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Abstract: Celiac disease is an autoimmune disease triggered by oral ingestion of gluten, with certain gluten
residues resistant to digestive tract enzymes. Within the duodenum, the remaining peptides incite
immunogenic responses, including the generation of autoantibodies and inflammation, leading to irreversible
damage. Our previous exploration unveiled a glutenase called Bgal903 derived from the Gram-negative
bacterium Burkholderia gladioli. The cleavage pattern of Bgal903 indicated its moderate ability to mitigate the
toxicity of pro-immunogenic peptides. The crystal structure of Bga1903, along with the identification of subsites
within its active site, was determined. To improve its substrate specificity toward prevalent motifs like QPQ
within gluten peptides, the active site of Bga1903 underwent site-directed mutagenesis according to structural
insights and enzymatic kinetics. Among the double-site mutants, E380Q/S387L exhibits an approximately 38-
fold increase in its specificity constant toward the QPQ sequence, favoring glutamines at the P1 and P3
positions compared to the wild type. Not only does the heightened specificity of E380Q/S387L improve the
hydrolytic activity against pro-immunogenic peptides, but also holds this version of the enzyme as a promising
candidate as an oral therapy enzyme for celiac disease.

Keywords: celiac disease; glutenase; gliadinase; gluten-free diet; gluten-derived pro-immunogenic peptides;
oral enzyme therapy; enzyme active-site modification.

1. Introduction

Celiac disease is an autoimmune disorder triggered by the consumption of gluten and is
characterized by various gastrointestinal and extraintestinal symptoms [1]. Human leukocyte antigen
(HLA)-DQ2 is associated with >90% of patients, while the remaining patients possess HLA-DQS [2].
It is noteworthy that additional unknown factors influence the development of the disease [3]. The
diagnosis of celiac disease can be accomplished through the utilization of duodenal biopsy or
serological testing [4,5]. Traditionally, celiac disease is confirmed via endoscopic biopsy, revealing
villous atrophy and crypt hyperplasia in the small intestine [4]. However, owing to the invasive
nature of biopsy procedures, serologic tests, such as anti-transglutaminase 2 (TG2) antibodies and
anti-endomysial antibody assays, are typically conducted in advance when there is suspicion of the
disease [5].

The manifestation of the disease is primarily driven by gliadin, the ethanol-soluble component
of wheat gluten [6]. The proline-rich composition renders gliadin partially resistant to proteolysis by
human digestive enzymes. Some of the recalcitrant peptides, such as the 33-mer peptide from a2-
gliadin and 26-mer peptide from y5-gliadin, might enter the lamina propria of duodenum via the
transepithelial pathway [7,8], where these pro-immunogenic peptides are subsequently subjected to
deamination by TG2, leading to the conversion of specific glutamine residues into glutamic acids [9].
Epitopes on the deaminated peptides are presented to gluten-specific CD4* T cells by antigen-
presenting cells possessing HLA-DQ2 and/or HLA-DQS8 [2]. The activated gluten-specific CD4* T cells
secrete inflammatory cytokines and stimulate specific B cells, leading to the production of anti-gliadin
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antibodies and anti-TG2 autoantibodies [10,11]. Since TG2 is implicated in cell-adhesive cytoskeletal
cross-linking throughout the body [12], the assault on tissues by anti-TG2 autoantibodies would
compromise intestinal barrier integrity, further increasing the influx of gluten peptides and
exacerbating the systemic autoimmune response and malabsorption of nutrients [13].

At present, there is no cure for patients; therefore, a strict gluten-free diet is the only prescription
to mitigate the onset of celiac disease. However, maintaining this diet for life is difficult because it is
costly, inconvenient, and sometimes impossible due to inadvertent contamination during food
processing [14,15]. Given the substantial burden that celiac disease imposes on public health and
individual well-being, drugs with diverse mechanisms have been under development by
pharmaceutical companies and academia [16,17]. Oral enzyme therapy has been suggested as one of
the adjunctive treatments for celiac disease, involving the enzymatic hydrolysis of pro-immunogenic
peptides derived from gluten within the stomach and duodenum [18-20]. In recent years, the
potential of a couple of peptidases has been assessed through clinical trials. Kuma-062 (also called
TAK-062), an iteratively engineered acid-tolerant S53 peptidase originally from Alicyclobacillus
sendaiensis, has recently progressed to the phase 2 clinical trial (clinical trial number: NCT05353985)
[21]. Latiglutenase (formerly ALV003 or IMGX003), a cocktail formulation containing peptidases
sourced from germinating barley seeds (EP-B2) and from Sphingomonas capsulate (SC-PEP), reduced
gluten-induced intestinal mucosal damage in the phase 2 clinical trial (clinical trial number:
NCT03585478) [22,23].

In previous studies, we identified a serine peptidase, named Bgal903, with gliadin hydrolytic
activity from Burkholderia gladioli [24]. Bga1903 has the capability of being secreted into the culture
medium by Escherichia coli BL21(DE3). The structure of Bgal903 was determined through X-ray
crystallography, and the architecture of the substrate-binding subsites was defined [25]. In the
present study, an endeavor was made to further enhance its hydrolytic activity toward the 33-mer
and 26-mer peptides by rationally modifying the S1 subsite of Bgal903 through mutagenesis. The
alterations in catalytic constants were investigated to verify their respective effects.

2. Results

2.1. The substrate-binding subsites of Bga1903

Bgal903 preferentially cut the bond at the carbonyl side of glutamine when it acted on the 26-
and 33-mer peptides; nonetheless, it showed relaxed selectivity at the P1 residue, with a preference
for lysine, followed by phenylalanine, leucine, and glutamine when bovine serum albumin served as
the substrate [24]. These observations imply that elevating the catalytic specificity of Bga1903 toward
pro-immunogenic peptides could be potentially achieved through strategic alterations of subsite S1
within the peptidyl-binding pocket. The crystal structure of Bgal903, highlighting residues
constituting the 51-S3 subsites (Figure 1), indicates that the broader specificity for P1 residues may
stem from the larger cavity of S1 compared to S2 and S3. An earlier study investigated the importance
of residues E380 and S387, which line the wall of 51, in influencing the peptidase’s catalytic efficiency
toward specific chromogenic peptidyl substrates [25]. The present study conducts a more detailed
examination of these two residues, anticipating that tailoring S1 will result in changes in selectivity
for acceptable P1 residues.
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Figure 1. The docking model featuring the active site of Bgal903 complexed with QPQ tripeptide in
stereo view. The coloring scheme designates the surface of the S1, S2, 53, and S1” sites as cyan,
magenta, orange, and wheat, respectively. Residues E380 and S387, targeted for mutagenesis in the
present study, are colored elementally (C: cyan; N: blue; O: red). The catalytic triad composed of D203,
H277, and 5449 is colored by elements (C: yellow; N: blue; O: red).

2.2. The specific activity of Bga1903 toward various chromogenic tripeptidyl substrates

To assess the substrate specificity of Bgal903, we employed several tripeptidyl chromogenic
substrates, namely Z-HPX-pNA and Z-QPQ-pNA (where Z stands for benzyloxycarbonyl, pNA for
p-nitroanilide, and X for an amino acid). The design of Z-HPX-pNA was informed by Bgal903's
cleavage patterns on bovine serum albumins, revealing a preference for proline and histidine at the
P2 and P3 positions, respectively [24]. Meanwhile, Z-QPQ-pNA represents a common motif found in
the 26- and 33-mer peptides. The specific activity toward various tripeptidyl substrates is shown in
Figure 2.

Within the Z-HPX-pNA group, the reactivity order is HPK >> HPQ > HPL > HPY = HPF > HPE,
affirming that the preferred order at the P1 positionis K>>Q>L>Y = F > E. Notably, Bga1903 exhibits
reduced activity toward Z-QPQ-pNA compared to Z-HPQ-pNA, indicating a preference for histidine
over glutamine at the P3 position. The high preference for Z-HPK-pNA and low preference for Z-
HPE-pNA may be directly linked to the negatively charged potential in S1, particularly contributed
by E380. Moreover, the S1 cavity appears to inadequately accommodate bulky hydrophobic groups,
as evidenced by the disfavoring of substrates Z-HPY-pNA and Z-HPF-pNA.
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Figure 2. The specific activity of Bgal903 toward chromogenic tripeptidyl substrates. The reactions
were performed in triplicate at 37 °C, pH 6.0. The activity rate was calculated based on the release of
p-nitroaniline as described in Materials and Methods.
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2.3. Effect of E380 substitutions on the enzymatic activity of Bga1903

To probe the function of E380 and explore the potential for altering the substrate specificity of
Bga1903, E380 was substituted with eight alternatives, including four nonpolar amino acid residues
(F, I M, and W) and four polar ones (K, N, Q, and T). The catalytic constants of the mutants toward
Z-QPQ-pNA, Z-HPQ-pNA, Z-HPL-pNA, and Z-HPK-pNA were then determined. The turnover
number (kat) and Michaelis constant (Km) which reflects the binding affinity to the ground-state
substrate, are detailed in Table 1. The specificity constants (ket/Km), providing insight into the binding
affinity to the transition-state substrate, are illustrated in Figure 3.

Table 1. Mutational effects of E380 substitution on the kinetic constants of selected peptidyl

substrates.
QPrQ HPQ HPL HPK
Variants kcat Kwm kcat Km kcat Kwm kcat Kwm
(sec™?) (mM) (sec™?) (mM) (sec™?) (mM) (sec?) (mM)
22.60 + A8 +
Wild type 5.08+0.154.31 +0.21 065%+ 4.10+0.11 9.20+1.22 3.04 + 0.55 52 9i+ 1.48 +0.17
E380F 3.61+0.134.15+0.304.45+0545.64+1.11 BDL* BDL* BDL* BDL*
E3801 1%'19861 7.71+1.03581+0462.75+0.37 BDL* BDL* BDL* BDL*
E380M 6.93+1.15814+2.167.54+0.73838+0.97 BDL* BDL* BDL* BDL*
E380W 1%291 * 2.31+0.11 8.65+0.92 2.27 +0.38 BDL* BDL* BDL* BDL*
14.81 +
E380K 0.25 2.02+0.099.79+0.151.91 +£0.04 0.95+0.02 0.66 +0.03 BDL* BDL*
18.44 +
E380N 185 842 +1.05951+0.552.85+0.24 BDL* BDL* BDL* BDL*
12.50 +
E380Q 0.42 1.02+0.029.43+0.38 0.64 +0.03 BDL* BDL* BDL* BDL*
1667+ 1376+ 3533+ 2972+ . . . ]
E380T 276 9 58 2 64 2% BDL BDL BDL BDL
* BDL stands for below detection limit.
35
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Figure 3. The specificity constants of Bgal903 and E380 substituted mutants toward selected
substrates. The specificity constants (keat/Kwm) toward Z-QPQ-pNA (green), Z-HPQ-pNA (orange), Z-
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HPL-pNA (blue), and Z-HPK-pNA (gray) were determined according to the Michaelis-Menten
model.

In the context of wild-type Bga1903, Ku values range from 1.48 to 4.31 mM, while keat/Km values
range from 33.91 to 1.18 mM"-sec”!. Notably, the peptidase exhibits a stronger binding affinity for Z-
HPK-pNA, surpassing other tested substrates, in both ground-state and transition-state interactions.
The substantial difference in keat/Km values indicates that the enhanced catalysis toward Z-HPK-pNA
stems from an overwhelming affinity to the transition state of the substrate. Conversely, Z-QPQ-pNA
emerges as the least preferable substrate, suggesting room for improvement if Bga1903 is considered
for use in celiac disease treatment. The significant difference in ket/Km values between Z-QPQ-pNA
(1.18 £ 0.07 mM-sec’) and Z-HPQ-pNA (5.51 + 0.91 mM"-sec™), aligning with specific activity data,
primarily arises from their distinct ket values. Accordingly, S3 also plays a pivotal role in the catalytic
hydrolysis of the 26- and 33-mer peptides.

No detectable proteolytic activity toward Z-HPK-pNA was observed in any of the E380-
substituted variants, underscoring the vital role of the negative charge associated with E380 in
favoring lysine at the P1 position. Intriguingly, except for E380K, none of the mutants displays
detectable proteolytic activity toward Z-HPL-pNA. The ket/Km value of E380K dropped from 3.03 +
0.68 to 1.44 + 0.07 mM-sec’! toward Z-HPL-pNA .

When Z-QPQ-pNA serves as the substrate, three mutations—E380W, E380K, and E380Q—
significantly heighten the proteolytic activity of Bgal903. This enhancement is evident in the
reduction of the Ku value from 4.31 + 0.21 t0 2.31 £0.11, 2.02 + 0.09, and 1.02 + 0.02 mM, accompanied
by respective increases in the ket/Km value from 1.18 + 0.07 to 4.38 + 0.48, 7.35 + 0.35, and 12.19 + 0.48
mM--sec.

Conversely, with Z-HPQ-pNA as the substrate, most mutants display either reduced or similar
keat/Km values compared to the wild type. Notably, E380Q stands out by exhibiting the lowest Ku
value, i.e., 0.64 mM, among the variants. This change confers a 2.67-fold increase in keat/Km on E380Q,
compared to the wild type.

2.4. Cumulative effect of S387L with different E380 mutations on the enzymatic activity

A prior investigation uncovered that the S387L mutation augmented the specific constant,
keat/Km, toward Z-HPQ-pNA and significantly enhanced the breakdown of the 26-mer peptide. To
assess whether the beneficial effects are accumulative, the impact of S387L mutation was re-evaluated
in the current study on the background of E380K, E380W, and E380Q mutants as well as the wild-
type enzyme. The resulting ket and Kwu values are listed in Table 2, and the corresponding keat/Km
values for each variant are illustrated in Figure 4.

Table 2. Mutational effects of double mutations at E380 and S387 on selected peptidyl substrates.

doi:10.20944/preprints202311.1601.v1

QPrQ HPQ HPL HPK
Variants kcat KM kcat KM kcat KM kcat KM
(sec™?) (mM) (sec?) (mM) (sec?) (mM) (sec?) (mM)
Wild type  5.08 £0.154.31 £0.21 2%)'65%i 4.10+0.119.20+1.22 3.04 + 0.55 5(;'1922i 1.48 +0.17
22.78 +
9.87+0.160.93+0.029.96 +0.18 0.92 + 0.04 6.74 £ 0.19 0.72 £ 0.06 047 0.69 +0.02
ESSOK/8387 721+0.060.59+0.01 6.40+0.371.44+0.14 BDL* BDL* BDL* BDL*
E380W/S387 925+0.040.45+0.027.82+0.230.46+0.05 BDL* BDL* BDL* BDL*

L
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E380Q/S387 10.49 +

L 0.09 0.24+0.019.92+0.280.28+0.036.14+0.371.21+0.04 BDL* BDL*

* BDL stands for below detection limit.

keat/Km (mM-'sec!)

HPK
HPL
HPQ

Wild type S3871. FE3RB0K/S387L. E3B0W/S3871. E3R80Q/83871.

Figure 4. Cumulative effects of mutations at S387 and E380. The specificity constants of Bgal903 and
the indicated variants toward selected peptidyl substrates, including Z-QPQ-pNA (green), Z-HPQ-
pPNA (orange), Z-HPL-pNA (blue), and Z-HPK-pNA (gray), were determined according to the
Michaelis-Menten model.

Without interfering with the specificity constant toward Z-HPK-pNA, S387L mutation increases
the keat/Km value by approximately 9, 2, and 3 folds toward Z-QPQ-pNA, Z-HPQ-pNA, and Z-HPL-
PNA, respectively. It's worth noting that the increase in keat/Kwm is primarily driven by reductions in
the Kum value rather than increases in the ket value.

The mutant E380K/S387L has the keai/Km value of 12.2 mM"-sec! toward Z-QPQ-pNA, which
only increases slightly (~15%) compared to the mutant S387L. The ket/Kwm value reduced from 10.82 +
0.51 to 4.47 + 0.50 mM-'-sec! if the substrate was replaced with Z-HPQ-pNA. From the perspective of
eliminating QPQ motifs, the introduction of E380K substitution to the mutant S387L is not beneficial,
since there is no obvious cumulative effect. However, it retains one of the properties from mutant
E380K, in which no activity was detected utilizing Z-HPK-pNA and Z-HPL-pNA as substrates.

The mutant E380W/S387L exhibits the ket/Km value of 20.40 + 0.92 mM-1-sec! toward Z-QPQ-
PNA, which is an approximately 2-fold and 5-fold increase compared to mutants S387L and E380W,
respectively. As for Z-HPQ-pNA, the ket/Km value increases from 10.82 + 0.51 to 17.09 + 1.91 when
the E380W mutation is introduced to mutant S387L. The rise in ke«t/Km values for Z-QPQ-pNA and
Z-HPQ-pNA is contributed by their individual Kwm values, both of which decrease by nearly half in
contrast with their S387L counterparts. Same as mutant E380K/S387L, no hydrolytic activity toward
HPK-pNA and Z-HPL-pNA is detected.

The mutant E380Q/S387L displays the highest keat/Km value toward Z-QPQ-pNA, i.e. 44.34 +1.86
mMT-sec”!, an approximately 4-fold increase when compared to either mutants S387L or E380Q.
When the substrate is Z-HPQ-pNA, the ket/Km value changes to 35.78 + 3.93, which is two to four
times higher than those of E380Q and S387L, respectively. The exceptionally high ket/Ku values for
both Z-QPQ-pNA and Z-HPQ-pNA are attributed to the small Km values among all variants.
Although the mutant can hydrolyze Z-HPL-pNA, the ket/Ku value is low compared to that of using
Z-HPQ-pNA and Z-QPQ-pNA.

In summary, mutants E380W/S387L and E380Q/S387L have much higher specificity constant
against Z-QPQ-pNA and Z-HPQ-pNA, demonstrating the combined impact of double-site mutations.
Moreover, the pronounced preference for Z-HPK-pNA over Z-QPQ-pNA, which was originally seen
in the wild type, has shifted in the opposite direction due to the double mutation E380Q/S387L.
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2.5. Molecular docking models of Bga1903s and QPQ peptides

To elucidate the underlying mechanism responsible for the increased specificity constant
resulting from double mutations (E380W/S387L or E380Q/S387L), computational docking models of
peptidase Bgal903 with a QPQ-peptide substrate were constructed using HADDOCK software.
Interactions between the QPQ peptide and different versions of Bgal903 were plotted according to
the simulation provided by LigPlot+ software, as depicted in Figure 5.

In the wild-type Bgal903, as depicted in Figure 5A, a charged hydrogen bond is formed between
the OE2 atom of E380 and the NE2 atom of glutamine at the P1 position. Additional hydrogen bonds
are also established between the backbones of the QPQ peptide and the P3 subsites (5348 and G350),
acting as anchor points to further stabilize the QPQ substrate.

In the case of mutant S387L, as illustrated in Figure 5B, the presence of L387 pushes the side
chain of glutamine (P1) closer to the backbone of G378-N379-E380; consequently, two more hydrogen
bonds are formed between the P1 residue and the subsites when compared to the wild-type Bga1903.
This may account for the improved binding affinity for the QPQ substrate in both the ground state
and transition state.

For mutant E380W/S387L, as shown in Figure 5C, there's a noteworthy rotation in the side chain
of glutamine (P1) when compared to the wild-type scenario. This rotation results in the formation of
two hydrogen bonds. One of these bonds is directed toward the NE1 atom on the side chain of W380,
while the other connects with the N atom on the backbone of N379. Additionally, the carboxyl end of
glutamine (P1) establishes two more hydrogen bonds, one with the ND2 atom of N379 and the other
with the N atom on the backbone of 5449. These interactions further enhance the substrate's affinity.

As for mutant E380Q/S387L, as presented in Figure 5D, the rotation of the glutamine side chain
(P1) is similar to that of the E380W/S387L mutant, and a hydrogen bond forms between Q380 and the
glutamine at the P1 position of the QPQ substrate. An additional hydrogen bond is formed between
Q262 and the P3 residue of the QPQ substrate, compared to the E380W/S387L scenario. This could
explain why mutant E380Q/S387L exhibits the highest specificity constant toward the QPQ substrate
among various mutated versions of Bga1903.

Figure 5. The molecular docking models of the QPQ peptides with different variants of Bga1903s,
including (A) wild-type Bga1903, (B) mutant S387L, (C) mutant E380W/S387L, and (D) E380QQ/S387L.
The QPQ peptides located at S1-S3 positions are colored elementally (C: green; N: blue; O: red), and
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spatially neighboring residues from the peptidase are colored by elements (C: white; N: blue; O: red).
The catalytic triad (D203, H277, S449) is colored by elements (C: magenta; N: blue; O: red). H-bonds
(hydrogen bonds) between N atoms and C atoms are illustrated as yellow-dotted lines.

2.6. Hydrolysis of pro-immunogenic peptides by mutant E380W/S387L and E380Q/S387L.

To verify their hydrolytic activity toward the 26-mer or 33-mer peptide, wild-type Bga1903,
mutant E380W/S387L, and mutant E380Q/S387L were incubated with the peptide at pH 6.0. After
incubation at 37 °C for 2 hours, the hydrolysate was subjected to RP-HPLC for analysis. Overall, the
26-mer peptide is more susceptible to hydrolysis compared to the 33-mer peptide. Both the double-
mutant variants exhibit stronger proteolytic activity than the wild type toward both peptides.
Particularly noteworthy is the superior efficiency of mutant E380Q/S387L in hydrolyzing the 33-mer
peptide as compared to the wild type and mutant E380W/S387L.

26-mer peptide 33-mer peptide
40 30 4 :
[
. I Ao |
P I Peptide onl
——-re¢phiac on
——~Peptide only f 40 1 p Y
30 4 . I ~—— Wild type
—— Wild type i 35 1 —— E380Q/S387L
25 E380Q/S387L 55 —— E380W/S387L

|

|
——E380W/S387L :
| 25
|

Signal (mAu)

Retention time (min) Retention time (min)

Figure 6. Hydrolysis of pro-immunogenic peptides by wild-type Bga1903, mutant E380Q/S387L, and
mutant E380W/S387L. The 26-mer or 33-mer peptide (1 mg/mL) was incubated with or without the
peptidase (50 pg/mL) at pH 6.0 for 2 hours, and the digested fragments were analyzed by RP-HPLC.

3. Discussion

Given their potential as supporting therapeutic agents for celiac disease, proteases that can
effectively degrade toxic peptides derived from gluten have been extensively investigated [18,26].
These gluten-degrading proteases have been sourced from diverse origins and are classified such as
aspartic protease, cysteine protease, glutamate protease, or serine protease [24]. Notable examples
include nepenthesin (an aspartic protease from Nepenthes x ventrata) [27], neprosin (a glutamate
protease from Nepenthes x ventrata) [29], RmuAP1 (an aspartic protease from Rhodotorula mucilaginosa)
[30], EP-B2 (a cysteine protease from barley) [31], AN-PEP (a serine protease of the 528 family from
Aspergillus niger) [32], SC-PEP (a serine protease of the S9 family from Sphigomonas capsulate) [33],
subtilisin Carlsberg (a serine protease of the S8 family from Bacillus licheniformis) [34], Rmep (a serine
protease of the S8 family from Rothia mucilaginosa) [35], Bgal903 (a serine protease of the S8 family
from Burkholderia gladioli) [24,25], and Kuma (serine proteases of the S53 family serially engineered
from kumamolisin of Alicyclobacillus sendaiensis) [36,37].

Among these, Latiglutenase, a combination of recombinant EP-B2 and SC-PEP, stands out as it
has undergone the most extensive investigation in human clinical trials up to the present [23,38-40].
The phase II clinical trials for this drug yielded cautiously optimistic results, suggesting promising
therapeutic potential. EP-B2, when presented as the zymogen form, exhibits optimal activity at pH
4.5 and displays a notable specificity for glutamine at the P1 position [31]. In contrast, SC-PEP
functions as a prolyl endopeptidase and remains active in the pH range of 6-7 [33]. Consequently,
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these two glutenases complement each other not only in their substrate preferences but also in their
action sites, encompassing both the stomach and duodenum where the proteolytic reactions occur.
In the present study, site-directed mutagenesis was employed to modify the S1 subsite of
Bgal903. The importance of E380 in determining the peptidase’s preferential activity for the peptidyl
substrate with lysine at the P1 position was established. The peptidase’s activity towards Z-HPK-
PNA is not supported by any substitution for E380 in this study. However, a notable improvement
in the peptidase’s activity towards Z-QPQ-pNA is observed upon the replacement of E380 with
glutamine. When compared to the wild type, the substrate preference of the E380Q mutant undergoes
a reversal from the HPK peptide, which is the most favored substrate by the wild type, to the QPQ
and HPQ peptides, which are disfavored by the wild type. The introduction of the S387L mutation
further heightens the peptidase’s preference for QPQ (with the ket/Kv value of 44.34 +1.86 mM-sec™)
and HPQ (with the kcat/Km value of 35.78 + 3.93 mM'-sec™). The approximately 44-fold increase in the
keat/Km value towards Z-QPQ-pNA should account for the enhanced activity of E380Q/S387L in the
hydrolysis of the 22- and 33-mer peptides. In summary, the approach of reshaping the catalytic
subsites of Bgal903 has proven to be useful in enhancing the peptidase’s activity for the removal of
gluten-derived toxic peptides. In combination with other peptidases with complementary properties,
E380Q/S387L can serve as part of a potential glutenase preparation for the treatment of celiac disease.

4. Materials and Methods

4.1. Chemicals and reagents

Chromogenic peptidyl substrates, including Z-HPK-pNA, Z-HPQ-pNA, Z-HPL-pNA, Z-HPY-
pNA, Z-HPF-pNA, Z-HPE-pNA, and Z-QPQ-pNA were synthesized by Kelowna International
Scientific (Taipei, Taiwan). Q5 site-directed mutagenesis kit was purchased from New England
Biolabs (Ipswich, MA). Primers for PCR used in mutagenesis were synthesized by Genomics (New
Taipei, Taiwan), and listed in Table 3. The 26- and 33-mer immunogenic peptides were chemically
synthesized by Mission Biotech (Taipei, Taiwan).

Table 3. Primers utilized in site-directed mutagenesis.

Primer name Sequence (5'—3’)

1903+ E380-R GGCCACAACCACGGTGGCACCTTTGGC
1903+ E380I-F GCCGGTAATATTGCGAGCCCGGTTAGC
1903+ E380K-F GCCGGTAATAAAGCGAGCCCGGTTAGC
1903 E380M-F GCCGGTAATATGGCGAGCCCGGTTAGC
1903* E380N-F GCCGGTAATAACGCGAGCCCGGTTAGC
1903+ E380Q-F GCCGGTAATCAGGCGAGCCCGGTTAGC
1903+ E380T-F GCCGGTAATACCGCGAGCCCGGTTAGC
1903 E380W-F GCCGGTAATTGGGCGAGCCCGGTTAGC
1903* E380Y-F GCCGGTAATTATGCGAGCCCGGTTAGC

4.2. E. coli strains and site-directed mutagenesis

E. coli BL21(DE3) pLysS was purchased from Merck (Rahway, NJ), and utilized as the host for
recombinant peptidase production. The process of obtaining plasmid pET-Bga1903* was mentioned
previously [24]. In brief, the Bga1903 gene cloned from Burkholderia gladioli was inserted into plasmid
pET-Duetl, and the resulting plasmid pET-Bgal903 was chemically resynthesized to a codon-
optimized version, pET-Bga1903*. The substitutions of amino acids were performed through PCR-
based site-directed mutagenesis on plasmid pET-Bga1903* utilizing a Q5 site-directed mutagenesis

kit.
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4.3. Protein expression and purification

Recombinant Bga1903 was produced and purified as described previously [24]. In brief, E. coli
BL21(DE3) pLysS was cultured overnight with Lysogeny broth (LB, containing 10 g/L tryptone, 5 g/L
yeast extract, and 10 g/L NaCl). Fresh LB medium containing 100 pg/mL ampicillin inside a shake
flask was inoculated with overnight bacterial culture, and placed inside a shaking incubator at 37 °C
at 200 rpm until the ODsoo reached approximately 1.0. Administrated with 1 mM final concentration
of isopropyl p-D-1-thiogalactopyranoside, the cell culture was incubated for 18 hours at 28 °C at 200
rpm. To harvest secreted Bga1903 within the medium, the bacterial broth was centrifuged at 10,000x
g for 15 minutes at 4 °C, and the cell pellet was discarded afterward. Bgal903 inside the culture
medium was harvested and subsequently purified by using a column packed with Qiagen Ni-NTA
agarose resin (Venlo, Netherlands). The purified protein was obtained by concentrating elution
fractions using a 10 kDa amicon ultra-4 centrifugal filter unit (Merck, Darmstadt, Germany), and
preserved in the buffer containing 20 mM Tris [pH 8.0] and 500 mM NaCl. The concentration of the
purified protein was measured using Bradford protein assay reagent (Thermo Fisher Scientific,
Waltham, MA) with bovine serum albumin as the standard.

4.4. Enzyme activity assay utilizing chromogenic peptidyl substrates

The enzymatic activity toward various chromogenic peptidyl substrates was measured
according to the release of p-nitroaniline from the substrates. One activity unit (U) was defined as the
release of 1 nmol p-nitroaniline per second at the indicated conditions. Unless specified, the reaction
containing 0.5 mM peptidyl substrates, 12.5 pug/mL of the purified enzyme, 1.5% (v/v) Triton X-100,
and 40 mM citrate-phosphate buffer (pH 6.0) was performed at 37 °C. The catalytic rate was calculated
following the time-course increment of optical density at 405 nm and based on the molar extinction
coefficient of p-nitroaniline, 9960 M -cm™. For steady-state kinetics, the concentration of
chromogenic peptidyl substrates was subject to change when the reaction was performed. All
reactions were performed in triplicate.

4.5. Computational evaluation of the interaction between Bga1903s and QPQ peptide

The tertiary structure determination of Bgal903 by X-ray crystallography was described
previously [25]. Bgal903’s atomic coordinates and structure factors were deposited in the Protein
Data Bank with PDB ID code 7W2A. Interactions of the representative motif of 26-mer peptide, QPQ,
and mutated variants of Bgal903 were built according to the suggestion of FoldX software [41], and
their computational dockings were performed with HADDOCK?2.4 website [42,43]. The interactions
between QPQ peptides and Bgal1903 molecules were predicted by Ligplot+ [44].

4.6. Hydrolysis of the 26- and 33-mer pro-immunogenic peptides

The hydrolysis of the 26- and 33-mer pro-immunogenic peptides was carried out by incubating
the peptide (1 mg/mL) and the purified peptidase (50 pg/mL) in 50 mM citrate-phosphate buffer, pH
6.0 at 37 °C for 2 hours, followed by incubation at 95 °C for 5 min to deactivate the peptidase. The
degree of the peptide degradation was analyzed with a Gilson HPLC system (Middleton, WI) using
a C18 column (Ascentis Express 25 cm x 4.6 mm, 5 um, Supelco, Bellefonte, PA). After sample
injection, the C18 column was subjected to H>O with 0.1% (v/v) trifluoroacetic acid for 5 minutes and
then proceeded with linear gradient elution mode from 0-80% acetonitrile with 0.1% (v/v)
trifluoroacetic acid for 20 minutes. The flow rate was set at a constant 1 mL/min, and the elution was
monitored at 230 nm.
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