligomeric state

To determine the protein oligomeric state, analytical gel filtration was conducted at 25

°C using a ACQUITY UPLC Protein BEH SEC 125Å column (Waters Corporation) at a flow

rate of 0.3 mL/min. A Cc XylC aliquot (2 μL containing 0.568 μg protein) was injected on
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the column, pre-equilibrated in 100 mM sodium phosphate buffer pH 6.8. The

absorbance of the eluate was monitored at 280 nm. Calibration of elution times was

performed with the globular proteins ovalbumin (44.2 kDa, 0.3 mg/mL), ribonuclease A

(13.7 kDa, 0.3 mg/mL), and uracil (112 Da, 0.3 mg/mL). The void volume of the column

was determined with thyroglobulin (669 kDa, 0.1 mg/mL).

6.8 Modeling of the Cc XylC lactonase structure

The primary amino acid sequence of the Caulobacter crescentus XylC lactonase was used

to build a three-dimensional model of the enzyme by SWISS-MODEL, an automated

comparative protein-modelling server, in the automated search mode (Kiefer et al.,

2009).  The  best  hit  was  found  for  a  structure  of  the  senescence  marker  protein

30/gluconolactonase from Mus musculus (PDB  accession  code  4GN7)  with  a  Global

Model Quality Estimation (GMQE) score of 0.68. Models were also built based on the

senescence marker protein 30/gluconolactonase from Homo sapiens (PDB accession

code 3G4H, GMQE score of 0.67), and a bacterial gluconolactonase from Xanthomonas

campestris (PDB accession code 3DR2, GMQE score of 0.58).
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7 Results

7.1 Characterization of the Cc XylC lactonase

7.1.1 Purification of the Cc XylC lactonase

The Cc xylC gene was expressed in the pBAT4 plasmid as N-terminally Strep-tagged, C-

terminally Strep-tagged (with and without a Gly-Ser-Gly sequence before the tag), and

without a tag, using E. coli BL21(DE3) as the expression host.  Even though the enzyme

was  well  expressed,  only  a  small  fraction  of  the  N-  and  C-terminally  tagged  proteins

present in the E. coli cell extract could be purified using a Strep-Trap column, despite

several attempts to optimize the purification conditions. Additionally, the N-terminally

tagged enzyme displayed several bands on an SDS-PAGE gel, suggesting protein

degradation or incomplete translation. In an attempt to improve the accessibility of the

tag, a Gly-Ser-Gly linker sequence was introduced before the C-terminal Strep-tag, but

the yield of purified enzyme obtained from Strep-tag based affinity column

chromatography was not improved. Due to the multiple attempts to purify the Cc XylC

xylonolactonase, two different pools of purified enzyme were used in this work.

For the purification of the Cc XylC pool, used for enzyme characterization, the xylC gene

was expressed in E. coli as a C-terminally Strep-tagged construct. After an overnight

cultivation, the cells were centrifuged, resuspended in lysis buffer (50 mM Tris-HCl, 100

mM NaCl buffer, pH 7.5), and disrupted with a french press. After centrifugation, the

supernatant was filtered and 1 mM Zn2+ was added to the cell extract prior to purification

in an attempt to improve the yield of purified enzyme. However, no difference was

observed in the resulting chromatograms obtained from affinity column

chromatography performed in the presence and absence of Zn2+, suggesting the addition

of this divalent metal ion did not improve the accessibility of the Strep-tag.
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In Fig. 4.,  the  resulting  chromatogram  from  a  Strep-tag  based  affinity  column

chromatography purification is shown.  A blue line corresponds to absorbance at 280 nm

(used for quantifying protein in the eluent) while the green line corresponds to the

concentration of D-desthiobiotin in the elution buffer (step gradient from 0 to 2.5 mM).

Fractions (A1 - C7, 1 mL each, 31 total) are marked as red triangles at the bottom of the

graph.  The  purified,  eluted  enzyme  corresponds  to  a  105  mAU  peak  observed  at  an

elution volume of 170 mL.
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Fig. 4. A chromatogram showing the purification of the C-terminally Strep-tagged Cc XylC xylonolactonase

(50 mL’s of cell extract, derived from a 1.5 L cell culture).   A 5-mL StrepTrap HP column equilibrated with

50 mM Tris-HCl, 100 mM NaCl buffer, pH 8.0 was used for the purification. The sample was eluted with 6

column volumes of 2.5 mM D-desthiobiotin in 50 mM Tris-HCl, 100 mM NaCl buffer, pH 8.0. Blue line (-):

absorbance at 280 nm (mAU). Green line (-): concentration of elution buffer (%). Fractions (A1 - C7, 1 mL

each, 31 total) are marked as red triangles at the bottom of the graph. The purified, eluted enzyme

corresponds to a 105 mAU peak observed at an elution volume of 170 mL.
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In Fig. 5., an SDS-PAGE analysis from different fractions of the elution is shown, revealing

the presence of a single band at approximately 30 kDa, which is in agreement with the

calculated  molecular  weight  of  32.7  kDa  for  the  Strep-tagged Cc XylC lactonase. The

proteins were estimated to have a purity of >95 % since no other bands were visible on

the SDS-PAGE gradient gel, suggesting that the preparate could be purified to apparent

homogeneity. Due to the difference between start (lane 2.) and flowthrough (lane 4.)

fractions being relatively small, the results suggest the column was overloaded, and/or

the Strep-tagged lactonase did not bind to the Strep-tactin column in these conditions.

Fractions B8 - C4 (lanes 9. - 17.) were pooled together, and the total amount of purified

enzyme was measured at 284 µg. Buffer exchange and concentration of the purified

enzyme pool was performed simultaneously by ultrafiltration using a 10.000 MWCO PES

filter. The final protein concentration in the resulting pool was measured as 0.284 mg/mL

in a total volume of 1 mL. This sample was split into 0.2 mL aliquots and stored in -20 °C.
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Fig. 5. An SDS-PAGE gel (4 - 20% gradient) containing fractions from the affinity purification of Cc XylC (Fig.

4.). Molecular weight markers (lanes 1. and 18.), with the respective sizes of the marker bands in kDa. The

start sample (2.) contains 2 µL of the unpurified E. coli BL21(DE3)/pBAT4-Cc_XylC_C-Strep(II) cell extract

before the addition of 1 mM Zn2+. Lane 3. contains 2 µL of the same cell extract as lane 2. after addition of

1 mM Zn2+. Lane 4. represent 2 µL of the flowthrough fraction (unbound sample). Lanes 6. - 17. represent

20 µL of the 1 mL fractions (B5 - C4, a total of twelve fractions) collected during elution. The calculated

molecular weight of the Cc XylC lactonase amino acid sequence is 32.7 kDa, corresponding to a major band

present on lanes 2.-4. and the band present on lanes 6. - 17. Fractions B8 - C4 (lanes 9. - 17.) were pooled

together, and the total amount of purified enzyme was measured as 284 µg from a 1.5 L cell culture.

kDa
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For purification of the Cc XylC pool used during the in vitro pathway characterization, the

xylC gene was expressed in E. coli as a C-terminally Strep-tagged construct with a Gly-

Ser-Gly linker sequence between the tag and the enzyme. In an attempt to improve the

accessibility of the C-terminal Strep-tag, a Gly-Ser-Gly sequence was introduced with PCR

to the pBAT4 plasmid containing the C-terminally Strep-tagged xylonolactonase.

However, no difference in the resulting chromatograms could be observed after a Strep-

tag based affinity purification, suggesting the addition of this linker sequence did not

improve the accessibility of the Strep-tag. Therefore, in an attempt to improve the yield

of purified enzyme, Cc XylC xylonolactonase was purified by anion exchange column

chromatography.

In Fig. 6., the resulting chromatogram from the anion exchange column chromatography

purification is shown. The blue line corresponds to absorbance at 280 nm (used for

quantifying protein in the eluent) while the brown line corresponds to the conductivity

of the elution buffer (linear gradient from 0 to 150 mM NaCl). Fractions (A1 – D3, 1 mL

each, 39 total) are marked as red triangles at the bottom of the graph. Highest purity and

specific activity for the Cc XylC xylonolactonase was obtained from the wash fraction of

the purification, from which 14 mg of purified protein could be obtained.
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Fig. 6. A chromatogram showing the anion exchange chromatography purification of the C-terminally

Strep-tagged Cc XylC lactonase with a Glycine-Serine-Glycine linker sequence added via PCR before the C-

terminal Strep-tag (20 mL cell extract derived from a 500 mL cultivation). A 1-mL Bio-Scale Mini Macro-

Prep High Q column equilibrated with 50 mM Tris-HCl, 1 mM DTT buffer, pH 8.5. The bound fraction was

eluted with a linear gradient from 0 to 150 mM NaCl in 50 mM Tris-HCl,  1 mM DTT buffer,  pH 8.5 in 8

column volumes. Blue line (-): absorbance at 280 nm (mAU). Brown line (-): conductivity (mS/cm). Fractions

(A1 - D3, 1 mL each, 39 total) are indicated at the bottom of the graph as red triangles.
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An SDS-PAGE analysis from different fractions of the elution (Fig.  7) revealed the

presence of a major band of approximately 30 kDa, in agreement with the calculated

molecular weight of 32.7 kDa for the Strep-tagged Cc XylC xylonolactonase. The wash

fraction (circled in blue) was estimated to have a purity of >95 % since no other bands

could be observed on the SDS-PAGE gel, suggesting that the preparate could be purified

to  apparent  homogeneity.  This  fraction  was  diluted  to  a  1.06  mg/mL  protein

concentration and split into 1 mL aliquots that were stored in -80 °C. The relative quantity

of other proteins present in the cell extract could be observed to increase in the eluted

fractions, as indicated by the presence of major bands at 70 and 80 kDa, suggesting a

negative purification was possible in these conditions by binding the undesired products

to the column and collecting the wash fraction.

Fig. 7. An SDS-PAGE gel (4 - 20% gradient) containing fractions obtained during the anion exchange

purification of Cc XylC (Fig. 6). Molecular weight markers (lanes 1. and 18.), with the respective sizes of the

marker bands in kDa. The start sample (2.) contains 1 µL of the unpurified E. coli BL21(DE3)/pBAT4-

Cc_XylC_GSG_C-Strep(II) cell extract. Lane 3. represent 2 µL of the flowthrough fraction (unbound sample).

Lane 4. represent 2 µL of the wash fraction. Lanes 5. - 17. represent 5 µL of the 1 mL fractions (A11, B1,

B3, B4, B6, B9, B10, B12, C2, C5, C7, C8, and C10 in their respective order, a total  of thirteen fractions)

collected during elution. The calculated molecular weight of the Cc XylC lactonase amino acid sequence is

32.7 kDa, corresponding to the major band present at 30 kDa position on lanes 2.-4., and the minor bands

present on lanes 5. - 17. The wash fraction (lane 4., circled in blue) exhibited highest specific activity and

was used for further studies.

kDa
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7.1.2 Determination of the oligomerization state of Cc XylC

To determine the oligomerization state of the Cc XylC lactonase, gel filtration analysis

was conducted at pH 8 using a UPLC system equipped with an ACQUITY UPLC Protein

BEH  SEC  125Å  column  and  a  UV  detector.  2  µL  of Cc XylC was injected for analysis,

corresponding to 0.568 µg purified protein.  Observed retention times and peaks for the

sample are presented in Fig. 8.  The most prominent peak with a retention time of 4.393

minutes corresponds to a molecular weight of 29 kDa, suggesting that the enzyme exists

as a monomer in solution. For reference, D-gluconolactonases have been shown to exist

as monomers and dimers (Aizawa et al., 2013 and Chen et al., 2008). The other

observable peaks correspond to larger molecular weights, indicating the presence of

enzyme aggregates or larger oligomers of the lactonase.

Fig. 8. Gel filtration results from the UPCL run on a BEH125SEC column. 0.568 µg purified Cc XylC injected.

Retention times of 3.387, 3.641, 3.894, 4.393 and 7.368 correspond to molecular weights of 151 kDa, 100

kDa, 66 kDa, 29 kDa and 200 Da respectively.  The most prominent peak with a retention time of 4.393

minutes corresponds to a molecular weight of 29 kDa, suggesting the Cc XylC xylonolactonase exists as a

monomer in solution.
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7.1.3 Cc XylC activity measurements

Reaction rates for the Cc XylC xylonolactonase were measured using D-xylonolactone as

the substrate. Enzymatic activity was measured using two different approaches. First, D-

xylonic acid (the product) formation was measured by following decolorization of p-

nitrophenolate (the anion derived from p-nitrophenol) at 405 nm (Fig. 9., panel A.; Fig.

10). p-nitrophenolate is yellow at alkaline conditions and p-nitrophenol colourless in

acidic  conditions (MacKintosh,  1993).  The second approach was to follow the circular

dichroism spectrum of D-xylonolactone (the substrate). In the case of gluconolactone, a

negative circular dichroism peak centered at 218 nm (Jia et al., 2009) characterizes the

compound. We observed a similar characteristic circular dichroism peak for D-xylono-

1,4-lactone at 220 nm, and therefore used the disappearance of negative circular

dichroism at 220 nm to measure lactonase activity (Fig. 9. panel B.; Fig. 11.). Lactonase

activity assays were performed in the presence of the divalent metal ions Zn2+, Mg2+ and

Ca2+  (Fig. 9., 10., and 11.) because divalent metal ions, such as Zn2+, Mn2+ , Mg2+, or Ca2+

have been shown to be a requirement for the activity of glucono- and xylonolactonases

(Chakraborti et al., 2010, earlier studies at VTT).

In panel A and B of Fig. 9., Cc XylC xylonolactonase activity  is shown at different Zn2+

concentrations. In panel A, Cc XylC  lactonase  activity  was  measured  in  10  mM  PIPES

buffer (pH 6) using a p-nitrophenol assay. D-xylonate formation was measured by

following the decolorization of p-nitrophenolate at 405 nm. Increasing the Zn2+ ion

concentration led to increased lactonase activity. Spontaneous opening of the lactone

ring was observable at pH 6 (blue line (-)), but the rate of spontaneous lactone hydrolysis

was, in our observations, considerably slower compared to enzymatic hydrolysis (red line

(-) 7.5 μM Zn2+; green line (-) 30 μM Zn2+; purple line (-) 75 μM Zn2+; teal line (-) 0.5 mM

Zn2+.  At  a  7.5  µM  Zn2+ concentration, the rate of D-xylonate production was slower

compared to assays performed at higher Zn2+ concentrations (between 30 µM and 500
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µM). Zn2+ concentrations above 30 µM showed to similar rates suggesting a saturating

divalent metal ion concentration was reached at 30 µM Zn2+.

In panel B of Fig. 9., Cc XylC lactonase activity in 10 mM PIPES buffer, pH 6 is shown,

measured by following changes in the circular dichroism spectrum of D-xylonolactone.

In  the  case  of  D-gluconolactone,  Jia et al. (2009) have suggested the characteristic

negative circular dichroism band at 218 nm is mainly derived from the rigid structure of

the six-member lactone ring with additional modification caused by electron flow from

hydroxyl groups of gluconolactone. We observed similar characteristic band for D-

xylonolactone and therefore the enzymatic hydrolysis of D-xylonolactone was assayed

by following the change in circular dichroism at 220 nm.  Zn2+ ion concentrations were

varied from 0 to 75 µM. The negative circular dichroism signal at 220 nm was observed

to disappear at  a  faster  when the Zn2+ ion concentration of the reaction mixture was

increased, suggesting lactonase activity is increased in the presence of zinc. Spontanoues

hydrolysis of the lactone substrate in the absence of Zn2+ was also observed but at a slow

rate. The results obtained by these two different assays support each other, suggesting

the Cc XylC xylonolactonase enzyme is active in pH 6 and furthermore the enzymatic

hydrolysis rate of D-xylonolactone is increased by the presence of Zn2+.
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Fig. 9. Enzymatic activity of Cc XylC. Lactonase activity was measured by following (A) the decolorization

of p-nitrophenolate at 405 nm (yellow to colourless), caused by the acidification of the reaction buffer due

to D-xylonate formation, and (B) by following the loss of a characteristic negative circular dichroism peak

of D-xylonolactone at 220 nm. Reactions were performed with varying Zn2+ concentrations, in 10 mM PIPES

buffer pH 6. A: 10 mM xylonolactone. Blue (-) 0 µg Cc XylC, 0 µM Zn2+; red (-) 1 µg Cc XylC, 7.5 μM Zn2+;

green (-) 1 µg Cc XylC, 30 μM Zn2+; purple (-) 1 µg Cc XylC, 75 μM Zn2+; orange (-) 1 µg Cc XylC, 0.5 mM Zn2+.

B: 1 mM xylonolactone. Red (-) 4.25 µg Cc XylC, 0 mM Zn2+; light blue (-) 4.25 µg Cc XylC, 7.5 μM Zn2+; green

(-) 4.25 µg Cc XylC, 30 μM Zn2+; blue (-) 4.25 µg Cc XylC, 75 μM Zn2+.

In Fig. 10.,  the  p-nitrophenol  assay  described  earlier  was  used  to  measure  lactonase

activity  in  the  presence  of  the  divalent  metal  ion  Mg2+ and Ca2+. Increasing the

concentration of these divalent metal ions did not lead increased lactonase activity in pH

6 (panels A and C). The relatively slow rate of D-xylonolactone hydrolysis observed in

panels A and C can be attributed to the spontaneous hydrolysis of D-xylonolactone. To

further investigate the possibility of competitive metal ion binding, 0.5 mM Zn2+ was

sequentially added (panels B and D) to the reaction mixtures containing Mg2+ or

Ca2+(panels A and C respectively) after the assays were performed in the presence of

Mg2+,  and  Ca2+ ions.  The  addition  of  0.5  mM  Zn2+ led to increased lactonase activity,

suggesting 0.5 mM Zn2+ was a sufficient to overcome any competing inhibitory effect

resulting from up to 8 mM concentration of Mg2+ or Ca2+.
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Fig. 10. Metal ion dependency of the lactonase activity. Cc XylC lactonase activity measured in the presence

of Ca2+ (A),  and Mg2+ (C) ions using a p-nitrophenol assay in 10 mM PIPES buffer, pH 6, with 10 mM D-

xylonolactone. After performing the reactions in panels A and C, 0.5 mM Zn2+ was sequentially added, and

lactonase activity measured (panels B and D respectively). A: Blue (-) 1 mM Ca2+; Red (-) 2 mM Ca2+, Green

(-) 4 mM Ca2+; Purple (-) 8 mM Ca2+ B: 0.5 mM Zn2+ added after assay in panel A. C: Blue (-) 1 mM Mg2+;

Red (-) 2 mM Mg2+; Green (-) 4 mM Mg2+; Purple (-) 8 mM Mg2+ D: 0.5 mM Zn2+ added after assay in panel

C.
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In order to measure the pH dependence of Cc XylC, several factors have to be taken into

account. First, it has been shown that D-xylonolactones are hydrolysed to D-xylonate at

neutral and alkaline pH (Hummel et al., 2010). Secondly, p-nitrophenol is essentially a

pH-indicator  which  is  colourless  at  acidic  pH  and  yellow  at  alkaline  pH  (MacKintosh,

1993) limiting its use for pH dependent studies. An attempt was made to characterize

the pH dependence of Cc XylC xylonolactonase by following the circular dichroism of D-

xylonolactone at 220 nm. Lactonase activity was measured using 1 mM D-xylonolactone

in 10 mM PIPES buffer, pH 6, 7 and 8, with Zn2+ concentrations varying between 0 to 75

µM as shown in Fig. 11. In all cases, increased Zn2+ ion concentrations led to increased

rates of lactone hydrolysis. However, in neutral and acidic conditions a higher Zn2+ ion

concentration was required to obtain the highest rate of enzymatic hydrolysis, compared

to alkaline conditions. This suggests metal ions may have an important role, with higher

concentrations being required for enzymatic conversion of D-xylonolactone to D-

xylonate in acidic conditions. Additionally, the overall rate of D-xylonolactone hydrolysis

was higher in alkaline conditions, suggesting an alkaline pH optimum for the enzyme.

However, it should be noted that this increased rate might be partially attributed to the

spontaneous hydrolysis of D-xylonolactone, which occurs at an increased rate in alkaline

conditions. At pH 6 (panel A of Fig. 11.) the lactonase activity was considerably lower,

since the characteristic negative circular dichroism band of D-xylonolactone does not

fully disappear during the timescale of the experiment.



41

Fig. 11. The pH dependence of Cc XylC. Panel A: pH 6. Red (-) 0 mM Zn2+; Light blue (-) 7.5 μM Zn2+; Green

(-) 30 μM Zn2+; Blue (-) 75 μM Zn2+, and 420 nM enzyme. Panel B: pH 7. Light pink (-) 0 mM Zn2+; Black (-)

7.5 nM Zn2+; Magenta (-) 75 nM Zn2+; Light blue (-) 750 nM Zn2+; Green (-) 7.5 μM Zn2+; Blue (-) 30 μM Zn2+;

Red (-) 75 μM Zn2+. 420 nM enzyme. Panel C: pH 8. Blue (-) 0 mM Zn2+; Green (-) 75 μM Zn2+; Light blue (-

); 7.5 nM Zn2+, and 420 nM enzyme. Black (-) 75 μM Zn2+; Light pink (-) 0 mM Zn2+, and 150 nM enzyme. In

all pH values, increased Zn2+ ion concentrations led to increased enzymatic activity. In acidic conditions a

higher Zn2+ ion concentration was required to obtain saturation.

7.1.4 Cc XylC related stability studies

Because lactones have been shown to hydrolyze spontaneously to the corresponding

sugar acids (Hummel et al., 2010), it was important to investigate the rate at which the

spontaneous hydrolysis and other complex interconversions occur. During the course of

this work, the age of the lactone stock solution was shown to be an important variable

for lactonase activity is assays. In panel A of Fig. 12., the circular dichroism spectrum of

a freshly dissolved D-xylono-1,4-lactone stock solution is shown (blue line (-)), and

compared to the circular dichroism spectrum of a one week old D-xylono-1,4-lactone

stock solution (red line (- - -)), stored at static conditions at +4 °C.  No difference could

be observed between the circular dichroism spectra of these two lactone solutions,

suggesting the characteristic lactone chiral structure is retained after one week of

A      B          C
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storage. In panel B, of Fig. 12., a p-nitrophenol assay in was used to measure lactonase

using  these  two  lactone  stock  solutions  as  the  substrates.  In  this  case,  a  difference

between these two stocks was visible. In comparison to a freshly dissolved lactone stock

(red  line  (-  -  -)),  the  absorbance  at  405  nm  was  clearly  lower  in  the  beginning  of  the

reaction when the one-week old stock solution (blue line (-) was used. This suggests

acidification of the lactone stock, caused by the spontaneous hydrolysis of D-

xylonolactone to D-xylonic acid. These results contradict each other to some extent;

however, we concluded that a fresh lactone stock should always be prepared prior to

enzymatic assays.

Fig. 12. D-xylonolactone storage stability studies in solution. A: Circular dichroism spectra for D-xylono-1,4-

lactone dissolved in double distilled water. Blue line (-): freshly dissolved D-xylono-1,4-lactone. Red line (-

-  -):  D-xylono-1,4-lactone DDIW solution  after  one  week  of  storage  in  +4  °C. B: Comparison of the two

solutions in panel A, when used as a substrate stock for Cc XylC xylonolactonase activity assays using a p-

nitrophenol assay in 10 mM PIPES buffer, pH 6.
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An attempt was made to measure Cc XylC gluconolactonase activity with D-gluconic acid

lactone as a substrate. Lactonase activity (acidification of the reaction mixture) could be

observed; however, attempts to replicate these lactonase activity measurements with

D-gluconic acid lactone as the substrate led to contradicting results. Therefore, changes

in the circular dichroism spectra of a gluconic acid lactone in different buffer systems

were measured to observe the behaviour of this substrate. These results are shown in

Fig. 13. In all cases, disappearance of the characteristic negative lactone peak could be

observed in a timescale of one hour, suggesting spontaneous hydrolysis of D-gluconic

acid lactone. In the case of D-xylonolactone (Fig. 12., panel A), changes in the intensity

of the characteristic lactone peak could not be observed even after one week of storage.

This suggests the behaviour of D-gluconic acid lactone is more complex compared to D-

xylonolactone. Furthermore, changes in the pH of the buffer system (1. = DDIW, 2. = 10

mM  PIPES,  pH  6, 4. = 10 mM PIPES, pH 7, 5. =  10  mM  PIPES,  pH  8)  led  to  drastic

differences between the intensity of the resulting circular dichroism bands at 220 nm.

This  difference  was  observed  to  be  greater  than  the  change  caused  by  one  hour  of

spontaneous hydrolysis, which may indicate D-gluconic acid lactone is rapidly

hydrolyzed, particularly when dissolved in alkaline conditions (line 5.). Additionally, the

characteristic circular dichroism peak at 220 nm could be observed to transition from

220 nm towards 210 nm when D-gluconic acid lactone (line 1.) was incubated in room

temperature for 7 hours (line 3.), suggesting complex incerconversions of this

compound. Due to the complex behaviour of this substrate, we did not pursue studies

related to D-gluconic acid lactone any further.
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Fig. 13. Circular dichroism spectra for a 10 mM gluconic acid lactone solution. Circular dichroism was

measured between 190 and 280 nm for 1 hour, represented by multiple lines (1. - 5.). Line 1: freshly

dissolved 10 mM D-gluconic acid lactone in DDIW; line 2: freshly dissolved 10 mM D-gluconic acid lactone

in  10  mM  PIPES  buffer  pH  6;  line 3. D-gluconic acid lactone stock solution in DDIW after 7 hours of

incubation in room temperature; line 4: freshly dissolved 10 mM D-gluconic acid lactone in 10 mM PIPES

buffer pH 7; line 5: freshly dissolved 10 mM D-gluconic acid lactone in 10 mM PIPES buffer pH 8.

Changes in the secondary protein structure of Cc XylC were measured by recording the

circular dichroism spectra of 80 µg protein between wavelengths 190 nm and 240 nm in

10 mM phosphate buffer pH 7. In panels A (0 mM Zn2+), B (1 mM Zn2+), and D (2 mM

EDTA) of Fig. 14.,  the temperature was increased in 5 °C intervals from 25 °C to 85 °C

(temperatures are indicated on the right-hand side of each graph) and the resulting

changes in the measured circular dichroism spectra of Cc XylC lactonase are shown. In

panel C, the circular dichroism spectra of Cc XylC  were  recorded  at  a  constant

temperature of 25 °C and the Zn2+ ion concentrations were varied from 0 to 2 mM.

1.

2.

3.
4.
5.
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Fig. 14. Temperature and Zn2+ ion induced changes in the secondary protein structure of Cc XylC.

Temperature and Zn2+ ion induced changes were measured by recording the circular dichroism spectra of

80 µg protein between wavelengths 190 nm and 240 nm in 10 mM phosphate buffer pH 7. Panels A (0 mM

Zn2+), B (1 mM Zn2+), and D (2 mM EDTA); temperature increased in 5 °C increments from 25 °C to 85 °C

(corresponding temperatures for all measurements indicated on the right-hand side of the graph). Panel

C: CD spectra of Cc XylC recorded in constant temperature (25 °C) in Zn2+ concentrations ranging from 0 to

2 mM.
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Different protein structural elements have a characteristic CD spectrums; for an

example, α-helical proteins have negative bands at 222 nm and 208 nm and a positive

band at 193 nm (Holzwarth and Doty, 1965), proteins with well-defined antiparallel β-

pleated sheets (β-helices) have negative bands at 218 nm and positive bands at 195 nm

(Greenfield and Fasman, 1969), while disordered proteins have very low ellipticity above

210 nm and negative bands near 195 nm (Venyaminov et al., 1993). Our measurements

suggest that Cc XylC lactonase displays structural elements characteristic to α-helical

proteins, as indicated by the positive peak at 193 nm, the negative band at 208 nm, and

a negative shoulder at 222 nm. In all cases (A, B, C, and D)  a  change  in  the  circular

dichroism spectrum of the lactonase was observed, most prominently at a wavelength

of 208 nm. When the temperature was increased, significant changes occurred around

temperature of 50 °C and above in all cases. This is likely due to the loss of secondary

structure at elevated temperatures. Significant changes were also observed when the

Zn2+ concentration of the buffer mixture was altered at constant temperature,

suggesting Zn2+ affects the secondary protein structure of Cc XylC.

Next we studied the storage stability of the Cc XylC xylonolactonase. The enzyme was

stored in 50 mM Tris-HCl buffer pH 8.5, with 1 mM DTT, in a buffer solution without Zn2+,

and in a  buffer solution containing 1 mM Zn2+. Due to the spontaneous hydrolysis of D-

xylonolactone, lower activity was obtained for the first two points of measurements.

Measurements from day 33 onwards were performed with a freshly prepared solution

of D-xylonolactone, resulting in over 500 % percent relative activity compared to the

initial measurements for the enzyme sample stored without Zn2+. Very little or no activity

could be measured for the enzyme sample stored with 1 mM Zn2+ . These results suggest

the presence of Zn2+ in storage buffer is deleterious for Cc XylC lactonase activity, and

highlight the importance of using a freshly dissolved D-xylonolactone solution for

lactonase activity measurements (data not shown).
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7.1.5 Homologous structure modelling of the Cc XylC lactonase

In Fig. 15., a sequence alignment is shown for the amino acid sequences of Caulobacter

crescentus xylonolactonase (CcXylC), Homo sapiens SMP30/gluconolactonase

(HsSMP30), Mus musculus SMP30/gluconolactonase (MmSMP30), and Xanthomonas

campestris gluconolactonase (XcGNL). The sequence identity of Cc XylC with Hs SMP30,

Mm SMP30, and Xc GNL is 31.4 %, 33.1 %, and 22.1 % respectively. The identity of the

two SMP30/gluconolactonase enzymes with each other is 88.6 %, and the identity of Xc

GNL to the other two SMP30 enzymes is 18.2 % (Hs SMP30) and 18.7 % (Mm SMP30)

respectively. These other enzymes were chosen for the sequence alignment based on

their known gluconolactonase activity and solved crystal structures (Chen et al., 2008;

Chakraborti et al., 2010; Aizawa et al., 2013). It should be noted however, that the

physiological  role  of  SMP30  has  been  linked  to  various  enzymatic,  as  well  as

nonenzymatic functions, such as zinc dependent gluconolactonase activity (Kondo et al.,

2006), magnesium dependent diisopropylfluorophosphatase activity (Kondo et al.,

2004), and calcium dependent cell regulation and homeostasis (Yamaguchi, 2005).

Additionally, in the penultimate step of vitamin-C biosynthesis in nonprimate mammals,

such as mice, L-gulonate is converted to L-gulonolactone by SMP30, which also functions

as a gulonolactonase (Linster et al., 2007). In contrast, the bacterial Xc gluconolactonase

has been shown to function only as a calcium dependent gluconolactonase (Chen et al.,

2008).

Hs SMP30/gluconolactonase, Mm SMP30/gluconolactonase, and Xc gluconolactonase

are all six-bladed β-propellers belonging to the β-propeller family, whose sequences and

functions generally vary a lot although the structures can be well superimposed (Jawad

and Paoli, 2002). Four conserved amino acids, corresponding to Glu18, Asp102, Asn146,

and Asp196 in Cc XylC, are however well conserved between all these sequences (boxed

in red in Fig. 15.). In Xc GNL, these amino acids are found to coordinate with a calcium
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ion (Chen et al., 2008), while in the case of the Homo sapiens and Mus musculus

SMP30/gluconolactone enzymes, the amino acids corresponding to Cc XylC Glu18,

Asn146, and Asp196 have been shown to coordinate zinc and calcium ions, with alanine

mutants displaying significant loss of gluconolactonase activity (Chakraborti et al., 2010;

Aizawa et al., 2013).

Fig. 15. A sequence alignment of the amino acid sequences of Caulobacter crescentus xylonolactonase

(CcXylC), Homo sapiens SMP30/gluconolactonase (HsSMP30), Mus musculus SMP30/gluconolactonase

(MmSMP30), Zymomonas mobilis gluconolactonase (zGNL), and Xanthomonas campestris

gluconolactonase (XcGNL). Identical residues are shown in red, highly conserved residues in blue, and

conserved residues in green. Four highly conserved amino acids found in gluconolactonases are boxed in

red (Chen et al., 2008). The potential site of a lid loop, found in some SMP30 enzymes is boxed in green

                     10        20        30        40        50        60
                      |         |         |         |         |         |
CcXylC       -------------------------------MATAQVTCVWDLKATLGEGPIWH--GDTL
HsSMP30      ---------------------------------SIKIECVLPENCRCGESPVWEEVSNSL
MmSMP30      -------------------------------MSSIKVECVLRENYRCGESPVWEEASQSL
XcGNL        MDSHCRVRPAGPAVPADCDPPRITHAALAARLGDARLLTLYD-QATWSEGPAWWEAQRTL

                     70        80        90       100       110       120
                      |         |         |         |         |         |
CcXylC       WFVDIKQRKIHNYHPATGE--RFSFDAPDQVTFLAPIVGATGFVVGLKTGIHRFHPATGF
HsSMP30      LFVDIPAKKVCRWDSFTKQVQRVTMDAPVSSVALRQSGGYVA-TIGTKFCALNWKEQSAV
MmSMP30      LFVDIPSKIICRWDTVSNQVQRVAVDAPVSSVALRQLGGYVA-TIGTKFCALNWENQSVF
XcGNL        VWSDLVGRRVLGWREDGTVDVLLDATAFTNGNAVDAQQRLVHCEHGRR-AITRSDADGQA

                    130       140       150       160       170       180
                      |         |         |         |         |         |
CcXylC       SLLLEVEDAALNNRPNDATVDAQGRLWFGT------MHDGE-----ENNSGSLYRMDLT-
HsSMP30      -VLATVDNDKKNNRFNDGKVDPAGRYFAGT------MAEETAPAVLERHQGALYSLFPDH
MmSMP30      -VLAMVDEDKKNNRFNDGKVDPAGRYFAGT------MAEETAPAVLERHQGSLYSLFPDH
XcGNL        HLLVGRYAGKRLNSPNDLIVARDGAIWFTDPPFGLRKPSQGCPADPELAHHSVYRLPPDG

                    190       200       210       220       230       240
                      |         |         |         |         |         |
CcXylC GVARMDRDICITNGPCVSPDGKTFYHTDTLEKTIYAFDL-AEDGLLSNKRVFVQFALGDD
HsSMP30 HVKKYFDQVDISNGLDWSLDHKIFYYIDSLSYSVDAFDYDLQTGQISNRRSVYKLEKEEQ
MmSMP30 SVKKYFDQVDISNGLDWSLDHKIFYYIDSLSYTVDAFDYDLQTGQISNRRIVYKMEKDEQ
XcGNL SPLQRMADLDHPNGLAFSPDEQTLYVSQTPEQGHGSVEITAFAWRDGALHDRRHFASVPD

                    250       260       270       280       290       300
                      |         |         |         |         |         |
CcXylC       VYPDGSVVDSEGYLWTALWGGFGAVRFSPQ-GDAVTRIELPAPNVTKPCFGGPDLKTLYF
HsSMP30      I-PDGMCIDAEGKLWVACYNGGRVIRLDPVTGKRLQTVKLPVDKTTSCCFGGKNYSEMYV
MmSMP30      I-PDGMCIDAEGKLWVACYNGGRVIRLDPETGKRLQTVKLPVDKTTSCCFGGKDYSEMYV
XcGNL        GLPDGFCVDRGGWLWSS--SGTGVCVFDSD-GQLLGHI--PTPGTASNCTFDQAQQRLFI

                    310       320       330       340
                      |         |         |         |
CcXylC TTARKGLSDETLAQYPLAGGVFAVP-VDVAGQPQHEVRLV
HsSMP30 TCARDGMDPEGLLRQPEAGGIFKITGLGVKGIAPYSYAG-
MmSMP30 TCARDGLNAEGLLRQPDAGNIFKITGLGVKGIAPYSYAG-
XcGNL T----GGPCLWMLPLP------------------------
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(Aizawa et al., 2013). Cysteines used by the bacterial gluconolactonase (XcGNL)  for  the  formation  of  a

homodimer are boxed in blue (Chen et al., 2008).

The Xc gluconolactonase is the only one of these enzymes which has been shown to form

a distinct top-to-top homodimeric clamshell-like structure by forming intramolecular

disulphide bonds between Cys5 and Cys160 cysteines (Chen et al., 2008). Cysteines

corresponding to these two cysteines used for disulphide bond formation in the case of

the bacterial Xc gluconolactonase were not observed in the sequences of the other

lactonases (boxed in blue), suggesting this feature is unique to the Xc gluconolactonase.

Finally, a lid loop (boxed in green), covering the substrate binding cavity, is known to be

a unique feature of Mm and Hs SMP30/gluconolactonases (Chakraborti et al., 2010). A

corresponding sequence was not found in the sequence of Cc XylC, suggesting the

substrate-binding cavity of this enzyme may be open to solvent. Structural models for Cc

XylC lactonase were built based on these three enzymes with known gluconolactonase

activity, and are shown in Fig. 16. The Global Model Quality Estimation (GMQE) scores,

reflecting  the  expected  accuracy  of  a  model  built  with  the  forced  alignment  and

template, were 0.58 (Xc GNL), 0.67 (Hs SMP30/GNL), and 0.68 (Mm SMP30/GNL). The

GMQE score is expressed as a number between 0 and 1 with a higher number indicating

higher reliability (Biasini et al., 2014), suggesting the best fit for a model template in the

case of a mouse SMP30/gluconolactonase.



50

Fig. 16. Crystal structures of the enzymes with known gluconolactonase activity (A - C), and the

corresponding structural models of Cc XylC built based on these existing structures (D - F). A: Xanthomonas

campestris gluconolactonase (PDB: 3DR2); B: Homo sapiens SMP30/gluconolactonase (PDB: 3G4H); C: Mus

musculus SMP30/gluconolactonase (PDB: 4GN7); D:  Structural model of Cc XylC built based on the crystal

structure of Xanthomonas campestris gluconolactonase (PDB: 3DR2); E: Structural model of Cc XylC built

based on the crystal structure of Homo sapiens SMP30/gluconolactonase (PDB: 3G4H); F: Structural model

of Cc XylC  built  based  on  the  crystal  structure  of Mus musculus SMP30/gluconolactonase (PDB: 4GN7).

Metal ions present in the solved structures (A - C) are shown as spheres. A: Two calcium ions are present

in the central water filled tunnel. A third calcium ion is situated in the interface to stabilize the dimer form,

but is not shown in the picture (Chen et al., 2008); B and C: A single Zn2+ ion is shown coordinated to the

metal binding site of Hs and Mm SMP30/gluconolactonase. A Ca2+ ion has been shown to bind to the same

site, but is displaced by Zn2+ upon sequential addition (Chakraborti et al., 2010).

A B C

 D                              E           F
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7.2 Characterization of the Ec AldA aldehyde dehydrogenase

7.2.1 Purification of the Ec AldA aldehyde dehydrogenase

The Ec aldA gene was expressed cloned in the pBAT4 plasmid as an N-terminally His-

tagged enzyme, and without a tag. As an initial experiment, to identify the protein

corresponding to Ec aldA, these two constructs were expressed in the expression host E.

coli BL21(DE3). After an overnight cultivation, cells were centrifuged, resuspended in ice

cold lysis buffer, and disrupted with sonication. Cell lysates were analysed with SDS-PAGE

(Fig. 17.). In both cases, major bands were observed at 37 kDa and 50 kDa, and several

minor bands corresponding to various molecular weights between 10 and 150 kDa were

observed. To identify Ec AldA, a western blot assay was performed with a monoclonal

antibody against the His-tag, revealing a single band at 50 kDa for the His-tagged product

(Fig. 17.) This is in agreement with the theoretical molecular weight of 53.1 kDa for Ec

AldA.

Fig. 17. An SDS-PAGE gel (10 %) and western blot analysis containing cell extracts of 15 mL cultivations of

the E. coli pBAT4 Ec AldA N-terminal 6xHis-tag, and non-tagged constructs. 1: Marker 2: Non-tagged Ec

AldA 3: N-terminally 6xHis-tagged Ec AldA.  (Right  side)  a  western  blot  based  on  the  SDS-PAGE  gel

presented on the left side. 1: Marker 2: No tag 3: N-terminal 6xHis-tag. Molecular standard weight sizes

(kDa) are shown on the left.

kDa kDa



52

For the purification of the Ec AldA aldehyde dehydrogenase, the aldA gene was

expressed in the pBAT4 plasmid as an N-terminally His-tagged construct using E. coli

BL21(DE3) as the expression host. After an overnight cultivation, cells were centrifuged,

resuspended in ice cold lysis buffer (50 mM Tris-HCl, 300 mM NaCl, pH 8.0), and

disrupted with a french press. After centrifugation of the cell lysate, the supernatant was

collected and filtered, and the Ec AldA aldehyde dehydrogenase was purified by His-tag

based affinity column chromatography. The resulting chromatogram is shown in Fig. 18.,

showing the elution of the bound fraction of the cell extract. The purified, eluted enzyme

corresponds to a 2500 mAU peak observed at an elution volume of 86 mL.

SDS-PAGE  analysis  of  the  different  fractions  from  the  elution  (Fig. 19.) revealed the

presence  of  a  single  band  at  approximately  50  kDa,  which  is  in  agreement  with  the

calculated  molecular  weight  of  53.1  kDA  for  the  His-tagged Ec AldA aldehyde

dehydrogenase. The proteins were estimated to have a purity of >95 % since no other

bands were visible on the SDS-PAGE gradient gel, suggesting the preparate could be

purified to apparent homogeneity. A band present on the start lane (2.) is not present

on the lanes corresponding to the flowthrough (3.) and wash (4.) fractions, suggesting

the column was not overloaded, and the Ec AldA aldehyde dehydrogenase present in the

cell extract bound to the affinity column. Fractions B5 - B11, (lanes 8. - 14.) were pooled

together, and the total amount of purified enzyme was measured as 18.5 mg. Buffer

exchange (50 mM Tris-HCl, 100 mM NaCl buffer, pH 7.5) was performed using an Econo-

Pac 10DG desalting column resulting in a final protein concentration measured as 4.35

mg/mL in a total volume of 4.25 mL. After 1 month of storage in -20 °C, the protein

concentration of this pool was diluted to 1.18 mg/mL, after which it was split into 1 mL

aliquots and stored in -80 °C.
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Fig. 18. A chromatogram showing the purification of the N-terminally His-tagged Ec AldA aldehyde

dehydrogenase (50  mL’s  of  cell  extract,  derived  from  a  0.5  L  cell  culture).  A  5-mL  HiTrap  Chelating  HP

column equilibrated with 50 mM Tris-HCl, 300 mM NaCl buffer, pH 8.0 was used for the purification. The

sample was eluted with a linear gradient from 0 to 500 mM imidazole in 50 mM Tris-HCl, 300 mM NaCl

buffer in 10 column volumes. Blue line (-): absorbance at 280 nm (mAU). Green line (-): concentration of

imidazole in elution buffer (%). Fractions (A1 - E3, 1 mL each, 51 total) are marked as red triangles the

bottom of the graph. The purified, eluted enzyme corresponds to a 2500 mAU observed at an elution

volume of 86 mL.
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Fig. 19. An SDS-PAGE gel (4 - 20% gradient) containing fractions from the immobilized metal ion affinity

column chromatography purification fractions of Ec AldA (Fig. 18.). Molecular weight markers (lanes 1. and

18.) with the respective sizes in kDa. All lanes represent 2 µL of 1:200 diluted fractions collected during the

urification. Lane 2.: start fraction (cell extract); lane 3.: flowthrough fraction (unbound sample); lane 4.:

wash fraction; lanes 5. - 17.: fractions B2 - C2, a total of twelve fractions, collected during elution. The

calculated molecular weight of Ec AldA aldehyde dehydrogenase is 53.1 kDa, corresponding to the band

observable on lanes 2., and 6. - 17. Fractions B5 - B11 (lanes 8. - 14.) were pooled together, and the total

amount of purified enzyme was measured as 18.5 mg from a 0.5 L cell culture.

7.2.2 Ec AldA activity measurements

Ec AldA aldehyde dehydrogenase kinetics were measured using the substrates

lactaldehyde and glycolaldehyde, as they were reported to be recognized substrates for

the enzyme by Baldomá et al. (1987). Ec AldA is known to be an NAD+-dependent enzyme

(Di Costanza et al., 2007), and because the reduced nicotinamide ring in the enzyme

cofactor NADH shows an absorbance maximum near 340 nm (Schmid, 2001), the activity

of this dehydrogenase could be measured directly by following the increase in

absorbance at 340 nm.

kDa
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In panel A of Fig. 20., the effect of varying substrate concentration is shown for the

substrates glycolaldehyde (yellow (-)) and lactaldehyde (green (-)). In both cases,

increasing the substrate concentration led to increased dehydrogenase activity up to a

0.5 mM concentration. When the substrate concentration was increased above 0.5 mM,

dehydrogenase activity was observed to decrease.  Baldomá et al. (1987), who claim Ec

AldA aldehyde dehydrogenase displays substrate inhibition with the substrates

lactaldehyde, glyceraldehyde, glycolaldehyde, and α-ketoaldehyde methylglyoxal, have

also observed this behaviour. This phenomenon is further discussed in chapter 8 of this

work.

In panel B of Fig. 20., the effect of varying NAD+ concentration is shown for the substrates

glycolaldehyde (yellow (-)) and lactaldehyde (green (-)). In both cases, increasing the

NAD+ concentration led to increased dehydrogenase activity up to a 2 mM

concentration. No additional increase in enzyme activity could be observed in NAD+

concentrations above 2 mM, suggesting saturation was reached at this concentration.

Furthermore, in the case of NAD+, Ec AldA showed Michaelis-Menten type kinetic

behaviour.

In panel C of Fig. 20., the effect of varying pH is shown for the substrates glycolaldehyde

(yellow (-)) and lactaldehyde (green (-)). In both cases, increasing the pH led to increased

dehydrogenase activity, suggesting an alkaline pH optimum for Ec AldA. In both cases, a

significant increase in activity was observed in pH 7.5 (Tris-HCl buffer) compared to pH

7.0 (Sodium phosphate buffer). Furthermore, in the case of glycolaldehyde, no significant

improvement was observed between pH 7.5 and 8.0, suggesting the pH optimum for Ec

AldA aldehyde dyhydrogenase activity with glycolaldehyde lies between these two

points of measurements.
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Fig. 20. Enzymatic activity and pH dependence of Ec AldA. Dehydrogenase activity was measured by

following the formation of NADH at 340 nm. Two different substrates were used: glycolaldehyde, yellow

(-) and lactaldehyde, green (-). A: Substrate concentration (glycolaldehyde or lactaldehyde) was varied

between 0 to 3 mM. Measurements were done in Tris-HCl buffer,  pH 7.5, 2 mM NAD+, 0.5 mM DTT. B:

Cofactor concentration (NAD+) was varied between 0 to 4 mM. Measurements were performed in Tris-HCl

buffer, pH 7.5, 0.5 mM substrate, 0.5 mM DTT. C: Ec AldA dehydrogenase activity was measured at

different pH values with 0.5 mM substrate, 2 mM NAD+,  0.5  mM DTT.  For  pH 6  -  7,  sodium phosphate

buffer was used, and for pH 7.5 - 8.0 Tris-HCl buffer was used.
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Most of  the enzymes that  rely  on a catalytic  cysteine are stored in buffers  containing

both a reducing agent and a chelating agent to preserve their activities (Maret, 2013). Di

Costanza et al. (2007) have solved the structure of Ec AldA and they suggest the reaction

mechanism of Ec AldA  also  involves  an  active  site  cysteine.  For  this  reason,  we  were

interested in measuring enzyme activity in the presence and absence of a reducing agent

and a chelating agent, such as dithiothreitol (DTT). In panel A of Fig. 21. the measured

dehydrogenase activity for Ec AldA is shown in the absence of DTT, and in panel B, the

measured Ec AldA activity is shown in the presence of 0.5 mM DTT.  These results suggest

reaction rates were higher in the presence of DTT.

Because our earlier studies suggest the divalent metal ion Zn2+, is required for lactonase

activity in the in vitro pathway (discussed later), both panels in Fig. 21. also include

dehydrogenase activity measurements at various concentrations of Zn2+. In panel A, it is

shown that an increasing Zn2+ concentration led to decreased Ec AldA activity. At 5 µM

concentrations of Zn2+ and above, no dehydrogenase activity could be observed. This

suggests Ec AldA is inhibited by the divalent metal ion Zn2+, in agreement also with earlier

studies by Baldomá et al. (1987). In panel B,  it  is  shown  that  an  increasing  Zn2+

concentration also led to decreased Ec AldA activity when 0.5 mM DTT was included in

the reaction mixture. However, when DTT was included, dehydrogenase activity was

observable at 5 µM Zn2+ concentration, in contrast to the results in panel A. These results

suggest reduced and chelated conditions are beneficial for Ec AldA activity. It should be

noted however, that DTT forms specific and very stable polymeric and monomeric

complexes  with  metal  ions,  such  as  Zn2+, Ni2+, Cd2+, Cu+and Pb2+ (Krężel et al., 2001).

Therefore, possible side reactions have to be considered when it is used in biological

systems (Cornell and Crivaro, 1972; Krężel et al., 2001).
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Fig. 21. The effect of reduced and chelated conditions on Ec AldA dehydrogenase activity. A: 0 mM DTT B:

0.5 mM DTT. Additionally, the effect of Zn2+ on Ec AldA was measured. Blue (-) 0 μM Zn2+; light blue (-) 0.05

μM Zn2+;  red  (-)  0.25  μM Zn2+;  orange  (-)  0.5  μM Zn2+;  light  pink  (-)  5  μM Zn2+. Ec AldA dehydrogenase

activity was measured by following the formation of NADH 340 nm. Measurements were done in 50 mM

Tris-HCl buffer, pH 7.5, 100 mM NaCl.
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7.2.3 Ec AldA related stability studies

In Fig. 22. the storage stability of Ec AldA is shown. The enzyme was stored in 50 mM

Tris-HCl buffer, 100 mM NaCl, pH 7.5 in - 80 °C.  Dehydrogenase activity was measured

by following the formation of NADH at 340 nm in 50 mM Tris-HCl buffer, containing 0.5

mM glycolaldehyde, 2 mM NAD+, and 0.5 mM DTT. Measurements were performed with

the  same  glycolaldehyde  stock  solution  stored  in  +4  °C  for  the  period  of  the  storage

stability measurements. Ec AldA dehydrogenase activity was observed to slightly

increase throughout the storage period. One outlier is present in these results, observed

35 days after the first measurement, and is likely to be an experimental artefact. This

data suggests Ec AldA activity is preserved when the enzyme is stored in the conditions

mentioned above.

Fig. 22. Storage stability studies of Ec AldA aldehyde dehydrogenase. The enzyme was stored in 50 mM

Tris-HCl buffer, 100 mM NaCl, pH 7.5. During a period of 80 days, dehydrogenase activity was measured

by  following  the  formation  of  NADH  at  340  nm  in  50  mM  Tris-HCl  buffer,  containing  0.5  mM

glycolaldehyde, 2 mM NAD+, and 0.5 mM DTT. This data suggests Ec AldA activity is preserved when the

enzyme is stored in the conditions mentioned above.
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In Fig. 23. changes in the secondary protein structure of the the Ec AldA aldehyde

dehydrogenase are shown upon increasing the temperature in 5 °C intervals from 25 °C

to 65 °C (temperatures are indicated on the right-hand side of each graph). The circular

dichroism spectra of Ec AldA was measured between wavelengths 190 nm and 240 nm.

The spectra displayed negative bands at 208 nm and 222 nm, and a positive band at 193

nm. Different protein structural elements have characteristic CD spectrums, as discussed

earlier in chapter 7.1.4 of this work. α-helical proteins have negative bands at 222 nm

and 208 nm and a positive band at 193 nm (Holzwarth and Doty, 1965), suggesting the

Ec AldA dehydrogenase has secondary structural elements characteristic for α-helical

proteins. Upon increasing the temperature, significant changes were observable at

temperatures of 50 °C and above. Compared to the Cc XylC lactonase, changes in the

secondary structure observed by circular dichroism are more prominent in the case of

the Ec AldA aldehyde dehydrogenase, but significant changes were observable in both

cases at temperatures of 50 °C and above.
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Fig. 23. Temperature induced changes in the secondary protein structure of Ec AldA. Changes in the

secondary protein structure of Ec AldA measured by recording the circular dichroism spectra of the enzyme

between wavelengths 190 nm and 240 nm in 50 mM Tris-HCl, 100 mM NaCl buffer, pH 7.5. Temperature

was increased in 5 °C increments from 25 °C to 65 °C (corresponding temperatures for all measurements

indicated on the right-hand side of the graph). In all cases, the resulting CD spectra displayed a negative

band at 208 nm and 222 nm, and a positive band at 193 nm, characteristic to α-helical proteins. When the

temperature was increased, significant changes were observable at temperatures of 50 °C and above.
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7.3 Characterization of an in vitro pathway for the production of glycolic acid

In panel A of Fig. 24., the enzyme catalyzed reaction scheme is presented for the

production of glycolic acid in vitro.  There  are  two  NAD+ dependent dehydrogenases,

which are responsible for the conversion of D-xylose to D-xylonolactone, and

glycolaldehyde to glycolic acid, respectively. In this work, pathway activity was measured

through the formation of NADH, which takes place in the last step, during the conversion

of glycolaldehyde to glycolic acid by Ec AldA aldehyde dehydrogenase in a one-pot

reaction. Therefore, we omitted the Cc XylB xylose dehydrogenase, which also uses NAD+

as  a  cofactor,  and  therefore  would  interfere  with  activity  measurements  of  the  last

enzymatic step. To further investigate the role of Cc XylC in the enzymatic pathway, we

constructed in vitro pathways consisting of either four enzymes (boxed in green in panel

A of Fig. 24., including the Cc XylC xylonolactonase), or three enzymes (boxed in blue in

panel A of Fig. 24., excluding the Cc XylC xylonolactonase). This allowed pathway activity

measurements starting from D-xylonolactone, or alternatively from D-xylonate. Pathway

activity starting from D-xylonolactone, excluding the Cc XylC xylonolactonase was also

investigated.  An SDS-PAGE analysis of the purified enzymes (Panel B of Fig. 24.) showed

the presence of the expected bands at the estimated molecular weights of 31.6 kDa for

Cc XylC; 65.2 kDa for Cc XylDHT; 32.5 kDa for Ec YagE; 52.3 kDa for Ec AldA, confirming

the integrity of the purified enzyme preparates.
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Fig. 24. Enzyme catalyzed reaction schemes (A) for the production of glycolic acid in vitro, and (B) an SDS-

PAGE analysis of the purified enzymes. A: Either D-xylonolactone or D-xylonate was used as the starting

compound for the in vitro production of glycolic acid. The corresponding pathways are boxed, respectively,

in green, and blue. Pathway activity was coupled to the formation of NADH, which takes place in the last

step, during the conversion of glycolaldehyde to glycolic acid by Ec AldA. B: An SDS-PAGE gel (10 %) of the

four purified enzymes that were used in this work. Estimated molecular weights of the enzymes: Cc XylC

31.6 kDa; Cc XylDHT 65.2 kDa; Ec YagE 32.5 kDa; Ec AldA 52.3 kDa. The Caulobacter crescentus xylonate

dehydratase (XylDHT) and Escherichia coli aldolase (YagE) were expressed in E. coli BL21(DE3) and purified

at VTT prior to this work.

A

B
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7.3.1 Establishing a procedure to measure the pathway kinetics through monitoring

the formation of NADH in the last step

Next, we attempted to establish a method to measure the pathway kinetics through

monitoring the formation of NADH in the last step, catalyzed by Ec AldA. In panel A of

Fig. 25., changes in absorbance at a wavelength of 340 nm, corresponding to the

formation of NADH, are shown for a reaction mixture containing Cc XylDHT, Ec YagE, and

Ec AldA, starting from D-xylonolactone in pH 8. A period of 30 minutes was sufficient to

observe a significant change in absorbance at 340 nm. In panel B. of Fig. 25., the

spectrum of the reaction mixture is shown following an overnight incubation in room

temperature. A characteristic peak for NADH with a maximum at 340 nm was observed,

showing  the  increase  in  absorbance  at  340  nm  is  caused  by  the  formation  of  NADH

during Ec AldA catalyzed formation of glycolic acid. The xylonolactone stock used for the

measurements was dissolved in DDIW two weeks before conducting the experiment, and

therefore spontaneous hydrolysis of D-xylonolactone to D-xylonate had likely occurred.

This may explain why the Cc XylC lactonase was not needed. Additionally, spontaneous

hydrolysis of D-xylonolactone to D-xylonate is more rapid in alkaline conditions (as

discussed in chapter 7.1.4 of this work). The role of the lactonase was further

investigated in the following chapter.
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Fig. 25. Establishing a procedure to measure the pathway kinetics through monitoring the formation of

NADH in the last step. A: NADH formation followed spectrophotometrically at 340 nm for a mix containing

115 nM Cc XylDHT; 445 nM Ec YagE; 115 nM Ec AldA; 10 mM MgCl ; 2 mM NAD+ and 10 mM D-xylono-

1,4-lactone in 50 mM Tris-HCl buffer, pH 8. The xylonolactone stock used for the measurements was

dissolved in DDIW two weeks before conducting the experiment, and therefore spontaneous hydrolysis of

D-xylonolactone to D-xylonate had likely occurred. B:  The  spectrum (290  nm -  390  nm)  of  the  reaction

mixture (A) when measured the next day, demonstrating a characteristic peak for NADH at 340 nm.

7.3.2 Characterization of the in vitro pathway

To characterize the in vitro pathway and to measure the contribution of the individual

enzymes (Cc XylC xylonolactonase, Cc XylDHT xylonate dehydratase, Ec YagE aldolase,

and Ec AldA aldehyde dehydrogenase), individual enzyme concentrations were varied.

The rate of glycolic acid formation in the last step of the pathway was measured by

following formation of NADH, catalyzed by the Ec AldA aldehyde dehydrogenase. In an

attempt to optimize the amount of each individual enzyme, enzyme amounts were

varied in the order the enzymes appear in the pathway starting from the Cc XylC

xylonolactonase and ending at Ec AldA aldehyde dehydrogenase. In an attempt to

optimize the pathway, enzyme amounts were not kept constant between the

measurements in different panels. Instead the amount of enzyme corresponding to the

highest rate of glycolic acid production was used to measure the effect of varying the

concentration of the following enzymes in the pathway.  Although Zn2+ was shown to be
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required for the highest rate of Cc XylC xylonolactonase activity, the addition of this

divalent metal ion led to decreased Ec AldA aldehyde dehydrogenase activity in all cases

(for further details, see chapter 7.2.2), and therefore it was not included in the in vitro

pathway reaction mixture. 0.5 mM DTT was included because the results in chapter 7.2.2

of this work suggest reduced and chelated conditions are beneficial for Ec AldA aldehyde

dehydrogenase, resulting in an increased rate of dehydrogenase activity. 10 mM Mg2+

was included because this divalent metal ion has been shown to be a requirement for Cc

XylDHT activity by Andberg et al. (2016).

In Fig. 26. the effect of varying the individual concentrations of Cc XylC xylonolactonase,

Cc XylDHT xylonate dehydratase, Ec YagE aldolase, and Ec AldA aldehyde dehydrogenase

is shown, starting from the substrate D-xylonolactone in 50 mM Tris-HCl buffer, pH 7. In

panel A of Fig. 26., the effect of varying Cc XylC xylonolactonase concentration is shown.

Increasing the amount of Cc XylC xylonolactonase led to an increased rate of glycolic acid

formation in the last step of the in vitro pathway, despite the absence of the divalent

metal ion Zn2+. Furthermore, glycolic acid formation was observed at a slow rate in the

absence of the Cc XylC xylonolactonase, possibly due to the spontaneous hydrolysis of

D-xylonolactone to D-xylonate. This suggests that a xylonolactonase improves the rate

of  glycolic  acid  production  in  pH  7,  compared  to  the  rate  of  glycolic  acid  production

obtained from the spontaneous hydrolysis of D-xylonolactone. A 1900 nM concentration

of the Cc XylC xylonolactonase was used to measure the rates of glycolic acid production

obtained by varying the concentration of the following enzymes in the pathway.

In panel B of Fig. 26., the effect of varying Cc XylDHT xylonate dehydratase concentration

is shown. Increasing the amount of Cc XylDHT xylonate dehydratase led to an increased

rate of glycolic acid formation. At a 1400 nM concentration, the rate of glycolic acid

formation was observed to decrease, but this single data point is most likely an outlier.

Furthermore, in the absence of Cc XylDHT, no glycolic acid formation could be observed.
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This data suggests a xylonate dehydratase is required at pH 7 when D-xylonolactone is

used as the substrate. A 1200 nM concentration of the Cc XylDHT xylonate dehydratase

was used to measure the rates of glycolic acid production obtained by varying the

concentration of the following enzymes in the pathway.

In panel C of Fig. 26.,  the  effect  varying Ec Yage aldolase concentration is shown.

Increasing  the  amount  of Ec YagE  led  to  similar  rates  of  glycolic  acid  formation.

Furthermore, in the absence of Ec YagE, no glycolic acid formation could be observed.

This suggests an aldolase is required at pH 7, and furthermore suggest the Ec YagE is an

efficient catalyst, since a 100 nM concentration was sufficient to obtain the highest rate

of glycolic acid production. A 220 nM concentration of the Ec YagE aldolase was used to

measure the rate of glycolic acid production obtained by varying the concentration of

the Ec AldA in the last step of the pathway.

In panel D of Fig. 26., the effect of varying Ec AldA aldehyde dehydrogenase is shown.

Increasing the amount of Ec AldA led to increased rates of glycolic acid formation.

Furthermore, in the absence of Ec AldA, no glycolic acid formation could be observed.

This suggests an aldehyde dehydrogenase is required at pH 7, and furthermore suggest

the Ec AldA concentration could have been even higher, since saturation could not be

observed. Overall, the highest rate of glycolic acid formation obtained in panel D was

two times higher than the highest rate of glycolic acid formation obtained in panel A,

suggesting glycolic acid production could be optimized by varying the concentrations of

the individual enzymes sequentially.
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Fig. 26. Characterization of the in vitro pathway, starting from D-xylonolactone in pH 7. Enzyme amounts were varied

in the order the enzymes appear in the pathway starting from the Cc XylC xylonolactonase and ending at Ec AldA

aldehyde dehydrogenase. Glycolic acid production was measured by following the formation of NADH in the last step

of the pathway, catalyzed by Ec AldA aldehyde dehydrogenase. In an attempt to optimize the pathway, enzyme

amounts corresponding to the highest rate of glycolic acid formation in each case were used to optimize the amounts

of the following enzymes in the pathway. All measurements were performed in 50 mM Tris-HCl buffer, pH 7, with 1

mM D-xylonolactone, 2 mM NAD+, 10 mM Mg2+ and 0.5 mM DTT. Enzyme amounts A: 0 - 2200 nM Cc XylC; 310 nM

Cc XylDHT; 430 nM Ec YagE; 380 nM Ec AldA B: 1900 nM Cc XylC; 0 - 1400 nM Cc XylDHT; 430 nM Ec YagE; 380 nM Ec

AldA C: 1900 nM Cc XylC; 1200 nM Cc XylDHT; 0 - 750 nM Ec YagE; 380 nM Ec AldA D: 1900 nM Cc XylC; 1200 nM Cc

XylDHT; 220 nM Ec YagE; 0 - 1300 nM Ec AldA.
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Next, we studied the effect of using D-xylonate as the substrate instead of the lactone.

These results are shown in Fig. 27., and are for the most part similar to the results are

obtained with the lactone substrate. Increasing the amount of Cc XylDHT, Ec YagE, or Ec

AldA led to an increased rate of glycolic acid formation while no glycolic acid formation

could be observed in the absence of these three enzymes (panels B, C, and D of Fig. 27.).

Varying the concentration of Ec YagE did not have a large effect. In contrast to the results

obtained with D-xylonolactone as the substrate (Fig. 26.), glycolic acid formation was

observed at a four times higher rate in the absence of the Cc XylC xylonolactonase (panel

A of Fig. 27.). Increasing the amount of the Cc xylonolactonase led to an increased rate

of  glycolic  acid formation up to a 950 nM concentration,  while  increasing the Cc XylC

xylonolactonase  concentration  above  950  nM  decreased  the  rate  of  glycolic  acid

formation slightly. This data suggests, that a xylonolactonase may also improve the rate

of glycolic acid production in pH 7 when D-xylonate is used as the substrate. This effect

may  be  attributed  to  the  presence  of  lactone  in  the  xylonate  stock  due  to  the

spontaneous formation of D-xylonolactone from D-xylonate, which has been shown to

occur although under acidic conditions (Hummel et al., 2010). A 950 nM concentration

of the Cc XylC xylonolactonase, an 1100 nM concentration of the Cc XylDHT xylonate

dehydratase, a 750 nM concentration of the Ec YagE aldolase were used to measure the

rates of glycolic acid production obtained by varying the concentration of the following

enzymes in the pathway. Overall, the highest rate of glycolic acid formation obtained in

panel D was three times higher than the highest rate of glycolic acid formation obtained

in panel A, suggesting glycolic acid production could also be increased in this case by

varying the concentrations of the individual enzymes sequentially.
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Fig. 27. Characterization of the in vitro pathway, starting from D-xylonate in pH 7. Enzyme amounts were varied in the

order the enzymes appear in the pathway starting from the Cc XylC xylonolactonase and ending at Ec AldA aldehyde

dehydrogenase. Glycolic acid production was correlated to NADH formation in the last step, catalyzed by Ec AldA

aldehyde dehydrogenase. The amount of individual enzyme, corresponding to the highest rate of glycolic acid

formation  in  the  last  step,  was  used  for  varying  the  amount  of  the  following  enzymes  in  the  pathway.  All

measurements were performed in 50 mM Tris-HCl buffer, pH 7, with 1 mM D-xylonate, 2 mM NAD+, 10 mM Mg2+ and

0.5 mM DTT. Enzyme amounts A: 0 - 2200 nM Cc XylC; 380 nM Cc XylDHT; 460 nM Ec YagE; 380 nM Ec AldA B: 950 nM

Cc XylC; 0 - 1400 nM Cc XylDHT; 460 nM Ec YagE; 380 nM Ec AldA C: 950 nM Cc XylC; 1100 nM Cc XylDHT; 0 - 750 nM

Ec YagE; 380 nM Ec AldA D: 950 nM Cc XylC; 1100 nM Cc XylDHT; 750 nM Ec YagE; 0 - 1300 nM Ec AldA.
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Next,  we  studied  the  effect  of  increasing  the  pH  to  8,  using  D-xylonolactone  as  the

substrate. These results are shown in Fig. 28., and are for the most part similar to the

results are obtained in pH 7. However, most of the enzymes in the pathway have been

shown be more active in alkaline conditions, resulting in an increase in the overall rate

of glycolic acid production. Increasing the amount of Cc XylDHT, Ec YagE, or Ec AldA led

to an increased rate of glycolic acid formation while no glycolic acid formation could be

observed in the absence of these three enzymes (panels B, C, and D of Fig. 28.). Varying

the concentration of Ec YagE did not have a large effect. In contrast to the results

obtained in ph 7 (panel A of Fig. 26.), glycolic acid formation was observed at a four times

higher rate in the absence of the Cc XylC xylonolactonase (panel A of Fig. 28.). Increasing

the amount of Cc XylC xylonolactonase led to similar rates of glycolic acid formation that

were obtained without the Cc XylC xylonolactonase. This data suggests a xylonolactonase

does not improve the rate of glycolic acid production at pH 8 when D-xylonolactone is

used as the substrate, indicating the spontaneous hydrolysis of D-xylonolactone occurs

at a considerably higher rate in pH 8 compared to pH 7. A 630 nM concentration of the

Cc XylC xylonolactonase, a 400 nM concentration of the Cc XylDHT xylonate dehydratase,

a 310 nM concentration of the Ec YagE aldolase were used to measure the rates of

glycolic acid production obtained by varying the concentration of the following enzymes

in the pathway. Overall, the highest rate of glycolic acid formation obtained in panel D

was 1.5 times higher than the highest rate of glycolic acid formation obtained in panel A,

suggesting glycolic acid production could be increased by varying the concentrations of

the individual enzymes sequentially.
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Fig. 28. Characterization of the in vitro pathway, starting from D-xylonolactone in pH 8. Enzyme amounts were varied

in the order the enzymes appear in the pathway starting from the Cc XylC xylonolactonase and ending at Ec AldA

aldehyde dehydrogenase. Glycolic acid production was correlated to NADH formation in the last step, catalyzed by Ec

AldA aldehyde dehydrogenase. The amount of individual enzyme, corresponding to the highest rate of glycolic acid

formation  in  the  last  step,  was  used  for  varying  the  amount  of  the  following  enzymes  in  the  pathway.  All

measurements were performed in 50 mM Tris-HCl buffer, pH 8, with 1 mM D-xylonolactone, 2 mM NAD+, 10 mM Mg2+

and 0.5 mM DTT. Enzyme amounts A: 0 - 2200 nM Cc XylC; 310 nM Cc XylDHT; 310 nM Ec YagE; 380 nM Ec AldA B: 630

nM Cc XylC; 0 - 680 nM Cc XylDHT; 310 nM Ec YagE; 380 nM Ec AldA C: 630 nM Cc XylC; 310 nM Cc XylDHT; 0 - 750 nM

Ec YagE; 380 nM Ec AldA D: 630 nM XylC; 310 nM Cc XylDHT; 310 nM Ec YagE; 0 - 1300 nM Ec AldA.
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Next, we studied the effect of using D-xylonate as the substrate instead of the lactone,

in pH 8. These results are shown in Fig. 29. A slight decrease in glycolic acid formation

was observed when the amount Cc XylDHT was increased (panel B) Varying the

concentration of Ec YagE did not have a large effect (panel C). Increasing the amount of

Ec AldA led to an increased rate of glycolic acid formation, with one outlier present at

960 nM (panel D). Glycolic acid formation was observed at a similar rate rate in the

absence of the Cc XylC xylonolactonase (panel A of Fig. 29.) when compared to the rate

obtained with D-xylonolactone (panel A of Fig. 28.). Increasing the amount of the Cc

xylonolactonase did not have a large effect. To measure the rates of glycolic acid

production obtained by varying the concentration of the following enzymes in the

pathway, the Cc XylC xylonolactonase was excluded, an 200 nM concentration of the Cc

XylDHT xylonate dehydratase, a 430 nM concentration of the Ec YagE aldolase were used.

Overall, the highest rate of glycolic acid formation obtained in panel D was 1.5 times

higher than the highest rate of glycolic acid formation obtained in panel A, suggesting

glycolic acid production could also be increased in this case by varying the concentrations

of the individual enzymes sequentially.



74

Fig. 29. Characterization of the in vitro pathway, starting from D-xylonate in pH 8. Enzyme amounts were varied in the

order the enzymes appear in the pathway starting from the Cc XylC xylonolactonase and ending at Ec AldA aldehyde

dehydrogenase. Glycolic acid production was correlated to NADH formation in the last step, catalyzed by Ec AldA

aldehyde dehydrogenase. The amount of individual enzyme, corresponding to the highest rate of glycolic acid

formation  in  the  last  step,  was  used  for  varying  the  amount  of  the  following  enzymes  in  the  pathway.  All

measurements were performed in 50 mM Tris-HCl buffer, pH 8, with 1 mM D-xylonate, 2 mM NAD+, 10 mM Mg2+ and

0.5 mM DTT.. Enzyme amounts A: 0 - 2200 nM Cc XylC; 310 nM Cc XylDHT; 310 nM Ec YagE; 380 nM Ec AldA B: 0 nM

Cc XylC; 0 - 700 nM Cc XylDHT; 310 nM Ec YagE; 380 nM Ec AldA C: 0 nM Cc XylC; 200 nM Cc XylDHT; 0 - 750 nM Ec

YagE; 380 nM Ec AldA D: 0 nM Cc XylC; 200 nM Cc XylDHT; 430 nM Ec YagE; 0 - 1300 nM Ec AldA.
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8 Discussion	

8.1 Characterization of the Cc XylC xylonolactonase

Regarding xylonolactonases, relatively little is known in general, and their role in the

production of acids has generally not been considered (Nygård et al., 2014), although

xylonolactonases can be found in organisms employing the Dahms or Weimberg

pathway (Stephens et al., 2007).  Gluconolactonases  are  more  well  known  than

xylonolactonases, but SMP30 enzymes, for an example, have been linked to various

enzymatic, as well as nonenzymatic functions, such as zinc dependent gluconolactonase

activity (Kondo et al., 2006), magnesium dependent diisopropylfluorophosphatase

activity (Kondo et al., 2004), and calcium dependent cell regulation and homeostasis

(Yamaguchi, 2005), unlike xylonolactonases. Therefore, this discussion section, regarding

the Cc XylC xylonolactonase, mostly relies on the results presented in this thesis, with

comparisons drawn to earlier SMP30/gluconolactonase studies (Chen et al., 2008;

Chakraborti et al., 2010; Aizawa et al., 2013) whenever possible.

The Cc xylC gene was expressed as N-terminally Strep-tagged, C-terminally Strep-tagged

(with and without a Gly-Ser-Gly linker sequence between the tag and the gene), and

without a tag. Different constructs were prepared for this work because even though the

enzyme was well expressed in all cases, only a small fraction of the N- and C-terminally

tagged xylonolactonase could be purified using Strep-tag based affinity column

chromatography. Additionally, the N-terminally tagged enzyme displayed several bands

on an SDS-PAGE gel, suggesting protein degradation or incomplete translation. In an

attempt to improve the accessibility of the C-terminal Strep-tag, a Gly-Ser-Gly linker

sequence was introduced with PCR to the pBAT4 plasmid containing the C-terminally

Strep-tagged xylonolactonase. However, no difference in the resulting chromatograms

obtained from Strep-tag based affinity column chromatography could be observed,
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suggesting the addition of this linker sequence did not improve the accessibility of the

Strep-tag.  In an attempt to improve the yield of purified enzyme using Strep-tag based

affinity column chromatography, the purification was also performed in the presence of

Zn2+. However, no difference was observed in the resulting chromatograms, suggesting

the addition of this divalent metal ion did not improve the accessibility of the Strep-tag.

Therefore, in an attempt to improve the yield of purified enzyme, the Cc XylC

xylonolactonase was purified by negative anion exchange column chromatography.

Highest purity and specific activity for the xylonolactonase was obtained from the wash

fraction of the anion exchange column chromatography purification, from which 14 mg

or purified protein could be obtained.  An SDS-PAGE analysis revealed the presence of a

band of approximately 30 kDa, in agreement with the calculated molecular weight of

32.7 kDa for the Strep-tagged Cc Xylc xylonolactonase. The wash fraction was estimated

to have a purity of >95% since no other bands could be observed, suggesting the

preparate could be purified to apparent homogeneity. This suggests other proteins

present in the cell extract could be bound to the anion exchange column and were

therefore excluded from the wash fraction, resulting in a negative purification.

To determine the oligomerization state of the Cc XylC lactonase, gel filtration analysis

was performed using a UPLC system equipped with a size exclusion column. The most

prominent peak corresponds to a molecular weight of 29 kDa, suggesting the enzyme

exists as a monomer in solution. For reference, D-gluconolactonases have been shown

to exist as monomers and dimers (Aizawa et al., 2013; Chen et al., 2008). The other

observable peaks correspond to larger molecular weights, indicating the presence of

enzyme aggregates or higher oligomers of the lactonase.

Xylonolactonase activity with the Cc XylC xylonolactonase was measured using two

methods. First D-xylonic acid (the product) formation was measured by following the

decolorization of p-nitrophenolate. The second approach was to follow the circular
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dichroism spectrum of D-xylonolactone (the substrate). In the case of gluconolactone, a

negative circular dichroism peak centered at 218 nm (Jia et al., 2009) characterizes the

compound. We observed a similar characteristic circular dichroism peak for D-

xylonolactone at 220 nm, and therefore correlated the disappearance of negative

circular dichroism at 220 nm to lactonase activity. Lactonase activity assays were

performed in the presence of the divalent metal ions Zn2+, Mg2+, and Ca2+ because

divalent metal ions, such as Zn2+, Mn2+, Mg2+, or Ca2+ have  been  shown  to  be  a

requirement for the activity of glucono- and xylonolactonases (Chakraborti et al., 2010,

earlier studies at VTT).

Upon measuring the xylonolactonase activity of Cc XylC was using a p-nitrophenol assay,

spontaneous opening of the lactone ring was observable at pH 6, but the rate of

spontaneous lactone hydrolysis was slower compared to enzymatic lactone hydrolysis.

Increasing the concentration of the divalent metal ion Zn2+ up to a 30 µM concentration

led increased xylonolactonase activity in all cases. Zn2+ concentrations above 30 µM led

to  similar  rates  of  D-xylonate  production,  suggesting  a  saturating  divalent  metal  ion

concentration was reached at 30 µM. Increasing the concentration of the divalent metal

ions Mg2+ and Ca2+ did not lead to increased lactonase activity in pH 6. The sequential

addition of 0.5 mM Zn2+ to reaction mixtures containing up to 8 mM Mg2+ or Ca2+  led to

increased lactonase activity, suggesting 0.5 mM Zn2+ was a sufficient concentration to

overcome any competing inhibitory effect resulting from the presence of up to 8 mM

Mg2+ or Ca2+.

The pH dependence of Cc XylC xylonolactonase was characterized by following the

disappearance of the characteristic negative circular dichroism peak of D-xylonolactone

at 220 nm due to xylonolactonase activity and spontaneous lactone hydrolysis. In all

cases, increased Zn2+ ion concentrations led to increased rates of xylonolactonase

activity. These results are in agreement with the results obtained from p-nitrophenol
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assays, suggesting the Cc XylC xylonolactonase enzyme is expressed in active form and

furthermore the enzymatic hydrolysis rate of D-xylonolactone is increased in the

presence of the divalent metal ion Zn2+. However, in neutral and slightly acidic conditions

higher concentrations of Zn2+ were required to obtain saturation when compared to

alkaline conditions. This suggests metal ions may play an important role, particularly for

the enzymatic conversion of D-xylonolactone to D-xylonate in neutral and acidic

conditions. Additionally, the overall rate of D-xylonolactone hydrolysis was higher in

alkaline conditions, suggesting an alkaline pH optimum for the Cc XylC xylonolactonase.

However, it should be noted that this increased rate might be partially attributed to the

spontaneous hydrolysis of D-xylonolactone, which occurs at an increased rate in alkaline

conditions.

Because D-xylonolactone has been shown to hydrolyze spontaneously to D-xylonate

(Hummel et al., 2010), it was important to investigate the rate at which the spontaneous

hydrolysis and other complex interconversions occur. When the circular dichroism

spectrum  of  a  freshly  dissolved  D-xylonolactone  stock  solution  was  compared  to  the

circular dichroism spectrum of a one-week-old D-xylonolactone stock solution, no

difference could be observed, suggesting the characteristic lactone structure is retained

after one week of storage. When these two stock solutions were used as the substrate

for a p-nitrophenol assay, the results suggested acidification of the one-week-old lactone

stock, caused by the spontaneous hydrolysis of D-xylonolactone to D-xylonic acid. These

results contradict each other to some extent; however, we concluded that a fresh

lactone stock should always be prepared prior to enzymatic assays.

An attempt was made to measure Cc XylC gluconolactonase activity with D-gluconic acid

lactone as the substrate. Lactonase activity (acidification of the reaction mixture) could

be observed; however, attempts to replicate these lactonase activity measurements

with D-gluconic acid lactone as the substrate led to contradicting results. Therefore,
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changes in the circular dichroism spectra of gluconic acid lactone were measured in

different buffer systems to observe the behaviour of this substrate. In all cases,

disappearance  of  the  characteristic  negative  lactone  peak  could  be  observed  in  a

timescale  of  one  hour.  In  the  case  of  D-xylonolactone,  changes  in  the  characteristic

lactone peak could not be observed even after one week of storage. In addition to this,

the characteristic circular dichroism peak at 220 nm could be observed to transition from

220 nm towards 210 nm when D-gluconic acid lactone was incubated in room

temperature. These results suggest complex interconversions of this compound, and

therefore studies related to D-gluconic acid lactone were not pursued further.

Changes in the secondary protein structure of Cc XylC were measured by recording the

circular dichroism spectra of the protein between wavelengths 190 nm and 240 nm as

the  temperature  was  increased  in  5  °C  intervals,  or  alternatively  as  the  Zn2+

concentration  was  varied  at  room  temperature.  In  all  cases  the  resulting  circular

dichroism spectra displayed a negative band at 208 nm and a positive band at 193 nm,

and a negative shoulder at 222 nm, suggesting the Cc XylC xylonolactonase displays

structural elements characteristic to α-helical proteins. In all cases, significant changes

occurred  at  50  °C  and  above,  most  prominently  at  a  wavelength  of  208  nm.  Similar

changes in the secondary protein structure of Cc XylC were also observed upon

increasing the concentration of Zn2+ in the buffer solution, suggesting that metal ion

binding may have an effect on the structural conformation of Cc XylC.

The storage stability of Cc XylC was also investigated as the enzyme was stored in -80 °C

in a buffer solution with and without Zn2+. The first two points of measurements were

performed with a D-xylonolactone stored in +4 °C for several weeks. The relative activity

for these measurements was likely lower due to the spontaneous hydrolysis of D-

xylonolactone in storage, highlighting the importance of using a freshly dissolved D-

xylonolactone solution for lactonase activity measurements. From day 33 onwards, the
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measurements were performed with a freshly dissolved solution of D-xylonolactone,

resulting in a 500 % relative activity compared to the first two points of measurements.

In the case where 1 mM Zn2+ was included in the storage buffer, lactonase activity was

not retained, suggesting the Cc XylC xylonolactonase should not be stored in the

presence of Zn2+.

A sequence alignment for the amino acid sequences of Caulobacter crescentus

xylonolactonase, Homo sapiens SMP30/gluconolactonase, Mus musculus

SMP30/gluconolactonase, and Xanthomonas campestris gluconolactonase was

performed. The Hs SMP30/gluconolactonase, Mm SMP30/gluconolactonase, and Xc

gluconolactonase are all six-bladed β-propellers belonging to the β-propeller family,

whose sequences and functions generally vary a lot, although the structures can be well

superimposed (Jawad et al., 2002). The sequence alignment revealed four conserved

amino acids, corresponding to Glu18, Asp102, Asn146, and Asp196 in Cc XylC. In Xc GNL,

these amino acids are found to coordinate with a calcium ion (Chen et al., 2008), while

in the case of the Homo sapiens and Mus musculus SMP30/gluconolactonase enzymes,

the amino acids have been shown to coordinate zinc and calcium ions, with alanine

mutants displaying significant loss of gluconolactonase activity (Chakraborti et al., 2010;

Aizawa et al., 2013).  The Xc gluconolactonase is the only one of these enzymes which

has been shown to form a distinct top-to-top homodimeric clamshell-like structure by

forming intramolecular disulphide bonds between Cys5 and Cys160 (Chen et al., 2008).

Cysteines corresponding to these two cysteines were not observed in any of the other

sequences, suggesting this feature is unique to the Xc gluconolactonase. A lid loop

covering the substrate binding cavity is known to be a unique feature of the Mm and Hs

SMP30/gluconolactonases (Chakraborti et al., 2010). A corresponding sequence was not

found in the sequence of Cc XylC, suggesting the substrate of this enzyme may be open

to solvent.
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8.2 Characterization of the Ec AldA aldehyde dehydrogenase

The Ec AldA aldehyde dehydrogenase has been characterized (Baldoma et al., 1987), and

the  crystal  structure  of  this  enzyme  has  also  been  solved  (Di  Costanza et al., 2007).

Dehydrogenases in general are better understood than lactonases, and Racker (1955)

has proposed the mechanism for NAD+-dependent aldehyde oxidation. Maret (2013) has

studied enzymes relying on catalytic cysteines, their requirement for reduced and

chelated conditions, and metal ion inhibition. These earlier studies are used to guide the

discussion related to the characterization of the Ec AldA aldehyde dehydrogenase.

The Ec aldA gene was expressed in the pBAT4 plasmid as N-terminally His-tagged, and

without  a  tag,  using E. coli BL21(DE3) as the expression host. To identify Ec AldA,  a

western blot assay was performed with a monoclonal antibody against the His-tag,

revealing a single band at 50 kDa for the His-tagged product. This corresponds to the

theoretical molecular weight of 53.1 kDa for Ec AldA. For the purification of the Ec AldA

aldehyde dehydrogenase, the aldA gene was expressed in the pBAT4 plasmid as an N-

terminally His-tagged construct using E. coli BL21(DE3) as the expression host. An SDS-

PAGE analysis from different fractions of a His-tag based immobilized metal ion affinity

column chromatography purification revealed the presence of a single band at

approximately 50 kDa in the fractions collected during elution. The proteins were

estimated to have a purity of >95 % since no other bands were visible on the SDS-PAGE

gel, suggesting the preparate could be purified to apparent homogeneity.

Ec AldA  is  known  to  be  an  NAD+ dependent enzyme (Di Costanza et al., 2007), and

because the reduced nicotinamide ring in the enzyme cofactor NADH shows an

absorbance maximum near 340 nm (Schmid, 2001), the activity of this dehydrogenase

could be measured directly by following the increase in absorbance at 340 nm. Reaction

rates for Ec AldA aldehyde dehydrogenase were measured using the substrates
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lactaldehyde and glycolaldehyde, as they were reported to be recognized substrates for

the enzyme by Baldomá et al. (1987). In both cases, increasing the substrate

concentration  led  to  increased  dehydrogenase  activity  up  to  a  0.5  mM  substrate

concentration.  As  the  substrate  concentration  was  increased  above  0.5  mM,

dehydrogenase activity was observed to decrease. This behavior has also been observed

in literature by Baldomá et al. (1987), who claim Ec AldA aldehyde dehydrogenase

displays substrate inhibition with the substrates lactaldehyde, glyceraldehyde,

glycolaldehyde, and α-ketoaldehyde methylglyoxal. In the case of glycolaldehyde, the

substrate has been shown to exist as a dimer in solution, in at least four different species

according to NMR studies by Collins and George (1971). The reaction mechanism of Ec

AldA has been shown to consist of a nucleophilic attack of the active site cysteine at the

aldehyde carbonyl group of the substrate (Di Costanza et al., 2007). However, the species

of  glycolaldehyde  dimer  containing  a  carbonyl  group  is  present  only  at  a  4  %

concentration  in  room  temperature  (Collins  and  George,  1971).  This  suggests  the

phenomenon observed as substrate inhibition may be related non-productive binding of

the other forms of the substrate. Increasing the NAD+ concentration led to increased

dehydrogenase activity up to a 2 mM concentration. No additional increase in enzyme

activity could be observed in NAD+ concentrations above 2 mM, suggesting saturation

was  reached  at  this  concentration.  Increasing  the  pH  of  the  reaction  mixture  led  to

increased dehydrogenase activity, suggesting an alkaline pH optimum for Ec AldA. In the

case of glycolaldehyde, no significant improvement was observed between pH 7.5 and

8.0,  suggesting  the  pH  optimum  for Ec AldA aldehyde dehydrogenase activity with

glycolaldehyde may lie between these two points of measurements.

Most of  the enzymes that  rely  on a catalytic  cysteine are stored in buffers  containing

both a reducing agent and a chelating agent to preserve their activities (Maret, 2013).

We observed the presence of a reducing agent and a chelating agent (dithiothreitol) to

improve Ec AldA aldehyde dehydrogenase activity in all cases. It should be noted
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however, that DTT forms specific and very stable polymeric and monomeric complexes

with metal  ions,  such as Zn2+, Ni2+, Cd2+, Cu+ and Pb2+ (Krężel et al., 2001). Therefore,

possible side reactions have to be considered when it is used in biological systems

(Cornell and Crivaro, 1972; Krężel et al., 2001). Because our studies suggested the

divalent metal ion Zn2+ is required for lactonase activity in the in vitro pathway, Ec AldA

dehydrogenase activity was measured in various concentrations of Zn2+. In all cases, an

increasing Zn2+ concentration  led  to  decreased  dehydrogenase  activity.  At  a  5  µM

concentration of Zn2+ and above, no dehydrogenase activity could be observed. This

suggests Ec AldA is inhibited by the divalent metal ion Zn2+, in agreement with earlier

studies by Baldomá et al. (1987). Several zinc-inhibited enzymes, but not all of them,

contain a catalytic cysteine residue like (e.g. caspases, protein tyrosine phosphatases,

aldehyde dehydrogenases, and glyceraldehyde 3-phosphate dehydrogenases), and have

been reported to be inhibited by zinc at nanomolar concentrations (Maret, 2013). When

DTT was included, dehydrogenase activity was also observable in 5 µM Zn2+

concentration, suggesting reduced and chelated conditions are beneficial for Ec AldA

activity.

Changes in the secondary protein structure of Ec AldA were measured by recording the

circular dichroism spectra of the protein between wavelengths 190 nm and 240 nm as

the temperature was increased in 5 °C intervals. In all cases, the resulting circular

dichroism spectra displayed a negative band at 208 nm and 222 nm, and a positive band

at 193 nm, suggesting the Ec AldA aldehyde dehydrogenase displays structural elements

characteristic to α-helical proteins. In all cases where the temperature was increased,

significant  changes  had  occurred  at  50  °C  and  above.  Compared  to  the Cc XylC

xylonolactonase, changes in the secondary protein structure observed by circular

dichroism are prominent in the case of Ec AldA aldehyde dehydrogenase, but in both

cases, significant changes were observable at temperature of 50 °C and above likely to

be due to a loss of the overall structure.
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8.3 Characterization of the in vitro pathway for the production of glycolic acid

Tai et al. (2016), who were the first to demonstrate the complete nonphosphorylative

metabolism of D-xylose, L-arabinose and D-galacturonate to α-ketogluratate in E. coli,

have published studies related to the non-phosphorylative in vitro pathway. In their case,

in vitro assays were used to validate enzymatic activities of the pathway enzymes. In our

case, the feasibility of the synthetic metabolic pathway was validated experimentally by

demonstrating the production of glycolic acid from D-xylonolactone and D-xylonate in

vitro. The pathway was then further characterized and optimized in different conditions.

In the constructed in vitro pathway, there are two NAD+ dependent dehydrogenases,

which are responsible for the conversion of D-xylose to D-xylonolactone (Cc XylB), and

glycolaldehyde to glycolic acid (Ec AldA). Pathway activity was coupled to the formation

of NADH, which takes place in the last step, during the conversion of glycolaldehyde to

glycolic acid by Ec AldA aldehyde dehydrogenase. We omitted the Cc XylB xylose

dehydrogenase, which also uses NAD+ as a cofactor, and therefore would interfere with

activity measurements of the last enzymatic step. In vitro pathways were constructed

consisting of either four enzymes (Cc XylC xylonolactonase, Cc XylDHT xylonate

dehydratase, Ec YagE aldolase, and Ec AldA aldehyde dehydrogenase), or three enzymes

(Cc XylDHT xylonate dehydratase, Ec YagE aldolase, and Ec AldA aldehyde

dehydrogenase). This allowed pathway activity measurements starting from D-

xylonolactone, or alternatively starting from D-xylonate. Pathway activity starting from

D-xylonolactone, excluding the Cc XylC xylonolactonase was also investigated.

In an attempt to optimize the amount of each individual enzyme, enzyme amounts were

varied in the order the enzymes appear in the pathway starting from the Cc XylC

xylonolactonase and ending at Ec AldA aldehyde dehydrogenase. In an attempt to
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optimize the pathway, enzyme amounts were not kept constant between the

measurements in different panels. Instead the amount of enzyme corresponding to the

highest rate of glycolic acid production was used to measure the effect of varying the

concentration of the following enzymes in the pathway. These characterization and

optimization attempts were performed in pH 7 and 8, starting from D-xylonolactone and

D-xylonate. In all cases, the rate of glycolic acid production could be increased by varying

the  concentrations  of  the  individual  enzymes  as  described  above.   No  glycolic  acid

formation could be observed without Cc XylDHT, Ec YagE or Ec AldA, suggesting these

enzymes are always required. In the case of the Cc XylC xylonolactonase, glycolic acid

formation  could  be  observed  at  a  slow  rate  in  the  absence  of  this  enzyme  in  pH  7,

suggesting spontaneous hydrolysis of D-xylonolactone. However, the addition of Cc XylC

led to increased rates of glycolic acid formation compared to spontaneous hydrolysis in

pH 7, even in the absence of the divalent metal ion Zn2+, suggesting this enzyme could

be used to improve the performance of the in vitro pathway in neutral conditions or

acidic conditions. In pH 8, the addition of Cc XylC led to similar or rates of glycolic acid

formation compared to the rates obtained through non-enzymatic spontaneous lactone

hydrolysis. In the case where D-xylonate was used as the substrate in pH 8, the addition

of Cc XylC had little effect on glycolic acid formation, suggesting the inclusion of Cc XylC

does not improve the performance of the in vitro pathway in alkaline conditions.

Furthermore, altering the Ec YagE aldolase concentration seemed to display a relatively

little effect on the overall rate of glycolic acid production in all cases, compared to the

changes in the rate of glycolic acid formation obtained by varying the concentration of

Cc XylDHT and Ec AldA, suggesting the Ec YagE is an efficient catalyst under our

conditions.
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9 Conclusions

The two enzymes studied in this work, the Cc XylC xylonolactonase, and Ec AldA aldehyde

dehydrogenase could be expressed in E. coli, and the encoded proteins could be purified

using column chromatography. Lactonase activity could be measured with the lactone

substrates D-xylonolactone and D-glycolic acid lactone. These substrates were also

shown to hydrolyze spontaneously to the corresponding sugar acids D-xylonate and D-

gluconic acid.

Highest xylonolactonase activity was obtained in alkaline conditions, and in the presence

of the divalent metal ion Zn2+. Zn2+ was further shown to alter the secondary structure

of the Cc XylC xylonolactonase. The enzyme was shown to display loss of activity when

stored in the presence of Zn2+. Dehydrogenase activity could be measured with the

aldehyde substrates glycolaldehyde and lactaldehyde. Highest dehydrogenase activity

was obtained in alkaline conditions in the presence of DTT, a reducing and a chelating

agent. Implications of substrate inhibition were observed at glycolaldehyde and

lactaldehyde concentrations 0.5 mM and above. An increasing Zn2+ concentration was

shown to lead to a decreased Ec AldA activity.

Feasibility of the synthetic metabolic pathway was validated experimentally by

demonstrating the produc-tion of glycolic acid from D-xylonolactone and D-xylonate in

vitro.We were able to construct an in vitro pathway for the production of glycolic acid.

The addition of Cc XylC led to increased rates of glycolic acid formation compared to

spontaneous hydrolysis in pH 7, suggesting this enzyme could be used to improve the

performance of the in vitro pathway in neutral or acidic conditions. In pH 8, the inclusion

of the Cc XylC xylonolactonase had little effect on the rate of glycolic acid formation. The

results in this thesis can be used to optimize and understand the glycolic acid synthesis

process in vitro and in vivo.
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10 Future perspective

The results in this thesis demonstrate the success construction of an in vitro pathway for

the production of a biotechnologically relevant compound, glycolic acid, starting from

the substrates D-xylonolactone or D-xylonate. These pathways consisted of three or four

purified enzymes, and issues related to divalent metals promoting or inhibiting

enzymatic reactions could particularly be observed. Since it has been estimated that one-

quarter to one-third of all proteins require metals (Dupont et al., 2006), the role of metal

ions in in vitro synthetic pathways may be important to consider in order to avoid

compromised reaction conditions. To solve these issues, an attempt could be made to

express and purify enzymes from other sources together with enzyme engineering in

order  to  find  enzymes  that  are  more  compatible  with  each  other.  As  the  length  of

synthetic enzymatic pathways increase, more compatibility issues are likely to arise, and

finding the correct combination of enzymes becomes increasingly more difficult. Another

alternative to solve these issues is to investigate the possibilities offered by metabolic

channeling and enzyme compartmentalization, which could be conducted by forming

enzyme complexes through scaffold interactions or by co-immobilizing several enzymes,

for an example (Jandt et al., 2013).

In the case of this particular pathway, one interesting case would be to construct the

entire pathway depicted in Fig. 26., by including the Cc XylB xylose dehydrogenase

responsible for the conversion of D-xylose to D-xylonolactone. Due to two NAD+

dependent dehydrogenases being present, another method for quantifying glycolic acid

formation would be required. This could be achieved through HPLC-UV determination

(Zamanova et al., 2014), 2,7-Dihydroxynapthalene based colorimetric determination

(Takahashi, 1972), or by using an enzymatic assay (Hanton et al., 2013), for an example.

One common problem related to NAD+ and cell-free systems is the regeneration of

enzyme cofactors without cellular metabolism. One enzyme that can be used for
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cofactor regeneration is the NADH oxidase, which regenerates NAD+ by oxidizing NADH

(Ödman et al., 2004). In the case of NAD+ regeneration, another quantitative method for

determination of glycolic acid would also need to be established. The pathway can also

be extended for the production of other biochemically, or pharmaceutically relevant

compounds. One interesting case is the production of lactic acid from pyruvate for the

production of poly(lactic-co-glycolic acid), which could be achieved by extending the

pathway with a lactate dehydrogenase. Lactate dehydrogenase catalyzes the conversion

of lactate to pyruvic acid and back, as it converts NAD+ to NADH and back. Therefore, this

particular enzyme could be useful for cofactor regeneration also.

Process simulation is an interesting tool for in vitro systems  due  to  the  the  ease  of

adjusting the amounts of individual components in the in vitro reactions. This approach

could be particularly useful for the prediction of optimal enzyme ratios in an attempt to

maximize product yield and to accelerate the volumetric productivity of the pathway.

However, Hold and Panke (2009) have suggested that even when focusing on one of the

best understood simple systems available in biology, the glycolysis of the model

bacterium E. coli, it becomes clear that obstacles remain because basic information is

missing  for  a  number  of  enzymes.  However,  if  optimal  enzyme  ratios  could  be

determined, one possibility is to transfer the successful production strategies into

industrial production organisms, such as S. cerevisiae, by utilizing an expression system

providing a broad range of adjustable and predictable expression levels (Rantasalo et al.,

2016). Alternatively, the benefits of the in vitro systems could be explored further by

transferring the successful production strategies into a reusable and robust immobilized

enzymatic pathway (Sheldon and van Pelt, 2013).
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