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Peter-Leon Hagedoorna

aBiocatalysis, Department of Biotechnology, Delft University of Technology, Delft, The Netherlands
bEMBL Hamburg, Hamburg, Germany

ABSTRACT LeLoir glycosyltransferases are important biocatalysts for the production
of glycosidic bonds in natural products, chiral building blocks, and pharmaceuticals.
Trehalose transferase (TreT) is of particular interest since it catalyzes the stereo- and
enantioselective �,�-(1¡1) coupling of a nucleotide sugar donor and monosaccha-
ride 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 Pyro-
baculum yellowstonensis (PyTreT) demonstrated increased protein solubility. Chao-
tropic agents like guanidine or the divalent cations Mn(II), Ca(II), and Mg(II) en-
hanced the enzyme activity of the fusion protein. The thermodynamic equilibrium
constant, Keq, 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. UDP-glucose was shown to achieve higher
conversions than ADP-glucose, highlighting the importance of the choice of nucleo-
tide sugars for LeLoir glycosyltransferases under thermodynamic control.

IMPORTANCE The heterologous expression of proteins in Escherichia coli is of great
relevance for their functional and structural characterization and applications. How-
ever, the formation of insoluble inclusion bodies is observed in approximately 70%
of all cases, and the subsequent effects can range from reduced soluble protein
yields to a complete failure of the expression system. Here, we present an efficient
methodology for the production and analysis of a thermostable, aggregation-prone
trehalose transferase (TreT) from Pyrobaculum yellowstonensis via its fusion with
mCherry as a thermostable fluorescent protein tag. This fusion strategy allowed for
increased enzyme stability and solubility and could be applied to other (thermo-
stable) proteins, allowing rapid visualization and quantification of the mCherry-fused
protein of interest. Finally, we have demonstrated that the enzymatic synthesis of
trehalose from glucose and a nucleotide sugar is reversible by approaching the ther-
modynamic equilibrium in both the synthesis and hydrolysis directions. Our results
show that uridine establishes an equilibrium constant which is more in favor of the
product trehalose than when adenosine is employed as the nucleotide under identi-
cal conditions. The influence of different nucleotides on the reaction can be general-
ized for all LeLoir glycosyltransferases under thermodynamic control as the position
of the equilibrium depends solely on the reaction conditions and is not affected by
the nature of the catalyst.

KEYWORDS glycosyltransferase, protein solubility, trehalose transferase, inclusion
bodies, mCherry, protein aggregation
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Trehalose [�-D-glucopyranosyl-(1¡1)-�-D-glucopyranoside] is a nonreducing disac-
charide with an �,�-glycosidic linkage that has been identified in plants, insects,

fungi, bacteria, and archaea (1–5). 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 nonionic kosmotrope which
preserves the protein hydration shell by reducing the water activity, aw (6). Moreover,
during anhydrobiosis trehalose protects the cell membranes by direct binding to
phospholipids, preventing water leakage during rehydration (7). Due to the absence of
a free aldehyde moiety, trehalose is highly resistant to heat and changes in pH and does
not degrade via the Maillard reaction (8). 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 (1).

Several metabolic pathways for the biosynthesis of trehalose have been found in
nature (Fig. 1) and include the following: (i) trehalose synthase (TreS) interconverting
maltose to trehalose (9); (ii) maltooligosyltrehalose synthase (TreYZ) hydrolyzing malto-
dextrins to trehalose (10, 11); (iii) inverting trehalose phosphorylase (TrePinv) (12–15)
adding �-D-glucose-1-phosphate or (iv) retaining trehalose phosphorylase (TrePret)
(16–19) adding �-D-glucose-1-phosphate to glucose, producing trehalose and phos-
phate; (v) trehalose transferase (TreT) using D-glucose and a nucleotide diphosphate
(NDP) sugar to produce D-trehalose (20–25); (vi) trehalose phosphate synthase (OtsA)
producing D-trehalose-6-phosphate from D-glucose-6-phosphate and a nucleotide
sugar (26–30). In contrast to trehalose phosphate synthase, the LeLoir glycosyltrans-
ferase TreT does not require the use of additional 6-phosphate (OtsA), avoiding
sequential dephosphorylation of the nonreducing disaccharides, and therefore is of
particular interest for industrial food applications (31, 32). Additionally, the selective
coupling of sugar donors and unprotected monosaccharide acceptors to nonreducing
carbohydrates cannot be achieved by chemical catalysts, while glycosyl hydrolases and
transferases enable the transfer of sugar acceptors in a regio-, enantio-, and stereospe-
cific manner (33).

TreT from Thermoproteus tenax (TtTreT) has previously been applied in enzymatic
sugar coupling for the production of nonnatural trehalose derivatives, but the variation
of sugar acceptors was limited (34). 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 Escherichia coli (21). The formation of
inclusion bodies is reported for 70% of all recombinant proteins (35), constituting one
of the major obstacles for heterologous expression systems that emphasizes the
requirement for solubility tags. Despite these challenges, trehalose transferase has been
recognized for its high total turnover number during catalysis (20, 33). The aim of this
study was to create a stable, robust trehalose transferase expression system for the
enzymatic synthesis of trehalose derivatives. Since protein folding and aggregation are
governed by hydrophobic and electrostatic interactions, the aggregation-prone behav-
ior of several homologous trehalose transferases, with different pI values, from hyper-
thermophilic Crenarchaeota was investigated in order to address this issue. For this
purpose, the TreT proteins from Pyrobaculum yellowstonensis WP-30 (PyTreT), Thermo-
proteus tenax Kra1 (TtTreT), and Thermoproteus uzoniensis 768-20 (TuTreT) were se-
lected.

Additionally, the fluorescent protein mCherry was fused to PyTreT as a direct
reporter for promoting protein solubility. In addition 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
(36–39). The use of a fusion complex has remained largely limited to the visualization
of proteins in vivo rather than enzyme catalysis in vitro. In this study, we explored the
use of mCherry fusion to the aggregation-prone trehalose transferase as a solubility
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enhancement tag to address the challenging recombinant expression of archaeal
glycosyltransferases.

RESULTS
Recombinant expression of TreT. 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) (21). Therefore, TtTreT was expressed using the
pBAD/His A plasmid in E. coli Top10 based on previous results, where the formation of
insoluble inclusion bodies was not reported (40). The protein solubility of TreT was
evaluated in the expression host E. coli Top10 in parallel expression experiments using
the pBAD/His A vector harboring an empty plasmid or the genes encoding TtTreT,
TuTreT, or PyTreT. The cells were harvested, lysed, and evaluated in terms of 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 IBs (Fig. 2 and
Fig. S1 in the supplemental material). 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 accord-
ing to sodium dodecyl sulfate (SDS)-PAGE analysis (Table S1). Nevertheless, small
fractions of the TreT proteins were soluble, and enzyme activities were measured with

FIG 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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high-performance liquid chromatography (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 glycosyltrans-
ferase activity from the expression host was ruled out with control experiments
containing the empty plasmid.

In order to purify TreT from the soluble fraction, His6 tags were introduced at the C
or N terminus of PyTreT. The variant with an N-terminal His6 tag did not bind to the
nickel-Sepharose resin; the C-terminally 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) (Fig. S2). Direct measurement of TreT activity upon purification at high tempera-
tures showed a specific activity of 20.8 U mg�1, but the continuous precipitation of
protein under the given experimental conditions needs to considered.

Hyperthermostable proteins are known to show folding energy landscapes which
are different from those of their mesophilic counterparts, leading more rapidly toward
the formation of oligomers and aggregates during heterologous expression in a
mesophilic host (41). Naturally, trehalose transferase is expressed in response to intra-
or extracellular osmotic, thermal, and oxidative stresses, which coincide with the

FIG 2 Comparison of whole-cell expression and protein content in the soluble and insoluble fractions analyzed by SDS-PAGE. No soluble TtTreT, TuTreT, PyTreT,
or PyTreT with a C- or N-terminal His tag was observed in the cell extract before or after heat treatment (red box), while mCherry-PyTreT was highly soluble
(black box). WC, whole cells; CFE, cell-free extract; CFE heat, after heat treatment of cell extract; insoluble debris, insoluble pellet after cell lysis.

TABLE 1 Specific activity of TreT in 400 ml of cell culture during purification

Protein or constructb

TreT activity by sample type or treatment (U/mg)a

CFE Heat treatment IB IMAC

TtTreT 0.754 0.591 0.115 NA
TuTreT 0.463 0.681 0.172 NA
PyTreT ND ND 0.029 NA
PyTreT-CHis ND ND 0.050 Tracec

PyTreT-NHis ND ND 0.088 NA
mCherry-PyTreT 0.214 0.543 0.179 5.06
pBAD/His A ND ND ND ND
aAll experiments were performed in duplicates. IMAC, immobilized metal affinity chromatography; ND, not
detected; NA, not applicable.

bCHis, C-terminal His tag; NHis, N-terminal His tag.
cSeparately, PyTreT-CHis was grown at a large scale (6� 1 liter of TB medium) and purified, and an activity of
20.8 U mg�1 was measured. The purified enzyme was completely precipitated 1 h after the purification.
Reaction conditions were as follows: D-glucose (20 mM), UDP-D-glucose (40 mM), MgCl2 (20 mM), and HEPES
(50 mM, pH 7.0) at 80°C.
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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 Pyrobacu-
lum (42–48). E. coli, however, does not contain the same set of chaperones which would
naturally occur in Crenarchaeota (49) and lead to misfolded protein (42–48). Further-
more, a high intracellular concentration of 0.37 mg of trehalose per mg of protein was
reported for Pyrobaculum aerophilum (1), which potentially could stabilize TreT proteins
in their native hosts and could explain the low protein stability observed in vitro.

Purified mCherry-PyTreT shows high protein solubility and stability. Due to the
poor solubility of PyTreT, a fusion construct of mCherry and PyTreT containing a
C-terminal His6 tag was produced. The fusion with mCherry enables the direct quan-
titative spectrophotometric determination of PyTreT in solution, allowing rapid solu-
bility and expression assays. PyTreT has a pI similar to that of mCherry and was
therefore chosen as a candidate for further investigations as the fusion construct
mCherry-PyTreT. To our satisfaction, expression of the fusion protein resulted in in-
creased solubility for mCherry-PyTreT.

Typically, �10 mg of purified mCherry-PyTreT was isolated per liter of TB medium,
and the formation of catalytically active IBs could not be avoided during expression
(Fig. S3). 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�1, demonstrating increased
solubility and stability of the fusion construct (Fig. 2 and Fig. S2).

The oligomerization state of mCherry-PyTreT was analyzed by size exclusion chro-
matography (SEC), and the theoretical molecular weight of 74 kDa for the fused protein
was in agreement with that of a monomer of 73 kDa (Fig. S4). However, dimerization
and oligomerization were also observed for mCherry-PyTreT at elevated protein con-
centrations. Although there is not much known about the increase in 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 by fusion to yellow
fluorescent protein (YFP). Here, a higher oligomerization state was hypothesized to
increase protein stability (50). In our case, PyTreT is mostly a monomer and only a dimer
at high protein concentrations.

Purified mCherry-PyTreT was further analyzed by SDS-PAGE upon size exclusion
chromatography and showed a single fluorescent purple band when the sample was
not thermally denatured (Fig. 3). Upon thermal denaturation (SDS-PAGE sample buffer,
100°C), two bands were observed corresponding to residual native enzyme and dena-
tured 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

FIG 3 SDS-PAGE of SEC-purified mCherry-PyTreT without heat treatment showing the native fusion
protein (a) and fluorescence under illumination (b, red dashed box). Subsequent staining demonstrated
the appearance of the denatured protein at the expected molecular weight of mCherry-PyTreT (c, black
box). The native mCherry-PyTreT migrated farther than the denatured protein. (d) Degradation of
denatured mCherry-PyTreT over time at 90°C resulted in protein sizes of 29 kDa and 44 kDa (dotted black
boxes), indicating hydrolysis of the amino acid linker GGSGGGGSGG.
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mCherry (29 kDa) and PyTreT (44 kDa), indicating that the amino acid linker GGSGGG
GSGG was hydrolyzed. In comparison, PyTreT showed only a single band corresponding
to the unfolded protein. The fusion protein therefore showed increased stability against
denaturing agents, like sodium dodecyl sulfate, suggesting an increased protein sta-
bility for mCherry-PyTreT. Indeed, the purified soluble mCherry-PyTreT 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.

Direct spectrophotometric protein quantification of an mCherry-PyTreT fusion
protein. The fusion of the thermostable protein mCherry to PyTreT not only improved

protein stability but also provided a rapid spectroscopic method for protein quantita-
tion. The molar extinction coefficient of the fusion protein mCherry-PyTreT was calcu-
lated from the protein concentration as determined by a bicinchoninic acid (BCA) assay
and the UV/visible light (UV/Vis) spectrum of the native protein, which showed an
absorbance maximum at 578 nm (Fig. S5). 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 44,000 M�1 cm�1

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-PyTreT � 73476 M�1 cm�1

could be derived for the mCherry fusion protein, which matched the reported value in
the literature of 72,000 M�1 cm�1 for mCherry (51). Using the calculated molar extinc-
tion coefficient of 73,476 M�1 cm�1, a protein concentration of 2.34 �M was deter-
mined spectrophotometrically, in good agreement with a protein concentration of
2.50 �M in the BCA assay for mCherry-PyTreT.

Nonclassical 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 (52). Classical inclusion bodies are described
as aggregates of misfolded proteins with complete loss of function (53). However,
“nonclassical” 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) (54).

The removal of other proteins with 1% (wt/wt) DOC resulted in excellent purity of
TreT in all cases (Fig. S1). The TreT content within inclusion bodies proved to be
between 1% and 5% protein in wet inclusion bodies (Fig. S6). In the case of the
fluorescent mCherry-PyTreT, spectrophotometric analysis showed that 68% (wt/wt)
mCherry-PyTreT was correctly folded.

IBs from all TreT variants showed high glycosyltransferase activity between 0.02 and
0.18 U mg�1, as is shown in Fig. 4. Diffusion limitations within inclusion bodies could
lower the observed reaction rate in comparison to that of 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 lyases (55).
The feasibility of IBs as immobilized biocatalysts has increased the interest in using
them for synthetic purposes (56, 57). However, this study aimed at the biochemical
characterization of soluble TreT, and the application, further optimization, and formu-
lation of TreT IBs were therefore not further pursued beyond the proof of concept.

Kinetic characterization and thermal stability of mCherry-PyTreT. The glycosyl-

transferase activity of mCherry-PyTreT was determined by HPLC analysis (Fig. S7 and
Table S2). A temperature optimum for protein stability was determined to be 60°C (Fig.
5), and a Vmax of 11.39 � 0.29 U mg�1 and Km of 0.61 � 0.11 mM were obtained for
UDP-glucose. The kinetic constants at temperatures above 60°C were not investigated
due to the degradation of UDP-glucose under these conditions. In comparison, other
investigators have shown a Vmax of 184 U mg�1 and Km (UDP-glucose) of 0.23 mM for
TtTreT using a coupled assay at 80°C (21). For D-glucose, noncompetitive substrate
inhibition was observed, with a Km (glucose) of 2.30 � 0.58 mM, a Ki (glucose) of
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10.63 � 2.21 mM, and a Vmax of 17.06 � 2.22 U mg�1. Substrate inhibition has not been
reported for other TreT proteins (21).

mCherry-PyTreT was incubated for 2 h at 60, 70, 80, and 90°C, and residual enzyme
activities are shown in Fig. 5a and Fig. S8. 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, show-
ing the highest activity at 80°C (Fig. 5b), and a Gibbs free energy of activation, ΔG‡, of
92.7 kJ mol�1 was determined from the Arrhenius plot (Fig. 5c).

The effect of pH, cations, and anions on the activity of mCherry-PyTreT. The
fusion protein mCherry-PyTreT showed a broad pH stability over a pH range of 5 to 9
(Fig. 6a). The optimal pH was found at pH 6.0, which is similar to the pH optimum of
a trehalose transferase from Thermococcus litoralis (25). Divalent cations could poten-
tially 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 Fig. 6b, the addition of sodium chloride slightly inhibited the
enzyme, while sodium sulfate did not. The enzyme activity was found to increase with

FIG 4 Specific activity of purified TreT IBs. Reaction conditions were as follows: 50 mM HEPES (pH 7.0),
20 mM MgCl2, 40 mM UDP-glucose, 10 mM glucose, and 3.0 to 5.0 mg of TreT IB at 60°C. CHis, C-terminal
His tag; NHis, N-terminal His tag.

FIG 5 (a) The thermostability of mCherry-PyTreT after 2 h of incubation at 60, 70, 80, and 90°C is shown (1.0 mg ml�1

mCherry PyTreT, 50 mM HEPES, pH � 7.0). (b) The initial activity of mCherry-PyTreT depending on temperature, showing
deactivation after 80°C. (c) Arrhenius plot of the initial enzyme activity from 50 to 80°C. Reaction conditions were as follows:
50 mM HEPES (pH 7.0), 20 mM MgCl2, 40 mM UDP-glucose, and 10 mM glucose, and temperatures between 50°C and 95°C.
T, temperature (in kelvins).
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the addition of metal chloride salts in the following order: Mg2� � Ni2� � Co2� �

Ca2� � Mn2�; addition of Zn2� resulted in the complete inhibition of the enzyme. A
similar behavior was reported for a trehalose transferase from T. litoralis, where zinc(II)
chloride completely inhibited the enzyme (25). No difference in enzyme activity was
observed when magnesium chloride was replaced with magnesium sulfate. Surpris-
ingly, the strong chaotrope guanidine hydrochloride increased the enzyme activity
similarly to magnesium(II). Apparent dissociation constants (Kd,apps) of 44 � 8 mM,
21 � 5 mM, and 18 � 5 mM were determined for Mn(II), Ca(II), and Mg(II), respectively,
by measuring the enzymatic trehalose production, as is shown in Fig. 6c and Table S2.
The apparent maximal rate at saturating concentrations (Vsat,app) followed the inverse
trend, with Mn(II) 	 Ca(II) 	 Mg(II) (59 � 3 U mg�1, 24 � 1 U mg�1, and 18 � 1 U mg�1,
respectively). A similar dependency of the enzyme reaction rate on the presence of
divalent cations has also been reported for a UDP-dependent glycogen synthase (58)
and for �-fucosyltransferase V (59). However, no difference in activation has been
described for the trehalose transferase from Thermococcus litoralis for manganese(II) or
magnesium(II) (25).

To delineate the different effects of Mg(II), Ca(II), Mn(II) on the Kd and Vsat, the
protein stability of the mCherry-PyTreT metal complex was investigated. The observed
protein melting temperatures (Tms) for Mn(II), Ca(II), and Mg(II) were 75°C, 82°C, and
82°C, respectively, indicating that chaotropic divalent cations reduce the enzyme’s
conformational stability (Fig. S9). Moreover, the melting pattern showed faster dena-
turation of mCherry-PyTreT for Ca(II) than for Mg(II) despite similar Tms. This indicates
that calcium destabilizes the protein to a higher degree.

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 toward thermodynamic equilibrium.
However, it has been suggested that TtTreT only catalyzes the forward reaction in the
synthesis direction when UDP and UDP-glucose are used (21), while the trehalose
transferase from Pyrococcus horikoshii has been shown to catalyze the reaction revers-
ibly using a wide range of nucleotide diphosphates (Fig. 7) (24).

While the thermodynamic equilibrium for the enzyme-catalyzed synthesis of treh-
alose from glucose and a nucleotide sugar lies in favor of the product trehalose for both

FIG 6 (a) The enzyme activity of mCherry-PyTreT using a multicomponent buffer shows a broad pH distribution. (b) Effect
of different cations and anions (20 mM) on enzyme activity. (c) Enzyme saturation kinetics of the three best metals were
investigated. Reaction conditions were as follows: 50 mM HEPES (pH 7.0) or the multicomponent buffer, 20 mM MgCl2 or
20 mM additive, 40 mM UDP-glucose, and 10 mM glucose at 60°C.

FIG 7 The overall reaction of �,�-(1¡1) coupling of �-D-glucose and NDP-D-glucose to synthesize
trehalose and nucleotide diphosphate (NDP), which is either ADP or UDP.
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UDP and ADP as nucleotides, the magnitude of the Keq depends on the respective
nucleotide sugar used. The synthesis of trehalose using an excess of UDP- or ADP-
glucose and glucose with mCherry-PyTreT leads to quantitative 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�1) versus that of UDP (290 mU mg�1) was observed, and Keq values
of 157 for UDP and 30 for ADP were determined experimentally (Fig. S10). Analysis of
previously reported data showed that reactions with TreT from Pyrococcus horikoshii
were found to establish equilibrium concentrations with Keq values of �230 for UDP
and �29 for ADP (24). Hence, it was shown for different TreT enzymes that they
catalyze both the forward and reverse reactions and that the final conversions depend
on the utilized nucleotide sugar, where product formation is favored by use of UDP
over that of 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 (Keqs) for the formation of trehalose from glucose using uridine
or ADP glucose at various pH values could be estimated with the thermodynamic
calculator eQuilibrator, version 2.0 (see the supplemental material) (60). Equilibrium
constants of 23 and 225 were calculated for ADP and UDP, respectively, which reason-
ably matched the values that were observed experimentally (Keq values of 30 and 157,
respectively). Based on this, our calculations predict a shift of the equilibrium constant
toward the starting materials under increasingly acidic conditions due to the protona-
tion of UDP (pKa 5.5 to 6.5 [61, 62]) (Fig. 8 and Tables S3 to S6). A similar pH
dependence has been reported for UDP-dependent sucrose synthase (62). The appli-
cation of eQuilibrator, version 2.0, to determine thermodynamic equilibria has success-
fully been implemented with sucrose synthase by other investigators (62).

DISCUSSION

None of the trehalose transferases investigated here, each having a different iso-
electric point, showed 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 PyTreT 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
protein (63). Furthermore, self-oligomerization of correctly folded TreT might be re-

FIG 8 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, version 2.0
(http://equilibrator.weizmann.ac.il/).
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duced due to the increased size of the fusion protein. While other solubility tags
potentially could have achieved similar results (64), the use of mCherry as a thermo-
stable, fluorescent protein tag allowed rapid spectrophotometric protein quantification
and exhibited excellent reaction compatibility with a thermostable enzyme.

The biochemical characterization of mCherry-PyTreT showed noncompetitive sub-
strate inhibition for glucose, which was not reported earlier for other trehalose trans-
ferases. A structural explanation for noncompetitive inhibition would be the binding of
a sugar acceptor in the binding site for the nucleotide sugar donor. A comparison with
untagged PyTreT was not possible due to its aggregational 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 PyTreT, it
is not likely that the kinetic parameters would be drastically different. The observed rate
of enhancement in the presence of chloride salts of guanidine, Mg(II), Ca(II), and Mn(II)
could be explained by either a decrease of enzyme rigidity by chaotropic agents or
complexation of the metal with the diphosphate-group of UDP and/or UDP-glucose or
by a combination of the two. Considering the observation, that guanidinium hydro-
chloride similarly increased the enzyme activity, this study suggests that enzyme
rigidity is a controlling factor in mCherry-PyTreT and that chaotropic agents can
increase the enzyme flexibility and thereby the activity. This is not surprising since
meso- and thermophilic proteins have earlier been shown to demonstrate catalytic
enhancement by the addition of chaotropic agents, leading to a decrease in the
intrinsically high conformational rigidities of thermostable proteins (65). Indeed, a
conformational change of ca. 4 Å has been observed between the sugar donor and
acceptor binding domains for the protein crystal structure of TreT from Pyrococcus
horikoshii (PDB accession number 2X6Q), which closes upon substrate binding (PDB
accession number 2XMP), highlighting the importance of conformational flexibility (23).
Moreover, conformational flexibility upon substrate binding has also been observed for
trehalose phosphate synthase (OtsA) from E. coli K-12 (66), glycogen synthase (58), and
�-fucosyltransferase V (59). Assuming that enzyme mobility is rate limiting, chaotropic
reagents plausibly explain increased TreT activity. On the other hand, Zn(II) completely
inhibited the activity of mCherry-PyTreT and TreT from Thermococcus litoralis (25),
emphasizing the effect that complexation of metals with the diphosphate moiety of the
nucleotide sugar donor can have.

Conclusion. To conclude, the fusion of mCherry to PyTreT showed that an intrin-
sically aggregation-prone protein could be stabilized in solution and offered a tool to
monitor protein solubility by UV-Vis spectroscopy. This allowed the biochemical char-
acterization of mCherry-PyTreT at elevated temperatures, which showed increased
activity using manganese(II) 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 equi-
librium. 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-PyTreT 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 carbo-
hydrates, providing insight into the optimal process conditions and thermodynamic
limitations in using trehalose transferases.

MATERIALS AND METHODS
Chemicals. The following chemicals were used: uridine 5=-diphosphate disodium salt (98%; Carbo-

synth), D-glucose (99.5%; Sigma-Aldrich), HEPES (	99.5%; Sigma-Aldrich), MgCl2 hexahydrate (	99.5%;
VWR), CaCl2 dihydrate (	99.0%; Sigma-Aldrich), NiCl2 hexahydrate (99.9%), guanidine hydrochloride
(	99.5%; Sigma-Aldrich), sodium deoxycholate (	98%; Sigma-Aldrich), sodium sulfate (	99.0%; Sigma-
Aldrich), zinc chloride (	98%; Sigma-Aldrich), magnesium sulfate heptahydrate (99%; Sigma-Aldrich),
cobalt chloride hexahydrate (	98%; Sigma-Aldrich), glycerol (99.5%; Sigma-Aldrich), rubidium chloride
(	99%; Sigma-Aldrich), potassium acetate (	99%; Acros), sulfuric acid (98%; Acros), agarose (	99%;
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Sigma-Aldrich), ampicillin (Sigma-Aldrich), Tris(hydroxymethyl)aminomethane (Tris, 99%; Sigma-Aldrich),
glycine (	99%; Sigma-Aldrich), pyridine (	99%; Sigma-Aldrich), sodium chloride (	99.5%; J.T. Baker),
bis-Tris (	99%; Sigma-Aldrich), acetonitrile (ACN) (	99.5%; Sigma-Aldrich), UDP disodium salt (	96%;
Sigma-Aldrich), ADP disodium salt (bacterial, 	95%; Sigma-Aldrich), and adenosine 5=-diphosphoglucose
disodium salt (	93%; Sigma-Aldrich).

Materials. A QIAprep Miniprep kit was purchased from Qiagen. The high-fidelity (HF) restriction
endonucleases KpnI HF, SacI HF, BamHI HF, and NcoI HF were used with a standard protocol using 10�
CutSmart buffer (New England Biolabs). Purification of plasmids from agarose gel was performed with a
Monarch DNA gel extraction kit (New England Biolabs) using a standard protocol. Ligation was per-
formed using a standard protocol with T7 DNA ligase and T7 DNA ligase reaction buffer (New England
Biolabs).

Analytical instruments. 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 25 cm, 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�1).
The samples were calibrated using an external calibration curve, as is shown in Fig. S11 in the
supplemental material.

BCA assay. Protein content was determined with a BCA protein quantitation kit (Thermo Scientific,
Carlsbad, CA, USA). Standard curves were prepared with bovine serum albumin (BSA) in the range of 0.01
to 2 mg ml�1 in (poly)styrene 96-well plates. Samples were measured in triplicate and monitored at
562 nm utilizing a microtiter plate spectrophotometer (Synergy 2; BioTek). A protocol for the solubili-
zation of inclusion bodies in 2% SDS in Tris-HCl buffer (50 mM, pH 8.0) was adopted from the literature
(54). The negative control containing 2% SDS in Tris-HCl buffer (50 mM, pH 8.0) does not show a
background absorption with the BCA reagent buffer.

SDS-PAGE. Protein samples were denatured using XT sample buffer (Bio-Rad) supplied with XT
reducing agent (Bio-Rad) at 95°C for 15 min. Gel electrophoresis was performed with Criterion XT 4 to
12% bis-Tris precast gels (Bio-Rad) using morpholinepropanesulfonic acid (MOPS) buffer (Bio-Rad). The
gels were run at 150 V for 40 to 60 min 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.

Spectrophotometric measurements. The absorbance of mCherry-PyTreT at wavelengths of 190 to
800 nm (�190 – 800) was measured utilizing a 1-cm quartz cuvette. All measurements for the determination
of the molar extinction coefficient were performed in triplicates.

Growth media. Terrific broth medium consisting of 1.20% (wt/wt) tryptone, 2.40% (wt/wt) yeast
extract, 53 mM K2HPO4, 16 mM KH2PO4, and 4% (wt/wt) glycerol was autoclaved at 121°C for 20 min.
Auto-induction medium ZYM-5052 was prepared according to literature protocols (67). 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 �g ml�1 ampicillin.

Bacterial plasmids and strains. The plasmid pBAD/His A (Invitrogen) was provided by the com-
mercial suppliers. The strains E. coli DH5�, with the genotype �� �80dlacZΔM15 Δ(lacZYA-argF)U169
recA1 endA1 hsdR17(rK

� mK
�) supE44 thi-1 gyrA relA1, and E. coli Top10, with the genotype F� mcrA

Δ(mrr-hsdRMS-mcrBC) 	80lacZΔM15 ΔlacX74 recA1 araD139 Δ(ara-leu)7697 galU galK rpsL (Strr) endA1
nupG, were ordered from New England Biolabs and Invitrogen, respectively.

Preparation of competent cells with rubidium chloride. Competent cells of E. coli DH5� and E. coli
Top10 were prepared with rubidium chloride. Cells from an overnight culture were grown to an optical
density at 600 nm (OD600) of 0.5 in LB medium and centrifuged (425 relative centrifugal force [rcf], 15
min, 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(II) chloride (10 mM), potassium acetate (3 mM), calcium
chloride (1 mM), and glycerol (165 mM), followed by centrifugation at 2,000 rpm (5 min, 4°C). The cells
were resuspended in 4 ml of MOPS buffer (100 mM, pH 7.0) containing RbCl (10 mM), CaCl2 (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.

Transformation. The synthesized, lyophilized DNA (Baseclear, Leiden) was briefly centrifuged (425
rcf, 30 s), and resuspended in 40 �l of Tris buffer (10 mM, pH 8.5) and diluted 1:10. The DNA concen-
trations measured via the absorbance at 260 nm showed DNA concentrations of 200 ng �l�1 and 20 ng
�l�1 for the undiluted (1:1) and diluted (1:10) samples, respectively. The competent cells were thawed,
and the pUC-SP plasmids containing the synthesized gene were added to reach final concentrations of
�8 ng �l�1 and �1.6 ng �l�1, respectively. After 30 min of incubation on ice, the competent cells were
heat treated at 42°C for 30 s. To the solution, 500 �l of sterile LB medium was added and incubated for
1 h at 37°C, followed by plating on agar plates containing the ampicillin (100 �g ml�1).

Cloning and expression of TreT from in E. coli Top10. The pUC-SP vector containing the codon-
optimized and synthetic TreT genes was transformed in chemically competent E. coli DH5� strains and
stored as glycerol stocks at �80°C. The E. coli strain was grown in LB medium containing 100 �g ml�1

ampicillin overnight at 37°C, and the plasmid was isolated (QIAprep Miniprep; Qiagen).
The treT-containing pUC-SP and pBAD/His A plasmids were digested with KpnI and NcoI. The

digested fragments were purified on a 1% agarose gel after gel electrophoresis (120 V; Bio-Rad) 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 trans-
formed into competent E. coli Top10 cells and sequenced (BaseClear, Leiden).

Production and purification of recombinant TreT from in E. coli Top10 pBAD/His A. (i) Prepa-
ration of cell extract. The 5-ml inoculum of E. coli Top10(pBAD/His A) containing TtTreT, TuTreT, PyTreT,
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N- or C-terminally His-tagged PyTreT, and mCherry PyTreT genes was grown in LB medium containing
100 �g ml�1 ampicillin at 37°C overnight. To seven 2-liter baffled Erlenmeyer flasks containing 400 ml of
TB-medium, 5 ml of inoculum was added (1.3%, vol/vol) and induced with L-arabinose to a final
concentration of 0.02% (wt/wt) after the culture reached an OD600 of 0.6 to 0.8. The cells were harvested
at the OD600 after 14 h by centrifugation (17,000 � g, 15 min, 4°C), followed by resuspension of the wet
cell pellet in 25 ml of lysis buffer containing Tris-HCl buffer (50 mM, pH 7.4), imidazole (20 mM), lysozyme
(0.5 mg ml�1), and DNase I (0.1 mg ml�1) per gram of wet cells. After 30 min of incubation on ice, the
cells were passed through a cell disruptor (1.35 � 108 Pa) for three consecutive rounds. The cell debris
was collected via centrifugation at 12,000 rpm (Fiberlite F12-6 � 500 LEX, 10 min, 20°C [Sorvall]), and the
CFE was obtained via decantation.

(ii) Immobilized nickel affinity chromatography. The CFE was heat treated at 60°C for 20 min in
a water bath. The precipitates in the CFE were removed via centrifugation at 12,000 rpm (Fiberlite
F12-6 � 500 LEX, 10 min, 20°C [Sorvall]), 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-HCl, 500 mM NaCl, 20 mM imidazole, pH 7.4) until
no protein eluted. The bound enzyme was eluted using elution buffer (20 mM Tris-HCl, 500 mM NaCl,
500 mM imidazole, pH 7.4). Protein samples were concentrated in a 12-ml Amicon Ultra centrifugal filter
(30 kDa; Merck). Elution buffer was exchanged for HEPES (50 mM, pH 7.0) containing MgCl2 (20 mM) by
three consecutive rounds of washing with 12-ml Amicon Ultra centrifugal filters (30 kDa; Merck) and
analyzed by SDS-PAGE and HPLC.

(iii) Purification of inclusion bodies. A literature protocol was adopted (68). The insoluble debris
was homogenized in 20 ml of Tris-HCl buffer (50 mM, pH 8.5) containing 1% (wt/wt) 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 the washing solution. The solubilization and centrifuga-
tion were repeated two times, resulting in solubilized washing solutions 1, 2, and 3. Next, Tris-HCl buffer
(50 mM, pH 8.5) was utilized to remove the remaining DOC. The inclusion bodies were harvested via
centrifugation (20,000 � g, 15 min, 20°C), and the solutions were analyzed by SDS-PAGE for protein
purity.

Production and purification of soluble recombinant C-terminally His-tagged TreT from Pyro-
baculum yellowstonensis WP30 in E. coli Top10(pBAD/His A). The protocol described above was
repeated six times with 5-liter Erlenmeyer flasks containing 1 liter of TB medium. The isolated cell extract
was purified using a prepacked 5-ml HisTrap FF column (GE Healthcare) and analyzed by SDS-PAGE and
HPLC. Reaction conditions were the following: D-glucose (10 mM), UDP-glucose (0 to 50 mM), HEPES
(50 mM, pH 7.0), PyTreT (0.02 mg ml�1), and 20 mM magnesium(II) chloride at 80°C.

Production and purification of soluble recombinant mCherry-PyTreT in E. coli Top10(pBAD/His
A). The cell extract was prepared as described above, containing 1 liter of TB medium in an Erlenmeyer
flask. All of the other steps were sized accordingly, using a 12-ml prepacked HisTap FF column for
purification. As an additional purification step, the protein was purified using a Superdex 200 Increase
10/300 GL column with HEPES (50 mM, pH 7.4) buffer containing 300 mM NaCl as a mobile phase. The
column was calibrated with a gel filtration standard (catalog number 151-1901; Bio-Rad) containing a
lyophilized mix of thyroglobulin (Mw, 670 kDa), bovine gamma globulin (Mw, 158 kDa), chicken ovalbu-
min (Mw, 44 kDa), equine myoglobin (Mw, 17 kDa), and vitamin B12 (Mw, 1.35 kDa) before use. The eluate
was concentrated using a 12-ml Amicon Ultra centrifugal filter (30 kDa; Merck) yielding 1 mg per liter of
LB medium. The sample was analyzed by SDS-PAGE and HPLC.

Quantification of D-glucose and D-trehalose with HPLC. Samples during activity assays were
quenched by the addition of 50 �l of reaction solution to an equal volume of ice-cold HPLC-grade
acetonitrile and incubated at �80°C for 1 h. The samples were centrifuged at 14,000 rpm for 10 min at
4°C. The supernatant was collected and analyzed by HPLC (Imtakt UK-Amino 250- by 4.6-mm column,
50°C, ELSD, 80:20 ACN-H2O, 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 duplicates.

For D-glucose, the reaction conditions were varied, and the mixture contained D-glucose (0 to
35 mM), UDP-glucose (40 mM), HEPES (50 mM, pH 7.0), mCherry-PyTreT (0.02 mg ml�1), and MgCl2
(20 mM). The reaction mixture was incubated at 60°C with gentle shaking. The data were fitted (Gnuplot,
version 5.2) to the equation shown in Table S2.

For the kinetic analysis of UDP-glucose, the reaction conditions were varied, and the mixture
contained D-glucose (10 mM), UDP-glucose (0 to 50 mM), HEPES (50 mM, pH 7.0), mCherry-PyTreT
(0.02 mg ml�1), and 20 mM magnesium(II) chloride. The reaction mixture was incubated at 60°C with
gentle shaking. The data were fitted (Gnuplot, version 5.2) to the equation shown in Table S2.

For the evaluation of enzyme activity and kinetic analysis of different cations or anions, the
reaction conditions were varied, and the mixture contained D-glucose (10 mM), UDP-glucose
(40 mM), HEPES (50 mM, pH 7.0), mCherry-PyTreT (0.02 mg ml�1), and either guanidine hydrochlo-
ride (20 mM), sodium sulfate (20 mM), sodium chloride (20 mM), manganese(II) chloride (0 to
140 mM), calcium(II) chloride (0 to 140 mM), cobalt(II) chloride (20 mM), nickel(II) chloride (20 mM),
magnesium(II) sulfate (20 mM), magnesium(II) chloride (0 to 140 mM), or zinc(II) chloride (20 mM).
The reaction mixture was incubated at 60°C with gentle shaking. The data were fitted (Gnuplot,
version 5.2) to the equation shown in Table S2.

The effect of pH was evaluated using a multicomponent buffer containing D-glucose (10 mM),
UDP-glucose (40 mM), mCherry-PyTreT (0.02 mg ml�1), pyridine (15 mM), bis-Tris (15 mM), HEPES
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(15 mM), glycine (15 mM), MgCl2 (20 mM), and NaCl (150 mM). The reaction mixture was incubated at
60°C with gentle shaking. The enzyme activity was determined in duplicates.

The reaction temperature was varied between 50 and 95°C with gentle shaking using a mixture
containing D-glucose (10 mM), UDP-glucose (40 mM), HEPES (50 mM, pH 7.0), mCherry-PyTreT (0.02 mg
ml�1), and MgCl2 (20 mM). The enzyme activity was determined in duplicates.

To assess the stability of mCherry-PyTreT a 1-ml stock solution containing 1.0 mg ml�1 was incubated
between 50 and 80°C, and the absorbance (587 nm) was measured in a 1-cm polyacrylate cuvette. The
enzyme activity was measured using D-glucose (10 mM), UDP-glucose (40 mM), HEPES (50 mM, pH 7.0),
mCherry-PyTreT (0.02 mg ml�1), and MgCl2 (20 mM) at 60°C. The enzyme activity was determined in
duplicates using HPLC analysis.

Thermal shift assays. The melting temperature under different solution conditions containing
Mn(II), Ca(II), or Mg(II) was determined by using a thermal shift assay (or differential scanning fluorimetry
[DSF]). Briefly, mCherry-PyTreT was diluted in HEPES buffer (50 mM, pH 7.0) containing 20 mM divalent
cation, 300 mM NaCl, and SYPRO Orange solution (S-6651; ThermoFisher Scientific). 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 a reverse transcription-PCR (RT-PCR)
instrument (StepOnePlus Real-Time PCR System; Applied Biosystems). Fluorescence in each well was
followed by applying excitation and emission wavelengths of 485 nm and 530 nm, respectively. The
melting temperature (Tm) corresponds to the temperature at which the protein is 50% unfolded.

Determination of thermodynamic equilibrium of the trehalose transferase reaction using
mCherry-PyTreT. Reaction equilibrium 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-PyTreT
(1.0 mg ml�1), and MgCl2 (20 mM) were evaluated by 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-PyTreT
(1.0 mg ml�1), and MgCl2 (20 mM) were utilized to follow the production of D-glucose. The enzyme
activity was determined in duplicates using HPLC analysis. The thermodynamic equilibrium was deter-
mined from the last three data points, as shown in Fig. S10.
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Correction for Mestrom et al., “Artificial Fusion of mCherry
Enhances Trehalose Transferase Solubility and Stability”

Luuk Mestrom,a Stefan R. Marsden,a Marit Dieters,a Puck Achterberg,a Lysanne Stolk,a Isabel Bento,b Ulf Hanefeld,a

Peter-Leon Hagedoorna

aBiocatalysis, Department of Biotechnology, Delft University of Technology, Delft, The Netherlands
bEMBL Hamburg, Hamburg, Germany

Volume 85, issue 8, e03084-18, 2019, https://doi.org/10.1128/AEM.03084-18. The
presented trehalose transferase from Pyrobaculum yellowstonensis fused to mCherry
(mCherry-PyTreT) was mislabeled. The correct name for the given protein sequence
fused to mCherry is trehalose transferase from Thermoproteus uzoniensis (mCherry-
TuTreT). The protein sequence was correct in all cases and only the name was incorrect
throughout the article. This mistake did not alter the main conclusion of the article, i.e.,
that mCherry increases the solubility and stability of an aggregation-prone archaeal
trehalose transferase. Hence, the presented results were obtained with mCherry-TuTreT
instead of mCherry-PyTreT.

Throughout the paper, all references to “mCherry-PyTreT” should be “mCherry-
TuTreT.”

Page 1, Abstract, lines 9 and 10: “Pyrobaculum yellowstonensis (PyTreT)” should be
“Thermoproteus uzoniensis (TuTreT).”

Page 1, Importance, line 7: “Pyrobaculum yellowstonensis” should be “Thermoproteus
uzoniensis.”

Page 2, paragraph 4, line 1: “PyTreT” should be “TuTreT.”
Page 5, paragraph 1, lines 4 through 6: “Furthermore, a high intracellular concen-

tration of 0.37 mg of trehalose per mg of protein was reported for Pyrobaculum
aerophilum (1). . . .” should read “Furthermore, a high intracellular concentration of 0.10
mg of trehalose per mg of protein was reported for Thermoproteus tenax (1). . . .”

Page 5, paragraph 2, lines 1 and 2: “Due to the poor solubility of PyTreT, a fusion
construct of mCherry and PyTreT. . .” should read “Due to the poor solubility of PyTreT,
a fusion construct of mCherry and TuTreT. . . .”

Page 5, paragraph 2, lines 5 through 7: The following sentence should be deleted:
“PyTreT has a pI similar to that of mCherry and was therefore chosen as a candidate for
further investigations as the fusion construct mCherry-PyTreT.”

Page 5, paragraph 4, line 9: “PyTreT” should be “mCherry-TuTreT.”
Page 6, paragraph 1, line 2: “PyTreT” should be “TuTreT.”
Page 6, paragraph 2, line 2: “PyTreT” should be “TuTreT.”
Page 6, paragraph 2, line 11: “�mcherry-PyTreT” should be “�mcherry-TuTreT.”
Page 9, paragraph 3, line 4: “PyTreT” should be “TuTreT.”
Page 10, paragraph 2, lines 5 and 7: “PyTreT” should be “TuTreT.”
Page 10, paragraph 3, line 1: “PyTreT” should be “TuTreT.”
Supplemental material: In Fig. S1, an additional SDS-PAGE of the produced

N-terminal His6-tagged TuTreT protein (Fig. S1g) is given. This is referred to as Fig. S1g
in the revised supplemental information. As well, throughout the supplemental mate-
rial, “mCherry PyTreT” should be “mCherry TuTreT.” Revised supplemental material is
posted online at https://doi.org/10.1128/AEM.03084-18.
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