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ARTICLE INFO ABSTRACT

Keywords: Chitin deacetylase (CDA) modifies chitin into chitosan by removing acetyl groups, but its inherent instability

Fluorescence thermal shift assay (FTSA) poses a challenge for successful crystallisation. Despite limited successes in crystallizing CDAs, prior attempts

Isiﬁrrleull‘l?non with recombinant chitin deacetylase (BaCDA) failed due to poor stability. To address this, we propose an enzyme
eli-lire

buffer formulation as a cost-effective strategy to enhance stability, prolong shelf life, and increase the likelihood
of crystallisation. Utilizing the high-throughput screening technique FTSA, we developed a screening method
correlating BaCDA stability with its activity. The optimised formulation comprises 50 mM Tris-HCI buffer pH 7,
1 M NaCl, 20 % glycerol, and 1 mM Mg?" as excipients. This formulation significantly improves BaCDA’s
thermostability (140.47 % increase) and enzyme activity (2.9-fold enhancement). BaCDA remains stable in the
formulated buffer at —20 °C and —80 °C for 30 days and at 4 °C for 15 days. The current study has designed a
high-throughput screening method approach to assess the stability of CDA enzyme formulations. The results of
this study could contribute to the exploration of formulation elements that enhance the structural stability of

Chitin deacetylase
SYPRO orange

CDA, thereby facilitating investigations into the enzyme’s structure-function relationships.

1. Introduction

Chitosan, derived from chitin, finds extensive utility, especially in
the biomedical sector, owing to its biological attributes as a safe, anti-
microbial, anti-tumour, and environmentally degradable polymer. At
the industrial scale, this conversion is accomplished via thermochemical
processes, leading to environmental concerns and a lack of product
reproducibility. Hence, our research groups have been using chitin
deacetylase on the green route [1-6]. Despite nearly four decades since
the initial CDA discovery, only a limited number of CDAs have suc-
cessfully undergone crystallisation. The main challenge in crystallising
CDAs lies in their inherent instability [7]. Enhancing the stability during
storage and prolonging the shelf-life of CDAs can significantly improve
cost-effectiveness in downstream processes. This can be accomplished
through the formulation process, which uses various excipients such as
buffers, pH modifiers, salts, metal ions, preservatives, amino acids,
polymers, sugars, and polyols [8,9].

In the present study, we employed the fluorescence thermal shift
assay (FTSA) to assess the thermal stability of the BaCDA enzyme
formulation and its shelf life using the SYPRO orange dye. The detection
is based on the dye’s interaction with the protein’s hydrophobic regions,
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which become exposed when the protein undergoes denaturation, which
is read as increased fluorescence [10]. This modified formulation can
help in using BaCDA for structural studies.

2. Materials and methods
2.1. BaCDA enzyme preparation

In the previous work, the BaCDA gene was cloned into a pET-22 (b)
vector and expressed in E. coli Rosetta pLysS cells. The over-expressed
BaCDA was purified homogeneously using Ni-NTA affinity chromatog-
raphy. After purification, the BaCDA was dialysed to remove imidazole
and concentrated to 1 mg/mL using a 10 kDa Amicon Ultra-15 centrif-
ugal filter. This purified BaCDA was then ready for further experiments
[61.

2.2. Enzyme activity assay

Enzyme activity was measured using an acetate assay kit. To carry
out the assay, 100 pL of a reaction containing 40 pL of ethylene glycol
chitin (EGC) (1 mg/mL), 20 pL of BaCDA (1 mg/mL), and 40 pL of 50
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mM Tris-HCI (pH 7) buffer was incubated for 1 h at 30 °C at a speed of
800 rpm. BaCDA was removed by passing the mixture through a 3 kDa
spin column to stop the reaction. The manufacturer’s protocol deter-
mined acetate concentration in the 10 pL of flow-through. Accordingly,
the enzyme activity was calculated. Specifically, one unit enzyme was
defined as the enzyme required to release one pmol of acetate from the
reaction per mg of the enzyme. We conducted the enzymatic assays in
triplicate for each experiment.

2.3. Fluorescence-based thermal shift assay

2.3.1. Engyme and dye ratio optimisation

The thermal shift assay used the Bio-Rad CFX96 Touch Deep Well
Real-Time PCR System’s melting curve program. The temperature was
increased by 1 °C within a range of 10 °C-90 °C, with a 30-s hold time,
and the final reaction volume for all experiments was 25 pL. In a pre-
liminary investigation, SYPRO Orange and BaCDA concentrations were
titrated to determine an appropriate melt curve. A 50X stock solution of
SYPRO Orange dye was prepared, and concentrations ranging from 2.5X
to 20X were used in the assay. For BaCDA, concentrations within the
2.5-20 pg range were utilized in the assay. Optimal BaCDA and dye
concentrations were determined and used in subsequent assays.

2.3.2. Effect of pH on stability of BaCDA

Buffers with a pH range of 4-10 were selected for the screening
process. The buffers included in the study were 50 mM citrate buffer
with a pH of 4-6, 50 mM Bis-tris buffer with a pH of 6-7, 50 mM
phosphate buffer with a pH of 6-8, 50 mM Tris-HCl with a pH of 7-8, 50
mM boric acid buffer with a pH of 8-9, and 50 mM carbonate buffer with
a pH of 9-10. Apart from assessing thermal stability, the enzyme activity
was also evaluated under these pH conditions [7].

2.3.3. Effect of salt concentration on the stability of BaCDA

The enzyme activity of BaCDA was determined in the presence of
NaCl concentrations ranging from 50 mM to 2 M for thermal stability
screening.

2.3.4. Effect of additives on the stability of BaCDA

The study involved testing different additives, such as glycerol and
metal ions, to determine their impact on the thermostability of BaCDA.
The glycerol concentration was tested at different levels ranging from 5
% to 30 %. Additionally, the study examined the effects of metal ions
such as Kt, Ca®", Co?t, Mn?*, Mg?", Ni®*, and Zn?* at a concentration
of 1 mM. All additives were also tested to determine any potential
impact on enzyme activity.

2.4. Effect of storage on stability

The BaCDA enzyme was purified using the previously described
method and then dialysed against a storage buffer that contained Tris-
HCl pH 7, 1 M NaCl, 20 % glycerol and 1 mM Mg2+. The enzyme was
then stored at three different temperatures, 4 °C, —20 °C, and —80 °C, to
determine its stability. After 7, 15, and 30 days, samples were taken and
analysed using SDS-PAGE and acetate assay to assess the enzyme’s
stability and activity.

3. Results
3.1. Stability of BaCDA

By prior research, BaCDA was eluted using 100 mM imidazole, and
the collected fractions were subsequently subjected to dialysis to elim-
inate imidazole. The resulting purified BaCDA exhibited a molecular
weight of 29 kDa, as verified through SDS-PAGE (Supplementary Fig. 1)
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3.1.1. Dye and enzyme ratio

To increase the sensitivity of the method, different concentrations of
dye (ranging from 2.5X to 20X) and enzyme (ranging from 2.5 pg to 20
pg) were used (Fig. 1). A common trend observed in all combinations
was that increasing the enzyme concentration resulted in a decrease in
relative fluorescence units (RFU). The highest melting temperature (Ty,)
was obtained using 2.5X dye concentration and 2.5 ug of enzyme. Thus,
these conditions were maintained for further optimisation steps. The
highest melting temperature obtained was considered 100 %.

3.1.2. Buffer and pH screening

Different buffers with a pH range from 4 to 10 were tested to
determine the effect on the stability of BaCDA. The results showed that
the Ty, of BaCDA increased to 119 % in citrate buffer at pH 5 and Bis-Tris
buffer at pH 6, but this did not match with the activity profile of BaCDA.
The maximum activity was observed in the Tris-HCl buffer at pH 7.
However, the stability of the enzyme improved by 5.95 % in the pres-
ence of Tris-HCI buffer at pH 7 compared to the results from the initial
experiment. Therefore, all further experiments were conducted with
Tris-HCl buffer at pH 7.

3.1.3. Salt concentration screening

The study aimed to investigate how different NaCl concentrations
affect the BaCDA’s Tm. The experiment tested NaCl concentrations
ranging from 50 mM to 2 M, and it was discovered that the T, of BaCDA
increased to 140 % in the presence of 2 M NaCl (Supplementary Fig. 2b).
However, using 2 M NaCl resulted in decreased enzyme activity. Further
testing revealed that BaCDA activity was highest in the presence of 1 M
NaCl, with the Ty, at 130.95 % (Fig. 2b). Consequently, the ideal con-
centration of NaCl to be included in the storage buffer cocktail is 1 M
NaCl.

3.1.4. Additive screening

An experiment was conducted to extend the shelf life of BaCDA by
adding glycerol to its formulation. Different concentrations of glycerol,
ranging from 5 % to 30 %, were tested to determine the optimal con-
centration that would provide thermal stability to BaCDA. Results
showed that the maximum enzyme activity and Ty, of BaCDA were
observed at a glycerol concentration of 20 %. The Ty, of BaCDA with 20
% glycerol was 126.19 %, confirming that a 20 % glycerol concentration
is ideal for the storage buffer cocktail.

BaCDA is a type of metalloenzyme. To determine its properties, we
tested its thermal stability in the presence of various metal ions. Our
results showed that the presence of Mg?" increased the Ty, of BaCDA by
140.47 % (Supplementary Fig. 2d). Moreover, we observed that the
enzyme activity was also improved in the presence of Mg>" in the buffer
(Fig. 2d). Based on these findings, we included 2 mM Mg?" as the metal
ion additive in the storage buffer cocktail.

3.2. Effect of storage temperature on the shelf life of BaCDA

The storage stability study results showed that when the BaCDA
enzyme was stored at 4 °C, degradation occurred as observed in the SDS-
PAGE (Fig. 3a). There was a decrease in enzyme activity to 95.23 + 4.87
%, 64.68 + 3.23 %, and 36.90 + 1.64 % on days 7, 15, and 30,
respectively (Fig. 3b). In contrast, no degradation was observed when
the enzyme was stored at —20 and —80 °C, as seen on SDS-PAGE. When
held at —20 °C, the BaCDA maintained its activity at 99.76 + 4.62 % and
95.08 + 3.61 % on the 15th and 30th day, respectively. Similarly, when
stored at —80 °C, the BaCDA retained its activity at 98.56 + 3.72 % and
96.34 + 5.63 % on the 15th and 30th day, respectively. These findings
suggest that the optimised storage buffer cocktail is suitable for long-
term storage of the BaCDA enzyme with only a marginal loss in
enzyme activity.
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Fig. 1. Dye and enzyme ratio optimisation. The Ty, of BaCDA was found to be 42 °C in water with 20X dye and 2.5 pg enzyme.
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Fig. 2. Investigation of Tm of BaCDA in different conditions. (a) The T, and enzyme activity of BaCDA at different buffer and pH conditions. The bar graphs
represent the Ty, (°C), and the line graph represents the enzyme activity (U/mg). (b) The T, and enzyme activity of BaCDA at different concentrations of NaCl (mM).
The bar graphs represent the Ty, (°C), and the line graph represents the enzyme activity (U/mg). (c) The T, and enzyme activity of BaCDA at different glycerol
concentrations (%). The bar graphs represent the Ty, (°C), and the line graph represents the enzyme activity (U/mg). (d) The T, and enzyme activity of BaCDA in the
presence of different metal ions (1 mM). The bar graphs represent the Ty, (°C), and the line graph represents the enzyme activity (U/mg).

4. Discussion

The fluorescence-based thermal shift assay (FTSA) is a high-
throughput screening technique to investigate the thermal stability of
proteins [11]. FTSA has been employed to study the stability of various
proteins [12-14]. CDAs are enzymes that are known for their instability.
Hence, only a limited number of CDAs from organisms such as Ence-
phalitozoon cuniculi (ECU11_0510), C. lindemuthianum (CICDA), Bombyx
mori (BmCDA), Aspergillus niger (AngCDA), and (SmPgdA) have been
successfully crystallised and documented in the Protein Data Bank (PDB)

[15-19]. BmCDA, for instance, exhibited instability and underwent
autocleavage when exposed to a crystallisation reagent; however,
truncation of the enzyme enhanced its stability, leading to its successful
crystallisation. As part of a previous study, attempts were made to
crystallise Bacillus aryabhattai CDA, but the efforts were unsuccessful
due to the enzyme’s instability.

The enzyme excipient formulation was tested and assessed using an
FTSA-based approach to improve stability. Researcher Kathy Huynh and
colleagues introduced the initial protocol for the FTSA study utilizing
SYPRO dye. Subsequently, the SYPRO dye to BaCDA ratio was
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Fig. 3. Investigation of storage stability of BaCDA. (a) SDS-PAGE for the stability of BaCDA stored at 4 °C, —20 °C and —80 °C was analysed at 7 days, 15 days and 30
days. (b) Relative enzyme activity of BaCDA stored at 4 °C, —20 °C, and —80 °C was analysed at 7 days, 15 days and 30 days.

improvised on this [20]. Additionally, Ruth Kellner and her team have
developed 158 conditions for studying protein stability. The results of
the FTSA were evaluated based on DSF and enzyme activity under these
158 conditions. They also recommended using 5X dye at the final con-
centration in general. However, our study observed that the best melting
curve was obtained with 2.5 pL enzyme and 2.5X dye in a 25 pL reaction
[21]. BaCDA is highly unstable without excipients, and its T, was found
to be 42 °C. The stability of BaCDA was found to be highest at pH 6 when
Bis-Tris and phosphate buffer were present. This might be because the
pH was far from the pKa of BaCDA, which was found to be 9.2. On the
other hand, the enzyme activity was at its maximum at pH 7 in the
Tris-HCI buffer, and the T, was 44.5 °C. The results indicate that the
Tris-HCl buffer condition suits BaCDA activity and stability. The opti-
mum pH for CDA reported in Aspergillus nidulans, Colletotrichum linde-
muthianum, Flammulina velutipes and Rhodococcus sp. is 7 for their
activity [22]. The Tris-HCl buffer helped to crystallise ECU11_0510,
CICDA, and BmCDA. Moreover, Tris-HCl buffer is commonly used for
enzyme stability. It interacts with the peptide backbone and holds good
with BaCDA stability [23]. The presence of salt provides ionic strength
to the enzyme’s physiological structure. Therefore, we tested different
concentrations of NaCl. BaCDA showed stability even at a high con-
centration of NaCl up to 2 M, but the activity was inhibited. The enzyme
activity was maximum at 1 M NaCl with a T, of 55 °C, which agrees with
our previous work. Several enzymes are reported for their halophilic
nature, and marine-based enzymes tend to be halophilic; BaCDA is one
of them [6,24]. AsnCDA and BmCDA were crystallised in 100 mM and

20 mM ionic strength, respectively. Glycerol is a commonly used pre-
servative for stabilizing proteins [25]. It can be used at concentrations
ranging from 10 to 50 %, but its impact on protein activity varies
depending on its structural conformation [26]. For instance, the activity
and melting temperature of BaCDA increased in the presence of 20 %
glycerol but decreased in the presence of 30 %. On the other hand,
cryoprotectant concentrations of 10 %, 15 %, and 25 % (v/v) glycerol
were used for AsnCDA, CICDA, and BmCDA, respectively, to preserve
their crystalline structure. CDAs are generally classified as metal-
loenzymes, and many exhibit activity in the presence of metal ions [22].
As such, the activity and Ty, of BaCDA were also investigated in the
presence of metal ions. The Tm was increased in the presence of KT,
Ca?*, Co?t, Mg?*, acetate and EDTA. The Ty, was decreased in the
presence of Mn?*, Ni?* and Zn?*. The activity of BaCDA was enhanced
to the maximum in the presence of Mg?". Its melting temperature (Tm)
was found to be 59 °C. Other CDAs from various organisms, including
B. amyloliquefaciens, Lichtheimia corymbifera, Penicillium oxalicum, and
Rhizopus circinans, also displayed enhanced activity in the presence of
Mg [27]. Similarly, Zn>" promoted the crystallisation of CICDA,
SmPgdA, and ECU11_0510. After screening, a buffer cocktail consisting
of 1 M NacCl, 20 % glycerol, and 1 mM Mg2+ in the presence of 50 mM
Tris-HCI pH 7 buffer was prepared.

The stability of BaCDA was examined at 4 °C, —20 °C, and —80 °C for
7, 15, and 30 days. It was observed that the BaCDA degraded in the
presence of elution buffer when stored at 4 °C, —20 °C, and —80 °C for 7
days. However, in the optimised buffer cocktail, the BaCDA was stable at
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—20 °C and —80 °C for up to 30 days without significant loss of enzyme
activity. The BaCDA stored at 4 °C was stable for up to 7 days, and after
15 days of storage, the enzyme degraded and lost its activity. Different
CDAs are crystallised in 5 min-10 days under different conditions.
Therefore, by optimising the buffer cocktail for BaCDA, suitable storage
and temperature conditions were determined. Correlating the stability
and activity of the enzyme helped design a single buffer cocktail, which
reduces the possible stress on the enzyme and increases the possibility of
crystallisation.

5. Conclusion

A sensitive method for screening excipients using FTSA was devel-
oped for highly unstable CDA enzymes. The thermal stability of BaCDA
activity was found to be correlated. A buffer cocktail that was well-
suited for BaCDA activity and storage was formulated. Overall, the
prepared buffer cocktail increased the thermostability and enzyme ac-
tivity of BaCDA by 140 % and ~2.9-fold, respectively. Therefore, the
FTSA-based screening method effectively designed a suitable buffer
cocktail for the most fragile CDA enzyme. The storage stability study
also demonstrated that the enzyme can be stored at —20 and —80 °C for
up to 30 days without any significant loss of activity. These results could
assist in crystallisation studies as well.
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