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Background: Engineering thermal adaptations of enzymes is a popular field of study. Enzymes active at
low temperature have been used in many industries; however, reports seldom describe improvements
in enzyme activity at low temperatures using protein engineering.
Results: Multiple amino acid sequence alignment of glycoside hydrolase (GH) family 32 showed an
unconserved region located in the catalytic pocket. The exo-inulinase InuAGN25 showed the highest fre-
quency of charged amino acid residues (47.4%) in this region among these GH 32 members. Notably, five
consecutive charged amino acid residues (137EEDRK141) were modeled as a loop fragment in this region of
InuAGN25. Deletion of the loop fragment broke two salt bridges, one cation–p interaction, and the a-h
elix–loop–310-helix structure at the N-terminal tail. The mutant exo-inulinase RfsMutE137D5 without
the loop fragment was expressed in Escherichia coli, digested using human rhinovirus 3C protease for
removal of the fused sequence at the N-terminus, and purified using immobilized metal affinity chro-
matography. Compared to the wild-type enzyme, the optimum temperature and t1/2 at 50�C of purified
RfsMutE137D5 decreased by 10�C and 31.7 min, respectively, and the activities at 20�C and 30�C
increased by 11% and 18%, respectively.
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Conclusions: In this study, we engineered the loop to obtain the mutant exo-inulinase that showed an
improved performance at low temperatures. These findings suggest that the loop may be a useful target
in formulating rational designs for engineering thermal adaptations of GH 32 exo-inulinases.
How to cite: He L, Zhang R, Shen J. et al. Improving the low-temperature properties of an exo-inulinase
via the deletion of a loop fragment located in its catalytic pocket. Electron J Biotechnol 2022;55. https://
doi.org/10.1016/j.ejbt.2021.09.004
� 2021 Pontificia Universidad Católica de Valparaíso. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As the second most abundant storage polysaccharide in nature,
inulin is present in tubers, bulbs, and tuberous roots of more than
36,000 plants, such as Jerusalem artichoke, chicory, and dahlia [1].
Jerusalem artichoke (Helianthus tuberosus) is a nongrain crop with
rapid growth, strong environmental tolerance, and high resistance
to pests and diseases [2]. Furthermore, the crop can be harvested
three times a year with the production of inulin-rich biomass [2].
Approximately 80% of the total carbohydrates in the tuberous roots
of Jerusalem artichoke is inulin, which can be dissolved in hot
water; therefore, the extraction of inulin is easy and inexpensive
[2]. The utilization of inulin has attracted great attention in recent
years [1,2].

Structurally, inulin consists of polymerized fructose moieties
with b-D-(2 ? 1) linkages and a terminal glucose moiety at the
reducing end with a-D-(2 ? 1) linkage [1,2]. The degradation of
inulin yields fructose, which plays an important role in the food,
chemical, and pharmaceutical industries, such as precursor for
the production of acetone, ethanol, single cell oils, sorbitol, lactic
acid, and succinic acid via microbial utilization [1,2].

Terminal 2,1-linked b-D-fructose residues in inulin can be
hydrolyzed one by one using glycoside hydrolase (GH) family 32
exo-inulinases, yielding fructose at concentrations as high as 90–
95% [1]. Compared to conventional acid hydrolysis, exo-inulinase
hydrolysis of inulin is advantageous in some aspects, such as for
deriving higher fructose yield, making the process for fructose sep-
aration easier, suiting biorefinery better, and lowering refining
costs [1].

Enzymes showing high activity in low temperature environ-
ments, which form > 80% of the Earth’s biosphere [3], have been
used for cleaning, energy saving, preventing degradation of food
and modifications to flavor during food processing, and producing
stereospecific chiral compounds for fine-chemical organic synthe-
sis [4]. Therefore, it is important to improve activity of enzymes at
low temperatures, usually by increasing their structural flexibility
[3]. To date, most reports describe improvement in thermostability
and substrate recognition mechanisms upon engineering exo-
inulinases [5,6,7], while few reports describe improvement in per-
formance at low temperatures [8,9].

In our previous study, we characterized a novel exo-inulinase
(InuAGN25) and showed its ability to hydrolyze inulin at 0�C and
10�C with the production of fructose [10]. The following study on
sequential deletion of N-terminal amino acid residues showed that
the number of salt bridges and cation–p interactions within the N-
terminal tail increased with improved thermostability [11].
Another study designed a mutant with the change in eight amino
acid residues and showed that the flexibility of the catalytic
domain increased with improved activity at low temperatures on
the basis of molecular dynamics simulation data [8]. In this study,
the aim was to reveal the key loop involved in the formation of salt
bridges and cation–p interactions in the catalytic pocket and to
improve the performance of the exo-inulinase at low
temperatures.
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2. Materials and methods

2.1. Chemicals

Inulin from dahlia tubers, human rhinovirus 3C protease (HRV
3C protease), isopropyl-b-D-1-thiogalactopyranoside (IPTG),
nickel-NTA agarose, and silica gel G plates were supplied by
Sigma-Aldrich (St. Louis, MO, USA), TaKaRa (Otsu, Japan), Amresco
(Solon, OH, USA), Qiagen (Valencia, CA, USA), and Haiyang (Qing-
dao, China), respectively, and other chemicals (analytical grade)
were purchased from commercial suppliers.

2.2. Bacterial strains and vectors

pET-28a(+), supplied by Synbio Technologies (Suzhou, China),
was used as a heterologous expression vector.

Escherichia coli BL21 (DE3) (Synbio Technologies) was grown in
Luria–Bertani medium supplemented with 100 lg mL�1 kanamy-
cin (LBK medium) for heterologous expression. The strain Sphin-
gobacterium sp. GN25 harboring InuAGN25 (GenBank accession
no. AGC01503) was grown in an inulin-inducing medium [10]. This
strain has been deposited in the China General Microbiological Cul-
ture Collection Center under CGMCC 1.10975 [10].
2.3. Prediction of the loop for mutagenesis

Multiple amino acid sequences from GH 32 were aligned using
Clustal X [12] to show the differences between InuAGN25 and
other GH 32 members. Seed sequences of GH 32 used for align-
ment were downloaded from the Pfam database (http://pfam.
xfam.org/family/PF00251). The tertiary structure of the mutant
enzyme was predicted using the I-TASSER platform (http://zhan-
glab.ccmb.med.umich.edu/I-TASSER/), and intraprotein interac-
tions including salt bridges (distance cut-off: 3.2 Å) and
energetically significant cation–p interactions (distance cut-off:
6.0 Å) were predicted using VMD [13] and CaPTURE [14], respec-
tively. To validate the predictions, intraprotein interactions were
identified using Protein Interactions Calculator [15]. pKa values of
amino acid residues at pH 7.0 were calculated using PROPKA [16].

2.4. Construction of the expression plasmid

The recombinant plasmid for heterologous expression of
mature InuAGN25 (MInuAGN25; removal of the predicted signal
peptide) was constructed using pET-28a(+) as the vector [11]. In
consideration of the effects of terminal fusion sequence on thermal
performance of enzymes [11,17], the HRV 3C protease recognition
site (LEVLFQGP) and a stop codon were inserted into the N-
terminus and C-terminus of the recombinant MInuAGN25 (HHMI-
nuAGN25), respectively. HRV 3C protease is active at a low temper-
ature; HRV is well known for the removal of fusion sequences at
low temperatures in order to reduce thermal denaturation of sam-
ples [18,19].
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Using the recombinant plasmid of HHMInuAGN25 as the tem-
plate, the mutant plasmid was constructed by Synbio Technologies.
Briefly, the nucleic acid sequence encoding the mutant enzyme,
designated as MutE137D5, was synthesized with the addition of
NcoI and XhoI recognition sites at the 50 terminus and 30 terminus,
respectively. The sequence was then ligated to pET-28a(+) via the
traditional restriction-ligation step using endonucleases and T4
DNA ligase. The mutant plasmid was sequenced by Tsingke (Bei-
jing, China) and the nucleic acid bases were verified.

2.5. Heterologous expression and mutant enzyme extraction

The plasmid expressing recombinant MutE137D5
(HHMutE137D5) was transformed into E. coli BL21 (DE3) after
the traditional heat shock procedure. Positive clones were screened
by PCR using universal primers T7 and T7ter. Production of the
mutant enzyme was induced at approximately 20�C for an appro-
priate duration using IPTG at the final concentration of 0.7 mM
when the positive E. coli clone grown in LBK medium reached the
exponential phase of growth. After induction, the culture was cen-
trifuged for harvesting recombinant E. coli cells. The E. coli cells
were lysed using sonication on ice to extract intracellular sub-
stances including HHMutE137D5.

2.6. Removal of fusion sequence and purification of mutant enzyme

The mutant enzyme HHMutE137D5 tagged with His6 was
loaded and bound to a nickel-NTA agarose gel and then eluted with
a solution of pH 7.2 containing 20 mM Tris–HCl, 0.5 M NaCl, 10%
(w/v) glycerol, and 20–500 mM imidazole. Subsequently, purified
HHMutE137D5 was incubated with HRV 3C protease at 4�C for
around 16 h to cleave the fusion amino acid sequence,
MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSEFLEVLFQ with
a molecular weight of 4.6 kDa, from the N-terminus of the mutant
enzyme. After one more round of immobilized metal affinity chro-
matography, the cleaved fusion sequence and the protease in the
digestion solution were bound to a Ni2+-NTA agarose gel, while
HHMutE137D5 without the fusion sequence, designated as
RfsMutE137D5, was eluted using the same elution solution men-
tioned above and identified using sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS–PAGE). Regarding the effects
of NaCl and glycerol on thermostability of the enzyme [10], the
elution solution was replaced by McIlvaine buffer (pH 7.0) through
the dialysis method.

2.7. Mode of action of purified RfsMutE137D5

To date, both exo- and endo-inulinases are grouped into the GH
32 family; however, the mechanisms for the exo- and endo-action
modes and related key residues have not been reported. Therefore,
to determine whether the mutagenesis changed the mode of
action, 0.5% inulin (w/v) was incubated with purified
RfsMutE137D5 at 37�C in pH 6.0 McIlvaine buffer for 4 h. The prod-
ucts of hydrolysis were then detected using thin layer chromatog-
raphy (TLC). TLC was performed at room temperature as described
previously, by using the silica gel G plate, n-butanol/acetic acid/
water (2:1:1), and aniline–diphenylamine–phosphoric acid–ace-
tone solution as the TLC plate, developing reagent, and chro-
mogenic agent, respectively [10].

2.8. Characterization of purified RfsMutE137D5

Characteristics of purified RfsMutE137D5 were determined in
triplicates by spectrophotometry at 540 nm performed using half
the volume of the reaction system as described previously. One
unit of exo-inulinase activity was defined as the amount of enzyme
3

that released 1 lmol of fructose per minute [10]. Briefly, 450 ll
0.5% (w/v) inulin solution was mixed with 50 ll of purified
RfsMutE137D5; after 10 min, 750 ll of 3,5-dinitrosalicylic acid
(DNS) reagent was added to stop the reaction. The mixture was
boiled for 5 min, and the mixture was then cooled down to room
temperature for the measurement of absorption at 540 nm.

The conditions for determining pH- and temperature-
dependent activity and stability of purified RfsMutE137D5 were
the same as those for the wild-type RfsMInuAGN25 (removal of
amino acid fusion sequence from HHMInuAGN25 by HRV 3C pro-
tease) as described previously [11]. The pH-dependent activity of
purified RfsMutE137D5 for inulin was determined in triplicates
at 37�C using the McIlvaine buffer (pH 5.0–8.0). pH stability of
purified RfsMutE137D5 was assessed in triplicates by measuring
residual activity at 37�C and pH 6.0 after incubation of the enzyme
in McIlvaine buffer (pH 3.0–8.0), and 0.1 M glycine–NaOH buffer
(pH 9.0–11.0), at 20�C for 1 h without substrate. The
temperature-dependent activity of purified RfsMutE137D5 for inu-
lin was determined in triplicates in pH 6.0 McIlvaine buffer at 0�C
to 60�C. Thermostability of enzyme was determined in triplicates
by measuring residual activity at 37�C and McIlvaine buffer (pH
6.0) after incubation of the enzyme at 45�C or 50�C for 10–
60 min without substrate. Half-life (t1/2) of enzyme at 50�C was
calculated according to the thermostability data using the equation
described previously [9]: t1/2 = ln0.5/(�kd), where kd is the slope
plotted with lnA/A0 versus time, and A/A0 is the relative residual
activity (%) at each time point.
3. Results

3.1. Multiple amino acid sequence alignment

Multiple amino acid sequence alignment of GH 32 showed an
interesting nonconserved region; the frequencies of each amino
acid in most of the alignment positions in this region were not
higher than 50% (Fig. 1). Only 13 of these GH 32 members (81
sequences) had a high frequency (>36%) of charged amino acid
residues (D, E, H, K, and R) in this region, with highest frequency
(47.4%) observed for InuAGN25. Notably, five consecutive charged
amino acid residues, 137EEDRK141 of InuAGN25, attracted our
attention because this was hardly observed in other GH 32 mem-
bers (Fig. 1).
3.2. Structural analysis

The homology model of the wild-type RfsMInuAGN25 was built
successfully with a high confidence using the I-TASSER platform
[11]. This model comprised two distinct domains: the N-terminal
5-fold b-propeller and the C-terminal b-sandwich structure
(Fig. 2). The catalytic residues D31 and E210 were predicted and
located in the catalytic pocket of the N-terminal 5-fold b-
propeller (Fig. 2). The five consecutive charged amino acid resi-
dues, 137EEDRK141 of InuAGN25 (corresponding to 117EEDRK121 of
RfsMInuAGN25), were modeled as a X-loop fragment located in
the catalytic pocket (Fig. 2).

By using the I-TASSER platform, the homology model of the
mutant enzyme RfsMutE137D5 without the 117EEDRK121 fragment
was also built successfully with a high confidence. The C-score and
estimated TM-score for the model were 1.14 and 0.87, respectively.
Removal of the 117EEDRK121 fragment led to the shortened loop in
the model of RfsMutE137D5 (Fig. 2). Notably, the a-helix–loop–3
10-helix structure within the N-terminal tail of RfsMInuAGN25
was not constructed for RfsMutE137D5 (Fig. 2).

There were 43 and 40 salt bridges detected in the tertiary struc-
tures of RfsMInuAGN25 and RfsMutE137D5, respectively. RfsMI-



Fig. 1. Partial alignment of amino acid residues including 137EEDRK141 of InuAGN25
with GH 32 members. Seed sequences of GH 32 used for the alignment were
downloaded from the Pfam database (http://pfam.xfam.org/family/PF00251).
Charged AA Frequency is the total frequency of amino acid residues D, E, R, K,
and H in the alignment region of each sequence.

L. He, R. Zhang, J. Shen et al. Electronic Journal of Biotechnology 55 (2022) 1–8
nuAGN25 had three more salt bridges than RfsMutE137D5.
As shown in Fig. 3, two of these three salt bridges were related
4

to 117EEDRK121: one salt bridge was formed by residues D119
and K121, and the other one was formed by residues E117 and
H125 (the pKa value of H125 at pH 7.0 was predicted as 7.19). Fur-
thermore, the residue R120 in 117EEDRK121 interacted with W155
through a cation–p interaction in RfsMInuAGN25. However, the
cation–p interaction was not observed in RfsMutE137D5 without
R120. Thus, W150 from RfsMutE137D5 was not restrained by the
cation–p interaction with R120, and it rotated by 127.6� as com-
pared to W155 from RfsMInuAGN25 (Fig. 3).

3.3. Heterelogous expression and purification of RfsMutE137D5

The plasmid expressing HHMutE137D5 was successfully con-
structed using pET-28a(+) as a vector, with the HRV 3C protease
recognition site inserted into the N-terminus of the recombinant
enzyme. By using E. coli BL21 (DE3) as a host, HHMutE137D5
was expressed in cells with a His6 tag and purified successfully
using immobilized metal affinity chromatography (Fig. 4). After
the HRV 3C protease digestion, the amino acid fusion sequence
(approximately 4.6 kDa) was removed from HHMutE137D5
(Fig. 4). RfsMutE137D5 was then purified through one more round
of immobilized metal affinity chromatography to obtain the elec-
trophoretically pure protein (Fig. 4).

3.4. Mode of action of purified RfsMutE137D5

Deletion of 117EEDRK121 did not change the exo-action mode of
RfsMutE137D5, and it degraded inulin to yield fructose (Fig. 5).

3.5. Enzymatic properties of RfsMutE137D5

pH-dependent activity and stability curves of purified
RfsMutE137D5 were similar to those of RfsMInuAGN25. Both the
enzymes were most active at pH 6.0–6.5 and stable at pH 4.0–
10.0 (Fig. 6A, B).

The temperature-dependent activities of purified RfsMI-
nuAGN25 and RfsMutE137D5 were markedly different:
RfsMutE137D5 was more active at low temperatures but less
active at high temperatures as compared to RfsMInuAGN25. As
shown in Fig. 6C, the maximal activities of purified RfsMInuAGN25
and RfsMutE137D5 were observed at 45�C and 35�C, respectively.
Furthermore, RfsMInuAGN25 showed 11%, 21%, 36%, 68%, 78%, and
89% activity at 0�C, 10�C, 20�C, 30�C, 35�C, and 50�C, respectively,
while RfsMutE137D5 showed 15%, 25%, 47%, 86%, 74%, and 42%
activity at 0�C, 10�C, 20�C, 30�C, 45�C, and 50�C, respectively
(Fig. 6C).

A comparison of thermostability of purified RfsMInuAGN25 and
RfsMutE137D5 is shown in Fig. 6D. Both RfsMInuAGN25 and
RfsMutE137D5 were stable at 45�C. However, t1/2 of RfsMI-
nuAGN25 and RfsMutE137D5 at 50�C were 75.3 min and
43.6 min, respectively (Fig. 6D).
4. Discussion

Arjomand et al. [9] indicated that nine X-loops are present in
the N-terminal 5-fold b-propeller structure of the exo-inulinase
from Aspergillus niger 5012, and all the nine X-loops showed low
occurrence of the charged residues. For example, the X-loop 5,
formed by 114PVAQTLPSGQTVQED128 of A. niger 5012 exo-
inulinase, has only two charged residues [9]. The X-loop, partially
formed by 137EEDRK141 of InuAGN25, corresponds to the X-loop 5
of A. niger 5012 exo-inulinase. Furthermore, the amino acid com-
position analysis indicates that InuAGN25 has the highest fre-
quency of charged amino acid residues in the region among 81
GH 32 members as shown in Fig. 1. Therefore, five consecutive

http://pfam.xfam.org/family/PF00251


Fig. 2. Tertiary structures of the wild-type RfsMInuAGN25 and its mutant RfsMutE137D5. Amino acid residues 117EEDRK121, D31, and E210 of RfsMInuAGN25 correspond to
137EEDRK141, D51, and E230 of InuAGN25, respectively. The arrows indicate the changes in secondary structures.

Fig. 3. Partial structural alignment of the wild-type RfsMInuAGN25 (blue) and mutant RfsMutE137D5 (yellow). The amino acid residues involved in salt bridges and cation-p
interactions are shown in stick form. Green-dotted lines indicate the salt bridges. Purple-dotted line indicates the cation-p interaction.
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charged amino acid residues are not usually noticed in the GH 32
family, and their effects should be studied.

Usually, amino acid residues in loops are hotspots for engineer-
ing thermostability in enzymes because these residues show low
conservation and most of them have high flexibility that makes
loops tend to unfold first during thermal denaturation [20,21,22].
Shortening loop lengths is believed to be an efficient way to
improve the thermostability of enzymes [23], however, this is
not always the case [24]. For example, the thermostability of phos-
pholipase D from Streptomyces antibioticus PLD is improved when
the loop formed by D37–G45 is deleted [25]. The thermostability
of acylphosphatase from human muscle is also improved upon
shortening loop 4 (residues 64–77) [26]; however, deletion of the
X-loop 3 fragment (74YGSDVT79) containing an aspartic acid resi-
due adjacent to its active site diminishes the thermostability of
A. niger 5012 exo-inulinase [9]. In this study, removal of the X-
loop 5 fragment 117EEDRK121 led to loss of thermostability of
RfsMutE137D5 at 50�C.
5

Deletion of theX-loop 3 fragment of A. niger 5012 exo-inulinase
affects the pattern of hydrogen bonding between the active site
residues and the substrate [9]. However, the effects of the X-loop
5 fragment 117EEDRK121 deletion on the structure of the enzyme
are different from those of X-loop 3. Generally, the formation of
salt bridges, cation–p interactions, and helix structures contributes
to enhanced thermostability of protein as they can increase global
or local rigidity of protein structure [20,23,27]. For example, more
salt bridges are observed in mutants H112Y and F113Y that are
more active and stable at high temperatures than those seen in
wild-type GH 5 b-mannanase from Penicillium sp. WN1 [28];
cation-p interactions are observed for mutants H58Y, T71Y, and
T304Y that are more active and stable at high temperatures than
the wild-type GH 28 endo-polygalacturonase from Penicillium sp.
CGMCC 1669 [29]. The previously prepared mutant
RfsMutNGln23D3 with the removal of 3 amino acid residues of
the N-terminal tail shows enhanced thermostability mainly owing
to the formation of salt bridges, cation–p interactions, and helix



Fig. 4. SDS-PAGE analysis. M, protein molecular weight marker; HH, purified
HHMutE137D5; Rfs, purified RfsMutE137D5.

Fig. 5. TLC analysis. Lanes: G, 1.0% (w/v) glucose; F, 1.0% (w/v) fructose; S and CK,
inulin with the active and inactivated enzymes, respectively.
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structures that enhance the rigidity of the N-terminal tail [11].
Therefore, RfsMutE137D5 shows thermostability in contrast to
those of RfsMutNGln23D3.

Decrease in intraprotein interactions in the catalytic pocket
resulted in a 10�C decrease in optimum temperature and activity
increase at low temperatures for the mutant RfsMutE137D5 as
compared to that seen for wild-type RfsMInuAGN25. Most exo-
inulinases exhibit their optimal activities in the temperature range
of 40�C to 60�C [30,31]. To the best of our knowledge, only the exo-
inulinase isolated from Arthrobacter sp. MN8 is the most active at
35�C [32]. Furthermore, typical low temperature-active enzymes
should be much more active at temperatures lower than 30�C;
however, they are less thermostable at temperatures higher than
40�C as compared to their mesophilic homologues [33]. Atypical
low temperature-active enzymes such as RfsMInuAGN25 maintain
a high activity at low temperatures as well as good thermostability
at temperatures higher than 40�C. Compared to enzymes that are
typically active at low temperatures, atypical low temperature-
active enzymes are not usually denatured during production, stor-
age, and catalytic reaction, in which thermal effects are difficult to
avoid. However, atypical low temperature-active properties and
related engineering of enzymes are seldom reported because of
the activity–stability trade-off of enzymes [34]. This study suggests
that atypical low temperature-active properties may partially
ascribe to the X-loop rigidified by the insertion of charged amino
acid residues to form salt bridges and cation–p interactions in
the catalytic pocket.
6

5. Conclusions

The region pertaining to the X-loop 5 of GH 32 was not con-
served as shown by the multiple amino acid sequence alignment
of seed sequences of GH 32. The exo-inulinase InuAGN25 showed
a much higher frequency of charged amino acid residues in this
region than that in other GH 32 members, and InuAGN25 had five
consecutive charged amino acid residues (137EEDRK141) distinctive
from the other members. The five consecutive charged amino acid
residues were deleted to generate the mutant enzyme that was
expressed in E. coli, digested by the human rhinovirus 3C protease,
and purified by immobilized metal affinity chromatography. The
mutagenesis broke two salt bridges, one cation-p interaction, and
the a-helix–loop–310-helix structure at the N-terminal tail. The
mutant enzyme showed a higher activity at low temperatures
and poorer thermostability compared to that of the wild-type
enzyme. These results indicate that the structural changes agree
with the thermal property changes of the exo-inulinase. The study
reveals the important role of the X-loop 5 in the thermal perfor-
mance of GH 32 exo-inulinases. In the future, the five consecutive
charged amino acid residues (EEDRK) may be used to insert or sub-
stitute to the X-loops of other GH 32 exo-inulinases for the
improvement of thermostability.



Fig. 6. Effects of pH and temperatures on the activity (a and c) and stability (b and d) of the wild-type RfsMInuAGN25 and mutant RfsMutE137D5. Error bars represent
means ± SD (n = 3). Enzymatic properties of the wild-type RfsMInuAGN25 were characterized previously [11].
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