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Chemoenzymatic Synthesis of Trehalose Analogues: Rapid
Access to Chemical Probes for Investigating Mycobacteria

Bailey L. Urbanek,” Douglas C. Wing,” Krystal S. Haislop,® Chelsey J. Hamel,”
Rainer Kalscheuer, Peter J. Woodruff, and Benjamin M. Swarts*!

Trehalose analogues are emerging as valuable tools for investi-
gating Mycobacterium tuberculosis, but progress in this area is
slow due to the difficulty in synthesizing these compounds.
Here, we report a chemoenzymatic synthesis of trehalose ana-
logues that employs the heat-stable enzyme trehalose syn-
thase (TreT) from the hyperthermophile Thermoproteus tenax.
By using TreT, various trehalose analogues were prepared
quickly (1 h) in high yield (up to >99% by HPLC) in a single
step from readily available glucose analogues. To demonstrate
the utility of this method in mycobacteria research, we per-
formed a simple “one-pot metabolic labeling” experiment that
accomplished probe synthesis, metabolic labeling, and imag-
ing of M. smegmatis in a single day with only TreT and com-
mercially available materials.

Trehalose is a C,-symmetric disaccharide consisting of two glu-
cose molecules linked by a 1,1-a,a-glycosidic bond. Although
trehalose is not present in mammals, it is widespread else-
where in nature, where it primarily functions as an energy
source and as a protectant against desiccation, osmotic stress,
and changes in temperature." Trehalose metabolism is re-
quired for virulence in a number of pathogenic organisms,
most notably Mycobacterium tuberculosis (Mtb), which is the
causative agent of human tuberculosis (TB).”) Mtb is character-
ized by its complex cell envelope, which contains a variety of
trehalose glycolipids that are involved in cell-wall biosynthesis
and that contribute to pathogenesis (Scheme 1).! The essen-
tiality of trehalose metabolism in Mtb—coupled with its ab-
sence in humans—makes it an attractive target for drug and
diagnostic development, a notion that is underscored by the
recent identification of numerous antimycobacterial com-
pounds that inhibit trehalose glycolipid transport.”
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Scheme 1. Chemical structures of trehalose and some naturally occurring
trehalose derivatives found in mycobacteria.

Trehalose analogues are valuable tools for investigating tre-
halose metabolism in mycobacteria. Recently, trehalose ana-
logues modified with detectable tags, including fluorescein
and azido groups, have been used as probes for imaging live
mycobacteria.”’ This capability enables experiments on cell-
wall structure and dynamics, substrate promiscuity of treha-
lose-processing machinery, and antibiotic modes of action.
These types of studies could potentially be extended to animal
models of Mtb infection, due to the absence of trehalose in
mammals. Trehalose analogues have also been evaluated as
antimycobacterial compounds due to their potential ability to
disrupt essential metabolic pathways, as exemplified by 6-
azido-6-deoxy-o,a’-trehalose (6-TreAz), which inhibits growth
of M. aurum by acting on cell-wall biosynthesis.” In addition,
synthetic analogues of several mycobacterial glycolipids, in-
cluding trehalose monomycolate (TMM), trehalose dimycolate
(TDM), and sulfolipid-1 (SL-1), have proven useful for investi-
gating and modulating immune response to mycobacterial in-
fection.® For instance, trehalose-6,6'-dibehenate, an analogue
of TDM, mimics the immune activation properties of TDM and
has been shown to be an effective adjuvant for vaccine devel-
opment.®

Despite their value, the development and application of tre-
halose analogues in TB research remains limited, in part due to
the difficulties associated with their chemical synthesis. Specifi-
cally, the C, symmetry and 1,1-a,a-glycosidic bond of trehalose
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pose significant synthetic challenges. To address this issue,
a number of chemical methods have been developed for tre-
halose desymmetrization/regioselective hydroxy group manip-
ulation™ and the formation of 1,1-a,a-glycosidic linkages.""”
Collectively, these methods are versatile and important for pre-
paring various types of trehalose analogues, particularly those
with complex structures bearing multiple sites of modification,
such as SL-1 analogues."”? However, chemical syntheses of tre-
halose analogues are usually lengthy and low-yielding, which
motivated us to develop a complementary approach. Here, we
describe a chemoenzymatic method for the rapid and efficient
synthesis of trehalose analogues that is both accessible to
non-chemists and well-suited to generating trehalose-based
probes to investigate mycobacteria.

We first sought to identify a trehalose biosynthesis pathway
that could be adapted for the chemoenzymatic synthesis of
trehalose analogues. Several natural pathways exist that could,
in principle, be exploited for synthetic applications." Two en-
zymes are particularly fitting for this purpose because they
employ simple and readily available glucose (Glc) analogues as
substrates: trehalose phosphorylase (TreP), which catalyzes the
cleavage of trehalose-6-phosphate to release Glc and f3-p-Glc-
1-phosphate; and trehalose synthase (TreT), which catalyzes
the formation of trehalose directly from Glc and uridine di-
phosphate glucose (UDP-Glc). TreP was recently explored for
its ability to produce trehalose analogues for biopreservation
applications by running the enzyme in the reverse “synthetic”
direction, but substrate specificity tests were limited to natural
sugars, and no yields or product characterization data were
reported." Further, the donor in these reactions, p-p-Glc-1-
phosphate, is prohibitively expensive and difficult to synthe-
size. Studies focused on the characterization of TreT from Ther-
motoga maritima and Pyrococcus horikoshii showed that these
enzymes could process a few monosaccharide acceptors other
than Glc—mannose, galactose, and fructose were tested—
albeit with low conversion and long reaction times.™ In addi-
tion, a multistep chemoenzymatic approach to synthesizing 2-
deoxy-2-fluoro-a,a’-trehalose (2-fluoroTre) has been reported,
but it required the use of three enzymes and a Glc-6-phos-
phate analogue intermediate, thus limiting synthetic efficiency
and versatility.*? Overall, the reported results are encouraging,
but the use of enzymes for the practical and efficient synthesis
of trehalose analogues has remained underdeveloped.

We decided to pursue trehalose analogue synthesis using
TreT from the hyperthermophile Thermoproteus tenax
(Scheme 2)." In addition to its simple acceptor and donor
substrates and excellent thermostability, TreT from T. tenax
cannot degrade trehalose,"™ which distinguishes it from TreT
enzymes in other organisms. We hypothesized that these char-
acteristics would make TreT from T. tenax ideal for synthetic
applications. To initiate the study, we expressed and purified
TreT from E. coli as reported™ and screened it for reactivity by
using a panel of monofunctionalized Glc analogues. The Glc
analogues that were tested contained fluoro-, deoxy-, azido-,
and stereochemical modifications occurring at all positions of
the sugar ring, which afforded a systematic evaluation of TreT
substrate promiscuity. Reactions were performed in 50 mm
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Scheme 2. Synthesis of trehalose from Glc and UDP-Glc by TreT from
T. tenax.

HEPES buffer (pH 7.4) containing 10 mm Glc analogue, 40 mm
UDP-Glc, 20 mm MgCl,, and 9.8 um TreT (reaction volume
50 pL). The reactions were incubated at 70°C with gentle shak-
ing for 1 h, quenched by addition of cold acetone, and ana-
lyzed by HPLC and high-resolution ESI mass spectrometry (Fig-
ures S1-518 in the Supporting Information).

The Glc analogues that we evaluated were remarkably well
tolerated by TreT (Table 1). In most cases, the corresponding
trehalose analogue products were generated in excellent yield
after only 1 h, which highlighted the efficiency, rapidity, and
generality of the method. Fluoro-, deoxy-, azido-, and stereo-
chemical modifications of the Glc 2-, 3-, and 6-positions were
generally accepted, except for azido substitution at the 2-posi-
tion and inversion of the 3-OH group. Glc analogues bearing
4-position alterations were poor substrates (n.d.—26% yield),
indicating a strict specificity at this position. Nonetheless, 4-po-
sition-modified products were observed in low yield; this, sug-
gests that mutation of the active site of TreT might allow for
improved substrate tolerance. Finally, 5-thio-p-glucose, the
sole 5-position-modified Glc analogue that was tested, was
converted to the novel compound 5-thio-trehalose in quantita-
tive yield. The 5-thio-p-glucose reaction was performed in
10 mm dithiothreitol (DTT), indicating that TreT retains activity
in the presence of DTT, which can facilitate access to other
thio-modified trehalose analogues.

Selected reactions were run on a semi-preparative scale (5-
10 mg) to evaluate the scalability of the method and to con-
firm product structure by NMR spectroscopy. Semi-preparative
reactions were performed as described above (reaction
volume: 1.5-2.0 mL), and the products were readily purified by
silica gel chromatography. Consistent with the small-scale re-
sults, 2-fluoroTre, 2-deoxyTre, 3-fluoroTre, 6-TreAz, and 5-thio-
Tre were obtained in isolated yields of 92-97 %, which demon-
strated that scale-up of the TreT reaction is feasible. 'H and
BC NMR analysis established the product structures, including
the assignment of 1,1-a,a-stereochemistry for newly formed
glycosidic bonds (Supporting Information). No regio- or stereo-
isomers of the desired trehalose analogue products were de-
tected.

As discussed above, previously reported efforts to assess the
substrate specificity of trehalose-synthesizing enzymes have
primarily been limited to natural sugars, for example, Glc epi-
mers, for the purpose of developing new compounds for the
preservation of biomaterials."® In the present work, we consid-
erably expanded this focus by emphasizing the incorporation
of unnatural functionalities that are useful for glycobiology re-
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Glc by TreT from T. tenax.

Table 1. Synthesis of trehalose analogues from Glc analogues and UDP-

Substrate Product Conversion [%]®
OH OH
HO 0 HO O
1 HO HO >99
HO OH HO 0uGlc
Glc Tre
OH OH
HO 0 HO O
2 HO HO >99
F OH F 0uGlc
2-fluoroGlc 2-fluoroTre
OH OH
HO 0 HO O
3 HO HO >99
H OH H 0oGlc
2-deoxyGlc 2-deoxyTre
OH OH
O
HO o) HO
4 Hg&l HO N n.d.
N3 OH 3
2-GlcAz 2-TreAz OoGle
OH
HO OH HO o
HO O HO
5 HO HO 87
OH OuGlc
mannose a,0-ManGlc
OH OH
HO o) HO O
6 F F >99
HO OH HO0uGIc
3-fluoroGlc 3-fluoroTre
OH OH
HO < HO 2
7 H H 75
HO OH HO ogaic
3-deoxyGlc 3-deoxyTre
OH OH
HO 0 HO O
8 N; N; 95
HO OH HOOuGlc
3-GlcAz 3-TreAz
OH OH
HO o) HO O
9 HO n.d.
HO HO OH HO "™ 0aGlc
allose a,a-AllGle
OH OH
F (o] F 0
10 HO HO 7
HO OH HOOuGIc
4-fluoroGlc 4-fluoroTre
OH OH
H o) H O
1 HO HO 26
HO OH HO Gucic
4-deoxyGlc 4-deoxyTre
OH OH
N, 0 N3 O
12 HO HO nd.
HO OH HO0uGIc
4-GlcAz 4-TreAz
HO _OH HO OH
0 O
13 HO HO 12
HO OH HO 0yGlc
galactose a,a-GalGlc

Table 1. (Continued)
Substrate Product Conversion [%]*
F F
HO o HO O
14 HO HO 98
HO OH HOQucle
6-fluoroGlc 6-fluoroTre
H,C H;C
HO 0 HO O
15 HO HO 87
HO OH HO 06l
6-deoxyGlc 6-deoxyTre
N, N3
HO o HO O
16 HO HO >99
HO OH HO
6-GloAz 6Trenz  O*C°
OH OH
HO S HO S
17 HO HO >99
HO OH HOQuGIc
5-thioGlc 5-thioTre
[a] Conversions determined by HPLC. n.d.: not detected.
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search."® For instance, deoxy-, fluoro-, and thio-modified sugar
analogues have been used as structure-activity probes, inhibi-
tors of glycan-processing enzymes, and hydrolytically stable
structural mimics. In addition, detectable sugar analogues—
ranging from sugars bearing reactive chemical tags to radioac-
tive sugars—are broadly used for biological research and clini-
cal diagnostics. For example, azido sugars are commonly used
in conjunction with bioorthogonal chemistry to metabolically
label and image glycoconjugates in living systems,"” and '®F-
labeled sugars are used in the clinic for positron emission to-
mography (PET) imaging of cancer."® We expect that the TreT
reaction could facilitate the extension of these techniques to
TB research by expediting access to unnatural trehalose ana-
logues.

To evaluate the applicability of the TreT method to rapidly
generating trehalose-based probes for imaging mycobacteria,
we performed a one-day experiment that encompassed probe
synthesis, metabolic labeling, and imaging of M. smegmatis,
which is an avirulent model organism that is frequently used
in TB research (Figure 1A). First, TreT was used to convert com-
mercially available 6-azido-6-deoxy-p-glucose (6-GlcAz) to 6-
TreAz (Table 1, entry 16), an established chemical reporter for
metabolic labeling of mycobacterial glycolipids.®™™ Next, we
capitalized on the biocompatibility of enzymatic reactions by
directly diluting the aqueous TreT reaction mixture into live
M. smegmatis cell suspension, which we termed “one-pot met-
abolic labeling.” After incubation for 4 h, 6-TreAz-labeled myco-
bacteria were washed, fixed, and reacted with an azide-reactive
fluorophore, alkyne-488, via Cu-catalyzed azide-alkyne cycload-
dition (CuAAC)."' As shown in Figure 1B, fluorescence micros-
copy revealed strong labeling of wild-type M. smegmatis that
was treated with a reaction mixture containing 6-TreAz (+
TreT). No fluorescence was observed when bacteria were treat-
ed with a reaction mixture lacking TreT (—TreT), which consist-
ed only of unreacted substrates. The same experiments were
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Figure 1. One-pot metabolic labeling of M. smegmatis enabled by TreT. A) Experimental workflow for single-day probe synthesis, metabolic labeling, and
imaging of M. smegmatis. B) Fluorescence microscopy analysis of 6-TreAz-treated (or untreated) M. smegmatis wild-type, AsugC mutant, and AsugC::sugC com-

plement. TL, transmitted light. Scale bars: 5 um.

performed in M. smegmatis AsugC,*™® a mutant missing the tre-
halose transporter required for 6-TreAz uptake and labeling,"”
as well as its complement, M. smegmatis AsugC:sugC. As pre-
dicted, fluorescence was abolished in the AsugC mutant and
restored in the complement, confirming that 6-TreAz labeling
proceeded via the expected pathway. Importantly, direct treat-
ment of M. smegmatis with the TreT reaction mixture had no
effect on bacterial growth or appearance. This operationally
simple experiment provides a model for rapidly preparing and
administering trehalose analogues to investigate mycobacteria.
In contrast, traditional methods for synthesizing and purifying
these compounds can require weeks of work by a trained
chemist in a well-equipped synthesis laboratory.

In conclusion, the thermostable trehalose synthase TreT
from T. tenax can convert a broad variety of Glc analogues into
trehalose analogues in high yield in 1 h. The types of sugar
modification that were chosen for this study are useful for nu-
merous research applications and will open new avenues for
investigating mycobacterial pathogenesis. To demonstrate this
point, we exploited the speed and biocompatibility of the TreT
reaction to quickly generate and use an azide-modified treha-
lose analogue to image mycobacteria. We anticipate that this
approach could be adapted to the development of in vivo
diagnostic tools, such as [**F]-modified trehalose analogues,
which were originally proposed as potential PET probes for TB
by Davis, Barry, and co-workers.®¥ For instance, TreT might be
used to rapidly convert existing pipelines of 2-deoxy-2-
["®Flflucro-b-glucose (FDG), which is regularly used for PET
imaging of cancer, to ['®F]-2-fluoroTre (Table 1, entry 2) for PET
imaging of TB disease progression and response to chemother-
apy. More broadly, it is expected that the TreT method will pro-
vide easy and efficient access to novel trehalose analogues for
a diverse range of biological studies. At present, we are con-
tinuing to develop this method by investigating enzyme kinet-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ics, expanding substrate scope, and exploring approaches for
enzyme reuse.
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R TreT mycobacteria
B. M. Swarts* R OH RO —_—
readily available th 0 OH
HE-EHNE glucose analogues trehalose o OH
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Chemoenzymatic Synthesis of .
Trehalose Analogues: Rapid Access to Trehalose tools for TB: A one-step che- tion of a trehalose-based probe for de-
Chemical Probes for Investigating moenzymatic method for the rapid and tecting mycobacteria, which might
Mycobacteria efficient synthesis of trehalose ana- enable the development of new diag-
logues was developed. This method en- nostic tools for tuberculosis (TB) re-
abled facile preparation and administra- search.
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