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Abstract

Insect trehalases are glycoside hydrolases essential for trehalose metabolism and stress resistance. We here report the extrac-
tion and purification of Acyrthosiphon pisum soluble trehalase (ApTreh-1), its biochemical and structural characterization,
as well as the determination of its kinetic properties. The protein has been purified by ammonium sulphate precipitation,
first followed by an anion-exchange and then by an affinity chromatography. The SDS-PAGE shows a main band at 70 kDa
containing two isoforms of ApTreh-1 (X1 and X2), identified by mass spectrometry and slightly contrasting in the C-terminal
region. A phylogenetic tree, a multiple sequence alignment, as well as a modelled 3D-structure were constructed and they
all reveal the ApTreh-1 similarity to other insect trehalases, i.e. the two signature motifs ”’PGGRFRELY YWDTY!? and
4PPQWDFPNAWPP*, a glycine-rich region ** GGGGEY>>, and the catalytic residues Asp336 and Glu538. The optimum
enzyme activity occurs at 45 °C and pH 5.0, with K, and V. values of ~71 mM and ~ 126 pmol/min/mg, respectively. The
present structural and functional characterization of soluble A. pisum trehalase enters the development of new strategies to
control the aphids pest without significant risk for non-target organisms and human health.
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1 Introduction

Trehalose (a-D-glucopyranosyl-a-D-glucopyranoside) is
found in many microorganisms such as bacteria, yeasts [1],
plants [2], and invertebrates [3]. In most insects, this non-
reducing disaccharide formed by a 1,1-glycosidic bond is
known to be the major source of carbohydrate and energy
[4]. The hydrolysis of trehalose into two glucose molecules
takes place under the enzymatic control of trehalase (Treh)
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(EC 3.2.1.28). This enzyme was first discovered in Asper-
gillus niger in 1893 [5], and detected in various organisms
[1-3, 6-8]. According to the latest classification system of
glycoside hydrolases based on their amino acid sequence
similarity, Treh is an inverting glycosidase [9] belonging
to either of the families 15, 65, and 37. In insects, two dis-
tinct Trehs have been characterized so far, both belonging
to GH37: a soluble form (Treh-1) found in haemolymph or
midgut, and a membrane-bound form (Treh-2) present in
flight muscles and follicle cells [3]. Treh-1 activity generally
accounts for three-fourths of the total Treh activity ([10]).
Whereas some Treh-2 enzymes would be inactive and pre-
sent in a latent form ([11]). These latter have a putative trans-
membrane domain near their C-terminus [12]. Both enzymes
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have diverse biological roles such as stimulating growth and
development, supplying energy for flight, regulating chitin
biosynthesis, and recovering from abiotic stress [3].

Whilst the inhibition of chitinase was shown relevant to
control harmful insects [13] as it allows for moulting during
insect development, Treh only recently received attention as
a promising solution for pest control. Indeed, Treh inhibitors
such as validamycin A, castanospermine and trehazolin are
able to disturb the regulation of trehalose catabolism, caus-
ing severe damage such as abnormal development, hampered
growth, weight loss, reduced chitin synthesis, decreased
flight capacity, lethal metamorphosis, unsuccessful stress
recovery, as well as hypoglycaemia [3, 14—16].

Due to their direct action on plants, aphids are major
hemipteran pests for forests, cereals, vegetables and fruit
crops. Moreover, they are difficult to control due to their
high reproductive capability, combined to a short develop-
ment time. Among them, Acyrthosiphon pisum (A.pisum),
commonly known as the pea aphid, is a sap-sucking insect
in the Aphididae family. It feeds on several species includ-
ing legumes and forage crops such as pea, clover, and broad
bean. It ranks among the aphid species of major agronomical
concern, as it is involved in the transmission of over 40 plant
viruses [17]. In addition, the pea aphid is a model organism
for biological studies, as its genome has been sequenced and
annotated [18].

The reported extractions, purifications and characteriza-
tions of insect Trehs usually start from various crude enzyme
solutions: blood for Phormia regina [6], embryos and larvae
for Artemia [19], or whole midgut for the silkworm Bombyx
mori [20] and Spodoptera frugiperda [21] and more recently
on whole honeybees [22] and whole termites [23]. Gene
cloning and prokaryotic expression were also used for Trehs
from Chironomus ramosus [24], Drosophila melanogaster
[25] and Helicoverpa armigera [8]. In the case of aphids,
both soluble and membrane-bound trehalases in apterous
and alate morphs of Aphis citricola have been observed [26].
More recently, the soluble trehalase of Aphis glycines has
been described [27], but to the best of our knowledge, no
data on A.pisum Trehs have been published so far.

Multiple amino acid sequence alignment analysis
from bacteria, plants, animals and fungi revealed two
Treh signature motifs, i.e. -PGGRFXEXYXWDXY- and
-QWDXPX[G/AJW[P/A/S]P-, and a glycine rich region
(GGGGEY) in the C-terminal region [28, 29]. Gibson et al.
[30] have shown that the catalytic domain of E.coli trehalase
displays an aspartate (Asp312) and a glutamate (Glu496)
residues, which respectively play the role of a general acid
and a general base, similarly to hydrolases from the GH37
family. By site-directed mutagenesis in Spodoptera fru-
giperda, three arginine residues essential to the enzyme
activity were identified inside the active site [28-31]. Up to
now, only 10 crystallized structures of Trehs can be found
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in the Protein Data Bank (PDB): 4 from E. coli, 4 from Sac-
charomyces cerevisiae, and 2 from Enterobacter cloacae.
Like other a-toroidal glycosidases, they show a (a/at) barrel
fold. No three-dimensional (3D) structure is available from
experimental data for Trehs from plants, animals or fungi,
whereas molecular modelling studies predict the 3D-struc-
ture of insect Trehs in Helicoverpa armigera [32], Bombyx
mori [33], Drosophila melanogaster [25], Tenebrio molitor
[34], Chironomus riparius [35], and Delia antiqua [36].

The present work is focused on the extraction and puri-
fication of the Acyrthosiphon pisum soluble trehalase
(ApTreh-1) in order to determine its biochemical, struc-
tural and kinetic properties. From the amino acid sequence
revealed by mass spectrometry, we have built a model
3D-structure. We have also identified the essential amino
acids conserved in the vicinity of the active site. To the best
of our knowledge, this is the first study reporting the char-
acterization of A. pisum Treh.

2 Materials and Methods
2.1 Insects

Aphids were reared in a climate-controlled room (16 h light;
22+ 1 °C; 70% Relative Humidity). Acyrthosiphon pisum
Harris, Gembloux clone, were fed for several years on broad
bean (Vicia faba L., grosse ordinaire variety) at Gembloux
Agro Bio-Tech, Liege University.

2.2 Materials

HiTrap DEAE-Sepharose Fast Flow, Superdex 200 pg 16/60
and desalting column Sephadex G-25 PD-10 were purchased
from GE Healthcare — Life Sciences. The Precision Plus
Protein™ Standards Unstained was supplied by Bio-Rad.
Other chemicals of analytical grade are from Sigma-Aldrich.

2.3 Enzyme Activity Measurement

Treh activity is determined by the 3,5-dinitrosalicylic acid
(DNS) test, a colorimetric assay based on the reduction of
DNS in alkaline conditions, which is quantified by absorp-
tion spectrophotometry at A, =540 nm [37]. First, 10 ul of
the enzyme solution is mixed with 40 pl of 200 mM treha-
lose and 50 ul of 0.2 M acetate buffer (pH 5), and incubated
at 37 °C for 15 min; 300 pl of DNS (10 mg/ml) are then
added, and the reaction is stopped in a boiling bath. One
unit of enzyme (U) is defined as the enzyme amount that
hydrolyses 1 umol of trehalose per minute. To assess the
ApTreh-1 optimal temperature activity, the above-described
aliquot was incubated at 4, 25, 37, 45, 50, 55 and 60 °C for
15 min. Similarly, it was incubated for 15 min at 45 °C while
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varying pH: 50 mM citric acid-Na,HPO, buffer (pH 3),
0.2 M CH;COOH/CH;COONa bufter (pH 4; pH 5), 50 mM
NaH,PO,/Na,HPO, (pH 6; 7; 8) and 50 mM borate buffer
(pH 9). For the kinetics parameters (K, V,,,,,) determina-
tion, increasing concentrations of trehalose (1, 5, 10, 25, 50,
75, 100, 150 and 200 mM) were added and incubated for
15 min at 45 °C and pH 5. Enzyme activity recovery (yield)
is determined by:

Total activity from step n

Total activity from first step M
where “n” represents the number of purification step.
The purification factor (fold) is obtained by:

Specific activity from step n @

Specific activity from first step

[73t)

where “n” represents the number of purification step.

2.4 Protein Concentration Determination
and SDS-PAGE Analysis

Protein content was measured by absorbance at 280 nm with
a UV-6300PC spectrophotometer from VWR. For 1-D elec-
trophoresis, proteins and molecular weight standards were
loaded on a stacking gel (4% acrylamide, 0.5 M Tris—HC1
buffer pH 6.8). Electrophoresis was carried out in a Tris
running buffer (0.25 M Tris, 1.9 M glycine, 1% SDS) under
200 V for 1h15. Proteins were then separated in a running
gel (12% acrylamide, 1.5 M Tris—HCI buffer pH 8.8). Pro-
teins were stained by the Coomassie Blue staining technic,
for which Precision Plus Protein™ Standards Unstained
were used as molecular weight standards (ten Strep-tagged
recombinant proteins: 10, 15, 20, 25, 37, 50, 75, 100, 150,
and 250 kDa).

2.5 Mass Spectrometry

The proteins were digested with trypsin following the Filter-
Aid Sample Preparation (FASP) protocol [38]. Peptides were
analysed by using a nano-LC-ESI-MS/MS maXis Impact
UHR-TOF (Bruker, Bremen, Germany) coupled with a
nanoLC UltiMate 3000 (Thermo). The digests were sepa-
rated by reverse-phase liquid chromatography using a 75 um
X 250 mm reverse phase Thermo column (Acclaim PepMap
100 C18) in an Ultimate 3000 liquid chromatography sys-
tem. Mobile phase A was 95% water/5% acetonitrile with
0.1% formic acid, while mobile phase B was 20% water/80%
acetonitrile with 0.1% formic acid. The digest (18 ul) was
injected, and the organic content of the mobile phase was
linearly increased for 90 min from 5% B to 40% B, and from
40% B to 100% B in 10 more minutes. The column efflu-
ent was connected to a Captive Spray (Bruker). Peak lists

were created using DataAnalysis 4.2 (Bruker) and searched
against the Aphidoidea database (from NCBInr) with an
automatic decoy database search. Scaffold 4.8 (Proteome
Software) was used to validate the MS/MS protein identifi-
cation based on peptides.

2.6 Amino Acid Sequence Analysis

Isoelectric point, molecular weight and extinction coeffi-
cient of ApTreh-1 were estimated by ProtParam tool from
ExPASy. The known Trehs sequences from Aphis glycines,
Bombyx mori, Apis mellifera, Tenebrio molitor, and Dros-
ophila melanogaster isoform C were aligned using the
T-Coffee multiple sequence alignment followed by Box-
Shade 3.21. All the conserved regions were compared. For
the phylogenetic tree, 38 identified Trehs of various insect
orders were obtained from Uniprot, either soluble or mem-
brane-bound forms. The sequences were aligned using the
Multiple Sequence Comparison by Log-Expectation (MUS-
CLE) and were assembled to a neighbour-joining tree using
Mega X. For the detection of conserved residues, both Treh
isoform sequences from A.pisum were aligned using Clustal
O 1.2.4 multiple sequence alignment. Putative N-linked gly-
cosylation sites were predicted with NetNGlyc 1.0.

2.7 Homology Modelling and Validation

The 3-D structure prediction of ApTreh-1 was based on a
homology modelling method embedded in Swissmodel [39].
With 33% sequence identity, the template was the crystal
structure of the periplasmic Treh from Diamondback moth
gut bacteria, complexed with validoxylamine (PDB ID:
5266.1, resolution 1.8 IOA) [40]. The model was checked for
quality and confirmed by Ramachandran plot with MolPro-
bity [41].

2.8 Purification of ApTreh-1

20 g of aphids were ground in a mortar and transferred in
20 ml 0.2 M CH;COOH/CH;COONa buffer pH 5. The
crude extract, to which the protease inhibitor PMSF (Phe-
nylmethylsulfonyl fluoride) was added, was then placed
under constant agitation at 8 °C for 2 h. It was centrifuged
at 12,000 g and 4 °C for 30 min, and the supernatant was
conserved at 4 °C (S1). In order to extract a maximum
amount of enzyme, the pellet was suspended in 10 ml of
0.2 M acetate buffer pH 5, placed again under constant agita-
tion at 8 °C for 2 h, and centrifuged at 12000 g and 4 °C for
30 min. The second supernatant (S2) was stored at 4 °C. S1
and S2 were gathered before fractionation by (NH,),SO,.
A first saturation rate of 35% (NH,),SO, allowed most of
the unwanted proteins to precipitate. A second saturation
rate of 60% (NH,),SO, is necessary to obtain a precipitate
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containing the Treh. The pellet is solubilized in 5 ml
Tris—HC1 20 mM buffer pH 8 and passed through a Sepha-
dex G-25 PD-10 desalting column to eliminate (NH,),SO,
and most of the pigments. The sample was then loaded on a
HiTrap™ DEAE-Sepharose Fast Flow column equilibrated
with 20 mM Tris—HCI buffer pH 8. Proteins were eluted
at 1 ml/min for 30 ml in the same Tris—HCI buffer with a
0 to 1 M NaCl gradient. Trehalase active fractions, identi-
fied with the DNS method, were pooled, diluted 10 times in
a binding buffer (Tris—HCI pH 7.4; 500 mM NaCl; 1 mM
CaCl,; 1 mM MnCl,) and then applied to a HiTrap Con A
4B affinity column equilibrated with the binding buffer. Elu-
tion was performed with a Tris—HCI pH 7.4; 500 mM NacCl;
300 mM methyl-a-D-mannoside elution buffer. Trehalase
active fractions were finally loaded onto polyacrylamide gel
slab (12%) for further investigation.

2.9 Far-UV Circular Dichroism Measurements

The Far-UV circular dichroism (CD) spectrum was
recorded with a MOS-500 spectropolarimeter at 20 °C in
20 mM phosphate buffer pH 7, using a 1 mm pathlength
quartz Suprasil cell (Hellma), with a protein concentration
of ~0.1 mg/ml (1.5 uM). Four scans (20 nm/min, 1 nm band-
width, 0.1 nm data pitch, and 2 s digital integration time)
were averaged, base lines were subtracted and no smooth-
ing was applied. Data are presented as the molar residue
ellipticity ([@]yrg) calculated using the molar concentra-
tion of protein and number of residues. Secondary structure
analyses using CDSSTR [42, 43], CONTINLL [44, 45] and
SELCON3 [43] algorithms were performed on the CD data
with the Dichroweb software package [46]. Further analy-
sis was also carried out using the BeStSel algorithm avail-
able through the BeStSel server [47]. The results from the
four algorithms were averaged and the standard deviations
between the calculated secondary structures are given in the
results section.

3 Results
3.1 Extraction and Purification of ApTreh-1

ApTreh-1 was extracted and purified from the soluble frac-
tion of a crude aphid extract. The soluble trehalase was
isolated after three purification steps using ammonium sul-
fate precipitation, ion-exchange, and concanavalin columns
(Table 1). The enzyme was purified 230-fold, which gives
a specific activity of 88.6 pmol/min/mg. Approximately
0.3 mg of ApTrehl was recovered from 20 g of aphids, in
line with the extraction-purification yield observed for Treh
in Artemia embryos and larvae [19].

The crude extract of aphids was first suspended in a pH
5 buffer, as it was found optimal for the extraction step (Fig
S1). The (NH,),SO, precipitation, allowed for a fivefold
purification and for removing irrelevant proteins, while
maintaining high specific activity. More importantly, this
step eliminates the pigments present in A.pisum (typically
aphins and carotenoids) [48, 49], which can cause severe
damage to the chromatographic columns. The sample was
then applied on a HiTrap DEAE-Sepharose Fast Flow
(FPLC system) with a linear increasing gradient in NaCl
concentration. Treh active fractions were pooled, showing a
eightfold purification and a 60% of activity recovery. They
were finally run on a HiTrap Con 4B, and Treh active frac-
tions were loaded on a SDS-PAGE gel (12%). The enzyme
was detected with the Coomassie blue G-250 staining and
showed a major protein band at about 70 kDa (Fig. 1).

3.2 Sequence and Phylogenetic Analysis

The 70 kDa band observed on SDS-PAGE has been analysed
by mass spectrometry (MS). From the MS identified pep-
tides (Fig S4 — Table S2) and the A. pisum Trehs sequence
predicted in the Uniprot database, two isoforms (X1 and
X?2) were revealed (Fig. 2). They are actually encoded by
the same gene (gene ID from GenBank: 100,161,043), and
most probably the result of an alternative splicing on the last
coding exon. Indeed, X1 is 17 amino-acids longer compared
to X2, and X2 differs from X1 by only 6 amino acids in the
C-terminal end. On the basis of their respective amino acid

Table 1 Summary of the
purification steps of ApTreh-1

Procedure Total activity (U Total Specific Yield (%) Purification
or umol/min) protein activity (U/ factor (fold)
(mg) mg)
Crude extract 253.4 660.2 0.4 100 1.0
Ammonium sulfate precipitation  214.3 103.1 2.1 85 5
DEAE-Sepharose 151.3 52.3 2.9 60 8
Concanavaline A 4B 26.4 0.3 88.6 10 231
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MW CE

(NH,4),50,4

DEAE  ConA

75kDa

50kDa

25kDa

Fig.1 1-D SDS-PAGE 12% polyacrylamide handmade gels with
every purification steps: CE Crude Extract, (NH,),SO, Ammonium
sulphate precipitation, DEAE Anion Exchange Chromatography, Con
A Affinity Chromatography

sequence, we calculated their molecular weights and isoelec-
tric points: 70,400 Da and 6.3 for isoform X1, and 68,300
and 6.2 for isoform X2.

MS analysis also shown that the isoform X2 was the most
abundant protein in the sample and peptides detected rep-
resents 46% of coverage (based on the complete sequence
containing signal peptide) on the entire protein sequence.
This enzyme was therefore chosen for the further analyses.

Multiple amino acid sequence alignment of ApTreh-1
(isoform X2; J9JPV2 on Uniprot) and other Trehs from
various insect orders (Aphis glycines, Bombyx mori, Apis
mellifera, Tenebrio molitor, and Drosophila melanogaster)
shows that ApTreh-1 shares a significant sequence similar-
ity (40-81% identity) with the other Trehs (Table S1). As
Aphis glycines and Acyrthosiphon pisum belong to the same
order and family, they share a higher sequence identity per-
centage than other species. ApTreh-1 contains the two Treh
signature motifs [29] (”’PGGRFRELYYWDTY!*? and
YO QWDFPNAWPP*), a glycine-rich region **GGG-
GEY™*) highly conserved among the species, as well as
the catalytic residues Asp336 and Glu538 which are typi-
cal of the GH37 hydrolase family [30] (Fig. 3). In addition

from the PFAM database, ApTreh-1 is found to belong to
the six-hairpin glycosidase superfamily. The success of the
Concanavalin A affinity purification is indeed an indication
of substantial glycosylation of the protein. Residues 234,
346, 424 and 481 were detected to be four potential N-linked
glycosylation sites.

The phylogenetic tree based on amino acid sequences of
Trehs from various insect species unsurprisingly presents
two branches separating both types of Treh (Treh-1 and
Treh-2) (Fig. 4). As expected, ApTreh-1 is very close to
those from other aphids. Noteworthily, it is grouped with
other well-known pests hemiptera, such as sweetpotato
whitefly (Bemisia tabaci), small brown planthopper (Lao-
delphax striatellus), and brown planthopper (Nilaparvata
lugens).

3.3 Structure of ApTreh-1

The secondary structure of ApTreh-1 was characterized by
CD (Fig. 5). The spectrum is typical of a protein with a
relatively high content in a-helical structure. Calculation
of the secondary structure content of the enzyme gives the
following values: 33 +3% a-helices, 17.2+0.8% p-strands,
18 +4% turns and 32 + 5% unordered.

As the PDB databank misses 3-D structure of any animal
trehalase, we have selected homology modelling to build
a structural model for ApTreh-1. The crystal structure of
periplasmic Treh from Diamondback moth gut bacteria com-
plexed with validoxylamine (PDB ID: 5z66, 1.8 A) has been
selected as template. The ApTreh-1 shows a 33% sequence
identity and 84% sequence coverage with the template. The
validity of the model is supported by a Ramachandran plot
showing 92% of the residues lying in the allowed regions
(Fig.S3). The trehalase central catalytic (o/a) barrel fold
being exclusively composed of 12 a-helices (Fig. 6A), most
of the residues are in the Ramachandran a-helix region.
In addition, the model is in agreement (39.2% «-helix and
10.4% B-strands) with the CD data.

The ApTreh-1 model has a 0.2 A alpha-carbon root-
mean-square deviation from the template. It shares the
same fold with that from periplasmic Treh of Diamondback
moth gut bacteria (Fig.S2). 24 amino acids are identified
within 5 A of validoxylamine, 9 of them being aromatics
(F183, Y187, W189, Y232, W335, W486, W492, Y554,
W562). This part of the active site is conserved between
A. pisum and the Diamondback moth gut bacteria. By anal-
ogy with the template structure, we have identified Asp336
and Glu538 as putative acid and base catalytic residues,
together with three essential arginine residues [31]: Arg182,
Arg235 and Arg300 (Fig. 6). In most insects trehalases, the
glycine-rich region is part of a mobile “lid loop” identified
as playing an important role in substrate and inhibitor rec-
ognition [40]. In ApTreh-1, this corresponds to the sequence

@ Springer



V.Neyman et al.

Iscicrml MRITNLLVVCLAHFAYYTHANNQEFVHLARGY YHVSNGLQASCQSQIYCESDLLKDVQLA &0

Iscform2 MRITNLLVVCLAHFAYYTHANNQEFVHLARGY YHVSNGLQASCQSQIYCESDLLEKDVQLA &0
EE L L L L e L sl

Iscforml HIFPDSKIFVIMKLKYSESEI LKNYQVLEDGNNGVVEKEKIVKFVDEHFMDGDELEVNT P 120

Isciorm2 HIFPDSKIFVDMKLKYSESEILENYQVLEKDGNNGVVPKEKIVKFVDEHFMDGDELEVINI P 120
e T T T e T E T T T T T e e T T T P T T T T T T T

Iscicrml SDFNESPSIANRIKDENYKQWALGLNQVWKT LARKVEKDDVRLHPDRYSLIWVENGFAIPG 180

Iscform2 SDFNESPSIANRIKDENYKQWALGLNQVWKT LARKVKDDVRLHPDRYSLIWVENGFAIFPG 180
e o e e e e e e o e e o ol e o e ol o e e e e o e o ol e o ol ol o e ol o e e e e ol e o ol e e e e o o e o e e e e e e e e

Iscforml GRFRELYYWDITYWIVNGMLLCDMSTTARGVIDNILSLVLQFGFMPNGGRVYYLNRSQPEM 240

Isciorm2 GRFRELYYWDTYWIVNGMLLCDMSTTARGVIDNILSLVLQFGFMPNGGRVYYLNRSQPEM 240
I R R T T T e e e e T T T T T T T T T T

Iscicrml VILMVSSYYKATNDFEYVEKVISILDSEFEFWIENRMVI FEENGKSYTMARYYAPSRGER 300

Iscform2 VILMVSSYYKATNDFEYVEKVISILDSEFEFWIENRMVI FEENGEKSYTMARYYAPSRGER 300
e e e s e e o o e e e e e e e e e o e ol ol e e e o e e e e e o e ol e o e e e e e e e ol o e ol e o e e e e e e e e o o e

Iscferml PESYREDYESAEFLKTENEKQELYTQIKSAARETGWDFSSRWFITANGSDRGILADIKTTY 360

Isciorm2 PESYREDYESAEFLKETENEKQELYTQIKSAAETGWDFSSRWFITANGSDRGILADIKTTY 360
LR R L R e e L R ]

Iscforml ITPVDINCILHENALLLSSWYSEMGDI TKRAEKYRATAFKLVY SIQEVMNRFDLGANFDND 420

Iscform2 IIPFVDLNCILHENALLLSSWYSEMGDI THAEKYRATAEKLVY SIQEVMNRPDLGAWNFDWD 420
e o e e e e e e e ol e e e e e e ol e e e ol o o e o ol e o e o i o ol e e e e o o ol o ol e e e o o e ol o e e e e o e o e e

Iscforml MLNNKSREYFFVSNIVPLWIESYNMPKEAVASSVLGYLRDHAIIEADYTVNFNGIPTSLY 430

Iscfcrm2 MLNNKSREYFFVSNIVPLWIESYNMPEEAVASSVLGYLRDHHITIEADYTVNFNGTPTSLY 430
LR R R e R RS P RS L]

Iscicrml NSSQOWDFFNANPPLOAFIIQGLDRT QQKLAQOVSFRLAEVWLRSNYKSFAEKSMMFEKY 540

Iscform2 NSSQOWDFENAWPPLQAFIIQGLIRT QQKLAQOVSFRLAEVWLRSNYKSFAEKSMMFEKY 540
EE R L L e L e L Y]

]

Iscforml DVLASGETGGGGEYT PRI GFGWINGVVFEFLNRWGDILSNGINGCTIIGYRYLCDFNRIRQ 600

Iscform2 DVLASGETGGGGEYTPQIGFGWINGVVFEFLNRWGDILSNGINDLRRAG-—-— == ===~ 589
L T R T T T T T T TS
|

Iscforml QLMFWT &0&

Iscform2 —————— 58

Fig.2 Amino acid sequence alignment of the two ApTreh-1 iso-
forms identified by LC-MSMS method. The sequences used in the
alignment are: Isoform X1 (XP_003245895.1 on NCBI) and isoform

STGGGGEYTPQTGF®! (Fig. 6). Similar flexible glycine-
rich loops are also observed in other glycosidases such as
amylases [50]. This loop is in close contact with crucial
residues of the active site, and the following interactions
allow for the closure of the lid loop towards the active site:
i) the electrostatic interaction between Glu553 and Arg300,
ii) the CH...x interaction between Tyr554 and Phel83, iii)
the cation-n interaction between Tyr554 and Argl82, and
iv) the H-bond between Tyr554 and the catalytic residues
Asp336/538 (depending on the position of the hydrogen of
the Tyr554 OH- group).

Another region, called “hood-like domain” in Treh of
Diamondback moth gut bacteria, is also present in ApTreh-1
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X2 (XP_001950264.1 on NCBI). The red line corresponds to the
sequence part in the C-terminal region that differs between the iso-
forms (Color figure online)

from *Q to ' M (Fig. 6). It is hypothesized to close the
catalytic pocket after ligand binding [40]. The moderately
conserved (Fig. 3) ®DSKTFV region closely interacts with
the active site as Asp65 and Lys67 electrostatically interact
with Arg182 and Glul85, respectively. Moreover, an H-bond
is observed between Ser66 and Glu306 (Fig. 7).

3.4 Catalytic and Kinetics Properties of the Enzyme

For catalytic and kinetics studies, trehalose was used for
substrate as its specificity for trehalases has previously been
assessed for insect trehalases [S51]. The effect of tempera-
ture and pH on the Treh activity is first investigated, and we
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Fig.3 Multiple amino acid sequence alignment of soluble Trehs from
Acyrthosiphon pisum (Isoform X2, J9JPV2 on Uniprot), Aphis gly-
cines (I11YDC3), Tenebrio molitor (P32359), Bombyx mori (P32358),
Apis mellifera (A8J4S9) and Drosophila melanogaster (QOW2M?2).

have determined an optimal enzyme temperature of 45 °C
(Fig. 8A). Generally for insects trehalase, the optimum
temperature lies between 45 and 65 °C [3]. We observe a
71% reduction of Treh activity at 55 °C, while at 60 °C it is
reduced by 86%. We conclude that unlike some insect Trehs
having shown thermostability [25], ApTreh-1 is not a heat-
resistant enzyme.

The maximum hydrolysis rate is obtained in a 0.2 M
sodium acetate buffer, pH 5 (Fig. 8B) in line with the 5-to-7
pH range generally reported for insect trehalases [3]. As the
tris(hydroxymethyl)aminomethane was previously described
as a Treh inhibitor [3], it has been cautiously avoided as
buffer in the present study. Furthermore, we have observed
that ApTreh-1 loses its enzymatic activity in alkaline
(pH>9) or in extreme acidic conditions (pH <2).

The kinetic parameters (K, and V,,.) of ApTreh-1 were
investigated at optimum pH 5 and temperature =45 °C.
Using a substrate concentration varying from 1 to 200 mM,
the enzyme presents a typical Michaelis—Menten plot
(Fig. 9A), and the Hanes-Woolf model adequately describes
the enzyme activity with R>=0.96 (Fig. 9B). The K, and
V...« Values are 71 mM and 126 pmol/min/mg, respectively.
K, is evaluated at 143 s™', and k_, /K, is 2 mM~'.s™". This

cat’
is in agreement with the K, values ranging from 0.5 to

EDASANNEOSNEESETDSKEK

Full blue boxes represent signature motifs in Trehs; the empty blue
box is the glycine-rich region; and blue arrows are the catalytic resi-
dues (Color figure online)

73 mM that have been reported from other insects trehalases,
such as Apis mellifera (0.52 mM) [52], Artemia Embryos
(8.4 mM) [19], Bombyx mori (0.46 mM) [20], Aphis citri-
cola (6.4 mM from alate — 7.2 mM from apterous) [26],
Chaetomium aureum (0.7 mM) [53] and Helicoverpa armig-
era (72.8 mM)[8].

4 Discussion

This study reports the first isolation and three-step purifica-
tion (ammonium sulphate precipitation, anion-exchange, and
concanavalin chromatography) of the pea aphid (Acyrtho-
siphon pisum) soluble trehalase. Aphids are major pests
that feed on phloem sap, weakening the plant and causing a
metabolic imbalance, while also introducing toxins in plants.
As the currently used insecticides are gradually less effec-
tive against these harmful insects, alternatives are urgently
needed. As targeting aphid trehalases seems a promising
solution, characterizing these enzymes is a crucial step.
Using/by means of mass spectrometry analysis, we have
identified for the first time two isoforms of ApTreh-1,
with a molecular weight of 70.4 kDa for isoform X1,
and 68.3 kDa for isoform X2, which only differ by their
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Fig.4 Phylogenetic analysis of insect Trehs across different insect species. Treh sequences were obtained from the Uniprot database and aligned
using MUSCLE

Fig.5 Far-UV CD spectrum of 4000
ApTreh-1. Data were obtained
at 20 °C, in 20 mM phosphate 2000
bufter pH 7. The protein con-
centration was 1.5 pM. Helical
content is ~33% (see text for 0
further details) .
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Fig.6 The ApTreh-1 model.
The 12 a-helices of the central
catalytic (o/a)g barrel fold

are coloured in blue. The two
catalytic residues and three
arginines residues are repre-
sented in sticks; the lid loop and
the hood-like domain are pic-
tured in orange and rose, respec-
tively (Color figure online)

Glu306

Fig.7 The lid loop (in orange) and the hood-like domain (in rose) in
interaction with the catalytic site of ApTreh-1 (Color figure online)

C-terminal end amino acids. Other cases of soluble tre-
halase isoforms were discovered in insects such as Dros-
ophila melanogaster (DmTrehA, B and C) [25], Harmonia
axyridis (HaTreh1-1, HaTreh1-2, HaTreh1-3, HaTreh1-4,
HaTreh1-5) [54, 55] or Tribolium castaneum (TcTrel-1,
TcTrel-2, TcTrel-3, TcTrel-4) [56]. It is worth mention-
ing that similarly to Hemipterans such as Diaphorina
citri (DcTrel-1, DcTrel-2) [57] and Nilaparvata lugens

(N1Trel-1, N1Trel1-2) [58], two soluble trehalases have
also been identified in Acyrthosiphon pisum. These studies
highlighted specific functions of these isoforms, either in
chitin biosynthesis or in regulation towards a hot or cold
environment. In addition, a recent genomic and phyloge-
netic analysis showed that trehalase genes have been more
frequently duplicated in Hemipterans than in other insects
[59]. Understanding the specific biochemical and physi-
ological roles of these two isoforms is therefore pertinent
from an evolutionary point of view.

Treh-1 was catalytically and kinetically characterized
and we were able to point out an optimal enzyme tempera-
ture and pH of 45 °C and 5, respectively. These data allows
for future comparisons with other insect trehalases and for
inhibition studies.

Finally, a model of the 3D-structure of ApTreh-1 was
built by homology modelling and supported by geometri-
cal criteria as well as by CD measurements. The active site
containing two catalytic residues (Asp336 and Glu538)
and three arginine essential for the activity was located
by multiple sequence alignment with other insect tre-
halases. A glycine-rich mobile “lid loop” and a “hood-like
domain” were also identified, whose flexibility has been
hypothesized to play a crucial role in inhibitor binding.
Forthcoming modelling studies aiming to design ApTreh-1
inhibitors will take these structural features into account.
Furthermore, all the analyses performed in the present
work will focus on/explore the A. pisum membrane-bound
Treh in order to better understand the specific implications
of each of these enzymes. This crucial information will
further help design aphid trehalase inhibitors.
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Fig.8 Effect of A temperature

and B pH on the activity of
ApTre-1. The sample were
analyzed in triplicate
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Fig. 9 A Michaelis—Menten andB Hanes-Woolf plot of ApTreh-1, with concentration of trehalose varying from 1 to 200 mM. Hyper32 program

has been used to obtain both plots
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