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The glycolytic enzyme enolase of Staphylococcus aureus is a highly conserved enzyme which binds to human plasminogen
thereby aiding the infection process. The cloning, over expression and puriﬁcation of S. aureus enolase as well as the effect
of various metals upon the catalytic activity and structural stability of the enzyme have been reported. The recombinant
enzyme (rSaeno) has been puriﬁed to homogeneity in abundant amounts (60 mg/L of culture) and the kinetic parameters
(Km = 0.23 ± 0.013 9 10-3 M; Vmax = 90.98 ± 0.00052 U/mg) and the optimum pH were calculated. This communication further reports that increasing concentrations of Na? ions inhibit the enzyme while increasing concentrations of K?
ions were stimulatory. In case of divalent cations, it was found that Mg2? stimulates the activity of rSaeno while the rest of
the divalent cations (Zn2?, Mn2?, Fe2?, Cu2?, Ni2? and Ca2?) lead to a dose-dependent loss in the activity with a total loss
of activity in the presence of Hg2? and Cr2?. The circular dichroism data indicate that other than Hg2?, Ni2? and to a
certain extent Cu2?, none of the other ions destabilized rSaeno. The inhibitory roles of ﬂuorides, as well as neurotoxic
compounds upon the catalytic activity of rSaeno, have also been studied. Conformational changes in rSaeno (induced by
ions) were studied using partial trypsin digestion.
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1. Introduction
Staphylococcus aureus, a Gram-positive bacterium, is the
causal agent of nosocomial as well as community-acquired
infections in humans (Steinberg et al. 1996). The spectrum of
infections ranges from mild skin infections such as boils to lifethreatening diseases such as toxic shock syndrome. The problem is further compounded by the emergence of multi-drug
resistant S. aureus such as methicillin-resistant S. aureus and
vancomycin-resistant S. aureus (Chambers 2001; Proctor
2012). This necessitates the development of alternative therapeutics against the pathogen. A staphylococcal protein which
can actually interact with the host and aid in the infection process can thus serve as a potential target for new therapeutics. In
this regard, the staphylococcal enzyme enolase appears to be a

promising candidate. It has already been reported that S. aureus
expresses enolase at the surface of its cell wall. Enolase further
functions as a receptor for host plasminogen and enhances the
staphylokinase activation of plasminogen (Pancholi 2001).
Further studies also report that enolase binds to the host laminin
thereby enabling the adherence of S. aureus to the host cells.
This is followed by the activation of host plasminogen and the
degradation of laminin which furthers the infection process
(Carneiro et al. 2004).
Enolase (phosphopyruvate hydratase, EC 4.2.1.11) is
involved in the interconversion of 2-phosphoglycerate (2-PGA)
and phosphoenolpyruvate (PEP). It is an Mg2?-dependent
enzyme and exists as a dimer in most organisms (Wold 1971).
However, in a handful of organisms such as Lactobacillus
gasseri, Streptococcus pneumoniae, Streptococcus suis, etc.,
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the enzyme exists as an octamer (Barnes and Stcllwagen 1973;
Brown et al. 1998; Ehinger et al. 2004; Lu et al. 2012;
Raghunathan et al. 2014). The interesting feature of S. aureus
enolase is the fact that the enzyme exists as a dimer as well as an
octamer in solution, with the octameric form being the catalytically active form (Wu et al. 2015).
Despite the moonlighting functions of S. aureus enolase,
there are no reports stating the effects of various metal ions and
inhibitors on the activity of the enzyme. Thus, to address
questions pertaining to the structural stability and catalytic
activity of S. aureus enolase under the inﬂuence of various ions,
the enolase gene has been cloned, overexpressed and puriﬁed as
a histidine-tagged recombinant (rSaeno) and the effects of
various cations on its structure and function have been studied.
The effects of ﬂuoride and neurotoxins on rSaeno have also
been studied and reported in this communication.

2. Materials and methods
2.1

Materials

Plasmid pET 28a from Novagen (Madison, Wisconsin, USA)
was employed for overexpression of enolase. DNA polymerase,
restriction enzymes and T4 DNA ligase were procured from
Fermentas GmbH (Germany). The cloning host Escherichia coli
DH5a and expression host E. coli BL21 (DE3) were obtained
from Novagen (Madison, Wisconsin, USA). Ni2?-nitrilotriacetic acid (Ni-NTA) agarose resin was procured from Thermo
Scientiﬁc (USA). Polyvinylidene diﬂuoride (PVDF) membrane,
isopropyl b-D-1-thiogalactopyranoside (IPTG) and antibiotics
were obtained from Sigma (St. Louis, MO, USA). Anti-His
antibody, anti-mouse IgG (H?L) alkaline phosphatase conjugate, 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitroblue
tetrazolium (NBT) colour development substrate, Dithiothreitol
(DTT) and Bradford reagents were purchased from Bio-Rad
(CA, USA). The enolase substrate PEP was obtained from
Sigma-Aldrich Co. The chemicals used in this study were of
reagent grade from Sigma Chemical Co. (MO, USA).

2.2

Staphylococcus strain and culture conditions

S. aureus RN4220 was grown in Trypticase soy broth at 37°C
(Lee and Iandolo 1988). E. coli DH5a cells and E. coli BL21
(DE3) were grown in Luria-Bertani (LB) broth at 37°C
(Sambrook et al. 1989). The growth media were supplemented with appropriate antibiotics (kanamycin 25 lg/lL).

2.3 Cloning, and overexpression of recombinant
enolase (rSaeno)
Genomic DNA from S. aureus was extracted and puriﬁed
according to the method of Zhao et al. (2012). The enolase
gene of S. aureus was polymerase chain reaction (PCR)

ampliﬁed from the isolated genomic DNA using DreamTaq
DNA polymerase (Fermentas) and the following set of primers: enolase-F: 50 -CATATGCCAATTATTACAGATG
TTTACGCTC-30 and enolase-R: 50 -CTCGAGTTATTTAT
CTAAGTTATAGAATGATTTGATACCG-30 . The PCR
reaction was carried out in a T100TM Thermal cycler (BioRad, USA). The ampliﬁed PCR product of 1305 bp as well
as pET28a overexpression vector were digested with NdeI
and XhoI and further ligated with T4 DNA ligase.
The ligation mixture was transformed into freshly prepared E. coli DH5a competent cells. The recombinants were
screened by plasmid DNA preparation followed by restriction enzyme digestion. A healthy recombinant was selected
and sequenced (CIF, UDSC) and designated as prSaeno.
prSaeno was transformed into competent E. coli BL21
(DE3) cells. Thereafter, a healthy transformant was selected
and used for all other experiments.
Hexa-histidine tagged S. aureus enolase (designated as
rSaeno) was overexpressed by the addition of 0.5 mM IPTG to
an E. coli (carrying prSaeno) cell culture in the log phase. Cells
were further cultured in a shaking incubator at 140 rpm at
32°C for 3 h. Protein puriﬁcation was carried out at 4°C. The
induced cells were harvested by centrifugation at 6500 rpm
for 10 min at 4°C and resuspended in buffer A (20 mM TrisHCl, pH 8.0, 500 mM NaCl and 5% glycerol and 10 mM
imidazole) followed by sonication. The sonicated cell extract
was centrifuged at 10,000 rpm for 30 min at 4°C.
2.4 Puriﬁcation of rSaeno by afﬁnity chromatography
and dialysis
rSaeno was puriﬁed from the soluble cellular fractions by NiNTA acid afﬁnity chromatography according to the manufacturer’s protocol (Thermo Scientiﬁc, USA). The binding was
accomplished by the batch method. Initially, the Ni-NTA column was pre-equilibrated with pre-equilibration buffer (20 mM
Tris-HCl, pH 8.0, 500 mM NaCl and 10 mM imidazole) for
15 min. The soluble cellular extract was then allowed to interact
with Ni-NTA (10 mL/L of culture) for 1 h in four cycles with a
15 min interval. The column was washed with 50-bed volumes
of wash buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl,
25 mM imidazole and 5% glycerol) to remove the nonspeciﬁcally bound E. coli proteins from the column. rSaeno was
then eluted with elution buffer (20 mM Tris-HCl, pH 8.0,
100 mM NaCl, 300 mM imidazole and 5% glycerol). Before
carrying out further experiments, the puriﬁed rSaeno was
dialysed thoroughly in dialysis buffer (20 mM Tris-HCl pH 8.0,
200 mM NaCl, 5% glycerol and 1 mM Ethylenediaminetetraacetic acid (EDTA)) (Pal-Bhowmick et al. 2004).
2.5 Qualitative and quantitative analysis and kinetic
characterization of rSaeno
Puriﬁed rSaeno was quantiﬁed by the Bradford reagent and
was qualitatively analysed by SDS-10% PAGE followed by
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western blotting according to the standard procedures
(Amersham Bioscience, UK) (supplementary ﬁgure 1). In
brief, the gel was blotted on a PVDF membrane at 50 V
for 30 min at 4°C in transfer buffer (25 mM Tris and
192 mM glycine). The mouse anti-His antibody (1:500)
was utilized as a primary antibody and the anti-mouse IgG
alkaline phosphatase conjugated antibody (1:7500) was
employed as a secondary antibody. BCIP and NBT served
as substrates (Pal-Bhowmick et al. 2004; Agarwal et al.
2008).
To study the activity of puriﬁed rSaeno, the conversion
of PEP into 2-PGA by the puriﬁed protein was monitored.
The experiment was carried out at 25 ± 1°C. Brieﬂy, the
decrease in absorbance (due to the formation of PGA) at
240 nm for 15 min at 1 s intervals (UV-24050, UV–visible
spectrophotometer with equibath) was spectrophotometrically monitored. The molar extinction coefﬁcient of PEP
was 1.1 9 10-3/M/cm. The assay mixture consisted of
20 mM Tris-HCl (pH 7.5), 400 mM KCl, 1 mM MgSO4,
15 nM rSaeno and varying concentrations of PEP
(0.1–3 mM) in a total volume of 200 lL (Wu et al. 2015).
One unit of enzyme was deﬁned as the amount of rSaeno
that converts 1 lmol of PEP into 2-PGA in 1 min at 25°C.
The initial velocity was calculated from the slope of the
linear progression curve of 60 s duration. The kinetic
coefﬁcients Km, Vmax, kcat and kcat/Km were calculated from
the Michaelis–Menten plot using GraphPad Prism software
of version 6.01 (Pal-Bhowmick et al. 2004; Wu et al.
2015).

2.6

Effect of monovalent cations on rSaeno activity

To elucidate the effect of monovalent cations, rSaeno was
treated with sodium chloride or potassium chloride. The
assay buffer consisted of 20 mM Tris-HCl (pH 7.5), 1 mM
MgSO4 and 15 nM rSaeno with various concentrations of
NaCl or KCl (0–600 mM). The reaction was initiated by the
addition of 2 mM PEP. All reactions were performed at
25 ± 1°C (Agarwal et al. 2008).

2.7

Effects of divalent cations on rSaeno activity

To study the effect of divalent cations, the standard rSaeno
reaction was utilized. The assay buffer consisted of 20 mM
Tris-HCl buffer (pH 7.5) supplemented with 400 mM KCl
and 15 nM rSaeno; contrary to the standard method, 1 mM
MgSO4 was replaced with 1 mM sulphates of various
divalent cations (Zn2?, Mn2?, Cu2?, Ni2?, Ca2? and Hg2?).
In each case, the reaction was initiated by the addition of
2 mM PEP to the ﬁnal volume of 200 lL at 25 ± 1°C. The
decrease in the absorbance of PEP at 240 nm was monitored
for 15 min at 1 s intervals (Brewer 1985; Lee et al. 2006;
Han et al. 2012).
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2.8 pH-Dependent activation of rSaeno by Mg2?, Zn2?
and Mn2? ions
The optimum concentration of Mg2?, Zn2? and Mn2?
required for maximum catalytic activity of rSaeno was
determined by varying the concentration of these cations
from 0 to 5 mM in the standard assay buffer (400 mM KCl,
15 nM rSaeno and 2 mM PEP) with the pH ranging from 4
to 10 at 25 ± 1°C. The decrease in the absorbance of PEP at
240 nm was monitored for 15 min at 1 s intervals (Vinarov
and Nowak 1998).

2.9 Effect of neurotoxins on the catalytic activity
of rSaeno
2.9.1 Inhibition of rSaeno by acrylamide: Equal volumes of
rSaeno (15 nM) and acrylamide (15 nM) were incubated in
Tris-HCl (pH 7.5) for 30 min at 25 ± 1°C in a shaking
water bath. At the end of this incubation, 400 mM KCl and
1 mM MgSO4 were added to the reaction mixture. The
reaction was then initiated by the addition of PEP (0–3 mM).
The decrease in the absorbance of PEP at 240 nm was
monitored for 15 min at 1 s intervals at 25 ± 1°C. The
kinetic coefﬁcients Km and Vmax were calculated from
Michaelis–Menten plot.
To determine the reversibility of acrylamide inhibition,
equal volumes of rSaeno (15 nM) and acrylamide (15 nM)
were incubated in Tris-HCl of pH 7.5 for 30 min at
25 ± 1°C in a shaking water bath. The rSaeno–acrylamide
complex thus formed was dialysed overnight at 4°C, in
dialysis buffer (20 mM Tris, pH 8, 200 mM NaCl, 5%
glycerol and 1 mM EDTA). The dialysed rSaeno was
assayed for its activity by the addition of 400 mM KCl,
1 mM MgSO4 and PEP (0–3 mM). The activity was measured at 240 nm for 15 min at 1 s intervals at 25 ± 1°C. The
kinetic parameters were calculated.
The effect of sulphhydryl agent on acrylamide inhibition
was also analysed. In this case, equal volumes of rSaeno
(15 nM) and acrylamide (15 nM) were incubated in TrisHCl of pH 7.5 in the presence of DTT (0–10 mM). The
incubation was carried out for 30 min at 25 ± 1°C in a
shaking water bath following which 400 mM KCl and
1 mM MgSO4 were added to the reaction mixture. The
reaction was then initiated by the addition of PEP (2 mM).
To determine the reversibility of inhibition, the acrylamide,
enolase and DTT complexes were dialysed in the abovementioned dialysis buffer. After dialysis, the activity of
enolase was monitored at 25 ± 1°C at 240 nm for 15 min at
1 s intervals.
To study the impact of cations on acrylamide inhibition of
rSaeno, 15 nM rSaeno was preincubated with varying concentrations of magnesium, manganese and zinc
(0.05–5 mM) individually in Tris-HCl of pH 7.5 for 15 min
at 25 ± 1°C in a shaking water bath. At the end of the
incubation, 15 nM acrylamide was added to the mixture
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which was further incubated for 30 min at 25 ± 1°C in a
shaking water bath. This was followed by the addition of
400 mM KCl and 2 mM PEP. The decrease in the absorbance of PEP at 240 nm was monitored at 25 ± 1°C for
15 min at 1 s intervals (Howland et al. 1980).
2.9.2 Inhibition of rSaeno by 2,5-hexanedione: rSaeno
(15 nM) was incubated with 2,5-hexanedione (0–10 mM) in
20 mM Tris-HCl (pH 7.5) for 30 min at 25 ± 1°C in a
shaking water bath. This was followed by the addition of
400 mM KCl and 1 mM MgSO4 to the above reaction
mixture. The reaction was initiated by the addition of 2 mM
PEP and the decrease in the absorbance of PEP at 240 nm
was monitored at 25 ± 1°C for 15 min at 1 s intervals
The reversibility of the inhibition was assayed by dialysing
the rSaeno-2,5-hexanedione complex in dialysis buffer
(mentioned above) and then assaying for rSaeno activity. The
2,5-hexanedione inhibition was also carried out in different
concentrations (0–5 mM) of magnesium, manganese and zinc
to elucidate the impact of divalent cations on 2,5-hexanedione
inhibition of rSaeno (Howland et al. 1980).

2.10

Fluoride inhibition

The standard assay mixture (20 mM Tris-HCl (pH 7.5),
400 mM KCl, 1 mM MgSO4 and 15 nM rSaeno) was prepared. To this, varying concentrations (0–5 mM) of sodium
ﬂuorophosphate (Na2FPO3), sodium ﬂuoride (NaF), calcium
ﬂuoride (CaF2), potassium ﬂuoride (KF) and ammonium
ﬂuoride (NH4F) were added individually. The reaction was
initiated by the addition of 2 mM PEP and the decrease in
the absorbance of PEP at 240 nm was monitored at
25 ± 1°C for 15 min at 1 s intervals.
The effect of cations on ﬂuoride inhibition of rSaeno was
analysed by carrying out sodium ﬂuorophosphate (Na2FPO3)
(0–5 mM) inhibition of rSaeno in the presence of 1 mM
sulphates of magnesium, manganese and zinc (Maurer and
Nowak 1981; Curran et al. 1994; Belli et al. 1995).

2.11 Circular dichroism (CD) spectral analysis
and tryptophan ﬂuorescence measurement of rSaeno
in different ions
rSaeno was pre-incubated with different ions (Mg2?, Zn2?,
Mn2?, Cu2?, Ni2?, Ca2? and Hg2?) for 15 min and was
subjected to CD analysis (wavelength 200–260 nm, bandwidth 1.00 nm, data pitch 0.5 nm and scanning speed
50 nm/min) by using a JASCO J-815 CD spectrometer
(JASCO CD/A029961168, JASCO, Easton, MD, USA) in
quartz cells or cuvettes of 1 mm diameter and Reed’s reference was used for the estimation of the secondary structure
(Sreerama and Woody 2000).
The 3.5 mg/mL rSaeno stock was diluted to 0.040 mg/mL
with 20 mM Tris-HCl buffer (pH 7.5) and pre-incubated

with divalent cations (1 mM Mg2?, Zn2?, Mn2?, Cu2?,
Ni2?, Ca2?, NH4? or Hg2?) as well as with monovalent
cations (NaCl (0–600 mM) or KCl (0–600 mM)) individually for 15 min. The intrinsic tryptophan ﬂuorescence was
monitored at 25 ± 1°C on a JASCO FP8200 spectroﬂuorimeter using a 500 lL quartz cuvette with a 4 mm path
length. Slits were set to 3 and 5 nm for excitation and
emission, respectively. The excitation wavelength was
295 nm and the emission was recorded from 310 to 450 nm
with 0.5 nm increments.

2.12

Partial trypsin digestion

The limited proteolysis assay was employed to determine the
protective effect of Mg2?, Zn2?, Mn2?, Cu2?, Ni2? and
Hg2? on enolase. To remove the intrinsic conformational
divalent metal ions, metal-free rSaeno was prepared by
extensive dialysis of rSaeno at 4°C against 50 mM Tris-HCl
buffer (pH 7.5), containing 150 mM NaCl and 5 mM bmercaptoethanol with four changes of buffer once every
12 h. Further, the complete removal of metals from the
dialysed enzyme solution was conﬁrmed by atomic absorption spectrophotometry (AA-7000, Shimadzu Corporation,
Japan) (supplementary table 1). The study was divided into
two sets. In one set, the metal-free rSaeno (0.5 mg/mL) was
incubated with trypsin (0.001 mg/mL) and 2 mM EDTA in
50 mM Tris-HCl buffer of pH 7.5 at 25°C. In the second set,
the metal-free rSaeno (0.5 mg/mL) was incubated with
trypsin (0.001 mg/mL) and 5 mM Mg2?, Zn2?, Mn2?,
Cu2?, Ni2? or Hg2? individually, in 50 mM Tris-HCl buffer
of pH 7.5 at 25°C. The metal-free enzyme (in the absence of
trypsin) was taken as the control. The aliquots were withdrawn from the reaction mixture at various time intervals.
The proteolytic action of trypsin was stopped by the addition
of 59 SDS gel loading buffer (50 mM Tris-HCl, pH 6.8, 2%
SDS, 5 mM DTT, 0.1% bromophenol blue and 10% glycerol) in a 4:1 ratio and boiled for 2 min in a boiling water
bath. The samples were run on SDS-10% PAGE. Undigested
protein bands were quantiﬁed using ImageJ software. The
control band was considered as 100% and digested band
intensities were compared with the control (Dutta et al.
2015).

3. Results
3.1 Cloning of the enolase gene from Staphylococcus
aureus
The enolase gene was PCR ampliﬁed as described in section 2 and a DNA band of 1305 bp was observed (supplementary ﬁgure 1) in a 1.0% agarose gel. This band was gel
puriﬁed, double digested with NdeI and XhoI and ligated
into a pET28a vector (double digested with NdeI and XhoI).
The ligation mixture was transformed into XL1 blue
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Overexpression and puriﬁcation of rSaeno

The N-terminal hexa-histidine tagged rSaeno was puriﬁed to
homogeneity from 1.5 L of E. coli BL21 (kDE3) carrying
prSaeno by immobilized metal afﬁnity chromatography
(IMAC). IMAC (Ni2?-NTA) successfully puriﬁed rSaeno
from clariﬁed cell lysates and the different fractions of
washes and elutes were analysed by SDS-12% PAGE
(supplementary ﬁgure 3). As is clear from the gel (supplementary ﬁgure 3), the puriﬁed rSaeno migrated as a single
band with an apparent molecular mass of 48.18 kDa. rSaeno
was detected using western blot as a band of approximately
48.18 kDa (supplementary ﬁgure 4).

3.3

Enzyme kinetic assay of the rSaeno

The kinetic parameters for the rSaeno were determined for
the reverse reaction (conversion of PEP into 2-PGA). A
15 nM of highly puriﬁed rSaeno was used with varying
concentrations of PEP (0.1–3 mM). rSaeno exhibited standard Michaelis–Menten kinetics for PEP. The kinetic coefﬁcients Km, Vmax, kcat and kcat/Km were calculated from the
Michaelis–Menten plot using GraphPad Prism software of
version 6.01 (Wu et al. 2015). The rate constants for PEP
was Km = 0.231 ± 0.013 9 10-3 M, Vmax = 90.98 ±
0.00052 U/mg, kcat = 0.72 9 102/s and kcat/Km = 3.12 9
105/M/s (ﬁgure 1).

3.4 Effect of monovalent cations on the catalytic
activity of rSaeno
The effect of monovalent cations on the catalytic activity of
rSaeno was investigated. The changes in the catalytic
activity of the enzyme in the presence of varying concentrations of NaCl or KCl are presented in ﬁgure 2. From
ﬁgure 2, it is clear that rSaeno is inhibited by NaCl, even at
low concentrations. The catalytic activity of the enzyme is
reduced to almost 50% at 0.1–0.2 M concentration of NaCl.
KCl, on the other hand, has a stimulatory effect upon the
catalytic activity of rSaeno. The enzyme exhibits maximum
activity at a 0.45 M concentration of KCl. However, at a
higher concentration of KCl (0.5–0.8 M), the enzyme
activity decreases by 10–15%.

Figure 1. Substrate concentration dependence of enzyme activity.
rSaeno activity was measured at different concentrations of PEP
varying between 0.1 and 3.0 mM. Data were ﬁtted to the
Michaelis–Menten equation using GraphPad. The best-ﬁt values
for the kinetic constants obtained were Km = 0.231 ± 0.013 9
10-3 M, Vmax= 90.98 ± 0.00052 U/mg, kcat = 0.72 9 102/s and
kcat/Km = 3.12 9 105/M/s. Symbols represent measured activity
while the curve is the best ﬁt.

3.5 Effect of divalent cations on the catalytic activity
of rSaeno
To study the effects of different divalent cations upon the
catalytic activity of rSaeno, the conversion of PEP into
2-PGA in the presence of 1 mM each of Mg2?, Zn2?, Mn2?,
Fe2?, Cu2?, Ni2?, Ca2?, Hg2? or Cr2? was monitored. A
comparison of the effects of these divalent cations upon the
activity of rSaeno is presented in table 1. The data clearly
indicate that the enzyme is strongly activated by Mg2? and
Zn2? with Mg2? being the strongest activator. Mn2? and
Cu2? have a slight activating effect upon the catalytic
activity of rSaeno while Ni2? and Ca2? are very weak
activators. A total loss of catalytic activity was observed in
the presence of Hg2? (table 1). It has already been reported
100
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Figure 2. Effect of monovalent cations (NaCl or KCl) on rSaeno
activity. The assay buffer consisted of 20 mM Tris-HCl (pH 7.5),
1 mM MgSO4 and 15 nM rSaeno with various concentrations of
NaCl or KCl (0–600 mM). The reaction was initiated by the
addition of 2 mM PEP. The decrease in the absorbance of PEP at
240 nm was monitored for 15 min at 1 s intervals at 25 ± 1°C.
Data were plotted as activity vs [salt]. The increase in the
concentration of Na? ions inhibits the enzyme while increasing
concentrations of K? ions were stimulatory.
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Table 1. rSaeno activity in the presence of 1 mM sulphates of
various divalent cations at 25 ± 1°C
Metal ions
2?

Mg
Zn2?
Mn2?
Fe2?
Cu2?
Ni2?
Ca2?
Hg2?
Cr2?

Activity of His-Eno (U/mg)

Relative activity (%)

72.11
62.40
45.76
45.07
38.83
24.96
18.33
0
0

100
86.5
63.4
62.5
53.8
34.6
25.4
0
0

In the standard assay buffer (20 mM Tris-HCl buffer, pH 7.5, 400 mM
KCl and 15 nM rSaeno), 1 mM MgSO4 was replaced with 1 mM
sulphates of various divalent cations (Zn2?, Mn2?, Cu2?, Ni2?, Ca2?
and Hg2?). The reaction was initiated by the addition of 2 mM PEP.

that Mg2? ions are essential for the activity of the enzyme
(Wold 1971). rSaeno–Cr2? and rSaeno–Hg2? complexes
were extensively dialysed to remove Cr2? and Hg2? from
rSaeno. The dialysed enzyme was not able to catalyse the
conversion of PEP into 2-PGA. This indicates that Cr2? and
Hg2? irreversibly inactivated the enzyme.

3.6 rSaeno activity was inhibited by higher
concentrations of divalent cations
The activity of rSaeno is inhibited by higher concentrations
of different divalent cations. While Mg2?, Mn2? and Zn2?,
at a lower concentration (1 mM), had an activating effect
upon rSaeno, higher concentrations of the same ions inhibited the activity of the enzyme.
The pH of the assay buffer further affected the concentration
of the divalent cations required for the maximum activity of
rSaeno. The activity of rSaeno was measured in the pH range
of 4.0–10.0 with increasing concentrations of Mg2?, Mn2? or
Zn2? (0–5 mM). At lower pH values, inhibition in catalytic
activity is observed as the concentration of Mg2? was
increased to 2 mM and above (ﬁgure 3A and D). As the pH is
increased to 10, the Mg2?-induced inhibition becomes progressively weaker and the enzyme requires 2 mM Mg2? for
maximum activity (ﬁgure 3D and E).
Interestingly, the maximum activity of the enzyme was
achieved only at higher concentrations of Zn2?
([0–0.5 mM) at all pH values (4, 5, 6, 7, 7.5, 8, 9 and 10).
Increasing concentrations of Zn2? conferred signiﬁcant
increments to rSaeno activity; the maximum activity was
found to be at pH 7.5 while at pH 7 and 8 there was moderate activity. At pH 4 and 5, rSaeno showed minimum
activity even at higher concentrations of Zn2?. The Zn2?
optima of rSaeno were found to be totally dependent on pH.
The Zn2? optima were 1 mM at low and moderate pH (4, 5,
6, 7, 7.5 and 8) but at higher pH values (9 and 10) the optima
shifted from 1 to 2 mM with a subsequent decrease in
rSaeno activity (ﬁgure 3B–E).

In the case of Mn2?, at pH 7 and 7.5 rSaeno showed
maximum activity, and moderate activity was exhibited at
pH 8 and 6. But at pH 4 and 5, rSaeno activity was found to
be minimum. The inﬂuence of pH on Mn2? optima can be
clearly observed in the graph (ﬁgure 3C). The Mn2? optima
were found to be 1.5 mM at pH 7.5, 7, 8 and 6. However, the
optima shifted to 2 mM of Mn2? at higher pH ranges such as
pH 9 and 10. At lower pH ranges there was a drastic
decrease in the rSaeno activity but Mn2? optima were not
changed (ﬁgure 3C–E) (Brewer 1985).

3.7 Inhibition of rSaeno by neurotoxins (acrylamide
and 2,5-hexanedione)
3.7.1 Inhibition of enolase by acrylamide: To study the
inhibition induced by acrylamide on rSaeno, the catalytic
activity of the enzyme was monitored in the presence or
absence of acrylamide, using varying concentrations of PEP.
From the data presented in ﬁgure 4 and table 2, it is
observed that there is an increase in Km and a decrease in
Vmax in the presence of acrylamide. This is indicative of the
fact that acrylamide induces a mixed type of inhibition
(Curran et al. 1994)
3.7.2 The inhibition induced by acrylamide is reversible
in nature: The acrylamide treated rSaeno was extensively
dialysed in dialysis buffer to completely remove acrylamide.
The catalytic activity of the dialysed rSaeno was then
monitored in the presence of various concentrations of PEP.
The data presented in ﬁgure 4 and table 3 clearly indicate
the reversibility of acrylamide inhibition since the activity of
the dialysed enzyme was completely restored to the noninhibited rates.
3.7.3 Dithiothreitol augments the inhibition of rSaeno
induced by acrylamide: The results of this experiment are
presented in ﬁgure 5. The results indicate that DTT by itself
does not inhibit rSaeno activity. However, the presence of
DTT in varying concentrations enhances the inhibition of
rSaeno activity induced by acrylamide (ﬁgure 10). While
induced 15 nM acrylamide alone inhibited rSaeno activity by
33%, the same concentration of the neurotoxin in the presence
of 10 mM DTT inhibited 99.81% of enzyme activity.
3.7.4 2,5-Hexanedione irreversibly inhibited the rSaeno
activity: The preliminary observations conﬁrmed that inhibitory potency of 2,5-hexanedione is independent of preincubation of 2,5-hexanedione and rSaeno inhibitory complex. Dose-dependent inhibition of rSaeno by 2,5-hexanedione was observed. To determine the reversibility of
inhibition, the 2,5-hexanedione and the rSaeno inhibitory
complex were dialysed in dialysis buffer and assayed for
activity. The enzyme activity was not rejuvenated even upon
dialysis. This implicates that the inhibition of rSaeno activity
by 2,5-hexanedione is irreversible in nature (ﬁgure 6).
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Figure 3. Effect of pH on metal-mediated activation of rSaeno. 15 nM rSaeno activity was measured for varying concentrations
(0–5 mM) of (A) Mg2? or (B) Zn2? or (C) Mn2? in the standard assay buffer (400 mM KCl and 2 mM PEP) with pH ranging from 4 to 10
at 25 ± 1°C. The conversion of PEP into 2-PGA was monitored at 240 nm for 15 min at 1 s intervals. (D) pH vs cation concentrations
needed for maximal activity of rSaeno. (E) pH vs maximal speciﬁc activity observed for rSaeno.

3.8 Sodium ﬂuorophosphate (Na2FPO3) is a potent
inhibitor of rSaeno
The effect of ﬂuoride on rSaeno activity was studied by
directly incorporating ﬂuoride into the enzyme–substrate
system. Among the various ﬂuorides tested, sodium ﬂuorophosphate (Ki = 0.4 mM) signiﬁcantly inhibited rSaeno
more than any other ﬂuorides (ﬁgure 7). Other studied
ﬂuorides had an inhibitory Ki ranging from 0.6 to
1.8 mM.

3.9

Effect of metals on enolase inhibition

In this study, the enzyme was initially preincubated with
various divalent cations (Mg2?, Zn2? or Mn2?) and then
further incubated with the inhibitors separately (acrylamide,
2,5-hexanedione or sodium ﬂuorophosphate) to elucidate the

impact of divalent cations on enolase inhibition. In the
acrylamide inhibition, various divalent cations showed various responses. In this juncture, Mg2? conferred the significant protection (23% protection) whereas Zn2? was neutral
in inhibition (2% protection). In contrast, Mn2? (14%
increment in the inhibition) potentiated the acrylamide
inhibition (table 3).
In the presence of 2,5-hexanedione, none of the divalent
cations conferred any protection against inhibition. One of
the potent cofactors of rSaeno, Mg2?, was neutral in protection. On the other hand, Zn2? and Mn2? potentiated the
inhibition. This indicates that metal ions such as Mg2? might
impart a certain level of protection against the reversible
inhibitor but not for the irreversible inhibitor. And the
replacement of Mg2? with less potent cofactors (such as
Zn2? or Mn2?) results in either neutral or enhanced inhibition in both the cases of reversible and irreversible inhibition
(table 3).
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sodium ﬂuorophosphates was signiﬁcantly decreased when
Mg2? was replaced with Zn2? (20% less inhibition than
Mg2?) and Mn2? (30% less inhibition than Mg2?) (table 4).
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Figure 4. Kinetics of acrylamide inhibition of rSaeno. 15 nM
rSaeno was assayed at 240 nm for 15 min at 1 s intervals in the
presence (15 nM acrylamide) and absence of acrylamide, using
varying concentrations of PEP (0.1–3.0 mM). To determine the
reversibility of acrylamide inhibition, the acrylamide–rSaeno
complex was extensively dialysed in dialysis buffer to completely
remove acrylamide. The dialysed rSaeno was then assayed in
standard assay buffer with varying concentrations of PEP
(0.1–3.0 mM) at 25 ± 1°C. The kinetic parameters (Vmax and
Km) were calculated by using the Michaelis–Menten plot.
Table 2. Effect of acrylamide on kinetic characteristics of rSaeno
Enzyme sample

Km (M)

Without acrylamide
With acrylamide
After dialysis

Vmax (U/mg)
-3

0.231 ± 0.013 9 10
1.401 ± 0.048 9 10-3
0.277 ± 0.018 9 10-3

90.98 ± 0.00052
75.64 ± 0.0061
88.35 ± 0.00023

Enzyme was assayed in the presence of 15 nM acrylamide and also in
the absence of acrylamide. It was also assayed after the removal of
acrylamide by extensive dialysis. The data are shown in ﬁgure 4. Bestﬁt values for Km and Vmax are listed in the table.

In the case of quasi-irreversible (Curran et al. 1994)
(sodium ﬂuorophosphates) inhibition, the metal ions
behaved differently. The rSaeno inhibition by sodium ﬂuorophosphates was high in the presence of the potent cofactor
of rSaeno (Mg2?). Interestingly, the inhibitory potential of

Effects of various ions on the structure of rSaeno

To further investigate the effect of various ions upon the
structure of the rSaeno, CD spectral analysis (200–240 nm)
was carried out for the enzyme after incubating it under the
desired conditions. The CD spectra of rSaeno in the presence
of different metal ions (divalent) indicate the profound effect
exerted by metal ions upon the structure of the protein
(ﬁgure 8, table 5). From ﬁgure 8, it is clear that rSaeno
exhibited a much-reduced peak at 208 nm in the presence of
Ni2? and Hg2? ions, indicating a loss in the alpha-helical
content of the protein. More interestingly, table 5 reveals
that the protein loses the beta-pleated structure completely in
the presence of Cu2?, Ni2? and Hg2? ions, with a concomitant increase in the random coil. In fact, the protein
appears to be in a very stable conformation in the presence
of Mg2? or Zn2? ions. These observations were also supported by intrinsic tryptophan ﬂuorescence (kex at 295 nm)
where the variations in the proteins’ architecture due to the
effect of the metal ions were investigated. It was observed
that rSaeno was actually very stable in the presence of
Mg2?, Zn2? and Mn2? (ﬁgure 8). Intrinsic tryptophan ﬂuorescence was employed to analyse the alterations in the
proteins’ architecture on incubation with various divalent
cations (Mg2?, Zn2?, Mn2?, Cu2?, Ni2?, Ca2?, NH4? and
Hg2?). rSaeno emission spectra ranged from 325 to 330 nm
with emission maxima (kmax) at 328 nm. But, no signiﬁcant
shift in the emission maxima (kmax) was observed on incubation with different cations. The emission intensity was
maximum on incubation with Mg2?, Zn2?, Mn2? and Cu2?
but the emission intensity decreased on incubation with
other divalent cations (Ni2?, Ca2?, NH4? and Hg2?)
(ﬁgure 9).

Table 3. Effect of divalent cations on reversible (acrylamide), and irreversible (2-5-H) inhibition of rSaeno

Inhibitor
15 nM
Acrylamide
2 mM 2,5Hexanedione
10 mM 2,5Hexanedione

% Inhibition of rSaeno % Inhibition of rSaeno activity
activity by inhibitor
by inhibitor ?1 mM Mg2?

% Inhibition of rSaeno
activity by inhibitor ?1 mM
Zn2?

% Inhibition of rSaeno activity
by inhibitor ?1 mM Mn2?

65.0

42.0

63.0

79

44.1

43.80

71.92

80.70

100.0

90.1

95.3

99.1

15 nM rSaeno was initially preincubated with various divalent cations (1 mM Mg2?, 1 mM Zn2? or 1 mM Mn2?) in 20 mM Tris-HCl (pH 7.5)
and then further incubated with the inhibitors separately (15 nM acrylamide, 2 mM 2,5-hexanedione or 10 mM 2,5-hexanedione). At the end of the
incubation, 400 mM KCl and 2 mM PEP were added. Then, decrease in the absorbance of PEP at 240 nm was monitored for 15 min at 1 s intervals
at 25 ± 1°C.
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Figure 5. Inhibitory effect of acrylamide on rSaeno in the
presence of DTT. The effect of DTT (0–10 mM) alone on rSaeno
activity was determined in standard assay buffer (20 mM Tris-HCl
(pH 7.5), 1 mM MgSO4, 400 mM KCl and 15 nM rSaeno). The
reaction was initiated by the addition of 2 mM PEP. The
absorbance of PEP at 240 nm was monitored for 15 min at 1 s
intervals at 25 ± 1°C. Further, 15 nM of rSaeno and 15 nM of
acrylamide were preincubated with various concentrations of DTT
(0–10 mM) and the effect of DTT on acrylamide inhibition of
rSaeno was studied. DTT–acrylamide–rSaeno inhibitory complex
was dialysed and the dialysed enzyme was assayed in the standard
assay buffer at 240 nm for 15 min at 1 s intervals to determine the
reversibility of DTT-mediated acrylamide inhibition of rSaeno.
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Figure 6. Inhibitory effects of 2,5-hexanedione on rSaeno activity. 15 nM rSaeno was assayed in the presence of increasing
concentrations of 2,5-hexanedione (0–10 mM) in standard assay
buffer (400 mM KCl, 1 mM MgSO4 and 15 nM rSaeno). The
reaction was initiated by the addition of 2 mM PEP. The
absorbance of PEP at 240 nm was monitored for 15 min at 1 s
intervals at 25 ± 1°C. To analyse the reversibility of 2,5-hexanedione inhibition, the 2,5-hexanedione–rSaeno complex was dialysed and the dialysed enzyme was analysed for rSaeno activity in
the standard assay buffer at 25 ± 1°C.

3.11 Mg2? provided the most stable rSaeno
conformation
Limited or partial trypsin digestion was employed to determine the stability and gross similarity/dissimilarity of rSaeno
conformation in the presence of different divalent cations
(Mg2?, Zn2?, Mn2?, Cu2?, Ni2? and Hg2?). The

Figure 7. Fluoride inhibition of rSaeno. To the standard assay
mixture (20 mM Tris-HCl (pH 7.5), 400 mM KCl, 1 mM MgSO4
and 15 nM rSaeno), varying concentrations (0–5 mM) of Na2FPO3,
NaF, CaF2, KF and NH4F were added individually. The reaction
was initiated by the addition of 2 mM PEP and the decrease in the
absorbance of PEP at 240 nm was monitored for 15 min at 1 s
intervals at 25 ± 1°C. The inhibitor concentration at half-maximal
inhibition was considered as inhibitory constant (Ki).

summarized result of this experiment is depicted in ﬁgure 10A–C. In the present study, rSaeno was almost completely digested upon incubation with trypsin and EDTA
(83% in 5 min and 99% in 15 min), but the replacement of
EDTA with divalent cations conferred certain levels of protection against trypsin digestion. Zn2? provided 78%, Mn2?
gave 54% and Cu2? provided 40% protection in 5 min
duration but failed to provide prolonged protection as the
protection percentage decreased to 42, 17 and 0.8%
respectively upon 15 min of incubation. In line with this,
Mg2? provided maximum and prolonged protection (87% in
5 min and 70% in 15 min). While Ni2? and Hg2? were the
poorest in protection. Ni2? gave 8% and Hg2? gave 5%
protection in 5 min duration and provided 0.7% protection
and 0.5% protection respectively upon 15 min incubation.
This indicates that Mg2? maintains rSaeno in the most
stable conformation (ﬁgure 10A–C).

4. Discussion
In the present study, S. aureus enolase was cloned, overexpressed, puriﬁed and characterized as a histidine-tagged
recombinant enzyme (rSaeno). rSaeno has been puriﬁed to
homogeneity (supplementary data 1, 2, 3 and 4) and it can
successfully catalyse the conversion of PEP into 2-PGA. The
calculated subunit molecular mass of rSaeno is 48.181 Da,
which is in close resemblance to the enolase from other
organisms such as Leuconostoc mesenteroides 47 kDa (Lee
et al. 2006), E. coli enolase 46 kDa (Wold and Ballou 1957)
and carp muscle enolase 49 kDa (Pietkiewicz et al. 1983). In
this study with rSaeno, the Km for PEP was
0.231 ± 0.013 9 10-3 M and Vmax was 90.98 ± 0.00052
U/mg (ﬁgure 1). Thus, the special feature of S. aureus
enolase which markedly differentiates it from the enolases of
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Table 4. Effect of divalent cations on quasi-irreversible (ﬂuoride)
inhibition of rSaeno
Percentage inhibition
Na2FPO3 (mM)

2?

Mg

0
0.2
0.4
0.6
0.8

(1 mM)

0
30.1
47.3
87.6
99.5

Zn

2?

(1 mM)

0
9.8
31.4
66.9
82.3

2?

Mn

(1 mM)

0
3.8
12.7
53.8
68.2

(A)
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Emission maxima
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15 nM rSaeno inhibition in various concentrations of sodium ﬂuorophosphate (Na2FPO3) (0–5 mM) was assayed in the presence of
1 mM sulphates of magnesium, manganese and zinc.
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Figure 8. Far UV-CD spectrum of rSaeno in the presence of
different metals; rSaeno was preincubated with buffers containing
different metal ions (Mg2?, Zn2?, Mn2?, Cu2?, Ca2?, Ni2? or
Hg2?) for 15 min and the resulting variations in secondary
structures were analysed by CD (wavelength 200–260 nm).
Table 5. The percentage variations in secondary structural components of rSaeno induced by different metal ions
Metal
ions

a-Helix
(%)

b-Sheet
(%)

Turn
(%)

Random coil
(%)

Mg2?
Zn2?
Mn2?
Cu2?
Ca2?
Ni2?
Hg2?

40.4
40.3
39.6
28.6
34.7
31.1
12.1

33.6
30.3
26.7
0.0
21.9
0.0
0.0

13.2
12.7
13.1
31.0
14.3
25.8
24.8

12.8
16.7
20.6
40.4
29.1
43.1
63.1

rSaeno was pre-incubated with different ions (Mg2?, Zn2?, Mn2?,
Cu2?, Ni2?, Ca2? and Hg2?) for 15 min and was subjected to CD
analysis. The table demonstrates the percentage variations in secondary
structural components due to varying metal ion treatments.

other organisms is that the former can catalyse the reverse
reaction (PEP to 2-PGA) very efﬁciently (Agarwal et al.
2008). Monovalent cations were found to have a profound
impact on rSaeno activity. Higher concentrations of Na?

Figure 9. Intrinsic tryptophan ﬂuorescence (kex at 295 nm) for
determination of variations in the protein architecture due to the
effect of metal ions (Mg2?, Zn2?, Mn2?, Cu2?, Ni2?, Ca2? and
Hg2?). rSaeno was incubated with buffers of different metal ions
(Mg2?, Zn2?, Mn2?, Cu2?, Ca2?, Ni2? and Hg2?) for 15 min. The
intrinsic tryptophan ﬂuorescence was monitored at 25 ± 1°C on a
JASCO FP8200 spectroﬂuorimeter.

inhibited the catalysis whereas K? stimulated the activity
(Pal-Bhowmick et al. 2004). However, the activation
induced by K? ions depends on the source of enolase; for
example, in yeast enolase, K? was neutral in reactivity but in
rabbit enolase and rSaeno the K? activated the catalysis
(Kornblatt and Klugerman 1989). But, the negligible impact
on structural integrity indicates that these monovalent
cations alter the reaction mechanisms of rSaeno (supplementary ﬁgures 5 and 6).
Enolase can bind three metal ions per subunit in its conformational, catalytic and inhibitory site, respectively. The
metal ion initially binds to the conformational site and
induces the modiﬁcation in the active site and initiates the
binding of substrate. Upon binding of the substrate, the
divalent cations bind to the catalytic site and initiate the
reaction (Han et al. 2012; Wu et al. 2015). The substrate
binding and catalytic cation binding are synergistic. However, at higher concentrations, the divalent cations bind to
the inhibitory site and inhibit the activity of enolase (Brewer
1981; 1985). In the present study, rSaeno exhibits the highest
catalytic activity as well as the most stable secondary
structure in the presence of Mg2?, Zn2? and Mn2?. Possibly,
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Figure 10. Comparison of conformational states of rSaeno using limited trypsin digestion. (A) Lane 1 is 0.5 mg/mL of rSaeno in 50 mM
Tris-HCl, pH 7.5. Lane 2 is 0.5 mg/mL rSaeno with 0.001 mg/mL trypsin and 2 mM EDTA. Lane 3 is 0.5 mg/mL rSaeno with 0.001 mg/
mL trypsin and 5 mM Mg2?. Lane 4 is 0.5 mg/mL rSaeno with 0.001 mg/mL trypsin and 5 mM Zn2?. Lane 5 is 0.5 mg/mL rSaeno with
0.001 mg/mL trypsin and 5 mM Mn2?. Lane 6 is 0.5 mg/mL rSaeno with 0.001 mg/mL trypsin and 5 mM Cu2?. Lane 7 is 0.5 mg/mL
rSaeno with 0.001 mg/mL trypsin and 5 mM Ni2?. Lane 8 is 0.5 mg/mL rSaeno with 0.001 mg/mL trypsin and 5 Mm Hg2?. These
reaction mixtures were incubated for 5 (A) and 15 min (B) and ran on SDS-12% PAGE. The quantiﬁcation of undigested bands was carried
out by using ImageJ and is plotted in (C). Lane 1 was considered to be 100% for determining the undigested fractions of rSaeno in trypsin
treated samples (lanes 2, 3, 4 and 5).

these activating metal ions bound to the conformational site
of the protein and facilitated the conversion of PEP into
2-PGA (Brewer 1981; Han et al. 2012). However, at higher
concentrations, these metals might have bound to the inhibitory site of rSaeno and resulted in the reduced catalytic
activity of rSaeno.
These observations indicate that the catalytic activity of
rSaeno (at a different ion) might stem from its biological
structure. To further test this hypothesis, the CD spectra
(200–260 nm) of rSaeno under different conditions were
studied. According to the CD spectra, other than Hg2?, Ni2?
and to a certain extent Cu2?, none of the other ions destabilized rSaeno. And the rSaeno was structurally very
stable in Mg2?, Zn2? and Mn2?.
Enolase catalysis can be divided into three separate steps:
proton abstraction, hydroxyl ion removal and product release
(Shen and Westhead 1973; Vinarov and Nowak 1998). The
proton abstraction is very slow in any pH lower than the
optimum pH; however, at a pH higher than optimum pH, the
hydroxyl ion removal and product release are hindered. The
divalent cations other than Mg2? were ineffective at catalysis due to the incapability in hydroxyl group removal or
product release (Brewer 1981; Lee and Nowak 1992). In
agreement with this, the optimum activity of rSaeno was

observed at pH 7.5 in the presence of Mg2?, and any
changes in the pH above or below the optimum pH, there
was a drastic decrease in the activity of rSaeno.
Acrylamide inhibits both neuronal and non-neuronal
enolase. In the case of rSaeno the inhibition followed the
Michaelis–Menten kinetics plot, and it is very clear that
upon acrylamide inhibition the Km increased and Vmax
decreased, indicating the mixed type of inhibition (Howland
et al. 1980).
To analyse the reversibility of acrylamide inhibition, the
enzyme–inhibitor complex was dialysed and it was found
that the enzyme regained its catalytic ability. It shows that the
inhibition was reversible. But in the presence of reducing
agents such as DTT, there was an augmentation in the inhibition. But DTT alone failed to inhibit rSaeno (Howland et al.
1980; Sabri 1983). As it is evident from ﬁgure 5, there is a
sharp decrease in rSaeno activity as the DTT concentration is
increased. To analyse the impact of DTT on the reversibility
of the inhibition, acrylamide and DTT inhibitory complex
was dialysed; but there was no reactivation of enolase activity
at the end of the dialysis. rSaeno lacks the S–S– bond; this
probably accounts for the inability of DTT to inhibit the
reaction catalysed by rSaeno (ﬁgure 5). However, somehow
DTT enhances the acrylamide inhibition of rSaeno.
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Our initial analysis clearly indicates that 2,5-hexanedione
inhibition was independent of preincubation. Moreover, the
inhibition is dose-dependent. The dialysis of the enolase-2,5hexanedione inhibitory complex was not effective at rejuvenating the enolase activity, indicating the irreversible
nature of inhibition. The irreversibility is possibly due to the
covalent interaction between 2,5-hexanedione and rSaeno
active site residues (Wold 1971; Howland et al. 1980).
It is very much clear from table 5 that Mg2? confers
maximum protection as compared with Zn2? or Mn2? in the
acrylamide inhibition. This is mainly because Mg2? binds
both conformational and catalytic site of enolase considerably with more afﬁnity in comparison with Zn2? or Mn2?.
Therefore, inhibition in the presence of Mg2? resulted in the
formation of a more stable closed form of the enzyme which
favours substrate binding. This induces the event of cooperative binding of catalytic cations to enolase, eventually
leading to having some considerable amount of reaction,
even in the presence of an inhibitor (Brewer and Weber
1966; Wold 1971; Faller and Johnson 1974; Brewer 1985).
On the other hand, Zn2? or Mn2? ions were unable to form
such stable closed conformation of enolase thereby rendering the enolase in an open conformation which favours
acrylamide inhibition. Therefore, there was a signiﬁcant
increment in acrylamide inhibition when Mg2? was replaced
with Zn2? or Mn2?.
The above-mentioned metal-induced protective mechanism seems to be functional only in reversible inhibition. But
in the irreversible inhibition, where covalent interactions are
employed for inhibition, the metal ions were unable to
confer any kind of protective effect towards inhibition
(Brewer 1981, 1985; Lee and Nowak 1992). As has already
been observed in the case of 2,5-hexanedione-mediated
inhibition, the enolase catalytic efﬁciency was not protected
due to preincubation with any divalent cations including the
most potent natural metal ions such as Mg2? (table 3)
(Brewer and Weber 1966; Wold 1971).
It is well understood that ﬂuoride inhibits the glycolytic
pathway by inhibiting one of the prime glycolytic enzymes
enolase. The inhibition is mainly due to the formation of the
magnesium ﬂuoride complex (Lebioda et al. 1993). Interestingly, in the presence of phosphate, the inhibition is signiﬁcantly enhanced. This suggests that ﬂuoride and
phosphate cooperatively bind to the enolase (Wang and
Himoe 1974; Lebioda et al. 1993). More speciﬁcally, ﬂuoride coordinates with magnesium and this complex is more
stabilized by phosphate. Hence, sodium ﬂuorophosphates
inhibited rSaeno more strongly (ﬁgure 7). One ﬂuoride ion
binds per subunit of the enzyme, and it speciﬁcally binds to
the magnesium ion in the conformational site as well as
phosphate. Another ﬂuoride ion binds only to catalytic Mg2?
upon binding of the substrate (Lebioda et al. 1993; Belli
et al. 1995; Qin et al. 2006).
Wang and Himoe showed that magnesium-activated
enolase is more strongly inhibited by ﬂuoride. The replacement of Mg2? with Mn2? resulted in a 40% decrease in the

inhibition while Zn2? led to no inhibition (Wang and Himoe
1974). But in the present study, the maximum inhibition was
observed in the presence of Mg2? and when Mg2? was
replaced with Mn2? there was 30% reduction in the inhibition and in the case of Zn2?, there was 20% decrease in the
inhibition.
The binding of conformational cation induces the enolase
to attain the closed conformation which favours the binding
of catalytic cations and substrate. The crystal structure of
yeast enolase indicated that closed conformation of enolase
is more favourable for the binding of negatively charged
ligands such as ﬂuoride and phosphate (Wang and Himoe
1974; Lebioda et al. 1993; Guha-Chowdhury et al. 1997).
The ﬂuoride inhibition is reversible in the absence of
phosphate. Fluoride competes with the substrate to bind to
the catalytic site. But in the presence of phosphate, the ﬂuoride inhibition is irreversible. Therefore, the ﬂuoride inhibition is termed as quasi-irreversible inhibition (Lebioda
et al. 1993; Curran et al. 1994; Belli et al. 1995).
Native enolase mainly exists as an inactive open conformational apoprotein (Dutta et al. 2015). The binding of
divalent cations induces the conformational changes in
enolase to attain stable, catalytically active closed conformation. Many studies have shown that Mg2? gives maximum structural stability and catalytic efﬁciency because the
enolase can attain a properly closed conformation in the
presence of Mg2?. The stability of closed conformation can
be reduced when Mg2? is replaced with other divalent
cations such as Mn2? or Zn2? (Brewer and Weber 1966;
Wold 1971; Dutta et al. 2015). To elucidate the impact of
different divalent cations on the ability of rSaeno to form a
structurally stable closed conformation, the enzyme was
incubated with Mg2?, Zn2?, Mn2?, Cu2?, Ni2? and Hg2?.
The maximum protection was observed in the case of enolase preincubated with Mg2?, as it prevented trypsin-mediated proteolysis. Apoenolase which was in open inactive
conformation was more susceptible to trypsin digestion but
there were increments in the resistance towards trypsin
digestion on incubation with Mg2? which converted open
inactive conformation into active closed conformation. But
other metals were unable to provide as much protection as
Mg2? because the stability of closed conformation was
compromised due to changes in divalent cations (Dutta et al.
2015).

5. Conclusions
Increasing concentrations of Na? ions inhibit rSaeno while
increasing concentrations of K? ions were stimulatory.
rSaeno was catalytically very efﬁcient and structurally very
stable in the presence of Mg2?, Zn2? and Mn2?. However,
higher concentrations of divalent cations were inhibitory for
rSaeno activity. The optimum pH for rSaeno was 7.5.
Neurotoxins such as acrylamide reversibly inhibited rSaeno,
whereas 2,5-hexanedione irreversibly inhibited rSaeno.

Effect of ions and inhibitors on S. aureus enolase

Divalent cations were unable to confer any protection in the
irreversible inhibition. rSaeno attained a very stable conformation in the presence of Mg2?. Sodium ﬂuorophosphate is
the potent inhibitor of rSaeno, the inhibition was potentiated
by Mg2? and phosphate.
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