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The flexibility of protein structure plays a crucial role in enzyme stability and catalysis. Among the amino
acids, glycine is particularly important in conferring flexibility to proteins. In this study, the effects of
flexible glycine residues in Lactobacillus reuteri 121 inulosucrase (Lrlnu) on stability and inulin profile
were investigated through glycine-to-proline substitutions. Molecular dynamics (MD) simulations were
employed to discover the flexible glycine residues, and eight glycine residues, including Gly217, Gly298,
Gly330, Gly416, Gly450, Gly624, Gly627, Gly629, were selected for site-directed mutagenesis. The
results demonstrated significant changes in both thermostability and inulin profiles of the variants.
Particularly, the G624P and G627P variants showed reduced production of long-chain oligosaccharides
compared to the WT. This can be ascribed to the increased rigidity of the active site, which is crucial for
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1. Introduction

Flexibility of protein structure is important for enzyme stability
and catalysis. It plays a role in substrate binding, allowing
enzymes to adapt their active sites and bind substrates with
specificity.” Flexible structure enables enzymes to undergo
conformational changes that stabilize the transition state,
lowering the activation energy and promoting efficient reac-
tions. Moreover, flexibility allows enzymes to adapt to different
environmental conditions and maintain their activity. It also
plays a role in allosteric regulation,>* where conformational
changes conducted from regulatory sites affect enzyme activity.
Therefore, flexibility is crucial for enzymes as it enables
substrate recognition, efficient catalysis, stability, and regula-
tory mechanisms.

The glycine residue is unique among the amino acids
because it has a hydrogen atom as a side chain. It has greater
conformational freedom, allowing it to provide flexibility for
adjacent residues. Numerous studies have revealed that glycine
plays a special role in enzyme structure and function. The
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residues in the activity, stability, and inulin synthesis of Lrinu.

mutation of specific glycine residues may decrease the stability
and activity of these enzymes.® On the contrary, the proline
residue is mostly steric compared to other amino acids since its
side chain is connected to the amino group, forming a pyrroli-
dine loop. Therefore, substituting certain flexible residues with
proline can possibly enhance the protein's thermostability.®®
The glycine-to-proline mutation has been utilized to enhance
the thermostability of methyl parathion hydrolase (MPH) from
Ochrobactrum sp. M231, resulting in an increase in both the
melting temperature and operation time.® Substitution of
proline for Gly244 of esterase from Psychrobacter sp. could
increase half-life (¢,,) of the enzyme at 40 °C from 16 min to
11.6 h.* In addition, our recent study reveal that G249P muta-
tions of Bacillus licheniformis levansucrase significantly increase
both the enzyme's stability and levan yield."

Inulosucrase is an enzyme that is present in various bacteria,
such as Leuconostoc citreum,** Lactobacillus reuteri,** Lactoba-
cillus johnsonii,** and Streptomyces viridochromogenes."> This
enzyme exhibits transfructosylation activity, allowing it to
convert sucrose into inulin. Inulin is a soluble dietary fiber
consisting of fructose molecules linked by a B-2,1 glycosidic
bond. Inulin was not digested by the human gastrointestinal
tract, making it an ideal prebiotic that supports the growth of
profitable bacteria in the gut.'® Additionally, inulin has a mildly
sweet taste, making it a potential sugar substitute in processed
foods." It is also categorized as a low-glycemic index sweetener,
indicating that it has minimal impact on blood sugar levels.*®
Notably, bacterial inulosucrase is capable of synthesizing
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higher molecular weight inulin compared to the inulin found in
plants.*

Previous studies have successfully employed rational
enzyme engineering of inulosucrase to control the size of the
resulting product® and to enhance its stability.** Furthermore,
specific amino acid residues that potentially play a role in
substrate binding have been identified in previous research.>*
Nevertheless, the role of glycine residues located in the flexible
regions of inulosucrase remains unexplored. In this study, we
investigated the impact of flexible glycine residues in Lacto-
bacillus reuteri 121 inulosucrase (LrInu) through glycine-to-
proline substitutions. Initially, molecular dynamics simula-
tions and Root Mean Square Deviation (RMSD) analysis were
employed to identify the flexible regions of LrInu. Subse-
quently, the flexible glycine residues were replaced with
proline to enhance structural rigidity. Thermostability and
obtained inulin profiles of wild-type (WT) and variant LrInu
were then examined. The findings revealed significant changes
in thermostability and inulin profiles for certain glycine-to-
proline mutants.

2. Experimental
2.1 Construction, expression, and purification of LrInu

Site-directed mutagenesis was carried out using the PCR overlap
extension technique,” with oligonucleotide primers specified
in Table S1.t PrimeStar™ DNA polymerase (Takara Bio, Japan)
was utilized for DNA amplification. The PCR product obtained
inserted into the pET-21b vector via Xhol and Ndel restriction
sites. This combined construct was introduced into Escherichia
coli Top10 cells. These recombinant cells were placed onto LB
agar enriched with 100 pg mL " of ampicillin and then kept at
37 °C. A colony was cultivated in LB broth, containing 100 pg
mL~' ampicillin, to produce the plasmid. The resultant
recombinant plasmid was subsequently confirmed through
sequencing. The recombinant plasmid was transformed into E.
coli BL21 (DE3). The LrIlnus were expressed and purified
according to the protocol described in a previous study."

2.2 Enzyme activity assay

Sucrase activity was evaluated using the DNS assay.”* The
purified enzymes were incubated with 500 pl of 250 mM sucrose
solution containing a 50 mM sodium acetate buffer (pH 5.5) and
1 mM CaCl, at 50 °C. Subsequently, 500 ul of DNS reagent were
added to the reaction and boiled for 10 min. The quantity of
reducing sugars produced by the enzymes was determined at
540 nm using a spectrophotometer. One unit of sucrase activity
was defined as the enzyme amount required to release 1 umol of
glucose per min. To identify the optimum temperature for
catalytic activity of LrInus, an activity assay was conducted at pH
5.5 at different temperatures.

2.3 Thermostability analysis

The half-life of both the WT and variant LrInu enzymes was
evaluated using a similar method as described previously.* In
brief, the enzymes (0.02 mg mL ") were incubated in a 50 mM
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sodium acetate buffer (pH 5.5) at 50 °C for a duration of 0-8 h.
Subsequently, the remaining enzyme activity were assessed
using DNS assay at various time intervals. To calculate the half-
life values, the data obtained was plotted as remaining activity
versus time curves and fitted with an exponential decay
equation.

Tso values were determined by incubating the purified
enzymes (0.02 mg mL™ ") in a 50 mM sodium acetate buffer (pH
5.5) over a range of temperatures from 32 to 80 °C for 60 min.
Subsequently, the residual activity of each enzyme variant was
assessed at a temperature of 50 °C. Graphs depicting the rela-
tionship between activity and temperature were generated and
then fitted with the Boltzmann sigmoid equation. The
minimum and maximum activity values obtained from the
Boltzmann sigmoid equation were designated as the values
corresponding to the unfolded protein (6y) and the folded
protein (fg). The fraction folded (F) was computed using the
equation:

b —bu 100

F— -t U
Or — Oy

2.4 Inulin synthesis and analysis

Inulosucrase (2 U mL ') was incubated with 250 mM sucrose in
the presence of 50 mM acetate buffer (pH 5.5) and 1 mM CacCl,.
The mixtures were then incubated at 30 °C for 24 h. To termi-
nate the reaction, the mixtures were boiled for 10 min. The
sugar composition in the reaction mixture was analyzed using
high-performance anion exchange chromatography with pulsed
amperometric  detection (HPAEC-PAD), as previously
described.”® To determine the mass of oligosaccharide prod-
ucts, the MALDI-TOF mass spectroscopy technique was
employed utilizing the JEOL™ Spiral TOF MALDI Imaging-TOF/
TOF Mass Spectrometer (JMS-S3000). The matrix used for this
analysis was 2,5-dihydroxybenzoic acid (DHB).

2.5 Computational methods

The homology models of the LrInu were generated from crystal
structure of Lactobacillus johnsonii inulosucrase (PDB ID: 2YFS
with 74.17% identity) using the SWISS-MODEL server.>® The
protonation state of all amino acids in the models was deter-
mined at pH 5.5 using the H++ server.”” MD simulations were
conducted at 323 K and 400 K using the AMBER20 package. The
models were immersed in a truncated octahedral box filled with
the TIP3P water model, maintaining a buffer distance of 13 A,
utilizing the AMBER20 LEaP module. The systems were then
neutralized by adding sodium ions (Na").

Subsequently, minimization was executed to eliminate
unfavorable interactions through a series of procedures, each
consisting of 2500 steepest-descent steps and 2500 conjugated
gradient steps, in which the heavy atoms of proteins were
initially restrained with the force constant of 5.0 kcal mol ™"
A2, followed by the restraint of protein backbones using force
constants of 10, 5, and 1 kcal mol™" A™2 Finally, all of the
systems were minimized without any restraining force, the
PMEMD module of AMBER20 was employed to perform system
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Fig. 1 Fluctuation analysis of WT Lrinu and target amino acid residue
for mutagenesis. (A) The ratio of RMSF at 400 K and at 323 K suggested
highly unstable regions of Lrinu. (B) The model of Lrinu was colored
based on the RMSF400K/RMSF323K values. Glycine residues in flexible
regions were represented as sphere structures. Number 1-9 indicated
the nine highly flexible regions of the Lrinu that respond to the change
in temperature.

simulations under the previously mentioned condition.™* The
Langevin dynamic technique*® was employed to control
temperatures, with a collision frequency of 1 ps™'. During the
heating stage, the system underwent a temperature increase
from 0 to 323 K or 400 K over 200 ps, while restraining protein
backbones with a force constant of 10 kcal mol™ A% in the NVT
ensemble. Additionally, the systems underwent a 300 ps
equilibration stage at 323 K or 400 K in the NVT ensemble. The
production stage involved simulations at 323 K or 400 K and 1
atm in the NPT ensemble for 100 ns, generating a total of 10
000 conformations for each independent run. This entire
process was conducted in two replicates for each system. The
Cpptraj module of AMBER20 (ref. 29) was utilized for calcu-
lation of Root Mean Square Deviation (RMSD), Root-Mean-
Square Fluctuation (RMSF) and hydrogen bond (H-bond).
Note that the RMSF values were computed based on the
alpha carbon and beta carbon atoms (or hydrogen atoms for
glycine) of each residue. The presence of hydrogen bonds
between the protein and ligands was assessed based on
specific criteria: (i) the distance between the H-bond donor
(HD) and H-bond acceptor (HA) =< 3.0 A and (ii) the angle
between the donor-H-acceptor (HD-H---HA) of =1350."
Furthermore, the Molecular Mechanics/Generalized Born
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Surface Area (MM/GBSA) method was applied using the
MMPBSA.py module to calculate the total binding free energy
(AGbina)-**

3. Results

3.1 Identification of highly flexible glycine using molecular
dynamics simulation

MD simulations of LrInu model were performed at 323 K and
400 K for 100 ns. The stability of the system was assessed using
the Root-Mean-Square Deviation (RMSD) analysis. High
structural fluctuation of LrInu was observed during the first 60
ns and then eventually found equilibrium (Fig. S17). There-
fore, the MD trajectories from 80 to 100 ns were extracted for
further Root-Mean-Square Fluctuation (RMSF) analysis. As
shown in Fig. 1, RMSF***/RMSF***¥ ratio revealed nine highly
flexible regions of the LrInu that respond to the change in
temperature. Most of these regions have glycine residues. Due
to the fact that glycine, unlike other amino acids, features
a hydrogen atom as its side chain, resulting in significantly
greater conformational flexibility within the structure. There-
fore, the glycine residues in flexible regions, including Gly217,
Gly298, Gly330, Gly416, Gly450, Gly624, Gly627 and Gly629,
were substituted by Pro with the aim that they might increase
thermostability of LrInu.

3.2 Specific activity and optimum temperature of variant
enzymes

The candidate variants were constructed, expressed, and puri-
fied. The activity assay demonstrated that most of the variants
showed a significant decrease in sucrase activity compared to
the WT, except for G416P (Fig. 2A). The G217P, G330P, G450P,
G624P, G627P, and G629P variants exhibited relative activities
of 63%, 62%, 23%, 24%, 51%, and 58%, respectively. Addi-
tionally, the activity of G298P was not detectable, suggesting the
critical role of this residue in LrInu's catalysis. After that, the
effect of temperature on the catalytic activity of WT and variants
was evaluated at 25-70 °C (Fig. 2B). The results showed that all
variants and the WT had similar optimum temperatures of 50 °©
C and lost almost all activity at 60 °C.

3.3 Thermostability of variant enzymes

Thermostability parameters of the WT LrInu and its variants
were evaluated (Fig. 3). The kinetic stability of all variants was
investigated at WT's optimal temperature of 50 °C. As shown in
Fig. 3A, G416P, G624P, G627P, and G629P exhibited higher
sucrase activity after an 8 hour incubation compared to that of
the WT,* resulting in a 1.5-fold, 1.4-fold, 2.2-fold, and 1.6-fold
increase in the T;,, value, respectively, as compared to the WT
(Table 1). To assess the impact of mutations on LrInu's ther-
modynamic stability, Ts, of the enzymes were measured. The
Tso value, the midpoint of the enzyme inactivation, of G416P,
G624P, G627P, and G629P was greater than that of the WT
(Table 1), indicating that certain mutations can enhance ther-
modynamic stability of LrInu.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (A) Specific activity of WT and variant Lrinu at 50 °C. (B) Effect of

temperature on activity of WT and variants at 25-70 °C.

3.4 Product profile

HPAEC-PAD and MALDI-TOF spectroscopy were employed to
investigate the product profile and size distribution of fruc-
tooligosaccharides (FOS) synthesized by both the WT and
variant LrInu enzymes, as presented in Fig. 4. The HPAEC
chromatogram demonstrated that the mutations did not have
an impact on the linkage within oligosaccharides, as all
observed peaks on the chromatogram were comparable
(Fig. 4A). However, MALDI-TOF analysis revealed significant
differences in the degree of polymerization (DP) between the
mutant inulin and the WT inulin (Fig. 4B). Specifically,
G416P, G450P, and G624P variants generated shorter inulin
FOS compared to the WT, while the G627P variant produced
longer-chain FOS. For G217P, G330P, and G629P variants,
although they were able to produce FOS with a similar DP as
the WT, the HPAEC intensity indicated that these mutants
generated a lower quantity of DP7, and longer-chain FOS
compared to the WT. These findings suggest that the flexi-
bility of LrInu not only affects its stability but also its
processivity.

3.5 Binding of FOS on WT, G624P and G627P LrInu

Although located in the same loop, both G624P and G627P
variants display different product profiles. To investigate the
impact of these mutations, molecular dynamics (MD) simu-
lations and MM/GBSA analysis were performed. The systems,
including WT, G624P, and G627P variants in complex with 1-
B-fructofuranosyl-nystose (GF4), were simulated at 323 K for
100 ns. The MD trajectories from 80 to 100 ns were extracted
for further H-bond and MM/GBSA analyses. As shown in Table

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Thermostability of WT and variant Lrinu. (A) Kinetic stability of
WT and variant Lrlnu evaluated at 50 °C. (B) Melting temperature
analysis of WT and variant Lrinu determined by thermal inactivation
assay. *Data from ref. 1.

2, the binding affinity of G624P was relatively lower than that
of WT, while G627P exhibited the highest affinity among
them. This finding supports the MALDI-TOF result that G627P
can produce a higher DP. Since proline has a cyclic structure
and a limited phi angle, proline substitution may change the
conformation of nearby residues, impacting the interaction
between the enzyme and substrate. H-bond analysis revealed
that proline substitution affects the number of H-bonds
between LrIinu and FOS (GF4) (Fig. 5A and B). The number
of strong H-bonds increases for G627P, supporting the reason
why this variant produces higher DP FOS. In contrast, the

Table 1 Thermostability parameters of WT and variants Lrinu
(mean + SEM)

LrInu Half-life (h) Tso (°C)
WT 4.7 £ 0.9¢ 53.5 + 1.4
G217P 2.6 £0.1 56.0 + 1.6
G298P ND ND
G330P 2.3+0.4 53.8 + 0.5
G416P 6.9 £ 0.6 61.3 + 1.6
G450P 2.3+£0.2 54.3 + 0.8
G624P 6.6 + 0.8 60.5 + 0.7
G627P 10.5 + 4.1 60.3 £+ 1.0
G629P 7.6 £0.2 59.1 &+ 0.8

“ Data from ref. 1. ND = not detect.

RSC Adv, 2024, 14, 2346-2353 | 2349
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Fig. 4 Product profile of WT and variant Lrinu analyzed by (A) HPAEC-PAD and (B) MALDI-TOF mass spectroscopy.

Table 2 AGyng and its energy components (kcal mol™) of WT and variant Lrlnu in complex with GF4 (mean + SEM)

Energy component

(keal mol™) WT G624P G627P
Gas term

AE,qw —54.7 £ 0.6 —57.1 4+ 0.7 —57.6 + 0.4
AEq. —~106.6 + 1.9 —113.5 £ 1.8 —99.1 4+ 1.2

Solvent term
AGPoalr 130.4 £ 1.3 142.0 + 1.4 123.5 + 0.9
AGmn_polar —8.4 + 0.1 —8.7 £ 0.1 —9.1 +£ 0.0

Binding free energy
AGhind (Mm/GBSA) —-39.3 £ 1.0 —37.3+0.9 —42.3 £ 0.6

2350 | RSC Adv, 2024, 14, 2346-2353 © 2024 The Author(s). Published by the Royal Society of Chemistry
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G624P mutation decreased the number of strong and medium
H-bonds between the enzyme and FOS.

4. Discussion

The glycine residue possesses a unique characteristic among
amino acids, as its side chain consists of hydrogen atom. This
distinctive feature allows for greater conformational freedom,
thereby providing flexibility to adjacent residues. Given this
property, it is not surprising that glycine plays a significant role
in the structure and function of enzymes.” In this study,
molecular dynamics simulations were employed to identify the
highly flexible glycine residues in LrInu. Based on the conser-
vation analysis (Fig. S2t), it was observed that most of the
flexible glycine residues, with the exception of Gly624, were
highly conserved among inulosucrases, suggesting their
potential significance in their catalysis or stability. To further
examine this point, a rigid amino acid proline was used to
substitute the flexible glycine residues of LrInu. The rationale
behind this substitution was to reduce the conformational
degrees of freedom of the enzyme, thus possibly altering LrInu's
stability and product profile.

As a result, mutations in flexible glycine residues have an
impact on both the activity and stability of LrInu. Specifically,
the activity of the G298P variant could not be detected, likely
due to its close proximity to the active site. Moreover, G217P,
G330P and G450P variants exhibit much lower activity and
stability compared to WT. Notably, Gly450 is positioned on the

© 2024 The Author(s). Published by the Royal Society of Chemistry

loop that is connected to the calcium binding site of LrInu,
which has been previously reported to play a crucial role in
enzyme activity and stability.”*** The impact of the G330P
mutation on LrInu activity is relatively lower compared to that
of G450P, as Gly330 is positioned further away from the active
site and the oligosaccharide binding site of LrInu. However, it is
important to highlight that this residue is highly conserved
among inulosucrases, suggesting its essential role in main-
taining the native structure of LrInu.

Other mutants including G416P, G624P, G627P and G629P
were found to be more stable compared to WT, although they
have lower activity than that of WT (except G416P). It is well
known that substitutions with proline residues decrease the
conformational degrees of freedom in the polypeptide chain
thus enhancing the stability of the protein at higher tempera-
tures.** This approach has been successfully employed in
various enzymes, such as a-glucosidase,* lipase,® endogluca-
nase,” levansucrase'' and transaminase.® According to the
RMSF analysis, G624P, G627P, and G629P are located within the
loop, which is highly sensitive to temperature changes. Intro-
ducing the rigid amino acid proline into this loop is expected to
decrease its flexibility and subsequently enhance protein
stability. Nevertheless, it is noteworthy that this loop connects
to the active site of LrInu, which provides an explanation for the
strong decrease in enzyme activity. Surprisingly, the G416P
mutation had no effect on enzyme activity, possibly because it
was located away from the active site.

RSC Adv, 2024, 14, 2346-2353 | 2351
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In addition to affecting enzyme activity and stability, proline
substitutions also have an impact on the oligosaccharide profile
of LrInu. This can be attributed to the increased rigidity of the
active site, which is a crucial feature for the induction-fit
mechanism.>** Consequently, most variants produce shorter-
chain or lower amounts of long-chain oligosaccharides
compared to the WT. Furthermore, the model indicates that
Gly416 and Gly450 are situated on the loop connecting to the
calcium binding site of the enzyme, which has been previously
identified as playing a significant role in product elongation.**
Interestingly, the G627P variant produces longer-chain inulin
than WT, potentially due to the higher rigidity of the active site,
which enhance the interaction to the acceptor molecule. This
hypothesis was validated through MD simulation. RMSF anal-
ysis distinctly illustrated that the G627P mutation could
decrease the flexibility of LrInu's amino acid residues (Fig. S37).
Certain regions, specifically residues 256-266, 301-305, 332-
336, 415-417, 547-552, and 627-629, situated on the binding
pocket's rim, indicated their potential significance in enzyme
catalysis and stability. Overall, this study has provided valuable
data regarding the impact of flexible glycine residues on LrInu's
activity, stability, and inulin synthesis.

5. Conclusions

This study investigates the role of flexible glycine residues in the
activity, stability, and inulin synthesis of Lactobacillus reuteri
121 inulosucrase (LrInu). The substitution of the rigid amino
acid proline for these flexible glycine residues can result in both
an increase and a decrease in the stability of LrInu. Addition-
ally, mutations have varying effects on enzyme activity and the
obtained product profile, depending on their position. Specifi-
cally, the G416P, G624P, G627P, and G629P variants were found
to exhibit higher stability compared to the WT, suggesting their
potential for further development in inulin synthesis. Overall,
this study addresses a research gap in the field of inulosucrase
and inulin biosynthesis.
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