
Identification of GH15 Family Thermophilic Archaeal Trehalases That
Function within a Narrow Acidic-pH Range

Masayoshi Sakaguchi,a Satoru Shimodaira,a Shin-nosuke Ishida,a Miko Amemiya,a Shotaro Honda,a Yasusato Sugahara,a

Fumitaka Oyama,a Masao Kawakitaa,b

Department of Chemistry and Life Science, Kogakuin University, Hachioji, Tokyo, Japana; Stem Cell Project, Tokyo Metropolitan Institute of Medical Science, Setagaya-ku,
Tokyo, Japanb

Two glucoamylase-like genes, TVN1315 and Ta0286, from the archaea Thermoplasma volcanium and T. acidophilum, respec-
tively, were expressed in Escherichia coli. The gene products, TVN1315 and Ta0286, were identified as archaeal trehalases. These
trehalases belong to the CAZy database family GH15, although they have putative (�/�)6 barrel catalytic domain structures simi-
lar to those of GH37 and GH65 family trehalases from other organisms. These newly identified trehalases function within a nar-
row range of acidic pH values (pH 3.2 to 4.0) and at high temperatures (50 to 60°C), and these enzymes display Km values for tre-
halose higher than those observed for typical trehalases. These enzymes were inhibited by validamycin A; however, the
inhibition constants (Ki) were higher than those of other trehalases. Three TVN1315 mutants, corresponding to E408Q, E571Q,
and E408Q/E571Q mutations, showed reduced activity, suggesting that these two glutamic acid residues are involved in trehalase
catalysis in a manner similar to that of glucoamylase. To date, TVN1315 and Ta0286 are the first archaeal trehalases to be identi-
fied, and this is the first report of the heterologous expression of GH15 family trehalases. The identification of these trehalases
could extend our understanding of the relationships between the structure and function of GH15 family enzymes as well as gly-
coside hydrolase family enzymes; additionally, these enzymes provide insight into archaeal trehalose metabolism.

Trehalose is a stable, colorless, and odor-free disaccharide com-
prised of two glucose units connected by an �,�-(1,1)-, �,�-

(1,1)-, or �,�-(1,1)-linkage. Only the �,�-(1,1)-trehalose form is
widespread in nature and biologically active. Trehalose has been
found in a wide variety of organisms, including archaea, bacteria,
yeast, fungi, insects, crustaceans, invertebrates, and plants, in
which trehalose plays a protective role during stress (e.g., osmo-
larity, heat, oxidation, desiccation, and freezing), is a source of
carbon energy, and acts as a signaling molecule in select metabolic
pathways (1–4). Additionally, trehalose induces autophagy, facil-
itating the clearance of aggregation-prone proteins, and has anti-
apoptotic properties that arise from the enhanced removal of pro-
apoptotic proteins via autophagy (5, 6).

Trehalase (trehalose-glucohydrolase; EC 3.2.1.28) hydrolyzes
trehalose to produce two glucose molecules and is present in
nearly all tissues in various forms. Until recently, trehalase has
been classified as a member of the glycoside hydrolase 37 (GH37)
and 65 (GH65) families in the Carbohydrate-Active enZYmes da-
tabase (CAZy; http://www.cazy.org/) that describes families of
structurally related catalytic and carbohydrate-binding modules
of enzymes that degrade, modify, or create glycosidic bonds. Esch-
erichia coli periplasmic and cytoplasmic trehalases were the first
GH37 family of trehalases to be studied (7–9). Saccharomyces
cerevisiae has two types of trehalases, acid (extracellular) and neu-
tral (cytosolic) (according to the pH required for their optimal
activity), belonging to the GH65 and GH37 families, respectively
(10, 11). Recently, Mycobacterium trehalases from M. smegmatis
MSMEG4528 and M. tuberculosis MT2474 and Rv2402 have been
identified and assigned to the GH15 family (12), which also con-
tains glucoamylases (GAs) and glucodextranases (GDases). En-
zymes in these families contain a common �-helix-rich catalytic
domain designated the (�/�)6 barrel.

Several reports describe the presence of trehalose and the exis-
tence of multiple trehalose synthetic pathways in archaea; how-

ever, homologs of known trehalases (e.g., from bacteria and yeast)
could not be identified in archaeal genomes, and the role of treh-
alose in archaea remains unknown (13). Recently, we identified
two GA-homologous genes, TVN1315 (TVG1381191) and
Ta0286, within the genomes of the thermophilic archaebacteria
Thermoplasma volcanium (14, 15) and T. acidophilum (16), re-
spectively. The deduced amino acid sequences encoded by these
genes show 84% identity and 94% similarity to one another. The
amino acid sequences of the putative catalytic domains exhibit
25% identity with that of Clostridium sp. strain G0005 GA (17, 18)
and 38% identity with that of M. smegmatis MSMEG4528, a GH15
family trehalase (12).

With these characteristics in mind, we attempted to express the
TVN1315 and Ta0286 genes in E. coli and characterize the recom-
binant enzymes. The purified enzymes hydrolyzed trehalose but
not maltotriose. These two Thermoplasma enzymes are the first
archaeal trehalases to be identified and are the first recombinant
GH15 family trehalases to be expressed in E. coli in active forms.
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MATERIALS AND METHODS
Bacterial strains and growth media. Thermoplasma volcanium GSS1
(ATCC no. 51530D-5) and T. acidophilum 122-1B2 (ATCC no.
25905D-5) genomic DNA were purchased from the American Type Cul-
ture Collection (ATCC).

The E. coli strains used for expression and genetic engineering were
BL21(DE3) (Novagen, San Diego, CA, USA) and DH5� (Toyobo, Osaka,
Japan), respectively.

LB medium (1% Bacto tryptone, 0.5% Bacto yeast extract, 1% NaCl,
pH 7.0) was used for culturing E. coli for genetic engineering and for
protein expression preculturing. The solid medium contained 1.5% agar.
For protein expression by E. coli, 2� YT liquid medium (1.6% Bacto
tryptone, 1% Bacto yeast extract, 0.5% NaCl, pH 7.0) was used. Ampicillin
(50 �g/ml) and kanamycin (20 to 50 �g/ml) were added to the medium as
needed.

Genetic engineering and chemical reagents. The genetic engineering
experiments were performed as described by Sambrook and Russell (19).
The enzymes used in the genetic engineering were purchased from Ta-
KaRa Bio Inc. (Shiga, Japan) and used according to the manufacturer’s
instructions. Bacto tryptone and Bacto yeast extract were purchased from
Becton Dickinson (Franklin Lakes, NJ, USA). Other reagents and oligo-
saccharide substrates were of the highest quality available and were ob-
tained from Wako Pure Chemicals (Osaka, Japan) and Sigma-Aldrich (St.
Louis, MO, USA) unless otherwise specified.

Cloning of glucoamylase-like genes from T. volcanium and T. aci-
dophilum and expression plasmid construction. To amplify the T. vol-
canium TVN1315 gene and T. acidophilum Ta0286 gene, PCR was per-
formed with the following steps: 1 cycle at 94°C for 2 min, followed by 30
cycles of 94°C for 10 s, 60°C for 30 s for TVN1315 or 55°C for 30 s for
Ta0286, respectively, and 68°C for 3 min. Reaction mixtures contained 50
ng of each genomic DNA as a template, 15 pmol each of the forward and
the reverse primers described below, and 1 U of KOD DNA polymerase
(Toyobo, Osaka, Japan). The primer sequences for T. volcanium were the
following: forward, 5=-ACGCGTCGACGATGGCCTTTCATGGTCTTG
TTAAA-3=; reverse, 5=-ACGCGTCGACTTATGAATTTATTTTTGAAG
TTCTT-3= (open reading frame [ORF] regions are underlined and SalI
sites are boldfaced). The primer sequences for T. acidophilum were the
following: forward, 5=-CGGGATCCCGATGGCCTTTCATGGTCTTG-
3=; reverse, 5=-CGGGATCCCGTCACTCATTTATCTTTGAAACTCT
C-3= (ORF regions are underlined and BamHI sites are boldfaced). The
primers were purchased from Sigma-Aldrich Life Science (Hokkaido, Ja-
pan). After trimming the amplified PCR products with SalI or BamHI, the
products were inserted into the pET28c vector (TaKaRa Bio) to yield the
pTvn1315 and pTa0286 expression vectors. The nucleotide sequences
were confirmed using an Applied Biosystems 3130 genetic analyzer
(Applied Biosystems, Foster City, CA, USA).

Trehalase expression and purification. Precultures of E. coli that had
been transformed with the expression vectors were grown overnight at
37°C in LB medium containing 50 �g/ml kanamycin, and then an inocu-
lum was added to 2� YT medium. The cells were grown at 37°C to an
optical density at 600 nm (OD600) of 0.8 and then induced for approxi-
mately 18 h using 0.1 mM isopropyl �-D-thiogalactopyranoside (IPTG).
The cells were harvested by centrifugation and suspended in buffer con-
taining 20 mM Tris-HCl, 0.5 M NaCl (pH 7.5), and cOmplete mini
(EDTA-free) proteinase inhibitors (Roche Diagnostics, Mannheim, Ger-
many). Following sonication, the crude extracts and supernatants
(obtained by centrifugation for 20 min at 20,000 � g) were assayed for
enzymatic activity, and the expression of gene products was assessed by
SDS-PAGE and staining with Coomassie brilliant blue R-250 (CBB
R-250) (20). Following dialysis against a buffer containing 50 mM Tris-
HCl and 1 M (NH4)2SO4 (pH 7.5), the supernatants were subjected to
hydrophobic chromatography (HiTrap Butyl FF; GE Healthcare, Little
Chalfont, Buckinghamshire, England). The adsorbed proteins were eluted
using a 1 M to 0 M linear (NH4)2SO4 gradient in 50 mM Tris-HCl (pH
7.5). The fractions containing the enzyme then were subjected to affinity

chromatography using a Ni-Sepharose 6 fast flow column (GE Health-
care) that had been preequilibrated with binding buffer (20 mM Tris-HCl
and 0.5 M NaCl, pH 7.5). The bound proteins were eluted using binding
buffer containing 0 M, 0.05 M, and 0.5 M imidazole, pH 7.5. The enzymes
were eluted at 0.5 M imidazole and were purified to homogeneity to yield
a single band in SDS-PAGE after staining with CBB R-250. The fractions
containing the enzyme were dialyzed against buffer containing 20 mM
Tris-HCl and 0.5 M NaCl (pH 7.5), pooled at 4°C, and used for subse-
quent experiments.

Enzyme and protein assays. Enzymatic activities were measured at
50°C in 50 mM Gly-HCl buffer (pH 3.7). The enzyme solution (50 �l) was
added to 450 �l of an appropriate substrate solution, and the reaction
mixtures were incubated for an appropriate period. To stop the reaction,
50-�l aliquots were removed from the reactions at appropriate intervals
and mixed with 450 �l of 1 M Tris-HCl (pH 7.0) stop solution. The
amount of glucose liberated from the substrates was measured using F-kit
D-glucose (Roche Diagnostics Gmbh, Mannheim, Germany) with the glu-
cose standard curve as a reference. One unit of enzyme was defined as the
amount of the enzyme that hydrolyzed 1 �mol of trehalose in 1 min.
Protein concentrations were measured using the microassay method
(Bio-Rad Laboratories, Hercules, CA, USA), which is based on the Brad-
ford method (21), using bovine serum albumin as a standard protein.

Trehalase substrate specificity, temperature and pH dependence,
and temperature and pH stability. The initial rates of hydrolysis were
measured using 9 mM trehalose, nigerose (Hayashibara Biochemical Lab-
oratories, Okayama, Japan), maltose, isomaltose, turanose, malturose,
palatinose, or sucrose substrates by mixing with the enzyme solution at
50°C in 50 mM acetate buffer (pH 4.0) using F-kit D-glucose. The pH
dependence of the enzymatic activities on 90 mM trehalose at 50°C was
determined by measuring the initial rates at different pH values (ranging
from pH 2.5 to 4.5) using 50 mM Gly-HCl buffer (pH 2.5 to 4.0) and 50
mM acetate buffer (pH 3.3 to 4.5). To study the pH stability of the tre-
halase, the enzyme solutions were added to various buffers (pH 3 to 11) at
4°C for 60 min, and the remaining activities on 90 mM trehalose at 50°C
were determined at pH 3.7. To minimize any potential pH shift caused by
the enzyme solution, the enzyme was diluted in buffer that contained 20
mM Tris-HCl and 0.5 M NaCl (pH 7.5) before activity measurements.
The temperature dependence of the trehalase activity on 90 mM trehalose
at pH 3.7 was examined by measuring the initial rates at 30, 40, 50, 55, 60,
and 70°C. To determine the heat stability of the trehalase, the enzyme
solutions were incubated at various temperatures (30 to 80°C) for 60 min
and cooled rapidly, and then the remaining activities on 90 mM trehalose
at 50°C were measured. The experiments were performed in duplicate.

DSF analysis. The differential scanning fluorimetry (DSF) experiment
was performed using a real-time PCR system (Mx3005p; Agilent Technol-
ogies, Santa Clara, CA, USA) with MxPro software (Agilent Technologies)
based on Niesen et al.’s report (22). Tubes containing 39 �l protein solu-
tion and 1 �l SYPRO Orange (Invitrogen, Carlsbad, CA, USA) diluted
10-fold with dimethyl sulfoxide (DMSO) were loaded into the PCR in-
strument and subjected to temperature scanning at 1°C min�1 between
25°C and 95°C. The filter configurations were customized to accommo-
date the optimal excitation and emission wavelengths for SYPRO Orange
(excitation, 492; emission, 610 nm). The inflection points of the transition
curves, indicating the protein melting temperatures (Tms), were estimated
as described in an earlier report (23). The experiments were performed in
duplicate.

Kinetic analysis of trehalose hydrolysis. The initial rates of trehalose
(0 to 270 mM) hydrolysis were measured at 50°C in buffers containing 50
mM Gly-HCl (pH 3.7) or 50 mM acetate (pH 3.8) using F-kit D-glucose.
The kinetic parameters, Vmax and Km, for trehalose were estimated over a
range of 0 to 270 mM assuming a Michaelis-Menten kinetic model, and
the DeltaGraph version 6 graphics software package (Nihon Poladigital
K.K.) was used for nonlinear regression. The apparent kcat values were
estimated using a molecular mass of 75 kDa deduced from the amino acid
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FIG 1 Phylogenetic relationship of related enzyme sequences. The phylogenetic tree was constructed by MEGA6 (52) using the neighbor-joining method.
Bootstrap values based on 1,000 replicates are shown at nodes, and accession number, enzyme name, and organism name are shown.
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FIG 2 Sequence alignments of archaeal trehalases with Mycobacterium trehalases and a putative trehalase. The sequences aligned are the following: TVN1315,
T. volcanium trehalase; Ta0286, T. acidophilum trehalase; Myco, Mycobacterium trehalase; PTO0598, putative Picrophilus torridus trehalase. #, putative catalytic
residues. The � and � symbols denote the involvement in the putative secondary structures, �-helix and �-sheet, respectively, illustrated in the molecular models
in Fig. S1 in the supplemental material. The asterisks denote potential glycosylation sites. Fully conserved amino acid residues and related amino acid residues are
dark shaded and light shaded, respectively. Boxes show the five highly conserved regions.
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sequences of the enzymes. The experiments were performed in duplicate
or triplicate.

Effects of VMA on trehalose hydrolysis. Validamycin A (VMA), a
potent trehalase inhibitor, was purchased from Santa Cruz Biotechnol-
ogy, Inc. (Dallas, TX, USA), and dissolved in DMSO (500 mM stock
solution). The effects of VMA (0 to 100 �M) on the initial rates of treha-
lose hydrolysis were assayed at 50°C in 50 mM Gly-HCl buffer (pH 3.7)
using F-kit D-glucose. We confirmed that the addition of either VMA
solution or DMSO alone had no inhibitory effects on the activities of
hexokinase and glucose-6-phosphate dehydrogenase. The apparent inhi-
bition constants (Ki) were estimated using a Dixon plot (24).

Construction of mutant expression plasmids and the expression,
purification, and analysis of the mutant proteins. Site-directed mu-
tagenesis of the TVN1315 gene was performed using pTvn1315 as a tem-
plate and by following the ODA-PCR method (Mutan-Super express Km;
TaKaRa BIO). The following oligonucleotide primers were used as muta-
genic primers (mismatched bases are underlined): TVN1315 E408Q, 5=-
AGCATCTGGCAATTTCGTACTG-3=; TVN1315 E571Q, 5=-GGCTGTA
CTCACAAGAGATAGATG-3=. The nucleotide sequences surrounding
the mutation site and other regions of the gene were confirmed by DNA
sequencing as described above. For these mutants, the expression, purifi-
cation, activity measurements, and DSF analyses were performed as de-
scribed above.

Nucleotide sequence accession numbers. The TVN1315 and Ta0286
nucleotide sequences are available from the DDBJ/EMBL/GenBank data-
base under accession numbers LC004405 and LC004406, respectively.

RESULTS
Comparison of TVN1315 and Ta0286 sequences to those of
other related enzymes and structure prediction. The phyloge-
netic relationships among GH37 and GH67 trehalases and rele-
vant GH15 members were analyzed and are shown in Fig. 1. The
analysis yielded three major branches: GH37 enzymes, which in-
clude trehalases from bacteria, yeasts, insects, plants, and animals;
GH65 enzymes, which include acidic trehalases from fungi and
yeast; and GH15 enzymes, which include GAs from bacteria
and archaea together with two GA-like products, TVN1315 and
Ta0286 (analyzed below). The two GA-like archaeal gene prod-
ucts appear to be more similar to acidic trehalases (GH65) than to
GH37 trehalases, but the sequence homology is low even between
GH65 and the two GH15 products. Similar to GH65 trehalases
that lack trehalase signature consensus motifs PGGRFXEXYX
WDXY (motif 1) and QWDXPXGAWPAP (motif 2) in their pri-
mary structures (8, 25), the Thermoplasma GA-like products,
TVN1315 and Ta0286, do not possess those motifs or other tre-
halase motifs in their amino acid sequences (Fig. 2). TVN1315 and
Ta0286 did not possess the carbohydrate-binding module or
motif either.

Based on their amino acid sequences, GH37, GH65, and GH15
family enzymes are predicted to have catalytic domains with (�/
�)6-barreled structures. In addition, the N-terminal domain of
GH15 family enzymes can be folded into a �-sandwich structure.
Therefore, the structures of the two GA-like products are assumed
to be composed of an N-terminal �-sandwich and C-terminal
(�/�)6-barreled structures (see Fig. S1 in the supplemental mate-
rial).

E. coli expression of soluble proteins and substrate specific-
ity assays for the GA-like genes from Thermoplasma. TVN1315
and Ta0286 were expressed as soluble proteins in E. coli
BL21(DE3) using 0.1 mM IPTG (final concentration) to induce
the pET28 vectors. For Ta0286, a gene product with a 32-amino-
acid N-terminal truncation also was expressed, because we did not

have an a priori reason to decide that Met1 and not Met33 was the
initiating Met residue; however, the truncated product was found
to be insoluble (data not shown). This result suggested that the
N-terminal regions of Ta0286 and likely of TVN1315 are respon-
sible for the proper folding of the enzyme molecule, although
insolubility may be caused by other reasons as well. The Met1
initiator codon was preceded by a potential promoter and purine-
rich (Shine-Dalgarno) sequence (see Fig. S2 in the supplemental
material).

Despite the similarity of the TVN1315 and Ta0286 gene puta-
tive catalytic sites to that of GA, cell homogenates containing the
gene products did not exhibit maltotriose-hydrolyzing activity
but did exhibit trehalose-hydrolyzing activity. The expressed gene
products were purified using hydrophobic and affinity chroma-
tography to yield a single band in SDS-PAGE (Fig. 3). The N-ter-
minal sequence analysis of the TVN1315 gene product showed
GSSHHHHHHSSGLV, which coincides with the expected N-ter-
minally added sequence, including the histidine tag of the
pTvn1315 construct. The N-terminal Met likely had been re-
moved by methionine aminopeptidase. A slight difference be-
tween the expected molecular mass of the histidine-tagged
TVN1315 protein (74.8 kDa) and the apparent molecular mass
estimated from the mobility in the SDS-PAGE (70 kDa) was
noted. A similar discrepancy was reported in the literature and was
proposed to be dependent largely on the hydrophobicity and/or
isoelectric point of the protein (26). The gel filtration analysis
using HiLoad 16/60 Superdex 200 (GE Healthcare) provided a
rough estimate of the apparent molecular mass of 97 kDa (data

FIG 3 SDS-PAGE analysis of the purified proteins. Lane M, molecular size
marker (Precision Plus protein standards; Bio-Rad Laboratories); lane 1,
TVN1315; lane 2, Ta0286. The numbers in the margin indicate the molecular
masses (kDa) of the proteins in the molecular size marker.
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not shown), suggesting the monomeric nature of the expressed
protein.

The purified gene products hydrolyzed trehalose to yield glu-
cose but showed little to no activity toward the other disaccharides
tested (nigerose, maltose, isomaltose, turanose, malturose, palati-
nose, and sucrose). In reaction mixtures containing these sugars as
substrates, glucose production could not be detected even after 2
h. Consequently, we have identified the TVN1315 and Ta0286
gene products TVN1315 and Ta0286 as T. volcanium and T. aci-
dophilum trehalases, respectively.

Effects of temperature and pH on TVN1315 and Ta0286. Fig-
ure 4A and B illustrates the pH dependence of TVN1315 and
Ta0286 trehalase activity. Both trehalases were optimally active at
approximately pH 3.7 and were active within a narrow pH range.
TVN1315 and Ta0286 exhibited more than half of their maximal
activities between pH 3.3 and pH 4.0 and between pH 3.2 and pH
3.9, respectively. Figure 4C and D illustrates the pH stability of the
tested trehalases and shows that TVN1315 and Ta0286 retained
nearly full activity after 60 min at pH 3.5 to 10 and pH 3.5 to 11,
respectively.

The temperature dependence of the enzymatic activities was
examined using 90 mM trehalose in 50 mM Gly-HCl buffer (pH
3.7) at temperatures ranging from 30 to 80°C. Figure 5A and B
shows that TVN1315 and Ta0286 activities were maximal at ap-
proximately 60°C and 50°C, respectively. The activation energies
of TVN1315 and Ta0286 from 30 to 50°C were approximately 59
and 54 kJ/mol, respectively. These values are within the limits of
those obtained previously for other trehalases: 46 to 81 kJ/mol
(27–30).

To determine the temperature stability of TVN1315 and
Ta0286, we determined the remaining enzymatic activities at 50°C
after 60 min of heat treatment at various temperatures over a
range of 30 to 80°C using 90 mM trehalose as a substrate, and the
results are shown in Fig. 5C and D. The activities of both TVN1315
and Ta0286 were stable for 60 min at temperatures ranging from
30 to 70°C; however, their activities decreased significantly at 80°C
after 60 min. TVN1315 was inactivated slightly more rapidly than
Ta0286 at 80°C. The slightly different thermal stabilities of
TVN1315 and Ta0286 activities were consistent with the DSF
analysis results that determined Tm values of 80.3°C and 84.0°C,

FIG 4 Effects of pH on the activities and stabilities of TVN1315 (A and C) and Ta0286 (B and D). (A and B) The activity was measured at 50°C in appropriate
buffers at different pHs, including 50 mM Gly-HCl buffer (pH 2.5 to 4.0, circle) and 50 mM acetate buffer (pH 3.3 to 4.5, square). (C and D) Trehalases were
incubated at 4°C for 60 min at various pHs, including 50 mM Gly-HCl buffer (pH 3 to 4, circle), 50 mM acetate buffer (pH 4 to 6, square), 50 mM
morpholineethanesulfonic acid–NaOH buffer (pH 5 to 7, triangle), 50 mM Tris-HCl buffer (pH 7 to 9, rhombus), and 50 mM carbonate-NaOH buffer (pH 10
to 11, cross). The remaining activity was measured at 50°C and pH 3.7. The average values for TVN1315 (A and C; open symbols) and Ta0286 (B and D; closed
symbols) with error bars are represented as the enzymatic activity. Experiments were performed in triplicate.
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respectively, for these enzymes (see Fig. S3 in the supplemental
material).

Steady-state kinetics using trehalose as the substrate. Both
TVN1315 and Ta0286 trehalases hydrolyzed the trehalose sub-
strate containing an �,�-(1,1)-glucosidic linkage, unlike other
GH15 family GAs. We determined the steady-state kinetic param-
eters of both trehalases for trehalose at 50°C using Delta Graph
software to perform a nonlinear regression, and the results are
shown in Table 1. We show the kinetic results in two different buffer
solutions, because the pH values used in the present experiment, pH
3.7 and 3.8, are near the edge of the buffer capacity ranges for the two
buffers. The results obtained using the two buffers at pH 3.7 and 3.8
were consistent. The hydrolysis reactions obeyed the Michaelis-Men-
ten kinetic model. At 50°C in 50 mM Gly-HCl buffer (pH 3.7), the
TVN1315 and Ta0286 kcat values were 63.0 s�1 and 66.7 s�1, respec-
tively, and the Km values were 48.7 mM and 40.2 mM, respectively.
The Km values were similar to that of a Mycobacterium trehalase (20
mM) (12) but were considerably higher than those for other
GH37 and GH65 family trehalases, such as the E. coli cytoplasmic
enzyme (1.9 mM) (Table 2) (8).

VMA is known to be a potent trehalase inhibitor and has anti-
fungal effects (31–34). To explore whether VMA affects Thermo-

plasma trehalase activity, we tested the effects of VMA on trehalase
activity and estimated Ki values using Dixon plots of the reciprocal
of the activity on the ordinate and the inhibitor concentration on
the abscissa (TVN1315, 35.6 �M; Ta0286, 19.7 �M) (Fig. 6A and
B). As shown in Fig. 6A and B, VMA showed competitive inhibi-
tion of Thermoplasma trehalases similar to that of other trehalases;
however, the Ki values are higher than those for porcine kidney (60
nM) or soybean nodule (2 nM) trehalases (35, 36).

FIG 5 Effects of temperature on trehalase activity (A and B) and stability (C and D). (A and B) The activities of TVN1315 (open circle) and Ta0286 (closed circle)
were measured at various temperatures (30 to 70°C) in 50 mM Gly-HCl (pH 3.7). (C and D) The trehalases were incubated at various temperatures (30 to 80°C)
for 60 min, and the remaining activities of TVN1315 (open circle) and Ta0286 (closed circle) were measured at 50°C in 50 mM Gly-HCl (pH 3.7). Experiments
were performed in triplicate, and the average values are shown.

TABLE 1 Steady-state kinetic parameters of trehalases using trehalose as
the substrate at 50°C

Enzyme kcat
a (s�1) Km

a (mM)
kcat/Km

(s�1 mM�1) Bufferb

TVN1315 63.0 � 0.4 48.7 � 1.4 1.29 Gly-HCl, pH 3.7
60.4 � 0.8 49.0 � 2.0 1.23 Acetate, pH 3.8

Ta0286 66.7 � 1.3 40.2 � 1.5 1.66 Gly-HCl, pH 3.7
59.1 � 1.7 44.1 � 1.2 1.34 Acetate, pH 3.8

a Values for kcat and Km (means � standard deviations) are based on results using
trehalose (0 to 270 mM) as the substrate. Experiments were performed in duplicate or
triplicate.
b Buffer solution (50 mM).
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Involvement of Glu408 and Glu571 in TVN1315 trehalase
activity and thermal stability. GH15 family enzymes, such as GAs
and GDases, possess 5 conserved regions in the primary struc-
tures, and these conserved regions have been proposed to consti-
tute the enzyme active sites. TVN1315, a newly identified GH15
family trehalase, also possesses similar regions (Fig. 7); however,
the involvement of these regions in its catalysis remains unknown.
For GAs and GDases, two glutamic acid residues in conserved
regions 3 and 5 are thought to play important roles in the hydro-
lysis reactions (18, 37–39). Based on the structural similarity
shown in Fig. 7, we examined the possible involvement of Glu408
and Glu571 in conserved regions 3 and 5, respectively, in the func-
tion of TVN1315. Consequently, we constructed three mutants in
which Glu408, Glu571, or both Glu408 and Glu571 were replaced
with glutamine residue(s). The TVN1315 E408Q, E571Q, and
E408Q/E571Q mutants were expressed in E. coli and purified sim-
ilarly to the wild-type TVN1315 (Fig. 8A).

The E408Q, E571Q, and E408Q/E571Q TVN1315 mutants ex-
hibited reduced hydrolytic activities on 90 mM trehalose at 50°C
in 50 mM Gly-HCl (pH 3.7) at 0.009, 1.3, and 0.003 U/mg, respec-
tively, whereas that for TVN1315 was 31.4 U/mg. These results

indicate the importance of these glutamic acid residues in
TVN1315 catalytic activity. Notably, the E408Q, E571Q, and
E408Q/E571Q mutants showed slightly lower Tm values, 79.1°C,
76.2°C, and 75.5°C, respectively, than wild-type TVN1315
(80.3°C) (Fig. 8B). The E571Q mutation had a more pronounced
effect on the Tm of the enzyme than the E408Q mutation, suggest-
ing that Glu571 contributes more to TVN1315 heat stability than
Glu408.

DISCUSSION

Through our comparative studies of GAs and their mutants, we
identified thermophilic GA-like genes in archaea and demon-
strated that products of two of these genes hydrolyze trehalose
rather than maltose or maltotriose.

TVN1315 and Ta0286 exhibited trehalase activity within a nar-
row acidic pH range. They showed thermophilic characteristics,
and the gel filtration analysis suggested that they function as
monomers. In contrast, Mycobacterium trehalase (previously
identified as a GH15 family enzyme) had a pH optimum of 7.1,
required both inorganic phosphate and Mg2� for activity, and had
a molecular mass of 1,500 kDa as determined by gel filtration
analysis, suggesting a multimeric structure (12). The molecular
basis for the considerably different properties of these GH15 fam-
ily trehalases remains unclear. In the present experiment, we mea-
sured enzymatic activities in the presence of 50 mM NaCl, but we
did not observe a significant increase in activity in the presence of
salts such as NaCl, KCl, CaCl2, or MgCl2 over a range of 100 to 300
mM in 50 mM Gly-HCl buffer (pH 3.7). However, Thermoplasma
trehalases require the presence of salt for structural stabilization,
as the purified enzymes tended to become insoluble when dialyzed
against buffered solution in the absence of NaCl.

For the kinetic parameters of various trehalases, the kcat values
were similar among trehalases (within a 2- to 3-fold difference). In
contrast, the Km values varied considerably between enzymes: a
greater than 40-fold difference was noted even among trehalases
belonging to the identical GH37 family. The inhibition constant
(Ki) values for the competitive inhibitor VMA also varied among
Thermoplasma trehalases and other trehalases (35, 36). These re-
sults suggest that all trehalase active sites are designed for the rec-
ognition of trehalose and VMA, although the actual organization
of the active site may vary considerably among different enzymes.

TABLE 2 Comparison of the kinetic parameters of various trehalases
using trehalose as the substratea

Organism
GH
family

kcat

(s�1)
Km

(mM)
kcat/Km

(s�1 mM�1)
Temp (°C),
pH

T. volcanium 15 63.0 48.7 1.29 50, 3.7
T. acidophilum 15 66.7 40.2 1.66 50, 3.7
M. smegmatis 15 NDb 20.0 NDb 37, 7.1
E. coli (cytoplasmic) 37 57.6c 1.9 30.3 30, 5.5
E. coli (periplasmic) 37 84.1c 0.8 105 30, 5.5
S. cerevisiae (acidic) 65 67.7c 4.7 14.4 37, 4.5
S. cerevisiae

(neutral)
37 148c 34.5 4.29 37, 7.0

a The kinetic parameters of various trehalases and the conditions for activity
measurements were obtained for T. volcanium and T. acidophilum (this study), M.
smegmatis (12), E. coli (cytoplasmic) (8), E. coli (periplasmic) (49), S. cerevisiae (acidic)
(50), and S. cerevisiae (neutral) (51).
b ND, not determined.
c The values were estimated from the Vmax for each enzyme based on its monomeric
molecular mass.

FIG 6 Dixon plots of TVN1315 (A) and Ta0286 (B) activities in the presence and absence of validamycin A (VMA). The changes in TVN1315 (circle) and Ta0286
(square) activities toward trehalose (36 mM [open symbols] and 90 mM [closed symbols]) in the presence of validamycin A (0 to 100 �M) were measured.
Experiments were performed in duplicate, and the average values are shown.

Characterization of Archaeal GH15 Family Trehalases

August 2015 Volume 81 Number 15 aem.asm.org 4927Applied and Environmental Microbiology

http://aem.asm.org


In fact, GH15 trehalases lack the trehalase signature motifs 1 and 2
that are found in GH37 trehalases. For GH15 trehalases, Thermo-
plasma trehalases displayed Km values on trehalose that were sim-
ilar to that of a Mycobacterium trehalase, suggesting a similarity in
the active site between these enzymes. The high Km values of Ther-
moplasma trehalases are consistent with the high cellular trehalose
concentration estimated based on the trehalose content reported
in the literature (40). TVN1315 and Ta0286 exhibited hydrolytic
activity within a narrow acidic pH range. A number of enzymes
that work within acidic pH ranges were reported in acidophilic
archaea (41).

For industrial production, glucose is commonly produced
from starch by �-amylase and GA. Trehalase is not useful in glu-
cose production. In an aqueous environment, trehalose hydrolysis
is overwhelmingly favored over the reverse reaction. However, if
the enzyme is available in an anhydrous environment, then treh-
alose and other �-(1,1)-disaccharides could be obtained via the
reverse reaction of trehalase. Thermophilic enzymes have a greater
ability to preserve their enzymatic activity in nonaqueous media
than their mesophilic counterparts. Moreover, protein engineer-
ing studies leading to enzymes with enhanced stability in organic
solvents have been reported (42, 43). Investigations into the sta-

FIG 7 Sequence alignments of the conserved regions (1 to 5) of archaeal trehalases with Mycobacterium trehalases and other GAs. The sequences aligned are the
following: TVN1315, T. volcanium trehalase; Ta0286, T. acidophilum trehalase; Myco, Mycobacterium trehalase; ClostGA, Clostridium sp. strain G0005 glu-
coamylase; TtGA, Thermoanaerobacterium thermosaccharolyticum glucoamylase. #, putative catalytic residues. Amino acid residues that are identical in three or
more of the aligned enzymes are shaded. The putative amino acid residues constituting GA subsites are indicated as subsite 1 (closed circle), subsite 2 (closed
triangle), and subsite 3 (closed square).
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bility of archaeal trehalases in anhydrous environments are
needed, and protein engineering on trehalases that remain active
in nonaqueous media should be attempted in future studies.

Based on the primary structure, Thermoplasma trehalases are
more similar to GAs from the identical GH15 family than to tre-
halases classified to the GH37 and GH65 families. We propose that
comparative studies on GH15 trehalases and GAs will elucidate
their structure-function relationships. GAs have five conserved
regions involved in substrate binding and are important for cata-
lytic activity. GH15 trehalases, including PTO0598 (a putative
Picrophilus torridus trehalase), also possess five conserved regions
at positions corresponding to, but with sequences distinct from,
those of GA (Fig. 2 and 7). Two glutamic acid residues, E408 and
E571 of TVN1315 in the conserved regions 3 and 5, also are con-
served in GAs and are essential for the catalytic activity of both
trehalases and GAs. This suggests a significant mechanistic simi-
larity between GH15 trehalases and GAs. Differences in the amino
acid sequences of the conserved regions between trehalases and
GAs likely are responsible for conferring distinct substrate speci-
ficities to these enzymes. Based on the crystal structure of the com-
plex of Thermoanaerobacter thermosaccharolyticum GA (TtGA)
with acarbose (a competitive inhibitor [44]), several amino acid
residues have been assigned to components of the substrate bind-
ing sites. Of these residues, Tyr337, Trp341, Arg343, and Asp344
(TtGA amino acid numbering) in subsite 1 are conserved in Ther-
moplasma trehalases, whereas Arg436 and Arg575 are not con-
served (Fig. 7). Similarly, Trp437 and Glu438 in subsite 2 are con-
served, but Glu439 and Arg575 are not. TtGA Gln380 in subsite 3
of GA is not conserved in Thermoplasma trehalases. Trehalases
may not possess subsite 3. The general structure of the Thermo-
plasma trehalase substrate-binding site likely resembles that of the
TtGA substrate-binding site, whereas distinct substrate specificity
is conferred by nonconserved amino acid residues; however, the
detailed structures of their substrate binding sites await future
studies. The identification of GH15 family enzymes that are struc-
turally similar to GA but display different substrate specificities

would aid our future studies aimed at gaining a deeper insight into
the relationship between the function and structure of GH15 fam-
ily enzymes.

TVN1315 and Ta0286 are the first archaeal trehalases to be
identified to date. Trehalose accumulates in archaea, such as T.
acidophilum, under optimal growth conditions and is thought to
be used for the stabilization of macromolecules under tempera-
ture stress and as a carbon storage molecule (40). To date, five
different enzymatic pathways for trehalose synthesis have been
described in various organisms. These pathways include the treh-
alose-6-phosphate synthase and trehalose-6-phosphate phospha-
tase (TPS/TPP) pathway, trehalose synthase (TreS) pathway,
maltooligosyl-trehalose synthase and maltooligosyl-trehalose tre-
halohydrolase (TreY/TreZ) pathway, trehalose phosphorylase
(TreP) pathway, and trehalose glycosyltransferring synthase
(TreT) pathway (45). For trehalose degradation, trehalase (TreH),
an enzyme which is directly involved in trehalose degradation, was
reported in various organisms, such as E. coli and S. cerevisiae, but
has not been identified in archaea, although TreT and TreP may
have functions in degrading trehalose. Identifying archaeal tre-
halases added the third route to trehalose degradation in archaea.

A BLAST search indicated that the TPS/TPP pathway is widely
distributed in archaea, including acidophilic archaea, whereas
TreS, TreP, and TreY/TreZ pathways are less common in archaea
(46). For instance, TreP and TreY/TreZ are not found in the acid-
ophilic archaeon Thermoplasma, although a gene with partial sim-
ilarity to TreS of Picrophilus torridus is detected in the BLAST
search. The TPS/TPP pathway likely represents the major treha-
lose synthetic pathway in archaea.

However, the trehalose degradation pathway has not been well
characterized. Qu et al. suggested that TreT participates mainly in
trehalose degradation based on the fact that the treT gene of Ther-
mococcus litoralis is found within a gene cluster encoding an ABC
transporter for trehalose/maltose and that the half-maximal con-
centration for glucose, one of the substrates of TreT in the syn-
thetic direction, is high compared to the physiological intracellu-

FIG 8 SDS-PAGE analysis (A) and heat stability analysis (B) of wild-type and mutant TVN1315 trehalase. (A) Lane M, molecular size marker (Precision Plus
protein standards; Bio-Rad Laboratories); lane 1, TVN1315; lane 2, TVN1315 E408Q; lane 3, TVN1315 E571Q; and lane 4, TVN1315 E408Q/E571Q. The
numbers in the margin indicate the molecular masses (in kilodaltons) of the proteins in the molecular size marker. (B) DSF analysis results for TVN1315 (circle),
E408Q (triangle), E571Q (rhombus), and E408Q/E571Q (cross) are shown. The experimental procedure is detailed in Materials and Methods. Experiments were
performed in triplicate, and the average values are shown.
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lar concentration of glucose (47). However, a BLAST search
indicated that sequences similar to that of TreT are not present in
P. torridus. Instead, we found a sequence similar to that of
TVN1315 and Ta0286 (i.e., TreH of Thermoplasma) in P. torridus
(Fig. 1 and 2). Similarly, Thermoplasma has TreH but lacks TreT.
TreT also is missing from many acidophilic archaea, although a
TreT-related sequence is found in Sulfolobus species. GH15 tre-
halase (TreH) likely serves as the major trehalose-degrading en-
zyme in acidophilic archaea. A TreH-related sequence is found in
acidophilic archaea but not in other archaeal species. Among such
organisms, select Euryarchaeota contain reversible TreT, which
may participate mainly in trehalose degradation and be involved
in controlling the intracellular concentration of trehalose as a
compatible solute and also in providing glucose to serve as a cel-
lular carbon source. In contrast, a unidirectional TreT that does
not degrade trehalose is found in Thermoproteus tenax and in sev-
eral other archaea, mainly in the Crenarchaeota (48). In these ar-
chaea, trehalose metabolic pathways for trehalose degradation
have not been identified, although TreP, when present, might ful-
fill a catabolic role. In fact, T. tenax is not able to grow on trehalose
as the only carbon source (48). The trehalose degradation pathway
in archaea is poorly understood; therefore, the identification of
archaeal trehalases will extend the understanding of the metabo-
lism and biological role of trehalose in archaea.
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