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Abstract

Aims: High salinity stress impairs plant growth and development. Trehalose metabolism has been implicated in
sugar signaling, and enhanced trehalose metabolism can positively regulate abiotic stress tolerance. However, the
molecular mechanism(s) of the stress-related trehalose pathway and the role of individual trehalose biosynthetic
enzymes for stress tolerance remain unclear. Results: Trehalose-6-phosphate phosphatase (TPP) catalyzes the
final step of trehalose metabolism. Investigating the subcellular localization of the Arabidopsis thaliana TPP
family members, we identified AtTPPD as a chloroplast-localized enzyme. Plants deficient in AtTPPD were
hypersensitive, whereas plants overexpressing AtTPPD were more tolerant to high salinity stress. Elevated stress
tolerance of AtTPPD overexpressors correlated with high starch levels and increased accumulation of soluble
sugars, suggesting a role for AtTPPD in regulating sugar metabolism under salinity conditions. Biochemical
analyses indicate that AtTPPD is a target of post-translational redox regulation and can be reversibly inactivated
by oxidizing conditions. Two cysteine residues were identified as the redox-sensitive sites. Structural and mu-
tation analyses suggest that the formation of an intramolecular disulfide bridge regulates AtTPPD activity.
Innovation: The activity of different AtTPP isoforms, located in the cytosol, nucleus, and chloroplasts, can be
redox regulated, suggesting that the trehalose metabolism might relay the redox status of different cellular
compartments to regulate diverse biological processes such as stress responses. Conclusion: The evolutionary
conservation of the two redox regulatory cysteine residues of TPPs in spermatophytes indicates that redox
regulation of TPPs might be a common mechanism enabling plants to rapidly adjust trehalose metabolism to the
prevailing environmental and developmental conditions. Antioxid. Redox Signal. 21, 1289–1304.

Introduction

H igh soil salinity is a major environmental constraint
for plant growth and development and a worldwide

phenomenon that negatively affects agricultural productivity.
Salt stress can disturb numerous cellular and physiological
processes, including chloroplast integrity and photosynthesis
(41). It leads to metabolic imbalances and production of
excess levels of reactive oxygen species (ROS) (32, 51).
Plants have evolved various strategies to cope with salinity,
including recovery of ion homeostasis and accumulation of
osmoprotectants (53).

Carbohydrates are thought to play a crucial role in accli-
mation to osmotic stress conditions such as drought, cold, and

salt stress. Soluble sugars, such as mono- and disaccharides
as well as raffinose family oligosaccharides, can function as
osmolytes to maintain cell turgor, to protect membranes and
proteins, and to act as radical scavengers upon abiotic stress
conditions (40).

Trehalose, a nonreducing disaccharide, is widely distrib-
uted in nature. In bacteria, fungi, and invertebrates, it serves
as reserve carbohydrate, compatible solute, and protectant
against environmental stress (22). In plants, only certain
desiccation-tolerant species, for example, Myrothamnus fla-
bellifolius (9, 20), accumulate trehalose to sufficiently high
levels to function as an osmolyte and to stabilize proteins and
membranes. In most angiosperms, however, trehalose is
present in trace amounts and abiotic stress increases the
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levels of trehalose only moderately (24, 25, 27, 31, 34, 36, 60,
64). Nevertheless, different studies in these plants showed
that trehalose metabolism can contribute to the acquisition of
tolerance to environmental stresses via not yet understood
mechanism(s) (23).

In addition to the ancestral connection relating trehalose
metabolism with stress, the trehalose pathway plays an im-
portant role in regulating plant growth and development
under nonstress conditions (12, 21, 29, 30, 65, 78, 79, 85).
Trehalose-6-phosphate (T6P) has been suggested to function
as a signaling metabolite communicating the plant’s carbo-
hydrate status to other pathways involved in growth, devel-
opment, and responses to the environment (46). Thus, the
multiple functions of trehalose metabolism in plants are
likely caused by its role in sugar signaling.

In plants, trehalose is synthesized in a two-step process
(56). Trehalose-6-phosphate synthase (TPS; EC2.4.1.15)
catalyzes the formation of T6P from UDP-glucose and glu-
cose-6-phosphate. T6P is dephosphorylated by trehalose-
6-phosphate phosphatase (TPP; EC3.1.3.12) to generate
trehalose. Trehalose can be hydrolyzed by trehalase (TRE;
EC3.2.1.28) to glucose. In Arabidopsis thaliana, there are 11
genes coding for TPSs (class I and II trehalose biosynthesis
genes), 10 genes encoding for TPPs (class III trehalose bio-
synthesis genes), and 1 gene coding for TRE.

There has been great interest in trehalose metabolism as a
means of engineering environmental stress tolerance in
crops. In numerous studies, heterologous expression of mi-
crobial trehalose biosynthesis genes in different plant species
conferred protection to abiotic stresses (24, 33), but often led
to growth aberrations; this is likely due to the regulatory role
of trehalose metabolism in plant development. Over-
expression of different isoforms of TPS from rice conferred
enhanced resistance of rice plants to salinity, cold, and
drought (43). In response to cold stress, the TPP activity and
trehalose levels have been reported to transiently increase in
rice (60). Overexpression of OsTPP1 rendered rice more
tolerant to salinity and cold, although no increase in the tre-
halose content could be observed (28). In Arabidopsis, con-
stitutive overexpression of AtTPS1 slightly increased T6P
and trehalose levels and enhanced drought tolerance (4), and
plants deficient in AtTPS5 function showed a reduced basal

thermotolerance (77). Interestingly, overexpression of At-
TRE decreased trehalose levels and enhanced drought re-
sistance, whereas loss of AtTRE1 elevated trehalose contents
and decreased drought tolerance (80). These data illustrate
that intact trehalose metabolism is important in plants to
cope with environmental stress and that genetic engineering
of the trehalose pathway can enhance stress tolerance. Yet,
the precise function of trehalose metabolism and its metab-
olites, T6P and trehalose, under environmental stress condi-
tions is not yet clear. Moreover, the specific roles of the
various different isoforms of the enzymes in the trehalose
biosynthesis pathway remain to be further elucidated.

The Arabidopsis genome contains 10 TPP genes (AtTPPA-J).
Functional complementation of yeast Dtps2 mutants indicated
that all genes code for active TPP enzymes (81, 84). AtTPP
promoter reporter lines and transcriptional analyses showed
that specific AtTPPs have distinct tissue-specific expression
patterns during development and in response to different en-
vironmental stimuli, possibly indicating a functional diversifi-
cation (44, 71, 79, 81). In line with this view, an increased shoot
size and an increased number of epidermal cells were observed
for tppb plants, while tppg knockout plants showed an abscisic
acid (ABA)-related stomatal phenotype, and tppa tppg double
mutants displayed a hairy root phenotype (79, 81).

Chloroplasts are of endosymbiotic origin and have essen-
tial roles in photosynthesis and associated metabolic path-
ways. They also function as important environmental sensors
and communicate changes to adjust metabolism and modu-
late gene expression (11, 26, 58, 66). Feeding of T6P to
isolated chloroplasts induced accumulation of starch (38),
suggesting that at least part of trehalose metabolism is present
in chloroplasts. However, it remains elusive whether any
TPP, the enzyme that uses T6P to catalyze the formation of
trehalose, is present in chloroplasts. Furthermore, it remains
unknown whether an innate trehalose metabolism in chlo-
roplasts might be important for plant stress tolerance. In this
work, we have systematically analyzed the subcellular lo-
calization of the Arabidopsis TPPs. We identified AtTPPD
and AtTPPE as chloroplast-localized enzymes and investi-
gated the functional role of AtTPPD in salt stress tolerance.
Furthermore, we provide biochemical evidence for a redox-
dependent enzymatic regulation of TPPs.

Results

Subcellular localization of the Arabidopsis
TPP gene family

We explored the subcellular localization of the 10 Arabi-
dopsis TPP family members in a systematic approach. Bioin-
formatics-based predictions (http://suba.plantenergy.uwa.edu
.au) suggested that several AtTPPs might be present in the
chloroplasts. To experimentally verify the subcellular localiza-
tion of the 10 AtTPPs, the full-length coding sequences of
AtTPPA-J were cloned and their localization as cyan fluorescent
protein (CFP) fusion proteins was investigated in transiently
transformed tobacco leaves. Interestingly, distinct AtTPPs
showed different subcellular localization (Fig. 1). Chloroplast
localization, indicated by an overlap of the CFP signal and the
chlorophyll autofluorescence, was observed for two AtTPPs:
AtTPPD and AtTPPE. AtTPPA, AtTPPB, AtTPPC, AtTPPF,
and AtTPPH fused to the CFP showed fluorescence in the cy-
tosol and nucleus. AtTPPG, AtTPPI, and AtTPPJ CFP fusion

Innovation

A regulatory role of trehalose metabolism in diverse
biological processes, including stress tolerance, has
emerged. We provide evidence that the trehalose-6-
phosphate (T6P) metabolizing enzymes (trehalose-6-
phosphate phosphatases [TPPs]) are present in the cytosol,
nucleus, and chloroplasts. Genetic data indicate a role
for the chloroplast-localized AtTPPD in modulating
carbohydrate metabolism and salt stress tolerance.
Biochemical data show that AtTPPD is a direct target
for redox-dependent activity modulation. Based on the
evolutionary conservation of the redox-sensitive cys-
teine residues, we propose a new mechanism regulating
the TPP activity by post-translational redox modifica-
tion, thereby linking trehalose metabolism to the cel-
lular redox state.
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FIG. 1. Subcellular localiza-
tion of AtTPPA-J-CFP fusion
proteins in Nicotiana tabacum.
Tobacco leaves were infiltrated
with Agrobacterium tumefaciens
containing the constructs of in-
terest (35S::AtTPPA-J-CFP), and
expression of AtTPP fluorescent
proteins was visualized by con-
focal laser scanning microscopy 4
days after infiltration. The CFP
signal (blue) is shown in the first
channel and chlorophyll auto-
fluorescence (red) in the second.
The third channel shows the
merged image. The scale bars
represent 10 lm. CFP, cyan fluo-
rescent protein.

FIG. 2. Transcriptional induction of
AtTPPD by salt stress. AtTPPD and
AtTPPE expression in roots (A) and shoots
(B) of plants under control and salt stress
conditions was analyzed by qRT-PCR. Ten-
day-old seedlings were transferred to plates
without (control) or with supplementation of
200 mM NaCl. Expression was normalized
to PP2A and Ubi1 and is represented as fold
change of expression relative to the respec-
tive controls. Data are mean – SD of three
independent experiments. qRT-PCR, real-
time polymerase chain reaction.
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proteins predominantly showed fluorescence in the nucleus. For
AtTPPI and AtTPPJ, a strong signal was found in the nucleolus.
The differential subcellular localization of the diverse AtTPP
family members indicates a role for trehalose metabolism in
different cellular compartments.

AtTPPD is a positive regulator of salt stress tolerance

To investigate whether the two chloroplast-localized
AtTPPs, AtTPPD and AtTPPE, might be involved in the
Arabidopsis salt stress response, we first analyzed the ex-
pression of AtTPPD and AtTPPE in plants exposed to high
salinity. Real-time polymerase chain reaction (qRT-PCR)
analysis showed that the AtTPPD transcripts were strongly
upregulated by salt stress in shoots and in roots, whereas
AtTPPE showed only a minor transcriptional induction in
shoots and no induction in roots (Fig. 2).

Based on the chloroplast-localization and gene expression
data, we further focused our studies on AtTPPD. To analyze
the biological function of AtTPPD, we obtained tppd
T-DNA insertion knockout plants (Supplementary Fig. S1A,
B; Supplementary Data are available online at www.liebert
pub.com/ars) and plants overexpressing AtTPPD tagged with
CFP from the 35S promoter (Supplementary Fig. S1B, C).
AtTPPD mutant plants did not show obvious growth perturba-
tions (Supplementary Fig. S1D–F). Consistent with the transient
expression data, AtTPPD localized to the chloroplasts in leaves
of Arabidopsis plants expressing AtTPPD-CFP (Fig. 3A). To
confirm the subcellular localization, we performed Western blot
analysis on total protein extracts and on protein extracts from
purified chloroplasts. The photosystem II protein D1 (PsbA) was
used as a chloroplast marker protein. In line with the microscopic
analyses, the AtTPPD protein was detected in the chloroplast,
while both the likely precursor and the mature AtTPPD were
detected in total protein extracts (Fig. 3B).

We next analyzed whether AtTPPD is important for tol-
erance to salt stress. On a medium supplemented with NaCl,
germination efficiency was significantly reduced in tppd
mutants compared with wild-type Col-0 plants grown under
the same high salt stress conditions (Fig. 4A). In contrast,
plants overexpressing AtTPPD germinated significantly
better under high salinity conditions as compared with wild-
type plants. Exposing soil-grown plants to high salinity led to
chlorosis of wild-type and tppd plants, while plants over-
expressing AtTPPD remained green (Supplementary Fig.
S1G, H), further supporting a positive role of AtTPPD in salt
stress tolerance. High salt conditions induce osmotic and
ionic stress. Under high osmotic conditions, germination
efficiency of plants deficient in AtTPPD was significantly
reduced, whereas that of AtTPPD overexpressors was sig-
nificantly enhanced (Fig. 4B), indicating a positive function
of AtTPPD in osmotic stress tolerance. Salinity leads to en-
hanced production of ROS. Exposure of plants to paraquat, a
herbicide that generates ROS within chloroplasts (6), showed
that tppd mutants were significantly more sensitive and
TPPD-overexpressing plants more tolerant (Fig. 4C), indi-
cating that AtTPPD modifies tolerance to oxidative stress.

Accumulation of soluble sugars contributes to the osmotic
adjustment under salinity conditions (40). To investigate
whether the positive role of AtTPPD in stress tolerance might
involve this physiological acclimation response, we deter-
mined soluble sugar levels of wild-type and of plants defi-
cient in or overexpressing AtTPPD under nonstress and high
soil salinity conditions (Fig. 4D). Under normal growth
conditions, the soluble sugar content was similar in wild-type
and tppd plants, but was increased in AtTPPD-over-
expressing plants. Salinity conditions moderately increased
soluble sugar contents in wild-type and tppd plants. However,
consistent with increased stress tolerance, AtTPPD over-
expressors showed a significantly enhanced stress-induced

FIG. 3. Chloroplast localization of
AtTPPD. (A) Subcellular localization of
AtTPPD protein in leaves of Arabidopsis
thaliana plants stably transformed with
35S::AtTPPD-CFP. Ten-day-old seedlings
were analyzed by confocal microscopy. The
CFP signal (blue) is shown in the first channel
and chlorophyll autofluorescence (red) in the
second. The third channel shows the merged
image. The scale bars represent 10 lm. (B)
Western blot analysis of A. thaliana leaf total
protein and purified chloroplast extracts from
4-week-old wild-type (Col-0) and AtTPPD
overexpressor line (AtTPPD OE). AtTPPD-
CFP proteins were detected with an anti-GFP
antibody. The photosystem II protein D1 an-
tibody (PsbA/D1) was used as a chloroplast
marker. CBB, Coomassie Brilliant Blue.
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increase in the soluble sugar content as compared with wild-
type plants.

Trehalose metabolism has been shown to influence
starch accumulation (29, 38, 46, 47). Thus, we also ana-
lyzed starch levels (Fig. 4E). Under normal growth con-
ditions, AtTPPD-deficient and -overexpressing plants had
starch levels similar to wild type. However, under salt
stress conditions, AtTPPD overexpressors accumulated
starch, pointing to a possible role of AtTPPD in modu-
lating starch levels under stress conditions. Altogether, the
data show that AtTPPD is involved in regulating sugar
metabolism and stress tolerance.

AtTPPD activity is redox sensitive

The modified tolerance of AtTPPD mutants to enhanced
ROS production and the presence of cysteine residues in the
amino acid sequence of AtTPPD prompted us to analyze
whether AtTPPD might be redox regulated. Unless reduced
dithiothreitol (DTT) was added to the reaction mixture, pu-
rified recombinant AtTPPD protein had only little catalytic
activity toward T6P. Oxidation of AtTPPD led to inactivation
of the enzyme, which was fully reversible by the subsequent
addition of reduced DTT (Fig. 5A and Supplementary
Fig. S2), suggesting that inactivation was not due to ROS

FIG. 4. AtTPPD regulates stress tolerance. (A, B) Germination efficiency of wild-type Col-0, tppd, and two AtTPPD-
CFP overexpressor lines (AtTPPD OE20 and AtTPPD OE22) on half-strength MS plates supplemented with 200 mM NaCl
(A) and 360 mM sorbitol (B) is represented as the percentage relative to normal growth plates. Data are mean – relative SD
of three independent biological experiments with n = 70 for each genotype. Asterisks indicate a significant difference
(**p £ 0.01, ***p £ 0.001) using Student’s t-test for pairwise comparison to Col-0 under stress conditions. (C) Oxidative
stress tolerance. Wild-type Col-0, tppd, and two AtTPPD-CFP overexpressor lines (AtTPPD OE20 and AtTPPD OE22)
were grown on half-strength MS plates supplemented with 1 lM paraquat. The percentage of green seedlings on paraquat-
containing plates relative to normal growth plates is represented. Data are mean – relative SD of three independent bio-
logical experiments with n = 50 for each genotype. Asterisks indicate a significant difference (*p £ 0.05, ***p £ 0.001) using
Student’s t-test for pairwise comparison to Col-0 under stress conditions. (D, E) Soluble sugar (D) and starch (E) contents of
wild-type Col-0, tppd, and two AtTPPD-CFP overexpressor lines (AtTPPD OE20 and AtTPPD OE22). Three-week-old soil-
grown plants were watered without (control) or with supplementation of 200 mM NaCl. Data are mean – relative SD of four
independent technical experiments. Asterisks indicate a significant difference (**p £ 0.01, ***p £ 0.001) using Student’s
t-test for pairwise comparison to Col-0 within the same condition.
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damage and that AtTPPD activity can be regulated by the
redox state.

In plants, the redox transmitter thioredoxin (Trx) directly
reduces redox-sensitive thiols, thereby regulating a number
of important plastidic target proteins (68). Thus, we investi-
gated whether oxidized AtTPPD can be reactivated by Trx.
Coincubation of fully oxidized and inactive AtTPPD with
Trx and low concentration of DTT in the reactivation treat-
ment resulted in a drastic stimulation of AtTPPD activity
compared with DTT treatment alone (Fig. 5B), indicating
that AtTPPD can be efficiently reduced by Trxs.

Mechanism of redox-dependent TPPD regulation

To understand the molecular effects of redox regulation
of AtTPPD, we analyzed the spatial distribution of the
four cysteine residues C159, C216, C235, and C242 in
a structural model of AtTPPD, which was generated on the
basis of the crystal structure of Thermoplasma acidophilum
TPP (TaTPP) (62). TPPs belong to the magnesium-
dependent haloacid-dehalogenase (HAD) superfamily of
phosphatases/phosphotranferases. The three HAD-specific
motifs are highly conserved between AtTPPD and TaTPP
(Supplementary Fig. S3). TPP proteins consist of a core
and a cap domain. The substrate T6P binds to the interface,
forming hydrogen bonds with amino acid residues of both
domains. C159 of AtTPPD is located in the core domain;
the other three cysteine residues are part of the cap domain
(Fig. 6A). Interestingly, the distance between the sulfur
atoms of C159 and C235 is 3.82 Å, which would allow a
disulfide bridge formation under oxidizing conditions.

To experimentally explore the significance of C159 and
C235 for redox regulation of AtTPPD, each cysteine residue
was mutated to serine, and the TPP activity of single- and
C159/235S double-mutant proteins was investigated (Fig. 6B
and Supplementary Table S1). Oxidizing conditions in-
activated wild-type AtTPPD, AtTPPD C216S, and AtTPPD
C242S. However, single C159S and C235S mutant and C159/
235S double-mutant proteins maintained a high phosphatase

activity under oxidizing conditions, providing biochemical
evidence that C159 and C235 convey post-translational redox-
dependent regulation of AtTPPD. Consistently, oxidation and
subsequent incubation with Trx had no significant impact on
AtTPPD C159/235S activity (Fig. 5C).

To investigate whether AtTPPD responds to physiolog-
ically meaningful redox potentials, a redox titration anal-
ysis with defined mixtures of reduced and oxidized DTT
was performed (Fig. 6C, D). At pH 7.0, AtTPPD shifted
from an active form at - 350 mV to an inactive form at
-200 mV, whereas the AtTPPD C159/235S activity was
only reduced by 15%, fitting a Nernst equation for a two-
electron oxidoreduction of a disulfide with a midpoint re-
dox potential (Em) of - 275 mV. This result is within the
range of values for other redox-regulated chloroplastic
enzymes involved in the starch metabolism of the Calvin
cycle (49, 70, 74, 75).

To further analyze the significance of the two redox-
sensitive cysteine residues, we made use of the Saccharomyces
cerevisiae TPP knockout strain Dtps2 (Fig. 6E). Under control
conditions (30�C), wild-type cells and Dtps2 cells expressing
AtTPPD, AtTPPD C159S, AtTPPD C235S, or AtTPPD
C159/235S grew equally well. At 39�C, wild-type AtTPPD
(partially) complemented the heat-sensitive phenotype of
Dtps2. Interestingly, Dtps2 cells expressing the C/S mutated
versions of AtTPPD grew better at high-temperature condi-
tions than cells expressing wild-type AtTPPD, providing
evidence for a regulatory role of C159 and C235 on AtTPPD
activity in vivo.

Evolutionary conservation of TPP redox sensitivity

To gain insight into whether redox regulation might be a
general mechanism to modulate TPP activity, we aligned the
protein sequence of the 10 Arabidopsis TPPs (Supplementary
Fig. S4). The cysteine residue corresponding to AtTPPD
C235 is conserved in all AtTPPs, while the cysteine residue
corresponding to C159 is only present in AtTPPD, AtTPPE,
AtTPPH, AtTPPI, and AtTPPJ.

FIG. 5. Redox regulation of AtTPPD activity. (A) Redox sensitivity of AtTPPD activity. The activity of pre-reduced
AtTPPD (2 mM) was analyzed after oxidation with 5 mM H2O2 followed by the addition of 10 mM DTT for reactivation. (B,
C) Trx-mediated reduction of oxidized AtTTPD. Oxidized AtTPPD (B) and AtTPPD C159/235S (C) double mutants were
dialyzed and subsequently treated with 0.05 mM DTT in the absence or presence of 5 lM Escherichia coli Trx. Averages
and standard deviations were calculated from three independent enzymatic assays. Asterisks indicate the significant dif-
ference (*p < 0.001) as determined by Student’s t-test for pairwise comparison to the respective control condition. DTT,
dithiothreitol; H2O2, hydrogen peroxide; Trx, thioredoxin.

1294 KRASENSKY ET AL.



FIG. 6. Redox-sensitive cysteine residues regulate AtTPP activity. (A) Overall representation of the AtTPPD protein model
(green) with the ligand T6P (orange) modeled into the active site. The detailed representation on the right shows T6P in the
binding cavity of AtTPPD; the interacting residues as well as C159, C216, C235, and C242 are represented as balls and sticks.
The AtTPPD homology model structure was created according to TaTPP [(2); PDB-ID: 1U02] using SWISS-MODEL (1).
The ligand T6P (PDB Ligand-ID:T6P) was placed into the active site using AutoDock 4 and AutoDockTools (http://
autodock.scripps.edu). (B) Cys159 and Cys235 mediate TPPD redox sensitivity. Activities of wild-type AtTPPD and of the
AtTPPD variants C159S, C216S, C235S, and C242S (single mutants) and C159/235S (double mutant) were analyzed after
oxidation (5 mM H2O2) and subsequent reactivation with 10 mM DTT as compared with the pre-reduced control (2 mM DTT).
Averages and standard deviations were calculated from three independent enzymatic reactions. Asterisks indicate the significant
difference (*p < 0.001) as determined by Student’s t-test for pairwise comparison to the pre-reduced control. (C, D) Redox
titrations of AtTPPD (C) and AtTPPD C159/235S (D). Recombinant proteins were incubated with 20 mM DTT in different
dithiol/disulfide ratios at pH 7 and 25�C. The data were fitted to the Nernst equation with n = 2 (using XLFit curve fitting software
for Excel). The midpoint redox potential Em (mean – SD of three experiments) for AtTPPD is indicated. (E) Complementation of
the heat-sensitive yeast Dtps2. The Saccharomyces cerevisiae knockout strain Dtps2 was transformed with wild-type AtTPPD
and AtTPPD variants C159S, C235S, and C159/235S. Wild-type yeast and Dtps2 cells were also transformed with the empty
vector pYX424 as control. Transformed cells were spotted on YPD plates and their growth at 30�C and 39�C analyzed after 4
days. (F) Redox regulation of different AtTPP isoforms. Activities of AtTPPA, AtTPPD, AtTPPE, and AtTPPH were analyzed
after oxidation (5 mM H2O2) and subsequent reactivation with 10 mM DTT as compared with the pre-reduced control (2 mM
DTT). Averages and standard deviations were calculated from three independent enzymatic reactions. Asterisks indicate the
significant difference (*p < 0.001) as determined by Student’s t-test for pairwise comparison to the pre-reduced control. TaTPP,
Thermoplasma acidophilum TPP; T6P, trehalose-6-phosphate; YPD, yeast peptone dextrose.
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Table 1. Evolutionary Conservation of Redox-Sensitive Cysteine Residues

Species Prot_ID/Locus AtTPPD_C159 AtTPPD_C235

Prokaryotes
Archaea Themoplasma acidophilum Q9HIW7 No No
Bacteria Escherichia coli P31678 No No

Eukaryotes
Protists Phytophtora infestans DONMM9 No No
Animals

Nematodes Caenorhabditis elegans Q9XTQ5 No No
Caenorhabditis briggsae A8X485 No No
Brugia malayi A8NS89 No No

Insects Drosophila melanogaster C9QPE7 No No
Q9VM18 No No

Anopheles gambiae Q7PJ67 No No
Plants

Red algae Cyanidioschyzon merolae CMQ148C No No
Galdieria sulphuraria M2XOW6 No No

Green algae Ostreococcus tauri QOOWH8 No Yes
Chlamydomonas reinhardtii A8JGL2 No Yes

Mosses Physcomitrella patens A9RWB0 No Yes
A9S4E1 No Yes
A9SZE3 No Yes
A9TV90 No Yes
A9TC22 No Yes

Ferns Selaginella mollendorffii D8SOQ9 No Yes
D8SBD6 No Yes
D8SUZ5 No Yes

Gymnosperms Picea glauca est_Pagl_157592577 Yes Yes
UniGene_1928047 Yes Yes
UniGene_5419283 Yes Yes
UniGene_2303759 n.d. Yes

Picea abies MA_9055473g Yes Yes
MA_9368348g n.d. Yes
MA_331962g Yes n.d

Pinus taeda isotig18254 Yes Yes
scaffold172504.1 Yes Yes

tcaffold5357 Yes Yes
Angiosperm monocots Oryza sativa Q75WV3 No Yes

QODDI1 Yes Yes
Q9FWQ2 No Yes
Q10KF5 Yes Yes
Q6ZAL2 Yes Yes
Q6ZGP8 Yes Yes
Q7XI41 Yes Yes
Q7XT34 No Yes
QOD6F4 No Yes
Q6H5L4 Yes Yes

Zea mays Q1W5S8 Yes Yes
B6STK8 Yes Yes
Q1W5S7 Yes Yes
B4FVF6 No Yes
B4FPT4 Yes Yes
B4FST3 Yes Yes

COHHB8 Yes Yes
Angiosperm dicots Arabidopsis thaliana At5g51460 No Yes

At1g78090 No Yes
At1g22210 No Yes
At1g35910 Yes Yes
At2g22190 Yes Yes
At4g12430 No Yes
At4g22590 No Yes
At4g39770 Yes Yes
At5g10100 Yes Yes
At5g65140 Yes Yes

(continued)
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Next, we tested the notion whether conservation of these
two cysteine residues might predict TPP redox sensitivity and
assessed the activity of purified recombinant AtTPPE,
AtTPPH, and AtTPPA under oxidizing and reducing condi-
tions as examples (Fig. 6F). Indeed, similar to AtTPPD, the
activity of AtTPPE and AtTPPH, which contain the two
cysteine residues corresponding to the ones conveying redox
sensitivity to AtTPPD, was highly sensitive to the redox state.
On the other hand, the activity of AtTPPA, which has five
cysteine residues, including the cysteine corresponding to
AtTPPD C235 (but none at the position equivalent to C159),
remained high under oxidative conditions. These results
provide further evidence that the AtTPPD activity is regu-
lated by disulfide bridge formation between C159 and C235.

Archaea, bacteria, protists, invertebrates, and plants use
class III TPP enzymes to synthesize trehalose (5). To inves-
tigate whether the mechanism of cysteine-based redox reg-
ulation of TPP proteins is evolutionarily conserved, we
examined the amino acid sequence of TPP enzymes of di-
verse species from different kingdoms for the presence of
cysteine residues corresponding to C159 and C235 in
AtTPPD (Table 1). The two redox-sensitive cysteine residues
are not present in archaea, bacteria, protists, nematodes, in-
sects, and red algae. In the class of Viridiplantae (green
plants), comprising green algae and land plants, the cysteine
corresponding to C235 is conserved in all the TPP genes
analyzed. Interestingly, the cysteine corresponding to C159 is
only present in gymnosperm and angiosperm plants and, as in
Arabidopsis, several but not all TPP isoforms contain the two
redox-sensitive cysteine residues. It is worth noting that ac-
quisition of the redox-sensitive domain in spermatophytes
(seed plants) appears to have occurred in parallel to TPP gene
expansion. In evolutionary terms, the introduction of new

regulatory cysteine residues to a subclass of TPPs may have
allowed a rapid response of TPP activity to cellular redox
changes, enabling plants to readily adjust trehalose metabo-
lism to developmental and environmental signals.

Discussion

Salt stress induces a complex response, including a change
in the cellular redox balance and metabolic adjustments. In
response to environmental stress, carbon use needs to be
tightly controlled. Trehalose levels rise upon high salinity,
and trehalose metabolism has been implicated in regulating
stress tolerance. T6P is considered as a signaling metabolite
indicating the sugar status and regulating carbohydrate use.
TPPs catabolize T6P to generate trehalose and thus regulate
T6P and trehalose levels. In this work, we provide genetic
and biochemical evidence that redox-sensitive AtTPPD lo-
calizes to chloroplasts and is involved in regulating sugar
levels and salt stress tolerance.

AtTPPD is a novel component promoting salt stress tol-
erance. High salinity conditions strongly induced AtTPPD
transcript levels in roots and shoots, and plants deficient in
AtTPPD were hypersensitive to salinity and osmotic stress in
germination assays. In line with a positive role of AtTPPD
during stress response, plants overexpressing AtTPPD
showed an enhanced tolerance to high salinity and high os-
motic conditions. In rice, overexpression of OsTPP1 in-
creased tolerance to salt stress (28). However, OsTPP1 does
not contain the two redox-active cysteine residues and
OsTPP1 and AtTPPD reside in different phylogenetic clades,
suggesting that they are not orthologous. In Arabidopsis, salt-
triggered transcriptional regulation of several AtTPP family
members (44) points toward an involvement of AtTPPs,

Table 1. (Continued)

Species Prot_ID/Locus AtTPPD_C159 AtTPPD_C235

Medicago truncatula G7IYG6 No Yes
G7J6S8 No Yes
G7JK40 No Yes
G7KAB1 Yes Yes

Vitis vinifera F6HP93 No Yes
LOC100248172 No Yes
LOC100251837 No Yes
LOC100258645 No Yes

EOCRI8 Yes Yes
F6HCY3 No Yes

LOC100258773 Yes Yes
Populus trichocarpa B9GVI1 No Yes

B9N3Q1 No Yes
B9I4N1 No Yes
B9H748 Yes Yes
A9PCZ6 Yes Yes
B9GUL5 Yes Yes
B9I555 No Yes
B9HF10 Yes Yes
B9ICS4 No Yes

Presence of cysteine residues corresponding to C159 and C235 of TPPD in several species of archaea, bacteria, protists, invertebrates,
lower and higher plants. Due to the lack of complete gene annotation in gymnosperm genomes, some TBLASTN searches retrieved
incomplete transcripts or genomic scaffolds, which only allowed determination of the presence of one of the two redox-sensitive cysteine
residues.

n.d., not determined.
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located in different subcellular compartments, in adjusting
trehalose metabolism to salinity conditions and underlines
the importance of trehalose metabolism for Arabidopsis salt
stress tolerance.

Trehalose metabolism is linked to sugar and starch me-
tabolism. Internal sucrose levels were shown to strongly
correlate with T6P levels (46, 54, 76, 83, 87). Sucrose feeding
enhanced T6P levels and overexpression of Escherichia coli
TPP led to increased sucrose levels under normal growth
conditions, indicating a bidirectional regulation of sucrose
and T6P (89). In line with this study, plants overexpressing
AtTPPD showed elevated levels of soluble sugars. Sugar ac-
cumulation is a well-known adaptive response to osmotic
stress (40). The elevated soluble sugar levels in AtTPPD-
overexpressing lines might be vital at the onset of stress.
Under prolonged salt stress, AtTPPD-overexpressing plants
accumulated even higher levels of soluble sugars, which can
serve for osmoregulation under salt stress conditions and
thereby contribute to the improved stress tolerance in these
lines. Additionally, increased starch levels in AtTPPD-over-
expressing plants under high soil salinity underline the im-
portance of AtTPPD in regulating carbohydrate metabolism
under stress conditions. Previous studies indicated a role for
trehalose metabolism in regulating starch accumulation and
degradation in unstressed plants. tps1 mutants accumulate
starch during seed development (29). Feeding of trehalose to
Arabidopsis plants led to carbon reallocation and starch ac-
cumulation (7, 19, 38, 61, 88), and plants overexpressing
E. coli or yeast TPS or TPP showed altered starch levels (16,
18, 38, 39, 47, 67, 73, 87). Interestingly, unstressed plants with
elevated AtTPPD showed starch levels similar to wild type,
whereas under high soil salinity conditions, they accumulated
starch indicating that AtTPPD is able to specifically regulate
the accumulation of transitory starch under stress conditions.
While the mechanism(s) of how AtTPPD regulates carbohy-
drate metabolism are likely complex and should be addressed
in future studies, our data already provide strong evidence for
a role of AtTPPD in adjusting carbohydrate utilization to the
physiological requirements under stress conditions. The
concomitant accumulation of transitory starch and the in-
creased amounts of soluble sugars in AtTPPD overexpressors
under stress, together with their improved stress tolerance,
might point toward an enhanced carbohydrate metabolism
that is advantageous under salt stress.

tppd plants were hypersensitive to salinity and osmotic
stress during early development, whereas adult plants defi-
cient in AtTPPD did not show an altered sensitivity to high
salinity, and levels of soluble sugars and starch were com-
parable to wild type. Functional redundancy in adult plants
might account for this observation. Alternatively, AtTPPD
might have different roles in the stress response depending on
the developmental stage. In this regard, it is interesting that
T6P inhibits the activity of SnRK1, a key component in en-
ergy signaling, in seedlings but not in mature leaves (93).

It is assumed that T6P and trehalose are mainly produced in
the cytosol (38, 47). Indeed, our data indicate a cytoplasmic
localization of several AtTPPs (AtTPPA, AtTPPB, AtTPPC,
AtTPPF, and AtTPPH). Similarly, AtTPS1, AtTPS2, and
AtTPS4 GFP fusion proteins were reported to be predomi-
nantly cytoplasmic (82). On the other hand, we found AtTPPA,
AtTPPB, AtTPPC, AtTPPF, AtTPPG, AtTPPH, AtTPPI, and
AtTPPJ fusion proteins in the nucleus. In line with a possible

nuclear trehalose biosynthesis pathway, AtTPS1 has also
been detected in the nucleus (1, 82), suggesting that trehalose
metabolism is also involved in directly regulating nuclear
processes.

Notably, we detected AtTPPD and AtTPPE fusion proteins in
chloroplasts. Together with recent analyses indicating a minor
fraction of T6P in chloroplasts (47) and immunolocalization
studies indicating that a fraction of AtTPS1 expressed in to-
bacco leaves is in the chloroplast (1), our data suggest the
presence of trehalose biosynthesis in chloroplasts.

Chloroplasts are sensors of environmental information and
play a vital, although not fully understood role in acquir-
ing stress tolerance. Targeting heterologous expression
of yeast TPS1 to chloroplasts led to increased levels of tre-
halose and enhanced osmotic stress tolerance of tobacco
and Arabidopsis plants without perturbing plant develop-
ment as observed when microbial trehalose biosynthesis
genes were expressed in the cytosol (35, 42). The modified
stress tolerance of plants deficient or overexpressing AtTPPD
now provides evidence for an innate chloroplast trehalose
metabolism-based mechanism for acquiring stress tolerance.

Prolonged stress can damage chloroplasts and thereby in-
terfere with its various vital functions. Based on the analysis
of tobacco plants overexpressing yeast TPS1 in chloroplasts,
it has been suggested that trehalose production in chloroplasts
might have a direct protective function on thylakoid mem-
branes and thereby promote stress tolerance (42). Salt stress
increases trehalose levels (25, 27, 36); yet, the amounts of
trehalose determined from total cell extracts are too low for a
direct protective function. A future challenge will be to de-
termine whether trehalose might accumulate locally in
chloroplasts to levels sufficient to contribute to osmopro-
tection, or whether, the more likely case, the modified stress
tolerance observed in AtTPPD mutants is due to its influence
on the flux through the trehalose pathway thus modulating
sugar sensing/signaling and carbohydrate use.

Changes in environmental conditions alter the redox state of
chloroplasts (50, 52, 72). The modified redox status of the
chloroplasts is instrumental in regulating the activity of nu-
merous metabolic enzymes accordingly (14, 68). Interestingly,
this work now provides evidence for a post-translational, redox-
dependent regulation of AtTPPD. AtTPPD was inactivated by
oxidizing conditions and the activity was restored in a reducing
environment. C159 and C235 were identified to convey redox
regulation and mutation of these cysteine residues rendered
AtTPPD redox insensitive. The redox control of TPPD activity
appears to involve conformational changes. Structural analysis
indicated that under oxidizing conditions, C159 and C235 can
form an intramolecular disulfide bridge, which could modify the
substrate binding cavity located between the cap and the core
domain and, thus, alter the catalytic activity of AtTPPD.

AtTPPD expression rescued the growth arrest of S. cere-
vesiae TPP knockout strain Dtps2 under restrictive temper-
atures consistent with previous data (81, 84). Interestingly,
mutating C159 and C235 further enhanced the growth of
AtTPPD expressing Dtps2 cells at high temperatures. This
result confirms the regulatory role of these cysteine residues
and supports the biochemical analyses of purified AtTPPD
proteins.

Environmental stress enhances chloroplast ROS produc-
tion (50, 58). Plants have evolved sophisticated means to
counterbalance the oxidative inactivation of redox-sensitive
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proteins under stress conditions. For example, the ferredoxin-
Trx system was found to restore the activity of enzymes
following their oxidative deactivation by ROS (8, 91). We
observed that oxidized inactive AtTPPD was efficiently re-
duced by E. coli Trx. In chloroplasts, several Trx family
oxidoreductases, which regulate the protein redox state, have
been implicated in the response to oxidative stress: the
ferredoxin-linked Trx system (8, 15, 37); the C-type NADPH-
linked thioredoxin reductase (NTRC, which possesses a Trx
domain in addition to the NADPH-Trx reductase domain) (57,
69); the glutathione/glutaredoxin system (13, 92); and the
stress-induced Trx CDSP32 (63). Considering that AtTPPD
enhances stress tolerance and Trx family oxidoreductases play
a fundamental role in oxidative stress response in chloroplasts,
it is interesting to speculate that targeted reduction of AtTPPD
under stress conditions might counterbalance its oxidation
triggered inactivation. It will thus be interesting in future
studies to investigate by which redox regulatory network(s)
AtTPPD is targeted in planta and how this regulation influ-
ences signaling by trehalose metabolism (under environmental
stress conditions).

The redox modulation of TPP activity appears to be a
common regulatory mechanism. Notably, the two redox-
sensitive cysteine residues are also present in AtTPPE,
AtTPPH, AtTPPI, and AtTPPJ proteins. Post-translational
modification of cysteine residues plays a fundamental regu-
latory role in a wide variety of cellular processes in the
cytosol, nucleus, and chloroplasts (48). We detected AtTPPD-
CFP and AtTPPE-CFP in chloroplasts, AtTPPH-CFP in the
cytosol and nucleus, and AtTPPI-CFP and AtTPPJ-CFP in the
nucleus, indicating that redox modulation of distinct AtTPPs
regulates trehalose metabolism in different subcellular com-
partments. From an evolutionary point of view, the conser-
vation of the two redox-sensitive cysteine residues in
spermatophytes supports the notion that TPP redox regulation
is a basic mechanism to modulate TPP activity in planta, thus
enabling rapid adjustment of trehalose metabolism to envi-
ronmental variations.

Materials and Methods

Plant growth and stress treatments

A. thaliana ecotype Columbia (Col-0) was used in all ex-
periments. Stratified seeds were either transferred to a half-
strength Murashige and Skoog medium supplemented with 1%
sucrose (½ MS; Duchefa) or to the soil and cultivated in a 16-h
light/8-h dark photoperiod at 130 lmol$m - 2$s - 1 light inten-
sity and 60% relative humidity. For in-soil high salinity stress,
plants were watered with a 200 mM NaCl solution. For ger-
mination assay under high salt and osmotic stress conditions,
seeds were germinated on ½ MS or ½ MS supplemented with
200 mM NaCl and 360 mM sorbitol, respectively, in a 16-h
light/8-h dark regime. For oxidative stress, seedlings were
grown on ½ MS or ½ MS supplemented with 1 lM paraquat
(Sigma). Seeds of different genotypes used for one experiment
were propagated in the same growth chamber at the same time.

Plant material and plasmid constructs

The tppd mutant (SALK_013114C) was genotyped using
AtTPPD_ex1 and AtTPPD_ex6 primers (Supplementary
Table S2). The coding sequence of all AtTPPs was amplified

from A. thaliana ecotype Col-0 cDNA by a Pfu-based PCR
using gene-specific oligonucleotides (Supplementary Table
S2) and cloned with the In-fusion� Advantage PCR Cloning
Kit (Clontech) into the expression vector pGreenII0029 un-
der the control of the CaMV 35S promoter. The CFP tag was
cloned as NotI fragments after the coding sequences.

Protein subcellular localization

Agrobacterium tumefaciens (GV3101) transformed with
the constructs 35S::AtTPPA-J-CFP were resuspended in a
5% sucrose solution containing 100 lM acetosyringone at an
OD600 0.8 and infiltrated in Nicotiana tabacum leaves. Sub-
cellular localization was examined 4 days after transforma-
tion by confocal laser scanning microscopy (LSM 710 Zeiss
Spectral Confocal). CFP emission was excited at 458 nm
(455–533 nm) and chlorophyll fluorescence between 657 and
726 nm. The subcellular localization of Arabidopsis plants
stably transformed with the 35S::AtTPPD-CFP was analyzed
in 10-day-old seedlings by confocal laser scanning micros-
copy using the settings described above.

Gene expression analysis

Arabidopsis Col-0 seedlings grown on a mesh in liquid ½ MS
were transferred to either ½ MS or ½ MS supplemented with
200 mM NaCl for 0, 1, 3, and 8 h. Total RNA was isolated by
phenol/chloroform extraction using the TRIzol� Reagent (Sig-
ma), followed by sodium chloride/sodium citrate-isopropanol
precipitation to improve RNA purity and treated with DNase
using the RNeasy plant mini kit (Qiagen). For real-time-PCR,
cDNA was synthesized from 1 lg of total RNA using the
qScript�cDNA Synthesis kit (Quanta). The resulting single-
stranded cDNA was diluted fivefold. Three microliters of the
diluted samples were used for real-time PCR with the SYBR�

green Supermix (Bio-Rad) on an IQ5 multicolor real-time PCR
detection system (Bio-Rad). The thermal cycling conditions
were composed of 95�C for 30 s followed by 40 cycles at 95�C
for 5 s and 58�C for 15 s. The experiments were carried out in
triplicate for each data point. The relative quantification in gene
expression was determined using the 2-DDCt method (45). Pri-
mer efficiencies were calculated by relative standard curves.
PP2A and Ubi1 were used as internal control genes, as described
by Czechowski et al. (17). Normalized gene expression was
represented relative either to wild type or to control condition.
The oligonucleotide primers used for analyzing AtTPPD tran-
scripts spanned the exons 5 and 6 and for AtTPPE exons 9 and
10 (Supplementary Table S1).

Chlorophyll contents

Chlorophyll contents were measured from 4-week-old,
soil-grown plants in a 16-h light/8-h dark photoperiod at
130 lmol$m - 2$s - 1 light intensity and 60% relative humid-
ity. Rosette leaves were harvested and snap frozen in liquid
nitrogen. Chlorophyll of four replicates per genotype was
extracted overnight at 4�C with 1 ml 95% ethanol. Chlor-
ophyll contents in mg$g - 1 FW (Chl a + b = 5.24OD664 +
22.24OD649) were calculated according to (59).

Chloroplast isolation

Plants used for isolation of chloroplasts were grown
in short day conditions (8-h/16-h photoperiod). Intact

REDOX-SENSITIVE TPP REGULATES STRESS TOLERANCE 1299



chloroplasts were isolated from 4-week-old Arabidopsis
plants. Leaves were harvested in the morning and immedi-
ately put on ice before homogenization in the SlnA buffer
(450 mM sorbitol, 10 mM Tricin/KOH, pH 8.4, 10 mM
EDTA, 5 mM NaHCO3, 1 g/L bovine serum albumin) using a
Waring blender. The homogenized plant material was filtered
through two layers of Miracloth (Calbiochem) and centri-
fuged for 5 min at 1590 g at 4�C without brake. The pellet was
recovered in 1 · SlnB buffer (2 · SlnB buffer: 600 mM sor-
bitol, 40 mM Tricin/KOH, pH 7.6, 10 mM MgCl2, and 5 mM
EDTA), loaded on a 50% (v/v) Percoll� (GE Healthcare)/
2 · SlnB buffer gradient, and centrifuged for 6 min at 2500 g
at 4�C in a swing-out rotor. Intact chloroplasts were removed
from the 50% Percoll interphase, washed in 1 · SlnB buffer,
and used for immunoblot analysis.

Protein extraction and Western blot analysis

Total proteins from A. thaliana leaves and chloroplast
extracts were separated on a 10% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) and blotted
on a PVDF (Immobilon�-FL; Millipore) membrane. Mem-
branes were probed with a 1:1000 dilution of anti-GFP
(11814460001; Roche) or with a 1:25,000 dilution of anti-
Psba/D1 (AS05084-10; Agrisera) antibodies. Goat anti-
mouse IgG conjugated to IR Dye� 800CW (926-32210;
LI-COR Biosciences) and goat anti-rabbit IgG conjugated to
ID Dye� 800CW (926-32211; LI-COR Biosciences) were
used (1:20,000) as secondary antibodies against anti-GFP and
anti-PsbA/D1 antibodies, respectively. Membranes were
scanned in the 800 channel using the Odyssey IR Imager
(LI-COR Biosciences).

Sugar and starch measurements

Plants were grown in soil in a 16-h light/8-h dark photo-
period at 130 lmol$m - 2$s - 1 light intensity and 60% relative
humidity for 2 weeks. Subsequently, plants were either wa-
tered with a 150 mM NaCl or normally watered (control) for 8
days. Rosette leaves were harvested at the end of the photo-
period and snap frozen in liquid nitrogen. Sugar and starch
extractions were done in quadruplates from ground material.
Soluble carbohydrates were extracted with 1 ml of 80%
ethanol for 1 h at 4�C and after several washings of the pellet
with the same solvent, starch was extracted with 1.5% HCl
for 1 h at 80�C. Soluble sugars and starch were quantified by
the anthrone-sulfuric acid assay (Anthrone ACS reagent, sc-
206057; Santa Cruz) (90).

Protein modeling

The AtTPPD model was created using swissmodel (http://
swissmodel.expasy.org) (3) according to TPP from T. acid-
ophilum TaTPP (PDB-ID: 1u02) (62). The ligand T6P (PDB
Ligand-ID: T6P) was placed into the active site of AtTPPD
using AutoDock 4 and AutoDockTools (http://autodock
.scripps.edu).

Recombinant protein expression

AtTPP was cloned into the pGEX6 expression vector,
expressed in E. coli BL21, and purified according to the
manufacturer’s instructions (GE Healthcare). In brief, an
overnight culture was used to inoculate the expression culture

at an OD600 0.2. The expression culture was induced at OD600

0.6 with 1 mM IPTG and grown for 4 h at 28�C. Cells were
harvested and proteins extracted in the TBS buffer (50 mM
Tris/HCl pH 7.5, 150 mM NaCl) after lysis with 1 mg/ml
lysozyme in the presence of 2 mM PMSF. The protein lysate
was column purified and the tag was cut with PreScission
protease [Turbo3c (HRV3C) Protease, purchased from A.G.
Scientific] and successful expression verified by SDS-PAGE.

AtTPP activity measurements

For analyzing AtTPP activity and its sensitivity to oxidants
and antioxidants, purified proteins were incubated with DTT/
GSH and H2O2/GSSG in a total volume of 10 ll for 30 min at
room temperature in a reaction buffer (50 mM Tris/HCl pH
7.5, 150 mM MgCl2, 200 mM NaCl). Subsequently, the sub-
strate (T6P, 0.01 mM) was added to the reaction (final volume
of 50 ll) and incubated at 37�C for 30 min. The reaction was
stopped by adding 100 ll BIOMOL Green reagent (pur-
chased at Enzo Life Sciences) and the absorption at 620 nm
read after 20 min using a microtiter plate reader (71). For Trx
treatment, oxidized proteins were dialyzed using Amicon
Ultra-0.5 ml Centrifugal Filters 10 kDa MWCO (Merck-
Millipore) according to the manufacturer’s instructions, and
subsequently incubated with reduced DTT with or without
Trx (E. coli Trx; Sigma). Thiol titration was performed at
25�C and pH 7.0 using defined ratios of reduced and oxidized
DTT at a total concentration of 20 mM. The experimental
data were fitted to the Nernst equation (using XLFit curve
fitting software for Excel) with n = 2 and a midpoint redox
potential of - 330 mV for DTT at pH 7.0. All measurements
were performed in triplicates and repeated with proteins from
independent expressions.

Yeast complementation assay

For the yeast complementation assay, the S. cerevisiae
BY4741 wild-type strain (MATa his3D1 leu2D0 met15D0
ura3D0) and the Dtps2 deletion strain YDR074W were used.
The coding sequences of wild-type AtTPPD and of AtTPPD
C159S, AtTPPD C235S and AtTPPD C159/235S were
cloned into the yeast multicopy plasmid pYX424 with a TPI
promotor and a LEU2 marker. As control, the wild-type and
Dtps2 strains were transformed with the empty vector. Yeast
was transformed by adding 3 lg plasmid DNA together with
100 lg single-stranded carrier DNA to cells from an over-
night culture resuspended in 200 ll of transformation buffer
(200 mM LiAc, 100 mM DTT, 40% PEG 4000 in TE pH 8.0),
followed by a 15-min incubation at 30�C and a 45-min in-
cubation at 45�C. Transformed cells were grown on a syn-
thetic defined medium without leucine (SD-leu) containing
2% glucose. Drop assays were performed by diluting an
overnight culture to an OD600 of 0.1 and sequential 1:5 di-
lutions were spotted on a yeast peptone dextrose medium
containing 2% glucose. Plates were incubated at 30�C and
39�C and analyzed after 4 days.

Protein sequence alignment

Protein sequences of Class III trehalose biosynthesis en-
zymes from prokaryotes, protists, animals, red and green
algae, moss, fern, and angiosperms were retrieved from
KEGG (www.genome.jp/kegg/catalog/org_list.html) and
aligned using CLC Main workbench.
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TPP homologous sequences in gymnosperms were iden-
tified through TBLASTN (2) searches using the AtTPPD
protein sequence as a query. For Picea abies, a database
(61,393 CDS) of high confidence (predicted protein coding
loci with > 70% coverage by transcripts) and medium con-
fidence (30%–70% coverage) gene predictions (55) was used.
In the case of Picea glauca, Transcriptome Assembly v1.0
(68,297 transcripts) from the SMarTForests Project and
Unigene set #15 from NCBI (27,848 transcripts) databases
were analyzed (10). For Pinus taeda, both transcriptome and
genomic databases from the PineRefSeq Project (86) were
used, such as TreeGenesTranscriptome assembly v1.0
(77,249 transcripts) and Pinus taeda Genomic Assembly
Contigs V1.0 (*14 million scaffolds), respectively.
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Abbreviations Used

ABA¼ abscisic acid
CBB¼Coomassie Brilliant Blue
CFP¼ cyan fluorescent protein
DTT¼ dithiothreitol
GSH¼ reduced glutathione

GSSG¼ oxidized glutathione
HAD¼ haloacid dehalogenase
H2O2¼ hydrogen peroxide

NTRC¼NADPH-linked thioredoxin reductase
PCR¼ polymerase chain reaction

qRT-PCR¼ real-time polymerase chain reaction
SDS-PAGE¼ sodium dodecyl sulfate–polyacrylamide

gel electrophoresis
TaTPP¼ Thermoplasma acidophilum TPP

T6P¼ trehalose-6-phosphate
TPP¼ trehalose-6-phosphate phosphatase
TPS¼ trehalose-6-phosphate synthase
TRE¼ trehalase
ROS¼ reactive oxygen species
Trx¼ thioredoxin

YPD¼ yeast peptone dextrose
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