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Introduction

The disaccharide trehalose, or a-d-glucose(1!1)a-d-glucose
(1), is a naturally occurring sugar found in many organisms, in-

cluding plants, bacteria, fungi, and

some insects.[1–4] High levels of
intra- and extracellular trehalose

enable these organisms to better
survive environmental stresses, in-

cluding cold, heat, desiccation,
and reactive oxygen species.[1–6] Al-
though the mechanisms by which

trehalose protects these organisms
from damage have not been fully elucidated, it is hypothesized
that this disaccharide partially replaces the shell of water

around cellular components, including proteins and lipid mem-
branes.[3, 4, 7, 8] In doing so, trehalose helps maintain membrane

integrity and protein structure; the sugar also forms a stable

glass (a liquid of high viscosity) at room temperature; thus
reducing the rates of damaging biochemical reactions.[3, 4, 7, 8]

The protective properties of trehalose and its lack of cellular
toxicity have generated interest in its use as a general cellular

protectant for mammalian cells exposed to stressful condi-
tions.[1, 2, 6, 9–18]

Unfortunately, mammalian cells do not naturally biosynthe-

size trehalose, and mammalian cell membranes are impermea-
ble to hydrophilic sugars, such as trehalose. In response to
these obstacles, a number of elegant approaches have been
developed to load trehalose into mammalian cells.[9–19] For ex-

ample, improved cryosurvival is seen with mouse oocytes that
have been microinjected with trehalose,[10] and human fibro-

blasts genetically engineered to biosynthesize trehalose show
increased dehydration survival.[11] Trehalose has also been
loaded into mouse fibroblasts and human keratinocytes by

using a recombinant pore-forming hemolysin protein; cells
treated with this protein in trehalose-containing medium

better survive freezing and thawing.[9] In another approach,
electroporation was used to induce red blood cells to take up

trehalose; these cells displayed enhanced recovery after freeze-

drying compared with their non-trehalose containing counter-
parts.[17] A recent study has determined that GLUT8 is a treha-

lose transporter endogenously expressed by certain mammali-
an cells ; although trehalose uptake by mammalian cells was

shown, it is unclear whether trehalose uptake through the
GLUT8 transporter is sufficient for cellular protection.[19] Many
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of these methods demonstrate that intracellular trehalose can
act as a cellular protectant for mammalian cells exposed to ex-

ternal stresses; however, these techniques are limited in scope
because they are technically demanding or lack applicability to

some cell types.
One known method for increasing the cell permeability of

small molecules, including sugars, is to protect their hydrophil-
ic alcohol groups with more hydrophobic ester moieties.[16, 20–27]

Esterified sugars, especially peracetylated sugars, are routinely

used to deliver mono- and disaccharides into mammalian
cells.[16, 20–22, 24–27] Sugar uptake into mammalian cells can be up
to 2100-fold more efficient when ester groups are added to
the sugar.[22, 27] Esterified sugars passively diffuse through the

plasma membrane and, once inside the cell, nonspecific intra-
cellular esterases cleave the ester groups; thus generating the

free sugar inside the cell (Scheme 1 A).[20] There has been one

report of the use of acetylated trehalose compounds to deliver
trehalose into mammalian cells ; however, the extent of cellular

protection was not explored.[16] Further studies with esterified
trehalose analogues are required to demonstrate their effec-

tiveness as mammalian cellular protectants.
Herein, we have synthesized esterified trehalose analogues

that contain propionyl esters for comparison with known ace-

tylated trehalose analogues.[16] These propionylated trehalose
analogues were evaluated for their ability to load trehalose

into mammalian cells and provide protection to these cells.

One of the propionylated trehalose analogues, Pr6Tre
(Scheme 1 B), delivers millimolar concentrations of free treha-

lose into a variety of mammalian cells. Most importantly, we
demonstrate that two esterified trehalose analogues, Ac6Tre

(Scheme 1 B) and Pr6Tre, significantly reduce apoptosis in
Jurkat cells after heat shock, relative to Jurkat cells not incubat-

ed with these trehalose analogues. This is the first report in
which esterified trehalose analogues have been used to pro-

tect mammalian cells from heat-shock-induced apoptosis. The

method reported herein thus paves the way for the use of
esterified analogues of trehalose as a facile means to deliver

high concentrations of trehalose into mammalian cells for use
as a cellular protectant.

Results and Discussion

Design and synthesis of propionylated cell-permeable treha-
lose analogues

Although most esterified sugars used to increase the cell per-
meability of mono- and disaccharides contain acetyl esters, a

few studies have used longer chain esters, such as propionyl
esters.[20, 25–27] These studies have demonstrated that uptake
efficiency increases as the ester chain length increases; for the

monosaccharide N-acetylmannosamine, the fully propionylated
analogue is used two to three times more efficiency than the

Scheme 1. A) Schematic overview of the intracellular delivery of free trehalose into cells by using cell-permeable trehalose analogues. B) Structures of esteri-
fied trehalose analogues used herein.
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fully acetylated analogue in Jurkat cells.[26] We were interested
in using propionyl esters to further increase the cell permeabil-

ity of trehalose; to this end, we designed and synthesized a
panel of trehalose analogues that contained different numbers

of propionyl esters (Pr8Tre, Pr6Tre, Pr4Tre, and Pr2Tre;
Scheme 1 B). We also synthesized the corresponding acetylated

trehalose analogues previously reported by Abazari et al. for
comparison.[16] These trehalose analogues allow us to evaluate
the effects of ester chain length and the cumulative effects of

additional ester moieties on cell permeability.
The syntheses of fully esterified trehalose analogues (Ac8Tre

and Pr8Tre) are straightforward, requiring one step to generate
the final compound. We synthesized Ac8Tre and Pr8Tre by

treating free trehalose with either acetic anhydride or propion-
ic anhydride (Scheme S1 in the Supporting Information). The

syntheses of the partially esterified trehalose analogues are

more complex and require multiple steps to allow for the
installation of ester groups on specific hydroxyl groups. The

partially acetylated trehalose analogues (Ac6Tre, Ac4Tre, and
Ac2Tre) have been reported previously; to generate these ana-

logues, we followed the reported syntheses exactly or slightly
modified them (Schemes S2–S4).[28–32] To synthesize the propio-

nylated trehalose analogues (Pr6Tre, Pr4Tre, and Pr2Tre), we

adapted the syntheses of the acetylated analogues to use pro-
pionic anhydride instead of acetic anhydride (Schemes S5–S7).

Cell-permeable trehalose analogues deliver trehalose into
mammalian cells

To use trehalose analogues to deliver trehalose into mammali-

an cells effectively, it is crucial that the analogues are not cyto-
toxic. We used the neutral red uptake assay to evaluate the
acetylated and propionylated trehalose analogues for cellular
toxicity.[33] Jurkat cells, a human T-cell line, were incubated
with trehalose analogues at various concentrations for 48 h. Al-

though trehalose analogue treatments cause a modest reduc-
tion in cell proliferation (Figure S1), all analogues are nontoxic
to Jurkat cells at nearly all of the concentrations tested
(Figure 1); only cells incubated with 1 mm Pr6Tre, which corre-

sponds to the solubility limit of this analogue, have a cellular
viability of less than 85 %.

We next determined whether the propionylated trehalose

analogues could deliver free trehalose into mammalian cells.
We hypothesized that the longer ester chains for the propiony-

lated analogues would allow for more efficient loading of free
trehalose into mammalian cells than the corresponding acety-

lated analogues.[26] To test our hypothesis, we incubated Jurkat
cells with either propionylated or acetylated trehalose ana-

logues for 48 h and quantified the concentrations of intracellu-

lar trehalose from these cells by using a LC-MS/MS assay devel-
oped by our laboratory.[34] The trehalose analogues were incu-

Figure 1. Jurkat cells were incubated for 48 h with various concentrations of A) acetylated or B) propionylated trehalose analogues. The neutral red uptake
assay was used to evaluate cellular toxicities. Cellular viabilities were calculated relative to control cells incubated with 0.5 % DMSO in Roswell Park Memorial
Institute (RPMI) medium. Error bars represent the standard deviation (n=3).
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bated at a concentration corresponding to the highest concen-
tration that did not result in a significant reduction in cellular

viability ; in our hands, the acetylated trehalose analogues had
to be used at much lower concentrations than those previous-

ly reported,[16] due to insolubility in the cell culture medium
and cytotoxicity. Furthermore, we determined that the fully

acetylated trehalose analogue, Ac8Tre, was soluble in cell cul-
ture medium at a concentration of 700 mm, which allowed us
to evaluate it for the delivery of free trehalose into Jurkat cells.

All of the propionylated trehalose analogues, as well as all of
the acetylated trehalose analogues used at lower concentra-

tions, deliver free trehalose into Jurkat cells, with some ana-
logues being more efficient at trehalose delivery than others
(Table 1). The detection of intracellular trehalose from Jurkat

cells incubated with the propionylated trehalose analogues
suggests that these analogues behave similarly to their acety-

lated counterparts; they are cell permeable and acted upon by
esterases once inside the cell. Interestingly, the incubation of

Pr6Tre or Pr4Tre with Jurkat cells leads to intracellular trehalose

concentrations that are higher than those of the extracellular
concentrations of these analogues; an effect that was also
noted for Ac8Tre (Table 1) and for Ac6Tre (Table 1 and ref. [16]).
The removal of the ester groups from these analogues by in-

tracellular esterases most likely allows for an increased loading
of free trehalose inside the cell ; this removal decreases the

concentration of the esterified analogue inside the cell, driving
the migration of more esterified analogue into the cell. Surpris-
ingly, the two most hydrophobic analogues of trehalose,

Ac8Tre and Pr8Tre, are only able to deliver low concentrations
of trehalose into Jurkat cells (&1 mm intracellular trehalose for

Ac8Tre and &0.1 mm intracellular trehalose for Pr8Tre; Table 1).
Such low levels of intracellular trehalose for these analogues

could be due to their low solubility in aqueous solution or to

an inability of intracellular esterases to convert these ana-
logues into free trehalose. The propionylated trehalose ana-

logue, Pr2Tre, also delivers a low concentration of trehalose
into Jurkat cells (&1 mm intracellular trehalose; Table 1), which

is most likely due to its hydrophilicity. More hydrophilic treha-
lose analogues are less likely to diffuse through the hydropho-

bic mammalian cell membrane. Notably, the propionylated tre-
halose analogue containing six ester groups, Pr6Tre, is able to

load trehalose into Jurkat cells at an intracellular concentration
of (36:2) mm, which, based on previous reports, is sufficiently

high to allow for cellular protection.[9–11, 13–15] The presence of
six ester groups appears to strike the optimal balance required

for efficient trehalose loading; in our hands, Ac6Tre also deliv-
ers trehalose into Jurkat cells at high concentrations (Table 1),
as previously described by Abazari et al.[16] Furthermore, our

results reveal that esterified trehalose analogues containing six
ester groups can be used to deliver high concentrations of
free trehalose into mammalian cells at significantly lower extra-
cellular concentrations than those reported; in a previous
study, 30 mm extracellular Ac6Tre was required.[16] In our work,
we have found that esterified trehalose analogues can be used

at concentrations that are one to two orders of magnitude

lower (3 mm Ac6Tre or 375 mm Pr6Tre). These data also demon-
strate that propionylated trehalose analogues, such as Pr6Tre

or Pr4Tre, are more efficient at trehalose delivery into mamma-
lian cells than their acetylated counterparts; lower concentra-

tions of the propionylated analogues give significantly higher
intracellular trehalose concentrations (Table 1). Because Ac6Tre

and Pr6Tre deliver the highest concentrations of trehalose into

Jurkat cells at the lowest extracellular concentrations, we
chose to concentrate our efforts on these two trehalose ana-

logues for subsequent studies.
Additional experiments reveal that the concentration of in-

tracellular trehalose in Jurkat cells increases as the concentra-
tion of extracellular Ac6Tre or Pr6Tre is increased (Figure 2 A).

Although the highest extracellular concentrations tested, 4 mm
Ac6Tre and 500 mm Pr6Tre, give very high concentrations of in-
tracellular trehalose, we ultimately chose to use slightly lower

concentrations of trehalose analogues, 3 mm Ac6Tre and
375 mm Pr6Tre, for subsequent incubations to ensure complete

solubility of the analogues in cell culture medium. A time-
course assay reveals that trehalose concentrations within
Jurkat cells remain quite low for the first 12 h following initial

incubation with 3 mm Ac6Tre or 375 mm Pr6Tre, and the intra-
cellular trehalose concentration does not begin to approach
higher millimolar concentrations until at least 24 h (Figure 2 B).
The rate-limiting step in the delivery of free trehalose into

mammalian cells by using Ac6Tre or Pr6Tre could be either dif-
fusion into the cells or removal of the ester groups catalyzed

by intracellular esterases. It is unlikely that diffusion is rate lim-
iting because the second 24 h of incubation results in signifi-
cantly more intracellular trehalose than that in the first 24 h.
More likely, removal of the ester groups causes a delay in the
release of free trehalose inside the cell. Preliminary in vitro

experiments conducted by our laboratory (data not shown) in-
dicate that acetyl esters are hydrolyzed slowly from esterified

trehalose analogues by porcine liver esterase, which suggests
that the removal of the ester groups is rate limiting. Moreover,
Abazari et al. found that incubation of 30 mm Ac6Tre with rat

hepatocytes resulted in the accumulation of intracellular acety-
lated trehalose;[16] this further supports the hypothesis that

removal of the ester groups is the slow step in this process.
Regardless of the rate-limiting step, both Ac6Tre and Pr6Tre can

Table 1. Delivery of trehalose into mammalian cells by esterified treha-
lose analogues.

Extracellular Intracellular Extracellular Intracellular
[trehalose [trehalose] / mm[a] [trehalose [trehalose] / mm[a]

analogue] analogue]

0.7 mm Ac8Tre 1.5:0.1 250 mm Pr8Tre 0.127:0.005
3 mm Ac6Tre 38.3:0.6 375 mm Pr6Tre 36:2

4.5 mm Ac4Tre 1.1:0.1 2 mm Pr4Tre 9:1
5 mm Ac2Tre 1.13:0.08 5 mm Pr2Tre 1.4:0.3

[a] Jurkat cells were incubated for 48 h with trehalose analogues and
then the cells were rinsed and lysed. The intracellular contents were in-
jected into a LC-MS/MS instrument, and intracellular trehalose concentra-
tions were calculated by using a trehalose standard curve with maltose
as an internal standard. n=3.
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deliver high levels of intracellular trehalose into mammalian
cells after 48 h of incubation.

To assess the generalizability of this approach, we evaluated
whether low concentrations of Ac6Tre and Pr6Tre delivered free
trehalose into other types of mammalian cells. To this end, we

incubated HeLa cells, a human cervical cell line; HepG2 cells, a
human hepatocyte cell line; and NIH/3T3 cells, a mouse fibro-
blast cell line, with either 3 mm Ac6Tre or 375 mm Pr6Tre for
48 h. The cells were subsequently lysed, and the concentration

of intracellular trehalose in these cells was determined by LC-
MS/MS.[34] As reported in Table 2, both Ac6Tre and Pr6Tre deliv-

er millimolar concentrations of free trehalose into all of these
cell lines. The concentrations of intracellular trehalose found in
these cells after incubation with Ac6Tre or Pr6Tre are between

19 and 37 mm, which is similar to the concentration found in
Jurkat cells incubated with these analogues and is high

enough to allow for cellular protection.[9–11, 13–15]

Cell-permeable trehalose analogues protect Jurkat cells
from heat shock

Having demonstrated that low extracellular concentrations of
Ac6Tre and Pr6Tre delivered free trehalose into mammalian

cells at millimolar concentrations, we set out to determine
whether these analogues allowed for cellular protection. Treha-

lose is known to protect cells from heat; yeast mutants that

are defective in the genes that encode for trehalose biosynthe-
sis are unable to produce trehalose upon heat shock and are

much less resistant to heating than that of wild-type
yeast.[4, 6, 35] We incubated Jurkat cells with either 3 mm Ac6Tre

or 375 mm Pr6Tre for 48 h and then subjected these cells to

mild heat shock at 42 8C for 3 h. The cells were allowed to re-
cover at 37 8C for 5 h, after which time the activities of caspas-

es-3 and -7 from these cells were determined. Caspases-3 and
-7 are the major apoptotic executioner caspases, and their ac-

tivities increase in cells undergoing programmed cell death in
response to a wide range of stimuli, including heat shock.[36, 37]

As shown in Figure 3, significantly less activation of caspases-3

and -7 was observed in Jurkat cells that had been preincubat-
ed with either Ac6Tre or Pr6Tre, compared with control cells

that had not been preincubated with these analogues. These
results demonstrate that esterified analogues of trehalose can

be used to protect mammalian cells from initiating apoptosis
after heat shock. These data represent the first time that esteri-

Figure 2. Intracellular trehalose concentration increases A) with increasing
extracellular concentrations of trehalose analogue or B) with incubation
time. Jurkat cells were incubated for 48 h A) with various concentrations of
Ac6Tre or Pr6Tre, or B) for various times with 3 mm Ac6Tre or 375 mm Pr6Tre.
After incubation, the cells were rinsed and lysed. The intracellular contents
were injected into a LC-MS/MS instrument, and intracellular trehalose con-
centrations were calculated by using a trehalose standard curve with mal-
tose as an internal standard. Error bars represent the standard deviation
(n=3).

Table 2. Delivery of trehalose into a variety of mammalian cells by Ac6Tre
and Pr6Tre.

Mammalian Extracellular Intracellular
cell line [trehalose analogue] [trehalose] / mm[a]

HeLa
3 mm Ac6Tre 28:6

375 mm Pr6Tre 21:2

HepG2
3 mm Ac6Tre 36.5:0.4

375 mm Pr6Tre 37:3

NIH/3T3
3 mm Ac6Tre 19:4

375 mm Pr6Tre 21:4

[a] Jurkat cells were incubated for 48 h with trehalose analogues and
then the cells were rinsed and lysed. The intracellular contents were in-
jected into a LC-MS/MS instrument, and intracellular trehalose concentra-
tions were calculated by using a trehalose standard curve with maltose
as an internal standard. n=3.

Figure 3. Jurkat cells were incubated for 48 h with 0.5 % DMSO, 3 mm
Ac6Tre, or 375 mm Pr6Tre. After incubation, cells were either subjected to
mild heat shock at 42 8C for 3 h or to a normal growth temperature of 37 8C
(control) for 3 h. The cells were then allowed to recover at 37 8C for 5 h,
after which time the activities of caspases-3 and -7 from these cells were de-
termined. The caspase activities were normalized such that the heat-shocked
0.5 % DMSO sample was set to 100 %. Error bars represent the standard
error of the mean (n=3). *p<0.0002 by Tukey’s test following a significant
heat shock by trehalose treatment interaction term (p<0.0005).
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fied trehalose analogues have been used to protect mammali-
an cells from heat. The successful protection of mammalian

cells from heat-induced apoptosis by using esterified trehalose
analogues demonstrates the suitability of this method for

employing cell-permeable analogues of trehalose as cellular
protectants for mammalian cells.

Conclusion

We report the successful protection of mammalian cells from
heat-shock-induced apoptosis by using a high concentration

of intracellular trehalose, which was loaded into the cells
through esterified trehalose analogues. We determined that

low concentrations of esterified trehalose analogues could be
used to deliver high concentrations of free trehalose into
mammalian cells. More importantly, mammalian cells incubat-

ed with Ac6Tre or Pr6Tre showed a significant reduction in
apoptosis after heat exposure; this demonstrated that esteri-

fied trehalose analogues could provide cellular protection to
mammalian cells. Notably, this is the first report in which es-

terified trehalose analogues have been used to protect mam-

malian cells from heat. Because trehalose is known to protect
cells from many different types of environmental stresses, our

approach has the ability to be widely applicable for the protec-
tion of mammalian cells exposed to a variety of conditions, ul-

timately providing a means to improve their longevity during
storage, transport, and manipulation.

Experimental Section

General materials : Jurkat (clone E6-1), NIH/3T3, HeLa, and HepG2
cells were purchased from ATCC and grown according to the sup-
plier’s instructions. The cells were maintained in a 5 % CO2, water-
saturated environment at 37 8C, and adherent cells were trypsi-
nized with 0.25 % trypsin/ethylenediaminetetraacetic acid (EDTA),
resuspended in complete medium, and counted prior to passag-
ing. RPMI-1640 medium was obtained from ATCC, and Dulbecco’s
high glucose modified Eagle’s medium (DMEM), phosphate-buf-
fered saline (PBS), fetal bovine serum (FBS), 0.25 % trypsin-EDTA
(PBS, pH 7.4), sterile DMSO, and neutral red were obtained from
Fisher Scientific. For the quantification of trehalose in cells treated
with trehalose analogues, d-(++)-trehalose dihydrate (>99 %), d-
(++)-maltose monohydrate (99 %), and LC-MS-grade ammonium
acetate (+99 %) were purchased from Fisher Scientific. LC-MS sol-
vents (acetonitrile and water) were of LC-MS/Optima grade and ob-
tained from Fisher Scientific. Caspase-Glo 3/7 assay was purchased
from Promega.

Compound synthesis and characterization : Please see the Sup-
porting Information for detailed synthetic procedures and charac-
terization data for all novel and final compounds.

Incubation of mammalian cells with trehalose analogues : Solu-
tion preparation: A 200 V stock solution of the trehalose analogue
was made in DMSO, and this solution (5 mL) was dissolved in com-
plete cell culture medium (995 mL). The 200 V stock solution was
added to the tube prior to the addition of the cell culture medium
to avoid precipitation of the trehalose analogue in the pipet tip.
The final solution was sonicated to ensure complete solvation of
the trehalose analogue and then sterile-filtered through a PES
0.2 mm syringe filter.

Incubation: Jurkat cells : Jurkat cells were incubated with treha-
lose analogues at an initial concentration of 7 V 105 cells mL@1 (total
volume of 2 mL per well) in six-well plates. Cells were incubated
with varying concentrations of trehalose analogues for varying
amounts of time at 37 8C. Control cells were incubated with 0.5 %
DMSO in complete medium. At the end of the incubation, Jurkat
cells were pelleted (1500g, 4 min) and resuspended in PBS (1 mL).
The cells were pelleted another time (1500g, 4 min), resuspended
in PBS (1 mL), and an aliquot of the cells was removed for count-
ing. The remaining cells were pelleted (1500g, 4 min), the super-
natant was removed, and the cell pellet was flash-frozen in liquid
nitrogen and stored at @80 8C until further use.

Incubation: Adherent cells : NIH/3T3 cells were seeded at an initial
density of 8 V 104 cells mL@1 (total volume of 2 mL per well) in six-
well plates, allowed to adhere overnight, and then incubated with
trehalose analogues. HepG2 cells were seeded at an initial density
of 1 V 105 cells mL@1 (total volume of 2 mL per well) in six-well
plates, allowed to adhere overnight, and then incubated with tre-
halose analogues. HeLa cells were seeded at an initial density of
1 V 105 cells mL@1 (total volume of 2 mL per well) in six-well plates,
allowed to adhere overnight, and then incubated with trehalose
analogues. Cells were incubated with varying concentrations of
trehalose analogues for varying amounts of time at 37 8C. Control
cells were incubated with 0.5 % DMSO in complete medium. At the
end of the incubation, the cells were rinsed with PBS (1 mL) and
lifted by using 0.25 % trypsin-EDTA (0.5 mL). The cells were pelleted
(1500g, 4 min) and resuspended in PBS (1 mL). The cells were pel-
leted another time (1500g, 4 min), resuspended in PBS (1 mL), and
an aliquot of the cells was removed for counting. The remaining
cells were pelleted (1500g, 4 min), the supernatant was removed,
and the cell pellet was flash-frozen in liquid nitrogen and stored at
@80 8C until further use.

Cell counting was accomplished with a 2.0 Scepter Cell Counter
(EMD Millipore) and 60 mm sensors. Gates were chosen based on
live control cells, and the number of cells in each cell pellet and
the average diameter of these cells were calculated for intracellular
trehalose concentration measurements.

Neutral red cellular toxicity assay : On day 1 of the neutral red
cellular toxicity assay, Jurkat cells were incubated with trehalose
analogues at an initial concentration of 7 V 105 cells mL@1 in a 96-
well V-bottomed plate (total volume of 200 mL per well). Sterile
PBS (200 mL) was placed into any wells that did not contain cells. A
0.1 % saponin/0.5 % DMSO solution in RPMI medium containing
10 % FBS served as a positive control to kill the cells, and a 0.5 %
solution of DMSO in RPMI medium containing 10 % FBS served as
a negative control. The cells were allowed to incubate at 37 8C for
48 h.

On day 2, a working solution of neutral red dye at a concentration
of 40 mg mL@1 was prepared in RPMI containing 10 % FBS from a
4 mg mL@1 stock solution of neutral red in PBS. This neutral red
working solution was incubated at 37 8C for 24 h. Notably, neutral
red was sensitive to light, so the light in the laminar flow hood
was turned off when working with this compound.

On day 3, after the 24 h incubation period, the neutral red working
solution was centrifuged for 10 min at 600g to remove any precipi-
tated compound. The 96-well V-bottomed plate containing the
cells was centrifuged (600g, 4 min) to pellet the cells. The superna-
tant was removed and replaced with the neutral red working solu-
tion (100 mL). The cells were incubated for 2 h at 37 8C with the
neutral red working solution. After incubation, the 96-well V-bot-
tomed plate containing the cells was centrifuged (600g, 4 min) to
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pellet the cells. The neutral red working solution was removed
from the wells, and the cells were resuspended with PBS (150 mL).
The 96-well V-bottomed plate containing the cells was centrifuged
(600gV 4 min) to pellet the cells, and the cells were resuspended
in neutral red destain solution (150 mL, ethanol/deionized water/
acetic acid 50:49:1, v/v/v). The plate was shaken for 10 min to dis-
solve the neutral red. After shaking was completed, the 96-well V-
bottomed plate containing the cells was centrifuged (600g, 2 min)
to pellet the cells. The destain solution (125 mL) was then trans-
ferred to a 96-well black plate, and the fluorescence of the cell sus-
pension samples was read on a SpectraMax M5 plate reader (Mo-
lecular Devices) ; lex=530 nm, lem=645 nm. The fluorescence data
were normalized to the negative control of 0.5 % DMSO in RPMI,
and standard deviations were calculated by using Microsoft Excel.

Detection and quantification of intracellular trehalose concen-
trations from mammalian cells incubated with trehalose ana-
logues : To obtain the intracellular contents, cell pellets were resus-
pended in HEPES buffer (100 mL, 10 mm, pH 7.3) and flash-frozen in
liquid nitrogen. The cell suspensions were thawed and then flash-
frozen again in liquid nitrogen. This process was repeated one
more time, after which the cell suspension was centrifuged
(16 000g, 10 min) at 4 8C. The supernatant was removed and stored
at @80 8C until analysis.

The detection and quantification of intracellular trehalose was ac-
complished by using a LC-MS/MS assay previously developed in
our laboratory.[34] Maltose was used as the internal standard, at
concentrations of 0.5–5 mm, depending on the concentrations of
the trehalose standards. Trehalose standards were prepared in 1:1
acetonitrile/cell lysates (Jurkat, NIH/3T3, HepG2, or HeLa, depend-
ing on the cells being analyzed), and cell lysate samples were dilut-
ed 1:1 with acetonitrile. Separation of the analytes was achieved
by using a Waters high-performance carbohydrate column (250 V
4.6 mm, 4 mm) on an Agilent 1200 series HPLC system, including a
degasser, binary pump, autosampler, and column compartment
(maintained at 35 8C). The mobile phase was composed of water
containing 2 mm ammonium acetate (A) and acetonitrile contain-
ing 2 mm ammonium acetate (B). Isocratic elution conditions were
varied to optimize the separation of trehalose and maltose, with
an optimal flow rate of 1 mL min@1 and a percentage of solvent B
of 80–82 % over 30 min. The injection volume was 40 mL. Analyte
detection was achieved by using an Agilent 6410B triple quadru-
pole mass spectrometer with an ESI source. The mass spectrometer
was operated in selected reaction monitoring (SRM) mode to mon-
itor for the trehalose transitions of m/z 360 to 325 and m/z 360 to
85 and for the maltose transitions of m/z 360 to 325 and m/z 360
to 85; all in positive mode. The MS/MS conditions are listed in
Table S1.

SRM signals for trehalose and maltose were obtained and analyzed
by using Agilent MassHunter Quantitative Analysis software; sig-
nals were integrated manually when necessary for consistency. Cal-
ibration curves were generated in the software by plotting the rel-
ative response (the trehalose signal divided by the maltose signal)
versus trehalose concentration. The software reported the accuracy
for each point based on the curve it produced. Only data points
with accuracies between 80 and 120 % were kept. The calibration
curves were used to calculate the trehalose concentration from cell
lysates. Intracellular trehalose concentrations were calculated from
these values by using the total number of cells lysed (calculated
from cell counts obtained prior to lysis), the mean cell volume (V=
4/3pr3, in which the mean radius, r, of the cells was calculated
from the measured diameter from the Scepter Cell Counter), and a
57 % cytosolic volume.[18]

Heat-shock protocol and analysis : Jurkat cells were incubated
with 0.5 % DMSO (as a negative control) and 3 mm Ac6Tre or
375 mm Pr6Tre at an initial concentration of 1 V 106 cells mL@1 in a
96-well plate (total volume of 225 mL per well) for 48 h at 37 8C.
After incubation, the cells were heat shocked in a 42 8C incubator
for 0 or 180 min. The cells were then allowed to recover in a 37 8C
incubator for 5 h. Following the recovery period, cell suspensions
(100 mL) were transferred to an opaque 96-well plate, and assays
were completed according to the manufacturer’s protocols. First,
the cell suspensions were allowed to equilibrate to room tempera-
ture for 30 min. Then, Caspase-Glo-3/7 reagent (100 mL, Promega)
was added, and the suspensions were mixed for 30 s and then in-
cubated at room temperature for 30 min. After incubation, lumi-
nescence was read on a SpectraMax M5e multimode plate reader
(Molecular Devices). Each sample was read in triplicate, and raw
data from three independent replicates were normalized to the
percent of non-heat-shocked controls. Statistical significance was
determined by an analysis of variance (ANOVA), followed by
Tukey’s test, by using SAS/JMP software, version 13.0.0. , SAS Insti-
tute Inc. , Cary, NC.
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Synthesis of trehalose analogs 2-9: 
  
General 
All chemical reagents were purchased from Sigma-Aldrich or Fisher Scientific and used without further 
purification. Unless otherwise noted, all reactions were performed under an argon atmosphere, and nano-pure 
water was used for manipulations. Thin-layer chromatography (TLC) was carried out on EMD Millipore Silica 
Gel Plates and visualized using ceric ammonium molybdate (CAM). Flash chromatography was performed 
following the method of Still et al.[1] using Merck 60 Å 230-400 mesh silica gel and elution with the solvent 
systems noted. All solvents were concentrated under reduced pressure using an IKA RV 10 rotary evaporator. 
All 1H NMR and 13C NMR spectra were acquired on a Bruker Avance 400 MHz spectrometer and are reported 
in δ relative to tetramethylsilane (TMS). 
 
High resolution mass spectrometric analysis was performed using a 6530 quadrupole time-of-flight (Q-TOF) 
mass analyzer (Agilent Technologies, Santa Clara CA).  Mass spectra were collected in positive (or negative) 
ion mode; the ionization voltage ranged from 1750 -1850 V, the fragmentor voltage was 175 V and the source 
temperature was held at 300 °C.  Spectra were internally calibrated using the following reference compounds in 
positive ion mode: dibutyl phthalate (C16H22O4) and hexakis(1H, 1H, 4H-hexafluorobutyloxy)phosphazine (HP-
1221; C24H18O6N3P3F36), detected as [M+H]+. Chromatographic  separation and nano-electrospray ionization 
(ESI)  was performed using a 1260 Chip Cube system (Agilent Technologies) using a ProtID-chip with a 40 nL 
enrichment column and a 43 mm x 75 µm analytical column (Agilent Technologies). The enrichment and 
analytical columns were packed with 300 Å, 5µm particle with a C18 stationary phase. The mobile phases were 
0.1% formic acid/H2O (A) and 0.1% formic acid/acetonitrile (B). Samples were loaded using 97:3 A:B.  
Analytes were eluted using a gradient with increasing percentages of solvent B. 
 
Compound 2 (Ac8Tre) 
-D-trehalose dihydrate (126 mg, 0.33 mmol, 1 eq) was co-evaporated with toluene three times and dried 
overnight in vacuo. Acetic anhydride (0.33 mL, 3.5 mmol, 10.7 eq) and pyridine (1.5 mL) were added to the 
dried trehalose, and the solution was stirred at room temperature for 26 h. The solvent was removed in vacuo, 
and the resulting residue was purified by silica gel chromatography (99:1-98:2 methylene chloride: methanol) to 
yield 225 mg (99%) of compound 2 as a white powder. 1H NMR (CDCl3, 400 MHz): δ 5.54-5.49 (t, J = 9.7 Hz, 
2H), 5.32-5.31 (d, J = 3.6 Hz, 2H), 5.09-5.04 (m, 4H), 4.28-4.24 (q, J = 5.2 Hz, 12 Hz, 2H), 4.09-4.02 (m, 4H), 
2.12 (s, 6H), 2.12 (s, 6H), 2.10 (s, 6H), 2.06 (s, 6H). 13C NMR (CDCl3, 100 MHz): δ 170.6, 169.9, 169.6, 169.5, 
92.2, 69.9, 69.8, 68.5, 68.2, 61.7, 20.6, 20.6, 20.5, 20.5. MS (ESI+): m/z Calcd. for C28H38O19Li+ [M + Li]+ 
685.2, Found 685.2. 1H NMR and 13C NMR data match published data from reference 2. 
 
Compound 10 
α,α-D-trehalose dihydrate (503 mg, 1.3 mmol, 1.0 eq) was co-evaporated with toluene three times and dried 
overnight in vacuo. The compound was then dissolved in pyridine (6 mL), and freshly activated 4 Å molecular 
sieves were added to the stirring solution. The reaction mixture was cooled to 0 oC, and then tert-
butyldimethylsilyl chloride (TBS-Cl, 635 mg, 4.2 mmol, 3.2 eq) was added to the stirred mixture, as well as a 
catalytic amount of 4-dimethylaminopyridine (DMAP, one crystal). The reaction was allowed to stir at room 
temperature for 24 h. The reaction was monitored by TLC, and upon the disappearance of the starting material, 
acetic anhydride (1.46 mL, 15.4 mmol, 11.7 eq) was added to the reaction. This solution was then allowed to 
stir at room temperature for 48 h. The molecular sieves were removed by filtration and rinsed with 
dichloromethane. The resulting solution was concentrated in vacuo to give a dark yellow oil, which was purified 
by silica gel chromatography (9:1 – 6:4 hexanes:ethyl acetate), yielding 726 mg (67%) of compound 10 as a 
white solid. 1H NMR (CDCl3, 400 MHz): δ 5.52-5.47 (t, J = 9.4 Hz, 2H), 5.27 (d, J = 3.8 Hz, 2H), 5.12-5.04 
(m, 4H), 3.97-3.92 (m, 2H), 3.66-3.65 (m, 4H), 2.10 (s, 6H), 2.06 (s, 6H), 2.04 (s, 6H), 0.89 (s, 18H), 0.05-0.02 
(m, 12H). 1H NMR data match published data from reference 3. 
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Compound 3 (Ac6Tre) 
Compound 10 (726 mg, 0.88 mmol, 1.0 eq) was dissolved in methylene chloride (9 mL). A solution of 0.5 M 
HCl in methanol was prepared, and 9 mL of this solution were added to the stirring solution. The solution was 
allowed to stir at room temperature for 1 h, after which it was fully neutralized with saturated sodium 
bicarbonate. The organic layer was separated and washed with water (10 mL). The aqueous layer was then 
extracted with methylene chloride (3 × 20 mL), and all of the organic extracts were combined, dried with 
anhydrous Na2SO4, filtered, and evaporated. The resulting white powder was purified by silica gel 
chromatography (99:1 – 96:4 methylene chloride:methanol), yielding 412 mg (79%) of compound 3 as a white 
solid. 1H NMR (CDCl3, 400 MHz): δ 5.58-5.53 (t, J = 9.9 Hz, 2H), 5.33 (d, J = 3.9 Hz, 2H), 5.06-4.99 (m, 4H), 
4.01-3.96 (m, 2H), 3.65-3.60 (m, 4H), 2.23-2.12 (m, 2H), 2.11 (s, 6H), 2.10 (s, 6H), 2.06 (s, 6H). 13C NMR 
(CDCl3, 100 MHz): δ 170.33, 169.96, 169.93, 93.53, 70.51, 70.23, 69.75, 68.86, 61.07, 20.69, 20.66, 20.61. MS 
(ESI+): m/z Calcd. For C24H34O17Li+ [M+Li]+ 601.2, Found 601.2. 1H NMR and 13C NMR data match 
published data from reference 4. 
 
Compound 11 
This compound was synthesized according to the literature.[4]-D-trehalose dihydrate (211 mg, 0.56 mmol, 1 
eq) was co-evaporated with toluene three times and dried overnight in vacuo. Para-toluenesulfonic acid (p-
TSA) (5.3 mg, 0.028 mmol, 0.05 eq) was separately dried overnight in vacuo. The flasks were flushed with 
argon, and anhydrous N N-dimethylformamide (DMF) (2.0 mL) and a stir bar were added to the flask 
containing the dried, anhydrous, -D-trehalose. Anhydrous DMF (2.0 mL) and (dimethoxymethyl)benzene 
(0.1 mL, 0.54 mmmol, 1 eq) were added to the flask containing the dried, anhydrous p-TSA. The solution of p-
TSA and (dimethoxymethyl)benzene in DMF was then added to the stirred solution of anhydrous trehalose in 
DMF, and the reaction was heated to 100 oC for 10 min. The reaction was cooled in an ice bath and then 
concentrated in vacuo for 3 min under high vacuum to remove the methanol produced. The reaction flask was 
then filled with argon, and more (dimethoxymethyl)benzene (0.1 mL, 0.54 mmol, 1 eq) was added to the 
stirring reaction. The reaction was heated again (10 min, 100 oC), cooled, and concentrated in vacuo for 3 min 
under high vacuum. The reaction flask was then flushed with argon and more (dimethoxymethyl)benzene 
(0.016 mL, 0.14 mmol, 0.25 eq) was added to the stirred reaction. The reaction was heated again at 100 oC for 
10 min, after which the entire reaction solution was concentrated in vacuo. The residue was then purified by 
silica gel chromatography (99:1-95:5 CH2Cl2:methanol) to yield 159 mg (57%) of compound 11 as a white 
solid. 1H NMR (CD3OD, 400 MHz): δ 7.50 (m, 10H), 5.59 (s, 2H), 5.15 (d, J = 3.9 Hz, 2H), 4.24 (dd, J = 5.0 
Hz, 10.0 Hz, 2H), 4.15 (m, 2H), 4.05 (t, J = 9.4 Hz, 2H), 3.75 (t, J = 10.1 Hz, 2H), 3.65 (dd, J = 3.9 Hz, 9.4 Hz, 
2H), 3.51 (t, J = 9.5 Hz, 2H). 13C NMR (CD3OD, 100 MHz): δ 137.8, 128.5, 127.6, 126.1, 101.7, 95.0, 81.6, 
72.4, 70.1, 68.5, 62.8. MS (ESI+): m/z Calcd. For C26H30O11Li+

 [M+Li]+  525.2, Found 525.2. 
 
Compound 12 
This compound was synthesized according to the literature.[4] A mixture of acetonitrile (5.7 mL) and pyridine 
(5.7 mL) was added to compound 11 (532 mg, 1.03 mmol, 1 eq). Acetic anhydride (0.56 mL, 4.5 mmol, 5.3 eq) 
and one crystal of DMAP were then added to this stirred solution. The reaction was left to stir at room 
temperature for 23 h, after which the solvent was removed in vacuo. The residue was purified by silica gel 
chromatography (9:1-6:4 hexanes:ethyl acetate) to yield 653 mg (93%) of compound 12 as a white solid. 1H 
NMR (CDCl3, 400 MHz): δ 7.39 (m, 10H), 5.65 (t, J = 9.8 Hz, 2H), 5.52 (s, 2H), 5.37 (d, J = 4.0 Hz, 2H), 5.04 
(dd, J = 4.0 Hz, 9.9 Hz, 2H), 4.2 (dd, J = 4.9 Hz, 10.4 Hz, 2H), 4.03 (m, 2H), 3.73 (m, 4H), 2.16 (s, 6H), 2.10 
(s, 6H). 13C NMR (CDCl3, 100 MHz): δ 170.3, 169.4, 136.8, 129.1, 128.2, 126.2, 101.8, 93.1, 79.1, 70.8, 69.0, 
68.6, 63.1, 20.8, 20.7. MS (ESI+): m/z Calcd. For C34H40O16

+
 [M+H2O]+ 704.2, Found 704.2. 

 
Compound 4 (Ac4Tre) 
This compound was synthesized according to the literature.[4] Acetic acid (12.0 mL, 209 mmol, 222 eq) was 
added to compound 15 (653 mg, 0.95 mmol, 1 eq), and the solution was heated to 95 oC. After the reaction 
solution turned clear, nano-pure water (7.9 mL, 436 mmol, 457 eq) was the added drop-wise to the stirring 
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reaction. The reaction was allowed to stir for another 30 min at 95 oC. Toluene (10 mL) was then added to the 
reaction, and the solution was removed in vacuo. The resulting residue was then dissolved in methylene 
chloride, and this solution was removed in vacuo until white crystals formed. The crystals were isolated and 
purified by silica gel chromatography (99:1-98:2 ethyl acetate: methanol) to yield 408 mg (84%) of compound 4 
as a white solid. 1H NMR (CD3OD, 400 MHz): δ 5.42 (t, J = 9.7 Hz, 2H), 5.32 (d, J = 3.76 Hz, 2H), 4.91 (m, 
1H), 3.91 (m, 2H), 3.79 (dd, J = 2.0 Hz, 11.9 Hz, 2H), 3.73 (m, 2H), 3.61 (t, J = 9.48 Hz, 2H), 2.10 (s, 6H), 
2.09 (s, 6H). 13C NMR (CD3OD, 100 MHz): δ 170.7, 170.4, 92.7, 72.8, 72.6, 70.6, 68.2, 60.6, 19.5, 19.3. MS 
(ESI+): m/z Calcd. For C20H32O16

+
 [M+H2O]+  528.2, Found 528.2. 

 
Compound 13 
This compound was synthesized according to the literature.[5] D-trehalose dihydrate (502 mg, 1.33 mmol, 1 
eq) was co-evaporated with toluene three times and dried overnight in vacuo and then dissolved in anhydrous 
DMF (5 mL). N,O-bis(trimethylsilyl)acetamide (3 mL, 12.5 mmol, 8.5 eq) and 1.0 M tetrabutylammonium 
fluoride (TBAF) in tetrahydrofuran (THF) (0.08 mL, 0.28 mmol, 0.19 eq) were then added to this stirring 
solution. The solution was allowed to stir at room temperature for 1.5 h, after which isopropanol (0.5 mL) was 
added to the reaction solution. The mixture was cooled to 0 oC, and anhydrous methanol (70 mL) and potassium 
carbonate (180 mg, 1.3 mmol, 1 eq) were added to the reaction mixture. The solution was allowed to stir at 0 oC 
for 2 h, after which acetic acid (0.2 mL) was added to the reaction to neutralize the potassium carbonate. The 
reaction solution was removed in vacuo, and the resulting residue was dissolved in CH2Cl2 (30 mL) and washed 
with saturated NaCl (3 × 20 mL). The organic layer was dried with anhydrous Na2SO4, filtered, and removed in 
vacuo. The residue was purified by silica gel chromatography (9:1-7:3 hexane:ethyl acetate) to yield 645 mg 
(63%) of compound 13 as a white solid. 1H NMR (CDCl3, 400 MHz): δ 4.93 (d, J = 3.3 Hz, 2H), 3.92 (t, J = 
8.9 Hz, 2H), 3.87 (m, 2H), 3.73 (m, 2H), 3.50 (t, J = 9.04 Hz, 2H), 3.45 (dd, J = 3.1 Hz, 9.3 Hz, 2H), 1.75 (q, J 
= 7.4 Hz, 2H), 0.19 (s, 18H), 0.17 (s, 18H), 0.15 (s, 18H). 13C NMR (CDCl3, 100 MHz): δ 94.6, 73.3, 73.0, 
72.8, 71.4, 61.7, 1.0, 0.85, 0.07. MS (ESI+): m/z Calcd. For C30H72O12Si6 [M+H2O]+ 792.4, Found 792.4. 
 
Compound 14 
Acetic anhydride (0.18 mL, 1.8 mmol, 2.3 eq), pyridine (13.9 mL), and a small crystal of DMAP were added to 
compound 13 (645 mg, 0.59 mmol, 1 eq). The reaction mixture was allowed to stir at room temperature for 25 
h. The solvent was removed in vacuo, and the residue was purified by silica gel chromatography (9:1-7:3 
hexane:ethyl acetate) to yield 345 mg (68%) of compound 14 as a clear solid. 1H NMR (CDCl3, 400 MHz): δ 
4.96 (d, J = 2.9 Hz, 2H), 4.26 (d, J = 11.6 Hz, 2H), 4.11 (dd, J = 4.6 Hz, 11.9 Hz,  2H), 4.04 (m, 2H), 3.94 (t, J 
= 8.9 Hz, 2H), 3.49 (m, 4H), 2.10 (s, 6H), 0.18 (s, 18H), 0.16 (s, 18H), 0.15 (s, 18H). 13C NMR (CDCl3, 100 
MHz): δ 170.93, 94.33, 73.43, 72.62, 71.91, 70.68, 63.72, 21.02, 1.05, 0.85, 0.16. HRMS (Chip-nanoESI-Q-
TOF MS+): m/z Calcd. For C34H75O13Si6

+ [M+H]+ 859.3818, Found 859.3844. 1H NMR and 13C NMR data 
match published data from reference 2. 
 
Compound 5 (Ac2Tre) 
Dowex 50WX8-200 resin (450 mg) was added to a stirred solution of compound 14 (210 mg, 0.24 mmol, 1 eq) 
in methanol (8.4 mL) and methylene chloride (1.5 mL). The reaction was stirred at room temperature for 15 
min, after which the resin was filtered from the solvent and rinsed with methanol. The solvent was removed in 
vacuo and purified by silica gel chromatography (4:1:0.1 dichloromethane:methanol:water) to yield 77 mg 
(74%) of compound 5 as a white solid. 1H NMR (CD3OD, 400 MHz): δ 5.06 (d, J = 3.8 Hz, 2H), 4.38-4.34 (m, 
2H), 4.23-4.19 (m, 2H), 4.06-4.02 (m, 2H), 3.81-3.77 (t, J = 9.4 Hz, 2H), 3.51-3.48 (m, 2H), 3.38-3.32 (m, 2H), 
2.08 (s, 6H). 13C NMR (CD3OD, 100 MHz): δ 171.46, 94.04, 73.10, 71.71, 70.43, 70.03, 63.22, 19.31. MS 
(ESI+): m/z Calcd. For C16H26O13Na+

 [M+Na]+ 449.1, Found 449.1. 1H NMR data match published data from 
reference 6. 
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Compound 6 (Pr8Tre) 
-D-Trehalose dihydrate (507 mg, 1.34 mmol, 1.0 eq) was co-evaporated with toluene three times and dried 
overnight in vacuo. Pyridine (6 mL) and propionic anhydride (1.8 mL, 14.1 mmol, 10.4 eq) were added to the 
flask. The solution was allowed to stir at room temperature for 22 h, after which the solvent was removed in 
vacuo. The resulting residue was dissolved in dichloromethane (20 mL), and the organic layer was washed 
quickly with 0.1 M NaOH (15 mL), and then with water (15 mL). The organic layer was then washed with 
saturated NaCl (15 mL). The aqueous layer was then extracted with methylene chloride (3 × 15 mL), and the 
organic layers were combined, dried with anhydrous Na2SO4, filtered, and evaporated in vacuo. The resulting 
residue was purified using silica gel chromatography with a gradient elution of 99:1-97:3 methylene 
chloride:methanol yielding 361 mg (83%) of compound 6 as a white solid. 1H NMR (CDCl3, 400MHz): δ 5.56 
(t, J = 9.8 Hz, 2H), 5.35 (d, J = 3.8 Hz, 2H), 4.98-5.06 (m, 4H), 3.89 (m, 2H), 3.56 (s, 4H), 2.2-2.7 (m, 12H), 
1.07-1.14 (m, 18H). 13C NMR (CDCl3, 100MHz): δ 173.90, 173.49, 173.27, 93.09, 70.57, 70.23, 69.59, 68.57, 
60.95, 27.48, 27.42, 27.30, 9.17, 9.06, 8.88. HRMS (Chip-nanoESI-Q-TOF MS+): m/z Calcd. For C36H55O19

+ 
[M+H]+ 791.3332, Found 791.3353. 

Compound 15 
-D-Trehalose dihydrate (211 mg, 0.56 mmol, 1.0 eq) was co-evaporated with toluene three times and dried 
overnight in vacuo. The flask was flushed with argon, and the compound was then dissolved in dry pyridine (3 
mL), and 4 Å molecular sieves were added to the solution while stirring. The reaction mixture was cooled in an 
ice bath to 0 oC, and TBS-Cl (311 mg, 2.1 mmol, 3.7 eq) and DMAP (one crystal) were added to the stirring 
solution. The reaction was allowed to stir at room temperature for 24 h, after which additional TBS-Cl (168 mg, 
0.56 mmol, 2 eq) was added. The reaction mixture was allowed to stir at room temperature for an additional 18 
h, after which TLC analysis showed the absence of starting material. Propionic anhydride (0.57 mL, 4.5 mmol, 
8 eq) was then added to the reaction solution, and then the solution was allowed to stir at room temperature for 
72 h. The molecular sieves were removed by suction filtration and washed with dichloromethane. The organic 
layer was concentrated in vacuo, resulting in an oil that was purified by silica gel chromatography (9:1 - 7:3 
hexanes: ethyl acetate), yielding 315 mg (63%) of compound 15 as a white solid. 1H NMR (CDCl3, 400MHz): δ 
5.5 (t, J = 9.6 Hz, 2H), 5.30 (s, 2H), 5.10-5.05 (m, 4H), 3.86 (d, J = 10.0 Hz, 2H), 3.63 (s, 4H), 2.2-2.4 (m, 
12H), 1.18-1.10 (m, 18H), 0.88 (s, 18H), 0.04 (s, 12H). 13C NMR (CDCl3, 100MHz): δ 173.45, 173.13, 172.83, 
91.57, 70.66, 70.54, 69.90, 68.48, 61.81, 27.49, 27.42, 27.34, 25.87, 25.80, 18.32, 9.11, 9.01. HRMS (Chip-
nanoESI-Q-TOF MS+): m/z Calcd. For C42H75O17Si2

+ [M+H]+ 907.4537, Found 907.4522. 
 
Compound 7 (Pr6Tre) 
Compound 15 (582 mg, 0.71 mmol, 1.0 eq) was dissolved in methylene chloride (7.2 mL). A solution of 0.5 M 
HCl in methanol was prepared, and 7.2 mL of this solution was added to the above solution. The reaction 
solution was allowed to stir at room temperature for 1 h, after which it was fully neutralized with saturated 
sodium bicarbonate. The organic layer was separated and washed with water (10 mL). The aqueous layer was 
then extracted with methylene chloride (3 × 20 mL), and all of the organic extracts were combined, dried with 
anhydrous Na2SO4, filtered, and evaporated. The resulting white powder was purified by silica gel 
chromatography (99:1-95:5 methylene chloride:methanol), yielding 162 mg (70%) of compound 7 as a white 
solid. 1H NMR (CDCl3, 400MHz): δ 5.5 (t, J = 9.8 Hz, 2H), 5.35 (d, J = 3.8 Hz, 2H), 4.98-5.06 (m, 4H), 3.89 
(m, 2H), 3.56 (s, 4H), 2.2-2.7 (m, 12H), 1.07-1.14 (m, 18H). 13C NMR (CDCl3, 400MHz): δ 173.90, 173.49, 
173.27, 93.09, 70.57, 70.23, 69.59, 68.57, 60.95, 27.48, 27.42, 27.30, 9.17, 9.06, 8.88. HRMS (Chip-nanoESI-
Q-TOF MS+): m/z Calcd. For C30H47O17

+ [M+H]+ 679.2808, Found 679.2813. 
 
Compound 16 
A mixture of acetonitrile (6 mL) and pyridine (6 mL) was added to compound 11 (310 mg, 0.6 mmol, 1 eq). 
Propionic anhydride (0.4 mL, 3.1 mmol, 5.2 eq) was then added to this solution. The reaction was allowed to 
stir at room temperature for 22 h, after which the solvent was removed in vacuo. The residue was purified by 
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silica gel chromatography (100% hexanes -7:3 hexanes: ethyl acetate) to yield 224 mg (52%) of compound 16 
as a white solid.  1H NMR (CDCl3, 400 MHz): δ 7.44 (m, 4H), 7.38 (m, 6H), 5.66 (t, J = 9.8 Hz, 2H), 5.5 (s, 
2H), 5.36 (d, J = 4.0 Hz, 2H), 5.06 (dd, J = 4.0 Hz, 5.9 Hz, 2H), 4.17 (m, 2H), 3.96 (m, 2H), 3.76 (m, 4H), 2.44 
(m, 4H), 2.35 (m, 4H), 1.16 (m, 12H). 13C NMR (CDCl3, 100MHz): δ 173.87, 172.88, 136.84, 129.10, 128.21, 
126.22, 101.78, 92.78, 79.03, 70.79, 68.82, 68.57, 63.20, 27.54, 27.38, 9.27, 9.02. HRMS (Chip-nanoESI-Q-
TOF MS+): m/z Calcd. For C38H47O15

+ [M+H]+ 743.2909, Found 743.2900. 
 
Compound 8 (Pr4Tre) 
Acetic acid (1.0 mL, 18 mmol, 222 eq) was added to compound 16 (59 mg, 0.08 mmol, 1 eq), and the solution 
was heated to 95 oC. After the reaction solution turned clear, nano-pure water (0.7 mL, 39 mmol, 467 eq) was 
the added drop-wise to the stirring reaction. The reaction was allowed to stir for another 30 min at 95 oC. 
Toluene (2 mL) was then added to the reaction, and the solution was removed in vacuo. The resulting residue 
was then dissolved in methylene chloride, and this solution was removed in vacuo until white crystals formed. 
The crystals were isolated and purified by silica gel chromatography (100% ethyl acetate - 99:1 ethyl acetate: 
methanol) to yield 29 mg (67%) of compound 8 as a white solid. 1H NMR (CD3OD, 400MHz): δ 5.44 (t, J = 
10.0 Hz, 2H), 5.32 (d, J = 3.8 Hz, 2H), 4.91 (m, 4H), 3.89 (m, 2H), 3.74 (m, 4H), 3.62 (t, J = 9.6 Hz, 2H), 2.4 
(m, 8H), 1.13 (m, 12H). 13C NMR (CD3OD, 100MHz): δ 174.1, 173.7, 92.7, 72.9, 72.5, 70.5, 68.1, 60.6, 27.0, 
26.7, 8.1, 7.9. HRMS (Chip-nanoESI-Q-TOF MS+): m/z Calcd. For C24H39O15

+ [M+H]+ 567.2283, Found 
567.2288. 
 
Compound 17 
Propionic anhydride (0.2 mL, 1.6 mmol, 2.3 eq), pyridine (15.4 mL), and a small crystal of DMAP were added 
to a compound 13 (711 mg, 0.93 mmol, 1 eq). The reaction mixture was allowed to stir at room temperature for 
25 h. The solvent was removed in vacuo, and the residue was purified by silica gel chromatography (9:1-7:3 
hexane:ethyl acetate) to yield 786 mg (96%) of compound 17 as a clear solid. 1H NMR (CDCl3, 400MHz): δ 
4.95 (d, J = 3.1 Hz, 2H), 4.30 (dd, J = 1.8 Hz, 10.1 Hz, 2H), 4.1 (dd, J = 4.5 Hz, 7.2 Hz, 2H), 4.04 (m, 2H), 3.93 
(t, J = 8.9 Hz, 2H), 3.48 (m, 4H), 2.39 (m, 4H), 1.17 (m, 6H), 0.16 (d, 54H). 13C NMR (CDCl3, 100MHz): δ 
174.43, 94.39, 73.47, 72.65, 71.93, 70.74, 63.48, 27.46, 9.03, 1.06, 0.87, 0.17. HRMS (Chip-nanoESI-Q-TOF 
MS+): m/z Calcd. For C36H79O13Si6

+ [M+H]+ 887.4131, Found 887.4122. 
 
Compound 9 (Pr2Tre) 
Dowex 50WX8-200 resin (1.63 g) was added to a stirred solution of compound 17 (786 mg, 0.89 mmol, 1 eq) in 
methanol (28 mL) and methylene chloride (4.6 mL). The reaction was stirred at room temperature for 15 min, 
after which the resin was filtered from the solvent and rinsed with methanol. The solvent was removed in vacuo 
and purified by silica gel chromatography (4:1:0.1 dichloromethane:methanol:water) to yield 324 mg (80%) of 
compound 5 as a white solid. 1H NMR (CD3OD, 400 MHz): δ 5.06 (d, J = 3.8 Hz, 2H), 4.38 (dd, J = 2.1 Hz, 9.8 
Hz, 2H), 4.22 (dd, J = 5.2 Hz, 6.7 Hz, 2H), 4.04 (m, 2H), 3.79 (t, J = 9.4 Hz, 2H), 3.49 (dd, J = 3.7 Hz, 6.0 Hz, 
2H), 3.36 (m, 2H), 2.39 (q, 4H), 1.14 (m, 6H).13C NMR (CD3OD, 100MHz): δ 174.71, 93.95, 73.14, 71.73, 
70.45, 70.11, 63.05, 26.83, 8.03. HRMS (Chip-nanoESI-Q-TOF MS+): m/z Calcd. For C18H31O13

+ [M+H]+ 
455.1759, Found 455.1780. 

 
 
Scheme S1. Synthesis of trehalose analogs 2 (Ac8Tre) and 6 (Pr8Tre). 
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Scheme S2. Synthesis of trehalose analog 3 (Ac6Tre). 
 
 
 

 
 
Scheme S3. Synthesis of trehalose analog 4 (Ac4Tre). 
 
 
 

 
 
Scheme S4. Synthesis of trehalose analog 5 (Ac2Tre). 
 
 
 

 
 
Scheme S5. Synthesis of trehalose analog 7 (Pr6Tre). 
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Scheme S6. Synthesis of trehalose analog 8 (Pr4Tre). 
 
 
 

 
 
Scheme S7. Synthesis of trehalose analog 9 (Pr2Tre). 
 
 
 
 

 
 
Figure S1. Ac6Tre and Pr6Tre cause a modest reduction in Jurkat cell proliferation after 48 h. Jurkat cells were 

incubated for 48 h with 0.5 % DMSO (as a negative control), 3 mM Ac6Tre, or 375 M Pr6Tre (n = 3). After 

incubation, the numbers of cells were quantified using a 2.0 Scepter Cell Counter (EMD Millipore) with 60 m 
sensors.    
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Parameter Condition Used 

Fragmentor Voltage 

80 V (trehalose, 360325 m/z and 
maltose, 360325 m/z) 

90 V (trehalose, 36085 m/z  and 
maltose, 36085 m/z) 

Collision Energy 

4 eV (trehalose, 360325 m/z and 
trehalose, 36085 m/z) 

24 eV (maltose, 360325 m/z) 

 28 eV (maltose, 36085 m/z) 

Capillary Voltage 3.0 kV 

Source Gas 
Temperature 

350 oC 

Gas Flow 12 L/min 

Gas Pressure 60 psi 

Collision Gas Nitrogen 

 
Table S1. MS/MS conditions used to quantify trehalose concentrations (using maltose as an internal standard) 
from cell lysates. 
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HKD-1-31 07-15-15 CDCl3 400 MHz
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1H NMR for compound 15
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"JTB 1 66 full"  5  1  C:\Bruker\TopSpin3.0\examdata\paulick\JackBragg

13C NMR for compound  15
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1H NMR for compound 7 (Pr6Tre)
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13C NMR for compound 7 (Pr6Tre)
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1H NMR for compound 16
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13C NMR for compound 16
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Jtb-1-50 10716 MeOD 400 MHz
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1H NMR for compound 8 (Pr4Tre)
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13C NMR for compound 8 (Pr4Tre)
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JTB-1-57 101716 CDCl3 400 MHz
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1H NMR for compound 17
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13C NMR for compound 17
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JTB-1-63 102416 MeOD 400 MHz
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1H NMR for compound 9 (Pr2Tre)
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