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Abstract

Trehalose (x-D-glucopyranosyl-(1 — 1)-a-D-glucopyranoside) is a non-reducing disaccharide composed of two glucose mole-
cules linked by an «,x-1,1-glycosidic bond. It possesses physicochemical properties, which account for its biological roles in a
variety of prokaryotic and eukaryotic organisms and invertebrates. Intensive studies of trehalose gradually uncovered its func-
tions, and its applications in foods, cosmetics, and pharmaceuticals have increased every year. Currently, trehalose is industrially
produced by the two-enzyme method, which was first developed in 1995 using maltooligosyltrehalose synthase (EC 5.4.99.15)
and subsequently using maltooligosyltrehalose trehalohydrolase (EC 3.2.1.141), with starch as the substrate. This biotechnical
method has lowered the price of trehalose and expanded its applications. However, when trehalose synthase (EC 5.4.99.16) was
later discovered, this method for trehalose production using maltose as the substrate soon became a popular topic because of its
simplicity and potential in industrial production. Since then, many trehalose synthases have been studied. This review summa-
rizes the sources and characteristics of reported trehalose synthases, and the most recent advances on structural analysis of

trehalose synthase, catalytic mechanism, molecular modification, and usage in industrial production processes.
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Introduction

Trehalose (x-D-glucopyranosyl-(1 — 1)-a-D-glucopyranoside)
is a naturally occurring disaccharide composed of two glucose
molecules with an o,x-1,1-glycosidic bond and was first isolat-
ed in 1832 from the ergot of rye (Teramoto et al. 2008). Since
then, it was found to be present in bacteria, fungi, plants, and in
many invertebrates, but it has not been found in mammals
(Elbein et al. 2003). This is caused by (i) the absence of any
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trehalose synthesis genes and (ii) the significant amounts of
trehalase (EC 3.2.1.28) in the human small intestine that specif-
ically hydrolyze trehalose into two glucose molecules (Argiielles
2014). The other two isomers of «,x-trehalose, namely «,(3-
trehalose and (3,3-trehalose, have not been isolated from any
living organisms, but they were found in koji extract and starch
hydrolysates, respectively (Elbein et al. 2003). In general, when
people talk about trehalose, they are referring to o, x-trehalose.
In 2000, trehalose was designated as generally recognized as
safe (GRAS) by the US Food and Drug Administration
(FDA,GRN No. 000045) (Ohtake and Wang 2011).

At first, trehalose was chemically synthesized via ethyl-
ene oxide addition reaction using 2,3,4,5-tetra-O-acetyl-D-
glucose and 3,4,6-tri-O-acetyl-1,2-anhydro-D-glucose as
the substrates, and later directly extracted form brewer’s
yeast (Elbein et al. 2003). The price of trehalose remained
as high as 700 US$ kg™ ' until the development of a two-
enzyme method. Here, maltooligosyltrehalose synthase
(MTSase, EC 5.4.99.15) and maltooligosyltrehalose
trehalohydrolase (MTHase, EC 3.2.1.141) were used in
utilizing starch or maltodextrins as the substrate, which
lowered the price to 5-6 US$ kg ' in 1995 (Teramoto
et al. 2008). MTSase converts «,x-1,4 bond to o,x-1,1
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bond at the reducing end of the maltooligosaccharide, and
MTHase releases trehalose by hydrolysis of the neighbor-
ing o, x-1,4 bond. Approximately 30,000 tons of trehalose
is being produced every year utilizing this synthesis pro-
cedure (Song et al. 2016). Another well-known synthesis
pathway is via trehalose-6-phosphate. Trehalose phosphate
synthase (TPS, EC 2.4.1.15) catalyzes uridine diphosphate
glucose with glucose-6-phosphate to produce trehalose-6-
phosphate. Trehalose-6-phosphate phosphatase (TPP, EC
3.1.3.12) then converts trehalose-6-phosphate to trehalose.
This pathway was known for its applications in bacteria or
in plants for improved drought tolerance (Nuccio et al.
2015). Another trehalose synthase (TS, EC 5.4.99.16)
pathway was found in some bacteria, e.g., Pimelobacter
sp., which catalyzed a reversible interconversion of malt-
ose and trehalose (Nishimoto et al. 1996). These three bio-
synthesis pathways are shown in Fig. 1.

The MTSase/MTHase method has greatly lowered the
price of trehalose and helped to expand the applications of
trehalose. However, MTSase only acts on linear
maltooligosaccharides with the degree of polymerization
(DP) >3, and the branched starch, maltose, and maltotriose
are left in the reaction mixture, which limits the efficiency of
trehalose production. The one-enzyme method (TS

a 1 OH 1 OPOgZ
H o H o
HOHO H + HOHO H
H oH H OH
H O-PP-Uridine H OH
UDP-Glucose Glucose-6-P

H
oHO

Maltooligosaccharide

Fig. 1 Three biosynthesis pathways of trehalose production. The
enzymes involved in the biosynthesis were as follows: a Trehalose
phosphate synthase (TPS, EC 2.4.1.15) and trehalose-6-phosphate phos-
phatase (TPP, EC 3.1.3.12), b maltooligosyltrehalose synthase
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pathway), on the other hand, attracted much attention from
researchers who were eager to exploit an alternative and
superior way to produce trehalose. Due to its simplicity,
many studies have been performed with this method
(Nishimoto et al. 1996; Kim et al. 2010; Wang et al.
2017). Reviews of trehalose production methods (Schiraldi
et al. 2002), trehalose metabolism in bacteria (Ruhal et al.
2013) and plants (Lunn et al. 2014), and functions and ap-
plications of trehalose (Ohtake and Wang 2011) have been
published, but there has been no specific review on trehalose
synthase pathway. Our review focuses on the current status
of trehalose biotechnological production via the trehalose
synthase pathway, including characteristics of TSs from var-
ious organisms, catalytic mechanism, structural analysis, mo-
lecular modification, downstream purification, and its future
prospects to be applied in the enzymatic manufacturing of
trehalose.

Biological functions of trehalose

Anhydrobiotic organisms are found to survive in almost com-
plete dehydration state (e.g., 99% of water is removed).
Trehalose accumulates endogenously in a variety of
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(MTSase,EC 5.4.99.15) and maltooligosyltrehalose trehalohydrolase
(MTHase, EC 3.2.1.141), and ¢ trehalose synthase (TS, EC 5.4.99.16).
The glycosidic bonds were annotated in red
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organisms such as brine shrimp and the resurrection plant
such as selaginella during their dehydrating process, which
is thought to play a protective role either as a water replace-
ment molecule or as a vitrification agent in the dry state (Tapia
et al. 2015; Williams et al. 2015). In plants, the disaccharide
sucrose plays a similar role as trehalose, but most organisms
prefer trehalose to sucrose because trehalose has a less ten-
dency to form crystals (Elbein et al. 2003). In insects, treha-
lose serves as an energy and carbon reservoir for their growth
and is consumed during flight in the hemolymph and thorax
muscles (Wegener et al. 2010). Furthermore, trehalose is a
stabilizer of membranes and proteins (Furuki et al. 2009). It
also acts as a protectant against physiological stresses, includ-
ing hypothermia (Chen and Haddad 2004), hyperthermia
(Reina-Bueno et al. 2012), osmotic stress (Beblo-Vranesevic
et al. 2017), and ethanol and oxidation (Bandara et al. 2009).
In yeast, heat shock induces active expression of trehalose-6-P
synthase, leading to the accumulation of trehalose that stabi-
lizes enzymes and reduces the heat-induced formation of pro-
tein aggregates (Reina-Bueno et al. 2012). Exposure of S.
cerevisiae to oxygen radicals increases the trehalose amount
in cells, and it is suggested that trehalose acts as a free radical
scavenger to prevent the amino acid damage (Bandara et al.
2009). In mycobacteria and corynebacteria, trehalose is the
basic component of cell wall glycolipids. The cord factor, also
known as trehalose-6,6'-dimycolate, is a toxic lipid in the cell
wall of mycobacteria that has been identified as the main
virulence factor of tuberculosis and is also responsible for
the low permeability of the mycobacteria cell wall which lead
to the drug resistance of these organisms (Caner et al. 2013;
Elbein et al. 2003).

Physicochemical properties of trehalose

Important properties of trehalose are summarized in
Table 1. Trehalose is a non-reducing disaccharide due to
the linkage of two glucopyranose rings at the reducing
end of the glycosyl residues. The pH stability of trehalose
was tested in pH value of 3.5 to 10 at 100 °C for 24 h
with a result of over 99% of trehalose remain unchanged
(Ohtake and Wang 2011). This is due to the low energy
(<1 kcal/mol) of the «,x-1,1-glycosidic bond, which en-
ables trehalose to be the most stable sugar in solutions. In
addition, the transition glass temperature (T,) of trehalose
is higher than that of any other disaccharide at similar
water content, which facilitates freeze-drying and spray
drying processes (Zhang et al. 2017). Moreover, trehalose
is superior to sucrose, a well-known and low-price disac-
charide, in some aspects such as having a higher melting
temperature, lower rate of hydrolysis, no acrylamide for-
mation, lower sweetness, and lower calories (Gharsallaoui
et al. 2008; Ohtake and Wang 2011). Therefore, due to its

unique properties, trehalose is widely applied in food,
cosmetic, and pharmaceutical industries (see below).

Applications of trehalose

In food industries, trehalose was used along with the food
drying or frozen process to maintain the polyphenol content,
the antioxidant activity, the aromatic volatiles (Kopjar et al.
2013), and the color (Umene et al. 2015) in fruits and vege-
tables (Neri et al. 2014). Some explanations for these phe-
nomena have been proposed that trehalose is able (i) to form
glass and lock the compounds, (ii) to replace the water and
retain the hydrogen bonding, (iii) to increase the surface ten-
sion of the bulk solvent, (iv) to prevent phase separations in
lipid bilayers, and (v) to keep membrane integrity (Loncaric
et al. 2014). Other sugars such as sucrose and mannitol have
a similar protective effect during freezing but are not as effi-
cient as trehalose. This is due to their lower T, (e.g., Ty
sucrose = 05—75 °C) in comparison with trehalose (T, trehatose =
110 °C), and they tend to hydrolyze during freezing (Ohtake
and Wang 2011). Trehalose also served as an additive for
food flavor enhancement (Ohtake and Wang 2011), preven-
tion of starch aging (Liang et al. 2015), odor reduction, and
extension of the shelf life by increasing its T, (Yu et al.
2017a, b). In addition, no acrylamide was formed between
trehalose and asparagine in food products because of the non-
reducing property of trehalose. Furthermore, trehalose was
lowly cariogenic with reduced caries scores in a rat experi-
ment (Neta et al. 2000). Trehalose was also reported to mit-
igate insulin resistance, which leads to its value as a substitute
of glucose or sucrose for diabetic patients and weight
watchers (Arai et al. 2010).

In cosmetics, trehalose has been included in creams
and lotions as moisture-retaining agent and storage stabil-
ity enhancer and suppressor of the odor from active ingre-
dients (Ohtake and Wang 2011). In particular, trehalose
acted as a key ingredient in suppressing human body odor
by stabilizing the unsaturated fatty acids from degradation
(Schiraldi et al. 2002).

In pharmaceuticals, trehalose has had roles in the preserva-
tion of tissues and organs for transplantation (Ikeda et al.
2015) and cryopreservation of blood stem cells (Martinetti
et al. 2017) and sperm (Olaciregui and Gil 2017), with in-
creased cell viability. Trehalose was also reported to have a
suppression effect on bone loss (Wada et al. 2014). In vivo
studies showed trehalose was found to be effective in reducing
peptide aggregation and increasing autophagy in animal
models of neurodegenerative disorders including
Alzheimer’s disease, Parkinson’s disease, and Huntington’s
disease (Emanuele 2014). However, how trehalose helps re-
duce the aggregated peptides still remains unclear and needs
to be further investigated (Portbury et al. 2017).

@ Springer



2968

Appl Microbiol Biotechnol (2018) 102:2965-2976

Table 1 Physicochemical

properties of trehalose Properties

Trehalose

(reproduced courtesy of IUPAC)
Systematic name

Molecular formula
Molecular weight (g/mol)
Physical status

Melting point (°C)

Heat of fusion (kJ/mol)

Glass transition temperature (T, °C)

Solubility in water

«-D-glucopyranosy-1,1-x-D-glucopyranoside
Ci12H2,01; (anhydride)
342.31(anhydride)/378.33 (dihydrate)

White orthorhombic crystals

210.5 (anhydride)/97.0 (dihydrate)

53.4 (anhydride)/57.8 (dihydrate)

115

68.9 g/100 g at 20 °C

Density 1.58 g/em? at 24 °C

[«]*p +178°

Bond energy 1 kJ/mol glycoside oxygen bond

Relative viscosity 1.85

Sweetness 45% of sucrose

Caloric effect 4 kcal/g

Maillard reaction (acrylamide formation) No

Toxicity No

Digestibility Digested and absorbed by the small intestine

Stability in extreme pH (% remaining)

Heat stability of solution

>99% (pH 3.5-10.0, at 100 °C for 24 h)
>99% (at 120 °C for 90 min)

Biotechnological production of TS
Sources and characteristics of various TSs

Since the discovery of the TS pathway in bacteria metabolism
(Elbein 1974; Paul et al. 2008), TSs have been purified from
Pimelobacter sp. R48 (Nishimoto et al. 1996), Thermus
aquaticus ATCC33923 (Nishimoto et al. 1997), Thermus
caldophilus (Koh et al. 1998), Thermus thermophilus HB§
(Zdziebto and Synowiecki 2006), Pseudomonas sp. F1
(Ohguchi et al. 1997), and Mycobacterium smegmatis (Pan
et al. 2004). Meanwhile, many TS genes have been cloned
and heterologously expressed in Escherichia coli, as summa-
rized in Table 2. The highest enzyme activities of TSs were
reported from Thermus aquaticus with 135 U/mg (Nishimoto
et al. 1997), and a novel TS gene retrieved from
metagenomics with 134 U/mg activity on maltose (Jiang
et al. 2013). TS does not only have transglucosidic activity
but also have weak hydrolytic activity that hydrolyze treha-
lose and/or maltose into glucose. Therefore, the byproduct
glucose was observed during the enzymatic reaction by most
of the reported TSs. There was only one exception among all
the reported TSs that no glucose was produced, which was
the one from Pseudomonas stutzeri CJ 38 (Lee et al. 2005).
TS from P. stutzeri catalyzed the reaction from maltose with a
trehalose yield of 75% at 15 °C with no glucose detected after
19 h of reaction. When the reaction temperature was in-
creased up to 35 °C, there was still no glucose observed in
the reaction mixture.

@ Springer

It is found that, in general, there are two trehalose syn-
thase genes existing in the same organism with one group
ranging from 1600 to 1800 bp and the other one from 2800
to 3300 bp. In particular, P. stutzeri TS contains the nucle-
otides of 2067 bp, which does not belong to any of the two
groups. The neighbor-joining phylogenetic trees of TSs
from P. stutzeri and other organisms were constructed as
shown in Fig. 2. The TS from P. stutzeri was far away from
other TS homologs that indicates the low sequence simi-
larity and its different origins. The amino acid sequence of
TS from P. stutzeri CJ38 was then aligned with TSs from
M. smegmatis, D. radiodurans R1, M. tuberculosis, T.
terrenum, and T. thermophiles (Fig. S1). However, as no
crystal structure of P. stutzeri TS was obtained, it still re-
mains unknown why P. stutzeri TS does not produce a
byproduct.

The values of conversion rate from enzymatic reactions
with various TSs (in Table 2) imply that the substrate con-
centration did not have a suppression impact on the final
trehalose yield. Some TSs from 7. aquaticus (Nishimoto
et al. 1997), T. curvata (Liang et al. 2013), P. torridus
(Chen et al. 20006), P. stutzeri, and Pseudomonas sp. P8005
(Gao et al. 2013) were reported to have low activity on su-
crose and catalyze the formation of trehalulose, which exhib-
ited similar activity to isomaltulose synthase (EC 5.4.99.11).
With regard to intramolecular transglucosylation,
isomaltulose synthase has been studied in detail and could
provide some insights into crystal structure analysis and mo-
lecular engineering of trehalose synthase (Mu et al. 2014). In
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Fig. 2 Neighbor-joining phylogenetic tree of amino acid sequences of reported trehalose synthases from various organisms. Accession number of each
trehalose synthase was provided in the figure. The tree was constructed by iTOL v4 (http:/itol.embl.de)

conclusion, the low enzyme activity and instability of TS are
still the main barriers for TS becoming the main force of
industrial production of trehalose.

Temperature influence on trehalose yield

The theoretical equilibrium constant for the reversible inter-
conversion by TS was 82% towards trehalose at 25 °C using
thermodynamic parameters (Tewari and Goldberg 1991). The
highest conversion rates of 80 and 92%, respectively, in favor
of trehalose reported so far were with TS from T.
thermophilus at 30 °C after 48 h and with D. radiodurans
at 5 °C after 48 h (Wang et al. 2007). As reported, TS from D.
radiodurans is a cold-active enzyme with the optimal tem-
perature at 15 °C and retained 90% of its enzyme activity at
5 °C, which explained for its high product yield of 92% at
5 °C with barely no glucose observed. Other reported con-
version rates towards trehalose were approximately 60—74%
(Table 2). There was one phenomenon observed that the yield
of trehalose decreased, and glucose increased at higher tem-
perature. The possible mechanism lies behind is the increased
flexibility of the protein structure in higher temperature, mak-
ing the catalytic pocket more accessible to water molecules
that attack the split glucose before the formation of the o, -
1,1- or &,x-1,4-glycosidic bond (Koh et al. 2003). In general,
the decreased reaction temperature will achieve more treha-
lose product and less byproduct during the reaction.
However, it will also extend the reaction time and require
more energy to reach the equilibrium, which should be taken
into account when considering the total production cost. In
addition, there is no Maillard reaction for trehalose with ami-
no acids as its non-reducing characteristic. Thus, higher reac-
tion temperature with faster reaction rate, less possibility of
bacterial contamination, and a compromised product yield is
feasible for trehalose industrial production with a thermosta-
ble enzyme.

@ Springer

The effects of various metal ions on TS activity

Metal ions are crucial to the biological function and structure
integrity of many enzymes (Barondeau and Getzoff 2004).
Thus, the effects of various metal ions on TS activity were
examined, and generally the addition of Ca®* or Mg** in-
creased most of the activity of the TSs by 10-15% (Chen
et al. 2006; Zhu et al. 2010). The experimental results were
in accordance with the structure findings that two metal ion-
binding sites, Ca>* and Mg>*, were found in TS structures
from M. smegmatis and D. radiodurans (Caner et al. 2013;
Wang et al. 2014). A very recent report of TS structure from 7.
terrenum claimed to discover two more metal ion-binding
sites, which may explain for its good thermal stability of
80% activity retained after 30 min incubation at 70 °C
(Wang et al. 2017). However, more experiments should be
carried out to prove its structure importance.

Structural analysis and molecular
modification

Catalytic mechanism of TS

Zhang et al. (2011) demonstrated a two-step, double displace-
ment mechanism of TS from M. smegmatis (MsTS), which was
consistent with other GH13 family members, e.g., isomaltulose
synthase (EC 5.4.99.11) (Cheetham 1984; Xu et al. 2013).
First, Asp230 in MsTS attacks the substrate on the anomeric
center with a covalent (3-glucosyl-enzyme intermediate, and a
free glucose is formed inside the catalytic pocket. Second, the
released glucose reorients within the active site as the 1-
hydroxyl or 4-hydroxyl position for re-attack. The structure
of MsTS revealed a narrow and enclosed active site pocket
within which the intramolecular rearrangements occur (Caner
et al. 2013). Structure analyses of TS from D. radiodurans
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(DrTS) confirmed a closed conformation between subdomain
B and S7 by the induction of the substrate, which enhances the
isomerization and reduces the water entry for hydrolysis (Wang
et al. 2014). Kinetics research indicated the protein conforma-
tional changes were rate-limiting (Zhang et al. 2011).

Importance of C-terminal domain in TS for enzymatic
catalysis

As mentioned above, TS is a member of the GH13 family, which
is comprised of three domains: a catalytic (3/x)g barrel,
subdomain B, and a C-terminal domain shown in Fig. 3 (Caner
et al. 2013). Domain C comprises a seven-stranded antiparallel
[3-sandwich from (313 to 319. The loop-rich subdomain 7 (S7,
residues 315-361 in DrTS) and subdomain 8 (S8, residues 384—
449 in DrTS) were reported to be unique to the TS structure
(Wang et al. 2014). In DrTS, domain C and S8 contribute to
the dimer formation, while domain B and S7 serve as a gateway
for the opening and closing of the active site (Wang et al. 2014).

As TS from T. thermophilus ATCC 33923 (TtTS) showed
exceptional stability which was stable from pH 5.5-9.5 and up

MSsTS: 3Z09

Chain A

Chain A

Domain C

Fig. 3 Illustration of the architecture of trehalose synthase from
Mycobacterium smegmatis (MsTS, PDB ID: 3Z09), Mycobacterium
tuberculosis (MtTS, PDB ID: 4LXF), and Deinococcus radiodurans
(DrTS, PDB ID: 4TVU). Chain A of MsTS, MtTS, and DrTS was
shown with helix, sheet, and loop in cyan, red, and orange, respectively.

Domain A

to 80 °C for 60 min, in comparison to other thermophilic TSs
from M. ruber and P. torridus (see in Table 2). The amino acid
sequence of TtTS was aligned with its homologs (Fig. S1),
which indicated a special C-terminus that is particularly larger
than most other TSs (Wang et al. 2007). Given that the C-
terminus (415 amino acid residues) is the key difference from
other TSs, the functions of the C-terminal domain were stud-
ied by deletion from TtTS (Wang et al. 2007; Cho et al. 2017),
and the fusion proteins of C-terminus with other TSs were
constructed (e.g., cold-active DrTS (Wang et al. 2007) and
TSs from P. putida, C. glutamicum, Streptomyces coelicolor,
and Thermotoga maritime (Li et al. 2017)). The results
showed that the C-terminal domain from TtTS plays a key
role in maintaining the thermostability, reducing the
byproduct glucose formation, and increasing TS activity.

Directed evolution of various TSs

Molecular modification technology has been widely applied to
enzymes for obtaining improved enzyme activity and thermo-
stability, in order to have a prospect for industrial production.

MtTS: 4LXF

The surfaces of domains A, B, and C from chain B of MsTS, MtTS, and
DrTS were shown in green, yellow, and red, respectively. MtTS and DrTS
were in dimer and MtTS was in tetrameric form in buffer. The C1, Mg2+,
and Ca®* were represented in green, red, and magenta, respectively
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Some important mutants of trehalose synthase and their activ-
ities were summarized in Table 3. Three variants of 7. curvata
TS on amino acid leucine (position 116) displayed the varia-
tion of enzyme activity on maltose and sucrose compared to
the wild type and the E330A variant only exhibited the hydro-
lase activity indicating its importance for product formation
(Jiang et al. 2013). Wang et al. (2014) also reported three
variants R148A, 1150A, and N253A of D. radiodurans TS
with decreased isomerase activity as low as 11% and increased
hydrolase activity up to 180% compared to the wild type.
However, as the previously reported one-site mutants have
not exhibited higher isomerase activity or enhanced thermo-
stability, the double-site mutagenesis could be applied to TS
when some reported double-site mutants of other enzymes
have displayed exciting results. For example, the double-site
Y68I/G109P variant of D-psicose 3-epimerase from
Clostridium bolteae for D-psicose production displayed an in-
creased value of halftime from 156 to 260 min and a decreased
Ky value of 17.9% (Zhang et al. 2016). Another example was
the double-site G121A/T122L variant of inulin
fructotransferase from Streptomyces davawensis, which exhib-
ited a 4.5 °C increase of melting temperature (T,,) value and a
48.7% enhancement of enzyme activity (Yu et al. 2017a, b). To
date, five crystal structures of TS have been analyzed, as sum-
marized in Table 4. The relationship between structure and

function of TS has been well studied (Koh et al. 2003; Pan
et al. 2004; Caner et al. 2013; Wang et al. 2014; Wang et al.
2017); thus, site-directed mutagenesis could be designed based
on the TS structure to improve the enzyme activity and ther-
mostability of TS. However, there is currently no report of any
variant with higher thermostability of trehalose synthase yet.

Bioproduction of trehalose
Immobilization of TS

Immobilization techniques were applied to offer improved sta-
bility, increased activity, improved separation, reusable en-
zyme, and consequently more efficient and low-cost produc-
tion (Es et al. 2015). Cho et al. (2006) reported an immobili-
zation of TS from T. caldophilus GK24 using Eupergit C250L
as the carrier. The immobilized TS exhibited an optimal tem-
perature shift from 45 to 65 °C and increased stability with
90% activity retained after 16 days at 70 °C, whereas the wild
type only had 13% of the original activity after 6 days. In
addition, the continuous reaction achieved better trehalose
yield than the batch process due to the elimination of glucose
formed during the reaction, a strong inhibitor to TS activity
(Zhu et al. 2010). Another immobilization of TS from D.

Table 3  Various mutants of TSs by site-directed mutagenesis and its enzymatic properties
Microorganism ~ Mutant Structural function Relative enzyme activity Reference
and thermostability
T. curvata L116eM L116 forms bond with H120 and D217,  118% activity on maltose Liang et al. 2013
supposedly important for and 78% on sucrose
L116E substrate specificity 101% activity on maltose
and 74% on sucrose
L116G 17% activity on maltose
and 144% on sucrose
E330A Vital for product formation Only showed hydrolase activity
and no transglucosidic
activity detected
D. radiodurans  1150F In subdomain B, constitute part of the 55% of the isomerase activity Wang et al. 2014
active-site pocket and 170% of the hydrolase
activity of the wild type
N253A Asn253 forms a hydrogen bond with 11% of the isomerase activity
Glu324, N253A causes movement and 180% of the hydrolase
of the Glu324 side chain, leading activity of the wild type
to the creation of a small pore
for water entry
R148A Arg148 forms salt bridges with 12% of the isomerase activity

Y213A, E320A, E324A

Glu223 and Glu324

Catalytic triad

T. terrenum R283G/Y287R/R291G Metal ion-binding site
H534Y Metal ion-binding site
R283G/Y287R/R291G/H534Y  Metal ion-binding site

and 150% of the hydrolase
activity of the wild type

No isomerase or hydrolase
activity detected

Retained 36% of the wild type
Retained 50% of the wild type

Retained 25% of the wild type

Wang et al. 2017
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Table 4 Summary of crystal structure information of various TSs

PDB ID Microorganism Interacted chemicals Resolution (A) Biological unit Reference
3Z0A Mpycobacterium smegmatis Alpha-acarbose, Ca**, CI”!, Mg** 1.85 Dimer (asymmetric) Caner et al. 2013
37209 Mycobacterium smegmatis CI', ca*, Mg* 1.84 Dimer (asymmetric) Caner et al. 2013
4LXF Mycobacterium tuberculosis Ca”*, glycerin, sulfate ion 2.6 Tetramer Roy et al. 2013
4TVU Deinococcus radiodurans R1 Ca”*, Mg**, tromethamine 2.7 Dimer Wang et al. 2014
5X7U Thermobaculum terrenum NK 2.5 NK Wang et al. 2017

NK not known as the status of the structure is still on hold by PDB and will be released later

geothermalis was performed on glutaraldehyde activated
silanized magnetic ferrous-ferric oxide (Panek et al. 2013).
The nanoparticle size of the sample with the enzyme was be-
low 30 nm. It retained 82% of the initial activity after 12
repeated batches. The advantage of using magnetic nanoparti-
cle was the simplicity of separation between immobilized TS
and the reaction medium by an external magnetic field. The
carrier-free immobilization method, cross-linked enzyme ag-
gregates (CLEAs), was tested on TS from M. ruber using
polyethyleneimine and polyethylene glycol as precipitants
and glutaraldehyde as the cross-linking reagent resulting in
improved thermal and pH stability (Zheng et al. 2014). With
the development of immobilization techniques, new materials
and new methods will enable increased enzyme recovery and
stability to lower the production cost (e.g., protein residue-
explicit covalent immobilization for stability enhancement sys-
tem (PRECISE) that orients the protein covalent bond to gain
the best substrate access to the activity pocket, which is worth
attempting on trehalose synthase enzyme (Wu et al. 2015a)).

Whole-cell production of trehalose

Trehalose synthase is an intracellular enzyme that must be
released by cell disruption before enzymatic applications.
The whole cells, as biocatalysts in the medium, possess ad-
vantages over the free TS enzymatic production process in
that they omit the enzyme purification and immobilization
processes. As reported, E. coli was treated with permeation
reagents such as toluene and EDTA (Ma et al. 2006), chloro-
form (Zheng et al. 2015), or colistin sulfate (Song et al. 2016)
to increase the permeability of small molecules through the
cell membrane, whereas the enzymes were retained in the
cells, and nearly no enzyme activity loss occurred. An alter-
native method was to display enzymes on the surface of living
cells with the advantage of easy access of the substrates to the
enzyme, simple subsequent separation and purification, and
increased activity and stability (Schiilirmann et al. 2014). It
was reported that the TS gene from P. forridus integrated onto
the Yarrowia lipolytica cell surface, exhibiting improved ther-
mal and pH stability compared to free TS and a final trehalose
yield of 73% under optimal conditions (Li et al. 2016).

Downstream purification of trehalose

The enzymatic process using trehalose synthase usually leads
to a mixture of trehalose, maltose, and glucose. However, the
separation and purification are hampered by their similarities
in chemical structure and physicochemical properties. Thus,
it is necessary to develop efficient and cost-saving processes
for the purification of trehalose. Wu et al. (2013, 2015b)
reported sequential enzymatic hydrolyses from maltose to
glucose by glucoamylase and then glucose to gluconic acid
by glucose oxidase to modify maltose and glucose in the
mixture. A recent report showed a purification method using
two-stage simulated moving bed chromatography (SMB)
with a result of 97.6% purity of trehalose and 95.9% recov-
ery yield (Song et al. 2016). In addition, it was reported that
the residual maltose and glucose were fermented to ethanol
by a Saccharomyces cerevisiae strain (Li et al. 2016).

Conclusions and future prospects

Trehalose is a functional sugar that is applied to food,
cosmetic, and pharmaceutical applications (Ohtake and
Wang 2011). However, the metabolism and physiological
functions of trehalose in humans are still unclear and ur-
gently need to be solved. The currently reported TSs could
still not meet the criteria for the trehalose production due
to their low enzyme activities and stabilities with regard to
the total production cost. Thus, finding novel TS genes
with superior properties of the corresponding enzymes
from metagenomic DNA, that have been successfully ap-
plied to find for instance high-performance {3-galactosi-
dases (Erich et al. 2015; Rentschler et al. 2016), could
be conducted in the future, as 99% of microorganisms in
nature remain uncultured. Meanwhile, molecular engineer-
ing methods such as directed evolution and structure-
based site-directed mutagenesis could also be performed
to obtain an improved trehalose synthase for trehalose
production. Finally, the food safety problem should be
taken into account for industrial biotechnological produc-
tion of trehalose.
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