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Abstract

Two archaeal trehalase-like genes, Sacil250 and Sacil816, belonging to glycoside hydrolase family 15 (GHI15) from the
acidophilic Crenarchaeon Sulfolobus acidocaldarius were expressed in Escherichia coli. The gene products showed
trehalose-hydrolyzing activities, and the names SaTreH1 and SaTreH2 were assigned to Sacil816 and Sacil 250 gene products,
respectively. These newly identified enzymes functioned within a narrow range of acidic pH values at elevated temperatures,
which is similar to the behavior of Euryarchaeota Thermoplasma trehalases. SaTreH1 displayed high Ky, and k., values,
whereas SaTreH2 had lower Ky, and A, values despite a high degree of identity in their primary structures. A mutation analysis
indicated that two glutamic acid residues in SaTreH1, E374 and E574, may be involved in trehalase catalysis because SaTreH1
E374Q and E574Q showed greatly reduced trehalose-hydrolyzing activities. Additional mutations substituting G573 and H575
residues with serine and glutamic acid residues, respectively, to mimic the TVN1315 sequence resulted in a decrease in trehalase
activity and thermal stability. Taken together, the results indicated that Crenarchaea trehalases adopt active site structures that are
similar to Euryarchaeota enzymes but have distinct molecular features. The identification of these trehalases could extend our
understanding of the relationships between the structure and function of GH15 trehalases as well as other family enzymes and
will provide insights into archaeal trehalose metabolism.
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Introduction

Trehalose is a stable disaccharide that consists of two glucose
units linked primarily by an o,x-(1 — 1)-linkage, and it has
been found in a wide variety of organisms, including archaea,
bacteria, yeast, fungi, insects, crustaceans, invertebrates, and
plants. In these organisms, trehalose is a source of carbon
energy and plays a protective role against various stress con-
ditions. Additionally, trehalose has gained attention for its
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ability to reduce protein aggregate accumulation by stimulat-
ing cellular autophagy (Sarkar et al. 2007). Recently, DeBosch
et al. (2016) demonstrated that trehalose inhibits glucose
transport and subsequently activates kinase pathways to in-
duce autophagy. Trehalose is expected to be useful in the field
of pharmaceuticals as well as in the food and cosmetic indus-
tries (Argiielles 2000; Higashiyama 2002; Elbein et al. 2003).

Trehalase (trehalose-glucohydrolase, EC 3.2.1.28) hydro-
lyzes trehalose to produce two glucose molecules, and it is
found in bacteria and eukarya. Trehalases have been classified
into glycoside hydrolase 37 (GH37) and GH65 families in the
Carbohydrate-Active enZymes database (CAZy, http://www.
cazy.org/). Recently, we identified two archaeal trehalose-
hydrolyzing enzymes (TreHs), TVN1315 and Ta0286, from
thermoacidophilic Euryarchaeota Thermoplasma volcanium
and T. acidophilum, respectively (Sakaguchi et al. 2015).
These enzymes are assigned to the GH15 family, which also
contains glucoamylases (GAs), glucodextranases (GDases),
dextran dextrinase, and isomaltase. We showed that GH15
family trehalases functioned within a narrow pH range with
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higher Ky values than those of other GH37 and GH65 family
trehalases.

GH37, GH65, and GH15 family enzymes primarily have
catalytic domains with (o/x)¢-barreled structures, although
the sequence homologies among them are low. GH37 and
GHO65 yeast trehalases have two catalytic residues, aspartic
acid and glutamic acid, but in GH15 trehalases, two glutamic
acid residues are likely involved in the catalysis (Maicas et al.
2016; Sakaguchi et al. 2015). In addition, GH15 trehalases
lack two trehalase signature consensus motifs (i.e., motif 1
and motif 2) as well as other trehalase motifs found in GH37
trehalases (Horlacher et al. 1996; Barraza and Sanchez 2013).
GHI15 trehalases seem to have different active site structures
from those of GH37 and GH65 trehalases. Comparative stud-
ies on GH15 trehalases and GAs may be more meaningful for
the elucidation of their structure-function relationships, be-
cause comparison of the amino acid sequences showed that
these archaeal trehalases are more similar to GAs than to
GH37 and GH65 trehalases, and the general structure of the
substrate-binding site in the GH15 archaeal trehalases likely
resembles those in GAs (Sakaguchi et al. 2015). However, the
amino acid residues that discriminate between trehalose and
other sugar substrates in GH15 archaeal trehalases are poorly
understood.

To explore the possibility of similar trehalose-hydrolyzing
enzymes in another archacon and expand our understanding
on archaeal trehalases and GH15 family enzymes, we
searched for sequences similar to those of archaeal trehalases
from another phylum. A BLAST search suggested two candi-
date genes, Sacil250 and Sacil816, in acidophilic
Crenarchaeon Sulfolobus acidocaldarius. In this study, we
attempted to express the Sacil250 and Sacii816 genes in
Escherichia coli and characterize the recombinant enzymes.
Newly cloned genes were expressed in their active forms. The
purified enzymes could hydrolyze trehalose under a narrow
acidic pH range and presented distinct activities and affinities
toward trehalose.

Materials and methods
Chemical reagents and genetic engineering

Chemical reagents and oligosaccharide substrates were ob-
tained from Wako Pure Chemicals (Osaka, Japan) and
Sigma-Aldrich (St. Louis, MO, USA) unless otherwise
specified.

Sulfolobus acidocaldarius (NBRC No. 15157) genomic
DNA was purchased from the Biological Resource Center
(NBRC), National Institute of Technology and Evaluation
(Tokyo, Japan). The BL21(DE3) E. coli strain was used for
recombinant protein expression (Novagen, Madison, WI,
USA), and the DH5x (TOYOBO, Osaka, Japan) and
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MV1184 (TAKARA BIO, Shiga, Japan) strains were utilized
for genetic engineering. Luria-Bertani (LB) medium was used
to culture the E. coli used in the genetic engineering and for
preculturing prior to protein expression. During protein ex-
pression in E. coli, 2% YT liquid medium was used.
Ampicillin (50-100 pg/ml) or kanamycin (100 pg/ml) was
added to the media as needed.

Cloning trehalase-like genes from S. acidocaldarius
and constructing expression plasmids

To amplify the S. acidocaldarius Sacil250 and Sacil816
genes using S. acidocaldarius genomic DNA as a template,
PCR reactions were performed as previously described
(Sakaguchi et al. 2015). The primer sequences for Sacil250
gene were as follows: the forward primer was 5-GGAA
TTCCATATGAATTACGCCTTACTTTCAAACG-3' and
the reverse primer was 5'-CCGCTCGAGTCTT
ACTTCATCAAACTCCAGTATACTTAATACC-3’ (Ndel
site and X#hol site are boldfaced). The primer sequences for
Sacil816 gene were as follows: the forward primer was 5'-
GGAATTCCATATGTTAGGTATGAAACCTCTAGG
ATTTATC-3' and the reverse primer was 5'-CCGCTCG
AGTGTACTTAGACCTTTTACTTCCTTCAGAG-3' (Ndel
site and Xhol site are boldfaced). The primers were purchased
from Eurofins Genomics (Tokyo, Japan). After trimming the
amplified PCR products with Ndel and Xhol, the products
were inserted into the pET21a vector (Novagen) to yield
pET-Saci1250 and pET-Sacil816 expression vectors. These
gene products had C-terminal tails with a hexahistidine tag
(His-tag) derived from the vector. The nucleotide sequences
were verified by DNA sequencing (Eurofins Genomics). The
Sacil250 and Sacil816 nucleotide sequences are available in
the DDBJ/EMBL/GenBank database under the accession
numbers LC330867 and LC330868, respectively.

Expression, purification, enzyme activity, and protein
assays

Each gene product was expressed in E. coli BL21(DE3) and
purified. Pre-cultures of transformants grown overnight at
37 °C in LB medium were inoculated into 2x YT medium
containing 50 pg/ml ampicillin. The cells were grown at 37 °C
for approximately 18 h, then harvested by centrifugation and
suspended in TS buffer [20 mM Tris-HCI, 0.5 M NaCl (pH
7.5)] containing Complete Mini (EDTA-free) proteinase in-
hibitors (Roche Diagnostics, Mannheim, Germany).
Following sonication, the crude extracts and the supernatants
obtained by centrifugation for 20 min at 20,000xg were
assayed for enzymatic activity, and the expression of gene
products was judged by SDS-polyacrylamide gel electropho-
resis (SDS-PAGE) after staining with Coomassie brilliant blue
R-250 (CBB R-250) (Laemmli 1970). The supernatants were
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treated at 65 °C for 30 min to remove heat-labile E. coli pro-
teins. After centrifugation, the samples were subjected to af-
finity chromatography using a Ni-Sepharose™ 6 Fast flow
column (GE Healthcare, Buckinghamshire, UK) with TS
buffer. The bound proteins were eluted with a stepwise in-
crease in imidazole concentration (0, 50, and 500 mM) in
TS buffer. The enzymes were eluted in 500 mM imidazole
in TS buffer, and each enzyme was confirmed to migrate as
a single band by SDS-PAGE analysis. The fractions contain-
ing the purified enzymes were dialyzed against TS buffer,
pooled at 4 °C, and used for subsequent experiments.

Enzymatic activities were measured at 50 °C in 50 mM
acetate buffer (pH 4.0) for SaTreH1 (Sacil816 gene product)
and 50 mM Gly-HCI buffer (pH 3.7) for SaTreH2 (Sacil250
gene product), with 90 mM trehalose as a substrate using a
previously described method (Sakaguchi et al. 2015). The
amount of glucose liberated from the substrates was measured
using the F-kit D-glucose (Roche Diagnostics Gmbh,
Mannheim, Germany) based on a glucose standard curve as
a reference. One unit of enzyme was defined as the amount of
the enzyme that hydrolyzed 1 pumol of trehalose in 1 min.
Protein concentrations were measured with the micro-assay
method (Bio-Rad Laboratories, Hercules, CA, USA) using
bovine serum albumin as a standard protein.

Substrate specificity and pH and temperature profile

The substrate specificity of recombinant enzymes was
assessed at 50 °C in 50 mM acetate buffer (pH 4.0) using
9 mM trehalose, nigerose (Hayashibara Biochemical
Laboratories, Okayama, Japan), maltose, isomaltose,
turanose, malturose, or sucrose for up to 3 h. The effect of
pH on the enzymatic activities toward 90 mM trehalose at
50 °C was measured at a range of pH values (from pH 3.0
to 5.0) using 50 mM Gly-HCl buffer (pH 3.0-4.0) and acetate
buffer (pH 3.3-5.0). To study the pH stability of the enzymes,
the enzyme solutions were added to various buffers (pH 3—11)
at 4 °C for 60 min. After the treatment, treated enzyme solu-
tions were dialyzed against TS buffer and the activities of
SaTreH1 and SaTreH2 toward 90 mM trehalose were mea-
sured at 50 °C and pH 4.0 or pH 3.7, respectively. The effect
of temperature on the enzymatic activity toward 90 mM tre-
halose at pH 4.0 or pH 3.7 was examined at 30, 40, 50, 60, 70,
or 80 °C. To determine the heat stability of the enzymes, the
enzyme solutions were incubated at various temperatures (30—
90 °C) for 60 min and then cooled rapidly, and then the re-
maining activity toward 90 mM trehalose was measured at
50 °C. Differential scanning fluorimetry (DSF) was per-
formed, and the melting temperature (7;,) values were esti-
mated as previously reported (Niesen et al. 2007; Sakaguchi
et al. 2015). The experiments were performed in triplicate.

Kinetic analysis of the trehalose hydrolysis The initial rates of
trehalose hydrolysis at various trehalose concentrations
were measured in 50 mM acetate (pH 4.0, SaTreH1) and
50 mM Gly-HCI (pH 3.7, SaTreH2). The kinetic parame-
ters Vinax and Ky for trehalose were estimated as previ-
ously reported (Sakaguchi et al. 2015). The apparent k.y
values were estimated using molecular masses of 64.6 kDa
(SaTreH1, Sacil816 gene product) and 67.6 kDa
(SaTreH2, Sacil250 gene product), which were deduced
from the amino acid sequences of the enzymes. The ap-
parent K; values were estimated according to previous re-
ports (Mertens et al. 2010; Sakaguchi et al. 2014). The
experiments were performed in triplicate.

Construction of mutant expression plasmids and the expres-
sion, purification, and analysis of the mutant proteins Site-
directed mutagenesis of the Sacil816 gene was performed
using the ODA-PCR method (Mutan®-Super Express Km;
TAKARA BIO). The oligonucleotide primers for mutagenesis
were used as follows (mismatched bases are boldfaced):
SaTreH1 E374Q, 5'-GCTGGAATGTGGCAGGA
CAGAGGAG-3'; SaTreH1 G523S, 5'-GGAC
GTTGTACCTAATCAGCGAACATATTGATGTAGAG-3;
SaTreHl E524Q, 5'-ACGTTGTACCTAAT
CGGTCAGCATATTGATGTAGAGAAC-3'; SaTreH]1
H525E, 5'"-TTGTACCTAATCGGTGAAGAAATTG
ATGTAGAGAACATG-3'. The nucleotide sequences of the
gene, including the mutation site and other regions, were con-
firmed by DNA sequencing. For these mutants, the expres-
sion, purification, activity measurements, and DSF analyses
were performed as described above.

Results

Comparison of Saci1250 and Saci1816 gene products
with other GH15 family enzymes

The deduced amino acid sequence encoded by Sacil816 gene
exhibited 44% identity and 61% similarity with that of the
Sacil250 gene. The amino acid sequence of TVN1315, a
trehalase from 7. volcanium, exhibited 34 and 35% identity
with that of Sacil250 and Sacil 816 gene products, respective-
ly. The phylogenetic tree analysis with relevant GH15 family
enzyme members is shown in Fig. 1. The analysis yielded two
major branches: eukaryotic GAs and bacterial and archaeal
enzymes, including GAs, GDases, and trehalases. As expect-
ed, Sacil250 and Sacil 816 gene products were relatively sim-
ilar to each other among the characterized GH15 family mem-
bers and categorized close to the members of prokaryotic en-
zymes. Therefore, the structures of the two Sulfolobus gene
products were also assumed to have N-terminal (3-sandwiched
and C-terminal (/o)g-barreled structures similar to other
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Fig. 1 Phylogenetic relationship of related enzyme sequences. The
phylogenetic tree was constructed using MEGA7 (Kumar et al. 2016)
and the neighbor-joining method. Bootstrap values based on 1000

prokaryotic GH15 family members (Aleshin et al. 2003). The
primary structures of the putative catalytic domains of the
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replicate are shown at nodes, and the accession number, enzyme name,
and organism name are shown. SaTreH2 (Saci/250 gene product) and
SaTreH1 (Sacil816 gene product) are indicated by a closed circle

Sulfolobus gene products showed 50% identity with each
other.
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Soluble protein expressions in E. coli and substrate specificity
assays for the Sulfolobus gene products Sacil250 and
Sacil816 gene products were expressed as soluble proteins
in E. coli BL21(DE3), and the supernatants of cell homogenates
specifically hydrolyzed trehalose. When protein expression was
induced by isopropyl 3-D-thiogalactopyranoside (IPTG; 0.01 or
0.1 mM) in the present expression system, most of the expressed
proteins were recovered as insoluble proteins, and only a small
amount of Sacil250 and Sacil816 gene products were detected
in the supernatant. Sacil816 gene product in the supernatant
showed a detectable trehalase activity, whereas the trehalase ac-
tivity of Sacil250 gene product could not be confirmed at this
stage using the Sacil250 gene product-containing extract (data
not shown). Protein expression without IPTG induction could
substantially improve the quantities of soluble proteins recovered
in the supernatants for both Saci/250 and Sacil816 gene prod-
ucts. The expressed gene products were purified via heat treat-
ment and subsequent affinity chromatography to generate single
bands in SDS-PAGE analysis (Fig. 2). The N-terminal sequence
analysis of the purified Saci/250 and Sacil816 gene products
showed MNYALLSN and MLGMKPLGFIGNGLT, respective-
ly, which coincided with the expected N-terminal sequence of the
respective genes (Fig. S1). Slight differences between the expect-
ed molecular masses of the C-terminal (His-tag)-added Sacil250

Saci
1250

Saci

(kDa) 1816

100
75

50

37

25

20

Fig. 2 SDS-PAGE analysis of the purified proteins. Lane M, molecular
weight marker (Precision Plus Protein™ Standards, Bio-Rad
Laboratories); Sacil816, Sacil816 gene product (SaTreH1); and
Sacil250, Sacil250 gene product (SaTreH2). The numbers in the margin
indicate the molecular masses (kDa) of the proteins in the molecular
weight marker

gene product (67.6 kDa) and Sacil816 gene product (64.6 kDa)
and the apparent molecular masses estimated from the mobilities
on SDS-PAGE were observed, which is consistent with
Thermoplasma TreHs (Sakaguchi et al. 2015). The discrepancy
may be resulted from the hydrophobicity and/or isoelectric point
of the protein (Shirai et al. 2008), because the presence of the
correct N-terminal and C-terminal His-tag regions was confirmed
by a N-terminal sequence analysis and successful affinity chro-
matography purification, respectively. Based on gel filtration
analysis, both gene products may be dimeric proteins (data not
shown).

Both purified gene products hydrolyzed trehalose to yield
two glucose units, although they had different specific activ-
ities, with Sacil 816 gene product exhibiting higher trehalose-
hydrolyzing activity than Sacil250 gene product. In addition,
both gene products were highly specific for trehalose as sub-
strate, and showed little or no activity toward other disaccha-
rides (i.e., nigerose, maltose, isomaltose, turanose, malturose,
and sucrose) even after a 3-h reaction at 50 °C. Based on these
observations, we identified Sacil816 and Sacil250 gene
products from S. acidocaldarius as an archaeal trehalose-
degrading enzyme member, S. acidocaldarius TreH, namely
SaTreH1 and SaTreH2, respectively (Fig. S1).

pH and temperature effects on SaTreH1 and SaTreH2
and steady-state kinetic analysis

Figure 3a, b illustrates the effects of pH on SaTreH1 and
SaTreH2 activity. The trehalose-hydrolyzing activities of
SaTreH1 and SaTreH2 were maximal at pH 3.7 (SaTreH2)
and pH 4.0 (SaTreH1), and more than half of their maximal
activities were observed over a range between pH 3.5 and pH
4.5 and between pH 3.3 and pH 4.0, respectively. The optimal
temperature for the enzymatic activity with 90 mM trehalose
in 50 mM acetate buffer at pH 4.0 (SaTreH1) or 50 mM Gly-
HCI buffer at pH 3.7 (SaTreH2) was approximately 60 °C for
SaTreH1 and approximately 70 °C for SaTreH2 (Fig. 3c, d). It
is noted that SaTreH1 and SaTreH2 seem to begin partial,
though reversible, inactivation at temperatures above 50 and
60 °C, respectively, because each Arrhenius plot was appar-
ently linear below 50 °C but began to deviate from linearity
above 50 or 60 °C (Fig. S2A and B). For this reason and also
to compare their properties with related Thermoplasma TreHs
under the same condition, we carried out the pH- and
temperature-related experiments at 50 °C.

SaTreH1 and SaTreH2 were stable over a wide pH range.
Figure 4a, b shows that SaTreH1 and SaTreH2 retained more
than 80% activity after a 60-min incubation at pH 3.5-10 and
pH 3.5-11, respectively. We then examined the heat stability
of the enzymes and determined the enzymatic activities at
50 °C after 60 min of heat treatment (30 to 90 °C). The results
are shown in Fig. 4c¢, d. SaTreH1 was nearly stable for 60 min
at temperatures ranging from 30 to 70 °C, although the activity
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Fig. 3 Effects of pH and A B
temperature on the activities of 60 2
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Fig. 4 Stability of trehalase activity, SaTreH1 (a, ¢) and SaTreH2 (b, d),
at different pH values (a, b) and temperatures (c, d). a, b Trehalases were
incubated at 4 °C for 60 min at various pH values as follows: 50 mM Gly-
HCI buffer (pH 34, circle), 50 mM acetate buffer (pH 4-6, square),
50 mM Tris-HCI buffer (pH 7-9, triangle), and 50 mM carbonate-
NaOH buffer (pH 1011, rhombus). After the treatment, treated enzyme
solutions were dialyzed against TS buffer and the activities of SaTreH1
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60 min, after which the activity of SaTreH1 (closed square) and
SaTreH2 (open circle) were measured at 50 °C. Experiments were
performed in triplicate, and the relative values with error bars are shown
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decreased at and above 80 °C after 60 min. The active site of
SaTreH2 showed higher stability than that of SaTreH1 over a
range of temperatures (30-90 °C). The DSF analysis could not
estimate the apparent protein melting temperature (77,,) values
because the inflection points of the transition curves could be
observed only above 95 °C, suggesting that the 7}, values of
SaTreH1 and SaTreH2 were higher than 95 °C. A difference
between the optimal temperatures and 7, values was also
observed with Thermoplasma TreHs (Sakaguchi et al. 2015).

We determined the steady-state kinetic parameters of
SaTreH1 and SaTreH2 trehalases at 60 or 70 °C, respectively,
and at 50 °C. In 50 mM acetate buffer (pH 4.0), the SaTreH1
reaction obeyed Michaelis-Menten kinetics (Fig. S3A), and
the k., and Ky values at 60 °C were 102.5+6.10 s and
54.5+6.03 mM and those at 50 °C were 77.0+1.24 s~ and
41.8+0.67 mM respectively. The Ky, values and the
Michaelis-Menten-type behavior were similar to those of
Thermoplasma TreHs (40-49 mM) and Mycobacterium
trehalase (20 mM) (Sakaguchi et al. 2015; Carroll et al.
2007). However, SaTreH2 behaved differently from previous-
ly described trehalases at 70 and 50 °C in 50 mM Gly-HCI
buffer (pH 3.7) and presented k., values of 3.43+0.03 and
1.60+0.02 s~ and Ky values of 3.47+0.18 and 2.39 +
0.06 mM, respectively. The Ky, values were similar to that
of E. coli GH37 trehalases and GH65 acidic trehalase, al-
though the k., values were significantly lower (Table 1).
SaTreH2 activity was inhibited with elevated concentrations
of trehalose at 50 °C, with apparent K; value of 260 mM, but
the inhibition was attenuated at 70 °C (Fig. S3B and C).
Similar inhibition at elevated substrate concentrations was re-
ported on fungal GA, AmyC (Mertens et al. 2010).

Involvement of Glu374, Glu524, Gly523, and His525
in SaTreH1 trehalase activity

Based on our knowledge of GH15 family enzymes and ar-
chaeal trehalases, which possess five conserved regions in
the primary structures and have two catalytic residues con-
served in regions 3 and 5, we found that two amino acid
residues of SaTreH1, Glu374 and Glu524, may correspond
to conserved catalytic residues (Figs. 5 and S1). To examine
the possible involvement of the two amino acid residues in
trehalase activity, we constructed two mutants, E374Q and
E524Q, in which Glu374 or Glu524 of SaTreH1 was
substituted with a glutamine residue one at a time. The
SaTreH1 E374Q and E524Q mutants were expressed in E.
coli and purified similarly to wild-type SaTreH1 (Fig. 6).
The T, values of both mutants were higher than 95 °C. The
SaTreH1 E374Q and E524Q mutants exhibited greatly re-
duced hydrolytic activities of 0.001 and 0.04 U/mg, respec-
tively, with 90 mM trehalose at 50 °C in 50 mM acetate buffer
(pH 4.0) compared with 48.4 U/mg of SaTreH1. These results
indicate that these glutamic acid residues may be involved in
SaTreH]1 activity and suggest that E382 and E543 of
SaTreH2, which present corresponding locations, are similar-
ly involved in trehalase activity (Figs. 5 and S1).

Notably, SaTreH1 has a -Gly-Glu-His- (GEH) sequence at
position 523-525, which is unique among GH15 family en-
zymes. Thermoplasma TreHs and Clostridium sp. GA have
SEE and SEQ sequences, respectively, at corresponding posi-
tions. To investigate the role of the glycine and/or histidine
residues in the active site of SaTreH1 and the possible signif-
icance of differences in these positions between Sulfolobus

Table 1 Kinetic parameters of

various trehalases using trehalose Organism (enzyme name) GH family ke s ) Ky (mM)  ke/Kn(s ' mM ') Temperature,

as the substrate pH
S. acidocaldarius (SaTreH1) 15 77.0 41.8 1.84 50,4.0
S. acidocaldarius (SaTreH1) 15 102.5 54.5 1.88 60, 4.0
S. acidocaldarius (SaTreH2) 15 1.60 2.39 0.67 50, 3.7
S. acidocaldarius (SaTreH2) 15 343 347 0.99 70, 3.7
T. volcanium (TVN1315) 15 63.0 48.7 1.29 50, 3.7
T. acidophilum (Ta0286) 15 66.7 40.2 1.66 50, 3.7
M. smegmatis 15 ND? 20.0 ND? 37,7.1
E. coli (cytoplasmic) 37 57.6° 19 30.3 30,5.5
E. coli (periplasmic) 37 84.1° 0.8 105 30,55
S. cerevisiae (acidic) 65 67.7° 4.7 14.4° 37,4.5
S. cerevisiae (neutral) 37 148° 345 4.29 37,7.0

The kinetic parameters of various trehalases and the conditions for activity measurements were obtained from the
following sources: SaTreH1 and SaTreH2 (this study); 7. volcanium and T. acidophilum (Sakaguchi et al. 2015);
M. smegmatis (Carroll et al. 2007); E. coli (cytoplasmic) (Horlacher et al. 1996); E. coli (periplasmic) (Tourinho-
dos-Santos et al. 1994); Saccharomyces cerevisiae (acidic) (Mittenbiihler and Holzer 1988); S. cerevisiae (neutral)

(App and Holzer 1989)
#Not determined

® The values were estimated from the Vimax for each enzyme based on its monomeric molecular mass
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Conserved region 1

SaTreH2 230 | DE \ Y A 263
BAB65993 252 | M E \ Y A 285
AKA78347 236 | S \ Y S 269
ADX86426 236 | S \ Y S 269
SaTreH1 222 A S \ M1 255
ADX86414 230 \ K A [ 263
AKA72943 230 \ K A [ 263
BAB66158 226 \ S A T 259
ABP95480 226 \ S A [ 259
ABP95157 233 | \ A (Y% 266
Ta0286 261 A E T YV 294
TVN1315 261 A E T YV 294

Conserved region 2

SaTreH2 305 E N F M K | YL M 333
BAB65993 327 E N F K K \Y Y L M 355
AKA78347 311 E | H K F \ YM M 339
ADX86426 311 E I H K F \ Y M M 339
SaTreH1 297 I E Y M R \Y AS L 325
ADX86414 305 R K Y K K | S S L 333
AKA72943 305 R E Y K K | S S L 333
BAB66158 301 VvV K Y K K | S K L 329
ABP95480 301 R K F R R TV ST L 329
ABP95157 308 V E F M R \ A A L 336
Ta0286 334 R E Y R R | V D | 361
TVN1315 334 R | Y R R | vV D | 361
Conserved region 3 4

SaTreH2 367 VSSS RGESTD E I SR 390

BAB65993 389 T VKSY REPSTD E VTR 412

AKA78347 373 E TKKS KW STD Q V EE 396

ADX86426 373 E TKKS KW STD Q V EE 396

SaTreH1 359 VS KN M L AG D D K 382

ADX86414 367 I AEN S L S G D S Q 390

AKA72943 367 I SENWS L S G D S/PQ 390

BAB66158 363 VS EN L L S G D E R 386

ABP95480 363 EAEN R M S G D E Q 386

ABP95157 370 VS EN K L Vo E vVaaA 393

Ta0286 393 AK I EYL K'Y S S F TE K Q 416

TVN1315 393 AK I EYL K'Y S S F T EIK Q 416
Conserved region 4

SaTreH2 486 - L K - L 504

BAB65993 507 - L K - L S 525

AKA78347 493 - L D - N 511

ADX86426 493 - L D - S 511

SaTreH1 467 FV Q - E 485

ADX86414 482 V FV T - E 500

AKA72943 482 V FV T - E 500

BAB66158 477 GNFV T - E 495

ABP95480 475 FV S - E 493

ABP95157 484 QA R - L E 502

Ta0286 512 Y L E DGLKG 532

TVN1315 512 Y L E DGLKG 532

Conserved region 5

SaTreH2 538 G | P E R L P 562
BAB65993 559 I K L Q K R S P 583
AKA78347 545 S L L QN R A P 569
ADX86426 545 S L L QN R A P 569

SaTreH1 519 Y | V E T A \Y 543
ADX86414 534 H \ V E T | \Y 558
AKA72943 534 HLV V E T I'FV 558
BAB66158 529 K | V E T \Y \% 523
ABP95480 527 H L TS T \Y \% 551
ABP95157 536 TY \Y P K T A AQ 560

Ta0286 566 G Y E K L ALS 590

TVN1315 566 IG Y E K L AL SI 590
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<« Fig. 5 Sequence alignments of the conserved regions (1-5) of archaeal
trehalases with selected deduced sequences of relevant genes. The aligned
sequences are as follows: SaTreH2; putative gene products of three
SaTreH2-related genes (accession numbers: BAB65993, AKA78347,
and ADX86426, see Fig. S4); SaTreH1; putative gene products of five
SaTreH1-related genes (accession numbers: ADX86414, AKA72943,
BAB66158, ABP95480, and ABP95157, see Fig. S4); Ta0286; and
TVNI1315. Amino acid residues that are identical in seven or more of
the aligned enzymes are shaded. The “number sign” symbol denotes the
putative catalytic residues

and Thermoplasma TreHs, we constructed two mutants in
which Gly523 or His525 was substituted with serine or
glutamic acid residues, respectively, thereby mimicking the
TVN1315 sequence. The mutants were expressed, purified
(Fig. 6), and examined for their trehalose-hydrolyzing activi-
ties. The activity of SaTreH1 G523S (50.0 U/mg) was similar
to that of wild-type SaTreH1, although the activity of H525E
mutant was reduced to 7.4 U/mg with 90 mM trehalose at
50 °C in 50 mM acetate buffer (pH 4.0). Kinetic parameters
of these mutants toward trehalose at 50 °C in 50 mM acetate
buffer (pH 4.0) were as follows: the k., and Ky, values of
G523S were 98.3+£2.65s ! and 71.6+3.36 mM, and those
of H525E were 8.70£0.15 s ' and 6.43+0.53 mM, respec-
tively. Both mutants showed lower 77, values at approximate-
ly 89 °C than did the wild-type SaTreH1, E374Q, or E524Q
mutants in the DSF analysis. These results indicate that
SaTreH1 His525 is involved in the catalytic reaction and sub-
strate recognition and that both amino acid residues contribute
to SaTreH]1 stability, although interactions between these res-
idues and other amino acid residues remain unidentified. The
configuration of the general backbone as well as the substrate-
binding sites and catalytic residues are likely consistent in

(kpa) M 1 2 3 4
100
75

50

37

25

20

Fig. 6 SDS-PAGE analysis of mutant SaTreH1 trehalases. a Lane M,
molecular weight marker (Precision Plus Protein™ Standards, Bio-Rad
Laboratories); lane 1, E374Q; lane 2, ES24Q; lane 3, G523S; and lane 4,
HS525E. The numbers in the margin indicate the molecular masses (kDa)
of the proteins in the molecular weight marker

SaTreH1 and Thermoplasma TreHs, although additional ami-
no acid residues that are not conserved between the two may
be required to generate the proper active site structure of
Sulfolobus TreHs and confer additional thermal stability to
the Sulfolobus enzyme.

Discussion

Recently, we reported two trehalose-hydrolyzing enzymes
from Euryarchaeota Thermoplasma species expressed in E.
coli as recombinant proteins and proposed a third route of
trehalose degradation in archaea, which directly hydrolyzes
trehalose to glucose molecules and may regulate trehalose
concentration. In this study, we found two archaeal
trehalase-like genes in thermoacidophilic Crenarchaeon S.
acidocaldarius and demonstrated that they could hydrolyze
trehalose under a narrow acidic pH range and elevated tem-
peratures, and they showed distinct specific activities.

SaTreH1 and SaTreH2 (Sulfolobus TreHs) are similar to
each other (Figs. 1, 5, and S1). A phylogenic analysis of ar-
chaeal GH15 trehalase-like sequences in the CAZy database,
which includes a number of functionally unidentified se-
quences, suggests that the sequences can be divided into
Crenarchaeota and Euryarchaeota enzyme groups, and the
Crenarchaeota enzyme group is further divided into two sub-
groups: SaTreH1 and SaTreH2 (Fig. S4). Although the former
and the latter subgroup members may have high Ky; and k.
and low Ky and k., values, respectively, similar to SaTreH1
and SaTreH2, their identification as trehalases has yet to be
established.

In yeast Saccharomyces cerevisiae, two trehalases, Nthl
and Nth2 (77% identity at the protein level), are also known
as neutral trehalases belonging to GH37 family. Evidence has
been accumulated indicating that Nth1 is activated through
cAMP-dependent kinase (PKA) phosphorylation, Ca®* bind-
ing, and the 14-3-3 protein binding (Uno et al. 1983; Ortiz
etal. 1983; Franco et al. 2003; Panni et al. 2008; Veisova et al.
2012; Kopecka et al. 2014; Alblova et al. 2017). Nth2 also
showed trehalose hydrolyzing activity at neutral pH range
(Jules et al. 2008). However, the activation process of Nth2
has not been reported despite of its high identity with Nth1 at
protein level.

SaTreH2 shares 44% identity with SaTreH1 and possesses
putative catalytic residues at positions corresponding to those
of SaTreH2, but it exhibits low trehalose-hydrolyzing activity.
In addition, SaTreH?2 has a significantly lower Ky, value than
SaTreH1. The reason for this difference remains unclear at
present. A number of amino acid residues are conserved
among GHI15 archaeal TreHs (Figs. 5 and S1) in five con-
served regions. These amino acid residues are likely involved
in forming active site and recognizing the substrate. However,
some of these conserved residues are not conserved in
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SaTreH2. These SaTreH2-unique residues as well as yet un-
identified amino acid residue(s) in SaTreH2 may contribute to
enhanced trehalose affinity but negatively affect the catalytic
reaction. Minor changes not involving catalytic residues may
lead to profound changes in catalytic properties. Thus, the
chitinolytic activity of human acidic mammalian chitinases
(AMCase) is significantly lower than that of its mouse coun-
terpart, although Okawa et al. (2016) reported that human
AMCase activity was increased to a level comparable to its
mouse homolog through amino acid-substitutions in a con-
served region of the mammalian AMCase, not including the
catalytic residues. It should be noted in this context that
SaTreH1 mutant H525E showed lower k., and Ky, values
than those of SaTreH1.

Considering the activation process for yeast neutral
trehalase described above, phosphorylation as well as interac-
tion with regulatory protein(s) in Sulfolobus sp. may activate
SaTreH2, because potential protein kinase/phosphatases are
reported in certain archaea (Kennelly 2014; Iakoucheva
et al. 2004; Fig. S1). Alternatively, SaTreH2 may have the
potential to hydrolyze other sugars not yet tested. Certain
Sulfolobus species and Crenarchaeota Metallosphaera sedula
appear to possess two or more GH15 enzymes acting on tre-
halose or other sugars (Fig. S4).

Recently, Moon et al. (2016) identified a trehalose-
hydrolyzing enzyme in the cell-free extract of S.
acidocaldarius DSM639. The purified enzyme had a molec-
ular mass of 40 kDa and was optimally active at high temper-
atures (85 °C) and under acidic conditions (pH 4.5). The Ky
value for trehalose hydrolysis was 6.6 mM, and the specific
activity was 2.71 U/mg under optimal conditions. Our results
indicate that S. acidocaldarius has two trehalose-hydrolyzing
enzymes with considerably different catalytic properties.
Sacil816 and Sacil250 genes are therefore candidates for
the unidentified trehalase gene in S. acidocaldarius. The cat-
alytic properties of trehalase reported by Moon et al. (2016)
are similar to those of SaTreH2. SaTreH2 (Saci/250 gene
product) appears to be constitutively expressed in the
thermoacidophilic archaeon S. acidocaldarius and functions
as a processed form lacking an N-terminal region.
Alternatively, truncated SaTreH1 (Sacil/816 gene product),
whose activity was partly impaired through processing, may
represent the trehalase reported by Moon et al. (2016). In the
GHI1S5 family GAs, the N-terminal domain has been reported
to be important for enzyme activity (Li et al. 2014; Sakaguchi
etal. 2017). However, further studies are needed to clarify this
issue.

Trehalose accumulates in archaea, such as Sulfolobus and
Thermoplasma species (Martins et al. 1997; Moon et al.
2016). Of the three enzymes implicated in trehalose degradation
(Iturriaga et al. 2009), Moon et al. (2016) reported the stationary
phase cell extract showed high trehalose-hydrolyzing activity
(TreH) but little trehalose glycosyltransferring synthase (TreT)

@ Springer

and trehalose phosphorylase (TreP) activities. Most likely, a
processed form of either SaTreH1 or SaTreH2, which represent
the Sulfolobus trehalase (TreH), is involved in regulating the
trehalose content. Although trehalose metabolism in archaea is
poorly understood, the discovery of archaeal trehalose-
hydrolyzing enzymes that belong to the GH15 family and pres-
ent distinct characteristics will help in providing insights into
trehalose metabolism in archaea and extend our understanding
of the structure-function relationships of GH15 family enzymes
as well as other carbohydrate-active enzymes.
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