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Samenvatting

In de natuur zijn enzymen de katalysatoren voor de zeer efficiénte
koppeling van koolhydraten. Enzymatische suikerkoppeling is een concurrerende
technologie voor industriéle glycosyleringsreacties, omdat chemische synthetische
routes veelvuldig gebruik maken van bewerkelijke chemische modificaties,
beschermende groepen vereisen en vaak regio- en stereoselectiviteit missen. In
hoofdstuk 2 worden de toepassingen van LeLoir glycosyltransferasen behandeld
en hun uitstekende controle over de reactiviteit en selectiviteit van koolhydraten
zonder beschermende groepen. De vooruitgang in de ontwikkeling van nucleotide-
recyclingcascades heeft ervoor gezorgd dat de efficiénte productie en hergebruik
van nucleotide suikerdonoren in robuuste een-pot multi-enzym
glycosyleringscascades mogelijk zijn. Op deze manier kan de constructie van grote
glycanen en glycoconjugaten met complexe stereochemie worden gerealiseerd.
Met deze recente ontwikkelingen komt het gebruik van LeLoir glycosyltransferasen
in multi-enzymatische, programmeerbare cascade suikerkoppelingsreacties voor

industriéle toepassingen dichterbij.

In hoofdstuk 3 komt een LelLoir glycosyltransferase aan bod, genaamd
trehalose transferase (TreT). TreT is van bijzonder belang omdat het de stereo- en
enantioselectieve a,a-(1—1)-suikerkoppeling katalyseert van een nucleotide-suiker
donor en een monosacharide acceptor voor de synthese van disacharide
derivaten. Bij heterologe expressie van thermofiele trehalose transferasen bleken
Zij intrinsiek aggregatiegevoelig te zijn en komen ze hoofdzakelijk tot expressie als
katalytisch actieve inclusion bodies in Escherichia coli. Om deze eiwitaggregatie
tegen te gaan werd het thermostabiele eiwit mCherry uitgetest als een
fluorescerend eiwitlabel. Na de fusie van trehalose transferase van Thermoproteus
uzoniensis (TuTreT) met mCherry toonde het enzym een verhoogde
oplosbaarheid. Chaotrope componenten zoals guanidine of de tweewaardige

kationen Mn(ll), Ca(ll), en Mg(ll) verhoogden de enzymactiviteit van het fusie-eiwit.



In hoofdstuk 4 vergelijken we de prestaties van een geimmobiliseerd
enzym met behulp van twee verschillende methoden: i) als drager-vrij katalytisch
actieve inclusion bodies of ii) als drager-gebonden geimmobiliseerd enzym. Om
deze vergelijking te maken, gebruikten we een trehalose transferase van
Thermoproteus uzoniensis gefuseerd met het fluorescerende zowel thermostabiele
eiwit mCherry. Door de fusie van mCherry met trehalose transferase was de
kwantificatie en visualisatie van het enzym in zowel natieve als genatureerde
toestand mogelijk. De inclusion bodies presteerden beter dan het
geimmobiliseerde enzym door de eenvoud van productie van deze biokatalysator,
wat resulteert in een hogere productiviteit van dit enzym. Enzym geimmobiliseerd
op dragermaterialen vertoonde een hogere katalytische activiteit en een robuustere

prestatie onder batchproces condities.

Retaining LeLoir glycosyltransferasen katalyseren de vorming van
glycosidische bindingen tussen nucleotidensuikerdonoren en
koolhydraatacceptoren. De anomere selectiviteit van trehalose transferase van
Thermoproteus uzoniensis werd onderzocht voor zowel D- als L-glycopyranose
acceptoren in hoofdstuk 5. Het enzym koppelt een breed scala aan koolhydraten
die trehalose analogen opleveren met uitstekende conversie en selectiviteit. De
anomere selectiviteit keert om van a,a-(1—1)-glycosidebindingen voor D-
glycopyranose acceptoren naar a,B-(1—1)-glycosidebindingen  voor L-
glycopyranose acceptoren, terwijl (S)-selectivteit behouden bleef voor beide
soorten suikeracceptoren. Vergelijking van eiwitkristalstructuren van trehalose
transferase in complex met a,a-trehalose en een onnatuurlijke a,B-trehalose
analoog benadrukte de mechanistische reden voor de waargenomen inversie van
anomere selectiviteit.

Kinetische en thermodynamische controle voor transferase gekatalyseerde
reacties is essentieel wanneer geactiveerde donoren worden gekoppeld aan
acceptoren. Eén van de efficiénte acyltransferases, diegene van Mycobacterium
smegmatis, katalyseert de verestering van een primaire alcohol in water als

oplosmiddel. Bij gebruik van een zuur en alcohol als uitgangsmaterialen werden
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lage opbrengsten waargenomen overeenkomstig met de wetten van de
thermodynamica. Met geactiveerde esters, zoals ethylacetaat en vinylacetaat,
kunnen zeer hoge opbrengsten van de gewenste ester worden bereikt in
combinatie met de geschikte alcohol. In hoofdstuk 6 hebben wij zowel de
intrinsieke  kinetische eigenschappen van MsAcCT voor de hydrolyse en
transesterificatie van esters in water onderzocht, als de thermodynamica van de
reactie zelf. In vergelijking met de chemische of enzymatische estersynthese met
behulp van een toxisch reagens en agressieve organische oplosmiddelen, kan de
door MsAcT gekatalyseerde synthese van esters van primaire alcoholen efficiént

worden bereikt in water zonder neutralisatiestappen.



Summary

Enzymes are nature’s catalyst of choice for the highly selective and
efficient coupling of carbohydrates. Enzymatic sugar coupling is a competitive
technology for industrial glycosylation reactions, since chemical synthetic routes
require extensive use of laborious protection group manipulations and often lack
regio- and stereoselectivity. In chapter 2, the application of Leloir
glycosyltransferases and their excellent control over the reactivity and selectivity of
glycosylation reactions with unprotected carbohydrates have been reviewed. The
development of nucleotide recycling cascades has allowed for the efficient
production and reuse of nucleotide sugar donors in robust one-pot multi-enzyme
glycosylation cascades. In this way, the construction of large glycans and
glycoconjugates with complex stereochemistry can be constructed. With recent
advances, Leloir glycosyltransferases are close to being applied industrially in

multi-enzyme, programmable cascade glycosylations.

In chapter 3, the LelLoir glycosyltransferase trehalose transferase (TreT)
has been described. It is of particular interest since it catalyzes the stereo- and
enantioselective a,a-(1—1) coupling of a nucleotide sugar donor and
monosaccharide acceptor for the synthesis of disaccharide derivatives.
Heterologously expressed thermophilic trehalose transferases were found to be
intrinsically aggregation prone and are mainly expressed as catalytically active
inclusion bodies in Escherichia coli. To disfavor protein aggregation, the
thermostable protein mCherry was explored as a fluorescent protein tag. The
fusion of mCherry to trehalose transferase  from Thermoproteus
uzoniensis (TuTreT) demonstrated increased protein solubility. Chaotropic agents
like guanidine or the divalent cations Mn(ll), Ca(ll), and Mg(ll) enhanced the
enzyme activity of the fusion protein. The thermodynamic equilibrium constant, Keg,
for the reversible synthesis of trehalose from glucose and a nucleotide sugar was
determined in both the synthesis and hydrolysis directions utilizing UDP-glucose

and ADP-glucose, respectively.



In chapter 4, we compare the performance of an enzyme immobilised
using two different methods: i) as carrier-free catalytically active inclusion bodies or
ii) as carrier-attached immobilised enzyme. To make this comparison we used a
trehalose transferase from Thermoproteus uzoniensis fused to the fluorescent
thermostable protein mCherry. The fusion of mCherry to trehalose transferase
allowed direct spectrophotometric quantification and visualisation of the enzyme in
both native and denatured states. The catalytically active inclusion bodies
outperformed the immobilised enzyme in their simplicity of biocatalyst production
resulting in high enzyme productivity. Enzyme immobilised on carrier materials
showed a higher catalytic activity and a more robust performance under batch

process conditions.

Retaining LeLoir glycosyltransferases catalyze the formation of glycosidic
bonds between nucleotide sugar donors and carbohydrate acceptors. The
anomeric selectivity of trehalose transferase from Thermoproteus uzoniensis was
investigated for both D- and L-glycopyranose acceptors in chapter 5. The enzyme
couples a wide range of carbohydrates yielding trehalose analogues with excellent
conversion and enantioselectivity. The anomeric selectivity inverts from a,a-(1—1)-
glycosidic bonds for D-glycopyranose acceptors to a,R-(1—1)-glycosidic bonds for
L-glycopyranose acceptors, while (S)-selectivity was retained for both types of
sugar acceptors. Comparison of protein crystal structures of trehalose transferase
in complex with a,a-trehalose and an unnatural q,3-trehalose analogue highlighted

the mechanistic rationale for the observed inversion of anomeric selectivity.

Kinetic and thermodynamic control for transferase catalyzed reactions is
essential when activated donors are coupled to acceptors. One efficient
acyltransferase from Mycobacterium smegmatis catalyzes the esterification of
primary alcohols in water. When utilizing acid and alcohol as starting materials low
yields dictated by thermodynamics were observed. However, with activated esters
such as ethyl acetate and vinyl acetate very high yields of the desired ester can be
achieved in combination with the appropriate alcohol. In chapter 6, we investigated

both the intrinsic kinetic properties of MsAcT for the hydrolysis and
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transesterification of esters in water as well as the thermodynamics of the reaction.
In comparison to the chemical or enzymatic ester synthesis using either toxic
reagent, and harsh organic solvents, the MsAcT-catalyzed synthesis of esters of

primary alcohols can be achieved efficiently in water without neutralization steps.
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1

General introduction

“Niets is dwazer dan wijs te zijn op het verkeerde moment.”
Erasmus, Het Lof der Sotheyt, 1511



1.1 Introduction

Catalysis is essential in all kingdoms of life for virtually every (bio)chemical
reaction. One of the most prominent catalysts in nature are enzymes. The
fundamental working principle of an enzyme is to reduce the amount of Gibbs free
energy of activation of the catalyzed reaction in comparison the uncatalyzed
chemical reaction by stabilizing the transition state complex(es).[! Highly efficient
rate enhancements of 108 — 10, even up to 107, make them exceed catalytic
rates typically observed with (in)organic chemical catalysts.®@ For instance, the
hydrolysis of the stable glycosidic bond has a half-live for spontaneous hydrolysis
of nearly 5 million years. Enzymes hydrolyze such bonds with rate constants up to
thousands per second.!

The high chemo-, regio-, and enantioselectivity of biocatalytic reactions
renders the use of extensive protection groups unnecessary.®! By reducing these
additional reactions and intermediate purifications the E-factor can often be
lowered, which is defined as the amount of waste generated per kilogram of
product.! It is therefore not surprising that industrial biocatalytic processes are
frequently awarded the Green Chemistry Award by the US Environmental
Protection Agency.

Enzymes have been categorized in seven distinct Enzyme Commission
(EC) classes. Transferases (EC 2) are one of the prominent enzyme classes which
catalyze the transfer of one functional donor group to another acceptor compound.
One of the hallmarks of transferases is their ability to perform highly selective
reactions. These enzymes can be subclassified in ten distinctive classes (table 1)
according to the group that is being transferred.

Table 1: Subclassification for transferases (EC 2)

EC number Example Transfer of group

21 Methyltransferase methyl (one carbon)

2.2 Transketolase aldehyde or ketone

2.3 Acyltransferase acyl

2.4 Glycosyltransferase glycosyl

25 Riboflavin synthase alkyl or aryl (more than carbon)
2.6 Transaminase nitrogenous

2.7 Kinase phosphorus

2.8 Sulfotransferase sulfurous

2.9 Selenotransferase selenious

2.10 Molybdenumtransferase molybdenum or tungsten
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1.2 Transferases couple carbohydrates with high selectivity

Carbohydrates are the most abundant and diverse set of naturally occurring
compounds in nature.l!l They are responsible for a wide range of biological
functions, providing structure, enabling energy storage, and signaling. Their
structural complexity requires the wuse of highly selective catalysts for
transformations of functional groups. One of the most challenging aspects in the
production of carbohydrates is the existence of multiple structural conformations for
one single molecule. The Cremer-Pople (CP) puckering parameters describe the
geometry of a pyranose ring for carbohydrates (Fig. 1a), being a chair (C),
envelope (E), half-chair (H), skew (S), and boat (B).[7 The minimization of a
number of stereo- and stereoelectronic interactions favor one of the configurations
in solution, which is typically a “C: chair configuration for D-glucopyranose (Fig.
1b).[®l Enzymes either alter the structural conformation to stabilize a transition state

(i.e. oxocarbenium ion) or are highly selective for a single stereoconfiguration.

b

4 _OH
HO 0
HO 1
OH
OH

4C, o-D-glucose

Ho. |
OH
OH OH

'C, a-D-glucose

1C,

1 8=180"
O
45\7

Figure 1: Cremer-Pople puckering of pyranose ring (a) and the preferred ring “C1 chair

conformation of a-D-glucose (b).
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One of the prominent classes of transferases for coupling carbohydrates are
LeLoir glycosyltransferases (GT) (EC 2.4). These enzymes couple a sugar
acceptor with an activated sugar nucleotide donor. LeLoir GTs are known for their
broad substrate scope and high selectivity.[® The main driving force for the reaction
to go to completion is the exergonic release of activated nucleotide sugar donor,
often resulting in high yields.[19

Trehalose transferase (TreT) catalyse the formation of a (1—1)-glycosidic
bond using a sugar acceptor and an activated nucleotide sugar donor (scheme
1).M Trehalose is a symmetrical non-reducing disaccharide containing a (1—1)-
glycosidic bond of two a-D-glucopyranosides.['? Its biological function ranges from
energy storage to cellular protection as an osmolyte, and integral cell wall
component of pathogenic bacteria like Mycobacterium tuberculosis.l*3l Their wide
natural function spurred the interest for synthesizing asymmetrical trehalose
analogues.[* Applications such as radio-imaging of pathogenic micro-organisms(ol
or as food additives!!®! have been explored. The main advantage of TreTs is their
broad substrate scope for both the sugar donor and non-phosphorylated sugar
acceptors. As phosphorylated sugar acceptors are often challenging to synthesise
and expensive, we avoided to use of exclusively dependent 6-OH-phosphorylated

sugar acceptors,'” such as trehalose phosphate synthase (OtsA) from E. coli.[*8]

OR OR

HO & TreT or OtsA HO O
HO HO
OH *on OH
sugar accep:-tloor Og NDP C\)OmaH

OH OH
O—-NDP
sugar donor Trehalose

Scheme 1: Enzymatic coupling of a sugar acceptor with OtsA (R = phosphate) or TreT
(R=H) with a nucleotide diphosphate (NDP) sugar donor resulting in the formation of

trehalose.
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OtsAl8l and TreTld have been proposed to proceed via a similar reaction
mechanism. OtsA form Escherichia coli catalyses a ‘same-face’ nucleophilic
substitution - Sni - (internal nucleophilic substitution) involving a transition state that
is sufficiently open to allow the approach of the sugar acceptor and is guided by
hydrogen bonding from the same face as the leaving group (Fig. 2).[81 The stable
4C1 chair conformation in solution is not optimal for producing an oxocarbenium ion.
The transition state that is stabilized by the transferase proceeds via a “Hs ring
conformation, as the oxocarbenium ion-like character goes from sp2 to sp? at C1 of
the nucleotide sugar donor. It remains unknown if the reaction proceeds via a

single transition state or via a concerted mechanism.[18

- 4
HO-Glc Hs OH
HO
‘c, N
OH S
HO o LN
HO upp-O~"HO-Glc
OHo I
~UDP H“Oc1 Ocl;l /—‘. —
! ! iy
N\ OH i/ Transition state 1 0
Substrates . O HO-GIc 4 (stepwise or \\\ H?—IO
\\ PDU H concerted) \:\ OHO
““‘UDP—OH “Glc
Michaelis complex
Products

Figure 2: Thermodynamic scheme showing the reaction coordinate versus the energies of
trehalose (phosphate) synthase catalyzed reactions. Binding of substrates often occurs in an
ordered bi-bi fashion with the donor first, followed by the acceptor. The transition state is
either concerted or a stepwise reaction is taking place with several separate transition
states, both in a highly dissociative manner, where in both cases the nucleophile contributes
to the stabilization of the intermediate. The transition state with the highest energy
requirement is expected to form an oxocarbenium ion-like character altering pyranose

conformation of 4Cs to *Hs conformation.
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1.3 What is the distinction between an (acyl)transferase and a hydrolase?

Transferases catalyze the transfer of an activated donor containing a
sacrificial leaving group to an acceptor molecule (Fig. 3). As enzymes are
dissolved in water abundant media a common side reaction is the undesired
hydrolysis activity of an activated donor. Water acts as an acceptor hydrolyzing the
activated donor molecule, which is the main activity of hydrolases. The distinction
between a transferase and a hydrolase can be made by observing whether there is
a preference for the transferase activity (Fig. 3). By measuring the initial
transferase (ki) to hydrolase (kz) activity transferases can be classified, as they

allow high maximum product yields under kinetic control to occur.!

kq H 0 ky
Acceptor + Donor—LG Donor—Acceptor Donor + Acceptor
LG Ho 2
" Kinetic control Thermodynamic control
= Kinetic
z
Q
=
&
w
c
e
= -_—
/ Thermodynamic

v

Time (a.u.)

Figure 3: Separation between transferase and hydrolase activity using a donor with
activated leaving group (LG) resulting in a maximum kinetic product yield or without an
activated leaving group resulting in the thermodynamic product yield.

Enzyme engineering offers an opportunity to minimize hydrolysis and to
increase the kinetic product yield, as it is an intrinsic property of the biocatalyst. If
no activated leaving group is installed for the activated donor, the direct

esterification of an acceptor and donor results in the thermodynamic product yield.
18



In such cases, hydrolases would result in the same observed yield and converges
towards the thermodynamic equilibrium. Without activated donors, solely reaction
engineering would offer a solution to increase the thermodynamic product yield.
Lowering the thermodynamic activity of water for example can minimize reversible

hydrolysis the donor.[*]

Acyltransferases (EC 2.3) are enzymes which catalyze the transfer of an
activated acyl donor to a nucleophile, which is often an alcohol, amine, or thiol.20
Acyltransferases are particularly useful for the (dynamic) kinetic resolution for the
production of enantiopure amines and alcohols. According to the rule of
Kazlauskas the preferential conversion of one of the enantiomers leads to a kinetic
resolution, often designated as the E ratio.?Y In the case of acyltransferases, a
common side reaction is the hydrolysis of the ester with water.2 An
acyltransferase from Mycobacterium smegmatis (MsSAcT) has been applied for the
synthesis of esters and amides in water abundant media.l?? It catalyzes the
synthetic transesterification of activated acyl donors (i.e. ethyl acetate) with polar
acceptor molecules (i.e. hydrogen peroxide) under kinetic control with high
efficiencies.?l When the kinetic resolution of (polar) acceptors in water with
cyanohydrins and secondary alkynols with MSAcT were evaluated, opposite (R)-
and (S)-enantioselectivity was observed (scheme 2).124 A computational study of
MsAcT proposed that (S)-alkynols were bound via CH-1r interactions, while

cyanohydrins did not show this interaction.[25]

OH OH OAc
}\ s
% (R) \\ (S) %
OH -~ OAc OH
/g\ AcO-R HO-R /y\ ?
Sy RNy Oy

Scheme 2: Kinetic resolution of a (S)-cyanohydrin or (R)-alkynol via the transesterification of

an activated acyl donor with MSAcT.
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As hydrolases can also perform transesterification reactions it is the
intrinsic properties of the catalyst which differentiate a hydrolase from an
acyltransferase activity.291 Within this thesis, we investigated the kinetic transient
product vyield of MsAcT and the thermodynamic equilibrium of the
transesterification reaction. This study provides new insights in the efficiency of

MsACT and (trans)esterification reactions in water abundant media.

1.4 Scope of this thesis

The scope of this thesis is the application of transferases in applied
biocatalysis. The first part is focused on the discovery, characterization, application
of a trehalose transferase. The second part is focused on the acyltransferase from

Mycobacterium smegmatis.

A review of recent literature using LelLoir glycosyltransferases (GTs) in
applied biocatalysis is given in chapter 2. This chapter describes the fundamental
insights combined with applied examples of LeLoir GTs for the development of
nucleotide recycling cascades for the efficient production and reuse of nucleotide
sugar donors in robust one-pot multi-enzyme glycosylation cascades. These
advancements in combination with reaction and reactor engineering aspects

highlights current knowledge and applications of LeLoir GTs.

In chapter 3, the biochemical characterization of a new trehalose
transferases were investigated. Especially focus is directed on the fusion of a
fluorescent protein mCherry to increase solubility and stability of TreT from
Thermoproteus uzoniensis. The mCherry TuTreT fusion protein allows the
spectrophotometric quantification, while it also acts as a tool to evaluate protein
denaturation and aggregation. The chapter also describes the discovery of the

catalytic activity of inclusion bodies (IBs) of mCherry TuTreT.

The successful application of enzymes in the production of complex food

products and chemicals depends on the recyclability of the biocatalyst and its ease
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of separation. We investigated the immobilization of mCherry TuTreT in chapter 4,
where the fluorescent protein mCherry is particular useful to observe the
aggregation and denaturation processes during immobilisation. The aim of this
study was to compare the performance with the carrier-attached mCherry TuTreT
to carrier-free catalytically active inclusion bodies (CatlBs) under batch process

conditions.

Further investigation of applying mCherry TuTreT for the production of
trehalose analogues and its application in the enzymatic coupling of natural and
unnatural sugar acceptors are described in chapter 5. The isolated trehalose
analogues demonstrated opposite glycosidic linkages based on the
stereochemistry of the sugar acceptor. The origin of the diastereoselectivity of
mCherry TuTreT was studied by evaluating the binding trehalose analogues within

the protein crystal structure.

Chapter 6 investigates the fundamental difference between transferases
and hydrolases for the enzymatic synthesis of esters in water. An extensive
characterization of an acyltransferase from Mycobacterium smegmatis was
performed to investigate both the intrinsic kinetic properties of MsAcCT for the

hydrolysis and transesterification reactions as well as the thermodynamics of the

reactions.
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2.1 Introduction

Enzymes were already used for the conversion of glycosides even before
all stereochemical details of the known carbohydrates were assigned(l. In 1837, a
crude formulation of almonds containing hydroxynitrile lyases catalyzed the
enzymatic hydrolysis of the glycoside amygdalinl?. Moving almost two centuries
forward, the largest volumetric biocatalytic industrial process is the application of
glucose isomerase for the production of high fructose syrup for food and drink
applications, producing fructose from glucose at 107 tons per yearll. The secret of
the success of enzymes in the production or treatment of carbohydrates and
glycosides is their exquisite stereo- and regioselectivity. The excellent selectivity of
enzymes is required due to the diversity of structural features of carbohydrates!*,
comprising D- and L-epimers, ring size, anomeric configuration, linkages,
branching, and oxidation state(s). Since drug targets often exhibit specificity for all
of these structural features, the production process should not contain any side-
products to prevent undesired side-effectsf®l.

The challenge in the synthesis of carbohydrates is their wide variety of
functionalities and stereochemistry (Figure 1). (Poly)hydroxyaldehydes containing a
terminal aldehyde are referred to as aldoses and (poly)hydroxyketones are defined
as ketoses. In aqueous solutions, monosaccharides form equilibrium mixtures of
linear open-chain and ring-closed 5- or 6 membered furanoses or pyranoses,
respectively. For aldoses, the asymmetric ring forms at C-1. For ketoses, it closes
at C-2 with an axial (a) or equatorial () hemiacetal or hemiketal, respectively
(commonly defined as the anomeric center). A glycosidic linkage is a covalent O-,
S-, N-, or C-bond connecting a monosaccharide to another residue resulting in a
glycoside, while glucoside is specific for a glucose moiety. The equatorial or axial
position of the glycosidic bond is referred to as a- (axial) or B-linkage (equatorial).
The number of carbohydrates linked via glycosidic bonds can be subdivided into
oligosaccharides with two to ten linked carbohydrates, while polysaccharides
(glycans) contain more than ten glycosidic bonds. A glycan either contains multiple
different monosaccharides or more than ten glycosidic bonds. A glycoconjugate
contains at least one or more monosaccharides or oligosaccharides covalently
attached to a non-carbohydrate moiety (aglycon). If an oligosaccharide contains an
aldose or ketose that is in equilibrium with its open-chain form, the aldehyde or
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ketone can be oxidized with chemical reagents (e.g., with the Benedict reagent).
This is referred to as the reducing end in oligosaccharides. If there is no possibility
for the sugar to form the open chain-form, then this is called a non-reducing end.
Non-reducing sugars are found in glycoconjugates (i.e. nucleotides) and
oligosaccharides (i.e., raffinose).

Aldohexoses !
Pyranoses !

|
O-a-D-galactopyranosyl-(1—+6)-a-D-
glucopyranosyl B-D-fructofuranoside

D-(+)-raffinose
Figure 1. The nomenclature of glycosides and oligosaccharides.

Glycosyltransferases (GTs) catalyze the transfer of a carbohydrate
acceptor from an activated sugar nucleotide donor with high selectivity and yield,
enabling the stereo- and regioselective extension and branching of large glycans
and glycoconjugates (Scheme 1). Upon formation of the glycosidic bond, the
stereochemistry can either be retained or inverted by GTs with high selectivity for
the a- or B-anomer. Leloir glycosyltransferases utilize carbohydrates linked to a
nucleotide diphosphate (NDP) with an a-linked glycosidic bond, where non-Leloir
glycosyl transferase utilize a phosphorylated sugar donor. For both types of
glycosyltransferase, the main driving force for the reaction to go to completion is
the exergonic release of either Pi or NDP from their respective sugar donors. The
choice of nucleotide acceptor determines the (stereo) chemical outcome of the type
of O-, NH-, S-, C-glycosidic bonds.
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Scheme 1. The overall scheme of an enzymatic glycosylation reaction for the biocatalytic
synthesis of glycosides by retaining or inverting glycosyltransferases (GT) using NDP or P;
activated sugar donors for Leloir and non-Leloir GTs, respectively.

The enzymatic treatment of glycosides is mainly applied in the food
industry using non-LelLoir GTs, enhancing flavors and functionality in complex food
formulations, such as debittering!®, sweeteningl’], or clarificationl®. The high costs
of nucleotides, enzymes, and (enzymatic) regeneration systems for the treatment
or production of low-value carbohydrate-containing products limited the application
of nucleotide-dependent LelLoir GTs within the industry in the past. However,
recent advancements in glycobiology have sparked interest in the (chemo)
enzymatic production of high-value glycosides and glycoconjugates with high yield
and selectivity for pharmaceutical applicationsl. As more LelLoir GTs are being
reported with high protein expression, wide substrate scope, and high selectivity,
industrial enzymatic glycosylation for the production of glycosides and
glycoconjugates in vitro is becoming economically feasible. For instance, the
expression of a large part of the human glycosyltransferases is a new hallmark for
the production of human glycans or glycoconjugates!®?, simplifying their
chemoenzymatic synthesis. Besides these developments, the reaction
methodologies are currently being further optimized. Multi-step enzymatic coupling

with glycosyltransferases using non-natural sugar acceptors and nucleotide sugar
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donors have been performed with automated synthesizers and are under
development, as was recently reviewed 111,

The enzymatic synthesis of glycosides has received increasing attention in
organic synthesis. However, the application of Leloir glycosyltransferases in a
multi-enzymatic sugar coupling process is challenging from a process design point
of view. The high costs, low stability, and difficult or limited availability of nucleotide
sugar donors, in addition to the challenging protein production of Leloir
glycosyltransferases hamper the development of enzymatic glycosylation. As a
compromise, separate nucleotide sugar regeneration cascades and optimization of
the protein production of industrial biocatalysts has been pursued?. Although
there is a large body of scientific literature reporting on the biochemical properties
and the reactions that glycosyl transferring enzymes catalyze, the performance of
these biocatalytic processes has only sparingly been described. Due to their
inherent complexity, kinetic and thermodynamic parameters have often not been
analyzed in detail for the production of larger oligosaccharides using Leloir
glycosyltransferases. In this review, the possibilities and limitations for industrial
applications of Leloir glycosyltransferases are highlighted from the intersection of
biochemical, chemical, thermodynamic, and reaction engineering perspectives,
giving an overview of the requirements of industrial processes involving
glycosyltransferases.

2.2 Glycosyltransferases in nature
Glycosyltransferases catalyze the formation of a glycosidic bond between
an unactivated acceptor monosaccharide or aglycon and an activated sugar
donor®®l to a di-, oligo-, polysaccharide, lipo(poly)saccharidel*® or
peptidoglycanl*®l, More than 484,620 glycosyltransferases in over 106 families
have been identified according to the carbohydrate active enzymes (CAZy)
database under the Enzyme Commission number E.C.2.4.x.y. (CAZy database,
last updated 01/15/18['7), representing an enormous number of metabolic
pathways['8l, Glycosyltransferases can be sub-classified based on four different
criteria: (i) the class of substrates!*?; (ii) the protein structure3; (iii) the preference
in stereochemistryl'4 201 (iv) the dependency on metals for catalytic activity23l. Non-
Leloir glycosyltransferases use phosphorylated donors (i.e., lipid polyprenol(21],
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sugar 1-phosphatesi®?) and can be described as phosphorylases. The second
class are transglycosidases accepting non-activated di- or polysaccharides as
carbohydrate donors. The largest class of glycosyltransferases are the nucleotide-
dependent Leloir glycosyltransferases!?3. 19 221 named in honor of Luis Federico
Leloir, who received a Nobel prize for the discovery of nucleotide sugar donors in
1970 (Figure 2).
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Figure 2. Common sugar nucleotides found in all kingdoms of life. Abbreviations: UDP-Glc,
UDP-glucose; UDP-GalNAc, UDP-N-acetyl-2-deoxy-b-galactosamine; UDP-GalA, UDP-p-
galacturonic acid; UDP-GIcA, UDP-p-glucuronic acid; UDP-GIcNAc, UDP-N-acetyl-2-deoxy-
D-glucosamine; UDP-FucNAc, UDP-N-acetyl-L-fucosamine; UDP-Gal, UDP-D-galactose;
CMP-KDO, CMP-3-deoxy-b-manno-octulosonate; CMP-Sia, CMP-N-acetylneuraminic acid;
GDP-Fuc, GDP-L-fucose; GDP-Man, GDP-b-mannose; ADP-HEP, ADP-L-glycero-D-manno-
heptose.
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The protein sequence and crystallographic data demonstrate that
glycosyltransferases are mainly comprise of five different protein folds (Figure 3)13-
14, 23] Glycosyltransferases having a GT-A or GT-B fold consist of two B/a/B-
Rossmann-like domains, abutting each other in case of the GT-A fold or facing
each other for GT-B folds!3-14 24, Both folds contain separate donor and acceptor
binding sitesl'3l. Gloster et al. reported that glycosyltransferases with a GT-A fold
belong to the divalent metal ion dependent class of these enzymes, whereas GT-B
folds are often metal ion independent3-14, Interestingly, glycosyltransferases
having a GT-C fold are non-Leloir glycosyltransferases, utilizing membrane
integrated or membrane linked proteins with lipid phosphate sugar donors, also
known as non-Leloir donorsi4 19. 23 The Leloir glycosyltransferases containing a
GT-D fold catalyze the transfer of glucose to hexasaccharide O-linked to serine-
rich repeats of bacterial adhesins[??l. The most recent addition, is the N-acetyl-D-
mannose transferase utilizing non-Leloir  undecaprenyl-linked  glycosyl
diphosphates with a unique GT-E foldI?8l.

GT-A GT-B

GT family 6 (GT6) Trehalose phosphate synthase
Bacteroides ovatus Escherichia coli
(PDB: 4AYL) (PDB: 1UQT)

GT-C  Cytoplasm

GT-D
Adhesin B-glucosyltransferase Teichoic acid glycosyltransferase Oligosaccharyltransferase PglB
Streptococcus parasanguinis Thermoanaerobacter italicus Campylobacter lari
(PDB: 4PHR) (PDB: 5WB4) (PDB: 3RCE)

Figure 3. Protein folds of Leloir glycosyltransferases (GT-A, GT-B, GT-D) and non-Leloir
glycosyltransferases (GT-C, GT-E).
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For Leloir glycosyltransferases, the binding of the sugar donor nucleotide
and acceptor follows a sequential ordered bi-bi catalytic mechanism via non-
covalent interactions of the sugar donor nucleotide. The binding of the sugar or
aglycone acceptor results in an enzyme-substrate ternary complex[?7, Hydrolysis of
the sugar nucleotide donor is prevented by the tight binding in an unproductive
state, where the high affinity of the enzyme for the sugar nucleotide donor is an
indicator for product inhibition (Ki) by the released nucleotidel?8. For Leloir
glycosyltransferases, a lower affinity or promiscuity towards the nucleotide donor
results often in less product inhibition[2?l. Upon binding of the sugar nucleotide
donor, the enzyme undergoes a conformational change stabilizing the transition
state, resulting in the formation of a glycosidic bond and the release of the
nucleotide donor. Different reaction mechanisms of glycosyltransferases have
been described and reviewed314 30, The inverting transfer occurs via a Sn2
mechanism, while a retaining transfer can proceed via a concerted or ion-pair
intermediate mechanism through a double displacement via a Sn2 mechanism.
Also, a transient covalent intermediate via a Sni-type mechanism has been
described for LeLoir GTs (Figure 4). Inverting glycosyltransferases use general
base catalysis (i.e., aspartate or glutamate)8 311 to form an oxocarbenium ion-like
transition state. They show a catalytic rate enhancement by utilizing divalent metals
(i.e. Mn (1) or Mg (11)), which are often coordinated by the amino acid motif Asp-X-
Asp.

a) Inverting mechanism (Sy2) b) Retaining mechanism (double Sy2)
B Tt B ww
8 g & & (‘&T s
| (o} (o]
HO=— HOS— o}
Ho==0, ,— — Hoes20 i J | <= HO
\r\l o -0 - TN 2 O 2 -
R o R OH p_H R dH R oH R
[ _P b [olg é?o s _p
50 00 [SR) " 50 oo
M2 w2 w2 3} M2 M2 M2
C) Retaining mechanism (S,i type)
5 o i P oy ) Ho=—0 |
HOS—, HOT— S R HO==2
g H-0 — &---H-0 ot 2t — 0-H-0O_ gt
o R d ﬁ\o o O---H o‘R & %O R g -
0”0 S o S0 e} 5P
M2 6 e [ W [9 M2 M(z)' &0

Figure 4. Reaction mechanism of glycosyltransferases upon inversion (a) or retention (b, c)
of the anomeric glycosidic bond. The divalent metal (M?*) is not necessarily a requirement
for catalytic activity for GTs.
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2.2.1. Distinguishing Glycosyl Transferases from Glycoside Hydrolases

Two main groups of enzymes can catalyze the regio-, stereo-, and
enantioselective coupling of carbohydrates. Glycoside hydrolases and
glycosyltransferases are often combined in biocatalytic retro-synthetic strategies for
linear elongation and branching of oligosaccharides. Glycoside hydrolases are
enzymes that condense a sugar donor with an aglycone acceptor. The broad
substrate scope of glycoside hydrolases has resulted in numerous synthetic
applications such as synthesisi® or hydrolysisi®? of glycosidic bonds, and
desymmetrization[34. As a drawback, their broad substrate scope also leads to the
formation of side-products. Glycosylations with glycoside hydrolases are under
kinetic (transglycosylation) or thermodynamic control (direct glycosylation) using
activated and non-activated sugars respectively (Figure 5). With transglycosylation,
relatively high yields can be obtained in comparison with direct glycosylation due to
a thermodynamically unfavorable reaction equilibrium (Keq) in water. As a rule of
thumb, transglycosylation should be faster than glycoside hydrolysis, as otherwise
the activated sugars would hydrolyze before the glycosylation reaction is
completed. Also, the rate of hydrolysis of the product should be slower than the
activated glycosyl donor or the product yield decreases. As this is often not the
case, an excess of the activated sugar donor is required under kinetic control.
Similar to the coupling of protected glycosyl donors, the donors for
transglycosylation, such as fluoro®3, -azidol3®, p-nitrophenyl-B371 or p-nitropyridyl-£8l,
vinyl-B9, and allyl-glycosidesi® require their separate synthesis. The direct
glycosylation is challenging due to the poor Keq under aqueous reaction conditions,
limiting the degree of conversion. The product yields with direct glycosylation can
be improved by adding one substrate in excess, lowering the water activity*ll, and
in situ product removali2.,
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Figure 5. Exemplary enzymatic glycosylation of an activated sugar donor (green) and
acceptor (R-group) to afford a maximum transient kinetic (blue) product yield catalyzed by a
glycoside hydrolase, followed by reverse hydrolysis towards the thermodynamic product
concentration. Direct esterification leads to the thermodynamic product yield Keq without the
requirement for an activated sugar (red) in (a). LeLoir GTs only catalyze the direct
esterification of a nucleotide sugar donor (purple) to thermodynamic product (red) in (b).

Leloir glycosyltransferases couple NDP sugar donors with a wide range of
sugar acceptors resulting in the formation of a glycosidic bond. The exclusion of
hydrolysis activity of the nucleotide sugar donor separates glycoside hydrolases
from glycosyltransferases. Nevertheless, hydrolysis of the nucleotide sugar donor
in the absence of a sugar acceptor has been reported and is referred to as “error
hydrolysis”3l. Hence, the competition between water or a sugar acceptor as
nucleophile is important for the efficiency of glycosylation. Only a handful of studies
investigated the nature of the hydrolysis activity of Leloir glycosyltransferases with
sugar nucleotide donors. For instance, the bacterial sialyltransferase from
Pasteurella dagmatis hydrolyzed the rather hydrolysis-prone CMP-Neu5Ac in the
absence of another substrate4. Directed evolution has been shown to be an
effective tool to diminish the degree of hydrolysis of NDP sialyl donortsl. In
comparison to hemiketals, hemiacetals are more stable sugar donor nucleotides
(i.e., GDP-L-fucose). Here, the Leloir glycosyltransferases catalyze hydrolysis to a
lesser degreel®dl. Interestingly, the affinity of water to the active site for the
hydrolysis of sugar nucleotide donors has not been determined for Leloir
glycosyltransferases.
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2.2.2 Recombinant Expression of Glycosyl Transferases

Although protein structures and the reaction mechanism of Leloir
glycosyltransferases are widely investigated, production of the enzyme is often
challenging. Heterologous bacterial hosts such as E. coli often lead to poor
expression or formation of inclusion bodies (IBs), in certain cases with retention of
catalytic activityl*l. Besides the difficulties in recombinant protein production and
isolation, the half-life of this class of enzymes is often less than a couple of
hoursl“8l. Thermostable glycosyltransferases from thermophilic archaea show
higher overall stability29. Leloir glycosyltransferases are often aggregation-prone in
vitro 91, As a solution to their aggregation, a large number of solubility tags have
been successfully applied to increase the solubility of Leloir glycosyltransferases!1%
470,501 The recent advance of using the fluorescent proteins mCherry[*7! or GFP!10
as tags allowed for both an increase in solubility as well as rapid protein
guantification. For example, the fusion of GFP allowed for a modular expression
approach of all human glycoenzymes in HEK293 cells enabling multi-milligram
isolation from the culture media in 65% of all cases['9.

The optimization of protein expression, the number of enzymes
discovered, and the characterization of a wide range of Leloir GTs has led to
fundamental insights into their protein structures, reaction mechanism, and
substrate spectrum. The result of this extensive biochemical knowledge is leading
to the adoption of Leloir glycosyltransferases within the field of carbohydrate
chemistry. Next, we will discuss how these biochemical insights have been
developing alongside their application in chemoenzymatic glycosylations of
glycoconjugates and oligosaccharides.

2.3 Application of Glycosyl Transferases in Organic Synthesis
The production of glycosides and glycans requires the use of highly
selective catalysts to prevent the formation of side-products. The development of
automated chemical methods such as the solid-phase production of
oligosaccharides using the Seeberger method®l, the Demchenko synthesizer
using HPLC-based platforms for automation®d, and the Yoshida procedure
employing an electrochemical oxidation step®3, improved glycochemistry
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significantly. The basic principle of elongating a sugar on a solid particle by
performing a coupling-wash-deprotection-wash cycle under computer control
allows for the rapid production of a wide variety of carbohydrates®. The
mechanism of action is the assembly of an oligosaccharide using protection group
manipulation of either an activated glycosyl acceptor or donorl>3l. The purification of
the intermediates produced in sequential reactions remains the largest hurdle for
chemical synthesis of an oligosaccharide or glycan. In particular, the low
orthogonality of activated glycosyl donors and acceptors limits multiple
glycosylation reactions in one-pot reactions. Also, the inherently low chemical
reactivity of certain glycosidic bond forming reactions, such as a-sialylation!®s! and
B-mannosylation®?, restrict different types of linkages. Enzymes which catalyze
one-pot glycosylation reactions with unprotected sugars can produce different
types of glycosidic linkages and have expanded the synthetic toolbox of
glycochemistry considerably.

Leloir glycosyltransferases (GTs) transfer a nucleotide sugar donor to an
aglycon acceptor, forming O-, N-B8 or the rare C-P9 and S-glycosidic bonds(®0
under thermodynamic control. In comparison to chemical methods, the enzymatic
coupling of carbohydrates occurs without the use of protecting groups in a highly
selective manner, allowing for orthogonal one-pot multi-enzymatic (OPME)
reactions. With a few robust GTs, complete libraries of glycans can be
constructed®l], which is particularly interesting since most of the human GTs are
accessible in heterologous expression systems(l9. The advantages of employing
GTs are their mild reaction conditions, short reaction times, pH tolerance, high
specific activity, and high yields allowing for the (poly)glycosylation of a wide array
of glycans.

2.3.1 Catalytic Reversibility of Glycosyltransferases

One of the notable discoveries on glycosyltransferases was the recognition
that glycosyltransferases do not catalyze unidirectional reactions(®. Alternatively,
synthetic sugar donors and/or (chemo)enzymatic regeneration systems either alter
the overall Keq or regenerate the nucleotide in situl®3l. Such regeneration systems
are not always a requirement; the glycosylation with nucleotide sugar donors
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allows for repeated glycosylation on a single aglycon (i.e., flavonol-O-
diglycosidel®4) or elongation of a (poly)saccharide, such as glycogen with a
molecular weight of up to 107 kDal®3l. The high glycosylation efficiency with Leloir
GTs arises from a favorable thermodynamic equilibrium Keq in these examples,
determined by the sugar nucleotide donor and carbohydrate or aglycone acceptor,
pH, and ionic strength. As mentioned earlier, in a few examples the hydrolysis of
the NDP-sugar donor has been reported for Leloir GTs[*3-46l, |n these particular
cases, it is important to emphasize that the glycosylation with Leloir GTs is under
kinetic control, and the sugar acceptor and water are competing nucleophiles
throughout the entire course of reaction [43-46],

A large impact on the field of glycobiology is the improved group estimation
methodi®® for the determination of the change in Gibbs free energy of formation of
glycosylation reactions with increased accuracy, named eQuilibrator 2.0[67. In
comparison to empiric thermodynamic data (i.e., Thermodynamics of Enzyme-
Catalyzed reactions Databasel®8]), prediction tools allow for a much higher
coverage of Gibbs free energies of formation for different compounds. As a
drawback, such prediction methods can lead to contradictory observations due to
either experimental uncertainties!®d or incorrect analysis of given datal’®. Using
Equilibrator 2.0, the synthesis of naturally occurring glycosides with nucleotide
diphosphates (NDPs) were shown to be thermodynamically favorable, as is known
for the glycosylation of phenolicl’ll, aminol’d, or alcoholicl”3 aglycones (Figure 6),
and has been reviewed recently®%a. Interestingly, the importance of the pH has
been reported for the glycosylation of acidsl’t 7 resulting in a low Keqg < 1 at a
neutral pH. The Keq depends on the pKa of the aglycone- or saccharide acceptor,
as well as the terminal phosphate of the sugar nucleotide donor.
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Figure 6. Glycosylation of aglycones producing phenolic glycosides, amino glycosides,
alcohol glycosides, ester glycosides, and disaccharides with their estimated Keq. The Keq
was calculated from the Gibbs free energy AG/° using the eQuilibrator web interface
(http://equilibrator.weizmann.ac.il)67°! assuming the following conditions: ionic strength 0.1
M, pH 7.0, aglycon (1 mM), UDP (1 mM), UDP-D-glucose (1 mM), glycosylated product (1
mM), and 298 K.

2.3.2 Sugar Donors and Acceptors and Their Glycosylation Efficiency

The thermodynamic constraints of enzymatic glycosylations of sugar
acceptors with nucleotide donors for the synthesis of di-, oligo-, or polysaccharides
has been explored to a lesser extent. Sucrose synthase has been employed for the
regeneration of nucleotide sugarsl!2 28 48a. 751 The equilibrium constant (Keq) of the
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reaction of sucrose with UDP to afford the sugar donor UDP-glucose was
determined(’8l, The pH influences the Keq for the synthesis of UDP-glucose with
Acidithiobacillus caldus sucrose synthase (AcSuSy) due to the (de)protonation of
the phosphate group of the NDP: going from a pH of 5.0 to 7.0 lowered the Keq of
1.14 to less than 0.1[78l, Enzymatic regeneration of NDP-glucose can also be
achieved using trehalose as substratel’’). For the regeneration of nucleotide
sugars, sucrose has been described as a more attractive D-glucopyranosyl donor
than a, a-D-trehalose due to the lower free energy of the glycosidic bond, resulting
in a more favorable thermodynamic equilibrium[20a 78],

While the type of carbohydrate donor and acceptor determines the
glycosylation product, the respective choice of nucleotide used for activation of the
donor glycoside is important from a thermodynamic point of view. Similar enzyme
activities and affinities were observed for the coupling of UDP-, GDP-, and ADP-
glucose with a-D-glucose by trehalose transferase (TreT) from Pyrococcous
horikoshii. However, different Keq were observed for the enzymatic production of D-
trehalose.’? In line with these observations, a trehalose transferase from
Thermoproteus uzoniensis fused to a mCherry solubility tag also reported different
Keq for ADP- and UDP-glucose for the production of D-trehalosel*’®l. Hence, the
overall extent of conversion for the synthesis of disaccharides were determined by
the thermodynamics of the nucleotide. Although a thorough examination of the
Gibbs free of formation of NMP, NDP, or NTP salt or metals pairs in aqueous
solution is beyond the scope of this review, it should be noted that pKa of
nucleotides differ affecting the Gibbs free energy of formation. Indeed, the
ADP/ADP-glucose couple shows the largest Gibbs free energy change for a
transfer of a-glucopyranosyl moiety to a nucleotide, followed by UDP, CDP, and
dTDP according to Equilibrator 2.06701, Nature might evolve enzymes to catalyze
either the synthesis of nucleotide sugar donors or reactions based on the Keq Of
nucleotides, as TreT of Thermococcus litoralis solely accepts ADP for the transfer
of an a-glucopyranosyl moiety from trehalose to produce ADP-glucosel’.
Oppositely, TreT from Thermoproteus tenax utilizes UDP-glucose for the synthesis
of trehalose since UDP favors synthesis!®%. Further work regarding this is required
to elucidate the nature of nucleotides on the Keq in @ more comprehensive manner.
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Under thermodynamic control, Leloir glycosyltransferases produce
oligosaccharides if the overall glycosylation reaction is exergonic (Figure 7). A one-
pot procedure using five enzymes allowed for the production of raffinose and
stachyose from sucrosel®l, using unpurified cell-free extract formulations and
supplementation of UDP with a total-turnover number (TTN) of 337.
Thermodynamic constraints were observed in the endergonic nucleotide sugar
donor production, while coupling of the galactinol, raffinose, and stachyose were
exergonic, thereby driving the overall reaction toward oligosaccharide synthesis.
The estimation of the Gibbs free energy of individual components gives insights
into energetic constraints of one-pot multi-enzyme Leloir glycosyltransferase
catalyzed glycosylation reactions. An understanding of these limitations is essential
for the optimization of industrial process conditions and reactor design (i.e., product
removal) for a biocatalytic process.
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Figure 7. Enzymatic cascade for the production of stachyose from sucrose with
glycosyltransferases (a). The standard Gibbs free energy changes of the individual reactions
(AG®s, red) and the total reaction (AG°®, grey) shown in (b)®l. The A/G° represents the
change of Gibbs free energy and was calculated using the eQuilibrator web interface
(http://equilibrator.weizmann.ac.il)®7?! using the following conditions: ionic strength 0.1 M, pH
7.0, 1 mM of component, 298 K. Abbreviations: UDP-bd-glc, UDP-D-glucose; UDP-D-gal,
UDP-p-galactose, SuSy, Sucrose synthase; GalE, UDP-p-glucose-4-epimerase; GS,
galactinol synthase; RS, raffinose synthase; STS, stachyose synthase.
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2.3.3 NTP Regeneration for NDP-Sugar Donor Production

Recycling of the nucleotide sugar donor is considered essential for the
application of Leloir glycosyltransferases in large scale applications by preventing
product inhibition from the released nucleotide and reducing costs of expensive
nucleotides. The use of purified enzymes in comparison to whole-cell systems is
often preferred, due to undesired side-reactions of endogenous enzymes of the
recombinant hosts during glycosylation of complex oligosaccharides. Most of the
glycosyltransferases and enzymes involved in the regeneration of nucleotides
operate under neutral conditions and often require the presence of divalent metals,
such as Mg?* or Mn?*. As Leloir glycosyltransferases use the elimination of the
nucleotide as a driving force for the glycosylation reaction, the high energy gain
poses a problem during the regeneration of NDP-sugar donors. For the production
of NTP, the driving force then has to be derived from even more energy-rich
donors.

Four of the most widely applied enzymatic methods for the regeneration of
the nucleotide triphosphates (NTPs) are (see Figure 8): (1) pyruvate kinase using
phospho(enol)pyruvate (PEP), (2) acetate kinase using acetyl phosphate, (3)
creatine kinase using creatine phosphate, and (4) polyphosphate kinase using
polyphosphate. The reaction equilibrium for PEP is highly favorable and the
phosphate donor is stable in solutionl®d. However, commercial
phosphoenolpyruvate is expensive. Creatine phosphate is an alternative donor
which is more affordable, but has considerably lower energetic advantages than
PEP. A cheap energy-rich phosphate donor is acetyl phosphate, which can be
synthesized directly from acetic anhydride and phosphate in excellent yields!s3l,
The disadvantage of using acetyl phosphate is the rapid spontaneous hydrolysis in
water, requiring either continuous supplementation or an excess of acetyl
phosphate. The inexpensive (poly)phosphate is a linear polymer that contains from
ten to hundreds of energy-rich phosphate linkages!®4. (Poly)phosphate can drive
the glycosylation reaction towards completion by the exergonic cleavage of the
phosphoanhydride bond (AG° = 30-32 kJ-mol [9) upon phosphorylation of
nucleosides with polyphosphate kinase (PPK). Mono- or diphosphorylation with
PPK have been reported for ATPI82 8] UTPIssh. 86] CTPIS7l, tTMPI88], often showing
broad promiscuity towards different nucleotides®4.
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Different (re)generation schemes for the in-situ production of nucleotide
sugars for the transfer of a galactosylpyranoside moiety with either stoichiometric
amounts of NTP89, PEPI®I, poly(phosphate)®], or acetyl phosphate! are shown
in Figure 9. The main driving force for the glycosylation reaction is the exergonic
hydrolysis of pyrophosphate to phosphate by pyrophosphatases or alkaline
phosphatases. Although it has been suggested that the sacrificial hydrolysis of
NTPs with alkaline phosphatases is beneficial due to the removal of the nucleotide
mono-, di-, or triphosphate inhibitorsi3% 92 experimental evidence separating
thermodynamics (additional hydrolysis of pyrophosphate) from kinetics (product
inhibition) is often not investigated in detail. It is evident that under thermodynamic
control nucleotide regeneration and enzymatic glycosylation can only occur with
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highly exergonic sacrificial substrates (i.e., hydrolysis of pyrophosphate), as was
proposed by Hirschbein et al. who compared the energy of hydrolysis of the
sacrificial donors as a rationale for glycosylation efficiency!®3. Besides, for the
common nucleotide glycosylation donors UDP-Glc, UDP-GIcNAc!®4, UDP-GIcAP®3,
UDP-Gall®¥, UDP-GalA, UDP-Xyl, GDP-Man, GDP-Fucl®¥, CMP-Neu5Acl®® %I the
(re)generation systems for the production have been employed for rare or synthetic
nucleotide sugar donors, such as CMP-MANNGc®, CMP-Manl®d, CMP-
ManNac50Mel°%, CMP-KDOPY, ADP-Hep!®¢l, and dTDP-Rhal®’l,
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Figure 9. Several sacrificial phosphate donors for sugar nucleotide (re)generation systems
of galactosyltransferases using a stoichiometric amount of NTPs ()%, PEP (b)®%, PolyPy
()% and acyl Pi (d)PU. Abbreviations: PPi, pyrophosphate; Pi, orthophosphate; UMP,
uridine monophosphate; UDP, uridine diphosphate; UTP, uridine triphosphate; UDP-Gal,
UDP-D-galactose; ADP, adenosine diphosphate; ATP, adenosine triphosphate; Gal, b-
GallP, PEP, (phospho)enol PolyPn,
(poly)phosphate; acyl Pi, acetyl phosphate.

galactose; D-galactose-1-phosphate; pyruvate;
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Often, one-pot multienzyme (OPME) cascade reactions do not go to
completion without the thermodynamic driving force from in-situ regeneration
systems of nucleotide sugar donors. For instance, the gram-scale OPME cascade
of the glycoconjugate N-acetyl-D-lactosamine resulted in 85% isolated yields and
TTN of 80 for UTP (Figure 10a)%8l. The PEP/UDP-regeneration system produces
UTP at the expense of PEP while the hydrolysis of pyrophosphate provides the
thermodynamic driving force to complete the glycosylation cycle (Figure 10b).
Upon replacement of the PEP/UDP-regeneration system with
(poly)phosphate/UDP for the enzymatic production of N-acetyl-D-lactosamine, no
additional pyrophosphatases are required®®l. Here, the required driving force is
generated by the hydrolysis of the energy rich phosphoanhydride bond in (poly)
phosphate instead of pyrophosphate hydrolysis.

Besides enzymatic regeneration, the enzymatic NTP synthesis can be
performed directly from nucleosides in the presence of an excess of a phosphate
donor reducing the overall costs of reagents (i.e., less than US$ 10 per gram UTP).
A mutant of uridine kinase from Thermus thermophilus phosphorylates a broad
range of nucleosides[®dl. The addition of an excess of acetyl phosphate allows for
the phosphorylation of nucleosides to NMPs with lysates from recombinant E. coli
containing the overexpressed and promiscuous uridine kinase!®’l. Advantageously,
cell-free extracts from E. coli contain naturally occurring kinases that catalyze
sequential phosphorylations to NTP in high yields. Recently, a recombinant E. coli
strain containing an enzymatic cascade of eight enzymatic steps showed promising
production titers of 1.4 g UTP per liter within 2.5 h starting from uracil®, Such
regeneration systems have been extended to non-natural nucleosides!®7. 1011,
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Figure 10. Enzymatic glycosylation for the production of N-acetyl-p-lactosamine from
glucose-6-phosphate and N-acetyl-D-glucosamine (a)°8l. The A/G’™® represents the standard
change in Gibbs free energy (b) was calculated using the eQuilibrator web interface
(http://equilibrator.weizmann.ac.il)®7?! using the following conditions: ionic strength 0.1 M, pH
7.0, 1 mM of component, 298 K. Abbreviations: Glc-6-P, b-glucose-6-phosphate; Glc-1-P, b-
glucose-1-phosphate; P207*", pyrophosphate; HPQ.?~, orthophosphate; UDP, uridine
diphosphate; PGM, Phosphoglucomutase; UDPG-P, UDP-glucose pyrophosphorylase;
GalE, UDP-galactose epimerase; GalT, galactosyltransferase; PK, pyruvate kinase.

2.3.4. Chemoenzymatic NTP Regeneration Cascades

The chemoenzymatic synthesis of NDP-sugar donors has been
investigated with activated glucose donors under kinetic control. Although the
realization that glycosyltransferases catalyze the reverse reaction dates back to
19571102 the first application for the glycosylation of nucleotides with an activated
glycosyl fluoride was reported much later in 199911931, The use of B-glucosyl fluoride
for the production of UDP-a-glucose using a flavonoid O- and C-B-
glycosyltransferases has been successful for the production of 3'-3-C-glucosylated
phloretin under kinetic controli*®4, Disadvantageously, fast hydrolysis of B-glucosyl
fluoride in water limits its practical application. The pioneering work using
nitrophenol glycosides demonstrated the broad adaptability of activated sugar
acceptors for the glycosylation of nucleotide donors by alternating the
thermodynamics of the reactionl’®, The engineered inverting macrolide-
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inactivating glycosyltransferase (OleD) from Streptomyces antibioticus accepts a
wide range of conveniently synthesized aromatic B-D-glucopyranoside donors for
the production of UDP-a-D-glucose in the presence of UDPI®3a, The directionality of
the reaction is dependent on the nitrophenol B-D-glucopyranoside donor, ranging
from exergonic favoring UDP-sugar formation to endergonic favoring the
production of the aromatic sugar donorl®3al, Alternatively, by coupling the 2-chloro-
4-nitrophenol glycosides to catalytic amounts of nucleotide diphosphate, the
glycosylation of a wide variety of substrates has been demonstrated™%l. However,
the undesired hydrolysis of 2-chloro-4-nitrophenol glycosides by Leloir
glycosyltransferases was observed as well®€l,  Hence, separating
glycosyltransferase from glycoside hydrolase activity is not always evident in Leloir
glycosyltransferases.

2.3.5. One-Pot Multi Enzyme Cascades

The use of a wide variety of NDP sugar donor regeneration systems
coupled to exergonic sacrificial Pi donors inspired the extension of OPME systems
towards oligosaccharides and glycans. Key to the success of Leloir
glycosyltransferases is the selection of glycosyltransferases with high selectivities
towards their substrates, and avoiding the formation of side-products. The human
cancer antigen Globo H is a neutral hexasaccharide glycosphingolipid, which has
been synthesized chemically by a linear sequence of 11 synthesis steps with
predesigned building blocks resulting in a 2.6% overall yield["2al, The optimization of
chemical glycosylation using the OptiMer program with custom-synthesized
carbohydrate building blocks constructed Globo H in three consecutive steps, with
an isolated vyield of 41%197], The OptiMer program was improved to 83% isolated
yield by a one-pot approach using a complex carbohydrate building block
containing a Gala1-4Gal bond from a multi-step synthetic routel8], as is shown in
Figure 11. A one-pot biocatalytic coupling of readily available nucleotide sugar
donors UDP-galactose, UDP-N-acetyl-D-glucosamine, and GDP-fucose with three
glycosyltransferases resulted in 54% isolated yield without any nucleotide sugar
donor regeneration cyclesl'%l. Additional regeneration of the nucleotide sugar
donor improved the overall yield to 94% at large-scale (i.e. 4.5 g allyl Globo-H)[%],
The efficiency of enzymatic glycosylation, the availability of the nucleotide sugar
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donors, the simplicity of the one-pot reaction, and the mild reaction conditions
demonstrate the effectiveness of Leloir glycosyltransferases as catalysts for the
production of complex saccharides.
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Sequential OPME synthesis allows for the coupling of glycosidic linkages
which are synthetically challenging, such as sialylation. The production of
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disialoganglioside cancer antigens GD1b and its derivatives by two sequential a-
sialylation reactions has been performed using an engineered Leloir
glycosyltransferasel®® with limited nucleotide donor hydrolysis activity (Figure 12).
[110] | actose was converted to the trisaccharide GM3 using a2-3 sialyltransferase 1
(M144D) from Pasteuralla multocida, followed by a second a3,8-sialylation in 85%
yield to GD3 fusing a2-3/8-sialyltransferase from Campylobacter jejuni.
Subsequently, the quantitative enzymatic 81-4-GalNAc coupling to GD2 with 31-4-
GalNAc transferase from Campylobacter jejuni followed by B1-3-Gal transfer with
B1-3-galactosyltransferase resulted in GD1b with an overall isolated yield of
73%!111],
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Figure 12. The enzymatic synthesis of GD1B glycan using OPME a2,3-sialylation, a3,8-
sialylation, B1,4-N-acyl-galactosylation, and f1,3-galactosylation with a sacrificial
(re)generation system for N-acetylneuraminic acid (Neub5Ac), N-acetylgalactosamine
(GalNAc), and p-galactose (Gal).
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2.4 Reactor Engineering for (Non)-LeLoir Glycosyltransferases

One of the advancements in integrated biocatalytic processes using
glycosyltransferases is the development of automated enzymatic synthesis, using
either immobilized substrates or enzymes. Immobilized substrates allow for the
spatiotemporal control of the produced glycoconjugate or oligosaccharide in a
reactor. Two prominent approaches using immobilized substrates exist: (i)
enzymatic solution-phase synthesis with tagged products allowing for rapid
purification and (ii) enzymatic solid-phase synthesis on the surface of an insoluble
carrier with soluble substrates and products.

Solution-phase synthesis with a substrate bound to water-soluble!*!2l or
thermo-responsive polymerst13l, fluorous-[1%a. 1141 jon exchangel'!®l, or lipid-like
tagsl!18l has attracted much interest since it can bypass compatibility issues
between enzymes and solid carriers. The main disadvantage of solution-phase
assembly of oligosaccharides catalyzed by glycosyltransferases is the low catalytic
efficiency and affinity for the substrates due to different steric and stereoelectronic
properties induced by the substrate-bound tag. Automated enzymatic synthesis of
oligosaccharides with Leloir glycosyltransferases has emerged as a promising
approach with the thermoresponsive polymer poly(N-isopropylacrylamide)
(PNIPAM) as a soluble or insoluble support of the sugars, allowing for the
synthesis of the antigen of blood groups A, B, and O, as well as the production of
the ganglioside GM1 in microchannel reactors (Figure 13)I!17, The Wong group
reported a variety of water-soluble polymers of PNIPAM attached to carbohydrates
with different linkers to minimize deleterious effects of the presence of the support
on the activity of enzymesl!ll. As a disadvantage, the covalent attachment of
oligosaccharides to PNIPAM requires cleavage of the oligosaccharide with
hydrogen peroxide (1M, pH 10), conditions which are incompatible with oxidative
labile carbohydrates (i.e. thiosugars).
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Figure 13. Examples of oligosaccharides synthesized with automated enzymatic synthesis
where GML1 is a well-known ganglioside, and the antigens of blood types A, B, and O.

Alternatively, substrate bound solid-phase synthesis strategies also
received attentionl18, The sugar is immobilized on the solid carrier, while the
enzyme and sugar nucleotide donor are dissolved in the mobile phasef19l,
Requirements for the full automatization of immobilized substrates are dependent
on the development of (i) efficient enzymes; (ii) availability of glycosylation donors;
(ii) the use of carrier and support material and (iv) linkers, spacers, and tags[t29,
Continuous biocatalytic processes using immobilized enzymes are from an
engineering perspective highly attractive due to the ease of reuse of the Leloir
glycosyltransferasel®s®. 1211, The immobilization of Leloir GTs enables a
simplification of the reactor’'s structure and allows for precise control of the
enzymatic glycosylation process!'2% 1221, The immobilization of glycosyltransferases
has been achieved by attachment onto solid supportsl47a 59, 1231 - entrapment inside
a porous carrierlt?19: 1241 or cross-linking in larger aggregates (CLEA)I?%], as is
shown in Figure 14. Furthermore, after immobilization the reusability, thermal, pH,
and operational stability of the enzymes was often increased[59¢. 1251261 |n particular
cases, enzyme immobilization even created a more favorable micro-environment
for enzyme activityl'2’l and selectivity!128],
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Entrapment Cross-linking Carrier-bound attachment

Figure 14. Different modes of immobilization of Leloir glycosyltransferases with entrapment,
cross-linking, or carrier-bound attachment.

On the other hand, the reaction conditions in a continuous biocatalytic
process with immobilized enzymes can be harsh from an engineering point of view,
due to vigorous mixing, high pressures, and flow rates. High enzyme stability of
Leloir glycosyltransferases is required to tolerate shear stress’?9l. Also, due to the
lack of an universal enzyme immobilization technique many factors must be
considered(t??a 129, 130l including mode of interactions (i.e., enzyme-
substrate/product, enzyme-carrier, substrate/product-carrier), compatibility of the
carrier to reaction conditions (solvent, temperature, pH, etc.), and the type of
reactor or process (i.e. batch reactor, packed-bed reactor, basket reactor,
microfluidic reactor).

2.4.1 Reactor Design for Glycosyltransferases

For industrial applications, besides the appropriate immobilization of the
enzymes, the chemical character of the carrier’s surface is of high importance as
are the particle size and pore structure which need to match the type of reactor: i.e.
tank vs. tube/column and the mode of operation: periodic/batch vs. continuous
flow. Conventional stirred tank reactors (STR)I23b. 1280, 131] gre still frequently
applied, but basket and in particular rotating bed reactorst32 are increasingly used
in batch operations. In continuous flow applications, packed-bed (micro)reactors(t33
have been most popular, but structural (micro)reactors!*34, lab-on-a-chipl3®, and
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capillary microreactors are on the risel!38l, The STRs are predominantly used in
biotechnology owing to cost efficiency and versatility. However, vigorous mixing
results in frequent collisions of fine biocatalyst particles resulting in tensile and
shearing forces which enhance abrasion or disintegration of the enzyme or its
carrierlt32, Moreover, the mixing on a medium and large scale can be insufficient to
prevent “hot spot” formation, resulting in enzyme denaturation. But even more
importantly, as mass transfer of reactants to fine particles of the biocatalysts or
freely suspended enzymes is low, the mass transfer does not keep up the pace of
intrinsic activity of the highly active enzymes expressed by TOF values of about or
over 104 s, In effect, it is the mass transfer that strongly impacts, or even fully
controls the apparent rate of the enzyme catalyzed reactions carried out in STRs,
and that has unfortunately often been overlooked[136-137], The recovery of the freely
suspended biocatalyst particles can be challenging, requiring filtration or
centrifugation(’38l, The biocatalyst recovery can be simplified using a basket-
rotating bed reactor (RBR), which enables simultaneous mixing and effective
percolation of liquid through the bed of the catalyst packed in a cylindrical basket,
thus avoiding the catalysts destruction, enhancing mass transport, and facilitating
separation of the catalystl'3®, However, the size of the applied catalyst
particles/enzyme carriers needs to be larger than 0.1-0.2 mm(139a, 139b],

The scale-up of RBRs is challenging due to the large size of the rotor as
well as the power required for stirring, although a 750-L scale has been
successfully demonstrated (Chiralvision). Low-volume continuous flow reactors
with flow through channels typically in the range of diameters 0.1-0.5 mm (capillary
microreactors) are better scalablel'36. 140, The problems related to scaling up are
resolved by numbering up the (micro) reactors in a parallel process, designated as
‘scaling out’. In particular, if thermal effects are not too strong, as is often the case,
for the same type of packing the scalability is not a problem. Average linear velocity
of flowing reactants and a mean residence time need to be identical on different
scales to obtain the same conversion. In addition, owing to narrow channels the
time needed for substrate transfer from the center of the liquid channel to the wall-
attached catalysts is significantly reduced and the transfer of heat and mass
increased, with a positive effect on the apparent reaction rate. Also, the ratio of the

active surface of the reactor to its volume may be increased by a factor of 50 or
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even much more, (e.g., from about 10° m- in industrial reactor to ~5-104 m-1 for 0.1
mm capillaries) which results in an increase of volumetric productivity (space-time-
yield) and hence more profit and lower investment costs[136-137, 140cl Moreover, the
low reaction volume favors the reduction of potential hazards, particularly important
in the case of highly exothermic reactions or when hazardous substances are
involvedi37. 1400 A simplified approach may be used to evaluate process
boundaries for the capillary microreactors with enzymes attached to the wall
surfacel'3¢l, But more in-depth analyses of design and modelling issues for various
continuous flow microreactors have also been reported140cl,

Different examples of reactors that have been wused with
glycosyltransferases are shown in Figure 15. Stirred tank reactors are flexible in
design and operation conditions, but often require high operation costs and vary in
the product quality per batchl>9d. 123b, 1280, 131]  Mjcrochannel reactors feature flow-
through channels of micrometric sizes that contain the enzyme immobilized on their
wall surfacel'3®l, Packed-bed (micro) reactors contain fine particles with
immobilized enzymes in a flow-through channel, allowing for a higher volumetric
activity than microchannel reactors. The heterogenous biocatalyst should not be
able to compact to avoid high pressure drops, while mass transport between liquid
reactants and catalyst surface is enhanced owing to a more chaotic flow which
facilitates mixing. The large pressure drop, even at low flow rates may, however,
be a problem if fine catalyst particles are applied. Structured microreactors contain
a reactor core made of a porous monolithic structure with open, usually curved
pores/channels connected with each other offering excellent mixing and
mechanical stability. Moreover, the pressure drop can be significantly reduced and
flow rate increased, compared to the packed-bed reactors, and this boosts
productivity. The enzymes are immobilized either on the external surface of the
monolith or in its pores!133,
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Stirred tank Microchannel Packed-bed Structured
reactor (micro)reactors (micro)reactors (micro)reactors

Figure 15. Different reactor types for the immobilization of Leloir glycosyltransferases.

A packed-bed reactor is a commonly used system for continuous
production with a heterogeneous biocatalyst, especially because one can
immobilize simultaneously different enzymes. Schoffer, et al. used glutaraldehyde-
activated chitosan spheres 11231 and amino- or thiol- functionalized silica
particlesl'23 as a support for cyclodextrin glucosyltransferase immobilization. The
silica-based biocatalyst was successfully applied in a packed-bed reactor for
continuous cyclodextrin production and maintained 100% of its initial activity after
200 h, whereas activity of the chitosan-based catalyst decreased to 78% of its
initial value already after 50 h. This was ascribed to the super packing of spheres,
resulting in the reduction of bed height by 45%, and thus in a decrease in the
residence/reaction time. However, after washing and re-packing, the spheres
recovered 100% of their initial activity.

An interesting effect was observed by Cho, et al.l*310], who compared the
performance of batch and continuous packed-bed reactors using Eupergit C250L
as an enzyme support. The batch reaction was performed for trehalose production
from maltose using trehalose synthase for more than 20 h. They found that the
product composition was almost the same after 10 h and a maximum trehalose
production yield of 25% was established. Trehalose production was improved using
a packed-bed bioreactor, wherein the yield reached 42% with a retention time of
100 min. The authors claimed that continuous feeding of fresh substrate into the
packed-bed reactor might have eliminated and removed inhibitory compounds from
the solution such as by-products formed and accumulated during the batch
reaction and thus increased the production yield. A combination of continuous-flow
stirred tank reactor (CSTR) with a packed-bed reactor (PBR) was also studied[*31],
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A highly concentrated starch solution was first partially converted to 3-cyclodextrins
in a CSTR, which resulted in a decrease of starch viscosity. After that, the reaction
mixture was pumped through the PBR. The integrated reactor offered much higher
concentration of the final product than each of the reactors separately.

Integration of two or more reactors attracts increasing attention, especially
if two or more enzymes are applied. For continuous flow nucleoside synthesis
Cattaneo, et al.['33 combined a PBR, filled with purine nucleoside phosphorylase
immobilized on silica particles, with uridine phosphorylase immobilized on a silica
monolith. In the first approach, co-immobilization of both enzymes on a slightly
longer silica-filled PBR was tested, and a high immobilization yield was obtained.
However, a very high backpressure of the system (>10 MPa) was registered even
at a low flow rate value of 0.1 mL/min, thus hampering the full characterization of
the reactor system and resulting in a dramatic drop in conversion. Nonetheless, the
application of a monolithic reactor, which exhibited only 6 MPa of pressure drop at
a flow rate of 0.5 mL/min, combined with a shorter PBR, showed good activity and
stability.[13%] The additional advantage of this set-up would be the availability of a
single bioreactor that could be used independently, either for “one-enzyme”
synthesis or in a different sequence.

In the most recent work Nidetzky, et al.l’36], presented an elegant
exemplary glycosylation process with sucrose phosphorylase immobilized on the
internal surface of a microchannel (Figure 16). Its mathematical model clearly
demonstrated that microreactors with the lower hydrolytic channel diameter (dn)
exhibit enhanced performance in terms of conversion and space-time-yield (STY).
As the enzyme was attached on the microchannel’s wall only the external mass
transfer had to be considered!4°l, and the enzymatic transformations appeared to
experience a shift from diffusion to reaction control with miniaturization of dh
(second Damkdhler number—Dau < 1). Thus, the microreactors, in consequence of
their small dn, emerge as an effective means of gaining full control of the
reactionl36l, However, the practical limits to the decrease in dn, due to high
pressure drop, and increased tendency of microchannel clogging have to be kept
in mind[34a 1361 Therefore, to boost both STY and microreactor performance, a
combination of drn decrease and enzyme activity increase appears to be the rational
solution(*36],
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Figure 16. Glass microchannel reactor with immobilized enzyme sucrose phosphorylase
attached to the siliceous walll*3¢l, Attachment occurs via the highly positively charged Zpasic2
binding module, which binds to the negatively charged silica surface.

To summarize, the application of miniaturized synthetic systems and flow
microreactors with immobilized enzymes in particular, attracts attention for the
synthesis of more complex carbohydrates. The reported studies clearly
demonstrate important advantages of microreactor-based synthetic processes:
good stability and high activity that allow for very effective/highly productive
syntheses of targeted carbohydrates. While the application of capillary or packed-
bed microreactors has been best characterized, structured microreactors are
emerging as a class of miniaturized devices that offer additional advantages.

2.5 Summary and Outlook

The discovery, characterization, and engineering of Leloir
glycosyltransferases has expanded the synthetic toolbox to couple, elongate, or
branch glycoconjugates, oligosaccharides, and glycans with high regio- and
stereoselectivity. Efficient regeneration systems and large-scale production of
nucleotide sugar donors under either kinetic or thermodynamic control increased
the efficiency of enzymatic glycosylation, reducing overall process costs and the
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use of stoichiometric amounts of nucleotide phosphates. In this review, the
importance of the thermodynamics of glycosylation reactions has been given
attention, separating kinetics from thermodynamics for the coupling of a wide
variety of NDP sugar donors with acceptors, including sacrificial phosphate donors
for NDP (re)generation.

The wide range of different Leloir glycosyltransferases has allowed for the
implementation of enzymes in glycochemistry, and consequently, industrially
applicable glycosylation methodologies are now in progress. The protein
production improved significantly by using (fluorescent) solubility tags, allowing for
the production of the biocatalyst in high(er) titers. Despite of the production of
enzymes becoming a routine, no industrial application of Leloir
glycosyltransferases for the glycosylation of large oligosaccharides has yet been
scaled to large volumes, in contrast to non-Leloir glycosyltransferase (i.e.
cyclodextrin glycosyltransferases). Until now, one of the main limitations has been
the cost-efficient production of NDP sugar donors, which has been an important
topic of interest in the last decade. Indeed, due to the advance of many chemical
and biocatalytic NDP-sugar production processes, their commercial cost-price has
been rapidly declining over the last few years.

As the demand for high-value antigens is increasing, the number of
biocatalytic glycosylation processes applied for the synthesis of these complex
oligosaccharides can be anticipated to rise. One trend is the embracement of
automated enzymatic synthesizers for the computer-controlled synthesis of large
oligosaccharides using Leloir GTs. In comparison to non-enzymatic coupling
strategies, which mostly rely on protection group chemistry, Leloir GTs have now
been shown to couple a wide spectrum of unprotected sugar acceptors with
excellent regio- and enantioselectivity. Due to the availability of the nucleotide
sugar donors and well-established NDP (re)generation systems, Leloir GTs
matured as a competitive glycosylation strategy for the enzymatic synthesis of
oligosaccharides.

Future developments for industrial enzymatic glycosylation are expected to
mostly be focused on optimizing the overall glycosylation process conditions. The
main drivers for selecting the most optimal process can be attributed to economic
(i.e., revenue of products), development (i.e., time), and process (i.e., performance)
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parameters. Multiple aspects influence these important aspects, such as the
selection of the most optimal reactor design, separating batch versus continuous
process operation, the choice of either immobilized substrates to immobilized
enzymes, or the use of NDP-regeneration system or stoichiometric use of NDPs.
Different enzymatic solution-phase and solid-phase glycosylation strategies have
been developed for the automated enzymatic synthesis of carbohydrates. The
enzymatic synthesis of an immobilized substrate allows for the purification to
become more straight-forward, but requires the stoichiometric use of enzymes. On
the other hand, immobilized Leloir GTs in continuous operations have been
described sparingly in cascade glycosylation reactions. Immobilized enzymes,
ensuring process flexibility and the purification of the produced oligosaccharide are
engineering design challenges which have yet to be met.
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they lead little by little to the truth.”

Jules Verne, A Journey to the Center of the Earth, 1864



Preface

After the publication of the article titled “Artificial Fusion of mCherry
Enhanced Solubility and Stability of Trehalose Transferase” (vol 85, issue 8,
€03084-18; manuscript AEM03084-18) an error was discovered in April 2019. The
presented trehalose transferase from Pyrobaculum yellowstonensis was
mislabeled (mCherry PyTreT) in our data file register. The correct name for the
given protein sequence fused to mCherry was trehalose transferase from
Thermoproteus uzoniensis (mCherry TuTreT). Only the presented name was
incorrect throughout the article. This is evident from the sequence we presented in
the supplementary information for the mCherry-PyTreT protein in the original
article, which is in fact the correct sequence of mCherry-TuTreT. This mistake did
not alter the main conclusion of the article. Upon discovery we have filed a
correction in May 2019, which was published on July 2019 as “Correction for
Mestrom et al., “Artificial Fusion of mCherry Enhances Trehalose Transferase
Solubility and Stability” (vol 85, issue 14, e00942-19). For reasons of clarity,
chapter 3 is presented with the correct name and appropriate protein sequences

have additionally been attached.
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3.1 Introduction

Trehalose (a-D-glucopyranosyl-(1—1)-a-D-glucopyranoside) is a non-
reducing disaccharide with an a,a-glycosidic linkage that has been identified in
plants, insects, fungi, yeast, bacteria, and archaeal’. The functional role of
trehalose as an intracellular osmolyte is to manage the cell volume during
exposure to intra- or extracellular osmotic-, thermal-, and oxidative stresses.
Trehalose is a non-ionic kosmotrope which preserves the protein hydration-shell by
reducing the water activity awl?. Moreover, during anhydrobiosis trehalose protects
the cell membranes by direct binding to phospholipids, preventing water leakage
during rehydrationBl. Due to the absence of a free aldehyde moiety, trehalose is
highly resistant to heat, changes in pH, and does not degrade via the Maillard
reactionl®. Unsurprisingly, trehalose is commonly found in extremophiles which
have to withstand harsh growth conditions such as extreme temperatures, high

ionic strengths and acidic or basic environments(al,

Several metabolic pathways for the biosynthesis of trehalose have been
found in nature (Fig. 1) and include: (i) trehalose synthase (TreS) interconverting
maltose to trehalosel®]; (ii) maltooligosyltrehalose synthase (TreYZ) hydrolyzing
maltodextrins to trehalosel®; (iii) inverting trehalose phosphorylase (TrePin)]
adding a-D-glucose-1-phosphate or (iv) retaining trehalose phosphorylase
(TrePrey)l®l adding B-D-glucose-1-phosphate to glucose producing trehalose and
phosphate; (v) trehalose transferase (TreT) using D-glucose and a nucleotide
diphosphate (NDP) sugar to produce D-trehalosel®]; (vi) trehalose phosphate
synthase (OtsA) producing D-trehalose-6-phosphate from D-glucose-6-phosphate
and a nucleotide sugarf'®l, In comparison to trehalose phosphate synthase, the
LeLoir glycosyltransferase TreT does not require the use of additional 6-phosphate
(OtsA) avoiding sequential dephosphorylation of the non-reducing disaccharides,

and therefore is of particular interest for industrial food applications(*1l.

71



HO O 1o 0
HO OH Tres
o]
o OH e
OH
Maltose
HO B 7]
HO 0
HO m HO (ii)
o)
Qo
OTHo OH
L J,  ©OH
Malto-oligo sacharide
OH HO
HO o} o (i)
HO Mo OPO* .
OH "OH OH
Glucase
oH HO W)
Hﬁo’é&h HO - TreP,e
OH™OH  HO—"4g
Glucose OPO,%
OH OH
Hﬁoﬂ HO 7o - BN Trenlose
OH "OH HOA=2 TreT OHO
ONDP o OH
Glucose NDP-glucose HO&XOH
H

(vi)

P03
oPO? o HO‘éB\I
o
HO Hﬁoﬁﬁ OtsA
OH
OH "OH ONDP WOH
HO OH

Glucose 6-phosphate  NDP-glucose Trehalose ﬁ-ﬂhOSPhﬂfE

Figure 1. Biosynthesis of trehalose using trehalose isomerase (TreS), trehalose
hydrolase/isomerase (TreYZ), inverting (TrePinv) and retaining (TrePret) phosphorylases,

trehalose transferase (TreT), and trehalose phosphate synthase (OtsA).
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TreT from Thermoproteus tenax has previously been applied in enzymatic
sugar coupling for the production of non-natural trehalose derivatives, but the
variation of sugar acceptors was limited*?. Currently, the main limitations for
biotechnological applications of TreT are the low protein stability, solubility, and
formation of inclusion bodies (IBs) during heterologous expression in E. coli 901,
The formation of inclusion bodies is reported for 70% of all recombinant proteinsi23],
constituting as one of the major obstacles for heterologous expression systems
emphasizing the requirement to use solubility tags. Despite these challenges
trehalose transferase has been recognized for its high total turnover number during
catalysisl®a 14, The aim of this study was to express a stable, robust trehalose
transferase expression system for the chemical synthesis of trehalose derivatives.
Since protein folding and aggregation are governed by hydrophobic and
electrostatic interactions, the aggregation-prone behavior of several homologous
trehalose transferases with different pl values from hyperthermophilic
Crenarchaeota was investigated in order to address this issue. For this purpose,
the TreT from Pyrobaculum yellowstonensis WP-30 (PyTreT), Thermoproteus
tenax Kral (TtTreT), and Thermoproteus uzoniensis 768-20 (TuTreT) were

selected.

Additionally, the fluorescent protein mCherry was fused to TuTreT as a
direct reporter for promoting protein solubility. Next to a short maturation time and
an excellent photostability of the chromophore, the fluorescent protein possesses
the required thermostable properties to match its fusion partner. While the
complete mechanisms behind protein aggregation and the formation of inclusion
bodies remain elusive, the fusion of fluorescent proteins to aggregation-prone
enzymes to monitor protein solubility has previously been successfully applied for a
variety of enzymes!tsl. The use of a fusion complex has remained largely limited
towards the visualization of proteins in vivo, rather than enzyme catalysis in vitro. In
this study, we explored mCherry fusion to the aggregation-prone trehalose
transferase as a solubility enhancement tag to address the challenging

recombinant expression of archaeal glycosyltransferases.
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3.2 Results and Discussion
3.2.1 Recombinant expression of TreT

The recombinant expression of TtTreT from the pET302 plasmid in E. coli
BL21(DE3) was previously reported to lead to the formation of insoluble inclusion
bodies (IBs)®l. Therefore, TtTreT was expressed using the pBAD/His A plasmid in
E. coli Top 10 based on previous results, where the formation of insoluble
inclusion bodies was not reported*¢l. The protein solubility of TreT was evaluated
in the expression host E. coli Topl0 using the pBAD/His A vector in parallel
expression experiments, harboring an empty plasmid or the genes encoding for
TtTreT, TuTreT, PyTreT. The cells were harvested, lysed, and evaluated on protein
content, purity, and activity. High overexpression of TreT was observed in all
cases, but the enzymes were predominantly present in the insoluble cell debris as
inclusion bodies (I1Bs) (Fig. 2).

Attempts to optimize the expression by varying the concentration of
inducing agent, a change to auto-induction medium, or lower expression
temperatures did not afford higher yields of soluble target protein according to
SDS-PAGE analysis. Nevertheless, small fractions of the TreTs were soluble and
enzyme activities were measured with HPLC by monitoring the production of
trehalose from glucose and UDP-glucose. Cell-free extracts (CFEs) of TtTreT
showed higher activity than those of TuTreT and PyTreT (table 1). Background
glycosyltransferase activity from the expression host was ruled out with control
experiments containing the empty plasmid. In order to purify from the soluble
fraction, Hise-tags were introduced at the C- or N-terminus of PyTreT. The variant
with a N-terminal Hise-tag did not bind to the nickel sepharose resin, the C-terminal
tagged variant could be purified and showed TreT activity (table 1). However, rapid
precipitation after affinity purification resulted in fibrillar protein aggregates which
could not be prevented by buffer exchange to HEPES (50 mM, pH 7.0), with the
addition of 300 mM NaCl, or sodium phosphate (50 mM, pH 7.0). Direct

measurement of TreT activity upon purification at high temperatures showed a
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specific activity of 20.8 U mg?, but the continuous precipitation of protein under
given experimental conditions needs to considered.
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Figure 2: Comparison of whole cell expression and protein content in the soluble and
insoluble fraction analysed with SDS-PAGE. No soluble TtTreT, TuTreT, PyTreT, or PyTreT
with a C- or N-terminal HisTag was observed in the cell-free extract before and after heat-
treatment (red box), while mCherry TuTreT was highly soluble (black box). Abbreviations:
WC: whole cells, CFE: Cell-free extract, CFE heat: after heat-treatment of cell-free extract,

Insoluble debris: insoluble pellet after cell lysis.
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Table 1: Specific activity of TreT of 400 mL of cell culture during purification. 2not detected.

bnot applicable

Description CFE Heat-treatment IB (A) IMAC
(Umg+) (Umg+) (Umg+) (Umg)

TtTreT 0.754 0.591 0.115 n.a.b
TuTreT 0.463 0.681 0.172 n.a.b
PyTreT n.d.z2 n.d.z2 0.029 n.ap
PyTreT CHis n.d.2 n.d.2 0.050 trace®
PyTreT NHis n.d.2 n.d.2 0.088 n.a.p
TuTreT NHis 0.705 1.268 0.119 n.a.p
mCherry TuTreT 0.214 0.543 0.179 5.06
pBAD/His A n.d. n.d. n.d. n.d.

tPyTreT CHis was grown at a large scale (6 x 1L of TB-media), purified, and an activity of 20.8 U mg™* was measured.
The purified enzyme was completely precipitated after 1 hour after the purification. Reaction conditions: D-glucose
(20 mM), UDP-D-glucose (40 mM), MgClz (20 mM), HEPES (50 mM, pH 7.0), 80°C.

Hyperthermostable proteins are known to show folding energy landscapes
which are different from their mesophilic counterparts, leading more rapidly towards
the formation of oligomers and aggregates during heterologous expression in a
mesophilic hostl*’]. Naturally, trehalose transferase is expressed in response to
intra- or extracellular osmotic-, thermal, and oxidative stresses, which coincides
with the expression of a large number of heat-shock proteins and chaperones that
assist in the correct folding of the native TreT protein structure within
Thermoproteus and Pyrobaculumi8l, E. coli however does not contain the same
set of chaperones which would naturally occur in Crenarcheaotal® leading to
misfolded proteinlt8a-e. 18 Furthermore, a high intracellular concentration of 0.10
mg trehalose per mg of protein was reported for Thermoproteus tenax, which
potentially could stabilize TreT in their native hosts and could explain the low

protein stability observed in vitro.
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3.2.2 Purified mCherry TuTreT shows high protein solubility and stability

Due to the poor solubility of PyTreT, a fusion construct mCherry TuTreT
containing a C-terminal Hise-tag was produced. The fusion with mCherry enables
the direct quantitative spectrophotometric determination of TuTreT in solution,
allowing for rapid solubility and expression assays. To our satisfaction, expression
of the fusion protein resulted in increased solubility for mCherry TuTreT. Typically,
< 10 mg of purified mCherry TuTreT was isolated per liter of TB medium, and the

formation of catalytically active IBs could not be avoided during expression (Fig. 3).
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Figure 3: The increase in in protein solubility of mCherry TuTreT, purification of inclusion
bodies, and the purification of soluble protein using nickel sepharose were analyzed with
SDS-PAGE. Abbreviations: WC: whole cells, CFE: Cell-free extract, CFE heat: after heat-
treatment of cell-free extract, Insoluble debris: insoluble pellet after cell lysis, W1.: first time
washing insoluble debris with 1% DOC detergent, W2: second time washing insoluble debris
with 1% DOC detergent, W3: third time washing insoluble debris with 1% DOC detergent,
IB: purified inclusion bodies, FT: flow-through of nickel sepharose, IMAC: purified fraction of
nickel sepharose.
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The protein was purified via affinity chromatography without any
concomitant precipitation occurring during purification, concentration, or repeated
freezing and thawing steps at protein concentrations of up to 15 mg mL*

demonstrating increased solubility and stability of the fusion construct (Fig. 4).
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Figure 4: Nickel affinity chromatography purification of mCherry TuTreT at 587 nm (Fig. a)
and PyTreT at 280 nm (Fig. b). While mCherry TuTreT remains soluble upon purification (c)
the C-terminal His-tag PyTreT precipitates upon purification (Fig. d), adopting a fibrillar
morphology according to optical microscopy (100X magnification) (Fig. ). Both PyTreT with
a C-terminus Histag (Fig. f) and mCherry TuTreT with C-terminus His-tag (Fig. g) were
purified to homogeneity according to SDS-PAGE analysis.
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The oligomerization state of mCherry TuTreT was analysed by size
exclusion chromatography and the theoretical molecular weight of 74 kDa for the
fused protein was in agreement with a monomer of 73 kDa. However, dimerization
and oligomerization were also observed for mCherry TuTreT at elevated protein
concentrations. Although there is not much known about the increase of protein
stability due to the fusion of fluorescent proteins limiting the degree of aggregation
in solution, there is another example where protein stability has been increased
with fusion to yellow-fluorescent protein (YFP). Here a higher oligomerization state
was hypothesized to increase protein stability?°l. In our case, TuTreT is mostly a

monomer and only a dimer at high protein concentrations.

Purified mCherry TuTreT was further analysed by SDS-PAGE upon size
exclusion chromatography and showed a single fluorescent purple band when the
sample was not thermally denatured (Fig. 5). Upon thermal denaturation (SDS-
PAGE sample buffer, 100°C), two bands were observed corresponding to residual
native enzyme and denatured protein respectively. Variation of the incubation time
for thermal denaturation in SDS-sample buffer did not lead to complete thermal
unfolding of the protein, but showed increasing hydrolysis of the fusion protein (73
kDa) into its components mCherry (29 kDa) and TuTreT (44 kDa), indicating that
the amino acid linker GGSGGGGSGG was hydrolysed. In comparison, TuTreT
showed only a single band corresponding to the unfolded protein. The fusion
protein therefore showed increased stability against denaturating agents, like
sodium dodedecylsulfate (SDS), suggesting an increased protein stability for
mCherry TuTreT. Indeed, the purified soluble mCherry TuTreT proved to be stable
in 2% SDS in Tris buffer (50 mM, pH 8.0) when the absorption spectra were
measured spectrophotometrically showing no protein denaturation.
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(kDa)

150

Figure 5. SDS-PAGE of SEC-purified mCherry TuTreT without heat treatment showing
native fusion protein in a) and fluorescence under illumination in b) (red dashed box).
Subsequent staining demonstrates the appearance of the denatured protein at the expected
molecular weight of mCherry TuTreT in c) (black box). The native mCherry TuTreT (red
striped box) migrated further than the denatured protein (black box). Degradation of
denatured mCherry TuTreT over time at 90 °C resulted in protein sizes of 29 kDa and 44
kDa (dotted black box), indicating hydrolysis of the amino acid linker GGSGGGGSGG, as

shown in d).

3.2.3 Direct spectrophotometric protein quantification of mCherry-TuTreT

fusion protein

The fusion of the thermostable protein mCherry to TuTreT not only
improved protein stability, but also provided a rapid spectroscopic method for
protein quantitation. The molar extinction coefficient of the fusion protein mCherry
TuTreT was calculated from the protein concentration as determined by the BCA

assay and the UV/Vis spectrum of the native protein, which showed an absorbance
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maximum at 578 nm. Using the alkali denaturation method, the mCherry
chromophore could be converted into the well-studied green fluorescent protein
chromophore with a known molar extinction coefficient (€) of 44000 M1 cm and a
corresponding shift in the absorbance maximum from 587 nm to 455 nm. Based on
these two values, a molar extinction coefficient of €mcherry-Tutrer = 73476 M1 cm!
could be derived for the mCherry fusion protein, which matched the reported
literature value of 72000 M1 cm™ for mCherry2d, Using the calculated molar
extinction coefficient of 73476 M1 cm, a protein concentration of 2.34 uM was
determined spectrophotometrically in good agreement with a protein concentration
of 2.50 pM in the BCA assay for mCherry TuTreT.

3.2.4 Non-classical IBs of TreT show glycosyltransferase activity

The formation of insoluble aggregates during recombinant expression is
driven by the association of correctly-, partially-, and misfolded proteins(?2l.,
Classical inclusion bodies are described as aggregates of misfolded proteins with
complete loss of functionl?3. However, 'non-classical’ IBs are described as
aggregates that contain fully- or partially functional proteins which can be purified
by the removal of contaminating membrane-bound proteins by mild solubilization
agents like deoxycholic acid (DOC)24.The removal of other proteins with 1% (v/v)
DOC resulted in excellent purity of TreT in all cases (Fig. 6). The TreT content
within inclusion bodies proved between 1 to 5% protein in wet inclusion bodies. In
the case of the fluorescent mCherry TuTreT, spectrophotometric analysis showed

that 68% wt mCherry TuTreT was correctly folded.
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Figure 6: Protein purity of the expression, lysis, and purification of inclusion bodies and
soluble (a) PyTreT, (b) empty pBAD/His A, (c) PyTreT with N-terminus, (d) PyTreT with C-
terminus, (e) TuTreT, (f) TtTreT, and (g) TuTreT NHis analysed with SDS-PAGE.
Abbreviations: WC: whole cells, CFE: Cell-free extract, CFE heat: after heat-treatment of
cell-free extract, Insoluble debris: insoluble pellet after cell lysis, W1: first time washing
insoluble debris with 1% DOC detergent, W2: second time washing insoluble debris with 1%
DOC detergent, W3: third time washing insoluble debris with 1% DOC detergent, IB: purified
inclusion bodies, FT: flow-through of nickel sepharose, IMAC: purified fraction of nickel

sepharose.
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IBs from all TreT variants showed high glycosyltransferase activity
between 0.02 — 0.18 U mg, as is shown in figure 7. Diffusion limitations within
inclusion bodies could lower the observed reaction rate in comparison to the
soluble protein, which could be optimized via the increase of temperature or
formulation of inclusion bodies. Comparable amounts of IBs were utilized for the
conversion of benzaldehyde to (R)-mandelonitrile with catalytically active inclusion
bodies of hydroxynitrile lyasesi?s. The feasibility of IBs as an immobilized
biocatalyst has increased the interest for synthetic purposesl?®. However, this
study aimed at the biochemical characterization of soluble TreT and the
application, further optimization and formulation of TreT IBs was therefore not

further pursued beyond the proof of concept.
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Figure 7. Specific activity of purified TreT IBs. Reaction conditions: HEPES (50 mM, pH
7.0), MgCl2 (20 mM), UDP-glucose (40 mM), glucose (10 mM), 3.0 — 5.0 mg of TreT IB,
60°C.

3.2.5 Kinetic characterization and thermal stability of mCherry-TuTreT

The glycosyltransferase activity of mCherry-TuTreT was determined by
HPLC analysis. A temperature optimum for the protein stability was determined to
be 60 °C, and a Vmax of 11.39 £ 0.29 U mg? and Km of 0.61 + 0.11 mM were

obtained for UDP-glucose. The kinetic constants temperatures above 60 °C were
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not investigated, due to the degradation of UDP-glucose under these conditions.
In comparison, others have shown a Vmax of 184 U mg! and Ku (UDP-glucose) of
0.23 mM for TtTreT using a trienzymatic coupled assay at 80 °C[®l, For D-glucose,
non-competitive substrate inhibition was observed with a Kwu (glucose) of 2.30 *
0.58 mM, a Ki (glucose) of 10.63 + 2.21 mM, and a Vmax of 17.06 £ 2.22 U mg-.

Substrate inhibition has not been reported for other TreTs[®®. 9,

mCherry-TuTreT was incubated for two hours at 60, 70, 80, and 90°C and
residual enzyme activities are shown in Figure 8a. Residual protein activities were
found to correlate with the residual absorbance from mCherry. The initial rate of the
enzyme increased exponentially with temperature according to the Arrhenius
equation, showing the highest activity at 80 °C (Fig. 8b) and a AG# = 92.7 kJ mol?,

was determined from the Arrhenius plot (Fig. 8c).
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Figure 8. In a) the thermostability of mCherry TuTreT after 2h incubation at 60, 70, 80, and
90 °C is shown in a) (1.0 mg mL* mCherry TuTreT, 50 mM HEPES, pH = 7.0). In b) the
initial activity of mCherry TuTreT depending on temperature, showing deactivation after
80°C, where c) shows the Arrhenius plot of the initial enzyme activity from 50 to 80 °C.
Reaction condition: HEPES (50 mM, pH 7.0), MgCl2 (20 mM), UDP-glucose (40 mM),
glucose (10 mM), and temperatures between 50 °C to 95 °C.

3.2.6 The effect of pH, cations, and anions on the activity of mCherry-TuTreT

The fusion protein mCherry-TuTreT showed a broad pH stability over a pH
range from 5 — 9 (Fig. 9a). The optimal pH was found at pH 6.0, which is similar to

the pH optimum of a trehalose transferase from Thermococcus litoralis®1. Divalent
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cations could potentially form chelates with the phosphate group of the sugar donor
substrate and thereby influence the substrate binding and enzyme activity. A wide
range of metal salts were explored to account for potential chaotropic and
kosmotropic effects of the counter anions. As can be seen in Figure 9b, the
addition of sodium chloride slightly inhibited the enzyme, while sodium sulphate did
not. The enzyme activity was found to increase with the addition of metal chloride
salts in the following order: Mg?+ ~ Ni2* < Co?* < CaZ* < Mn2*, while addition of Zn2*
resulted in the complete inhibition of the enzyme. A similar behavior was reported
for a trehalose transferase from Thermococus literoralis, where zinc(ll) chloride
completely inhibited the enzymel®1. No difference in enzyme activity was observed
when magnesium chloride was substituted with magnesium sulphate. Surprisingly,
the strong chaotrope guanidine hydrochloride similarly increased the enzyme
activity as magnesium(ll).
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Figure 9. The enzyme activity of mCherry TuTreT using a multi-component buffer shows a
broad pH distribution in a). The effect of different cations and anions (20 mM) on enzyme
activity is shown in b). Enzyme saturation kinetics of the three best metals were investigated
in c). Reaction conditions: HEPES (50 mM, pH 7.0) or the multicomponent buffer, MgCl2
(20 mM) for 20 mM of additive, UDP-glucose (40 mM), glucose (10 mM), 60°C.

To delineate the different effects of Mg(ll), Ca(ll), Mn(ll) on the Kg and Vsat
the protein stability of the mCherry TuTreT metal complex was investigated. The
observed protein melting temperatures Tm for Mn(ll), Ca(ll), and Mg(ll) were 75 °C,

82 °C, and 82°C, respectively, indicating that chaotropic divalent cations reduce
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the enzyme conformational stability. Moreover, the melting pattern showed faster
denaturation of mCherry TuTreT for Ca(ll) in comparison with Mg(ll) despite a

similar Tm. This indicates, that calcium destabilizes the protein to a higher degree.

3.2.7 Reaction equilibrium of trehalose transferase catalyzed reactions is

dependent on the nature of the nucleotides and nucleotide carbohydrates

Like any other catalyst, enzymes enhance the rate of reaction towards the
thermodynamic equilibrium. However, it has been suggested that TtTreT only
catalyses the forward reaction in the synthesis direction when using UDP and
UDP-glucosel®®, while the trehalose transferase from Pyrococcus horikoshii has
been shown to catalyze the reaction reversibly using a wide range of nucleotide
diphosphates (Fig. 10)[®el.

OH

OH OH Hﬂoﬁ% Trehalose
o} o OH
L o+ R 0
ONDP HO OH

Glucose NDP-glucose OH

Figure 10. The overall reaction of a,a-(1—1) coupling of a-D-glucose and NDP-D-glucose to
synthesise trehalose and nucleotide diphosphate (NDP), which is either adenosine- (ADP)

or uridine diphosphate (UDP).

Overall, the thermodynamic equilibrium for the enzyme catalyzed synthesis
of trehalose from glucose and a nucleotide sugar lies in favor of the product
trehalose for both UDP and ADP as nucleotides, its exact position still depends on
the respective nucleotide sugar utilized. The synthesis of trehalose using an
excess of UDP- or ADP-glucose and glucose with mCherry TuTreT, leads to
guantitative conversion of glucose, while the reverse reaction of trehalose with
UDP or ADP leads to the formation of glucose and UDP- or ADP-glucose.
According to HPLC analysis, a low specific activity for ADP (98 mU mg) vs. UDP

(290 mU mg?) was observed and a Keq of 157 for UDP and 30 for ADP was
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determined experimentally. Analyzing previously reported data, reactions with TreT
from Pyrococcus horikoshii were found to establish equilibrium concentrations with
a Keq of ~230 for UDP and ~29 for ADPI®¢l, Hence, it was shown for different TreT
enzymes that they catalyze both the forward and reverse reaction, and that the
final conversions depend on the utilized nucleotide sugar, where product formation

is more favored when UDP is used over ADP.

Overall, the thermodynamic equilibrium Keq for the synthesis of trehalose
and UDP from glucose and UDP-glucose also depends on the pH, metal ion
composition, and ionic strength. Although chelation of divalent cations with the
phosphate moiety of the nucleotide is not included in the estimation of Gibbs free
energies of formation, the equilibrium constants Keq for the formation of trehalose
from glucose using uridine or adenosine diphosphate glucose at varying pH values
could be estimated with the thermodynamic calculator eQuilibrator 2.0
(supplementary information)2’l. Equilibrium constants of 23 were calculated for
ADP and 225 for UDP, which reasonably matched the values that were observed
experimentally (Keq = 30 and 157, respectively). Based on this, our calculations
predict a shift of the equilibrium constant towards the starting materials under
increasingly acidic conditions due to the protonation of uridine diphosphate (pKa
5.5 — 6.5 [28]) (Fig. 11). A similar pH dependence has been reported for UDP-
dependent sucrose synthasel289. The application of eQuilibrator 2.0 to determine
thermodynamic equilibria has successfully been implemented with sucrose

synthase by othersf?8bl,
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Figure 11. The influence of pH on the thermodynamic equilibrium of the coupling of glucose
and UDP- or ADP-glucose to trehalose and UDP or ADP was calculated by eQuilibrator 2.0
(http://equilibrator.weizmann.ac.il/).

All the trehalose transferases investigated here, each having a different
isoelectric point, did not show an increased solubility, resulting in the formation of
inclusion bodies in vivo and aggregation of soluble protein in vitro. While our results
clearly showed an increase in protein solubility and stability through the fusion of
TuTreT with mCherry, the exact mechanism behind these observations remains
elusive. mCherry might function as a molecular chaperone by stabilizing
aggregation-prone folding intermediates, which previously has also been
suggested for the maltose binding proteinl?9l. Furthermore, self-oligomerization of
correctly folded TreT might be reduced due to the increased size of the fusion
protein. While other solubility tags potentially could have achieved similar
resultsf®, the use of mCherry as a thermostable, fluorescent protein tag allowed
rapid spectrophotometric protein quantification and exhibited excellent reaction

compatibility with a thermostable enzyme.

The biochemical characterization of mCherry TuTreT showed non-
competitive substrate inhibition for glucose, which was not reported earlier for other
trehalose transferases. A structural explanation for non-competitive inhibition would
be the binding of sugar acceptor in the binding site for the nucleotide sugar donor.

A comparison with untagged TuTreT was not possible due to its aggregational
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behavior and therefore we cannot exclude an effect of the mCherry fusion on the
kinetic properties of TreT. Due to the length of the linker and the distance of
mCherry to the active site of TuTreT it is not likely that the kinetic parameters
would be drastically different. The observed rate enhancement in the presence of
chloride salts of guanidine, Mg(ll), Ca(ll), and Mn(ll) could be explained by either (i)
a decrease of enzyme rigidity by chaotropic agents; (ii) complexation of the metal
with the diphosphate-group of UDP and/or UDP-glucose; or a combination of both.
Considering the observation, that guanidinium hydrochloride similarly increased the
enzyme activity, this study suggests that enzyme rigidity is a controlling factor in
mCherry TuTreT and that chaotropic agents can increase the enzyme flexibility and
thereby the activity. This is not surprising, since meso- and thermophilic proteins
have been shown earlier to demonstrate a catalytic enhancement by the addition of
chaotropic agents leading to a decrease to the intrinsic high conformational
rigidities of thermostable proteinsi3. Indeed, a conformational change of ca 4A has
been observed between the sugar donor and acceptor binding domains, for the
protein crystal structure of TreT from Pyrococcus horikoshii (PDB: 2X6Q), which
closes upon substrate binding (PDB: 2XMP) highlighting the importance of
conformational flexibility!®d. Moreover, conformational flexibility upon substrate
binding has also been observed for trehalose phosphate synthase (OtsA) from E.
coli K128, glycogen synthasel®® and a-fucosyltransferase V4. Assuming that
enzyme mobility is rate-limiting, chaotropic reagents plausibly explain increased
TreT activity. On the other side, Zn(ll) completely inhibited the activity of mCherry
TuTreT and TreT from Thermococcocus litoralis®l emphasizing the effect that
complexation of metals with the diphosphate moiety of the nucleotide sugar donor

can have.

3.3 Conclusion

To conclude, the fusion of mCherry to TuTreT showed that an intrinsically
aggregation-prone protein could be stabilized in solution and offered a tool to

monitor protein solubility by UV-VIS spectroscopy. This allowed for the biochemical
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characterization of mCherry TuTreT at elevated temperatures, which showed
increased activity using manganese(ll) and the chaotropic reagent guanidine
hydrochloride. Furthermore, our results highlight that the equilibrium constant for
the synthesis or hydrolysis of trehalose is determined by the composition of the
reaction mixture, where the utilization of different nucleotides and pH values can
substantially shift the equilibrium. Trehalose transferases are therefore not
unidirectional, and the use of a specific nucleotide or nucleotide sugar determines
the overall conversion. The production and biochemical characterization of the
stable mCherry TuTreT fusion protein addressed one of the major problems of
archaeal glycosyltransferases and is therefore of particular relevance for the
industrial production of novel disaccharides and nucleotide carbohydrates, gaining
insight in the optimal process conditions and thermodynamic limitations when using

trehalose transferases.

3.4 Materials and methods
3.4.1 Chemicals

Uridine 5’-diphosphate disodium salt (Carbosynth, 98%), b-glucose (Sigma-Aldrich,
99.5%), HEPES (Sigma-Aldrich, >99.5%,), MgCl. hexahydrate (VWR, >99.5%,),
CaCl; dihydrate (Sigma-Aldrich, >99.0%), NiCl. hexahydrate (99.9%), guanidine
hydrochloride (>99.5%, Sigma-Aldrich), sodium deoxycholate (>98%, Sigma-
Aldrich), sodium sulphate (Sigma-Aldrich, >99.0%), zinc chloride (Sigma-Aldrich,
>98%), magnesium sulphate heptahydrate (Sigma-Aldrich, 99%)), cobalt chloride
hexahydrate (Sigma-Aldrich, >98%), glycerol (99.5%, Sigma-Aldrich), rubidium
chloride (Sigma-Aldrich, > 99%), potassium acetate (Acros, >99%), sulphuric acid
(Acros, 98%), agarose (Sigma-Aldrich, >99%), ampicillin (Sigma-Aldrich),
Tris(hydroxymethyl)aminomethane (Tris, 99%, Sigma-Aldrich), glycine (Sigma-
Aldrich, >99%), pyridine (Sigma-Aldrich, >99%), sodium chloride (J.T. Baker,
99.5%), Bis-Tris (Sigma-Aldrich, >99%), acetonitrile (Sigma-Aldrich, >99.5%),
uridine 5’-diphosphate disodium salt (Sigma-Aldrich, >96%), adenosine 5’-
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diphosphate disodium salt (Sigma-Aldrich, bacterial, >95%), adenosine 5'-

diphosphoglucose disodium salt (Sigma-Aldrich, >93%).

3.4.2 Materials

The QIAprep Miniprep kit was purchased from Qiagen. The high-fidelity restriction
endonucleases Kpnl HF, Sacl HF, BamHI HF, Ncol HF were used with a tandard
protocol using 10x CutSmart buffer (New England Biolabs). Purification of plasmids
from agarose gel was performed with the Monarch DNA gel extraction kit (New
England Biolabs) using the standard protocol. Ligation was performed using
standard protocol with T7 DNA ligase and T7 DNA ligase reaction buffer (New
England Biolabs).

3.4.3 Analytical instruments

Chromatographic analysis of reactions was performed using a Shimadzu high-
performance liquid chromatography (HPLC) system equipped with a Imtakt Unison-
UK amino column (0.4 x 25 cm, 60 °C), an ELSD detector (Schimadzu ELSD-LTII),
UV-detector (SPD-20A), and acetonitrile:water:formic acid 80:20:0.1 as mobile
phase (1 mL min). The samples were calibrated using external calibration curve.

3.4.4 BCA assay

Protein content was determined with the BCA protein quantitation kit (Thermo
Scientific, Carlsbad, USA). Standard curves were prepared with BSA in the range
of 0.01 — 2 mg mL™" in (poly)styrene 96 wells plate. Samples were measured in
triplicates and monitored at 562 nm utilizing a microtiter plate spectrophotometer
(Synergy 2, BioTek). A protocol for the solubilisation of inclusion bodies in 2% SDS
in Tris HCI buffer (50 mM, pH 8.0) was adopted from literature (54). The negative
control containing 2% SDS in Tris HCI buffer (50 mM, pH 8.0) does not show a
background absorption with the BCA reagent buffer.
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3.4.5 SDS-PAGE

Protein samples were denatured using XT sample buffer (BioRad) supplied with XT
reducing agent (BioRad) at 95 °C for 15 minutes. Gel electrophoresis was
performed with Criterion XT 4-12% Bis-Tris precast gels (Bio-Rad) using MOPS
buffer (Bio-Rad). The gels were run at 150 V for 40 to 60 minutes and stained with
SimplyBlue SafeStain (Novex). The Precision Plus Protein Unstained Standard

(Bio-Rad) was used to determine the relative molecular mass of the protein.

3.4.6 Spectrophotometric measurements

The absorbance of mCherry-TuTreT at Aigonm-soonm Was measured utilizing a 1 cm
quartz cuvette. All measurements for the determination of the molar extinction

coefficient were performed in triplicates.

3.4.7 Growth Media

Terrific broth medium consists of 1.20% (w/w) tryptone, 2.40% (w/w) yeast extract,
53 mM K2HPO4, 16 mM KH2PO4, 4% (w/w) glycerol, and was autoclaved at 121°C
for 20 minutes. Auto-induction medium ZYM-5052 was prepared according to
literature protocols (67). LB-medium consists out of 1.00% (w/w) tryptone, 0.5%
(w/w) yeast extract, 1% NaCl, and was autoclaved at 121°C for 20 minutes. All

media was supplemented with 100 uyg mL-* ampicillin.

3.4.8 Bacterial plasmids and strains

The plasmid pBAD/His A (Invitrogen) was provided by their commercial suppliers.
The strains E. coli DH5a with the genotype F - ¢$80lacZ AM15A (lacZYA-argF)
U169 recAl endAl hsdR17(r« , mk*) gal- phoA supE44 A thi'l gyrA96 relAl, and E.
coli Topl0 with the genotype F~mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15
AlacX74 recAl araD139 A(ara leu) 7697 galU galK rpsL (StrR) endAl nupG were

ordered from New England Biolabs and Invitrogen respectively.
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3.4.9 Preparation of competent cells with rubidium chloride

Competent cells of E. coli DH5a and E. coli Topl0 were prepared with rubidium
chloride. Cells from an overnight culture were grown to OD600 of 0.5 in LB medium
and centrifuged (425 rcf, 15 minutes, 4°C). The LB-medium was decanted and the
cells were washed in 30 mL of freshly prepared ice-cold solution rubidium chloride
(100 mM), manganese(ll) chloride (10 mM), potassium acetate (3 mM), calcium
chloride (1 mM), glycerol (165 mM), followed by centrifugation at 2000 rpm (5
minutes, 4°C). The cells were resuspended in 4 mL MOPS buffer (100 mM, pH 7.0)
containing RbCI (10 mM), CaClz (5 mM), and glycerol (165 mM) and 0.1 mL was
aliquoted in ice-cold polypropylene Eppendorf tubes. The competent cells were
stored at -80°C.

3.4.10 Transformation

The synthesized, lyophilized DNA (Baseclear, Leiden) was briefly centrifuged (425
rcf, 30 seconds), and resuspended in 40 L Tris buffer (10 mM, pH 8.5) and diluted
1:10. The measured DNA concentrations measured via the ratio of A = 280/260 nm
showed a similar DNA concentration of 200 ng pLt and 20 ng pL* respectively.
The competent cells were thawed and the pUC-SP plasmids containing the
synthesized gene was added to reach a final concentration of ~8 ng pL-* and ~1.6
ng UL respectively. After 30 minutes of incubation on ice, the competent cells
were heat-treated at 42 °C for 30 seconds. To the solution 500 pL of sterile LB-
medium was added and incubated for 1h at 37°C, followed by plating on agar

plates containing the ampicillin (100 ug mL-1).

3.4.11 Cloning, and expression of TreT from in E. coli Top10

The pUC-SP vector containing the codon-optimized and synthetic TreT genes were
transformed in chemically competent E. coli DH5a strains and stored as glycerol
stocks at -80 °C. The treT gene E. coli DH5a was grown in LB-medium containing

100 pg mL? ampicillin overnight at 37 °C and the plasmid was isolated (QlAprep
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Miniprep, Qiagen). The treT containing pUC-SP and pBAD/His A plasmids were
digested with Kpnl and Ncol. The digested fragments were purified on a 1%
agarose gel after gel electrophoresis (BioRad, 120V) using the standard protocol of
the Monarch DNA gel extraction kit (New England BioLabs). After ligation with T7
ligase at 16 °C overnight using the provided protocol (New England BioLabs), the
plasmid was transformed into competent E. coli Topl0 cells and sequenced

(BaseClear, Leiden).

3.4.12 Production and purification of recombinant TreT from in E. coli Top10
pBAD/His A

(i) Preparation of cell-free extract The 5 mL inocula of E. coli Top10 pBAD/His A
containing TtTreT, TuTreT, PyTreT, N- or C-terminus His-tagged PyTreT, N-
terminus His-tagged TuTreT, and mCherry TuTreT genes were grown in LB-
medium containing 100 yg mL-t ampicillin at 37 °C overnight. To seven 2 L baffled
Erlenmeyer flask containing 400 mL TB-medium was 5 mL inoculum added (1.3%
v/v) and induced with L-arabinose to a final concentration of 0.02% (w/w) after
reaching an OD600 of 0.6 — 0.8. The cells were harvested at an OD600 after 14
hours by centrifugation (17 000 g, 15 min, 4°C) followed by resuspension of wet
cell pellet in 25 mL lysis buffer containing Tris HCI buffer (50 mM, pH 7.4),
imidazole (20 mM), lysozyme (0.5 mg mL1), DNasel (0.1 mg mL) per gram of wet
cells. After 30 minutes of incubation on ice the cells were passed through the cell
disruptor (1.35 kbar) for three consecutive rounds. The cell debris was collected via
centrifugation 12 000 rpm (Sorvall, Fiberlite F12-6x500 LEX, 10 min, 20 °C), and
the CFE was obtained via decantation.

(if) Immobilized nickel affinity chromatography The CFE was heat-treated at 60
°C for 20 minutes in a water bath. The precipitates in the CFE were removed via
centrifugation 12 000 rpm (Sorvall, Fiberlite F12-6x500 LEX, 10 min, 20 °C), and
the heat-treated CFE was obtained via decanting. The heat-treated CFE was
purified using affinity chromatography on a 1 mL Nickel Sepharose column by
charging CFE on the column for at least three consecutive rounds using a
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peristaltic pump (Bio-Rad). The column was washed with binding buffer (20 mM
Tris HCI, 500 mM NacCl, 20 mM imidazole, pH 7.4) until no protein eluted any
longer. The bound enzyme was eluted using elution buffer (20 mM Tris HCI, 500
mM NaCl, 500 mM imidazole, pH 7.4). Protein samples were concentrated in a 12
mL Amicon Ultra Centrifugal filter (Merck, 30 kDa). Elution buffer was exchanged
for HEPES (50 mM, pH 7.0) containing MgClz (20 mM) by washing three
consecutive rounds with 12 mL Amicon Ultra Centrifugal filters (Merck, 30 kDa)
analysed with SDS-PAGE and HPLC.

(iii) Purification of inclusion bodies A literature protocol was adopted (68). The
insoluble debris was homogenized in 20 mL Tris HCI buffer (50 mM, pH 8.5)
containing 1% (w/w) deoxycholic acid. The solubilized trehalose transferases were
separated from the inclusion bodies via centrifugation (20 000 g, 15 min, 20 °C)
and is referred to as a washing solution. The solubilisation and centrifugation were
repeated two times, resulting in solubilized washing solution 1, 2 and 3. Next, Tris
HCI buffer (50 mM, pH 8.5) was utilized to remove remaining DOC. The inclusion
bodies were harvested via centrifugation (20 000 g, 15 min, 20 °C) and the

solutions were analysed with SDS-PAGE for protein purity.

3.4.13 Production and purification of soluble recombinant C-His-tagged TreT
from Pyrobaculum yellowstonensis WP30 in E. coli Topl0 pBAD/His A The
protocol described above was repeated six-fold for 5 liter Erlenmeyer flasks
containing 1 L of TB media. The isolated cell-free extract was purified using a
prepacked 5 mL HisTrap FF column (GE Healthcare) and analysed with SDS-
PAGE and HPLC. Reaction conditions: D-glucose (10 mM), UDP-glucose (0 — 50
mM), HEPES (50 mM, pH 7.0), PyTreT (0.02 mg mL1), and 20 mM magnesium(ll)
chloride, 80 °C.

3.4.14 Production and purification of soluble recombinant mCherry-TuTreT in
E. coli Top1l0 pBAD/His A The cell-free extract was prepared as was described

above, containing 1 L of TB media in an Erlenmeyer flask. All of the other steps
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were sized accordingly, using a 12 mL column prepacked HisTap FF Column for
purification. As an additional purification, the protein was purified using a Superdex
200 Increase 10/300 GL column with HEPES (50 mM, pH 7.4) buffer containing
300 mM NacCl as a mobile phase. The column was calibrated with a Gel Filtration
Standard (Bio-Rad, cat. nr. 151-1901) containing a lyophilized mix of thyroglobulin,
bovine y-globulin, chicken ovalbumin, equine myoglobin, and vitamin B12 (Mw 670
— 1.35 kDa) before use. The eluate was concentrated using 12 mL Amicon Ultra
Centrifugal filter (Merck, 30 kDa) yielding 1 mg per liter of LB media. The sample
was analysed with SDS-PAGE and HPLC.

3.4.15 Quantification of D-glucose and D-trehalose with HPLC Samples during
activity assays were quenched by the addition of 50 pL of reaction solution to an
equal volume of ice-cold HPLC-grade acetonitrile and incubated at -80 °C for one
hour. The samples were centrifuged at 14000 rpm for 10 min at 4 °C. The
supernatant was collected and analysed by HPLC (column: Imtakt UK-Amino 250 x
4.6 mm, 50 °C, ELSD, 80:20 ACN:H20, 1.0 mL mint). Enzyme activity was
calculated with external standards for trehalose using the slope of at least three
different substrate concentrations. The enzyme activity was determined in
duplicates.

For D-glucose, the reaction was varied for D-glucose (0 — 35 mM), UDP-glucose
(40 mM), HEPES (50 mM, pH 7.0), mCherry TuTreT (0.02 mg mL-t), and MgCl. (20
mM). Reaction was incubated at 60 °C with gentle shaking. The data was fitted
(Gnuplot 5.2).
For the kinetic analysis of UDP-glucose, the reaction conditions were varied with D-
glucose (10 mM), UDP-glucose (0 — 50 mM), HEPES (50 mM, pH 7.0), mCherry
TuTreT (0.02 mg mL%), and 20 mM magnesium(ll) chloride. Reaction was
incubated at 60 °C with gentle shaking. The data was fitted (Gnuplot 5.2).

For the evaluation of enzyme activity and kinetic analysis different cations or
anions, the reaction conditions were varied for D-glucose (10 mM), UDP-glucose
(40 mM), HEPES (50 mM, pH 7.0), mCherry TuTreT (0.02 mg mL™1), and either
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guanidine hydrochloride (20 mM), sodium sulphate (20 mM), sodium chloride (20
mM), manganese(ll) chloride (0 — 140 mM), calcium(ll) chloride (0 — 140 mM),
cobalt(ll) chloride (20 mM), nickel(ll) chloride (20 mM), magnesium(ll) sulphate (20
mM), magnesium(ll) chloride (0 — 140 mM), and zinc(ll) chloride (20 mM). Reaction
was incubated at 60 °C with gentle shaking. The data was fitted (Gnuplot 5.2).
The effect of pH was evaluated using a multicomponent buffer containing D-
glucose (10 mM), UDP-glucose (40 mM), mCherry TuTreT (0.02 mg mL™1), pyridine
(15 mM), Bis-Tris (15 mM), HEPES (15 mM), glycine (15 mM), MgClz (20 mM),
NaCl (150 mM). Reaction was incubated at 60 °C with gentle shaking. The enzyme
activity was determined in duplicates.

The reaction temperature was varied between 50 - 95 °C with gentle shaking for D-
glucose (10 mM), UDP-glucose (40 mM), HEPES (50 mM, pH 7.0), mCherry
TuTreT (0.02 mg mL1), and MgClz (20 mM). The enzyme activity was determined

in duplicates.

To assess the stability of mCherry TuTreT a 1 mL stock solution containing 1.0 mg
mL* was incubated between 50 — 80 °C and the absorbance (587 nm) was
measured in a 1 cm polyacrylate cuvette. The enzyme activity was measured with
D-glucose (10 mM), UDP-glucose (40 mM), HEPES (50 mM, pH 7.0), mCherry
TuTreT (0.02 mg mL?), and MgCl2 (20 mM), 60 °C. The enzyme activity was

determined in duplicates using HPLC analysis.

3.4.16 Thermal shift assays The melting temperature in different solution
conditions containing Mn(ll), Ca(ll), or Mg(ll) were determined by using the thermal
shift assay (or differential scanning fluorimetry (DSF)). Briefly, the mCherry TuTreT
was diluted in HEPES buffer (50 mM, pH 7.0) containing 20 mM of divalent cation,
300 mM of NaCl, and SYPRO Orange solution (Thermofischer Scientific, S-6651).
The microplate was sealed with an adhesive optical clear seal (MicroAmp Optical
Adhesive Film), centrifuged at 4 °C for 30 s, and heated from 5 to 95°C, with
increments of 1 °C/min, using an RT-PCR instrument (StepOnePlus Real-Time

PCR System, Applied Biosystems). Fluorescence in each well was followed by
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applying excitation and emission wavelengths of 485 nm and 530 nm, respectively.
The melting temperature (Tm) corresponds to the temperature where the protein is
50% unfolded.

3.4.17 Determination of thermodynamic equilibrium of the trehalose
transferase reaction using mCherry TuTreT Reaction equilibria was determined
via the addition of enzyme. For the forward reaction D-glucose (10 mM), UDP- or
ADP-glucose (40 mM), HEPES (50 mM, pH 7.0), mCherry-TuTreT (1.0 mg mL™1),
and MgClz2 (20 mM) were evaluated monitoring the production of trehalose. For the
reverse reaction, D-trehalose (10 mM), UDP or ADP (40 mM), HEPES (50 mM, pH
7.0), mCherry-TuTreT (1.0 mg mLY), and MgClz (20 mM) were utilised following the
production of D-glucose. The enzyme activity was determined in duplicates using
HPLC analysis. The thermodynamic equilibrium was determined from the last three

datapoints.
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3.5 Sequences

Trehalose transferase from Pyrobaculum yellowstonesis WP30

Non-codon-optimized gene (GenBank: CP012158.1)

ATGATCGAGCGGTATATTCAGTTCGTGGGGGAGGACGAGGTAGACGCCATCGTCAAGTTGGCGGAGCGGCTACAAGACCTCTCCATA
CTTCACGTCAACTCCACCGCGGCGGGGGGCGGCGTGGCTGAGATCCTCAACCGCCTAGTTCCGCTCATGCGGGAGCTGGGCCTCAGG
GTGGACTGGAGGGTGATCAGAGGCGACCAGGAGTTCTTCACAGTGACGAAGACCTTCCACAACGCCCTGCAGGTCGGCGCCGTGGAG
GTGCCTAGACGCTTCTACGAAATATACGAGAGGTGGCAGGAGATAAACGCCAACGAGCTAGACCTCGACTACGACGTGGTCTTCATC
CACGACCCCCAGCCTGCCGGCCTTGTGAAGTACAGAAAAAGAGGGCTTTGGATCTGGCGTTGCCACATCGACGTCTCCACGCCGAAT
CCAGAGGTGTGGGGCTTCCTCCGGAGGTACGTGTCGCAGTACGACGCCGCCATCTTCCACATACCGGAGTTCGCCCGAGACGACCTC
GAAATACCGCAGTTGCTCATCCCGCCGTCTATAGACCCCCTGAGCCCTAAAAACGTGGAGCTACCCCCCACGGCGGTGGAGCGGGTG
GTGCAGAAATTCGACGTAGACCCAGAGCGGCCCATTCTTCTGCAAGTGTCGCGGTTCGACAGAGCTAAGGACCCCCTGGGCGTCGTG
GAGGCGTACCGACTCGCCAGACGACGCGTGCCTGGCCTCCAGCTGGTGTACCTCGGTAGCCCCGCCCACGATGACCCGGAGGGCGAG
GCCGTGTACAGAGAGACCGTAGAGGCGGCGGGCGGCGACCCCGACATACACCTGCTCATGCTCCCGCCCGACAGCCACTACGAGGTA
AACGCCTTCCAACGCGCCGCCACAGTCGTCATGCAGAAGTCCATAAGAGAAGGCTTCGGCCTCACCGTCAGCGAAGCCCTTTGGAAG
AAGAGGCCAGTGATAGGCGGCAAGACGGGCGGCATAAAGATCCAGGTGATACACGGCGTCACTGGCTTCCTCGCCACCTCGCCGAGA
ACCGCGGCCCACTACGCCGTATATCTGCTCAGAGAGAAAAGATTAAGGGAAGAAATGGGCGCCGCAGGCAGAGAACACGTCAGACGC
AACTTCCTCATCACACATCAACTACGCAGATACTTAATGGCCATAGCGTACGTGGCTAAGAGAGCGATGTGGAGTGACTGA

Codon-optimized synthetic DNA sequence

ccatggGCATGATTGAACGTTACATCCAGTTCGTTGGTGAAGATGAAGTTGATGCTATTGTGAAACTGGCGGAACGTCTGCAGGATC
TGTCTATCCTGCACGTTAACAGCACCGCTGCGGGCGGTGGTGTTGCTGAAATTCTGAACCGCCTGGTTCCGCTGATGCGTGAACTGG
GTCTGCGTGTTGATTGGCGTGTTATTCGCGGTGATCAGGAATTCTTTACCGTGACCAAAACCTTTCATAATGCCCTGCAAGTGGGCG
CCGTGGAAGTTCCGCGCCGCTTCTATGAAATTTACGAACGCTGGCAAGAAATCAACGCGAACGAACTGGACCTGGACTATGATGTTG
TTTTCATCCACGATCCGCAGCCGGCGGGCCTGGTCAAATACCGTAAACGTGGTCTGTGGATTTGGCGCTGCCATATCGATGTGTCTA
CCCCGAACCCGGAAGTGTGGGGCTTCCTGCGTCGTTACGTTAGCCAGTACGATGCTGCGATTTTCCACATTCCAGAATTCGCGCGTG
ACGACCTGGAAATTCCGCAGCTGCTGATTCCGCCGTCCATCGATCCGCTGTCCCCGAAGAACGTTGAACTGCCGCCGACCGCGGTTG
AACGCGTGGTGCAAAAATTCGATGTCGACCCGGAAAGACCGATCCTGCTGCAGGTCTCGCGCTTCGATCGTGCGAAAGATCCGCTGG
GCGTTGTCGAGGCGTACCGTCTGGCGCGTCGTCGCGTTCCGGGTCTGCAGCTGGTTTATCTGGGCTCTCCGGCGCACGACGATCCGG
AAGGCGAAGCGGTTTATCGTGAGACGGTAGAAGCAGCGGGCGGTGATCCGGATATTCACCTGCTGATGCTGCCGCCGGACTCTCACT
ACGAAGTGAACGCGTTCCAGCGTGCTGCGACCGTTGTTATGCAGAAAAGCATCCGTGAAGGTTTTGGTCTGACCGTTAGCGAAGCGC
TGTGGAAAAAACGTCCGGTTATTGGCGGCAAAACCGGTGGTATCAAAATCCAGGTGATCCACGGCGTGACCGGCTTCCTGGCTACCA
GCCCGCGCACCGCGGCGCACTACGCGGTTTACCTGCTGCGTGAAAAACGTCTGCGTGAAGAAATGGGCGCGGCGGGCCGTGAACACG
TTCGTCGCAACTTCCTGATCACCCACCAGCTGCGTCGTTACCTGATGGCCATCGCGTACGTTGCGAAACGTGCGATGTGGAGCGATT
AATAAggtacc

Protein sequence

MGMIERYIQFVGEDEVDAIVKLAERLODLSILHVNSTAAGGGVAEILNRLVPLMRELGLRVDWRVIRGDQEFFTVTKTFHNALQVGA
VEVPRRFYEIYERWQEINANELDLDYDVVFIHDPQPAGLVKYRKRGLWIWRCHIDVSTPNPEVWGFLRRYVSQYDAAIFHIPEFARD
DLEIPQLLIPPSIDPLSPKNVELPPTAVERVVQKFDVDPERPILLQVSRFDRAKDPLGVVEAYRLARRRVPGLQLVYLGSPAHDDPE
GEAVYRETVEAAGGDPDIHLLMLPPDSHYEVNAFQRAATVVMQOKSIREGFGLTVSEALWKKRPVIGGKTGGIKIQVIHGVTGFLATS
PRTAAHYAVYLLREKRLREEMGAAGREHVRRNFLITHQLRRYLMATIAYVAKRAMWSD* *

Protparam(3)

Number of amino acids: 405

Molecular weight: 46229.21

Theoretical pl: 6.66

Ext. coefficient 60850 (Mt cm, 280 nm, measured in water).

Abs 0.1% (=1 g/l) 1.316, assuming all pairs of Cys residues form cysteines
The instability index (I)  52.27 (unstable).

Aliphatic index: 98.67

GRAVY: -0.208
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Trehalose transferase DNA sequence from Thermoproteus tenax Kra 1

Non-codon optimized DNA sequence (GenBank: FN869859.1)
CTAGGGAGCCGAATGCCGCCCCGTTAAATAGAGGATCGTCATGAGGTAGCGCCTGAGCTGTTGAGTTATCAAGAAGTTGCGCCTCAC
GTGCTCTCTGCCTGCGGCGCCCATCTCCCTCCTCAGTCTCTTGTTCTTCAGCAGGTAGACAATATAGTGGGCCGCCGCCTTGGGGGA
GTCCACGAGGAAGCCAGTGACTCCGTGTATCACTTGGATTCTGATGCCTCCAGTGTTGCCTCCTATGACCGGCCTCCTCTTCCACAG
AGCCTCGCTGACAGTGAGCCCGAACCCCTCTCTTATCGACTTCTGTAAAACTACGGCGGCGGCCCTCTGGAAGGCGTTGACCTCTAT
GTGGCTGTTGGGCGGCAACATCAACAAGTGTATGTCTTTATCGTCTCCGGCCGCCCTAAGGGCCTCTCTATAGACTTCCTCCCCCTC
TGGGTCGTCCGAGGCGGGGCTGCCTAGGTAGACCAGCTGTACGTCTACATGCCGGCGGGCCAACTTGTAGGCCTCAATGACTCCAAC
AGGGTCCTTCGCTCTATCGAACCGAGATACTTGGAGCACTATAGGGCGCTCTGGATCAACGCCGTATTTCCTCACTATTCTGTCCAC
AGTGGCTCTGGGCAGAGGCACGTTCTTGGGGCTCAGAGGGTCTATCGAGGGCGGTATAGATATCTGGGGCACATCTAGATCGTCTCT
GGCAAACTCTGGTATCGAGACTATTACTCCATCGTAGGCCGATATATACCTCTTGAGGAAGGCCCAGACCTCGGGGTGGGGGTTGCT
GATGTCGATATGGCATCGCCAGATCCAGACCCCCCTCCTTTTATATCTAATGAGGCCAGCTGGCTGCGGATCGTGTATGAACACTAC
GTCGTAGTCCAGAGGGATCTCGCCGGCGTTGATCTCCTGCCATCTGTCGTATATCTCGAAGTACTCCCTGGGTATCGAGCCGGCGCC
TGTCTGAAGCGCGTTGTGAAACGACTTGGTGACTCTGAAGAACTCCTCGTTCCCCCTTATCACTTTCCACTCTACGTTGAGCCCCAG
CTCCCTCATCAGAGGGATCAATCTGTGGAGTATCTCGGCGACTCCGCCGCCGGCCGCCGTAGAGTTGATGTGTAGGATCGACAGATC
CCTCAGCCTTTCGGCGTATTTAAATATGGCGTTCAGCTCATGCTCGCCTATAAATTCGACGTAACGCTCTATCAT

Codon-optimized synthetic DNA sequence
ccatggGCATGATTGAACGTTACGTTGAATTCATCGGTGAACATGAACTGAACGCCATTTTTAAGTATGCTGAGCGTCTGCGCGATC
TGTCCATCCTGCACATTAATTCCACCGCCGCAGGTGGAGGCGTTGCGGAAATCCTGCATCGTCTGATTCCGCTGATGCGCGAACTGG
GCCTGAACGTAGAATGGAAAGTGATTCGTGGTAACGAGGAGTTTTTCCGCGTGACTAAAAGCTTCCACAATGCACTGCAGACCGGTG
CCGGCTCCATCCCACGTGAATACTTCGAAATCTATGACCGTTGGCAGGAAATCAACGCGGGTGAAATCCCACTGGATTACGATGTTG
TTTTCATTCATGACCCGCAACCGGCGGGCCTGATCCGTTATAAACGTCGTGGTGTGTGGATCTGGCGTTGCCACATCGATATCAGCA
ATCCGCACCCGGAAGTGTGGGCTTTCCTGAAACGTTACATCAGCGCGTACGATGGTGTGATCGTTTCTATTCCGGAATTCGCTCGTG
ATGATCTGGATGTTCCGCAGATTTCTATCCCGCCGAGCATCGATCCGCTGTCCCCGAAAAACGTGCCGCTGCCGCGTGCGACCGTTG
ATCGTATCGTTCGCAAATACGGCGTTGATCCGGAACGTCCGATCGTTCTGCAGGTTTCTCGCTTCGATCGTGCGAAAGACCCGGTTG
GCGTTATCGAAGCGTACAAACTGGCTCGTCGCCACGTGGATGTTCAGCTGGTGTACCTGGGCAGCCCGGCGTCTGATGACCCGGAAG
GCGAAGAAGTTTATCGTGAAGCGCTGCGCGCGGCGGGCGATGATAAAGATATCCATCTGCTGATGCTGCCGCCGAACTCTCACATCG
AAGTGAACGCGTTCCAGCGTGCGGCAGCGGTGGTGCTGCAGAAAAGCATTCGTGAAGGTTTCGGCCTGACCGTTTCTGAAGCGCTGT
GGAAACGCCGTCCGGTGATCGGCGGCAACACCGGCGGTATCCGTATCCAGGTTATCCACGGCGTTACCGGTTTCCTGGTTGATAGCC
CGAAAGCTGCTGCGCACTACATCGTTTACCTGCTGAAAAACAAACGTCTGCGTCGTGAAATGGGTGCGGCGGGCCGTGAACACGTTC
GTCGTAACTTCCTGATCACCCAGCAGCTGCGCCGTTACCTGATGACCATCCTGTACCTGACCGGTCGTCACTCTGCGCCGTAATAAG
gtacc

Protein sequence
MGMIERYVEFIGEHELNAIFKYAERLRDLSILHINSTAAGGGVAEILHRLIPLMRELGLNVEWKVIRGNEEFFRVTKSFHNALQTGA
GSIPREYFEIYDRWQEINAGEIPLDYDVVFIHDPQPAGLIRYKRRGVWIWRCHIDISNPHPEVWAFLKRYISAYDGVIVSIPEFARD
DLDVPQISIPPSIDPLSPKNVPLPRATVDRIVRKYGVDPERPIVLQVSRFDRAKDPVGVIEAYKLARRHVDVQLVYLGSPASDDPEG
EEVYREALRAAGDDKDIHLLMLPPNSHIEVNAFQRAAAVVLOKSIREGFGLTVSEALWKRRPVIGGNTGGIRIQVIHGVTGFLVDSP
KAAAHYIVYLLKNKRLRREMGAAGREHVRRNFLITQQLRRYLMTILYLTGRHSAP**

Protparam (3)
Number of amino acids: 403

Molecular weight: 45923.94

Theoretical pl: 9.09

Ext. coefficient 56840 (Mt cm™, 280 nm, measured in water).

Abs 0.1% (=1 g/l) 1.238, assuming all pairs of Cys residues form cysteines
The instability index (I)  50.60 (unstable).

Aliphatic index: 101.84

GRAVY: -0.206
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Trehalose transferase DNA sequence from Thermoproteus uzoniensis 768-20

Non-codon optimized DNA sequence (GenBank: CP002590.1)
ATGATCGAGCGCTACGTCGAGTTCGTAGGGGAGCACGAGATAGACGCCATATTCAAATACGCCGAGAAGTTGAAGGACCTCTCCATA
CTGCACGTGAACTCGACGGCTGCCGGCGGCGGCGTCGCCGAGATACTGCACAGGCTGGTGCCTCTGATGAGGGAGCTGGGGCTCAAC
GCCGAGTGGAAAGTGATACGGGGGAGCCAAGACTTCTTCACCGTCACTAAGTCCTTCCACAACGCCCTCCAGACGGGGAAGGGCGAG
ATACCCGACGAGTACTTCAAGATATACGACGAGTGGCAGGAAATAAACGCCGGCGAGATACCGCTGGACTACGACGTCGTCTTCATA
CACGACCCCCAGCCCGCCGGCTTGGTCAAGTACAGGAAGAAGGGGACGTGGATATGGCGTTGCCACATAGACATAAGCAATCCACAC
CCCAAGGTCTGGGGCTTCCTGCGGGGCTACATATCCAAGTACGACGGCATGATAGTGTCCATACCCGAGTTCGCCAGAGACGACCTG
GACATCCCCCAGATAGCGATCCCGCCGTCTATAGACCCACTGAGCCCTAAGAACATGCCTCTGCCCCAGACGACCGTGGACAGAATA
GTCGACAAGTTCGGCGTGGATAGGGAGAGGCCCATAATTCTGCAGGTCTCCAGATACGACAGGGCCAAAGACCCCGTAGGCGTCATA
GAGTCCTTCAGGCTGGCGAAGCGCCACGTGCCCGACGCCCAGCTGGTCTACCTCGGGAGCCCCGCCACCGACGACCCGGAGGGCGAG
GTGGTCTACCGCGAGACTGTCGAGGCGGCTCGCGGCGAGAAGGACGTGCACCTCCTCATGTTGCCCCCCAACAGCCACGTGGAGGTT
AACGCGTTCCAGAGGGCGGCCACCGTGGTGATGCAGAAGTCTATAAAGGAGGGCTTCGGCCTCACGGTCAGCGAGGCTCTCTGGAAG
CGCAAGCCCGTCATAGGCGGCAACACGGGCGGCATAAGGATACAGGTGATAAACGGCGTCACGGGCTTCTTGGTGGACAGCCCCAAG
GCCGCCGCCTACTACCTCGTCTACCTCCTCAAGAACAAAAAGGTGAGGGAGGAGATGGGGGAGGCCGGCCGCGACCACGTCAGGAGG
AACTTCTTGATAACGCAACAGCTGAGGCGCTATTTAATGGCCATACTCTACCTCACCAAACGCCACGCCTCCTGA

Codon-optimized synthetic DNA sequence
ccatggAGCATCCTGCACGTTAACTCCACCGCGGCGGGTGGTGGTGTTGCGGAAATCCTGCACCGCCTGGTTCCGCTGATGCGTGAA
CTGGGTCTGAACGCTGAATGGAAAGTGATCCGTGGTAGCCAGGATTTCTTCACCGTTACCAAAAGCTTCCACAACGCGCTGCAGACC
GGTAAAGGTGAAATCCCGGATGAATATTTTAAAATCTACGACGAATGGCAGGAAATCAATGCAGGCGAAATACCGCTGGACTATGAT
GTTGTTTTCATTCACGATCCGCAGCCGGCAGGTCTGGTTAAATACCGCAAAAAAGGCACCTGGATTTGGCGTTGCCACATTGATATT
AGCAACCCGCACCCGAAAGTTTGGGGCTTCCTGCGCGGCTACATCAGCAAATATGACGGCATGATCGTTAGTATTCCGGAATTCGCA
CGTGATGATCTGGATATTCCGCAGATCGCGATCCCGCCATCTATTGACCCGCTGTCTCCGAAAAACATGCCGCTGCCGCAGACTACC
GTTGATCGTATCGTTGATAAATTCGGTGTTGATCGTGAACGTCCGATTATCCTGCAGGTTTCTCGTTACGACCGTGCGAAAGATCCC
GTTGGTGTGATTGAATCTTTCCGTCTGGCAAAACGCCATGTGCCGGATGCACAGCTGGTTTACCTGGGTTCGCCGGCGACTGATGAC
CCGGAAGGTGAAGTTGTGTATCGTGAAACCGTTGAAGCGGCTCGTGGTGAAAAAGACGTGCATCTGCTGATGCTGCCGCCGAACTCT
CACGTGGAAGTTAACGCTTTCCAGCGTGCGGCTACCGTAGTTATGCAGAAATCCATCAAAGAAGGCTTCGGTCTGACCGTGAGCGAA
GCTCTGTGGAAACGTAAACCTGTGATCGGCGGCAACACCGGTGGCATCCGTATTCAGGTAATCAACGGTGTTACCGGTTTCCTGGTT
GATTCTCCGAAAGCTGCAGCGTACTATCTGGTTTATCTGCTGAAAAACAAAAAAGTGCGTGAAGAAATGGGCGAAGCGGGCCGCGAT
CACGTTCGTCGTAACTTCCTGATCACCCAGCAGCTGCGTCGTTACCTGATGGCAATCCTGTACCTGACTAAACGTCATGCTAGCTAA
TAAggtacc

Protein sequence
MGMIERYVEFVGEHEIDAIFKYAEKLKDLSILHVNSTAAGGGVAEILHRLVPLMRELGLNAEWKVIRGSQDFFTVTKSFHNALQTGK
GEIPDEYFKIYDEWQEINAGEIPLDYDVVFIHDPQPAGLVKYRKKGTWIWRCHIDISNPHPKVWGFLRGYISKYDGMIVSIPEFARD
DLDIPQIAIPPSIDPLSPKNMPLPQTTVDRIVDKFGVDRERPITILQVSRYDRAKDPVGVIESFRLAKRHVPDAQLVYLGSPATDDPE
GEVVYRETVEAARGEKDVHLLMLPPNSHVEVNAFQRAATVVMQOKSIKEGFGLTVSEALWKRKPVIGGNTGGIRIQVINGVTGFLVDS
PKAAAYYLVYLLKNKKVREEMGEAGRDHVRRNFLITQQLRRYLMATLYLTKRHAS**

Protparam(3)

Number of amino acids: 403

Molecular weight: 45713.72

Theoretical pl: 7.81

Ext. coefficient 56840 (Mt cm™, 280 nm, measured in water).

Abs 0.1% (=1 g/l) 1.243, assuming all pairs of Cys residues form cysteines
The instability index (I)  35.25 (stable).

Aliphatic index: 95.51

GRAVY: -0.250
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C-terminal PyTreT

Codon-optimized synthetic DNA sequence
CCATGGGCATGATTGAACGTTACATCCAGTTCGTTGGTGAAGATGAAGTTGATGCTATTGTGAAACTGGCGGAACGTCTGCAGGATC
TGTCTATCCTGCACGTTAACAGCACCGCTGCGGGCGGTGGTGTTGCTGAAATTCTGAACCGCCTGGTTCCGCTGATGCGTGAACTGG
GTCTGCGTGTTGATTGGCGTGTTATTCGCGGTGATCAGGAATTCTTTACCGTGACCAAAACCTTTCATAATGCCCTGCAAGTGGGCG
CCGTGGAAGTTCCGCGCCGCTTCTATGAAATTTACGAACGCTGGCAAGAAATCAACGCGAACGAACTGGACCTGGACTATGATGTTG
TTTTCATCCACGATCCGCAGCCGGCGGGCCTGGTCAAATACCGTAAACGTGGTCTGTGGATTTGGCGCTGCCATATCGATGTGTCTA
CCCCGAACCCGGAAGTGTGGGGCTTCCTGCGTCGTTACGTTAGCCAGTACGATGCTGCGATTTTCCACATTCCAGAATTCGCGCGTG
ACGACCTGGAAATTCCGCAGCTGCTGATTCCGCCGTCCATCGATCCGCTGTCCCCGAAGAACGTTGAACTGCCGCCGACCGCGGTTG
AACGCGTGGTGCAAAAATTCGATGTCGACCCGGAAAGACCGATCCTGCTGCAGGTCTCGCGCTTCGATCGTGCGAAAGATCCGCTGG
GCGTTGTCGAGGCGTACCGTCTGGCGCGTCGTCGCGTTCCGGGTCTGCAGCTGGTTTATCTGGGCTCTCCGGCGCACGACGATCCGG
AAGGCGAAGCGGTTTATCGTGAGACGGTAGAAGCAGCGGGCGGTGATCCGGATATTCACCTGCTGATGCTGCCGCCGGACTCTCACT
ACGAAGTGAACGCGTTCCAGCGTGCTGCGACCGTTGTTATGCAGAAAAGCATCCGTGAAGGTTTTGGTCTGACCGTTAGCGAAGCGC
TGTGGAAAAAACGTCCGGTTATTGGCGGCAAAACCGGTGGTATCAAAATCCAGGTGATCCACGGCGTGACCGGCTTCCTGGCTACCA
GCCCGCGCACCGCGGCGCACTACGCGGTTTACCTGCTGCGTGAAAAACGTCTGCGTGAAGAAATGGGCGCGGCGGGCCGTGAACACG
TTCGTCGCAACTTCCTGATCACCCACCAGCTGCGTCGTTACCTGATGGCCATCGCGTACGTTGCGAAACGTGCGATGTGGAGCGATC
TGGGCCACCATCACCATCACCATTAATAAGGTACC

Protein sequence
MGMIERYIQFVGEDEVDAIVKLAERLQDLSILHVNSTAAGGGVAEILNRLVPLMRELGLRVDWRVIRGDQEFFTVTKTFHNALQVGA
VEVPRRFYEIYERWQEINANELDLDYDVVFIHDPQPAGLVKYRKRGLWIWRCHIDVSTPNPEVWGFLRRYVSQYDAATIFHIPEFARD
DLEIPQLLIPPSIDPLSPKNVELPPTAVERVVQKFDVDPERPILLQVSRFDRAKDPLGVVEAYRLARRRVPGLQLVYLGSPAHDDPE
GEAVYRETVEAAGGDPDIHLLMLPPDSHYEVNAFQRAATVVMQOKSIREGFGLTVSEALWKKRPVIGGKTGGIKIQVIHGVTGFLATS
PRTAAHYAVYLLREKRLREEMGAAGREHVRRNFLITHQLRRYLMATAYVAKRAMWSDLGHHHHHH**

Protparam(3)

Number of amino acids: 413

Molecular weight: 47222.27

Theoretical pl: 6.82

Ext. coefficient 60850 (Mt cm, 280 nm, measured in water).

Abs 0.1% (=1 g/l) 1.289, assuming all pairs of Cys residues form cysteines
The instability index (I)  51.45 (unstable).

Aliphatic index: 97.7

GRAVY: -0.242
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N-terminal PyTreT

Codon-optimized synthetic DNA sequence (digested with Sacl-HF and Kpnl-HF)
gagCctcATGATCGAACGTTACATCCAGTTCGTTGGTGAAGATGAAGTTGATGCTATTGTTAAACTGGCGGAACGTCTGCAGGACCTG
TCTATCCTGCACGTGAACAGCACTGCGGCTGGCGGTGGCGTGGCGGAAATCCTGAACCGCCTGGTTCCGCTGATGCGTGAACTGGGT
CTGCGCGTTGATTGGCGTGTTATCCGTGGTGATCAGGAATTCTTCACTGTTACCAAAACCTTCCACAACGCTCTGCAGGTTGGTGCG
GTGGAAGTGCCGCGTCGCTTCTACGAAATTTACGAACGTTGGCAGGAAATTAACGCTAACGAACTGGACCTGGATTACGATGTTGTT
TTCATCCATGATCCGCAGCCGGCGGGTCTGGTGAAATACCGCAAACGTGGCCTGTGGATCTGGCGTTGTCACATCGATGTTAGCACC
CCGAACCCGGAAGTGTGGGGTTTCCTGCGCCGCTACGTGTCTCAGTATGACGCTGCGATCTTCCACATCCCGGAATTCGCGCGTGAT
GATCTGGAAATCCCGCAGCTGCTGATCCCGCCGTCTATCGATCCGCTGAGCCCGAAAAACGTTGAACTGCCGCCGACCGCGGTTGAA
CGTGTTGTTCAGAAATTCGATGTTGATCCGGAACGTCCGATTCTGCTGCAGGTTTCTCGTTTCGATCGCGCTAAAGATCCGCTGGGC
GTTGTTGAAGCATATCGTTTAGCGCGTCGTCGTGTGCCAGGCCTGCAGTTAGTGTATTTGGGTTCCCCGGCACATGATGATCCGGAA
GGTGAAGCAGTGTATCGCGAAACCGTTGAAGCAGCTGGCGGTGATCCTGACATCCATCTGCTGATGCTGCCGCCGGATTCTCACTAT
GAAGTTAACGCTTTCCAGCGTGCAGCAACTGTTGTGATGCAGAAATCTATTCGTGAAGGCTTTGGCCTGACCGTTAGTGAAGCTCTG
TGGAAAAAACGTCCGGTTATTGGTGGCAAAACTGGTGGTATCAAAATCCAGGTTATCCACGGTGTTACCGGTTTCCTGGCGACCTCT
CCGCGTACCGCTGCGCACTACGCTGTTTATCTGCTGCGTGAAAAACGTCTGCGCGAAGAAATGGGGGCTGCGGGCCGTGAACACGTT
CGTCGTAACTTCCTGATCACCCACCAGCTGCGTCGTTACCTGATGGCAATCGCGTACGTTGCGAAACGTGCGATGTGGTCTGATTAA
TAAggtac

Protein sequence

MGGSHHHHHHGMASMTGGQQOMGRDLYDDDDKDRWGSELMIERY IQFVGEDEVDAIVKLAERLODLSILHVNSTAAGGGVAEILNRLV
PLMRELGLRVDWRVIRGDQEFFTVTKTFHNALQVGAVEVPRREFYEIYERWQEINANELDLDYDVVFIHDPQPAGLVKYRKRGLWIWR
CHIDVSTPNPEVWGFLRRYVSQYDAAIFHIPEFARDDLEIPQLLIPPSIDPLSPKNVELPPTAVERVVQKFDVDPERPILLQVSRFED
RAKDPLGVVEAYRLARRRVPGLQLVYLGSPAHDDPEGEAVYRETVEAAGGDPDIHLLMLPPDSHYEVNAFQRAATVVMQKSIREGEG
LTVSEALWKKRPVIGGKTGGIKIQVIHGVTGFLATSPRTAAHYAVYLLREKRLREEMGAAGREHVRRNFLITHQLRRYLMAIAYVAK
RAMWSD**

Protparam(3)

Number of amino acids: 441

Molecular weight: 50313.53

Theoretical pl: 6.32

Ext. coefficient 67840 (Mt cm™, 280 nm, measured in water).

Abs 0.1% (=1 g/l) 1.348, assuming all pairs of Cys residues form cysteines
The instability index (I)  51.28 (unstable).

Aliphatic index: 92.6

GRAVY: -0.318
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Fusion protein of mCherry TuTreT

Protein sequence mCherry (PDB:2H5Q)
MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDY
LKLSFPEGFKWERVMNFEDGGVVTVTQDSSLODGEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMY PEDGALKGEIKQRLKLKD
GGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYK

Codon optimized synthetic mCherry TuTreT DNA sequence
CCATGGTGTCTAAAGGTGAAGAAGATAACATGGCGATCATCAAAGAGTTCATGCGTTTCAAAGTTCACATGGAAGGTAGCGTTAACG
GTCACGAATTTGAAATCGAAGGTGAAGGTGAAGGTCGTCCGTACGAAGGTACTCAGACCGCTAAACTGAAAGTAACTAAAGGCGGCC
CGCTGCCGTTCGCGTGGGATATCCTGAGCCCGCAGTTTATGTACGGTTCTAAAGCATATGTTAAACACCCGGCGGACATCCCGGATT
ACCTGAAACTGTCCTTCCCAGAAGGCTTCAAATGGGAACGTGTGATGAACTTCGAAGATGGTGGTGTTGTTACCGTTACCCAGGATA
GCAGCCTGCAGGACGGTGAGTTCATCTATAAAGTTAAACTGCGTGGTACTAACTTCCCGTCTGATGGTCCGGTTATGCAGAAGAAAA
CTATGGGCTGGGAAGCGTCTTCTGAACGTATGTACCCGGAAGACGGCGCACTGAAAGGTGAAATCAAACAGCGTCTGAAACTGAAAG
ACGGCGGTCACTATGACGCTGAAGTTAAAACCACCTATAAAGCTAAAAAACCGGTTCAGCTGCCAGGTGCATACAACGTGAACATTA
AACTGGACATCACCTCCCACAACGAAGACTACACCATCGTTGAACAGTACGAACGTGCTGAAGGTCGCCATTCCACTGGTGGTATGG
ATGAACTGTATAAAGGTGGCTCTGGCGGCGGTGGCTCTGGTGGTATGATTGAACGTTACGTGGAATTTGTTGGTGAACACGAAATCG
ACGCAATCTTCAAATACGCGGAAAAACTGAAAGACCTGTCTATCCTGCACGTTAACTCCACCGCTGCGGGTGGTGGTGTAGCTGAAA
TCCTGCACCGTCTGGTGCCGCTGATGCGTGAACTGGGCCTGAACGCTGAATGGAAAGTAATCCGTGGTTCTCAAGATTTCTTCACTG
TAACTAAATCTTTCCATAACGCGCTGCAGACTGGTAAAGGTGAAATCCCGGACGAATACTTTAAAATCTATGATGAATGGCAGGAAA
TTAACGCGGGTGAAATCCCGCTTGATTACGACGTTGTGTTCATCCACGATCCGCAGCCGGCTGGTCTGGTTAAATACCGTAAAAAAG
GCACTTGGATCTGGCGTTGCCACATCGACATTAGCAACCCGCACCCGAAAGTCTGGGGTTTCCTGCGTGGTTACATTAGCAAATACG
ACGGCATGATCGTGTCCATCCCGGAGTTCGCTCGTGACGACCTGGACATCCCGCAGATCGCAATCCCGCCGTCCATTGATCCGCTGA
GCCCGAAAAACATGCCACTGCCGCAGACCACCGTTGATCGTATCGTTGACAAATTCGGTGTTGATCGTGAACGTCCGATCATCCTGC
AGGTTAGCCGTTATGATCGTGCTAAAGACCCGGTTGGTGTTATTGAATCCTTTCGCCTGGCTAAACGCCACGTTCCGGACGCGCAGC
TGGTTTACCTGGGCTCTCCGGCTACTGATGACCCGGAAGGTGAAGTTGTTTACCGTGAAACCGTTGAAGCGGCACGTGGTGAAAAAG
ACGTACATCTGCTGATGCTGCCGCCGAACAGCCACGTTGAAGTTAACGCTTTCCAGCGTGCGGCTACCGTTGTTATGCAGAAATCCA
TTAAAGAAGGCTTCGGCCTGACCGTTTCTGAAGCGCTGTGGAAACGTAAACCGGTGATCGGTGGTAACACCGGTGGTATCCGTATCC
AGGTTATTAACGGTGTGACCGGTTTCCTGGTTGATAGCCCGAAAGCGGCGGCTTACTACCTGGTATACCTGCTGAAAAACAAAALAAG
TTCGTGAAGAAATGGGTGAAGCAGGTCGTGACCACGTTCGTCGTAACTTCCTGATCACCCAGCAGCTGCGTCGTTACCTGATGGCAA
TCCTGTACCTGACCAAACGTCACGCGTCTGGTCACCACCACCACCATCACTAAtaaggtacc

Protein sequence
MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDY
LKLSFPEGFKWERVMNFEDGGVVTVTQDSSLODGEFIYKVKLRGTNFPSDGPVMOKKTMGWEASSERMY PEDGALKGEIKQRLKLKD
GGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYKGGSGGGGSGGMIERYVEFVGEHEID
AIFKYAEKLKDLSILHVNSTAAGGGVAEILHRLVPLMRELGLNAEWKVIRGSQDFFTVTKSFHNALQTGKGEIPDEYFKIYDEWQET
NAGEIPLDYDVVFIHDPQPAGLVKYRKKGTWIWRCHIDISNPHPKVWGFLRGYISKYDGMIVSIPEFARDDLDIPQIAIPPSIDPLS
PKNMPLPQTTVDRIVDKFGVDRERPIILQVSRYDRAKDPVGVIESFRLAKRHVPDAQLVYLGSPATDDPEGEVVYRETVEAARGEKD
VHLLMLPPNSHVEVNAFQRAATVVMQOKSIKEGFGLTVSEALWKRKPVIGGNTGGIRIQVINGVTGFLVDSPKAAAYYLVYLLKNKKV
REEMGEAGRDHVRRNFLITQQLRRYLMAILYLTKRHASGHHHHHH* *

Protparam(3)

Number of amino acids: 654

Molecular weight: 73740.12

Theoretical pl: 6.58

Ext. coefficient 91220

Abs 0.1% (=1 g/l) 1.237, assuming all pairs of Cys residues form cysteines
The instability index (I)  34.19 (stable).

Aliphatic index: 80.90

GRAVY: -0.462
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N-terminal TuTreT

Non-codon optimized DNA sequence (GenBank: CP002590.1):
ATGATCGAGCGCTACGTCGAGTTCGTAGGGGAGCACGAGATAGACGCCATATTCAAATACGCCGAGAAGTTGAAGGACCTCTCCATA
CTGCACGTGAACTCGACGGCTGCCGGCGGCGGCGTCGCCGAGATACTGCACAGGCTGGTGCCTCTGATGAGGGAGCTGGGGCTCAAC
GCCGAGTGGAAAGTGATACGGGGGAGCCAAGACTTCTTCACCGTCACTAAGTCCTTCCACAACGCCCTCCAGACGGGGAAGGGCGAG
ATACCCGACGAGTACTTCAAGATATACGACGAGTGGCAGGAAATAAACGCCGGCGAGATACCGCTGGACTACGACGTCGTCTTCATA
CACGACCCCCAGCCCGCCGGCTTGGTCAAGTACAGGAAGAAGGGGACGTGGATATGGCGTTGCCACATAGACATAAGCAATCCACAC
CCCAAGGTCTGGGGCTTCCTGCGGGGCTACATATCCAAGTACGACGGCATGATAGTGTCCATACCCGAGTTCGCCAGAGACGACCTG
GACATCCCCCAGATAGCGATCCCGCCGTCTATAGACCCACTGAGCCCTAAGAACATGCCTCTGCCCCAGACGACCGTGGACAGAATA
GTCGACAAGTTCGGCGTGGATAGGGAGAGGCCCATAATTCTGCAGGTCTCCAGATACGACAGGGCCAAAGACCCCGTAGGCGTCATA
GAGTCCTTCAGGCTGGCGAAGCGCCACGTGCCCGACGCCCAGCTGGTCTACCTCGGGAGCCCCGCCACCGACGACCCGGAGGGCGAG
GTGGTCTACCGCGAGACTGTCGAGGCGGCTCGCGGCGAGAAGGACGTGCACCTCCTCATGTTGCCCCCCAACAGCCACGTGGAGGTT
AACGCGTTCCAGAGGGCGGCCACCGTGGTGATGCAGAAGTCTATAAAGGAGGGCTTCGGCCTCACGGTCAGCGAGGCTCTCTGGAAG
CGCAAGCCCGTCATAGGCGGCAACACGGGCGGCATAAGGATACAGGTGATAAACGGCGTCACGGGCTTCTTGGTGGACAGCCCCAAG
GCCGCCGCCTACTACCTCGTCTACCTCCTCAAGAACAAAAAGGTGAGGGAGGAGATGGGGGAGGCCGGCCGCGACCACGTCAGGAGG
AACTTCTTGATAACGCAACAGCTGAGGCGCTATTTAATGGCCATACTCTACCTCACCAAACGCCACGCCTCCTGA

Codon optimized synthetic DNA sequence (Sacl (gagctc); Kpnl (ggtac)
gagctcATGATTGAACGTTACGTTGAATTTATCGGCGAACATGAACTGAACGCGATTTTTAAATACGCTGAACGTCTGCGTGATCTG
AGCATCCTGCACATTAATTCCACTGCAGCGGGTGGCGGTGTTGCTGAAATCCTGCACCGCTTAATCCCGCTGATGCGTGAACTGGGT
CTGAACGTTGAATGGAAAGTGATCCGTGGTAACGAAGAATTCTTTCGTGTTACGAAATCTTTTCATAACGCACTGCAGACCGGTGCA
GGTTCTATCCCGCGTGAATACTTCGAAATCTATGATCGTTGGCAGGAAATTAACGCGGGCGAAATCCCGCTGGACTATGATGTTGTA
TTCATTCATGATCCGCAGCCTGCGGGTCTGATTCGTTATAAACGTCGTGGCGTTTGGATTTGGCGTTGCCACATTGACATCTCCAAT
CCGCACCCGGAAGTGTGGGCATTTCTGAAACGTTACATTTCTGCATATGACGGTGTTATCGTTTCCATTCCGGAATTCGCGCGTGAT
GACCTGGATGTTCCGCAGATCAGCATCCCGCCGAGCATCGACCCGCTGAGCCCGAAAAACGTGCCGCTCCCGCGCGCTACCGTTGAC
CGTATCGTGCGTAAATACGGCGTGGATCCGGAACGTCCGATCGTTCTGCAGGTTAGCCGTTTCGATCGTGCCAAAGATCCGGTGGGT
GTTATCGAAGCGTACAAACTGGCGCGCCGTCACGTGGACGTTCAGCTGGTGTACCTGGGTTCCCCGGCGAGCGATGATCCGGAAGGT
GAAGAAGTATACCGCGAAGCTCTGCGTGCGGCGGGTGATGATAAAGATATCCACCTCCTGATGCTGCCGCCGAACTCCCACATCGAA
GTTAACGCGTTCCAGCGCGCGGCGGCGGTTGTTCTGCAGAAATCTATCCGTGAAGGCTTCGGCCTGACCGTGTCTGAAGCGCTGTGG
AAACGTCGCCCGGTTATCGGTGGTAACACCGGCGGCATCCGTATTCAGGTTATCCACGGCGTTACCGGCTTCCTGGTAGATAGCCCG
AAAGCAGCGGCGCACTACATCGTGTATCTGCTGAAAAACAAACGTCTGCGCCGTGAAATGGGCGCTGCTGGCCGTGAACACGTTCGT
CGTAACTTCCTGATCACCCAGCAGCTGCGTCGTTACCTGATGACCATCCTGTACCTGACCGGTCGTCACAGCGCGCCCTAATAAGgL
ac

Protein sequence
MGGSHHHHHHGMASMTGGQQOMGRDLYDDDDKDRWGSELMIERYVEFIGEHELNAIFKYAERLRDLSILHINSTAAGGGVAEILHRLI
PLMRELGLNVEWKVIRGNEEFFRVTKSFHNALQTGAGSIPREYFEIYDRWOQEINAGEIPLDYDVVEFIHDPQPAGLIRYKRRGVWIWR
CHIDISNPHPEVWAFLKRYISAYDGVIVSIPEFARDDLDVPQISIPPSIDPLSPKNVPLPRATVDRIVRKYGVDPERPIVLQVSRED
RAKDPVGVIEAYKLARRHVDVQLVYLGSPASDDPEGEEVYREALRAAGDDKDIHLLMLPPNSHIEVNAFQRAAAVVLQKSIREGEGL
TVSEALWKRRPVIGGNTGGIRIQVIHGVTGFLVDSPKAAAHYIVYLLKNKRLRREMGAAGREHVRRNFLITQQLRRYLMTILYLTGR
HSAP**

Protparam(3)

Number of amino acids: 403

Moleuclar weight: 50008.26

Theoretical pl: 7.92

Ext. coefficient: 63830 (Mt cm™, measured in water).

Abs 0.1% (=1 g/l) 1.276 (assuming all pairs of Cys residues from
cysteines)

The instability index(Il) 49.74 (unstable)

Aliphatic index: 95.49

GRAVY: -0.25
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“Purple haze, all in my brain

Lately things they don't seem the same
Actin' funny, but | don't know why
Excuse me while | kiss the sky”

Jimi Hendrix, “Heaven Research”, Purple Haze, 1967




4.1 Introduction

Successful application of enzymes for the production of complex food
products and chemicals depends on the recyclability of the biocatalyst and its ease
of separation.[!l Enzyme immobilization is a popular strategy for enzyme recycling
and improvement of downstream processing. Since different enzyme
immobilization procedures influence the stability, activity, and selectivity of
biocatalysts, a wide number of different methodologies have been developed.
The use of either carrier-free aggregates or carrier-attached enzymes are two of
the most common techniques of enzyme immobilization (Fig. 1).°! Catalytically
active inclusion bodies (CatlBs) have been described as new form of carrier-free
immobilizationl* which has been successful for different enzyme classesl®, such as
hydrolasesl®, oxidoreductasel”, lyasest®, and transferases!®. The simplicity of
chromatography-free production and purification of CatlBs has been attributed the
be the key to their success.®!

Carrier-free Carrier-bound
Inclusion bodies attachment

Figure 1. Schematic depiction of carrier-free CatlBs and carrier-attached attachment of
enzyme.
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To our knowledge, a direct comparison of enzymatic catalytic performance
using the same enzyme as carrier-attached or carrier-free biocatalytic formulation
has not been performed yet. One of the challenges in such a comparison is the
characterization of carrier-free CatlBs and their material properties. A high
polydispersity in size and morphology of CatiBs complicates the analysis of
diffusion limitation and the effect on catalytic activity within these particles. The
CatlBs particles contain (partially) misfolded protein(® possibly resulting in lower
catalytic activity, independent of mass transfer limitations. The use of soft CatIBs
can be disadvantageous, as continuous processes in a packed-bed plug flow
reactor setup leads to pressure drops with compressible materials. It is not
surprising that typically (fed-)batch processes have been reported with CatlBs.[
Additional formulation steps are required to engineer the mechanical properties of
CatlBs to broaden the choice of reactors.'¥ In contrast, for carrier-attached
enzymes the choice of reactor and the carriers dictate the material properties of the
immobilization matrix. Depending on the properties of the carrier, they can be used
for different reactor types. A case by case optimization of enzyme immobilization
with different attachment modes of carriers are required to guarantee optimal
enzyme stability and activity.[2?!

Despite the plethora of enzyme immobilization methodologies, including their
optimization strategies to increase their performancel!d, it remains challenging to
assess the reduction in catalytic activity of immobilized enzymes. The
immobilization procedure for attaching enzymes to carriers might affect the
stability, activity, selectivity, and can influence the apparent inhibition.!**! Therefore
well-characterized, commercial carriers were utilized in this study. The screening
conditions were kept similar according to a standard immobilization protocol.
Different binding interactions can lead to (partial) protein denaturation, and
enzymes can be distributed in homogenously within an immobilization matrix. The
use of fluorescent proteins provides insight in these aspects during enzyme
immobilization. The enzyme used in this study, trehalose transferase from
Thermoproteus uzoniensis (TuTreT), was fused to fluorescent protein mCherry.[5]
TuTreT couples a nucleotide sugar donor and sugar acceptor in a (1—1)-a,a-
glycosidic bond resulting in the formation of trehalose.'® Although TreT has been
applied for the synthesis of trehalose and its analogues[*®l, TreT has been proven
difficult to express as soluble enzyme.['5 171 The fusion of mCherry to TuTreT
resulted in increased solubility although still a large part of the expressed protein
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was in the form CatIBs.[*5! Upon denaturation of mCherry TuTreT, the chromophore
of mCherry changes color from purple to green.['8 Using the two different excitation
and emission spectra, the quantitative and qualitative assessment between native
and denatured mCherry TuTreT is possible.['s] The potential of visualizing protein
aggregation and the distribution of native and denatured protein with and without
carriers allow the evaluation of different protein immobilization procedures.

The aim of this study was to the comparison of the performance of a carrier-
attached and carrier-free biocatalytic formulation of mCherry TuTreT. The
characterization of the two biocatalytic formulations of mCherry TuTreT was
combined with essential parameters to measure the performance of each
formulation: catalytic activity, operational stability, and ease of biocatalyst
production. For the carrier-attached enzyme, twelve preexisting carriers with
mCherry TuTreT were explored with covalent, hydrophobic, or electrostatic
interactions as attachment methodology. The aim of this screening of carrier
materials was to select the immobilized enzyme with the highest catalytic activity
for further comparison. The CatIBs were extensively characterized, assessing the
quality and quantity of mCherry TuTreT and the effects of the binding interactions
to various carriers. For both immobilization techniques the fluorescent protein was
used as a probe to assess the distribution and quality of the immobilized enzyme.
The fusion of mCherry to TuTreT allowed direct spectrophotometric quantification
and visualization of the enzyme in the native and denatured state. The CatIBs
outperformed immobilized enzyme in their simplicity of biocatalyst production
resulting in high enzyme productivity, while enzyme immobilized on carrier
materials showed a higher catalytic activity and a more robust performance under
batch process conditions.

4.2 Results and discussion

To test the fluorescent protein mCherry to TuTreT as a probe the
immobilization on twelve different commercial carriers was performed. All carriers
were organic polymers with similar morphology, size, and porosity. These carrier
materials utilize different types of attachment interactions: covalent linkages using
epoxide-functionalized polymers, absorption on hydrophobic materials, and
electrostatic interactions with ionic carriers. mCherry TuTreT was produced and
purified as was described previously.’®l The progress of immobilization was
determined by visual inspection, since the intensity of purple color of the
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immobilized enzyme and supernatant is proportional to the protein content.[5]
Classification into ‘high’ (Fig. 2a) and ‘low’ (Fig. 2b) immobilization efficiency was
straightforward, and denaturation was readily identified by observing a change in
color from purple (folded mCherry) to green (denatured mCherry) (Fig. 2c). With
fluorescence microscopy three main states of immobilized TuTreT fused to
mCherry were observed: (i) uniform distribution on the surface without denaturation
(Fig. 2d); (ii) inhomogeneous distribution of native and denatured protein (Fig. 2e);
(iii) or the occurrence of fibrillar denatured protein aggregates on the surface of the
carrier (Fig. 2f).

The conventional characterization of the immobilization of enzymes on
carriers relies on accurate protein quantification on the carrier material and the
specific activity of the immobilized enzyme. Loss of specific enzyme activity upon
immobilization is often attributed to protein denaturation or diffusion limitation of the
substrate. We performed this conventional characterization together with
fluorescence microscopy using mCherry as a reporter for the enzyme. 100 mg of
enzyme carrier was added to 5.0 mg mCherry TuTreT in 1.0 mL of HEPES buffer
(50 mM, pH 7.0). Both the activity and amount of any remaining soluble enzyme
was measured before and after immobilization. mCherry TuTreT is a monomer in
solution,*®! and harbors 50 lysine residues per monomer corresponding to 0.664
mmol of free amino groups per g of protein added to the carrier.
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Figure 2. Visual inspection of the immobilisation procedure showing a high immobilisation
yield of mCherry TuTreT COV-2 (95% yield, 48 pug mg* carrier) in (a), moderate loading of
ANI-3 in (b) (49%, 19 pg mg? carrier), and denatured mCherry TuTreT on CAT-1 (c).
Fluorescence microscopy of carrier-attached mCherry TuTreT on COV-1 was
homogenously distributed over the surface and inside the particles (d), where ANI-2 shows
inhomogeneous distribution of native versus denatured enzyme (e). Aggregation of GFP-like
fibrillar mCherry TuTreT was observed on the surface of ADS-2 in (f).

The highest immobilization yields and specific activities of carrier-attached
mCherry TuTreT were found for immobilization using covalent interactions (Fig 3a).
Fluorescence microscopy showed a homogenous distribution of protein over the
surface without protein denaturation. Lower catalytic activity and lower protein
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yields were observed after immobilization using hydrophobic interactions (Fig. 3b).
Green fibrillar protein aggregates were observed on the hydrophobic surface of
these carriers, suggesting that the lower catalytic activity observed was due to
enzyme denaturation of the immobilized enzyme. This is in agreement with
previous reports of protein aggregation or adverse folding effects using
hydrophobic carriers.l?2 19 For carriers with electrostatic attachment modes, the
cationic carrier (CAT) showed complete denaturation of the protein without any
recovery of the enzyme activity after immobilization (Fig. 3). The anionic carrier
materials displayed an inhomogeneous distribution of native and denatured
enzyme on the carrier materials. ATR-FTIR, a widely used to measure the
presence of proteins on the carriers, showed the characteristic amide | and I
vibrations on the carriers, showing protein presence for all the carriers tested.[2%
Clearly the use of fluorescence microscopy showed more than just the presence of
immobilized protein, as it yielded information on the native or denatured state of the
protein and its distribution on the carrier material.

In light of the above described results, COV-1 was selected as the model
system for the carrier-attached mCherry TuTreT. The rate of immobilization on
different amounts of carrier material with a fixed amount of soluble mCherry
TuTreT (1.0 mg mL?1) was measured using spectroscopic UV-analysis. This
characterization allows the determination of the surface coverage of the spherical
particles and the immobilization process over time. Based on the ratio of amino
groups (mCherry TuTreT) to epoxide groups (COV-1), we determined the amount
of accessible epoxide groups to be consistent with a surface coverage of
approximately 40%.
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116

Immobilisation of mCherry TuTreT on a wide range of carriers using either
covalent (COV), hydrophobic (ADS), cationic (CAT), or anionic (ANI) binding modes. The
immobilisation efficiency is high except for anionic binding modes (a), as was determined by
relative decrease in protein content in solution (€ss7nm = 0.9979 mg?! mL cm). The the
specific activity is highest for covalent binding modes (b), as was determined by measuring
the activity per amount of protein on the carrier material. Reaction conditions: D-glucose
(10 mM), UDP-D-glucose (40 mm), MgClz (20 mM), HEPES (50 mM, pH 7.0).



The characterisation of carrier-free CatiBs as biocatalyst showed that
mCherry could be used effectively as a reporter for the rapid analysis of both
protein content and the state of denaturation of TuTreT. This is particular useful in
complex mixtures like inclusion bodies, since they are often contaminated with
variable guantities of E. coli cell debris (i.e. other proteins)® 21, When protein
expression in E. coli is high, the mCherry TuTreT inclusion bodies showed low
amounts of contaminating proteins.['® After separation from other cellular material,
we took advantage of the sodium dodecyl sulphate (SDS) stability of TuTreT and
inclusion bodies were solubilised using 2% wt. SDS.[*3! The solubilized protein yield
was then determined spectrophotometrically (ess7 nm = 0.9979 mg mL?1 cm?) to
correspond to 3 % wt. mCherry TuTreT in the CatlBs. Lyophilisation of the CatIBs
allowed concentration of mCherry TuTreT to 10 % wt. without loss of enzyme
activity due to denaturation. Further analysis of the lyophilized CatlBs with ATR-
FTIR showed characteristic amide I, II, Ill, and A vibrations which are typically
observed for proteins (Fig. 4a). Structural analysis with powder X-ray diffraction
(XRD) of the CatIBs revealed the presence of (poorly) crystalline cross-B sheet
interactions, with an interstrand distance of 4.7 A and intersheet distance of 10 A
(Fig. 4b-c). Similar cross B-sheet interaction distances have been reported for other
IBs.[*0 The hydrogen bonding of cross B-sheet interactions might be the major
interaction governing the protein aggregation resulting in the carrier-free CatlBs.
Fluorescence microscopy (Fig. 4d-f) revealed that mCherry TuTreT contains mostly
the native state within the CatlBs. Unfortunately, the physical size of CatlBs could
not be determined due to their polydispersity.
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Figure 4. FTIR spectra of CatIBs of mCherry TuTreT showing the distinctive amide A, I, II,
and Il vibrations (a). XRD analysis of cross- interactions of mCherry TuTreT CatIBs (b).
The stacked B-sheets with an interstrand distance of 4.7 A and intersheet distance of ~10 A
(R = amino acid residue) (c). Fluorescence microscopy of carrier-free CatlBs of mCherry
TuTreT showing the presence of denatured, GFP-like (green) and native (purple) mCherry
protein (d). The GFP-like mCherry is measured with an excitation filter 488 nm - emission
522/35 nm (e) and for native mCherry an excitation filter of 568 - 585 nm (f) was used.
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The thermostability of mCherry TuTreT in the soluble, carrier-attached (COV-
1), and carrier-free CatlBs was investigated. After 2 hours of incubation in HEPES
buffer (50 mM, pH 7.0) at 60°C, 35% of enzyme activity was lost for the carrier
attached enzyme. Minor loss of enzyme activity was observed for the soluble form
(0%) and CatIBs (5%) at 60°C. The step-wise loss of enzyme activity from 70°C
and to 80°C was similar for soluble, carrier-free, and carrier-attached mCherry
TuTreT. At 90°C, mCherry TuTreT completely denatured. This was also evident
from the loss of the purple color. We hypothesize that the large loss of activity at
60°C for the mCherry TuTreT on COV-1 is due to the presence of unreacted
epoxide groups. Upon heating at higher temperatures additional covalent linkages
to mCherry TuTreT can be formed, limiting structural mobility or causing the
enzyme to denature. Enzyme deactivation when attached to epoxy functionalized
carriers has been observed for multiple biocatalysts, where optimization of their
stability might be achieved by blocking agents or favoring multipoint covalent
attachment.??
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Figure 5. Recyclability of the immobilised mCherry TuTreT COV-1 with or without heat-
treatment (60°C), or its inclusion bodies in batch operation. The dotted grey line indicates

the maximum achievable conversion. Reaction conditions: Glucose (10 mM), UDP-
glucose (40 mM), HEPES (50 mM, pH 7.5), MgClz (20 mM), temperature 60°C.
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The recyclability of mCherry TuTreT immobilized on a carrier or CatIBs is
essential to maintain a high catalyst productivity in a batch process. The
recyclability of enzyme on COV-1 before and after a heat-treatment was compared
to CatlBs in ten consecutive cycles. Between each cycle, the biocatalyst was
washed with buffer to remove the substrate and product. In line with the
thermostability results, carrier-attached enzyme deactivated partially within the first
3 cycles at 60°C (Fig. 5). For the heat-treated carrier-attached mCherry TuTreT, a
stable performance during ten consecutive cycles was observed without leaching
of any biocatalyst. The heat-treatment showed that the thermal deactivation
happened only in the initial phase of the recycling due to the unreacted epoxide
groups on the surface of the carrier, converging after a few cycles into similar
conversion as samples that were not heat treated. The CatIBs showed no catalyst
deactivation, which is consistent with the inactivation being linked to the carrier.
The lower batch reproducibility of CatIBs arises from the difficulty to reproducibly
resuspend the CatIBs after centrifugation. The sedimentation of the CatlBs
particles typically lasted at least 5 minutes. To ensure optimal separation and no
leaching of CatlBs, the solution was centrifuged at the end of each recycling step.
This leads to differences in particle size distribution and therefore also a larger
variation in catalytic activities, making it challenging to obtain a reproducible batch
process with this procedure.

The next aspect of the comparison was the assessment of the catalytic
performance of the immobilized enzymes. Both the enzyme activity during process
conditions and the apparent kinetic parameters of the biocatalyst were
investigated. During the biocatalytic operating process, the specific space-time
yields (STY) per gram of catalyst or protein is higher for immobilized enzyme on
COV-1 than for CatIBs, indicating that the carrier-immobilized mCherry TuTreT
demonstrates superior catalytic performance. The kinetic analysis of carrier-
attached and carrier-free enzyme (table 1) gives the apparent catalytic turnover
number (Kcat, app). This was 11-fold higher for carrier-attached enzyme than for the
carrier-free CatlBs. Besides the catalytic activity, diffusion limitations due to the
inaccessibility to the active site leads to a higher dissociation constant of the
immobilized catalyst. Indeed, the apparent Kw, app and K app increased with the
same order of magnitude for CatlBs and COV-1 in comparison to the soluble
enzyme (Table 1). The catalytic performance the carrier-attached on COV-1 is
significantly better for than carrier-free CatlBs.
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Table 1. Comparing the performance of the biocatalytic formulation of carrier-attached
mCherry TuTreT to COV-1 or carrier-free CatlBs.

Name Soluble CatlBs COV-1
Batch (nr) 1 10 10
Reaction volume (mL) 1 10x1=10 10x1=10
Reaction time (min) 30 10 x 15 =150 10 x 15 =150
Temperature (°C) 60 60 60
Conversion 100 82 50
(% over nr batches)
Trehalose 0.010 0.082 0.050
(mmol of all batches)
Trehalose (mg over number of 3.42 28.1 17.11
batches)
Catalyst (mg catalyst mL™?) 0.50 40 5.30
Keat, app (™) 14 + 0.36% 0.49 + 0.10° 57+2.0°
K, app (MM) 2.3+0.58° 10.3+£3.2° 20.1 +10.0°
Ky, app (MM) 17 +2.22 17.2 £5.2° 19.8 +9.7°
STY (gLtd?Y) 164 135 82

n.a.° 3 15

STY (g Lt d) per g catalyst

STY (g L' d?) per g protein 327 130 329

[a] Ref. 1% [b] Reported Keat, apps K, appy @nd K; app are apparent kinetic parameters. [c] n.a.; not
applicable.

The simplicity of production of the immobilized enzyme is one of the key
contributors to a successful implementation in applied biocatalysis. In order to
compare the amount of product produced of carrier-free or carrier-attached
biocatalyst, the enzymatic productivity gproduct per amount of catalyst or bacterial
culture was determined. Due to the ease of protein production as insoluble CatIBs,
the enzymatic productivity expressed as Qproduct per liter of culture, is higher for
CatIBs. Besides the increased protein production in the form of insoluble CatIBs,
simple chromatography-free down-stream processing and the abolishment of
additional contaminating material (i.e. unreacted monomers of polymeric carrier
materials) is beneficial for potential pharmaceutical and food-grade applications. It
is important to note that we have presented a methodology to evaluate the
performance of one single CatlBs formulation, while the stability and enzymatic
activity of other CatlBs can vary. For instance, different stabilities and activities
have been reported when biocatalysts contained a fusion domain or peptide for
tailor-made CatIBs.[> 23
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4.3 Experimental section

4.3.1 Materials
Ampicillin (Sigma-Aldrich), bovine serum albumin (ThermoFischer), DNAse |
(bovine pancreas, Sigma-Aldrich), uridine 5’-diphosphate D-glucose disodium salt
(Carbosynth, 98%), D-glucose (Sigma-Aldrich, 99.5%), HEPES (Sigma-Aldrich,
>99.5%,), formic acid (VWR), Mg(ll)Clz hexahydrate (VWR, >99.5%),
tris(hydroxymethyl)aminomethane (Tris, 99%; Sigma-Aldrich), L-arabinose (Sigma-
Aldrich, 299%), acetonitrile (ACN) (>99.5%; Sigma-Aldrich), Immobead kit
(ChiralVision), acetone (Sigma-Aldrich).

The pH was adjusted with 0.014 ApKa/°C for HEPES buffer. Terrific broth
medium consists of 1.20% (w/w) tryptone, 2.40% (w/w) yeast extract, 53 mM
K2HPO4, 16 mM KH2PO4, 4% (w/w) glycerol, and autoclaved at 121°C for 20

minutes.

4.3.2 Analytical equipment

Samples containing mCherry TuTreT were analysed using an Axioplan 2
microscope (Zeiss, Mannheim, Germany), equipped with filter set XF108-2. Images
were obtained using a Krypton/Argon laser using excitation 488 nm - emission
522/35 nm for denatured mCherry and excitation 568 - 585 nm long pass emission
for mCherry. The projections of the individual channels were merged using the
scientific image-analysis program ImageJ?4. X-ray diffractometry (XRD)
measurements were performed on a Bruker D8 Advance X-ray diffractometer using
Co Ka radiation (1.78886 A) at 35 kV and 40 mA equipped with a LynxEye
detector. The data was collected from 5° to 80° 2 6 with a step size of 0.05° 2 6
and a counting time of 0.5 s per step. ATR-FTIR spectroscopy was performed with
a Nicolet™ 6700 FT-IR spectrometer from Thermo Electron Corporation equipped
with OMNIC Software, which were recorded at a wavenumber range from 4000 —
400 cm™ (4 cm™ resolution). UV-VIS spectroscopy was carried out with a Cary 60

UV-vis spectrophotometer (Agilent Technologies) connected to a Cary single cell Peltier
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accessory (Agilent Technologies). A laboratory alpha 2-4 Freeze Dryer (Christ) was
used for lyophilisation of CatIBs of mCherry TuTreT. All reactions were performed in an
Eppendorf Thermomixer. Chromatographic analysis of reaction products was performed
using a Shimadzu high-performance liquid chromatography (HPLC) system equipped
with an Imtakt Unison-UK amino column (0.4 by 25cm, 60°C), an evaporative light-
scattering detector (ELSD) (Shimadzu ELSD-LTII), a UV detector (SPD-20A), and
acetonitrile-water-formic acid at 80:20:0.1 as the mobile phase (1 ml min™2). The product

formation was quantified using an external calibration curves.

4.3.3 Protein homology model of mCherry TuTreT

The protein crystal homology model was constructed using 4Q7U[23 and
2XA928 for mCherry TuTreT from the Protein Databank.l?”l The surface potential
was determined using the Adaptive Poisson-Boltzmann Solver plugin28l in PyMOL

Molecular Graphics system.[?°]

4.3.4 Expression and purification of soluble and CatIBs of mCherry TuTreT
The soluble protein and inclusion bodies of mCherry TuTreT in E. coli Topl0
pBAD/His A was expressed and purified as was described previously with minor
changesf*®l,

(i) Preparation of cell-free extract 5 mL precultures of E. coli Top10 pBAD/His A
containing the mCherry TuTreT genes were grown in LB-medium containing 100
pMg mL* ampicillin at 37 °C overnight. To a 3 L baffled Fernbach flask containing 1
L TB-medium 20 mL preculture was added and induced by addition of L-arabinose
to a final concentration of 0.02% (w/w) after reaching an OD600 of 0.6 — 0.8. The
cells were harvested at after 14 hours by centrifugation (24515 g, 15 min, 4°C)
followed by resuspension of wet cell pellet in 4 mL lysis buffer containing Tris HCI
buffer (50 mM, pH 8.0), imidazole (20 mM), lysozyme (0.5 mg mLt), DNasel (0.1
mg mL-1) per gram of wet cells. After 30 minutes of incubation on ice the cells were
passed through the cell disruptor (1.35 kbar, Constant systems) for three
consecutive rounds. The cell debris was collected via centrifugation 24515 g

(Sorvall, Fiberlite F12-6x500 LEX, 10 min, 20°C), and the CFE was obtained via
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decantation.

(i) Immobilised nickel affinity chromatography The CFE was heat-
treated at 60°C for 20 minutes in a water bath. The precipitates were removed by
centrifugation at 24515 g (Sorvall, Fiberlite F12-6x500 LEX, 10 min, 20°C), and the
heat-treated CFE was obtained via decanting. The heat-treated CFE was purified
using affinity chromatography on a 1 mL Nickel Sepharose column by charging
CFE on the column for at least three consecutive rounds using a peristaltic pump
(Bio-Rad). The column was washed with binding buffer (20 mM Tris HCI, 500 mM
NaCl, 20 mM imidazole, pH 8.0) until no protein eluted any longer. The attached
mCherry TuTreT was eluted using elution buffer (20 mM Tris HCI, 500 mM Nacl,
500 mM imidazole, pH 8.0) using a gradient over 10 column volumes. Protein
samples were concentrated in a 12 mL Amicon Ultra Centrifugal filter (Merck, 30
kDa). Elution buffer was exchanged for HEPES (50 mM, pH 7.0) containing MgCl2
(20 mM) by washing three consecutive rounds with 12 mL Amicon Ultra Centrifugal
filters (Merck, 30 kDa), and analysed with SDS-PAGE and HPLC.

(iii) Purification of inclusion bodies The insoluble debris was
homogenised in 20 mL Tris HCI buffer (50 mM, pH 8.5) containing 1% (w/w)
deoxycholic acid (DOC). The solubilised trehalose transferase was separated from
the inclusion bodies via centrifugation (20 000 x g, 15 min, 20°C). The
resuspension and centrifugation were repeated twice. Subsequently, Tris HCI
buffer (50 mM, pH 8.5) was utilised to remove remaining DOC in the cell pellet. The
inclusion bodies were harvested via centrifugation (20 000 x g, 15 min, 20°C). The
supernatant was decanted, resulting in the isolation of wet inclusion bodies. The
wet inclusion bodies were frozen at -80°C. The purity with SDS-PAGE has been

reported previously®l,

4.3.5 Lyophilization mCherry TuTreT CatIBs

The frozen wet inclusion bodies of mChery TuTreT (-80°C) were
lyophilised (0.05 mbar, -72°C) within 12 hours. The resulting weight loss of 62%
(w/w) a dry, purple powder was obtained. The lyophilised powder and wet inclusion

bodies were solubilised in 2% SDS in Tris-HCI buffer (50 mM, pH 8.0) and protein
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content was measured spectrophotometrically (Asszom = 0.9979 mL mg* cm1). The
concentration of mCherry TuTreT of wet CatIBs increased from 4% wt to 10% wt
for the dry CatlBs. The protein did not denature with a GFP-like absorbance. The
dry mCherry TuTreT CatlBs were stored at -20°C in the dark and the activity was
determined with HPLC. The 1.5 mL polypropylene Eppendorf vial containing 1.0
mL reagent mixture of D-glucose (10 mM), UDP-D-glucose (40 mM), HEPES (50
mM, pH 7.0), and MgCl2 (20 mM) with either wet or freeze-dried mCherry TuTreT
IBs. The reaction was started and stirred at 1400 rpm at 60°C. After 15 minutes
100 uL of sample was quenched by the addition of 100 pL ice-cold HPLC-grade
acetonitrile:water:formic acid (80:20:0.1) and incubated at -80°C for one hour. The
samples were centrifuged at 24515 g for 10 min at 4°C. The supernatant was
collected and analysed by HPLC (column: Imtakt UK-Amino 250 x 4.6 mm, 50 °C,

ELSD, 80:20:0.1 acetonitrile:water:formic acid, 1.0 mL min-1).

4.3.6 Protein gquantification

Protein was quantified according to a method reported earlier, using the
mass extinction coefficient of mCherry TuTreT (g€s87am = 0.9979 mg™ mL cm1).[151 A
protocol for the solubilisation of inclusion bodies in 2% SDS in Tris-HCI buffer

(50 mM, pH 8.0) was utilised, as has been reported earlier.[15 30

4.3.7 Screening of Immobeads with mCherry TuTreT

To 100.0 mg of carrier material 1.196 mL mCherry TuTreT (5.0 mg, 4.18 mg mL"!
protein, 40 U) in HEPES buffer (50 mM, pH 7.0) was added and incubated
overnight (4°C, 10 rpm, NeolLab rotator). The supernatant was transferred and
residual protein content was measured spectrophotometrically (Ass7nm = 0.9979 mL
mg? cm?). The immobilised enzymes were filtered and washed with 1 mL ice-cold
MiliQ water. The immobilised enzymes were washed with ice-cold acetone, filtered,
and dried with air. The activity of the immobilised enzymes was determined using a
HPLC-based activity assay. A 1.5 mL polypropylene Eppendorf tube containing 1.0
mL reagent mixture of D-glucose (10 mM), UDP-D-glucose (40 mM), HEPES (50

mM, pH 7.0), and MgClz (20 mM) with 5 mg carrier material containing immobilised
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mCherry TuTreT (max 2 U of soluble enzyme activity immobilised, maximum 0.25
mg of soluble protein) and stirred at 1400 rpm at 60 °C. After one hour of reaction
time, 100 pyL samples were quenched in by the addition of 100 uL of reaction
solution to an equal volume of ice-cold HPLC-grade acetonitrile:water:formic acid
(80:20:0.1). The samples were centrifuged at 14 000 rpm for 10 min at 4 °C. The
supernatant was collected and analysed by HPLC (column: Imtakt UK-Amino 250 x
4.6 mm, 50 °C, ELSD, 80:20:0.1 acetonitrile:water:formic acid, 1.0 mL min-1).
Enzyme activity was calculated with external standards for trehalose using the
slope of at least three different substrate concentrations. The enzyme activity was
determined in duplicate. One unit (U) is defined as the conversion of 1 pmol of D-

glucose per minute.

4.3.8 Rate and surface coverage of mCherry TuTreT on COV-1

To a solution containing 1.0 mg mL* mCherry TuTreT, MgCl2 (20 mM), HEPES (50
mM, pH 7.0) were added O, 1, 2, 5, 7.5, 10, 15, 20, and 25 mg of COV-1 material in
a polystyrene cuvette (pathlength 1 cm) and shaken at 4°C at 1000 rpm. The
absorbance of mCherry TuTreT (€ss7nm) were measured within a time-course of 22
hours. The surface coverage was measured by the evaluation of unreacted amino
groups of a fixed amount of enzyme (1.07 mg, 0.71 pumol amino groups) and a
varying amount of epoxide groups (1.0 — 25.0 mg COV-1, 70 nmol epoxides mg-!

carrier) after 22 hours of reaction time.

4.3.9 Temperature stability of immobilized mCherry TuTreT and CatlIBs

The 1.5 mL polypropylene Eppendorf vial containing 1.0 mL containing: (i)
soluble mCherry TuTreT (0.02 mg mL?), HEPES (50 mM, pH 7.0), MgClz (20 mM);
(i) CatlBs mCherry TuTreT (40.0 mg wet CatlBs, 1.04 mg mCherry TuTreT
protein), HEPES (50 mM, pH 7.0), MgClz (20 mM); (iii) COV-1 mCherry TuTreT (5
mg mCherry TuTreT COV-1, 0.25 mg protein mCherry TuTreT), HEPES (50 mM,
pH 7.0), MgClz (20 mM) were incubated at 60 — 90 °C, 800 rpm, 2 hours of
incubation time. After this, the enzyme activity was assayed for UDP-D-glucose (40

mM), D-glucose (10 mM), HEPES (50 mM, pH 7.0), MgClz (20 mM), 800 rpm, 60
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°C. The reaction was started by the addition of the biocatalyst and stirred at 1400
rom at 60°C. Samples were quenched by the addition of 100 uL ice-cold HPLC-
grade acetonitrile:water:formic acid (80:20:0.1) between 0 to 35 minutes and
incubated at -80°C for one hour. The samples were centrifuged at 24515 g for 10
min at 4°C. The supernatant was collected and analysed by HPLC (column: Imtakt
UK-Amino 250 x 4.6 mm, 50 °C, ELSD, 80:20:0.1 acetonitrile:water:formic acid, 1.0
mL min1). Enzyme activity was calculated with external standards for trehalose
using the slope of at least three different substrate concentrations. The enzyme

activity was determined in duplicate.

4.3.10 Recyclability of CatiBs and immobilised mCherry TuTreT

The 1.5 mL polypropylene Eppendorf vial containing 1.0 mL reagent mixture of D-
glucose (10 mM), UDP-D-glucose (40 mM), HEPES (50 mM, pH 7.0), and MgCl2
(20 mM) with either wet 40.0 mg of mCherry TuTreT IBs (1.04 mg protein), 5.3 mg
COV-1 mCherry TuTreT (0.44 U, 0.25 mg protein), or 5.3 mg COV-1 mCherry
TuTreT (0.44 U, 0.25 mg protein) which was heat-treated for 2 hours (50 mM
HEPES, 20 mM MgClz, pH 7.0, 60 °C) before use. The reaction was started and
stirred at 1400 rpm at 60°C. After 15 minutes 100 pyL of sample was quenched by
the addition of 100 pL ice-cold HPLC-grade acetonitrile:water:formic acid
(80:20:0.1) and incubated at -80°C for one hour. The samples were centrifuged at
24515 g for 10 min at 4°C. The supernatant was collected and analysed by HPLC
(column: Imtakt UK-Amino 250 x 4.6 mm, 50 °C, ELSD, 80:20:0.1
acetonitrile:water:formic acid, 1.0 mL min-). The IBs or COV-1 of mCherry TuTreT
were centrifuged (30 s, 24515 g, 4°C), washed with 1.0 mL HEPES (50 mM, pH
7.0) containing MgClz (20 mM), and centrifuged (30 s, 24515 g, 4°C). Again, the
IBs or COV-1 of mCherry TuTreT were centrifuged (30 s, 24515 g, 4°C), washed
with 1.0 mL HEPES (50 mM, pH 7.0) containing MgClz (20 mM), and centrifuged
(30 s, 24515 g, 4°C). The reaction was started again by the addition of the reagent
mixture of D-glucose (10 mM), UDP-D-glucose (40 mM), HEPES (50 mM, pH 7.0),
and MgClz (20 mM) with a final reaction volume of 1.0 mL. The reaction-wash-

reaction step was repeated until a total of ten cycles were performed.
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4.3.11 Apparent enzyme kinetics of CatiBs and immobilised mCherry TuTreT
The 1.5 mL polypropylene Eppendorf vial containing 1.0 mL reagent mixture of D-
glucose (10 mM), UDP-D-glucose (40 mM), HEPES (50 mM, pH 7.0), and MgClz
(20 mM) with either 20.0 mg lyophilised mCherry TuTreT IBs (0.39 U, 2 mg) or 5.0
mg COV-1 mCherry TuTreT (0.44 U, 0.25 mg protein). The reaction was started
and stirred at 1400 rpm at 60°C. Samples were quenched by the addition of 100 pyL
ice-cold HPLC-grade acetonitrile:water:formic acid (80:20:0.1) between 0 to 35
minutes and incubated at -80°C for one hour. The samples were centrifuged at
24515 g for 10 min at 4°C. The supernatant was collected and analysed by HPLC
(column: Imtakt UK-Amino 250 x 4.6 mm, 50 °C, ELSD, 80:20:0.1
acetonitrile:water:formic acid, 1.0 mL mint). Enzyme activity was calculated with
external standards for trehalose using the slope of at least three different substrate
concentrations. The enzyme activity was determined in duplicate. The data was
fitted (Gnuplot 5.2).

4.3.12 Quantification of D-trehalose with HPLC

Samples during activity assays were quenched by the addition of 100 pL of
reaction solution to an equal volume of ice-cold HPLC-grade acetonitrile and
incubated at -80°C for one hour. The samples were centrifuged at 24515 g for 10
min at 4°C. The supernatant was collected and analysed by HPLC (column: Imtakt
UK-Amino 250 x 4.6 mm, 50 °C, ELSD, 80:20:0.1 acetonitrile:water:formic acid, 1.0
mL min?t). Enzyme activity was calculated with external standards for trehalose
using the slope of at least three different substrate concentrations. The enzyme

activity was determined in duplicate.
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5.1 Introduction

The synthesis of a glycosidic bond is one of the most important reactions
within glycochemistry. Enzymes couple sugars to afford oligosaccharides with high
selectivity under mild reaction conditions. As enzymes are regarded to have
evolved toward the selective conversion of the naturally more abundant D-sugars,
their L-sugar enantiomers are often not considered as suitable substrates for
enzymatic conversions. For this reason, the coupling of both D- and L-
glycopyranose acceptors has rarely been compared for a single enzyme. However,
the incorporation of L-sugars offers a broad spectrum of diametrically opposed
glycosides or oligosaccharides, which might display new biological activities.

In one example, a retaining non-LeLoir glycosyltransferase (GT) coupled
L-glycopyranose acceptors with sucrose as sugar donor in an a,-(1—2)-fashion,
while a,a-(1—2)-glycosidic bonds were observed with D-glycopyranose
acceptors.l The switch of anomeric selectivity for the sugar acceptor was
attributed to the “C1 and 1C4 chair configuration for D- and L-glycopyranoses, which
affect the position of the nucleophilic hydroxyl group at the anomeric position. In
general, a-D and B-L anomers of the same sugar are structurally more alike (Fig.
1a), than the corresponding a-D and a-L anomers (Fig. 1b).2l This structural
similarity allows the conversion of both a-D and B-L configured substrates by an
(S)-selective enzyme.

For retaining glycosyltransferases (GTs) with an internal nucleophilic
substitution (Sni) mechanism the anomeric selectivity can be expected to invert
when (S)-selectivity is retained (Fig. 1c,d).Bl The “same-face” attack of the
nucleophile (i.e. sugar acceptor) on the leaving group (i.e. sugar donor) is guided
by hydrogen bonding, and proceeds with high anomeric selectivity for the sugar
donor and acceptor.l3! The position of the anomeric hydroxy! of the sugar acceptor

might affect the type of glycosidic bond formed.
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Figure 1: The position of the anomeric hydroxyl of a-D-glucopyranose (*Ci, cyan) when
superimposed to 3-L-glucopyranose (*Ca, green) in a is more similar than a-L-glucopyranose
(*C4, purple) in b. The inset in a, b shows the representative overlay of the Newman
projection of the anomeric OH1. The Sni-like reaction mechanism with an oxocarbenium
transition state (*Hs) that allows the approach of the anomeric hydroxyl, a-OH of D-glucose
(*Cy) in c, or the B-OH of L-glucose (*C4) in d, is guided by hydrogen bonding from the same
face as the NDP leaving group. R = NDP.

Here, the anomeric selectivity of the retaining LelLoir GT trehalose
transferase (TreT) was investigated. TreT is particularly suitable for the screening
of L-glycopyranoses, as it couples nucleotide diphosphate (NDP) sugar donors to a
wide spectrum of non-phosphorylated D-sugar acceptors, resulting in an a,a-
(1—1)-glycosidic linkage.l;l We focused on the recently described TreT from

Thermoproteus uzoniensis (TuTreT) fused to mCherry for the systematic screening
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of D- and L-glycopyranoses as sugar acceptors.l” mCherry TuTreT is an interesting
enzyme due to a high thermostability, activity, the possibility of fluorometric

detection due to, mCherry and performance as an immobilized catalyst.®!

5.2 Results and discussion

Initially, the reaction conditions were optimized to exclude any possible
side reactions or promiscuous activities. TuTreT did not display any phosphorylase
or hydrolase activity. The use of glucose-1-phosphate as sugar donor did not result
in the formation of trehalose (excluding phosphorylase activity), and no hydrolase
activity was observed when the enzyme was incubated solely with trehalose.
However, slow hydrolysis of UDP-glucose to UDP and glucose by TuTreT was
observed, resulting in the subsequent formation of trehalose from glucose and
UDP-glucose. To minimize the undesired formation of trehalose as a side product
via UDP glucose hydrolysis during the screening of other sugar acceptors, the
reaction time was limited to 60 minutes using 1.0 mg mL-! of TuTreT.[¢!

Using these optimized conditions, the substrate tolerance of TuTreT was
probed in a HPLC based screening of D- and L-sugars (Fig. 2). Conversion of L-
glycopyranoses resulted in the hypothesized (3-selectivity for TuTreT. Successful
enzymatic conversions were repeated on preparative scale and the obtained
trehalose analogues were analyzed by NMR and HR-MS. D-glucose, D-mannose,
D-galactose, D-xylose exclusively led to the formation of a,a-(1—1)-linked
trehalose derivatives, while L-glucose, L-galactose, and L-gulose led to the
formation of a,3-(1—1)-linked trehalose derivatives. The long-range C-H coupling
over the glycosidic linkage confirmed the direct coupling of the Clacceptor With the
H1’qonor @and vice versa in gHMBC experiments. The “C: configuration of a-D-a-D-
glycopyranosides was confirmed by Ji,2 coupling (~4 Hz) of the anomeric protons,
which are gauche configured. The anomeric protons of 3-L-glycopyranosides with a
1C4 chair conformation are anti configured, resulting in larger Ji2 coupling

constants (~8 Hz).[!
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Figure 2: mCherry TuTreT catalyzed conversion of D- and L-sugar acceptors with UDP-D-
glucose as donor for the screening for the formation of product. The conversion was
determined using external calibration curves of sugar acceptor with HPLC. 'n.d: not detected
including a trehalose analogue product. Reaction conditions: substrate (10 mM), UDP-D-
glucose (40 mM), HEPES (50 mM), MgClz (20 mM), mCherry TuTreT (13.5 nM), pH 7.0, 60

°C, 1 hour of reaction time.

Further analysis of the HPLC screening demonstrates, that D- and L-
enantiomers of glucose and galactose were accepted, but L-mannose was not. For
L-gulose, L-allose, and L-altrose their D-glycopyranoses enantiomers were not
accepted. Anomeric selectivity is dictated by more than the anomeric configuration,

and the overall conformation of the sugar acceptor is important as well. The
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structural variants of D-glycopyranoses with a 4Ci configuration were readily
converted, such as D-glucose, D-mannose, and D-galactose. This is in line with
results for other TreTs.[l C5 sugars were generally less well accepted, with the
exception of D-xylose, which lacks a CH20OH group in comparison to D-glucose.
The ketohexopyranoses D-fructose, and D- and L-tagatose were not converted
under the conditions provided, which display dissimilar overall structural
conformation of the cyclic ring structure as well as the anomeric configuration.
Interactions between active site residues and the carbohydrate substrate were
investigated by extending the substrate screening to fluorodeoxy-carbohydrates.
Unlike hydroxyl groups, fluorine can exclusively function as a hydrogen bond
acceptor. All fluoro-deoxy-D-glucopyranoses were quantitatively converted as
acceptor substrates, with the exception of 4-deoxy-4-fluoro-D-glucose.l’ad The
interaction of hydrogen bond donor 4-OH of the sugar acceptor with the
deprotonated Asp254 of TuTreT is possibly important for acceptor substrate
recognition

The substrate tolerance toward the glycopyranose moiety of the sugar
donor and the sugar acceptor is distinct from one another.[8l For instance, the
coupling of UDP-D-glucose with N-acetyl-D-glucosamine (GIcNAc) did not result in
any observable conversion. The sugar donor UDP-D-GIcNAc and D-glucose is
readily converted by TuTreT with >98% conversion and a,a-(1—1)-selectivity.

As this is the first report that the a-D-selective retaining glycosyltransferase
TreT catalyzes the glycosidic bond formation with B-L-glycopyranose acceptors,
the protein crystal structure of TuTreT was studied. As the mCherry TuTreT fusion
construct did not crystallize satisfactory, the glycine-rich linker of the fusion protein
was cleaved using “in situ” proteolysis with retention of enzyme activity (Fig. 8),
and the protein was purified (Fig. 9). The protein without the mCherry tag
subsequently crystallized as apo (PDB: 62J4, 2.1A resolution), co-crystallized with
magnesium(ll) (PDB: 6ZJ7, 2.15A resolution), or soaked with D-trehalose (PDB:
6ZJH, 2.1A resolution), D-glucopyranosyl-L-galactopyranose (PDB: 6ZN1, 1.75A
resolution), and UDP-a-D-glucose (PDB: 6ZMZ, 1.9A resolution). The latter three

are shown in Fig. 3a-c.
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TreT with D-trehalose (2.1 A) C TreT with a-D-glucopyranosyl-
B-L-galactopyranoside (1.75 A}

a TreT with UDP-D-glucose (1.9 A)

\/
),
- /
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Figure 3: Protein crystal structure of TuTreT containing UDP-D-glucose in a (PDB: 6ZMZ,
inset in d), TuTreT bound with a,a-trehalose in b (PDB: 6ZJH, inset shown in e), and TuTreT
in complex with enzymatically synthesized a-D-glucopyranosyl-B-L-galactopyranose in ¢
(PDB: 6ZN1, inset shown in f). The nature of the glycosidic bond is demonstrated showing a
high overlap for the sugar donor and the glycosidic linkages between d and e, or d and f,
while the orientation of the sugar acceptor changes slightly between e and f.

The overall three-dimensional fold observed in all determined crystal
structures are similar to the one found in trehalose phosphate synthase (OtsA,
PDB: 1GZ5, RMSD of 2.0 A for 304 Ca)® from E. coli and in trehalose transferase
from Pyrococcus horikoshii (PDB: 2X6Q, RMSD of 2.5A for 363 Ca),[td showing in

each domain a characteristic Rossmann fold (Fig. 4).
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Figure 4: TuTreT monomer with the N-terminal (sugar acceptor) domain colored in orange
and the C-terminal (donor) domain coloured in blue in a. Structural alignement between
TuTreT (in gray) and PhTreT (in yellow; rmsd of 2.5A for 363 Ca) in b, and structural
alignement between TuTreT (in gray) and OtsA from E. coli (in magenta; rmsd of 2.0 A for
315 Ca)inc.

Furthermore, all TuTreT structures show a monomer in the asymmetric
unit, and this state was confirmed by SEC-SAXS measurements in aqueous
solution.!1 We conclude that the functional unit of TuTreT is a monomer, whereas
a dimer has been described for PhTreTl% and a tetramer for OtsA from E. coli.l®]
The overall protein conformation remained unchanged when bound to ligands in
aqua, according to SEC-SAXS. The protein crystal structures also show high
structural similarity, however a minor conformational change was observed for the
sugar donor binding site of TuTreT when it was soaked with UDP-D-glucose.
Hydrogen bond interactions between the uracil moiety and a disordered loop
region of the protein (Fig. 3), were inducing a shift of an a-helix by 2.0 A (Fig. 5).
This finding is not in agreement for what has been found for PhTreT, where a
larger conformational change was observed for the whole domain after soaking the
crystals with trehalose. 20
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Fig. 5: Comparison of the protein crystal structure containing the movement of the a-helix
(res 261-270) of TuTreT in complex with UDP-b-glucose (orange, PDB: 6ZMZ), p-trehalose
(white, PDB: 6ZJH), and a-D-glucopyranose-B-L-galactopyranose (green, PDB: 6ZN1) in a
(ribbon) and d (cartoon). The movement of Arg221 with TuTreT is shown in complex D-
trehalose (white, PDB: 6ZJH) in b, a-b-glucopyranose-f-L-galactopyranose (green, PDB:
6ZN1) in c, and UDP-bp-glucose (orange, PDB: 6ZMZ) in e, and overlay of the mobility of
Arg221.

The active site of TuTreT is located between the N- or C-terminal domains of
the the acceptor and donor binding sites (Fig. 4). Substrate-bound structures
demonstrated clear electron densities at the active site. The active site residues for the
sugar donor and acceptor binding sites are conserved for TuTreT, PhTreT,!% and OtsA
(Fig. 6). In TuTreT, the pyrophosphate moiety of the nucleotide sugar donor interacts
with Arg221 and Lys226, and the active site can accommodate pyrimidine or purine
nucleobases (Fig. 3a,d). This leads to the ability of the enzyme to convert nucleotide
sugar donors with different nucleotides, which holds for TreTs in general,l'2 as was

observed with UDP- and ADP-D-glucose with TuTreT previously.3#
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a Trehalose phosphate synthase E. coli (OtsA) b Trehalose transferase Pyrococcus horikoshii
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Figure 6: Similairities in amino acid active site residues demonstrating the “Hz chair
conformation of UDP-D-glucose and the glucopyranose acceptor. For trehalose phosphate
synthase in Escherichia coli (OtsA, PDB: 1GZ5) the sugar acceptor is a-D-glucose-6-
phosphate (green) in a, trehalose transferase from Pyrococcus horikoshii (PhTreT1%) with a-
D-glucose (blue) and b, and trehalose transferase from Thermoproteus uzoniensis (PDB:

6ZJH) with a-p-glucose (blue) in ¢ or B-L-galactose (purple) in d (PDB: 6ZN1).

The natural product a,a-D-trehalose shows an a,a-(1—1)-glycosidic bond when
bound to TuTreT Fig. (3b,e). In trehalose, the a-D-glucopyranosedonor Mmoiety binds at
the same sugar binding site as the UDP-a-D-glucopyranose donor (Fig. S7a-c). The
sugar donor binding site of UDP-D-glucose of TuTreT (shown in Fig. S7d) is similar to

what has been reported for TreT from Pyrococcus horikoshii. Interestingly, the a,a- and
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a,B-trehalose derivatives the a-D-glucopyranoSeacceptor interacts with TuTreT in a
different binding mode than the B-L-galactopyranoseacceptor (S7€,f). Arg221 might bind
with the 20H and 30H of the B-L-galactopyranoseacceptor (Fig. S7€), while the 30H and
40H of a-D-glucopyranoseacceptor is at closer distance to Arg221 (Fig. S7f). The
movement of the highly conserved Arg221 when UDP-D-glucose is bound was notable
(Fig. 5), which has been postulated to play a role in substrate recognition in PhTreT.2¥
Also, Asp256 is at a hydrogen bonding distance to 40H of a-D-galactopyranoseacceptor
(Fig. S8e), while no clear electron density for this loop could be found for the natural a-
D-glucopyranosSeacceptor. The a-D-glucopyranoseacceptor moiety of trehalose is directed into
the wide cavity of TuTreT.

Within the protein crystal structure, the conformation of the carbohydrates
demonstrated for the enzymatically synthesized a,B-(1—1)-L-galactotrehalose (Fig.
3c,f) a 1C4s conformation of the B-L-galactopyranose moiety. As was shown in Fig.
1, the anomeric 3-OHacceptor hydroxyl group points into the same direction as the a-
OHoacceptor hydroxyl group in the natural substrate D-trehalose (Fig. 3f). Hence, the
overall geometry of a-D-glucopyranose with a “C: conformation and pB-L-
galactopyranose with a 1C4 conformation are highly similar (Fig. 7g,h).

Based on these findings, we hypothesized that highly (S)-selective TuTreT
guides the anomeric hydroxyl of the sugar acceptor according to a SNi-like
mechanism. More specifically, the a-OH of D-glucose (*Ci), or the B-OH of L-
galactose (1C4) are guided by hydrogen bonding from the same face as the NDP
leaving group. As the Sni-like mechanism requires the same-face participation with
the anomeric hydroxyl of the nucleotide phosphate of the glycosyl donor, the sugar
coupling does not readily proceed for the equatorial 3-OH of D-glucose (*C1) or the
axial a-OH of L-galactose (*Ca). This allows TuTreT to retain its (S)-selectivity for
the anomeric hydroxyl group, while the anomeric configuration inverts. This
mechanistic rationale explains the inversion of anomeric selectivity of TuTreT with
L-glycopyranose acceptors, emphasizing that understanding the structural
conformations of hexopyranoses is important for understanding enzyme selectivity
when glycosidic bonds are formed. This inversion of anomeric selectivity might not

be limited to TuTreT, and could occur in other GTs as well.
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Figure 7: Protein crystal structure alignment of TreT from Thermoproteus uzoniensis
containing UDP-a-D-glucose (yellow, PDB: 6ZMZ) and p-trehalose (white, PDB: 6ZJH) in a,
UDP-a-p-glucose (yellow, PDB: 6ZMZ) and a-pD-pyranosyl-B-L-galactopyranose (green, PDB:
6ZN1) in b. In a and b, the a-b-glucopyranoses are occupied at the same sugar donor
binding site. In ¢, a structural alignment of D-trehalose (white) with a-D-pyranosyl-B-L-
galactopyranose (green) is shown, demonstrating the different anomeric and structural
configuration of the sugars. The active site residues of TuTreT with UDP-D-glucose (PDB:
6ZMZ) is shown in d, a-D-glucopyranosyl-B-L-galactopyranoside (PDB: 6ZN1) in e, and D-
trehalose (PDB: 6ZJH) are shown in f. The stereochemical configuration of the resolved
protein crystal structures of B-L-galactopyranose-a-p-glucopyranose in g and a,a-D-trehalose
in h.
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Based on the observed inversion of anomeric selectivity with retention of
(S)-selectivity we hypothesize, that TuTreT also follows an Sni-like mechanism. In
this mechanism, the a-OH of D-glucose (*C1), or the B-OH of L-galactose (1Ca) are
guided by hydrogen bonding from the same face as the NDP leaving group. As the
Sni-like mechanism requires the same-face participation with the anomeric
hydroxyl of the nucleotide phosphate of the glycosyl donor, the sugar coupling
does not readily proceed for the equatorial B-OH of D-glucose (*C1) or the axial a-
OH of L-galactose (*Cs4). This allows TuTreT to retain its (S)-selectivity for the
anomeric hydroxyl group, while the anomeric configuration inverts. This
mechanistic rationale explains the inversion of anomeric selectivity of TuTreT with
L-glycopyranose acceptors, emphasizing that understanding the structural
conformations of hexopyranoses is important for understanding enzyme selectivity

when glycosidic bonds are formed.

5.3 Conclusion

mCherry TuTreT catalyzes the formation of trehalose derivatives with a
large substrate spectrum. The switch in anomeric selectivity for D- and L-sugar
acceptors can be explained due to structural conformations of carbohydrates,
leading to the formation of distinctive a-D-a-D- or o-D-B-L-glycosidic linkages. This
paves the way for further studies of utilizing rare L-glycopyranoses with retaining
LeLoir glycosyltransferases, which are especially interesting for the production of

oligosacharides and glycans with unnatural glycosidic linkages.

5.4 Materials and Methods
5.4.1 Chemicals and strains

D-Allose (Carbosynth), L-allose (Carbosynth D-glucose monohydrate
(>99.0%, Sigma Aldrich), L-glucose (Carbosynth), D-galactose (>99%, Sigma-
Aldrich), L-galactose (Carbosynth), D-mannose (Carbosynth), L-mannose
(Carbosynth), D-arabinose (Carbosynth), L-arabinose (Carbosynth), D-xylose

(>99%, Sigma-Aldrich), L-xylose (Carbosynth), D-gulose (Carbosynth), L-gulose
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(Carbosynth), D-altrose (Carbosynth), L-altrose (Carbosynth), D-tagatose
(Carbosynth), L-tagatose (Carbosynth), D-fructose (Carbosynth), D-talose
(Carbosynth), N-Acetyl-D-glucosamine (299%, Sigma-Aldrich), 2-fluoro-2-deoxy-D-
glucose (Carbosynth), 3-fluoro-3-deoxy-D-glucose (Carbosynth), 4-fluoro-4-deoxy-
D-glucose (Carbosynth), 6-fluoro-6-deoxy-D-glucose (Carbosynth), ampicillin
sodium salt (Sigma-Aldrich), Bacto tryptone (Brunschwig), Bacto yeast extract
(Brunschwig), deoxyribonuclease | from bovine pancreas (protein 85%, 400 000 U
mg?l, Sigma-Aldrich), disodium hydrogen phosphate dodecahydrate (VWR),
glycerol (>99.5%, Sigma-Aldrich), HEPES (>99.5%m Sigma-Aldrich), lysozyme
from chicken egg white (Crystalline powder, ~7000 U mg, Sigma Aldrich), sodium
chloride (99.9%, Sigma-Aldrich), sodium dihydrogen phosphate dihydrate (VWR),
Tris(hydroxymethyl)aminomethane (Tris, 99%, Sigma-Aldrich), UDP-D-glucose
disodium salt (Carbosynth), UDP-D-GIcNAc (Carbosynth).

Terrific broth medium consisting of 1.20% (wt/wt) tryptone, 2.40% (wt/wt)
yeast extract, 53 mM K:HPO4, 16 mM KH2PO4, and 4% (wt/wt) glycerol was
autoclaved at 121°C for 20 min. The phosphate buffer in TB medium was
autoclaved separately. LB medium consisting of 1.00% (wt/wt) tryptone, 0.5%
(wt/wt) yeast extract, and 1% NaCl was autoclaved at 121°C for 20 min. All media
were supplemented with 100 pg mL-* ampicillin. The pBAD/His A mCherry TuTreT
vector was used as described previously.[* 131 E. coli Topl0 with the genotype
F- mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZ AM15 AlacX74 recAl araD139 A(ara-
leu)7697 galU galK rpsL (Str) endAl nupG was ordered from a commercial

supplier (Invitrogen).

5.4.2 Materials

A stainless-steel bioreactor (Applikon) with a total volume of 20 L, inner
diameter of 211 mm, inner height of 631 mm, liquid height of 440 mm, with a height
of 2100 mm, and working volume 15 L was utilized. The bioreactor was equipped
with a pH electrode (Mettler Toledo), a pO: electrode (Mettler Toledo), a
thermometer (Mettler Toledo), a liquid level detector connected to a peristaltic

pump (Masterflex) coupled to a bottle of Foam Clear Escaferm antifoam (KCC
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Basildon). Temperature, stirrer speed and pressure were regulated. Stirrer speed
pH, temperature, pO2 and pressure were evaluated using MFCS/win V3 (Satorius).
Chromatographic analysis of reaction products was performed using a Shimadzu
high-performance liquid chromatography (HPLC) system equipped with an Imtakt
Unison-UK amino column (0.4x25 cm, 60°C), an evaporative light-scattering
detector (Shimadzu ELSD-LTII), a UV detector (SPD-20A), and acetonitrile-water-
formic acid (80:20:0.1) as mobile phase (1 mL min1). H-NMR and 13C-NMR
spectra were recorded on an Agilent 400 MHz (9.4 Tesla) spectrometer operating
at 399.67 MHz for 'H at 298 K. Spectra were interpreted using MestReNova. Data
for NMR is reported as following: chemical shift (& ppm), multiplicity (s = singlet, d =
duplet, dd = double duplet, t = triplet, q = quartet, m = multiplet). Purified enzyme
concentrations were determined with a Cary 60 UV-VIS spectrometer (Agilent)

using the previously determined molar extinction coefficient of mCherry TuTreT b
13],

5.4.3 SDS-PAGE analysis

Protein samples were denatured using XT sample buffer (Bio-Rad)
supplemented with XT reducing agent (Bio-Rad) at 95°C for 1 minute. Gel
electrophoresis was performed with Criterion XT 4-12% bis-Tris precast gels (Bio-
Rad) using XT MES Running buffer (Bio-Rad). The gels were run at 150 V for 30 to
45 minutes and stained with SimplyBlue SafeStain (Novex). A Precision Plus
Protein Unstained Standard (Bio-Rad) was used to determine the relative

molecular mass of the protein.

5.4.4 Stainless steel batch reactor fermentation

An inoculum culture of mCherry TuTreT E. coli Top1l0 pBAD/His A was
grown in 5 mL LB-medium containing 100 pg mL* ampicillin in a 15 mL Cellstar
Greiner tube. The culture was grown overnight in an incubator at 37°C and 180
rpm. After 12 hours, the culture was transferred into a 2L Erlenmeyer flask
containing 395 mL LB medium and 100 pg mL* ampicillin and was grown overnight

as inoculum at 37°C and 180 rpm. The stainless-steel bioreactor (Applikon) was
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sterilized with steam before use. The bioreactor was charged with 13.3 L TB-
medium (12 g L? tryptone, 24 g L yeast extract, 5 g L glycerol, 23.1 g L!
KH2PO4, 125.4 g Lt K2HPO4) containing 100 pg mL-t ampicillin. The pH, pressure,
volume level, temperature, and pO2 were controlled and measured. The addition of
antifoam was controlled by the degree of foaming. Air was sparged through the
medium at 5 L min-1. Every hour samples were taken for ODeoo measurements and
SDS page analysis. After 2 to 3 hours when ODsoo reached > 0.5 the culture was
induced with a final concentration of 0.20 g L1 L-arabinose. The fermentation was
stopped after 18 h of fermentation. The cells were harvested by centrifugation on a
RC 6+ (Sorvall) at 10 000 rpm (rotor: F12S 6X500, 10°C), washed with Tris buffer
(20 mM, pH 8.0) followed by centrifugation at 10 000 rpm (rotor: F12S 6X500,
10°C), and stored at -20 °C.

5.4.5 Cell disruption of E. coli Top10 cells

The cell-pellets were thawed and homogenized in a Tris-HCI disruption
buffer (20 mM Tris, 20 mM imidazole, 500 mM NaCl, 2 mg mL-! lysozyme, 0.1 mg
mL* DNase |, pH = 7.4) with a ratio of 4 to 5 mL buffer per gram of wet cell pellet.
The suspended cells were lysed with a cell-disruptor (Constant systems Ltd., 1.8
kbar) during one to three rounds. The disrupted cells were centrifuged at 10 000
rpm (rotor: F10S 6X500Y or F12S 6X500, 10°C) for 10 minutes. The supernatant
was transferred to polypropylene 50 mL Falcon tubes and incubated in a water
bath (60°C for 20 minutes) for a heat treatment. After the heat treatment, the tubes
were cooled down to room temperature and centrifuged (5810R, Eppendorf, 10
min, 10 000 rpm, 10 °C). The clear supernatant was collected for affinity

chromatography and analyzed by SDS-PAGE.

5.4.6 Protein purification of mCherry TuTreT

The heat-treated supernatant was purified by affinity chromatography using
a XK 16/40 cartridge (GE Healthcare) containing 41 mL of Ni Sepharose 6Fast

Flow (GE Healthcare) was utilized. After binding, the column was washed with
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binding buffer (20 mM Tris, 20 mM imidazole, 500 mM NaCl, pH 7.4) and eluted
using elution buffer (Tris 20 mM, 500 mM imidazole, 500 mM NacCl, pH 7.4) over a
gradient of 10 column volumes. Fractions were collected in 8 mL polypropylene
tubes. Protein samples were concentrated in a 12 mL Amicon Ultra Centrifugal
filter (Merck) with a 30 kDa cutoff. The purified protein was transferred to 1-2 mL
Eppendorf tubes and shock-frozen in liquid nitrogen. Samples were analyzed by
SDS-PAGE and HPLC analysis.

5.4.7 Screening of sugar acceptors with mCherry TuTreT using HPLC

analysis

Reaction solutions containing UDP-D-glucose, HEPES (50 mM, pH 7.0),
MgClz2 (20 mM), 1.0 mg mLt mCherry TuTreT were prepared with different sugar
acceptors (10 mM) to afford a final volume of 1.0 mL in 1.5 mL Eppendorf tubes.
The reaction was incubated in an Eppendorf thermomixer C (500 rpm and 60°C).
Samples were quenched by mixing 60 pL of reaction volume with 60 pL of
80:20:0.1 ACN:H20:formic acid and incubated for at least 60 minutes at -80 °C.
After thawing, the samples were centrifuged at 14 000 rpm (5417R Eppendorf,
4°C) for 1 min. The supernatant was analyzed by HPLC (column: Imtakt UK-Amino
250 x 4.6 mm, 50 °C, ELSD, 80:20:0.1 ACN:H20:formic acid, 1.0 mL min). The
substrate conversion was quantified by using external standards for b-glucose, D-
mannose, D-galactose, D-xylose, L-arabinose, D-allose, D-altrose, D-trehalose, L-
gulose, D-tagatose, D-fructose, 2-fluoro-2-deoxy-D-glucose, 3-fluoro-3-deoxy-b-

glucose, 4-fluoro-4-deoxy-D-glucose, 6-fluoro-6-deoxy-bD-glucose, and D-talose.

5.4.8 HRMS analysis

The purified trehalose analogues were dissolved in 50:50:0.1
acetonitrile:water:formic acid and transferred to glass HPLC vials. A HPLC 1100
system (Agilent) was equipped with a GlycoSep R, 3 um, 4.6 x 150 mm, C18,
HPLC column (Glyko, cat# GKI-4727) using 84% H20, 9% acetonitrile, 7%
methanol plus 0.1% formic acid as solvent A and acetonitrile plus 0.1% formic acid

as solvent B. The injection volume was 5 pL. An isocratic elution of 10% B was
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maintained at a flowrate of 0.3 mL/min over 10 minutes, followed by two injections
of mobile phase A to prevent carry over between sample injections. Full MS
scanning mode at resolution 70.000 and PRM scanning mode at resolution 17.500
for the selected masses 343.1240, 313.1135, and 384.1506 using 26 eV collision
energy were performed using a Q-Exactive Focus Orbitrap mass spectrometer

(Thermo Scientific) operated in ES+ mode.
5.4.9 TuTreT maintains catalytic activity after proteolysis.

To 100 a pL solution containing 10 mg mL* mCherry TuTreT in HEPES
buffer (50 mM, pH 7.0) with MgClz (20 mM) was either 0, 10, 20, or 40 ug elastase
(type 1V, porcine pancrease) added and incubated for 18 hours. The reaction
mixture was analyzed by SDS-PAGE after cleavage of the GGSGGGGSGG-linker
(Fig. 8). A 1.0 mL reaction solution containing UDP-D-glucose, D-glucose (10 mM),
HEPES (50 mM, pH 7.0), MgCl2 (20 mM), and 0.25 mg of mCherry TuTreT
pretreated with elastase was prepared. The reaction was incubated at 60 °C in an
Eppendorf thermomixer C (500 rpm and 60°C). The reaction was monitored by
guenching 60 pL of reaction volume in 60 pL 80:20:0.1 ACN:H20:formic acid and
incubated for at least 60 minutes at -80 °C.After thawing, the samples were
centrifuged at 14 000 rpm (5417R Eppendorf, 4°C) for 1 min. The supernatant was
collected and analyzed by HPLC (column: Imtakt UK-Amino 250 x 4.6 mm, 50 °C,
ELSD, 80:20:0.1 ACN:H20:formic acid, 1.0 mL min?t). The substrate conversion

was quantified using external standards for D-trehalose (Fig. 8b)
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Figure 8: SDS-PAGE analysis of mCherry TuTreT after incubation for 72 hours with 0 — 0.4
mg of elastase shown in a. The enzyme catalyzed production of trehalose according to
HPLC analysis was followed before (grey) and after cleavage (black) in b. Reaction
conditions: p-glucose (10 mM), UDP-bp-glucose (40 mM), HEPES (50 mM, pH 7), MgClz (20
mM), 60 °C, 800 rpm. The activity assay contained 0.25 mg for mCherry TuTreT (no
elastase present) or TuTreT (0.2 mg elastase present). A Precision Plus Protein Standard
(Bio-Rad) was used with Criterion XT 4 to 12% bis-Tris precast gels (Bio-Rad) using XT
MES Running buffer (Bio-Rad) to determine the molecular weight of TuTreT.

5.4.10 “In situ” proteolysis and enzyme purification of TuTreT

0.1 mL of purified fusion protein mCherry TuTreT with the glycine-rich
GGSGGGGSGG-linker (10 mg mL-1) was incubated with the protease elastase (1.0
mg mL1, porcine pancreas, = 4 U mg?) at 400 rpm for 72 hours at 20 °C, ina 1.5
mL polypropylene Eppendorf tube in HEPES buffer (50 mM, pH 7.0) with NaCl
(100 mM). Next, the protein was purified by affinity chromatography using 1 ml of
Ni-Sepharose Excel beads (GE Healthcare) by washing the beads with 20 mL of
binding buffer (50 mM HEPES, 100 mM NaCl, pH 7.0). The protein was eluted with
elution buffer (50 mM HEPES, 500 mM imidazole, 100 mM NaCl, pH 7.0). Protein
samples were concentrated using an Amplicon Ultra Centrifugal filter (Merck) with
a 30 kDa cutoff in HEPES (50 mM, pH 7.0) containing NaCl (100 mM). All samples
were analyzed before, during, and after purification by SDS-PAGE (Fig. 9).
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Figure 9: SDS-PAGE analysis of mCherry TuTreT after proteolysis (LP), after the first,
second, and third washing round of 5 ml binding buffer (wash 1, 2, 3), and purified TuTreT
after elution. A PageRuler Plus Pre-stained Protein Ladder (ThermoFischer) was used with
Criterion XT 4 to 12% Bis-Tris precast gels (Bio-Rad) using XT MES Running buffer (Bio-
Rad) to determine the molecular weight of TuTreT.

5.4.11 TuTret crystallization and crystal soaking

Crystals of TuTreT were obtained at 292K using the vapour diffusion
method and a crystallization solution containing 0.1 M Bis-Tris-Propane pH 6.5, 15-
20% PEG3350, 0.3 M KSCN, and 1-4% PEG400. Crystals appeared between 1-3
days, and grew to their final size in to 7-14 days. Crystals were soaked with
different ligands by slowly exchanging, over the course of 60 minutes, the drop
solution with a new solution containing the crystallization solution plus 25% of
PEG400 and 50 mM of the desired ligand . The crystals were flashed freezed and

stored in liquid N2 until X-ray data collection was performed.

5.4.12 SEC-SAXS data collection

The SAXS data from TuTreT, measured as I(s) vs. s, where s = 4(Jsin[1/0],
2[1 is the scattering angle and [ the X-ray wavelength (0.124 nm, 10 keV), were
collected at the EMBL P12-bioSAXS beam line at the PETRAIIl storage ring
(DESY, Hamburg) equipped with a Pilatus 6M 2D area detector (Dectris,
Switzerland).!2 In-line size exclusion chromatography SAXS (SEC-SAXS) was

employed whereby the SEC eluates were passed directly from the column outlet
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and continuously flowed through the beam line during the measurements. Details
of the SEC parameters, running buffer composition as well as the concentrations of
MgClz, D-trehalose and UDP-a-D-glucose additive used in the running buffers for
each successive SEC-SAXS measurement are provided in Table 1. SAXS data
were acquired every 0.5 s spanning one column volume per experiment (1320
individual data frames). The 2D-data underwent azimuthal averaging using the P12
SASFLOWD4 pipeline to generate 1D-scattering profiles that underwent further
data reduction using CHROMIXS!® to yield the final background-corrected,
averaged sample scattering profiles derived from each respective TuTreT sample
SEC elution peak. Additional data processing and evaluation steps were performed
using the ATSAS 2.8 software suite,[*8] that included determining the Ry from the
Guinier approximation!” (Ini(s) vs s?, for sRy < 1.3) and from the calculated
probable frequency of real-space distances, or p(r) profile.l}8l In addition, all
subsequent data-data comparisons and data-model fits were assessed using the
reduced [ 12 test and the Correlation Map (CorMap) P-value, set at a significance
threshold, O, of 0.01 (where a (12 in the range 0.9-1.1 or CorMap P > 0.01 are

deemed statistically significant).!19
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Table 1: SEC-SAXS data reporting for TuTreT

Sample details

Organism Thermoproteus uzoniensis

Uniprot ID F2L613

SEC-SAXS buffer 50 mM HEPES 100 NaCl 4 mM DTT pH 7 +/-additive
Sample injection volume 40 pl

Sample injection conc. 6 mg/ml

SEC column GE S200 Increase 5/150

SEC flow rate 0.3 ml/min

Temperature 20°C

Instrument details

Instrument EMBL-P12 BioSAXS, PETRAIIl DESY

Exposure time/# frames

X-ray wavelength/energy
Sample-to-detector distance
Scattering intensity scale
SEC-SAXS primary data processing

0.5 s/(1320 — full column elution)

0.124 nm/10 keV

3m

arbitrary unit, a.u.

EMBL-P12 SASFLOW pipeline and CHROMIXS

SAMPLE Tret-apo Tret-Mg Tret-Mg-Trehalose Tret-Mg-UDP-
glucose

- . none 20 mM MgClz 20 mM MgCl2 + 1 20 mM MgCl2 + 1
Additive concentration mM Trehalose mM UDP-glucose
# frames used for averaging 27(13.55s) 30(15 s) 30(15 s) 29(14.5s)
Working s-range (nm™) 0.092-4 0.081-4 0.097-4 0.108-4
Guinier analysis:
Primary data analysis software PRIMUSQT
Guinier 1(0) (s) 10724(10) 10456(10) 10819(8) 10937(8)
Rgq (Guinier, nm) (s) 2.46(0.05) 2.43(0.05) 2.44(0.05) 2.44(0.05)

sRq range/(points used)
p(r) analysis:

0.23-1.3(1-158) 0.2-1.3(1-164) 0.24-1.3(1-157)

0.26-1.3(1-153)

Method GNOMS5

1(0), POR (s) 10740(11) 10450(10) 10820(10) 10930(10)
Ry (POR, nm) (s) 2.47(0.01) 2.43(0.01) 2.44(0.01) 2.44(0.01)
Drmax (nm) 8.8 8.5 8.3 8.5
Quality of fit, CorMap P /c? 0.94/1.01 0.29/0.99 0.08/1.04 0.94/1.05
Porod volume (nm®) 77 76 76 73

Shape classification compact compact compact compact
MW analysis:

Calculated MW, from amino acid 46.7 kDa

sequence — inc. His tag

MW kDa (Bayesian)/probability 47.7/0.4 43.8/0.3 45.7/0.3 46.7/0.4
MW Credibility Interval, kDa 44-49 41-46 43-47 44-48

Ab initio modeling:

Method DAMMIN

Symmetry P1

Quality-of-fit, CorMap P /c? 0.87/1.02 0.40/0.99 0.40/1.11 0.87/1.05
Average NSD (10 models) 0.58+/-0.01 0.60+/-0.02 0.57+/-0.01 0.59+/-0.01
Method GASBOR

Symmetry P1

Quality-of-fit, CorMap P /c? 0.74-0.94/1.02 0.29/1.0 0.08/1.05 0.49-0.75/1.06
Average NSD (10 models) 0.93+/-0.03 0.95+/-0.04 0.92+/-0.04 0.92+/-0.05
Rigid-body modelling:

Refinement Method SREFLEX

Symmetry P1

Atomistic template model PDB 62J4 Tret-apo

Template model Rq, nm 2.3

Template model, CorMap P /c? 0/3.23 0/2.58 0/2.78 0/3.05
SREFLEX model Rg, nm 2.45 241 2.43 241
SREFLEX model, CorMap P /c? 0.08/1.07 0.29/1.00 0.08/1.03 0.49/1.12
Fitting method CRYSOL

#harmonics/points/s-max (nm'*) 30/200/4.0

Constant adjustment Yes

Data Accession code(s)

SASBDB SASDHG9 SASDHH9 SASDHJ9 SASDHK9
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5.4.13 Control experiment for hydrolysis of a-D-glucose-1-phosphate

OH H,0 OH
HO O — «» HO O +P
HO HO '
OH OH
OP, OH

Scheme S1: Control experiment for mCherry TuTreT catalyzed hydrolysis of a-pD-glucose-1-
phosphate. Reaction conditions: a-p-glucose-1-phosphate (10 or 100 mM), MgCl2 (20
mM), HEPES (50 mM, pH 7.0), mCherry TuTreT (3.0 mg mL™?), reaction time 60 minutes,
800 rpm, 60 °C.

A 1.0 mL reaction solution containing a-D-glucose-1-phosphate (10 or 100
mM), HEPES (50 mM, pH 7.0), MgClz (20 mM), mCherry TuTreT (3.0 mg mL?)
were prepared. The reaction was incubated at 60 °C in an Eppendorf thermomixer
C at 800 rpm and 60°C. The enzymatic reaction was quenched in 60 pL 80:20:0.1
ACN:H20:formic acid and incubated for at least 30 minutes at -80 °C. The samples
were centrifuged at 14 000 rpm (5417R Eppendorf, 4°C) for 1 min. The
supernatant was collected and analyzed by HPLC (column: Imtakt UK-Amino 250 x
4.6 mm, 50 °C, ELSD, 80:20:0.1 ACN:H20:formic acid, 1.0 mL min). Substrate

concentration was quantified using the external calibration curves.

5.4.14 Control experiment for phosphorylase activity

OH OH OH
HO O +HO 0 HO O +P
HO HO —— HO‘S\;PA‘
OH OH OH
OP; OH o]
HO&B@/O%H

OH

Scheme S2: Control experiment for the mCherry TuTreT catalyzed synthesis of trehalose
using a-D-glucose-1-phosphate and bD-glucose. Reaction conditions: a-b-glucose-1-
phosphate (10 or 100 mM), p-glucose (10 mM), MgClz (20 mM), HEPES (50 mM, pH 7.0),
mCherry TuTreT (3.0 mg mL1), reaction time 60 minutes, 800 rpm, 60 °C.

A 1.0 mL reaction solution containing a-D-glucose-1-phosphate (10 or 100
mM), D-glucose (10 mM), HEPES (50 mM, pH 7.0), MgCl2 (20 mM), 3.0 mg mL?
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mCherry TuTreT were prepared. The reaction was incubated in an Eppendorf
thermomixer C at 800 rpm and 60°C. The enzymatic reaction was quenched in 60
pL 80:20:0.1 ACN:H20:formic acid and incubated for at least 30 minutes at -80 °C.
The samples were centrifuged at 14 000 rpm (5417R Eppendorf, 4°C) for 1 min.
The supernatant was collected and analyzed by HPLC (column: Imtakt UK-Amino
250 x 4.6 mm, 50 °C, ELSD, 80:20:0.1 ACN:H20:formic acid, 1.0 mL min-1).

5.4.153 Control experiment for hydrolase activity

OH
HP'O O H,0 OH
A e 2 R
0 OH “OH
Soe
HO OH

OH
Scheme S3: Control experiment for the mCherry TuTreT catalyzed hydrolysis of trehalose.
Reaction conditions: b-trehalose (10 mM), MgClz (20 mM), HEPES (50 mM, pH 7.0),
mCherry TuTreT (3.0 mg mL1), reaction time 60 minutes, 800 rpm, 60 °C.

A 1.0 mL reaction solution containing D-trehalose (10 mM), HEPES (50
mM, pH 7.0), MgClz (20 mM), mCherry TuTreT (3.0 mg mL!) were prepared. The
reaction was incubated in an Eppendorf thermomixer C at 800 rpm and 60°C. The
enzymatic reaction was quenched in 60 pL 80:20:0.1 ACN:H20:formic acid and
incubated for at least 30 minutes at -80 °C. The samples were centrifuged at 14
000 rpm (5417R Eppendorf, 4°C) for 1 min. The supernatant was collected and
analyzed by HPLC (column: Imtakt UK-Amino 250 x 4.6 mm, 50 °C, ELSD,
80:20:0.1 ACN:H20O:formic acid, 1.0 mL min-t).

5.4.16 Control experiment for hydrolase activity of UDP-D-glucose

OH OH OH
HO~\_—-O Ho~ -0 Ho L0
HO HO HO

OH OH “OH OH OH
UDP HO O o

HO o OH

OH HOWH

uDP OH

Scheme S4: Control experiment for the mCherry TuTreT catalyzed hydrolysis of UDP-

glucose towards p-glucose and UDP. Reaction conditions: UDP-D-glucose (40 mM), MgCl2
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(20 mM), HEPES (50 mM, pH 7.0), mCherry TuTreT (3.0 mg mL™?), reaction time 60
minutes, 800 rpm, 60 °C.

A 1.0 mL reaction solution containing D-trehalose (10 mM), D-glucose (10
mM), HEPES (50 mM, pH 7.0), MgClz (20 mM), 3.0 mg mL-* mCherry TuTreT were
prepared. The reaction was incubated in an Eppendorf thermomixer C at 800 rpm
and 60°C. The enzymatic reaction was quenched in 60 pL 80:20:0.1
ACN:H20:formic acid and incubated for at least 30 minutes at -80 °C. The samples
were centrifuged at 14 000 rpm (5417R Eppendorf, 4°C) for 1 min. The
supernatant was collected and analyzed by HPLC (column: Imtakt UK-Amino 250 x
4.6 mm, 50 °C, ELSD, 80:20:0.1 ACN:H20:formic acid, 1.0 mL min-t. The substrate

conversion was quantified by using external standards for D-trehalose.

5.4.17 Semi-preparative enzymatic synthesis of trehalose derivatives

R1= *( mCherry TuTreT )—»R_ or R\ \ O\Glc
OH ~
UDP-D-Glc UDP O-Glc

Scheme 5: Enzymatic sugar coupling for preparative scale reactions.

The reaction was started by the addition of enzyme resulting in a reaction
mixture containing a monosaccharide (10 mM), UDP-D-glucose (40 mM) or UDP-
GIcNAc (40 mM), HEPES (50 mM, pH 7.0), mCherry TuTreT (variable amounts),
and MgClz (20 mM) with a reaction volume of 15 mL. Reaction was incubated at 60
°C with gentle shaking and snap-frozen in liquid nitrogen and stored at -20 °C. The
trehalose derivatives were purified using ultra-filtration (Amicon Ultra centrifugal 3
kDa filter, Merck) and the residue was washed with two times 7.5 mL MilliQ water.
The combined filtrate was desalted with stepwise addition of a mixed-bed ion
exchange resin (Bio-Rex RG 501-X8, Bio-Rad). The desalted filtrated was
lyophilized, dissolved in 0.6 mL MilliQ water, and purified by SEC chromatography
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using P-2 Bio-Gel resin (Bio-Rad) in a XK 16/100 column (GE Healthcare) attached
to NGC medium-pressure liquid chromatography system (Bio-Rad). The final
product was lyophilized and analyzed by NMR and MS.

OH a-D-glucopyranosyl-a-D-glucopyranose: 0.03

HO § 0 mg mL1 mCherry TuTreT, isolated yield 27.1 mg
HO (53%) of white crystals. *H-NMR (400 MHz, D20)
OH =0 3.46 (t, J3,4—cx—D—gIc = J4,5—a—D—gIc = 9.6 Hz, H4up-

O glc, 2H), 3.66 (dd, Jl,z-c-D-gIc = 3.6 HZ, Jzyg.a.D.gm =
Homﬂ" 10.0 Hz, H2aD-gie, 2H), 3.75 (Js.eb-angic = 5.2 Hz,
OH Joa6b-a-D-gic = 12.0 Hz, HBbap-gic, 2H), 3.81 — 3.89
(m, H3a-p-gic, H5a-D-glc, H6@4-D-gic, 6H), 5.20 (d, Ji2-
aD-gle = 3.6 Hz, Hla-p-gie, 2H).23C-NMR (101 MHz, D20) = & 92.0 (C1a-d-gie, CH), 71.3
(C3a-p-gie, CH), 70.92 (C54-p-gic, CHCH?2), 69.81 (C24--gic, CH), 68.47 (C4a-p-gic, CH),
59.3 (C6a-b-gc, CHCH,). HRMS (TOF): 365.1048 (calc. 365.1054 [M+Na]).
These 13C- and 'H-NMR signals matched the literature values:2% 'H-NMR (800
MHz, D20) = & 3.43 (J34 = 9.8 Hz, Jas = 9.8 Hz, Hdagic, 2H), 3.64 (J12 = 3.8 Hz, J23
=90.8 HZ, H2a.g|c, ZH), 3.75 (JS,Gb =51 HZ, J6a,6b =11.9 HZ, H6ba-glc, 2H), 3.81 (J4,5 =
9.8 Hz, Jseb = 5.1 Hz, Js6a = 2.0 Hz, H5a.gic, 2H), 3.84 (J23 = 9.8 Hz, J34 = 9.8 Hz,
H3a-gic, 2H), 3.85 (Js6a = 2.0 Hz, Jsasp = 11.9 Hz, H6aa-gic, 2H), 5.18 (J1.2 = 3.8 Hz,
H5a-gic, 2H). 3C-NMR (125 MHz, D20) = 8 93.84 (C1a-gic, CH), 73.14 (C3agic, CH),
72.76 (Cbage, CHCH2), 71.66 (C2agc, CH), 70.32 (Cdogc, CH), 61.16 (C6a-qlc,
CHCHy).

a-D-glucopyranosyl-a-D-mannopyranose: 0.33

O(")' mg mL* mCherry TuTreT, isolated yield 27.1 mg
Hgo‘ & \ (53%) of white crystals. *H-NMR (400 MHz, D20)
OH =0 3.45 (t, J3.4-a-D-gc = Ja5-a-Dglc = 9.6 Hz, H4a-gc,

0 1H), 3.64 (dd, Jiz2a0ge = 4.0 Hz, Ja3.a0gc = 10.0

O O(l?iH Hz, H2agc, 1H), 3.69 (t, J34.a-D-man = J45-0-D-man =

. 3 a-D- ’ 3 . - . ’ -D-gIc,

OH 9.6 Hz, H44-D-man 1H) 3.74 - 3.89 (m H30-D-glc

OH H5a-D-gIc, H54-0-man, H6@4-D-man, H6Da-D-man H6au-D—gIc,

H6ba-b-gic, 7H), 3.96 (dd, J2,3-0-0-man = 4.0 HZ, J3 4-a-D-man = 9.6 HZz, H30-0-man, 1H), 4.01
(dd, Jl,z—u-D—man =44 HZ, \]2,3-0»D-man= 1.6 HZ, H2u»D-man, 1H), 5.14 (Jl,2-a—D-man =16 HZ,
Hla-p-man, 1H), 5.20 (d, J12.40gc = 3.6 Hz, Hlapge, 1H). 33C-NMR (101 MHz, D20)
= 0 94.9 (C1o-0-man, CH), 93.4 (Cla-pgie, CH), 73.2 (C3a-D-gic, CH), 72.5 (C5a-b-glc,
CHCHZ), 72.4 (C50-D»man, CHCHZ), 70.8 (CZG-D-gIc, CH), 70.2 (C3(1—D-man, CH), 69.9
(CZG-D—man, CH), 69.5 (C4a-D-g|c, CH), 66.6 (C4c(-D-man, CH), 60.8 (C60—D-man, CHCHz),
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60.5 (C6a-p-gc, CHCHz). HRMS (ESI): 365.1049 (calc. 365.1054 [M+Na]).

These 13C- and 'H-NMR signals matched the literature values:?% 'H-NMR (400
MHz, D20) = 8 5.08 (J = 3.6 Hz, Hlan-gc, 1H), 5.02 (J = 1.5 Hz, Hla.0-man, 1H), 3.89
(J = 3.6 Hz, H2a.0.man, 1H), 3.84 (J = 9.9 Hz, H3a.0.man, 1H), 3.76-3.66 (M, H6au.n.
man, HGaa—gIc, H5a-D—man, H6ba-D-gIc, 4H), 3.65 (J =95 HZ, H3a-D-glc, 1H), 3.64-3.61 (m,
H6ba-D-man, H5u-g|c, ZH), 3.61 (J = 9.5 Hz, H4u-D-man, 1H), 3.52 (J = 9.5 Hz, HZu-D—gIc,
1H), 3.34 (J = 9.5 Hz, H4a0.gc, 1H). 3C-NMR (67.89 MHz, D20) = & 96.0 (C1q.0-man,
CH), 94.4 (Cla-pgc, CH), 74.2 (C3a-D-gic, CH), 73.6 (C5a-0-man, CHCH2), 73.4 (C5q-0-
glc, CHCHZ), 71.8 (C2u—D—gIc, CH), 71.2(C30-D-man, CH), 71.0 (CZG—D-man, CH), 70.6
(C4q-D-gIc, CH), 67.7 (C4q-D-man, CH), 61.9 (CGG-D-man, CHCHz), 61.6 (CGa-D-glc,
CHCH,).

OH a-D-glucopyranosyl-a-D-galactopyranose:
HO o 0.67 mg mLt mCherry TuTreT, isolated yield 19.3
HOS/W mg (37%) of white crystals. *H-NMR (400 MHz,
OH DZO) =0 345 (t, J3,4—a—D—gIc = J4,5-a—D-gIc =9.2 HZ,
H4a-0-guc, 1H), 3.65 (dd, Jni-2-a-0-gic = 4.0 HZ, JH2-3-0-

OH
HONC bgic = 10.4 Hz, H24-0.gic, 1H), 3.73 — 3.93 (M, H2a.0-
OH gal, H5c(—D—gaI, H3G—D—glc, H6aa—D—gIc, H6bu-D—gIc, H6aq-p-
OH gc, HBbao-gie, 7H), 3.99 — 4.04 (M, H3a.0gal, HAap.

gal, 2H), 4.08 (t, \]4,5.g.D.ga| = JSVGa-g.D-gal =6.0 HZ, H5c-D-gaI, 1H), 5.20 (d, J1,2-a-D-gIc =4.0
Hz, 1H), 5.22 (d, J12-a-0-ga = 5.6 Hz, 1H). 3C-NMR (101 MHz, D20) = & 93.2 (C1a.p-
gal, CH), 93.1 (Cla-p-gic, CH), 72.5 (C3a-p-gic, CH), 72.0 (C5a-0-gic, CHCH2), 71.2 (C5o-
bga, CHCH2), 71.0 (C2a-0-gc, CH), 69.5 (C4apgic,CH), 69.2 (C4apga, CH), 68.9
(C30-D—gal, CH), 67.9 (CZa»D»gaI, CH), 61.1 (C60-D-gal, CHCHz), 60.5 (CG(}-D—gIc, CHCHz)
HRMS (ESI): 365.1049 (calc. 365.1054 [M+Na)).

These 13C- and 'H-NMR signals matched the literature values:?2 'H-NMR (500
MHz, D20) 8 3.31 (app t, J = 9.3 Hz, 1H), 3.51 (dd, J = 3.5, 9.9 Hz, 1H), 3.60-3.64
(m, 3H), 3.67-3.78 (m, 4 H), 3.87 (m, 2H), 3.93 (app t, J = 6.0 Hz, 1H), 5.07 (d, J =
3.8 Hz, 1H), 5.08 (d, J = 3.9 Hz, 1H). ¥*C-NMR (125 MHz, D20) & 93.18, 92.98,
72.38, 71.97, 71.20, 70.93, 69.54, 69.13, 68.81, 67.79, 61.08, 60.37.

OH a-D-glucopyranosyl-a-D-xylopyranoside: 0.33 mg
HO (o) mLt mCherry TuTreT, isolated yield 17.2 mg (37%) of
HO oH white crystals. 'H-NMR (400 MHz, D20) = & 3.31 (t, J

= 9.4 Hz, H4aD-gue, 1H), 3.48-3.74 (M, H2a-0-xy1, H20-

1) glc, H4a»D-xyI, H5c(»D-xyI, 2H60-D-glc, H50-D—g|c, H3(1—D-glc, H3(1—D-
HO&/@OH i, 9H), 5.02 (d, J = 3.6 Hz, Hla-0xy1, Hlan-gic, 2H). 13C-
OH NMR (101 MHz, D20) = & 93.4 (Clangc, CH), 93.3

(Cla-nxyl, CH), 72.6 (C3a-0-xy, CH), 72.5 (C3a-0-gic; CH), 72.1 (C5a-0-gic, CHCHz), 71.0
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(C20-D-g|c, CH), 70.98 (CZU-D-xyI, CH), 69.6 (C4a-D-gIc, CH), 69.4 (C4u-D-><yI, CH), 61.5
(C5a-pxyl, CH2), 60.4 (C6a-p-gc, CHCH2). HRMS (ESI): 335.0944 (calc. 335.0949
[M+Na]).

These 13C- and 'H-NMR signals matched the literature values:?2 'H-NMR (500
MHz, D20) & 3.32 (app t, J = 9.0 Hz, 1H), 3.52-3.74 (m, 10H), 5.02 (m, 2H). 3C-
NMR (125 MHz, D20) & 93.33, 93.19, 72.53, 72.38, 72.01, 70.94, 70.91, 69.53,
69.45, 69.35, 61.41, 60.34.

OH a-D-glucopyranosyl-N-Ac-a-D-
glucopyranoside. 0.50 mg mL? mCherry

HI?O X TuTreT, isolated yield 18.7 mg (33%) of white
NHAC crystals. *H-NMR (400 MHz, D20) = & 2.01 (s,

0 3H, CHa), 3.44 (t, J3.4-a-D-glc = Ja5-a-D-gic = 8.8 Hz,
WOH H40-D-glc), 3.50-3.54 (m, 2H, H4a.p-gienac, H5a-D-

HO OH glc), 3.62 (dd, J12-a-Dglc = 4.8 Hz, J23-a-Dglc = 10

OH HZ, HZG-D-glc), 3.73 - 3.77 (m, 4H, H3a—D—gIc, H64-

D-glcNAc, H6aa—D—gIc, H6ba—D—gIc), 3.80 — 3.87 (m,

3H, H30-D-gIcNAc, H5a-D—gIcNAc, H6a—D—gIcNAc), 3.93 (dd, J1,2—a—D—gIcNAc =40 HZ, J1,2-G—D-gIcNAc
11.0 HZ, H20-D-GlcNAc), 5.13 (d, Jl,z.g.D.gm =40 HZ, Hla-D-gIc),5.17 (d, J1,2—a-D—gIcNAC =3.6
Hz, Hla-p-cionac). 3C-NMR (101 MHz, D20) = & 173.6 (C7a-n-gicnac, C=0), 92.8 (Cla
D-glc, CH), 91.2 (Clq-D—gIcNAc, CH), 72.0 (C5q—D-gIc, CH), 71.9 (C3c—D-gIc, CH), 71.6 (C5a-
D-glcNAc, CH), 70.2 (CZa-D-gIc, CH), 69.4 (ZC, C3q-D-gIcNAc, C4q-D-gIcNAc), 68.7 (C4a-D-
glcNAc, CH), 59.8 (CGQ-D-gIcNAc, CHZ), 59.5 (C6q-D-gIc, CHZ), 52.8 (C2a-D-gIcNAc, CHNH),),
21.1 (C8a-n-gionac, CH3). HRMS (ESI): 384.1493 (calc. 384.1500 [M+H]).
These 13C- and !H-NMR signals matched the literature values:[8 *H-NMR (500
MHz, D20) & 5.16 (d, J = 2.5 Hz, 1 H, H1"), 5.13 (d, J = 4.0 Hz, 1 H, H1), 3.93
(dd, J = 4.0, 11 Hz, 1H, H2") 3.89-3.80 (m, 3 H, H3", H5', 1 x H6'), 3.77-3.73 (m, 4
H, 3H, 1 x H6', 2 x H6), 3.62 (dd J = 4.0, 10.5 Hz, 1 H, H2), 3.54-3.51 (m, 1 H,
H5), 3.49 (t, J= 10 Hz, 1 H, H4'), 3.44 (t, J= 9.5 Hz, 1 H, H4), 2.01 (s, 3 H,
CHa). 3C NMR (125 MHz, D20): & 174.2 (C=0), 93.4 (C1), 91.7 (C1'), 72.6 (C5),
72.5 (C3), 72.2 (C5'), 70.8 (C2), 70.00 (C3' and C4' overlapping), 69.2 (C4), 60.4
(C6"), 60.0 (C6), 53.4 (C2'), 21.6 (CHs3).

OH a-D-glucopyranosyl-B-L-glucopyranose: 0.20 mg mL™*
HO o) mCherry TuTreT, isolated yield 23.3 mg (45%) of white
HO crystals. *H-NMR (400 MHz, D20): & 3.39 (t, H2g.L-gic, J12
OH = J,3 = 8.6 Hz, 1H), 3.56 — 3.44 (M, H4a-0-gic, H5p-L-gic, H4p-
HO 0 O L-gie, H3p-L-gic, H4a-D-gic, 5H), 3.63 (dd, H2a-D-gic, J1,2-0-D-glc =
HO OH 3.6 Hz, J23.00gc = 10.0 Hz, 1H), 3.88 — 3.73 (M, H6aa-D-gic,
HO H6ba-0-gic, H68g-L-gic, H5a-0-gic, H3a-0-gic, 5H), 3.93 (dld, H6bg-
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L-glc, J6a,6b-B-L-glc =1.0 HZ, JGa,S-B-L-gIc =11.6 HZ, 1H), 4.69 (d, Jl,Z-B-L-gIc =8.0 HZ, y Hl/g.
Lge, 1H), 5.35 (d, J1zap-cic = 3.6 HZ, Hlapge, 1H). 3C-NMR (101 MHz, D20) = &
97.2 (ClB-L-gIc), 94.8 (Cla-D-gIc), 75.9 (Css-L-gIc), 75.6 (C5|3-L-glc), 72.7 (CZB-L-gIc), 72.6
(C3u-D-gIc), 72.1 (C5a-D-gIc), 70.7 (CZQ-D-gIc), 69.6 (C4a-D-gIc), 69.3 (C4B-L-glc), 60.5 (C6 B-
L-gic), 60.3 (C6a-D-gic). MS (ESI-TOF): 365.1051 (calc. 365.1054 [M+Na]).

1H- and 3C-NMR annotation of reported B-L-glucopyranose moiety was in
agreement.[23l

a-D-glucopyranosyl-B-L-galactopyranose: 0.33 mg

og mL* mCherry TuTreT, isolated yield 30.6 mg (60%) of
H?—|O white crystals. 'H-NMR (400 MHz, D20) = & 3.48 (t, Jsu
OH =Jas = 9.4 Hz, H4apgc, 1H), 3.59 — 3.64 (M, H2p-Lgal,

HO 0 H24-D-gic, 2H), ), 3.73 — 3.67 (M, H5g-L-ga, H3p-L-gat, H2p-L-

\;QzOH gal, H2¢-D-gc, 4H), 3.89 — 3.75 (m, H6aba-D-gIc, H6abB-L-gaI,
HO H5a-0-gic, H3a-D-glc, 6H3.95 (app d, J = 3.2 Hz, H4p Lgal,

OH 1H), 4.63 (d, J12 = 8.0 Hz, Hlpiga, 1H), 5.37 (d, J12 =
3.6, Hla.D-gic, 1H). 13C-NMR (101 MHz, D20) = & 97.8 (C1g-L-gat, CH), 94.7 (Cla-p-glc,
CH), 75.3 (C5[3—L—ga|, CHCHZ), 72.7 (C3B—L—gal, CH), 72.6 (C3G—D—glc, CHCHZ), 72.0 (C5a—
D-glc, CHCHZ), 70.8 (CZB-L—gaI, CH), 70.3 (CZG—D—gIc, CH), 69.3 (C4G-D—glc, CH, 68.6 (C4B-
b-gal, CH), 61.0 (C6g.L.gal, CHCHz), 60.4 (C6aLgc, CHCHz). HRMS (ESI): 365.1048
(calc. 365.1054 [M+Na]).

1H- and 13C-NMR annotation of reported B-L-galactopyranose moiety was in
agreement(24],

OH a-D-glucopyranosyl-B-L-gulopyranose: 0.67 mg mL?

HO 0O mCherry TuTreT, isolated yield 20.6 mg (40%) of white
HO crystals. *H-NMR (400 MHz, D20) = 8 3.47 (app t, J3.4-a-

OH D-glc=J4,5-a-D-gc= 9.6 Hz, H4qDgic, 1H), 3.63 (dd, J12-a-D-gic

Ho_ _OH = 3.6 Hz, J23.00gc = 10.0 Hz, H2a0ge, 1H), 3.76-3.90

O 8H (M, 2H6p-L-gu1, H2p--qui, H5a-0-gc, Hap-L-gut, H3a-0-gic, 2HBa0-

gle, 8H), 4.01 (dd, Jsea-p-Lgu = 4.8 HZ, Js56b--L-gqul = 6.8 Hz,

OH H5p-Lgu, 1H), 4.10 (@pp t, J23-p-L-gul = JaapLou = 3.6 Hz,

H3g-L-gu, 1H), 4.94 (d, J128-Lgu = 8.4 Hz, Hlp-L-gu, 1H),

5.38 (d, J1,2-a-D-gic = 3.6 Hz, Hla-bgic, 1H). ¥*C-NMR (101 MHz, D20) = § 95.6 (Clp-L-

gul, CH), 94.6 (Cla—D»gIc, CH), 73.9 (CSB»L»guI, CHCHZ), 72.7 (C3u»D-gIc, CH), 72.0 (C5(x—

D-glc, CHCHZ), 71.2 (Csp»L»guI, CH), 70.8 (CZG»D-gIc, CH), 69.4 (C40-D-glc, CH), 69.4

(C4p-L-gu, CH), 67.4 (C2p-L-gu, CH), 61.0 (C6p-L-.gu, CHCH>), 60.4 (C6a4-D-gic, CHCH>).
HRMS (ESI): 365.1049 (calc. 365.1054 [M+Nal).
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5.4.18 Crystal X-ray data collection and refinement

X-ray diffraction data was collected at beamline P13 operated by EMBL
Hamburg at the PETRA IlI storage ring (DESY, Hamburg, Germany). TuTreT
crystallizes in the orthorhombic space group (P2:2:21), with one molecule per
asymmetric unit and a solvent content of ca. 53%. Data were indexed and
integrated with XDS, 2] scaled with AIMLESS and the space and group determined
with POINTLESS2¢ from CCP4 programs suite.2”l Data-collection statistics are
given in Table 2. The structure of the apo-enzyme was solved by the Molecular
Replacement Method using the program MOLREP,[?8 and the apo-form of TreT
from Pyrococcus horikoshii (PDB: 2X6Q)1% as a search model. After a few cycles
of refinement and model building, this structural model was used as a search
model to solve the structure of the enzyme in complex with the different ligands.
Model building and refinement of all structural models were performed with
COOT,» and REFMACS5,3% respectively. The positions of the soaked ligands,
UDP-D-glucose, D-trehalose and a-D-glucopyranosyl-B-L-galactopyranoside,
became evident after the first cycles of refinement, based on electron density
difference maps, and were modeled and refined with full occupancy. Solvent
molecules were included in the model after a few rounds of refinement as well as a
couple of other molecules that belong to the crystallization solution and were
located at the surface of the protein. Structure refinement statistics are listed in
Table 2. Figures were drawn with PyMOL.31
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Table 2: Data collection and refinement statistics.

Parameters Apo-TuTreT Holo-TuTret TuTreT with TuTreT with TuTreT
with Mg?* UDP-D- D-trehalose a-D-
glucose glucopyranosyl-
B-L-

galactopyranoside
(PDB: 62J4) (PDB: 62J7) (PDB: 6ZMZ) (PDB: 6ZJH) (PDB: 6ZN1)

Wavelength (A) 0.976250 0.976300 0.976200 0.976200 0.97630

Resolution range 42.44 -2.10 58.69 - 2.15 46.75-1.90 55.39-2.1 45.64 -1.75
(2.17-2.1) (2.22 - 2.15) (1.96 - 1.90) (2.17-2.1) (1.81-1.75)

Space group P21212: P21212: P21212: P21212: P21212:1

Unit cell (A) 61.568.7 60.66 9.3 53.069.398.9 60.5 68.4 61.0 68.8 110.9
112.2 110.5 110.8

Total reflections 99681 (6235) 200673 189504 170678 592975 (53679)

(20071) (18996) (16329)

Unique reflections 27351 (2121) 25646 (2477) 29172 (2860) 27410 (2709) 47789 (4717)

Multiplicity 3.6 (2.9) 7.8(8.1) 6.5 (6.6) 6.2 (6.0) 12.4 (11.4)

Completeness (%) 96.8 (93.6) 98.75 (97.79)  99.03 (98.42) 99.54 (99.30)  99.97 (99.94)

Mean I/sigma (1) 8.5 (1.0) 17.05 (1.75) 15.93 (1.42) 13.45 (1.18) 24.36 (1.47)

Wilson B-factor 40.54 46.65 34.69 45.62 34.46

R-merge 0.065 (0.730)  0.071(1.164) 0.068 (1.307) 0.078 (1.521)  0.054 (1.568)

CC1/2* 0.99 (0.45) 0.99 (0.70) 0.99 (0.57) 0.99 (0.53) 1.0 (0.69)

Reflections used 27269 (2537) 25638 (2476) 29170 (2860) 27411 (2705) 47780 (4714)

in refinement

Reflections used 1335 (120) 1311 (123) 1445 (136) 1386 (129) 2329 (248)

for R-free

R-work 0.208 (0.328)  0.203 (0.306)  0.182 (0.286) 0.206 (0.327)  0.207 (0.321)

Rfree 0.255 (0.331)  0.262 (0.337)  0.218 (0.315) 0.223 (0.307)  0.245 (0.364)

Number of non- 3224 3239 3407 3266 3486

hydrogen atoms

Protein residues 392 391 398 396 400

ligands 38 12 36 29 72

solvent 140 138 128 142 209

RMS(bonds) 0.014 0.017 0.014 0.003 0.014

RMS(angles) 1.87 2.11 1.78 0.57 1.78

Ramachandran 96.36 95.61 96.21 96.40 95.73

favored (%)

Ramachandran 3.38 3.62 3.28 3.08 3.77

allowed (%)

Ramachandran 0.59 0.78 0.51 0.51 0.50

outliers (%)

Average B-factor 51.1 56.9 42.3 55.7 42.59

macromolecules 51.2 57.1 42.1 55.8 42.37

ligands 42.5 57.8 43.1 59.4 43.08

solvent 52.1 48.6 44.7 51.9 45.87

* Values in parenthesis correspond to the highest resolution shell
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Enzyme Catalyzed Synthesis of Esters in
Water

This chapter is based on:

Luuk Mestrom, Jord G. R. Claessen, Ulf Hanefeld.
ChemCatChem, 2019, 11, 2004-20.

Pressure pushing down on me

Pressing down on you, no man ask for

Under pressure that burns a building down

Splits a family in two

Puts people on streets

Queen & David Bowie, “Hot Space”, Under Pressure, 1981



6.1 Introduction

The synthesis of esters is textbook-knowledge and is performed according
to standard protocols that are taught unaltered already for many decades.l! An
activated acid, i.e. an acid chloride or anhydride, reacts with an alcohol in the
presence of a base, typically pyridine, often catalyzed by DMAP, in an organic
solvent. Alternatively, the acid is activated in situ with reagents such as DCC. In all
cases considerable amounts of waste are generated: the solvent and
stoichiometric amount of salt from neutralization steps. Furthermore the activation,
in situ or not, also generates considerable amounts of waste. The direct
esterification catalyzed by an acid requires azeotropic removal of water to shift the
equilibrium towards ester formation and the reaction conditions are so drastic that it
is limited to stable starting materials and products. Moreover it still leaves the
problem of the organic solvent and the neutralization steps generating salt
waste.l12&-< Similarly the enzyme catalyzed synthesis of esters is performed in dry
organic solvents with activated acids (acyl donors), often generating much waste
which needs to be removed in additional work up steps (Scheme 1).12 Since the
activated acids in the enzyme catalyzed ester synthesis are esters themselves,

these reactions are transesterifications.
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Scheme 1. Textbook chemical and enzymatic synthesis strategies for esters.
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To address the problem the acyltransferase from Mycobacterium smegmatis
(MsAcT) was employed as catalyst.®l This enzyme was described to enable the
synthesis the esters in water. With MsAcT it should thus be possible to avoid the
use of organic solvents and to eradicate the need for neutralization steps
commonly employed to remove the base utilized in ester syntheses. In all cases
described to date, the ester synthesis catalyzed by MsSACT is strictly speaking a
transesterification since the reactions all utilize ethyl acetate or more reactive acid
derivatives.[l While this is similar to the classical ester synthesis which utilizes acid
chlorides or anhydrides it raises the question whether MSACT catalyzes the direct
synthesis of esters, too. This has been described for lipases and other catalysts;®!
but in all those examples the yield was determined by the thermodynamic stability
of the product under reaction conditions. Therefore, the direct esterification and
transesterification of alcohols catalyzed by MsACT in water was studied in parallel.
As a catalyst MsAcT should accelerate the reaction but not alter its overall
equilibrium.B! High transesterification yields with MsSAcT can only be obtained
under kinetic control using activated acids.

MsACT is known to be an excellent catalyst for the transesterification of
primary alcohols and amines with a variety of acyl donorsl®¢ €, Benzyl alcohol and
isobutyl alcohol were chosen for this study in combination with acetic acid in the
form of potassium acetate buffer or ethyl-, vinyl- and phenyl-acetate as activated
acids. The kinetic properties of MSAcT were investigated for both the hydrolysis
and transesterification rate of vinyl acetate. This acyl donor irreversibly
tautomerizes upon hydrolysis, simplifying the reaction kinetics of the

transesterification.

6.2 Results and Discussion

To establish the thermodynamic equilibrium of the reaction and to probe
whether MsAcT had the potential to overcome the macroscopic thermodynamic
forces of the reaction(®! the direct esterification of benzyl alcohol with acetic acid at

pH 7.5 in potassium phosphate buffer (KPi) was studied. Investigation of both the
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synthesis (10 mM benzyl alcohol) and hydrolysis (10 mM benzyl acetate) reaction
catalyzed by MsACT revealed a final concentration of benzyl acetate of 0.12 mM. A
Keg Of 0.00012 could thus be established. The uncatalyzed control reactions
yielded essentially no product. MSACT is thus a classical catalyst, catalysing a
reaction but not altering it.

To prepare the desired ester it is therefore necessary to employ activated
acids. As was demonstrated earlier this can be simple ethyl acetate, a benign
solvent that can be used monophasic, i.e. dissolved in water, or as a separate
layer.l®l Here, all studies were performed under monophasic conditions with the
acyl donor dissolved in the pH 7.5 KPi buffer. In order to characterize the affinity
and activity of activated acyl donor ethyl, vinyl and phenyl acetate to MSAcT, the
optimal enzyme concentration was investigated. At less than 50 ng mL-1 MsAcT the
conversion of benzyl alcohol to benzyl acetate was not complete. In line with earlier
observations,3d a significant amount of benzyl acetate was hydrolyzed again at
high enzyme concentrations (Fig. 1). The trend in conversion of vinyl acetate >
phenyl > ethyl acetate after one hour of reaction time was in line with the reactivity
of the acyl donor.l?22b! Vinyl acetate clearly gave the highest conversion for ester
synthesis. Moreover it is synthesized via an atom efficient catalytic process from
acetic acid and ethylene making its production environmentally benign.[”]
Additionally it is very readily available as it is a monomer for polymer synthesis.
Also the side product acetaldehyde does on laboratory scale not require special
work up steps. On industrial scale measures to handle it are well established.®
Therefore, this activated acyl donor is relatively environmentally benign. It does not
require neutralization steps in down-stream processing nor are toxic compounds
produced at a large scale. The characterization of this acyl donor was pursued in
more detail in water to also avoid organic solvents necessary when used in

combination with lipases.
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Figure 1. Transesterification of benzyl alcohol with the acyl donor vinyl acetate (red), phenyl
acetate (black), and ethyl acetate (blue) using different MSAcT concentrations. Reaction
conditions: KPi buffer (200 mM, pH 7.5), 10 mM benzyl alcohol, 100 mM acyl donor, 5 —
500 ng MsAcT, 1 mL, 1000 rpm, 1 hour, 21°C. The experiment was performed in triplicates
and the error bars show the standard deviation.

To firmly establish all possible products and side products, such as hemiacetal
esters, in-situ *H-NMR analysis was performed. Since transesterification of benzyl
alcohol and vinyl acetate could not be followed via in-situ 'H-NMR due to
overlapping NMR signals, the acylation of 11 mM isobutanol with 212 mM vinyl
acetate with less than a pg mL? of MsAcT was studied under monophasic
conditions. To keep an excess of the acyl donor, a lower substrate concentration
was applied. Controls with CAL-A as well as without catalyst were carried out
under the same reaction conditions. Quantitative conversion was monitored by in
situ NMR. While the purified MsAcT-catalysed reaction went to completion, no
conversion could be observed with CAL-A nor for the negative control.

Next, the substrate concentration was increased to 97 mM isobutanol and 20-
fold more MsAcT was added. Under these conditions the starting materials are all

soluble but the product will be insoluble in water. During the course of the reaction
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a second organic phase appeared due to the insolubility of isobutyl acetate (Fig. 2).
No hemiacetal ester was observed. After prolonged reaction time the reaction
mixture became clear again demonstrating the hydrolysis of isobutyl acetate. This
occurred after all acyl donor had been consumed, indeed no isobutyl acetate was
detectable after 18 hours of reaction time at this stage of the reaction. MSAcT
catalyzed only the hydrolysis of the product ester, leading to the final reaction
equilibrium; that of acid, alcohol, ester and water.

a

)

0 0 0 0
)I\O )LH OH /”\H OJ\

Sy T ey T ey T ey

isobuty! acetate isobutanol hemiacetal adduct hemiacetal ester

v - % v T

No MsAcT  with MsAcTll No MsAcT  with MsAcT

Figure 2. Transesterification of isobutyl alcohol with MsAcT resulting in the reversible
formation of an emulsion. a) desired reaction and potential side reaction; b) initial reaction

mixture at t=0; c) reaction mixture at t=5 min; d) reaction mixture at t=60min.

Having ruled out hemiacetate esters as side product and established the
transient formation of the desired ester, optimal reaction conditions were
established. The concentration of vinyl acetate was varied at constant benzyl
alcohol and MsAcT concentration (Scheme 2 and Fig. 3). At a 1:1 ratio of benzyl
alcohol:vinyl acetate the benzyl ester is quickly formed and hydrolyzed; full

conversion is never reached (Fig. 3a). However, at 1:10 benzyl alcohol:vinyl
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acetate excellent conversions are obtained with a prolonged stability of the
synthesized ester (Fig. 3b). Indeed, by increasing the acyl donor concentration the

yield is increased and hydrolysis is outcompeted until all acyl donor is consumed.
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Scheme 2: MsAcT catalyzed transesterification of benzyl alcohol with vinyl acetate.

The transesterification of alcohols with activated acids catalyzed by MsAcT
follows overall a synthesis/hydrolysis pattern as is well established for the amide
bond synthesis.!! Initially the alcohol is the preferred substrate of MsAcT and the
desired ester, the kinetic product, is formed. In parallel both the activated acid and
the ester are also subject to hydrolysis. Once all acyl donor is consumed the
hydrolysis reaction leads to the final reaction equilibrium and thermodynamics
dictate the ester yield (Scheme 2 and Fig. 5).
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Figure 3. The synthesis of an ester in water. In a) the synthesis of an ester under kinetic

control followed by reverse hydrolysis into the thermodynamic equilibrium; b) solely kinetic
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control is demonstrated by a 10-fold excess of vinyl acetate; ¢) one can observe the
decrease in reverse hydrolysis by 1, 2.5-, 5-, and 10-fold excess of acyl donor. Reaction
conditions: KPi buffer (200 mM, pH 7.5), 10 mM benzyl alcohol, 0 - 100 mM acyl donor, 50
ng MsAcT, 1 mL, 1000 rpm, 21°C. The error bars show the standard deviation of triplicates.

After the synthesis of esters in water with different acyl donors or enzyme
concentrations the kinetic parameters of MsSACT catalyzed transesterification in
water was investigated. To firmly establish the transesterification of benzyl alcohol
with vinyl acetate the ester formation was monitored using GC analysis for the
determination of the Michaelis-Menten constants for two-substrate reactions!19l,
The MsAcT-catalyzed transesterification of benzyl alcohol with vinyl acetate
resulted for benzyl alcohol a Km of 9.1 mM + 2.8 mM and Kcat of 3.16 x 10% s,
demonstrating high transesterification efficiencies. More interestingly, the
transesterification was revealing a Km and kcat of 30.1 mM £ 6.3 mM and 2.49 x 103
s respectively.

The formation of acetaldehyde via the hydrolysis of vinyl acetate was
monitored using a coupled spectrophotometric activity assay, as is shown in table
1. The hydrolysis of vinyl acetate with MSAcT showed high affinity to the acyl donor
vinyl acetate, with moderate catalytic efficiency. The transesterification of benzyl
alcohol with vinyl acetate was repeated using the spectrophotometric assay to
ensure saturation conditions for two-substrate reactions of vinyl acetate with initial
rate conditionsi*ll, were a >100-fold higher kcaa was observed for the
transesterification over hydrolysis. The ratio between the catalytic rate constants of
the hydrolysis and synthesis has been utilized to classify acyltransferase
efficiencies,!*? indicating that MsAcT classifies as an efficient acyltransferase in
water. The affinity for vinyl acetate is high during the hydrolysis towards
acetaldehyde, but during transesterification in the presence of benzyl alcohol the
apparent affinity is significantly reduced indicating that competitive inhibition
occurs. Taken together, MsSAcCT favors transesterification over hydrolysis towards
benzyl acetate under kinetic control while hydrolyzing benzyl acetate to its alcohol

under thermodynamic control.
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Table 1. Kinetic parameters of MSAcT catalyzed hydrolysis and esterification in water

Compound!@ Ki (mM) Km (mM) Keat (s71)T
Vinyl acetatef@ n.a.* 0.0123 +0.0012 182+25
Benzyl acetatel’] 2.28 £0.42 0.0308 + 0.0087 52.7+35
Benzyl alcoholl® n.a.* 13.6+17 2586 £ 2.4

keat is based on the molecular weight of MSAcT (23.3 kDa).
**n.a.: not applicable

[a] Assay conditions: Vinyl acetate (0 — 10 mM), NADH (0.3 mM), KPi (200 mM, pH 7.5), MsAcT (24 ng mL1), SCADH
(50 U mL%); [b] Assay conditions: Benzyl alcohol (0 — 100 mM), vinyl acetate (10 mM), NADH (0.3 mM), KPi (200
mM, pH 7.5), MsAcT (24 ng mL*), SCADH (50 U mL™); [c] Assay conditions: Benzyl acetate (0.00 — 9.45 mM), NAD
(5 mM), KPi (200 mM, pH 7.5), MsSACT (24 ng mL™), HLADH-E (5 U mL™?).

More interestingly, using a coupled spectrophotometric assay the
hydrolysis of benzyl acetate was measured demonstrating high affinity and
uncompetitive inhibition for MsAcT. When benzyl acetate was added to the
hydrolysis of vinyl acetate the apparent affinity towards vinyl acetate was
significantly lower representing competitive inhibition (Fig. 6). Recently, a
computational study suggested that benzyl acetate would have high affinity
towards the aromatic active site.l! In this study, we demonstrated that the kinetics
of the enzymatic reaction are severely inhibited by the addition of benzyl acetate

indicating that ligand exchange severely lowers the reaction rates.
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Figure 6. Product inhibition of the synthesis of benzyl acetate shown in figure a), while the
competitive inhibition of the hydrolysis of vinyl acetate is shown in figure b). Reaction
conditions: (i) product inhibition: benzyl acetate (0.0 — 12.0 mM), vinyl acetate (5.4 mM),
benzyl alcohol (80 mM), NADH (0.25 mM), KPi (200 mM, pH 7.5), MsAcT (24 ng mL™),
ScADH (50 U mLY); (ii) competitive hydrolysis: Benzyl acetate (0.00 — 5.6 mM), vinyl acetate
(5.4 mM), NADH (0.25 mM), KPi (200 mM, pH 7.5), MsAcT (24 ng mLY), SCADH (50 U mL-
1). The error bars show the standard deviation of triplicates.

6.3 Conclusions

The synthesis of esters in high yields can be achieved in water with
activated acids using MsSAcT. The transesterification in water proceeds under
kinetic control and careful monitoring of the reaction is necessary to avoid reverse
hydrolysis. The kinetic parameters for MSAcT demonstrated a high synthesis to
hydrolysis ratio. If the reaction is performed at high concentrations of benzyl
alcohol, the product will form a separate layer leading to in-situ product removal
essential for reducing enzyme inhibition under synthesis conditions. From a
reaction engineering perspective, since the side product acetaldehyde is volatile,
the laboratory scale reaction is straightforward to perform. On a larger scale
standard measures to prevent acetaldehyde from escaping into the environment
need to be taken.[® These are well-established for industrial scale. Overall, organic

solvents and wasteful neutralization steps can be avoided.
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6.4 Experimental Section

6.4.1 Materials and methods

Ampicillin (Sigma-Aldrich), benzyl acetate (Sigma-Aldrich), benzyl alcohol (Acros
Organics), bovine serum albumin (ThermoFischer), diethyl ether (VWR), DNAse |
(bovine pancreas, Sigma-Aldrich), dodecane (Janssen), ethyl acetate (VWR),
imidazole (VWR), isopropyl [B-D-1-thiogalactopyranoside (ThermoFischer),
lysozyme (chicken egg white, Sigma-Aldrich), magnesium sulfate (VWR),
neopentyl glycol (Sigma-Aldrich), phenyl acetate (sigma-aldrich), potassium
acetate (Sigma-Aldrich), potassium phosphate dibasic (Honeywell), potassium
phosphate monobasic (Merck), sodium sulfate (Merck), vinyl acetate (Sigma-
Aldrich). LB-medium consists of 1.0% (w/w) tryptone, 0.5% (w/w) yeast extract,
1.0% NaCl, and autoclaved at 121°C for 20 minutes. All media was supplemented
with 100 pg mL* ampicillin before use. A multimode spectrophotometer plate
reader (Synergy 2, BioTek) was used for spectrophotometric measurements. The
pH electrode (Metrohm) was calibrated before use with standards of pH 4.00 and
pH 7.00 with R? > 0.98. 'H and 13C NMR spectra were recorded on a Varian 400
(400 MHz) spectrometer in CDCIs (buffer for the NMR-monitored reaction). The
chemical shifts are given in ppm relative to the solvent signal (*H: & (CHCIs) = 7.26
ppm) and (13C: 6 (CDCls) = 77.16 ppm, for centerline of CDCls triplet).

6.4.2 Expression and purification of MSAcT

A previous expression protocol was followed with slight modificationsPd. A
synthetic gene of MSACT (GenBank accession: ABK70783) from Mycobacterium
smegmatis MC2 155 was cloned in pET16b-MsACT containing a C-terminal HisTag
and expressed in E. coli BL21(DE3). A baffled 5L shake flask containing 1 liter of
TB-media was inoculated with 10 mL preculture and shaken until the OD600
reached 0.5 (25 °C, 180 rpm). Expression was induced with 0.1 mM isopropyl -D-
1-thiogalactopyranoside (IPTG) and the culture was shaken overnight (25 °C, 180
rpm). The cells were harvested with centrifugation (10 min, 10 000 rpm, 4 °C,
Sorvall RC 6+) and the supernatant was discarded. The cell pellet was washed
with KPi buffer (20 mM, pH 7.5) and the supernatant was discarded again. The cell
pellet was suspended in KPi buffer (20 mM, pH 7.5) containing 20 mM imidazole,
lysozyme (0.5 mg mL%, chicken egg white, Sigma-Aldrich), DNase | (0.1 mg mL™,
bovine pancreas, Sigma-Aldrich) were incubated at 0 °C for 30 minutes. The cells
were lysed by cell disruption (Constant Cell disruption systems) for three
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consecutive rounds (1.35 kbar). The cell-free extract was obtained after
centrifugation (10 min, 10 000 rpm, 4 °C, Sorvall RC 6+). The cell free extract was
filtered using a syringe filter (0.45 um) before sample application on Ni Sepharose
6Fast Flow resin (12 mL, GE Healthcare) equipped in a XK 16/20 adapter (GE
Healthcare) connected to a NGC system (Bio-Rad). Before sample application the
system and resin were flushed with 20% ethanol, deionized water, and equilibration
buffer containing KPi (20 mM, pH 7.5) with 20 mM imidazole. The protein was
flushed through the column until all MSACT protein was bound and eluted with a
gradient of elution buffer KPi (20 mM, pH 7.5) and 500 mM imidazole. The eluted
fractions containing MSAcT were desalted with a PD-10 desalting column and flash
frozen with liquid nitrogen prior to storage at -80 °C.

6.4.3 SDS-PAGE analysis

The purity of MsAcT (24 kDa) was analyzed with SDS-PAGE analysis. The protein
samples were denatured using a XT Sample Buffer (Bio-Rad) and XT Reducing
Agent (Bio-Rad) at 95 °C for 5 to 10 minutes. A Criterion XT Bis-Tris MOPS 4-12%
precast gel (Bio-Rad) equipped with a Precision Plus Protein Unstained Standard
(Bio-Rad) and denatured protein samples was run at 180 V in MES buffer (Bio-
Rad) for 40 minutes. The gel was stained with SimplyBlue SafeStain
(ThermoFischer).

6.4.4 BCA assay

Protein content was determined with the bicinchoninic acid (BCA) protein
guantitation kit (Thermo Scientific, Carlsbad, USA). Standard curves were prepared
with bovine serum albumin (BSA) in the range of 0.003 to 1.38 mg mL™! in a
(poly)styrene 96-well plate. Samples were measured in triplicate and monitored at
562 nm utilizing a microtiter plate spectrophotometer (Synergy 2, BioTek).

6.4.5 MsACcT activity assay with neopentyl glycol (NPG)

The activity assay was started with the addition of 25 pL from a solution of MSACT
(0.02 mg mL1) dissolved in KPi buffer (200 mM, pH 8) to 975 uL ethyl acetate
containing the external standard dodecane (10 mM) and NPG (100 mM). The
biphasic reaction mixtures were shaken for 30 seconds at 2500 rpm at room
temperature. Reactions were quenched after 0, 2, 4, 6 and 8 minutes by addition of
excess sodium sulfate. 50 L of each reaction mixture was pipetted into a GC vial
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and 950 pL ethyl acetate was added prior to GC analysis. The amount of NPG
monoacetate was quantified using external calibration curve. Activity is reported as
micromoles of NPG monoacetate produced per minute per milligram of purified
MsACT.

6.4.6 MSACT activity assay with p-nitrophenylbutyrate (pNPB)

The activity assay was started by adding 20 pL of MsAcT to 180 pL buffer
containing KPi buffer (50 mM, pH 7.5) in transparent 96-well polystyrene plates.
The rate of hydrolysis was monitored at 37 °C at 405 nm using a multimode
spectrophotometer plate reader (Synergy 2, BioTek). Buffer and 96-well plate were
pre-heated to 37 °C before the start of the reaction. An external calibration curve of
p-nitrophenol was constructed between 0.00 — 1.00 mM.

6.4.7 Esterification of benzyl alcohol with potassium acetate under
monophasic reaction conditions

For the synthesis of benzyl acetate from benzyl alcohol and potassium acetate the
following reaction conditions were applied. MSAcT (12000 ng) was added to KPi
buffer (200 mM, pH 7.5) containing 10 mM benzyl alcohol and 100 mM potassium
acetate to yield a monophasic reaction mixture of 1 mL. For the hydrolysis of
benzyl acetate to benzyl alcohol and potassium acetate the following reaction
conditions were applied. MSAcT (12000 ng) was added to KPi buffer (200 mM, pH
7.5) containing 10 mM benzyl acetate and 100 mM potassium acetate to yield a
monophasic reaction mixture of 1 mL. The reaction mixture was shaken at 1000
rpm at 21 °C. Samples were taken after 1, 2, 3, 4, 5 and 24 hours. Samples were
quenched by addition of 500 pL diethyl ether containing dodecane (10 mM) as
external standard. The mixture was rapidly vortexed for 30 seconds and
centrifuged at 13 000 rpm to remove enzyme precipitates. The organic layer was
collected, dried with an excess of dry MgSOa, and analyzed by GC. The amount of
benzyl alcohol and benzyl acetate was quantified using an external calibration
curve.

6.4.8 Reversible hydrolysis and synthesis of isobutyl acetate by MSAcT

The reaction was initiated by the addition of MSACT to a reaction solution resulting
in the final concentration of 11 mM isobutanol, 212 mM vinyl acetate, KPi (200 mM,
pH = 7.5), and 20 pg mL-1 MsAcT. The solution was resuspended vigorously during
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addition for 1 - 3 seconds and measured immediately with TH-NMR (Agilent, 400
MHz). Also, the reaction was repeated and recorded with a dual pixel 12MP OIS
(F1.7) camera to show the reversible synthesis and hydrolysis. For the synthesis of
isobutyl acetate from isobutanol and vinyl acetate the following reaction conditions
were applied. The reaction was initiated by the addition of MsAcCT to a reaction
solution resulting in the final concentration of 11 mM isobutanol, 212 mM vinyl
acetate, 200 mM KPi (200 mM, pH = 7.5), and 0.5 yg mL* MsAcT. The solution
was resuspended vigorously during addition for 1-3 seconds and measured
immediately with TH-NMR (Agilent, 400 MHz).

6.4.9 Optimizing MsACcT concentration for the acylation of benzyl alcohol with
vinyl-, phenyl-, and ethyl acetate

MsACT (50 - 12000 ng) was added to KPi buffer (200 mM, pH 7.5) containing 10
mM benzyl alcohol, and 100 mM acyl donor being either vinyl-, phenyl-, and ethyl
acetate to yield a monophasic reaction mixture of 1 mL. The mixture was shaken at
1000 rpm at 21 °C for 60 minutes. Product and substrate were extracted twice by
addition of 500 pL diethyl ether containing dodecane (10 mM) as external standard.
The mixture was rapidly vortexed for 30 seconds and centrifuged at 13 000 rpm to
remove enzyme precipitates. The organic layer was collected, dried with an excess
of dry MgSOs, and analyzed by GC. The amount of benzyl alcohol and benzyl
acetate was quantified using external calibration curve. Initial rates were calculated
from the linear slope of benzyl acetate concentration over time.

6.4.10 Determination kinetic parameters for vinyl acetate and benzyl alcohol
using GC analysis

For the kinetic parameters for benzyl alcohol the following reaction conditions were
applied. MsAcT (50 ng) was added to KPi buffer (200 mM, pH 7.5) containing
either 0, 1, 2.5, 5, 10, 15, and 20 mM benzyl alcohol, and 100 mM vinyl acetate to
yield a monophasic reaction mixture of 1 mL. For the kinetic parameters for vinyl
acetate the following reaction conditions were applied. MsAcT (50 ng) was added
to KPi buffer (200 mM, pH 7.5), 10 mM benzyl alcohol, and 0, 10, 25, 50, 100, and
200 mM vinyl acetate to yield a monophasic reaction mixture of 1 mL. The mixture
was shaken at 1000 rpm at 21 °C for 0, 2, 5, 10, 20, and 30 minutes. Product and
substrate were extracted twice by addition of 500 pL diethyl ether containing
dodecane (10 mM) as external standard. The mixture was rapidly vortexed for 30
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seconds and centrifuged at 13 000 rpm to remove enzyme precipitates. The
organic layer was collected, dried with an excess of dry MgSOa, and analyzed by
GC. The amount of benzyl alcohol and benzyl acetate was quantified using
external calibration curves. Initial rates were calculated from the linear slope of
benzyl acetate concentration over time. The curves were fitted to the Michaelis-
Menten equation using the fit function of Gnuplot 5.2[131.

6.4.11 Coupled spectrophotometric activity assay with ScADH of vinyl
acetate hydrolysis with MSAcT

The assay was performed in polyacrylate 1 cm cuvettes by monitoring the
conversion of 0.25 mM NADH at 340 nm and 20 °C with an extinction coefficient of
6.221 mM-1 cm. Before the addition of MSACT, the reaction was monitored until
stable. Enzymatic reactions were started by the addition of MsAcT with a final
concentration of vinyl acetate (0 — 10 mM) in KPi (200 mM, pH 7.5), ScCADH (50 U
mL1), MsSACT (24 ng uL?). All measurements were performed in triplicates. The
addition of additional ScCADH did not result in a higher response for indirect
acetaldehyde detection. The curves were fitted to the Michaelis-Menten equation
using the fit function of Gnuplot 5.2[13],

6.4.12 Coupled spectrophotometric activity assay with ScADH of benzyl
acetate synthesis with MSAcT

The assay was performed in polyacrylate 1 cm cuvettes by monitoring the
conversion of 0.25 mM NADH at 340 nm and 20 °C by using an extinction
coefficient of 6.221 mM-t cm-L. Before the addition of MsAcT, the reaction was
monitored until stable. Enzymatic reactions were started by the addition of MSAcT
with a final concentration of benzyl alcohol (1 — 100 mM), vinyl acetate (10 mM) in
KPi (200 mM, pH 7.5), ScADH (50 U mL%1), MsAcT (0.24 ng uL?). All
measurements were performed in triplicates. The addition of additional ScADH did
not result in a higher response for indirect acetaldehyde detection. The curves
were fitted to the Michaelis-Menten equation using the fit function of Gnuplot 5.213],

6.4.13 Coupled spectrophotometric activity assay with HLADH-E of benzyl
acetate hydrolysis with MSAcT

The assay was performed in polyacrylate 1 cm cuvettes by monitoring the
conversion of 0.25 mM NAD+ at 340 nm and 20 °C by using an extinction
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coefficient of 6.221 mM-! cm-'. Before the addition of MsAcT, the reaction was
monitored until stable. Enzymatic reactions were started by the addition of enzyme
with a final concentration of benzyl acetate (1 — 10 mM), in KPi (200 mM, pH 7.5),
HLADH-E (5 U mL1), MsAcT (0.24 ng uL1). All measurements were performed in
triplicates. The addition of additional HLADH-E did not result in a higher response
for indirect benzyl alcohol detection. The curves were fitted to the non-competitive
Michaelis-Menten equation using the fit function of Gnuplot 5.2[13l,

6.4.14 Coupled spectrophotometric activity assay with ScCADH of competitive
vinyl- and benzyl acetate hydrolysis with MsSAcT

The assay was performed in polyacrylate 1 cm cuvettes by monitoring the
conversion of 0.25 mM NADH at 340 nm and 20 °C by using an extinction
coefficient of 6.221 mM-1 cm-1. Before the addition of MsSACT, the reaction was
monitored until no chemical background hydrolysis occurred. Enzymatic reactions
were started by the addition of MSACT with a final concentration of benzyl acetate
(0.00 — 5.6 mM), vinyl acetate (5.4 mM), NADH (0.25 mM), KPi (200 mM, pH 7.5),
MsACT (24 ng mL-1), ScCADH (50 U mL-1). The error bars show the standard
deviation of triplicates. All measurements were performed in triplicates. The
addition of additional ScCADH did not result in a higher response for indirect
acetaldehyde detection.

6.4.15 Coupled spectrophotometric activity assay with ScADH of benzyl
acetate synthesis with MsAcT in the presence of varying amounts of product
The assay was performed in polyacrylate 1 cm cuvettes by monitoring the
conversion of 0.25 mM NADH at 340 nm and 20 °C by using an extinction
coefficient of 6.221 mM-1 cmL. Before the addition of MSACT, the reaction was
monitored until no chemical background hydrolysis occurred. Enzymatic reactions
were started by the addition of MSACT with a final concentration of benzyl acetate
(0.0 — 12.0 mM), vinyl acetate (5.4 mM), benzyl alcohol (80 mM), NADH (0.25 mM),
KPi (200 mM, pH 7.5), MsAcT (24 ng mL1), ScCADH (50 U mL%). All measurements
were performed in triplicates. The addition of additional SCADH did not result in a
higher response for indirect acetaldehyde detection.
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Outlook and conclusions

They call me the breeze,

| keep blowing down the road
| ain’t got nobody

| ain’t carrying me no load

JJ Cale, “Naturally”, Call me the Breeze, 1972



The reaction conditions of (in)organic catalysts for transfer-type reactions
rely on the use of (toxic) organic solvents, result often in poor yields, or
demonstrate poor regio- or enantioselectivity. Enzymes, such as transferases, offer
high enantioselectivity and high yield and are active in water-abundant media.
Transferases are essential for life and have become an integral part of applied
biocatalysis. Nature is dependent on activated donors and acceptors for
transferases, often labile components that can degrade spontaneously when
decoupled from their metabolic regeneration systems. Within this thesis, we have
shown that glycosyl- and acyltransferases act as an additional toolbox for the
synthesis of carbohydrates and esters. The societal relevance of these findings is
that it provides a contribution to the development of sustainable enzymatic
production technologies.

Within this thesis we described the use and potential of LeLoir
glycosyltransferases (GTs) in applied biocatalysis. In chapter 2, the potential
synthetic toolbox of LeLoir glycosyltransferases to couple, elongate, or branch
glycoconjugates, oligosaccharides, and glycans with high regio- and
stereoselectivity has been described. We highlighted the importance of separating
kinetics from thermodynamics on glycosylation reactions to design nucleotide
sugar regeneration systems efficiently. These insights can be pivotal to optimize
the reaction conditions for the computer-controlled synthesis of large
oligosaccharides using LeLoir GTs. Furthermore, such principles can be extended
to transfer-type reactions where kinetic and thermodynamic control are catalytically
interconnected.

In chapter 3, the use of the mCherry fusion with TreT of Thermoproteus
uzoniensis (TuTreT) to monitor protein aggregation and to increase enzyme
solubility was demonstrated. mCherry is a versatile fluorescent protein tag, since
upon denaturation it changes color from purple to green. It was successfully used
to report the denaturation of the fusion protein mCherry TuTreT. A large portion of
TreT was produced as inclusion bodies and demonstrated catalytic activity
(CatIBs).

The soluble expression of biocatalysts can be challenging to achieve. The
fusion of fluorescent protein mCherry offers rapid insight in different formulations of
immobilized enzymes. We highlighted the use of the mCherry TreT fusion construct
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for monitoring the quality of the enzyme immobilized as CatlBs and as carrier
attached immobilized enzymes in chapter 4. This allowed qualitative and
guantitative assessment of native and denatured protein, and its distribution within
an immobilization matrix. The performance of CatlIBs and immobilized enzymes
were compared, revealing that CatIBs can be applied for batch reactions with high
total productivity of trehalose per liter of expression host culture. Nevertheless,
immobilized enzymes on carrier materials exhibit a superior catalytic performance
and ease of separation. If enzyme solubility and expression can be increased,
higher STY and catalytic efficiency can be achieved using enzymes immobilized on
carriers. Taken together, these parameters show that carrier-attached enzymes are
more suitable for large-scale batch reactions. A judicious choice between CatIBs or
enzyme immobilization for a particular batch process should be based on the
required catalyst performance and the ease of enzyme production.

In chapter 5, mCherry TuTreT catalyzes the formation of trehalose
derivatives with a large substrate spectrum. Understanding the stereochemical
conformation and anomeric configurations of sugars are important to understand
their selectivities. For TuTreT, the switch in anomeric selectivity for o- and L-sugar
acceptors can be explained due to structural conformations of carbohydrates,
resulting in a-p-a-p- or a-b-B-L-glycosidic linkages. These findings can be used for
the enzymatic production of oligosaccharides and glycans with unnatural glycosidic
linkages with rare L-glycopyranoses.

The synthesis of esters in high yield can be achieved in water with
activated acids using an acyltransferase from Mycobacterium smegmatis as
described in chapter 6. The intrinsic catalytic properties of MSAcT determine the
selectivity between hydrolysis and transesterification of esters in water. The
transesterification proceeds under kinetic control with a high synthesis over
hydrolysis ratio. Under thermodynamic control complete hydrolysis was observed.
Careful monitoring of the reaction in time is therefore necessary to avoid reverse
hydrolysis.
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Everything that has beginning, has also an end. With this most well-read
chapter of my thesis, | would like to express my deep sense of gratitude to all the
people who | shared my PhD journey with. Looking back, this doctoral degree is an
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excellent teacher, understanding mentor, and analytical scientist in one person. |

am grateful for all your support, and | wish you a bright academic future.

| also would like to cordially thank the other members of the reading
committee, K. Szymanska, F. Hollmann, W.J.H. van Berkel, G. van der Marel,
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TreT. | would wholeheartedly like thank you for chapter 2, 3, and 5; your
contributions were key to their success. Rob, thank you for all your useful
suggestions regarding enzyme immobilization on carrier materials. | really enjoyed
the talks we had about work, and life, and hope that our collaborations might find a
continuation in the future. Thank you for chapter 2 and 4! Also, many thanks for my
collaboration with Andrzej and Katarzyna for your hospitality and stay at the
Silesian University of Technology in Gliwice. It was a great pleasure to work
together on the immobilization of TreT, HNL, and MsAcT, and seeing your
microreactors in action. Dirk, thank you for your input during the challenging
protein expression and wish you a fruitful career in Bochum! To my fellow PhD
candidates Antje, André, Daria, and Marta, thank you for the great collaboration
and all the fun we had during all the ERA-IB project meetings. You are excellent

scientists, and | hope we meet again in the future!

The appreciation for all the welcome input to my scientific work is extended
to Duncan. There are not many people who have such passion and enthusiasm for
science, and | enjoyed working together greatly! Frank, you have an incredible
drive to find the next (big) research topic, and | wish you good luck in finding your
next discovery. Caroline, it was great that | could share my passion for sugar
chemistry, thank you for all the help during both MSc & PhD. There lays a very
bright future ahead of you. Fred, there are not many scientists who can light up a
room when talking about their own scientific curiosities like you do. | hope to see

another lecture with your (dream) EPR machine in the future!

A word to my paranymphs. Stefan, a special word of gratitude goes to you.
All your scientific input was invaluable to our PhD research, as chapters 2, 3, 4,

and 5 are also your effort. We supported each other through the thrills of science —
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did nobody investigate this before!? — or the incredible depths — somebody did
investigate it before... Without having somebody to go for a “borrel and
bitterballen”, the yoga and mindfulness sessions, the regular talks about life, |
would not be quite sure if | would have endured my PhD journey. | can proudly say
that this PhD thesis is also your achievement, so a huge “dankjewel” for that!
Hugo, | am pretty sure that my PC would have ended outside the window if it
weren’'t for our regular breaks, walks, coffee’s, (brewing) beers, “vasteloavend”,
testing your synths, and many more. It is remarkable that our grandparents have
met, and we meet a lifetime later. | am confident that, without you guys, my PhD

would not have been half as much fun.

During my PhD, | had the pleasure to work with students from Life Science
& Technology. As | learned incredibly much from you, | hope | have returned the
favor, at least for a little. First, the BEP(ies). Marit, it was a great pleasure to work
together. To this day, | am impressed how you managed all your extracurricular
activities (1 day has 24 hours?). You are a highly independent researcher, and |
am confident you will do well in the future! Puck, you have a sparkling curiosity to
guestion everything. Never let anybody take this away from you! Lysanne, you are
analytical and precise, which was a great contribution to this project. Then to my
MEP(ies). Jord, you thanked me for my “excellent daily” supervision, but | am still
questioning: for what exactly? You were incredibly autonomous, which reduced my
supervision to problem-shooting now and then. | am proud of chapter 6, and | wish
you all the best with your (real) job! At last, Hessel, your diligence and enthusiasm
in the production of your purple protein made all the difference for chapter 5. Wish

you all the best in the future!

Dear fellow (ex-)BOC/BT PhD colleagues, thank you for creating such a
great atmosphere and memories. To Hanna, catch! Our talks about life, the good
and the bad, helped me to stay on track (and reality sometimes). Especially, when |
went through the eye of a needle. To Georg, thank you the good times; use your
acquired “gabber” skills wisely! To Morten, our scientific discussions were great

and | really enjoyed going now and then to Chateau de Jacques. To Marine and
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wholeheartedly like to thank you for that! | wish you all the best in continuing your
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setting up the large fermenter and producing the large amounts of purple protein.
Thank you for your support and involvement! Lloyd, | am glad you joined the BOC
team. Without your technical support of the HPLCs, | am sure that | would not be
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