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Abstract: Methicillin-resistant Staphylococcus aureus (MRSA) is associated with the acquisition of
nosocomial infections, community-acquired infections, and infections related to livestock animals.
In the pursuit of molecular targets in the development process of antibacterial drugs, enzymes
within the shikimate pathway, such as 3-dehydroquinate dehydratase (DHQD), are regarded as
promising targets. Therefore, through biochemical and biophysical techniques, in the present work,
the characterization of DHQD from MRSA (SaDHQD) was performed. The kinetic results showed
that the enzyme had a Vmax of 107 µmol/min/mg, a Km of 54 µM, a kcat of 48 s−1, and a catalytic
efficiency of 0.9 µM−1 s−1. Within the biochemical parameters, the enzyme presented an optimal
temperature of 55 ◦C and was thermostable at temperatures from 10 to 20 ◦C, being completely
inactivated at 60 ◦C in 10 min. Furthermore, SaDHQD showed an optimal pH of 8.0 and was
inactivated at pH 4.0 and 12.0. Moreover, the activity of the enzyme was affected by the presence of
ions, surfactants, and chelating agents. The thermodynamic data showed that the rate of inactivation
of the enzyme was a temperature-dependent process. Furthermore, the enthalpy change, entropy
change, and Gibbs free energy change of inactivation were positive and practically constant, which
suggested that the inactivation of SaDHQD by temperature was driven principally by enthalpic
contributions. These results provide, for the first time, valuable information that contributes to the
knowledge of this enzyme and will be useful in the search of SaDHQD inhibitors that can serve as
leads to design a new drug against MRSA to combat antibiotic resistance.

Keywords: MRSA; 3-dehydroquinate dehydratase; enzyme kinetics; biochemical characterization;
thermodynamic parameters; antibiotic resistance

1. Introduction

Growing antibiotic resistance with the increasingly frequent appearance of multidrug-
resistant strains is mainly due to the uncontrolled and excessive use of antibiotics. Further-
more, the rapid exhaustion of new molecular targets after the so-called “the golden age
of antibiotic discovery” have underscored the importance of seeking for and researching
new antimicrobial drugs [1,2]. Furthermore, 4.95 million deaths worldwide were attributed
to bacterial antibiotic resistance in 2019 [3]. In this context, the World Health Organiza-
tion (WHO) issued a list of priority pathogens for the development and research of new
drugs. One of these microorganisms was methicillin-resistant Staphylococcus aureus (MRSA),
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classified as high priority [4], highlighting the necessity for research into new antibiotics
against this bacterium [5]. In this context, the shikimate pathway (SHP), present in bacteria,
archaea, plants, some protozoa, and fungi, whilst absent in humans, has been considered as
promising molecular target to design new antimicrobial drugs [6]. This pathway includes
seven reactions starting with the condensation of eritrose-4-P and phosphoenolpyruvate
from the pentose phosphate and glycolysis routes, respectively, having chorismate as the
final product. Chorismate is an intermediate in the synthesis of aromatic amino acids
(tryptophan, phenylalanine, and tyrosine), folic acid, vitamin K, and ubiquinone, which
supports the principal role of the enzymes in the SHP as potential drug targets [7]. The
third reaction, the dehydration of 3-dehydroquinic acid to 3-dehydroshikimic acid, is cat-
alyzed by 3-dehydroquinate dehydratase (DHQD), which exists as Type I and II isoforms
(E.C. 4.2.1.10) [7]. Structurally, Type I DHQD is a thermolabile homodimer that only
participates in the biosynthetic route. On the other hand, Type II is a thermostable homodo-
decameric protein (four trimers) that can participate in the biosynthetic and in the catabolic
pathways (shikimate and quinate, respectively) or in both, playing a dual role [7,8].

The relevance of DHQD as a viable molecular target is reinforced by investigations
into Shigella flexneri strains that involved the deletion or inactivation of the aroD gene, which
encodes for DHQD. The results showed that in monkeys vaccinated with these modified
strains, the effectiveness against shigellosis ranged between 85 and 100% [9]. Furthermore,
vaccines derived from Francisella tularensis strains with aroD gene deletion have a protective
effect against tularemia in mice [10]. In the case of S. aureus, a study examined the growth
of S. aureus strains with ochre mutations in the aroD gene. These strains were unable to
grow in culture media without added aromatic amino acids [11]. Nowadays, only the
crystallographic structure of DHQD from MRSA (SaDHQD) is available; it belongs to the
Type I DHQDs and is a homodimer with a TIM barrel fold in each monomer and a catalytic
site at the center of the barrel [12]. This structure has a similar folding to those reported
for Salmonella typhi [13], Enterococcus faecalis [14], and Clostridium difficile [15], which also
belongs to the Type I DHQD group. Therefore, as a valuable target for antibiotic drug
design, the aim of this study was to perform a biochemical and biophysical characterization
of this enzyme to provide valuable information that can be used in the search of inhibitors
to design a new antibiotic against MRSA.

2. Materials and Methods
2.1. aroD Gene Amplification, Cloning, and Overexpression

The amplification of the aroD gene encoding SaDHQD was carried out by extract-
ing genomic DNA from MRSA strain ATCC® BAA-1720 (Manassas, VA, USA) using
the forward primer 5′-CCATATGACACATGTGGAAGTAGTAGCG-3′ and the reverse
primer 3′-CGGATCCTTAGTATAAAGTCACTTGTGC-5′ with the NdeI and BamHI restric-
tion sites underlined. The amplification product was then cloned into the pJET1.2/Blunt
vector (Thermo Scientific, Waltham, MA, USA) for sequence analysis. Thereafter, the gene
was cloned into the pET-28a(+) vector (Novagen, Madison, WI, USA) and introduced
by chemical transformation into E. coli BL21(DE3) (Novagen, Madison, WI, USA) cells
for overexpression.

2.2. Protein Purification

SaDHQD purification started from a 100 mL culture in LB broth media. The cells
were allowed to grow at 37 ◦C and 200 rpm until an OD600 nm of 0.9 AU. Thereafter,
overexpression was induced by adding 1.0 mM IPTG and incubation at 37 ◦C and 200 rpm
for three hours. Afterwards, cells were then harvested by centrifugation and washed with
50 mM Tris-HCl (pH 8.0). Next, the cells were resuspended in a lysis buffer (50 mM Tris-HCl
pH 7.0, 500 mM NaCl, 10 mM β-mercaptoethanol (β-Met), and 0.03% v/v of Tween 20),
adding 1 mM of the protease inhibitor phenylmethylsulfonyl fluoride (PMSF). The cell-free
crude extract was recovered by centrifugation at 25,000 rpm at 4 ◦C for 30 min. SaDHQD
was purified by affinity chromatography, passing the cell-free crude extract through a
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column packed with nickel–nitrilotriacetic acid (Ni-NTA) resin. Fractions were collected
using a gradient of imidazole from 5 to 300 mM. The enzyme was eluted at a concentration
of 100 mM imidazole. To remove imidazole, the fractions with the highest amount of
SaDHQD were pooled and washed with a buffer consisting of 50 mM Tris-HCl, 300 mM
NaCl, and 10 mM β-Met at pH 8.0. The protein concentration was determined using the
Bradford method [16].

2.3. Enzyme Activity

The enzymatic activity assays of SaDHQD were performed using a modification of the
method reported by Jaafar et al. [17]. The reaction mixture consisted of 50 mM Tris-HCl
(pH 8.0), 200 µM 3-dehydroquinic acid (3-DHQ), and 70 ng of SaDHQD. The activity was
measured spectrophotometrically at 25 ◦C by monitoring the production of 3-dehydroshikimic
acid (3-DHS) (ε = 12,000 M−1·cm−1) at 234 nm. One enzyme unit was defined as the amount
of enzyme that catalyzes the conversion of 1 µmole of substrate per minute under standard
conditions. Experiments were conducted in triplicate for all determinations.

2.4. Biochemical Characterization
2.4.1. Amino Acid Sequence Analysis

To determine similarities at the sequence level, a multiple sequence alignment of
SaDHQD and other Type I DHQDs from bacteria was performed using Clustal W [18] and
the Easy Sequencing in PostScript program (ESPript3.0) [19].

2.4.2. Kinetic Parameters

To determine the kinetic parameters (Km and Vmax), curves were generated using the
reaction mixture described above with varying concentrations of 3-DHQ ranging from
5 to 500 µM. Km and Vmax values were calculated fitting the data to Michaelis–Menten
equation using SigmaPlot V15.0 software. On the other hand, the kcat and catalytic efficiency
(kcat/Km) values were obtained applying the equations reported earlier [20].

2.4.3. Optimum pH

Enzyme optimum pH determination was carried out using a modification of the
method reported by Avitia-Domínguez et al. [21], measuring enzymatic activity under the
conditions described above at different pH values. To this end, the following buffers were
used: 0.1 M citric acid—0.2 M Na2HPO4 (pH 4.0 to 6.0) and 0.05 M Tris-HCl (pH 7.0 to 9.0);
0.05 M NaHCO3—0.1 M NaOH (pH 10.0 and 11.0); and 0.2 M KCl—0.2 M NaOH (pH 12.0).
Optimum pH was defined as the pH at which the highest enzymatic activity was obtained,
taking this value as 100% to calculate the relative activity at the other pH values.

2.4.4. pH Stability

The stability of SaDHQD was obtained by incubating the enzyme at a pH range from
4.0 to 12.0 using the previously mentioned buffers, over a time interval from 0 to 240 h. The
initial activity at each pH was taken as 100% to calculate the residual activity over the time.

2.4.5. Optimum Temperature

To determine the optimal temperature, enzymatic activity was measured in a range
from 10 to 60 ◦C. Optimum temperature was defined as the temperature at which the
highest enzymatic activity was obtained, taking this value as 100% to calculate the relative
activity at the other temperature values.

2.4.6. Thermal Stability

To assess the thermal stability, the enzyme was incubated in a range from 10 to 60 ◦C
over a time interval from 0 to 72 h. The initial activity at each temperature was taken as
100% to calculate the residual activity over the time.
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2.4.7. Effect of Ions, Surfactants, and Chelating Agents

To understand the impact of ions, surfactants, and chelating agents on the activity
of SaDHQD, the effect of ions such as Na+, K+, NH4

+, Ca2+, Mg2+, Ba2+, Mn2+, and Fe3+;
surfactants such as sodium dodecyl sulfate (SDS), Triton X-100, and Tween 20; and the
chelating agent ethylenediaminetetraacetic acid (EDTA) at 1 and 5 mM was measured.
Activity under standard conditions was taken as 100% to calculate the relative activity in
each case. The statistical significance of the data was analyzed by Welch’s t-test.

2.4.8. Structural Characterization

The secondary structure was evaluated by circular dichroism (CD) in the far-UV re-
gion (190–280 nm) in a Jasco J-810 spectropolarimeter (Ishikawamachi Hachioji-shi, Tokyo,
Japan). Assays were performed at 25 ◦C and a protein concentration of 0.1 mg/mL in a
50 mM phosphate buffer at pH 7.4. The tertiary structure was assessed by intrinsic protein
fluorescence (300–500 nm) in a Perkin-Elmer LS-55 fluorescence spectrometer (Waltham,
MA, USA) after excitation at 280 nm. Assays were conducted at 25 ◦C in a 50 mM phos-
phate buffer (pH 7.4) and a protein concentration of 0.1 mg/mL. The quaternary structure
was evaluated by size exclusion chromatography in a Superose 6 10/300 GL column (GE
Healtcare, Chicago, IL, USA) coupled to an Äkta FPLC system (GE Healtcare, Chicago, IL,
USA), previously calibrated with molecular mass standards; the running conditions were
25 ◦C and 50 mM Tris–HCl (pH 8.0) plus 150 mM NaCl. Protein stability was investigated
by following the CD signal at 222 nm in response to temperature scans from 25 to 90 ◦C
(1 ◦C/min); the protein concentration was 0.1 mg/mL in a 50 mM phosphate buffer
at pH 7.4. The unfolding protein fraction and melting temperature were calculated
as reported [22]. In the spectroscopic assays, the blank spectra were subtracted from
experimental ones.

2.5. Thermodynamic Parameters

Based on the data obtained from the optimum temperature and thermal stability
assays, the values for activation and inactivation energy, enthalpy, entropy, and Gibbs free
energy change were determined.

2.5.1. Activation Energy

The activation energy (Ea, kJ mol−1) was calculated from optimum temperature ex-
periments using a modification of the Arrhenius equation (Equation (1)), where R is the
ideal gas constant (8.314462 J K−1 mol−1), A is the Arrhenius constant, T (K) is the absolute
temperature, and v (µmol min−1 mg−1) is the enzyme activity at temperature T in the range
where its value was increasing. The value of Ea was obtained from the slope of the plot
according to Equation (2).

ln(v) =
(
−Ea

R

)
1
T
+ ln(A) (1)

slope =
Ea

R
(2)

2.5.2. Thermal Inactivation Parameters

From the thermal stability assays, inactivation rate constants at a specific temperature
(kd, h−1) were calculated using Equation (3), where A0 and Ai represent the initial and
residual enzyme activity, respectively, and t is the incubation time. The rate constants
obtained were used in Equation (4) to calculate the activation energy of denaturation or
inactivation energy (Ed) based on the Arrhenius equation. The Ed value was obtained from
the slope of the plot as in Equation (2).

ln
(

Ai
A0
·100

)
= (−kd)t (3)
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ln(kd) =

(
−Ed

R

)
1
T
+ ln(A) (4)

Furthermore, the time necessary for the enzyme to lose 50% of its activity (the half-
life (t1/2)) and the time to lose 90% (the decimal reduction time (D-value)) [23] were also
calculated at each specific temperature using Equations (5) and (6).

t1/2 =
ln(2)

kd
(5)

D =
ln(10)

kd
(6)

The enthalpy (∆H), Gibbs free energy (∆G), and the entropy (∆S) variation at each
temperature were calculated using Equations (7), (8), and (9), respectively, using the
previously obtained kd values, where h is the Planck constant (6.6262 × 10−34 J s) and K is
the Boltzmann constant (1.380649 × 10−23 J K−1).

∆H = Ed − RT (7)

∆G = −RTln
(

kdh
KT

)
(8)

∆S =
∆H − ∆G

T
(9)

3. Results and Discussion
3.1. Biochemical Characterization
3.1.1. Sequence Analysis of SaDHQD

SaDHQD consisted of 714 nucleotides encoding 238 amino acid residues. Sequence
alignment with other Type I dehydroquinases from Escherichia coli, Salmonella typhi, Bacillus
subtilis, Klebsiella pneumoniae, Acinetobacter baumannii, Streptococcus pyogenes, and Streptococcus
pneumoniae (Figure 1) showed that SaDHQD contains all the conserved residues (Glu35, Arg37,
Arg70, Lys160, His133, Arg202, and Gln225), which are crucial for catalysis [15,24] (Figure 2).
Furthermore, according to the alignment, the identity percentage in comparison with the other
DHQDs was 30% for E. coli, 35% for S. typhi and B. subtilis, 31% for K. pneumoniae, 32% for A.
baumannii, and 29% for S. pyogenes and S. pneumoniae. The percentage of similarity ranged
from 50 to 55%, suggesting that, although no structural data are available, except for E. coli
and S. typhi, all of them will show the same TIM barrel folding.

3.1.2. Purification of SaDHQD

The enzyme underwent one-step purification via affinity chromatography (Table 1)
resulting in a sevenfold enrichment with 40% recovery of the enzyme. SDS-PAGE of the
purified enzyme (Figure 3A) showed only one band with a molecular weight consistent
with the predicted from the sequence analysis (~27 kDa). Size exclusion chromatography
(Figure 3B) indicated that, as was reported for the crystallographic structure [12], the native
state of the protein is a dimer, as inferred from the molecular mass of 57.5 kDa calculated
from the elution time. These data closely resemble the mass calculated from the amino
acid sequence; the difference can be explained by the His-tag and the additional amino
acids incorporated during gene cloning into the expression plasmid. Furthermore, this
oligomeric state is like that reported for other Type I DHQDs in bacteria [13].
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Table 1. Summary of the purification process of SaDHQD.

Volume (mL) Protein (mg) Total Activity (U) Specific Activity (U/mg) Purification (Fold) Yield (%)

Crude extract 20 18.59 124.28 6.68 1.00 100.00

Affinity chromatography 3 1.02 50.20 49.34 7.48 40.4
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pneumoniae, A. baumannii, S. pyogenes, and S. pneuomoniae. Conserved residues (red text) are indi-
cated in purple boxes and highly conserved residues in red boxes. The secondary structure is indi-
cated at the top of the sequence alignment; the β sheets are represented as arrows and the α-helix 
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accessibility to the solvent, where blue represents accessible, cyan represents intermediate accessi-
bility, white  represents poor accessibility, and red represents non-calculable accessibility. The ac-
tive site�s residues are indicated with an asterisk. 

Figure 1. Sequence alignment of SaDHQD with Type I DHQD from E. coli, S. typhi, B. subtilis, K.
pneumoniae, A. baumannii, S. pyogenes, and S. pneuomoniae. Conserved residues (red text) are indicated
in purple boxes and highly conserved residues in red boxes. The secondary structure is indicated at
the top of the sequence alignment; the β sheets are represented as arrows and the α-helix as spirals,
and the TT indicates turns. The colored boxes at the bottom of the residues indicate their accessibility
to the solvent, where blue represents accessible, cyan represents intermediate accessibility, white
represents poor accessibility, and red represents non-calculable accessibility. The active site’s residues
are indicated with an asterisk.
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Figure 3. Purification and kinetic characterization of SaDHQD. (A) SDS-PAGE analysis for the
purification process: Lane 1, molecular weight marker; Lane 2, crude extract; Lane 3, purified
SaDHQD. (B) Size exclusion chromatography calibration curve to determine the molecular weight
of SaDHQD in native conditions. (C) The Michaelis–Menten kinetics curve for SaDHQD; the inset
shows the Lineweaver–Burk plot.

3.1.3. Kinetic Characterization of SaDHQD

The enzyme showed a hyperbolic kinetic behavior (Figure 3C) like its counterparts
in other bacteria [25–27]. The kinetic parameters obtained were a Km of 54 µM, a Vmax of
107.7 µmole/min/mg, a kcat of 48.5 s−1, and a catalytic efficiency of 0.9 µM−1 s−1. These
values were like those reported for homologous enzymes in Enterococcus faecalis [14] and
Clostridium difficile [15].

3.1.4. Effect of pH and Temperature on SaDHQD Activity

Assays at different pH showed that the optimum pH for SaDHQD was 8.0 (Figure 4A),
which is equal to that reported for DHQDs from Escherichia coli [28] and Gluconobacter
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oxydans [29], despite belonging to different families (Enterobacteriaceae for E. coli and
Acetobacteraceae for G. oxydans).
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In the case of the protein stability at varying pH, the enzyme retained its activity for a
longer time at pH 6.0 and 7.0, with 54.4% and 40.26% residual activity after an incubation
of 240 h, respectively. On the other hand, at pH 4.0 and 12.0, the enzyme lost its activity
after 144 h and 72 h, respectively (Figure 4B).

In respect to the effect of temperature on SaDHQD’s activity, the results indicated that its
optimum temperature was 55 ◦C; at higher values, the activity began to decrease (Figure 4C).
Furthermore, the enzyme exhibited a thermolabile character by being completely inactivated
at 60 ◦C after 10 min (Figure 4D), like that reported for its counterpart Type I DHQD from G.
oxydans, which was inactivated at 70 ◦C in 10 min [29]. In contrast, as mentioned before, Type
II DHQDs are thermostable, such as that from S. coelicolor, which, at 80 ◦C for 80 min, did not
lose activity or that from G. oxydans (Type II, this bacterium has both isoforms), which only
lost 10% of its activity at 70 ◦C for 10 min [29].

3.1.5. Effect of Metal Ions and Surfactants on SaDHQD’s Activity

As a part of biochemical characterization, it was interesting to test the effect of dif-
ferent ions and other chemical agents (surfactant and chelating molecules) on SaDHQD’s
activity (Figure 5A). At a concentration of 1 mM, ions such as Ca2+, Mg2+, and Fe3+ exhibit
slightly activating effects, showing relative activities of 120%, 111%, and 110%, respectively.
However, the enzyme activity decreases by 40% at the same concentration with Mn2+ ions.
On the contrary, ions such as Na+, K+, NH4

+, Mg2+, and Ba2+ did not cause a decrease in
enzyme activity greater than 10% even at the highest concentration (5 mM). On the other
hand, some surfactants, such as SDS and Triton X-100, reduced the enzyme activity by 78
and 100% at a concentration of 1 mM, respectively. However, Tween 20 only diminished
the activity by around 35% at 5 mM. For the chelating agent, EDTA, it inhibited the activity
by 86% at 5 mM. It is important to mention that all these differences were statistically
significant (Table 2). The data suggest that even though the enzyme is not a metalloenzyme,
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its structure can still be altered by the binding of certain ions and a chelating agent [14,28].
Therefore, these potential binding sites could be used as a starting point to design inhibitors
for SaDHQD.

Microbiol. Res. 2024, 15, FOR PEER REVIEW  10 
 

 

Tween-20 0.0018 0.0115 
Tritón-X-100 0.0001 0.0001 
EDTA 0.0273 0.0002 
* p value ≤ 0.05 indicates statistical significance. 

3.1.6. Circular Dichroism and Fluorescence Analysis 
The circular far-UV dichroism spectra of SaDHQD showed a minimum between 221 

and 212 nm (Figure 5B), indicative of an α/β protein, which agrees with the TIM barrel 
structure determined by protein crystallography [12]. The CD spectrum of SaDHQD re-
sembles those of E. coli [30] and S. typhi [26] and agrees with the TIM barrel three-dimen-
sional structure of Type I DHQDs [12,13]. On the other hand, the protein fluorescence 
spectrum showed the maximum fluorescence intensity at 322 nm after excitation at 280 
nm (Figure 5C). The fluorescence maximum emission at 322 nm indicated that fluoro-
phores are buried in non-polar environments of the protein (Tyr15, Tyr69, Tyr77, Tyr85, 
Tyr124, Tyr158, Try214, Try238, and Trp105). According to the results observed in the 
crystal structure [12], only Tyr15, Tyr77, and Tyr124 are exposed to solvent, suggesting 
that these residues practically do not contribute to the fluorescence detected. Finally, the 
thermal stability of SaDHQD was evaluated, following the CD signal as a function of tem-
perature (Figure 5D); from these data, a Tm of 68.6 °C was obtained. This value is higher 
compared with the Tm reported for DHQDs from S. typhi (55.5 °C) [26] and from E. coli 
(57.2 °C) [30]. The result is concordant with the comparative analysis of these proteins, 
which showed that SaDHQD is a more compact dimer with higher structural rigidity [12]. 

 
Figure 5. Effect of different agents on SaDHQD�s activity and structural analysis. (A) Effect of metal 
ions and surfactants on SaDHQD�s activity. (B) Far-UV circular dichroism spectrum of SaDHQD. 
(C) Fluorescence spectrum of SaDHQD. (D) Thermal denaturation of SaDHQD. 

3.2. Thermodynamic Parameters 
Kinetic stability is defined as the resistance of an enzyme to irreversible inactivation. 

Moreover, thermodynamic stability is defined as the difference in free energy between the 
native and unfolded states of an enzyme [31]. This information is relevant in the charac-
terization of a potential drug target. Therefore, the kinetic stability and thermodynamic 
parameters for thermal inactivation of SaDHQD were determined (Table 3). Firstly, the 
activation energy Ea, referred as the energy necessary for the conversion of the substrate 
to the product, was estimated from the enzyme activity in the range where the velocity 
increased with temperature (Figure 4C), applying the Arrhenius plot (Figure 6A). As far 

Figure 5. Effect of different agents on SaDHQD’s activity and structural analysis. (A) Effect of metal
ions and surfactants on SaDHQD’s activity. (B) Far-UV circular dichroism spectrum of SaDHQD.
(C) Fluorescence spectrum of SaDHQD. (D) Thermal denaturation of SaDHQD.

Table 2. Statistical analysis of the effect of ions, surfactants, and chelating agents on the activity
of SaDHQD.

Ions, Surfactants, and Chelating Agents
p * Value at Different Concentrations

1 mM 5 mM

Na+ 0.1448 0.1342

K+ 0.9699 0.0064

NH4
+ 0.2623 0.4330

Mg2+ 0.0380 0.0152

Ca2+ 0.0016 0.0940

Ba2+ 0.2657 0.116

Mn2+ 0.9932 0.0005

Fe3+ 0.0343 0.2048

SDS 0.0014 0.0001

Tween-20 0.0018 0.0115

Tritón-X-100 0.0001 0.0001

EDTA 0.0273 0.0002
* p value ≤ 0.05 indicates statistical significance.
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3.1.6. Circular Dichroism and Fluorescence Analysis

The circular far-UV dichroism spectra of SaDHQD showed a minimum between 221 and
212 nm (Figure 5B), indicative of an α/β protein, which agrees with the TIM barrel structure
determined by protein crystallography [12]. The CD spectrum of SaDHQD resembles those
of E. coli [30] and S. typhi [26] and agrees with the TIM barrel three-dimensional structure
of Type I DHQDs [12,13]. On the other hand, the protein fluorescence spectrum showed
the maximum fluorescence intensity at 322 nm after excitation at 280 nm (Figure 5C). The
fluorescence maximum emission at 322 nm indicated that fluorophores are buried in non-
polar environments of the protein (Tyr15, Tyr69, Tyr77, Tyr85, Tyr124, Tyr158, Try214, Try238,
and Trp105). According to the results observed in the crystal structure [12], only Tyr15,
Tyr77, and Tyr124 are exposed to solvent, suggesting that these residues practically do
not contribute to the fluorescence detected. Finally, the thermal stability of SaDHQD was
evaluated, following the CD signal as a function of temperature (Figure 5D); from these
data, a Tm of 68.6 ◦C was obtained. This value is higher compared with the Tm reported for
DHQDs from S. typhi (55.5 ◦C) [26] and from E. coli (57.2 ◦C) [30]. The result is concordant
with the comparative analysis of these proteins, which showed that SaDHQD is a more
compact dimer with higher structural rigidity [12].

3.2. Thermodynamic Parameters

Kinetic stability is defined as the resistance of an enzyme to irreversible inactivation.
Moreover, thermodynamic stability is defined as the difference in free energy between the
native and unfolded states of an enzyme [31]. This information is relevant in the charac-
terization of a potential drug target. Therefore, the kinetic stability and thermodynamic
parameters for thermal inactivation of SaDHQD were determined (Table 3). Firstly, the
activation energy Ea, referred as the energy necessary for the conversion of the substrate
to the product, was estimated from the enzyme activity in the range where the velocity
increased with temperature (Figure 4C), applying the Arrhenius plot (Figure 6A). As far
as we know, there are not reports about Ea for other DHQDs from bacteria; therefore, it
is not possible to state if the value obtained for SaDHQD is higher or lower. However, it
has been reported that a higher value of Ea makes the profile in the temperature curve
become sharper [32,33]. According to the results observed in SaDHQD, a 5-degree change
in temperature (55 to 60 ◦C) causes a dramatic loss in activity (Figure 4C). Therefore, this
behavior suggests that SaDHQD has a higher energy of activation. Furthermore, this value
also depends on the purity of the enzyme’s preparation; a crude extract showed a higher
value with respect to the pure enzyme [31]. In the case of SaDHQD, according to the purity
of the enzyme, it can be stated that the value obtained was not overestimated. Finally, a
higher Ea suggests that the active site is less favorable for substrate binding, causing a
lower catalytic efficiency [34,35]. Unfortunately, we are without other values to compare
this with, so maybe this could be the case for SaDHQD.

Continuing with thermodynamic characterization, other parameters, such as the inacti-
vation constant (kd), the enzyme’s half-life (t1/2), and the decimal reduction time (D-value),
were determined at different temperatures (Table 3). From these data, the energy necessary
to start enzyme inactivation (Ed) was determined on the basis of applying kd values, as in
the case of Ea, with the Arrhenius plot obtaining a value of 126.6 kJ/mol (Figure 6B). A
higher Ed value implies higher enzyme stability; however, as no values are reported for
other DHQDs, there is no way to know if the Ed from SaDHQD is lower or higher, but
it will be helpful as a starting point for comparison in future determinations with homol-
ogous enzymes. Moreover, the linearity of the plot suggests that the inactivation of the
enzyme is a process that is dependent on the temperature [36]. Because this value alone is
not sufficient to evaluate enzyme thermal stability, additional thermodynamic parameters
were determined.
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Table 3. Kinetic stability and thermodynamic parameters of SaDHQD.

Temperature
(K)

kd
(h−1)

t1/2
(h)

D
(h)

∆H
(kJ/mol)

∆G
(kJ/mol)

∆S
(kJ/mol K)

283.15 0.026 ± 0.003 26.66 88.56 124.25 97.10 0.096
293.15 0.050 ± 0.002 13.86 46.05 124.16 99.05 0.086
303.15 0.333 ± 0.011 2.06 6.92 124.08 97.70 0.087
313.15 0.704 ± 0.027 0.985 3.27 123.99 99.07 0.080
323.15 9.533 ± 0.180 0.073 0.24 123.91 95.31 0.088
333.15 41.72 ± 1.291 0.017 0.055 123.83 94.25 0.089

One of them was the enthalpy change (∆H), a parameter related with the non-covalent
bonds broken during enzyme inactivation [37]. The data showed that this value did not
suffer important variations in the range of temperatures assessed (Table 3). This behavior
suggests that the enzyme inactivation was driven principally by the structural changes due
to temperature increases. Furthermore, the dramatic inactivation observed at temperatures
beyond 40 ◦C supports the principal role of enthalpic contributions in accelerating the
breakage of non-covalent interactions, which causes the inactivation of the enzyme [36].
In the same context, the determination of the entropy change (∆S), related to disordering
of the enzyme and solvent [37], showed that this value was positive and constant along
the temperature range (Table 3). However, in comparison with ∆H, this value was close
to zero, which indicates an increase in the disorder in the protein/solvent system upon
enzyme inactivation [37]. Additionally, this behavior reinforces the importance of enthalpic
contributions, suggesting that the rate-limiting step for enzyme inactivation was protein
unfolding [38]. On the contrary, it had a negative ∆S value, which maybe means that the
inactivation could be due to the aggregation of partially unfolded protein [39]. Finally, the
Gibbs free energy change (∆G) that involves the energy barrier for enzyme inactivation [37]
had a practically constant value (Table 3). The abovementioned findings suggest that
there exists a decrease in the enzyme’s susceptibility to inactivation as the temperature
increase [36]. Further studies with homologous enzymes are needed to compare the
thermodynamic parameters described here for SaDHQD.

3.3. Design of Potential Inhibitors

In the search for or design of new inhibitors from an enzyme of interest, all available
information is valuable; the structural, kinetic, and thermodynamic parameters of the
enzyme are important. The data reported in this work showed that SaDHQD can bind
some ions as well as chelating agents, and that the binding of some of these provokes the
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inhibition of the enzyme. Furthermore, the alignment and the structural data of homologous
DHQDs, which are very similar in all of them, suggest that a potential inhibitor with an
effect on the DHQDs from different bacteria could be designed with these binding sites
as the target, or they could also be directed to the active site that is highly conserved,
taking advantage of how this enzyme is absent in humans. In this context, only irreversible
inhibitors that bound covalently to Lys160 have been reported for SaDHQD and S. typhi
DHQDs [40,41]. Furthermore, a computational study reported the first non-covalent
potential inhibitors from SaDHQD with the catalytic site as a target [42].

Therefore, the data reported here encourage further studies to search for or design
new DHQD inhibitors.

4. Conclusions

To the best of our knowledge, this is the first study about the biochemical and ther-
modynamic characterization of SaDHQD. These results provide valuable information that
contributes to the knowledge of this enzyme and will be useful in the search for and design
of SaDHQD inhibitors that can serve as leads to design a new drug against MRSA to combat
antibiotic resistance.
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