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Background: As a therapeutic enzyme, urate oxidase is utilized in the reduction of uric acid in various conditions such as
gout or tumor syndrome lysis. However, even bearing kinetical advantage over other counterparts, it suffers from structural
instability most likely due to its subcellular and fungal origin.

Objectives: In this research, by using rational design and introduction of de novo disulfide bridge in urate oxidase structure,
we designed and created a thermostable urate oxidase for the first time.

Materials and Methods: Utilizing site-directed mutagenesis and only with one point mutation we constructed two separate
mutants: Ala6Cys and Ser282Cys which covalently linked subunits of enzyme each other. Single mutation to cysteine created
three inter-chain disulfide bridges and one hydrogen bond in Ala6Cys and two disulfide bridges in Ser282Cys.

Results: Both mutants showed 10 °C increase in optimum activity compared to wild-type enzyme while the K values for
both increased by 50% and their specific activity compromised. The thermal stability of Ser282Cys increased remarkably
by comparing Ala6Cys and wild-type enzymes. Estimation of half life for wild-type enzyme demonstrated 38.5 min, while
for Ala6Cys and Ser282Cys were 138 and 115 min, respectively. Interestingly, the optimal pH of both mutants was broaden
from 7 to 10, which could make them candidates for industrial applications.

Conclusion: It seemed that introducing disulfide bridges resulted in local and overall rigidity by bringing two adjacent sites
of enzyme together and decreasing the conformational entropy of unfolding state is responsible for the enhancement of
thermostability.
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1. Background

A final product of purine catabolism, uric acid in
human and primates is normally excreted in urine.
It has been proved that the normal range of uric acid
concentration in human serum is 1.5 to 6.0 mg.dL"
in women and 2.5 to 7.0 mg.dL! in men (1). Due to
low water-solubility of uric acid, any overproduction
of uric acid or failure in its excretion via kidney leads
to hyperuricemia and formation of crystals of uric
acid in the form of monosodium urate. Moreover,
gout, tumor lysis syndrome (TLS) (2), chronic kidney
disease are known to be involved in the development of
hyperuricemia, as well. In all organisms, a functional
enzyme called uricase (urate oxidase) is available

whose role is conversion of water-insoluble uric acid
to water- soluble and readily-excreted allantoin except
in primates, birds, and some species of reptiles which
have loosen their respective enzyme during evolution
of their genome. Human uricase has also followed this
evolutionary path and has been subsequently disabled
(3). For the treatment of hyperuricemia, allopurinol
and febuxostat, two competitive inhibitors of xanthine
oxidase restraining uric acid production. They do
not reduce accumulated uric acid but its production.
Nonetheless, they are not able to prevent refractory
gout which occurs in patients suffering from sensitivity
to allopurinol and febuxostat (4).

Recently, uricolytic therapy with uricase has been
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developed for treatment of gout disease which has
advantage over allopurinol and febuxostat therapy
in which accumulated uric acid crystals decompose
to easily-excreted allantoin (5, 6). Rasburicase and
pegloticase are two uricases for reduction of uric acid
in hyperuricemia condition. Raburicase is a brand name
for a recombinant Aspergillus flavus uricase which
was approved for primary treatment of TLS while
pegloticase is applied for treatment of chronic gout and
patients who are resistant too conventional therapy (7).
Aspergillus flavus urate oxidase (UOX) contains 302
amino acids with the molecular weight of 34.2 kDa.
The enzyme is a globular homotetramer with total mass
of 135 kDa (8-10). Molecular cloning of Aspergillus
flavus UOX gene was performed in 1992 (11). However
it has been cloned, expressed and studied by different
research groups (11-15).
Enhancement enzymes and proteins stability is of
great interest. Generation of weak interactions such
as hydrogen bond, replacement of glycine with
other amino acids, hydrophobic interactions (16),
introduction of proline residues, immobilization, and
introduction of disulfide bridges are common strategies
to fulfill this goal. Among them, disulfide engineering
is one of the effective strategies for enhancing protein
thermostability. Although not success in all attempts,
but in most cases insertion of de novo disulfide bridge
increases enzyme and protein thermal stability (17).

2. Objective

Engineering of urate oxidases either rational or
random designs were only limited to a few works (18).
However, no disulfide bridge engineered in uricase
except for Bacillus sp. TB-90 urate oxidase which was
implemented by Hibi group in 2016 (19). Surveying
the protein sequence and 3-D structure of uricase
showed that there are only three cysteine residues in
each monomer at positions 35, 103 and 290 neither of
which has ability in disulfide bridge formation in wild-
type form. However, generation of disulfide bridge in
Aspergillus flavus uricase has not been reported yet.
Therefore, the current research aimed to design and
create de novo disulfide bridge in Aspergillus flavus
uricase to create an improved enzyme using site-
directed mutagenesis technique.

3. Materials and Methods

3.1. Materials

Uric acids sodium salt (U2875) and 5,5'-ditio-bis
2-nitrobenzoic acid (DTNB) were obtained from
Sigma-Aldrich. Restriction enzymes, T4 DNA ligase,
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and isopropyl-b-D-thiogalactopyranoside (/PTG) was
obtained from Fermentas. Plasmid extraction kit, gel
purification kit, were obtained from Bioneer Corp.
Ni**-NTA agarose (30210) was from Qiagen. Bacterial
culture medium was from Scharlau company. SDS-
PAGE kit and protein assay kit were from Arsam Fara
Zist Corp., Iran.

3.2. Microorganisms

All E. coli cells were obtained from Pasteur institute
of Iran except for Shuffle. Suitable for expression of
disulfide bridge-containing protein E. coli strain,
SHuffle®, was purchased from New England Biolabs,
Inc. A parental plasmid containing bacterial codon-
optimized synthetic coding sequence of Aspergillus
flavus uricase which was already cloned into pET-
28a(+)(20), was used for site-directed mutagenesis.

3.3. Computer Modeling

Crystal structure of Aspergillus flavus uricase (PDB:
1xxj) was used as a model for screening proper location
of cysteine residues for generation of stabilizing
disulfide bridges using in silico analysis provided by
National Center for Biological Sciences Server (NCBS-
IWS)  (http://caps.ncbs.res.in/iws/modip.html)  and
rechecked by (http://cptweb.cpt.wayne.edu/DbD2) (21-
23). For visualization of 3D structure of wild-type and
modeled enzymes, Swiss-PDB Viewer application was
utilized.

3.4. Site-Directed Mutagenesis

Splicing by Overlap Extension (SOE) and conventional
PCR were carried out to alter the codon of selected
amino acids to cysteine codons on the plasmid pET-
28a containing gene of Aspergillus flavus uricase.
Site-directed mutagenesis by SOE PCR includes
incorporation of mutagenic primers in independent
PCRs and eventually combining the two fragments in
the second PCR. The reaction carried out with flanking
primers (A and D) which matching to the both sides
of the uricase sequence, and two internal mutated
primers (bearing codon of cysteine) (B and C) with
complementary ends which are essential for second
PCR. Then, the amplified fragments of AB and CD
are mixed and PCR launched using primers A and D
(Table 1). Once the whole part of gene amplified which
contains the mutated internal sequence, goes under
restriction enzyme digestion and is incorporated into
desired plasmid (24). Practically, for creating mutant
Ser282Cys, we utilized SOE PCR whereas for Ala6Cys/
Cys290 a regular PCR reaction was applied.

For amplification of fragments AB and CD of SOE
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PCR, 1 pL of the plasmid containing synthetic
Aspergillus flavus uricase gene was employed as a
template. The PCR cycling program was as follows:
the initial denaturation at 94 °C for 5 minutes, a 30
cycle (94 °C for 1 minute, 55 °C for 1 minutes, and
72 °C for 3 minutes), and the final cycle was followed
by extension at 72 °C for 10 minutes. The expected
amplicon size for fragments AB and CD were 1161
and 427 bp, respectively. Once the fragments are
visualized on agarose gel 1% and purified, they were
mixed in 1:1 ration and used as a template for third
PCR. The final amplification was implemented by a
two-step PCR: the first step was carried out 15 cycles
followed by adding primers A and D and continued
30 more cycles in the second step under the following
program: initial denaturation at 94 °C for 1 minutes,
a 30 cycle (94 °C for 1 minutes, 55 °C for 1 minutes,
and 72 °C for 4 minutes), and the final extension was
performed for 10 minutes at 72 °C. The resulting
mutant (AD fragment) with size of 1568 bp went under
the digestion with Ncol and Xhol, inserted into pET-
28a(+)by T4 DNA ligase and followed by chemical
transformation into competent cells of E. coli strain,
SHuffle®.

3.5. Verification of Cloning

In order to confirm the cloning of PCR products into
pET-28a(+) five positive colonies randomly selected,
grown in LB medium, and miniprepped for plasmid
minipreparation. Colony PCR was performed using
pET-28a(+)-specific  oligonucleotides (Table 1).
Finally, mutant plasmids were sequenced by ABI
3730XL DNA Analyzer (Bioneer Sequencing Service).

3.6. Enzymes Expression and Purification

10 mL of LB medium containing 50 pg.mL?! of
kanamycin was inoculated with a single colony and
grown at 37 °C overnight with vigorous shaking. Then,
2 mL of overnight culture was transferred to 200 mL
of LB media and shaked vigorously at 37 °C until the
OD of 0.6-0.7 was achieved. The protein induction was
implemented by IPTG 1 mM followed by incubation
at 28 °C for 12 hours. Afterwards, bacteria expressing
UOX and mutant enzymes were collected and re-
suspended in tris-based lysis buffer pH 7.4 (contained
NaCl300 mM and imidazole 5 mM), and sonicatedon ice
water bath. Finally, recombinant wild-type and mutant
enzymes were purified by Ni-NTA column. Briefly, the
column was pre-equilibrated with 3 column volumes
of lysis buffer. The cells supernatant then was loaded
on the pre-equilibrated column. Next, after washing the
column with wash buffer the enzymes were eluted by
using elution buffer (Tris buffer pH 7.4 containing 300
mM imidazole). Eventually, the purified enzymes run
on the SDS-PAGE 12.5% for purity analysis. In each
step, protein quantity was estimated based on Bradford
method (25).

3.7. SH-Group Titration

In order to assess the disulfide bridge formation the
quantity of thiol groups was titrated using Ellman’s
reagent (26). The enzymes went under non-reducing
and denaturing conditions using urea and temperature
and their SH group quantified. The reaction condition
was as follows: protein 2.5 uM, DTNB, 1 mM and
urea 6M. The denaturation time for enzymes was 20
min before adding DTNB. The release of TNB anions

Table 1 Oligonucleotides used in this study. Underlined and lowercases bases are substitutions. Underlined bases in bold font are overlapped

bases in second PCR.

Oligonucleotides for S282C

(AGT fo TGC) sequences

A (pET-28a body) F: 5-TGCATGCAAGGAGATGGCGCCCAAC -3’

B (mutant) R: 5'-CCGTTCGGATCgcaTTGGGGCGCAAAGACCTC -3’
C (mutant) F: 5'-CCCCAAtgcGATCCGAACGGTCTG-3'

D (pET-28a body) R: 5-AAAGGGAGCCCCCGATTTAGAGC-3'

5" CCGTTCGGATCGCATTGGGGCGCAAAGACCTC 3'

BC fragments hybridization

3' GTCTGGCAAGCCTAGCGTAACCCC 5!

Oligonucleotides for A6C
GCG to TGC

F (mutant)

R (pET-28a body)

sequences

F: 5'-AAGGAGCCATGGCAGCCGTGAAGGCAtgcCGCTATGGTAAAGAC-3’
R: 5'-AAAGGGAGCCCCCGATTTAGAGC-3'
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as a result of DTNB reaction with free SH groups
were spectrophotometrically measured at 412 nm. For
calculation of thiol numbers, the extinction coefficient
of 14.15 mM'cm! for TNB was considered. For
enzymes molarity estimation, the molecular weight
tetramer assemble, 135 kDa, was considered.

3.8. Wild-Type and Mutant Uricases Assay

For uricase enzyme assay, decomposition of uric acid
to allantoin was spectrophotometrically followed at
the wavelength of 293 nm. 20 pL of UOX enzyme was
added to the reaction buffer containing boric acid buffer
(20 mM pH 8.5), and 20 pL of 48 uM uric acid. The
enzyme reaction terminated in 6 minutes and reduction
in absorbance of uric acid was measured at 293 nm.
One unit of uricase activity was defined as the amount
of enzyme that catalyzes the catalysis of 1uM uric acid
to allantoin per minute at pH 8.5 (13, 27, 28). Enzyme
activity was determined based on the following
equation:

(AA,93/ min Test — AA, 43/ min Blank) (df)
12.6 x 0.02

U/ml =

Whereas,

df = Dilution factor

12.6 = Millimolar extinction coefficient of Uric Acid at
293nm

0.02 = Volume of enzyme (mL)

3.9. Enzymes Characterization

3.9.1. pH Profile Assessment

To obtain the pH profile of wild-type and mutant
enzymes, their activities were assessed in the range of
pH 3.0 to 12. To prepare buffer for wide pH range a
mixture of three buffer including citrate, phosphate and
tris was used.

3.9.2. Optimum Temperature

To identify the optimum temperature of enzymes, their
activities were assayed after pre-incubation in each
desired temperature from 5 to 60 °C for 6 minutes.
20 pL of enzymes added to the pre-heated substrate
cocktail and assayed by following conversion of uric
acid to allantoin, spectrophotometrically.

3.9.3. Thermal Inactivation and Stability Assays

To assess thermal inactivation, purified enzymes
incubated in temperature range of 0 to 60 °C for
6 minutes and then placed on ice for 20 minutes
for renaturation. Afterwards, the enzymes residual
activities were determined at room temperature by
recording absorbance at 293 nm. To estimate enzyme

4

inactivation rate constant (k, ) the Ln of enzyme activity
plotted against time and the slope (—k, ) was determined.
The half-life (t, ) of the activity which is the indicator
of 50% loss of enzyme initial activity calculated using
t,,=0.693/k, .

For thermal stability studies, appropriate amount of
enzymes were incubated at 40 °C for 60 minutes and
aliquots of 20 pL were removed at a given time period
(5 minutes), and chilled on ice for 30 minutes and
assayed.

3.10. Statistical Analysis

Each experiment was repeated three times in an
independent manner (n=3). To analyze the significance
of difference between the results student’s t-test was
used. All data were expressed as mean+SD. Significance
of P< 0.05 has been given receptive in all test.

4. Results

4.1. Selection of Mutation Sites

To discover the potential cysteine mutation locations on
uricase, the crystal structure of Aspergillus flavus uricase
(PDB: 1xxj) was uploaded to the NCBS Integrated
Web Server. Applying stereochemical parameters
such as the distances between two C¢, two CP, and two
sulphur atoms of two neighboring amino acids, side
chain torsion angles y (CP-S'-S-CP), y (N-C*-CP-SY),
and y,(C*- CP-S*-S°) surface accessibility, residue depth
and B-factor, the server predicts the correct mutation
site (17, 29). The modeling results offered 400 pairs but
only 33 of modeled fall into grade A which indicates
the higher probability of disulfide bridge formation.
Eventually, we chose only 2 points considering critical
amino acids essential for enzyme conformation and
reaction catalysis maintenance which were excluded
from our selection.

The selected points include Ala 6 and Ser 282 which
mutating them to Cys would connect position 6 with
enzyme’s own Cys 290 from opposite subunit together
and position 282 of each subunit with opposite
one together, as shown Table 2. As well as server
prediction, the disulfide bridges formation probability
was examined by Swiss-PDB Viewer (Fig. 1).

4.2.  Correct Formation of Engineered Disulfide
Bridges

Once the gene mutated by site-directed mutagenesis
and cloning the cloned mutant enzyme gene confirmed
by sequencing (Fig. 2). In order to express mutant
enzymes E. coli strain SHuffle® which is a convenient
strain for production of disulfide-containing proteins,
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Table 2 Description of the designed disulfide bond and their location on the enzyme. The capital letters in last column indicate the chain
number of urate oxidase.

Mutant names positions Number of linkages Disulfide linkage between chains positions
A6C/C290 Ala 6 3 SS and 1 H-bond A6-B290, A290-B6, C6-D290 and C290-D6
S282C/S282C Ser 282 2 A-D and B-C

Figure 1. 3D structure of urate oxidase and modeled mutants. All structures were constructed by Swiss-PDB Viewer and PDB 1xxj was
used as a template for modeling. (A) Full and top view of tetrameric wild-type urate oxidase. (B) Full view of Ala6Cys mutant with four
mutated spots. (C) The structure B with removed residues except for those involved in new disulfide and hydrogen bonds formation. (D)

Full and top view of mutant Ser282Cys with two new disulfide bonds spots. (E) Details of two disulfide bonds in mutant Ser282Cys. The
capital letters show the monomers.
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was employed to reach mutant enzymes with disulfide
bridge formation. Although, the mismatched formation
of disulfide between free cysteines, and as a result,
protein aggregation is very likely during protein
expression, the presence of mutant enzymes activity
implies the lack of disulfide mis-formation. However,
to confirm disulfide bridge formation titration of free
SH group by DTNB reagent was performed (23). As
shown in Table 3 the amount of free -SH of wild-type
and mutant enzymes in the native state is roughly three.
While incubation of three enzymes with urea 6 M and
DTNB revealed approximately 12, 9, and 12 for wild-
type, Ala6Cys and Ser282Cys, respectively.

A

4.3. Kinetic Properties Urate Oxidases

To address the impacts of disulfide bridges on
the kinetic attributes of the enzymes, optimum
temperature, relative specific activity, K ,V, ., K _,
and optimum pH were measured. The optimum
temperature of both mutants increased 10 °C
compared to native urate oxidase which was 25 °C.
Assessment of relative specific activity showed nearly
a 50% decrease for both mutants in comparison to
wild type enzyme. Evaluation of K for uric acid of
both mutants exhibited an increase by 20% and 30%
for Ala6Cys and Ser282Cys, respectively and V| for
Ala6Cys decreased by 12%, but that of Ser282Cys
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Figure 2. (A) DNA sequencing chromatogram of Ala6Cys mutant in which the substituted nucleotides are indicated in red rectangle.
(B) Alignment of wild type sequence with mutated one where mismatch point implies the mutation points.

Table 3 Titration and quantification of thiol groups in urate oxidase and its mutants. Numbers are represented in mean + SD.

Free thiol/ native enzymes Free thiol/ denatured enzymes

TNB (mM) — Enzyme (mM) (mole/mole) (mole/mole)
1810):¢ 0.010 0.0037 2.86+0.76 11.46+1.13
Ala6Cys 0.011 0.0037 2.97+0.57 9.73£0.79
Ser282Cys 0.011 0.0037 3.12+1.08 12.44+0.78

Table 4 Kinetic characterization of wild type urate oxidase and its mutants.

temgggzlll:?@ O specli{te“;lca:nlcvteisvi ty K (uM) Vinax (U) Kc(”ltz th Optimum pH  Half-life (min)
Uox 25 100 79.7 7 15.76 8.5 43
Ala6Cys 35 53.85 94.04 6.2 19.14 8 138
Ser282Cys 35 52.24 104.8 8.5 13.96 8.5 115

6 Iran J Biotech. 2020 July;18(3): 2662



Rezaeian-Marjani L et al.

Relative activity (%)

[
o

=== 0X

—@—Ser

Ala

25 30 35 40

45 50 55 60 65

Tempreture (°C)

Figure 3. Thermal inactivation of wild type urate oxidase and its mutants. The remaining activity was expressed as a percentage of
maximum activity. (ll) urate oxidase, ( A ) mutant Ala6Cys, and (®) mutant Ser282Cys. Each value represents the mean of three independent

experiments, and the error bars are based on the standard of mean.
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Figure 4. Thermal inactivation of wild type urate oxidase and its mutants. () urate oxidase, (A) mutant Ala6Cys and, and (®) mutant
Ser282Cys. Each value represents the mean of three independent experiments, and the error bars are based on the standard of mean.

increased by 20%. Estimation of turn over number for
both mutants indicated 19 and 14 (sec™) for Ala6/Cys
and Ser282Cys, respectively (Table 4). The optimum
pH value did not show any significant changes, rather
than for Ala6Cys mutant that displayed a decrease
from 8.5 to 8 (Table 4). It is worthwhile to mention
that even though the pH 8 considered optimum for
mutant Ala6Cys, but its activity broadens from pH
6 to 10 relative to mutant Ser282Cys and wild-type
enzyme (data is not shown).
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4.4. Thermal Inactivation and Stability Measurements
Thermal inactivation of native and mutant enzymes
was performed by following their activities at different
temperatures. The results revealed that the activity of
Ala6Cys and Ser282Cys declined approximately to
60% and 77% of initial activities after incubation at 40
°C for 6 minutes, respectively, whereas for the native
uricase remained 65% (Fig. 3).

Examination the thermal stability of enzymes at 40 °C as
a function of time showed that Ala6Cys and Ser282Cys
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remained almost 75% and 70% of their initial activity,
respectively, while the remaining activity of wild-type
enzyme was nearly 35% over 60 minutes (Fig. 4).
Evaluation of &k, demonstrated that urate oxidase k, is
almost 0.016 min! whereas it is declined to 0.005 and
0.006 min for Ala6Cys and Ser282Cys, respectively.
Estimation the half-life for wild type and mutant
enzymes indicated that replacement of Ala6 and Ser282
with Cys enhanced urate oxidase half-life from 43
minutes to 138 and 115 minutes, respectively (Table 4).

S. Discussion

Designing and introducing disulfide bridges in proteins
structure to enhance their thermostability is a common
strategy in protein engineering (30). The enzyme urate
oxidase which involved in degradation of final product
of purine nucleotides degradation is absent in primates,
birds and some reptiles species for evolutionary reasons
(18). Bearing favorable characteristics such as kinetic

features, and partial thermostability, Aspergillus
flavus has gained a remarkable attention for clinical
application.

To improve thermostbility and develop a new improved
enzyme, we rationally designed and introduced de novo
disulfide bridges in urate oxidase for the first time using
site-directed mutagenesis technique and investigated its
kinetic traits.

In addition to modeling servers which gave us 400
predicted models, the critical amino acids which
were essential for enzyme catalytic activity and
conformational stability were carefully considered to
be conserved. The conserved amino acids positioned
within the active site assumed possible residues in
conservation of conformation and function of the
enzyme were excluded from the selection (8).
Therefore, two points Ala 6 and Ser 282 were selected
to be mutated separately. The Ala 6 residue is located in
the B-strand secondary of enzyme and it is predicted that
once it is mutated to cysteine it would form disulfide
bridge with Cys 290 of opposite chains of enzyme.
Hence, the A6C/C290 mutant conveys 3 disulfide
bridge and one hydrogen bond. Moreover, mutating of
other selected point, Ser 282, to Cys would connect the
subunits of A to D and B to C. Interestingly, Ser 282 is
located in loop region and hence connects two flexible
area of protein together (Table 2). Before getting
started, the possibility of disulfide bond formation was
examined by Swiss-PDB Viewer (Fig. 1).

Once mutagenesis was implemented and confirmed
by sequencing, the mutant urate oxidases were
expressed in E. coli strain SHuffle® which is an
engineered strain for production of disulfide-containing
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proteins. Moreover, while mismatched and scrambled
formation of disulfide between free cysteines results
in protein aggregation and hence enzyme dysfunction,
observation of enzymes activity can be considered as a
sign of disulfide bridge correct formation. Additionally,
non-enzymatic nature of disulfide bridge formation
makes it a spontaneous reaction. Furthermore, proper
dislulfide bridge formation in proteins with high
number of disulfide bridge such as mouse urokinase
with six, and human tissue plasminogen activator (tPA)
with 17 disulfide bridges in engineered E. coli strains
with oxidative cytosol adapt E. coli suitable host for
disulfide-bearing protein (31, 32). However, regardless
of those, to confirm disulfide bridge formation free
thiol titration by DTNB reagent was performed (23)
As results showed, the amount of free -SH of wild-type
and mutant enzymes in the native state is roughly three
which can be attributed to the accessible thiol groups.
While thiol titration in denatured condition revealed
approximately 12, 9, and 12 for wild-type, Ala6Cys and
Ser282Cys, respectively. These results implied that the
engineered Cyc residues involved in disulfide bridge
formation rather than standing free thiol.

Kinetic characterization of wild type and mutant
enzymes indicated that optimum temperature for the
wild type enzyme was 25 °C which was in compatible
with previous studies (20) while for both Ala6Cys and
Ser282Cys mutants it increased by 10°C. Investigation
pH profile at different pH range (pH 3-13) showed
the same optimum pH for all three enzymes (pH 8.5).
Estimation of relative specific activity showed a 50
% decline for both mutants relative to wild type one.
Decrease of specific activity upon disulfide introduction
was also evident in other studies (17). Significant
increase in K for both mutant enzymes relative to
wild type urate oxidase could explain the reduction of
relative specific activity which can be explained by the
fact that mutant enzymes affinity for uric acid declined
leading to enzyme activity reduction. Moreover, cross-
linking two regions of a protein by disulfide bridge
impose rigidity to protein conformation suggesting
loss of mutant enzymes conformational flexibility
in absorbing uric acid. It can also be explained that
the mutations might affect the protein dynamics and
therefore the catalysis conciliated.

To analyze further enzymes characteristics, thermal
inactivation and thermal stability experiments were
conducted. Measurement of thermal inactivation
indicated that wild type enzyme and Ala6Cys mutant
lost approximately 40% of initial activity after
incubation at 40 °C for 6 minutes while Ser282Cys did
only 25% (Fig. 3). To further assess the kinetic stability,
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all enzymes were incubated at 40 °C in the course of
time. The measurements indicated that 35% of wild
type enzyme activity was preserved after 60 minutes.
By contrast, 70% of initial activities of both mutant
enzymes were remained after 60-minute incubation at
40 °C suggesting higher resistance of mutant enzymes
against heat inactivation in comparison to wild type
one. Even tough, thermal inactivation analysis of
Ala6Cys showed drop in activity relative to wild type
but thermal stability experiments showed that it can
stand heat longer time comparing wild type enzyme.
For Ser282Cys both thermal inactivation and stability
experiments proved improvement relative to other two
enzymes.

Stabilization of urate oxidase by disulfide bridge can be
either attributed to resistant against heat denaturation or
refolding of enzyme after cooling on ice. In either way,
the protective effect of disulfide on urate oxidase would
help the enzyme to tolerate harsh denaturing conditions.
Assessment of half-life as a further criterion for
enzyme kinetic stability at 40 °C showed that Ala6Cys
enhanced the half-life of enzyme 3.2 fold, whereas
Ser282Cys had 2.6 fold improved half-life (Table 4).
Moreover, evaluation of thermal inactivation rate
constant, k, showed that the Ala6Cys and Ser282Cys k,,
were 31% and 37% of that of wild type enzyme which
indicates a milder trend of thermal inactivation relative
to wild type enzyme. The results of thermal stability
experiments imply that disulfide bridge in both mutants
endow the enzyme, an ability against heat and hence
delay in thermal denaturation.

By mutating Ala 6 residue to Cys, it is in convenient
position to form disulfide bridge with corresponding
opposite monomer of urate oxidase. The three disulfide
bridges formed between position 6 of monomer A
with position 290, position 290 of monomer A with
position 6 of monomer B, and position 6 of monomer
C with position 290 of monomer D. Additionally, one
new hydrogen bond induced after mutating Ala 6 to
Cys between monomer C and D in position 290 and 6
(Fig. 2). It can be postulated that the generation of
disulfide bonds and new hydrogen bonds between
monomers resulted in both local and total rigidification
of the urate oxidase hence improved thermostability.
In the case of mutant Ser282Cys, mutating Ser282 to
Cys induced two inter chain disulfide bridges between
monomers A and B, and C and D which cross-linked
two monomers of urate oxidase each other.

The mechanism proposed for enhancement of protein
stabilization by generation of new disulfide bridges
include lowering the entropy of unfolded state and
decrease of unfolding rate of denatured protein (33).

Iran ] Biotech. 2020 July;18(3): e2662

Several researches demonstrated that any reinforcement
in protein tertiary structure by development of physico-
chemical interactions such as hydrogen bonds (34),
hydrophobic and electrostatic interactions and disulfide
bridge enhance thermodynamic stability of protein
which normally give rise to kinetic stability in case of
enzymes (35, 36).

Due to the lack of sufficient data, one cannot explicitly
offer thermal instability mechanism for uricase.
However, it can be attributed to tertiary and quaternary
structure labiality against environmental condition.
Additionally, it is demonstrated that pushing equilibrium
of protein folding reaction [unfolded (U) <—> native
(N)] toward N state can stabilize the protein structure.
Presence of disulfide bridge in a protein destabilizing U
state by lowering the entropy of unfolded state favors N
state. This mechanism can be applied to our mutants in
which newly-introduced disulfide bridges decrease the
entropy of urate oxidase unfolded state and maintain
the enzyme in native state. This is the reason why
the mutants showed remarkable resistance against
unfolding in comparison to wild type enzyme. Based on
the value of half-life of mutant enzymes and wild-type
it is evident that mutant enzymes are more thermostable
than wild-type one.

Since protein stabilization by generation of new
disulfide bridge is one of the most effective strategies in
enhancement of protein stability, the results of our study
showed that though mild reduction and compromising
in the kinetic activity of both mutants were inevitable
but enhanced thermal stability endowed the enzyme a
characteristic in which it could overcome heat labiality
at longer times of exposure.

6. Conclusions

Thermostabilization of urate oxidase is essential for its
half-life in the therapeutic and industrial application.
In this research, we designed and introduced de novo
disulfide bridge to naturally disulfide-free enzyme
in order to improve its thermostability. Two created
mutants showed remarkable thermostability and
higher optimum temperature, but losing half activity
in comparison to wild-type enzyme was the main
drawback. Although the activity of the mutant enzyme
was negatively compromised, but new traits empower
the enzyme to tolerate harsh reaction conditions.
Collectively, we speculate that generation of disulfide
bridge in urate oxidase stabilized its structure most
probably by restricting the flexibility and rigidification.
Moreover, enhanced stability and half-life of engineered
urate oxidase suggest reduced therapeutic and industrial
doses as well as longer storage lifetime for uricase.
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Eventually, considering its thermal stability, Ser282Cys

1S

suggested for therapeutic and industrial applications

despite more details of structural analysis are essential.
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