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ARTICLE INFO ABSTRACT

A novel copper, zinc superoxide dismutase (CuZnSOD) was purified to homogeneity from the liver of an animal
well adapted to the stressful living conditions of the desert, the camel (Camelus dromedarius). The biochemical
Camel properties of camel liver CuZnSOD were examined. The purified enzyme had a native molecular weight of
Camelus dromedarius 28kDa, as judged by gel filtration chromatography, and showed a single band at 27 kDa on SDS-PAGE, in-
P}xrlﬁcan’on . dicating that it is a monomeric protein. Optimal activity of the purified enzyme occurred at 43 °C and pH 6.0,
Biochemical characterization L. .. ST
Unique properties and the activation energy was 1.42kJ/mol. CuZnSOD activity was strongly inhibited by 3-ME, DTT, H,O, and
Stressful desert conditions SDS and slightly inhibited by EDTA, NaN;3 and PMSF. AI**, Ca®*, Cd**, Mg®* and Zn?* stimulated CuZnSOD
activity, whereas Ba®>*, Co®>*, Fe** and Ni?* inhibited it. The purified enzyme contained 0.010 pg of Cu and
0.69 ug of Zn per mg of protein. Ky, Vinaxs Kear and keqr/Ky, values for NBT and riboflavin were 16.27 and 0.16 puM,
20.85 and 21.54 U/mg, 9.65 and 9.97 s~ !, and 0.59 and 62.33s uM ™1, respectively. Camel liver CuZnSOD
exhibited unique biochemical properties compared to those of other CuZnSODs, including lower molecular
weight with a monomeric structure, higher optimum temperature, very low E,, very low optimum pH, very low
contents of Cu and Zn, and higher affinity, turnover number and catalytic efficiency for riboflavin. These unique
properties of camel liver CuZnSOD might be related to the ability of this animal to inhabit stressful desert
conditions.
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1. Introduction

In living organisms, reactive oxygen species (ROS) are generated as
byproducts of normal metabolic processes. Increased production of ROS
results in oxidative stress if antioxidant defense systems are unable to
eliminate these species. Generally, cells are equipped with both enzy-
matic and nonenzymatic antioxidant defense mechanisms to protect
against the deleterious effects of ROS, which can damage DNA, proteins
and lipids. The antioxidant enzymes superoxide dismutase (SOD), glu-
tathione peroxidase (GPx) and catalase (CAT) play a major role in
protecting cells from oxidative damage from accumulating ROS [1,2].

SOD (EC 1.15.1.1) constitutes the first line of defense against oxi-
dative cell damage by catalyzing the dismutation of superoxide anion
radicals (O," 7 ) to hydrogen peroxide (H>0O,) and molecular oxygen
(05). SOD enzyme reportedly exists in multiple organisms, both pro-
karyotes and eukaryotes, and differs in many respects between these
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lifeforms, including with respect to its amino acid sequence, structure,
subcellular localization and metallic cofactors. Depending on its metal
cofactor, SOD is classified into one of four groups: copper, zinc SOD
(CuZnSOD), manganese SOD (MnSOD), iron SOD (FeSOD) and nickel
SOD (NiSOD) [3]. Three types of SOD isoenzymes have been identified
in mammals and can be distinguished by their sensitivity to cyanide and
H>0, [3]: (i) cytoplasmic CuZnSOD is sensitive to cyanide and H5O»,
(i) mitochondrial MnSOD is insensitive to cyanide and H,O, but is
inhibited by chloroform-ethanol [4], (iii) and extracellular CuZnSOD is
extremely sensitive to cyanide and H>O,. CuZnSOD has been purified
and characterized from diverse mammalian species, including humans
[5,6], bovines [7-9], horses [10], pigs [11,12], monkeys [13], rats
[14-16] and mice [17]. However, there has never been a thorough
investigation to purify and characterize the CuZnSOD from camels
(Camelus dromedarius).

Camels are the most useful animals to humans in desert areas. They
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are used for production, leisure, transport and agricultural work [18].
In addition, camel products, such as milk and urine, have been used to
treat cancer, diabetes, ulcers, allergies, autism and infections [19].
Camels differ from other mammals in some key biochemical, anato-
mical and physiological ways due to their adaptation to desert life [18].
Camels are able to survive in the stressful desert environment, enduring
challenges such as direct exposure to intense heat and dryness [20]. The
continuous exposure of camels to these environmental conditions per-
turbs the balance between the production of ROS and antioxidant de-
fenses, leading to oxidative stress [2,21]. Consequently, overproduction
of ROS causes damage to biomolecules, such as DNA, proteins and li-
pids [1]. In the specific biochemistry of camels, CuZnSOD may play an
important role in protecting cells from oxidative damage due to the
accumulation of O, ~.

We recently purified, biochemically characterized and studied the
properties of CAT [22] and GPx [23] enzymes from camel liver. Both
studies revealed the interesting and unique properties of these enzymes
compared with those reported in the literature, which contributed to a
better understanding of the biochemical mechanisms involved in the
resistance of camels to their specific ecosystem. The aim of the present
study was to purify, biochemically characterize and study the proper-
ties of CuZnSOD from camel liver. CuZnSOD properties were compared
to those of other CuZnSODs. Understanding the properties of camel
CuZnSOD will contribute to increasing our understanding of the bio-
chemical mechanisms involved in the adaptation of camels to stressful
desert conditions, particularly in light of current climatic changes and
increasing temperatures [24].

2. Materials and methods
2.1. Chemicals

DEAE-Sepharose, Sephacryl S-200, gel filtration markers kit for
protein molecular weights 12-200 kDa, 6-hydroxydopamine (6-OHDA),
nitroblue tetrazolium (NBT), riboflavin, b,i-dithiothreitol (DTT) and
phenylmethylsulfonylfluoride (PMSF) were purchased from Sigma
Aldrich. PageRuler™ Plus Prestained Protein Ladder 10-250 kDa was
purchased from ThermoFisher Scientific. All other chemicals were of
analytical grade.

2.2. SOD activity assays and protein determination

2.2.1. SOD spectrophotometric assays

SOD activity was measured using two types of assay. The first was
used throughout all purification steps and during characterization
analysis of the purified enzyme, including for determination of op-
timum pH and assessing the effect of metal ions and inhibitors on en-
zyme activity. The second assay was used in additional characterization
analyses of the purified enzyme, including determination of optimum
temperature and kinetic parameters.

Assay 1: SOD activity was measured using the method of Crosti et al.
[25]. This method is based on SOD’s inhibitory effect on the sponta-
neous autoxidation of 6-OHDA. A stock 6-OHDA solution (10 mM) was
prepared daily in 10 mM HCI solution containing KCl at a final con-
centration of 1 mM. The enzyme sample (50 pl) was mixed in a cuvette
with 680 ul of 50 mM potassium phosphate buffer (pH 7.4) and im-
mediately used to determine SOD activity. The enzymatic reaction was
initiated by addition of 30 ul 6-OHDA (10 mM), and the absorbance
change at 490 nm was immediately recorded for 30 sec at room tem-
perature. A nonenzymatic reaction containing just the substrate was
also run as a control, wherein potassium phosphate buffer was added
instead of the enzyme solution. One unit of SOD activity is defined as
the amount of SOD required to inhibit the rate of 6-OHDA autoxidation
by 50%. Percent inhibition was calculated using the following formula:
Percent inhibition = [(A499 Control — Ay9g Sample)/Aygy Con-
trol] X 100. All experiments were performed in triplicate.
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Assay 2: SOD activity was measured by inhibition of the photo-
chemical reduction of NBT as described by Beauchamp and Fridovich
[26]. The reaction mixture contained 50 mM potassium phosphate
buffer (pH 7.8), 4.3mM N,N,N’,N’-tetramethylethylenediamine
(TEMED), 112 uM NBT, 60 uM riboflavin and 50 ul enzyme solution in a
total volume of 600 pul. The enzymatic reaction was initiated by illu-
minating the reaction mixture with a fluorescent light source for 6 min
at room temperature, and absorbance was recorded at 560 nm. A
nonenzymatic reaction containing only the substrates was also run as a
control in which potassium phosphate buffer was added instead of the
enzyme solution. One unit of SOD activity is defined as the amount of
SOD required for 50% inhibition of the rate of NBT reduction in one
minute at room temperature. Percent inhibition was calculated using
the following formula: Percent inhibition = [(Asgo Control — Asgo
Sample)/Aseo Control] x 100. All experiments were performed in tri-
plicate.

2.2.2. SOD zymography assay

SOD activity was also investigated using zymography as described
by Beauchamp and Fridovich [26]. Native gel electrophoresis was
performed using 7.5% polyacrylamide gel electrophoresis (PAGE) ac-
cording to Davis [27]. After electrophoresis, the gel was incubated in
50 mM Tris-HCl buffer (pH 8.0) containing 10 mg NBT, 1 mg ethyle-
nediaminetetraacetate (EDTA) and 2 mg riboflavin for 15 min in the
dark at room temperature. The gel was then exposed to a fluorescent
light source until it became uniformly violet except in regions con-
taining the SOD activity, which remained colorless. To identify the
nature of the specific metal ion that combines with camel liver SOD,
staining for SOD activity on PAGE was also conducted in the presence of
5mM H,0, in the incubation solution. In mammalian species,
CuZnSOD activity is sensitive to H,O,, while MnSOD is insensitive to
H,0, [3].

2.2.3. Protein determination
Protein concentrations were measured using the Bradford assay
[28] using bovine serum albumin as a standard.

2.3. Purification of CuZnSOD from camel liver

Purification of CuZnSOD from camel liver was performed using a
modification of the procedure reported for purification of CuZnSOD
from bovine heart [8]. Unless otherwise stated, all purification steps
were performed at temperatures between 0 and 4 °C.

2.3.1. Homogenate

Fresh camel liver was obtained from the municipal slaughterhouse
of Casablanca-Morocco. Liver was homogenized in 2 volumes of po-
tassium phosphate buffer (50 mM, pH 7.8) using an Ultra-Turrax
homogenizer. The mixture was then centrifuged at 3500g for 20 min,
and the supernatant was recovered.

2.3.2. Ethanol-chloroform treatment

Hemoglobin was precipitated from the homogenate by ethanol--
chloroform treatment according to Tsuchihashi [29]. With stirring, 0.25
volumes of ethanol and 0.15 volumes of chloroform, precooled in a
freezer (—24°C), were rapidly added to the lysate. Stirring was con-
tinued for 15min, during which time the hemoglobin was rendered
insoluble. The mixture was then centrifuged at 3500g for 60 min, and
the supernatant was recovered.

2.3.3. Salting out effect

The supernatant was warmed to room temperature, and solid di-
basic potassium phosphate (K;HPO,4) (300 g/1) was slowly added under
continuous stirring, resulting in separation of the two phases, an
ethanol-water upper phase containing little salt and a denser aqueous
phase containing most of the salt. The upper phase was collected and
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centrifuged at 4000g for 15min, and the resultant supernatant was
cooled to 4 °C.

2.3.4. Acetone precipitation

0.75 volumes of cold acetone were added to the recovered super-
natant while stirring to precipitate the proteins. After 15min, the
mixture was centrifuged at 4000g for 10 min. Thereafter, the precipitate
was dissolved in an equal volume of 10 mM potassium phosphate buffer
at pH 7.0 and dialyzed against four changes of the same buffer, 20
volumes each, over a period of eight hours.

2.3.5. DEAE-Sepharose ion exchange chromatography

The precipitate that formed during dialysis was removed by cen-
trifugation, and the supernatant was adsorbed onto a column of DEAE-
Sepharose (2.5 X 10 cm) which had been equilibrated with the same
buffer as that used for dialysis. Adsorbed proteins were eluted at room
temperature with a linear gradient of 0-0.5M KCl prepared in equili-
bration buffer at a flow rate of 60 ml/h. Fractions of 2ml were col-
lected, and fractions containing CuZnSOD activity were pooled and
subjected to gel filtration chromatography.

2.3.6. Sephacryl S-200 gel filtration chromatography

Pooled active fractions from the previous step were applied to a
Sephacryl S-200 gel filtration column (1.75 X 37 cm) that had been
equilibrated with 50mM Tris-HCl (pH 7.5) containing 0.1 M KCl.
Proteins were eluted at room temperature with the abovementioned
buffer at a flow rate of 0.5ml/min, and CuZnSOD activity was de-
termined in the collected 1 ml fractions. Fractions containing CuZnSOD
activity were pooled and stored at —24 °C until use.

2.3.7. Homogeneity of purified CuZnSOD

Homogeneity of the purified CuZnSOD was confirmed by electro-
phoretic analysis using a vertical slab gel apparatus. Native PAGE was
performed on 7.5% polyacrylamide gels as described by Davis [27].
Sodium dodecyl sulfate-PAGE (SDS-PAGE) was performed with a 4%
stacking gel and a 12% separation gel as described by Laemmli [30].
Proteins were stained with Coomassie brilliant blue G-250.

2.4. Characterization of purified CuZnSOD from camel liver

2.4.1. Determination of molecular weight

The native molecular weight of camel liver CuZnSOD was de-
termined by gel filtration chromatography on a Sephacryl S-200 column
pre-equilibrated with 50 mM Tris-HCI (pH 7.5) containing 0.1 M KCI.
The purified enzyme was applied to the column and chromatographed
at a flow rate of 0.5 ml/min. The column was calibrated with the fol-
lowing standard proteins: cytochrome c (12.4 kDa), carbonic anhydrase
(29 kDa), albumin (66 kDa), alcohol dehydrogenase (150 kDa) and f3-
Amylase (200kDa). Molecular weight determination was performed
using a plot of V./V, versus log molecular weight of standard proteins,
where V. is the elution volume for each protein and V, is the void
volume determined by blue dextran (2000 kDa).

SDS-PAGE was performed according to the method of Laemmli [30].
Camel liver CuZnSOD was incubated in boiling water for 3 min in the
presence of 2% SDS and 5% [(3-Mercaptoethanol (3-ME). After incuba-
tion, the enzyme was loaded into SDS-PAGE gel wells. Molecular weight
marker proteins used for SDS-PAGE were commercial grade with mo-
lecular weights ranging from 10 to 250 kDa. Protein bands in gels were
visualized by staining with Coomassie brilliant blue G-250.

2.4.2. Effect of temperature and pH on CuZnSOD activity

The optimum temperature for camel liver CuZnSOD activity was
determined at a range of temperatures from 20 to 80 °C. After 10 min
incubation, samples were immediately cooled in ice water and assayed
for enzyme activity as described in assay procedure 2. From the tem-
perature profile of enzyme activity, the activation energy (E,) of camel
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liver CuZnSOD was determined using an Arrhenius plot by plotting the
logarithm of the rate constant, k, versus the inverse temperature, 1/T.

The optimum pH of camel liver CuZnSOD was determined by as-
saying enzyme activity at different pH values using two different buffer
systems: 50 mM potassium phosphate buffer (pH 5.6-7.6) and 50 mM
Tris-HCI buffer (pH 8.0-8.6). Enzyme activity was measured using the
assay procedure 1.

2.4.3. Effect of various inhibitors and metal ions on CuZnSOD activity

The effect of various inhibitors on the activity of camel liver
CuZnSOD was investigated. The inhibitors (3-ME, EDTA, DTT, H»0,,
sodium azide (NaN3), PMSF and SDS were all tested at a final working
concentration of 2 and 5 mM. Similarly, various metal ions (chlorides of
AP* Ba?*, Ca®", cd®*, Co?*, Fe?*, Mg?*, Ni** and Zn®*) were also
used at a final working concentration of 2 and 5 mM to test their effect
on camel liver CuZnSOD activity. The activity of the enzyme, in the
presence of each concentration of inhibitor or metal ion, was measured
as described in assay procedure 1. As a control, enzyme activity was
also measured without an inhibitor or a metal ion.

2.4.4. Determination of metal content

Copper and zinc contents of the purified enzyme was determined by
quadrupole Inductively Coupled Plasma Mass Spectrometry (Agilent
7800 Quadrupole ICP-MS, Agilent Technologies, USA) using standard
solutions for the corresponding metals.

2.4.5. Determination of kinetic parameters

Kinetic parameters of camel liver CuZnSOD for NBT and riboflavin
were determined. Experiments for NBT were performed using varying
concentrations from 5 to 100 uM while keeping riboflavin concentra-
tion constant at 60 uM. In the same manner, experiments for riboflavin
were performed using varying concentrations from 0.5 to 10 uM while
keeping NBT concentration constant at 112 pM. K,;, and V. Were de-
termined by nonlinear regression using GraphPad Prism software ver-
sion 7. Subsequently, turnover number (k.) and catalytic efficiency
(kcar/Km) of the enzyme were also calculated. Enzymatic activity was
measured as described in assay procedure 2.

3. Results and discussion
3.1. Purification to homogeneity of camel liver CuZnSOD

Herein, CuZnSOD was purified from camel liver for the first time. A
purification procedure using ethanol-chloroform and K,HPO, treat-
ments, acetone precipitation, ion exchange chromatography on DEAE-
Sepharose column and gel filtration chromatography on Sephacryl S-
200 column was applied. Results of this purification procedure are
summarized in Table 1. Ethanol-chloroform treatment is beneficial
because it denatures and precipitates hemoglobin and other unwanted
proteins. In addition, this treatment eliminates mitochondrial SOD
(MnSOD) and facilitates isolation of cytoplasmic SOD (CuZnSOD) [4].
K,HPO, treatment resulted in the salting out of an ethanol-water upper
phase containing little salt from a denser aqueous phase containing
most of the salt. CuZnSOD partitioned preferentially into the ethanol-
water upper phase due to the salting out effect produced by salts in the
denser aqueous phase. A similar partition behavior was reported for
CuZnSOD from different sources [4,8,11,14]. K,HPO, treatment re-
sulted in a 3.40-fold purification with a 55.19% yield of enzyme. A
small increase in purification fold of the enzyme (3.63-fold) was ob-
tained after acetone precipitation. This step serves to partially purify, as
well as concentrate, the sample for application onto chromatography
columns. The most successful step in the purification procedure was ion
exchange chromatography on DEAE-Sepharose column, which elimi-
nated most extraneous proteins. As shown in Fig. 1A, chromatography
on the DEAE-Sepharose column yielded a single peak of protein and
enzyme activity. In this step, CuZnSOD was purified up to 6.10-fold
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Table 1

Summary of purification of CuZnSOD from camel liver.
Step Total proteins CuZnSOD activity Specific activity Purification Yield

mg/ml 1) U/ml U/mg -fold %

Homogenate” 673.45 n.d. n.d. n.d. n.d. n.d.
Ethanol-chloroform treatment 138.23 10880.43 111.02 0.80 1.00 100.00
Salting out effect 95.73 6004.64 261.07 2.73 3.40 55.19
Acetone precipitation 84.11 3680.12 245.34 2.92 3.63 33.82
DEAE-Sepharose column 6.14 1443.41 30.07 4.90 6.10 13.27
Sephacryl S-200 column 1.57 139.86 12.95 8.25 10.27 1.29

2 The enzymatic activity could not be determined in the homogenate. It was determined in the ethanol-chloroform treatment step after the removal of hemoglobin.

n.d., not determined.

with a 13.27% yield of enzyme. Active fractions from the DEAE-Se-
pharose column were pooled and loaded for additional purification
using a Sephacryl S-200 column to obtain final purification. Camel liver
CuZnSOD was eluted from a Sephacryl S-200 column as a single peak
clearly separated from minor contaminating proteins (Fig. 1B). The
purification fold of the enzyme additionally increased at the gel filtra-
tion stage through the Sephacryl S-200 column. The specific activity of
the final preparation was 8.25 U/mg protein, which represents 10.27-
fold purification with a 1.29% yield.

CuZnSOD from camel liver was purified to homogeneity. The final
enzyme preparation was subjected to electrophoretic analysis. In SDS-
PAGE, the final enzyme preparation produced a single protein band
when the gel was stained with Coomassie brilliant blue G-250 (Fig. 2A,
lane 6). A single protein band was also obtained when the final enzyme
preparation was subjected to PAGE, both on protein and SOD activity
staining (Fig. 2B and C, respectively). Since ethanol-chloroform treat-
ment eliminates MnSOD [4], PAGE was also employed to evaluate SOD
activity. However, a single protein band disappeared in the presence of
5mM H,0, (data not shown), a specific inhibitor of CuZnSODs [3]. This
result indicates that the purified SOD from camel liver is a CuZnSOD.

3.2. Characterization and properties of purified CuZnSOD from camel liver

3.2.1. Molecular weight of camel liver CuZnSOD

The native molecular weight of camel liver CuZnSOD was found to
be 28kDa, determined by Sephacryl S-200 gel filtration chromato-
graphy using an elution calibration curve of standard proteins (Fig. 3A).
In addition, SDS-PAGE analysis of the purified CuZnSOD preparation,
preincubated with 2% SDS and 5% (-ME in boiling water for 3 min,
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Fig. 2. Electrophoretograms showing homogeneity of the purified CuZnSOD
from camel liver. (A) SDS-PAGE analysis for each purification step of CuZnSOD.
Lane 1, homogenate; lane 2, ethanol-chloroform treatment; lane 3, salting out
effect; lane 4, acetone precipitation; lane 5, fractions from DEAE-Sepharose ion
exchange chromatography; lane 6, fractions from Sephacryl S-200 gel filtration
chromatography; lane 7, molecular weight marker. (B and C) PAGE analyses of
the purified camel liver CuZnSOD. The gel was stained for (B) proteins with
Coomassie brilliant blue and (C) CuZnSOD activity. PAGE analyses (B and C)
were performed in different electrophoresis analyses. The arrow indicates
CuZnSOD. The experimental procedures were detailed under “Materials and
methods”.
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Fig. 1. Chromatogram of camel liver CuZnSOD elution from (A) DEAE-Sepharose ion exchange chromatography and (B) Sephacryl S-200 gel filtration chromato-
graphy. The experimental procedures were detailed under “Materials and methods”.
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revealed a single protein band with a molecular weight of approxi-
mately 27 kDa (Fig. 2A, lane 6). This molecular weight was estimated
from comparison of the electrophoretic mobility of CuZnSOD with the
mobilities of marker proteins (Fig. 3B). These results indicate that
purified CuZnSOD from camel liver has a monomeric structure in its
native form.

Before the discovery of the enzymatic activity of SOD, this enzyme
was known as a copper-containing protein. It has been purified from the
erythrocytes of human [31] and bovine [32] and called erythrocuprein,
from the liver of human [33] and horse [34] and called hepatocuprein,
and from the brain of human [35] and bovine [36] and called cere-
brocuprein. The native molecular weight of erythrocupreins, hepato-
cupreins and cerebrocupreins is in the range of 30-40 kDa. After its
enzymatic activity was discovered, a native molecular weight ranging
from 31 to 39 kDa was also identified for purified CuZnSOD, reported to
have a dimeric structure, from placenta [5] and erythrocytes [6] of
human; erythrocytes [7] and heart [8] of bovine; horse liver [10]; pig
liver [11]; rat liver [16]; and mouse liver [17]. In addition, the native
molecular weight of purified CuZnSOD, reported to have a dimeric
structure, from other animals [37,38], plants [39-42], insects [43] and
microorganisms [44,45] was found to be in the range of 30-39 kDa. In
contrast, very few studies have found that CuZnSOD exists in a mono-
meric form, e.g., purified CuZnSOD from bovine erythrocytes (16 kDa
[46]), insects (40 and 67 kDa [47]), plants (15.7 kDa [48] and 23 kDa
[49]) and microorganisms (17 kDa [50]).

Compared to the literature cited above, the native molecular weight
of CuZnSOD purified from camel liver is lower than that of other
CuZnSODs purified from different sources. Moreover, camel liver
CuZnSOD is a monomeric protein, which is very rare among members
of the CuZnSOD family in mammalian species.

3.2.2. Effect of temperature and pH on CuZnSOD activity

The effect of temperature on the activity of camel liver CuZnSOD is
shown in Fig. 4A. The optimum temperature for enzyme activity was
found to be 43°C. The enzyme was active over the full temperature
range tested, where more than 80% of its activity was retained between
20 and 50 °C. However, a further increase in temperature above 50 °C
resulted in decreased enzyme activity. The optimum temperature of
camel liver CuZnSOD was higher than that of purified CuZnSOD from
human erythrocytes (15 °C [51]), pig spermatozoa (20 °C [12]), chicken
heart (35 °C [37]), fish (40 °C [52]) and bacteria (37 °C [53]) but lower
than that reported for plants (50 °C [54,55]). Similarly, in our previous
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studies, we found that the optimum temperatures of purified CAT (47 °C
[22]) and GPx (47 °C [23]) from camel liver were higher compared to
those reported in the literature. The higher optimum temperature of
camel liver CuZnSOD might be attributed to the camel’s adaptation to
hot and dry environments of desert life, where it is continually exposed
to high temperature and direct solar radiation. Therefore, this enzyme
might play an important role in protecting cells against oxidative stress
caused by high environmental temperatures.

Data from the 20-43 °C temperature range in camel liver CuZnSOD
activity were transformed into an Arrhenius plot to calculate E, of the
enzyme (insert of Fig. 4A), which was 1.42kJ/mol. This value is very
low compared with that obtained for purified CuZnSOD from human
erythrocytes (16.86kJ/mol [51]) and plants (14.9kJ/mol [56],
16.0 kcal/mol [42], 20.62kJ/mol [57], 143.5kJ/mol [49] and
224.0 kJ/mol [40]). This low value indicates that the enzymatic dis-
mutation of O, ~ by camel liver CuZnSOD proceeds faster, preventing
the accumulation of O, generated by stressful living conditions in
the desert, thus protecting cells from oxidative damage caused by this
free radical.

Camel liver CuZnSOD activity was measured in the pH range of
5.6-8.6. As shown in Fig. 4B, the enzyme was optimally active at pH 6.0
and retained greater than 60% of its activity between pH 5.6 and 7.0.
However, enzyme activity was less than 50% above pH 7.0 and was
completely lost at pH 8.6. From the pH profile, camel liver CuZnSOD is
more active in acidic than in alkaline environments. In contrast, op-
timum pH values for purified CuZnSOD from different sources has been
reported to vary from neutral to alkaline pH. In mammals, optimum pH
of purified CuZnSOD was shown to be 7.8-8.2 in rat liver [15] and 10.0
in pig spermatozoa [12]. Additionally, purified CuZnSOD from non-
mammals [37,52], insects [47], plants [40,41,54,55] and microorgan-
isms [44,53] exhibits an optimum pH in the range of 7.0-11.0, 7.6-8.0,
7.0-8.0 and 7.5-8.8, respectively. However, an acidic optimum pH was
reported for purified CuZnSOD from hen eggs (pH 6.0 [58]) and plants
(pH 5.0 [59]). Most of the purified CuZnSODs from the sources cited
above were reported to have a dimeric structure and exhibited low
enzyme activity at acidic pH, likely due to dissociation of the dimer into
inactive monomers [60-62]. In contrast, camel liver CuZnSOD ex-
hibited an acidic optimum pH (pH 6.0), which was very low compared
to the optimum pH of other CuZnSODs and is consistent with the
monomeric structure of the purified enzyme identified in the present
study.
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Fig. 4. Optimum temperature and pH of camel liver CuZnSOD. (A) Effect of temperature on the activity of camel liver CuZnSOD. The insert shows Arrhenius plot for
determination of E, of camel liver CuZnSOD. (B) Effect of pH on the activity of camel liver CuZnSOD. The experimental procedures were detailed under “Materials

and methods”.

3.2.3. Effect of various inhibitors and metal ions on CuZnSOD activity
The effect of various inhibitors on the activity of camel liver
CuZnSOD is shown in Table 2. Enzyme activity was completely in-
hibited by 2 and 5mM DTT. Similarly, 2 mM of 3-ME, H,O, and SDS
inhibited enzyme activity by 87, 91 and 38%, respectively, while these
inhibitors all completely inhibited enzyme activity at 5mM. Further-
more, 2mM EDTA and PMSF inhibited enzyme activity by approxi-
mately 42 and 68%, respectively, and inhibition increased to greater
than 80% at 5mM for both inhibitors. In contrast, slowly decreasing
inhibition of enzyme activity was observed (from 39 to 35%) with in-
creasing NaN3 concentrations (from 2 to 5 mM). Camel liver CuZnSOD
activity was inhibited by 3-ME, DTT and PMSF, indicating that cysteine,
threonine and serine amino acid residues play an important role in
enzyme activity. Inhibition of CuZnSOD activity by B-ME, DTT and
PMSF has been reported for other purified CuZnSODs [5,47], whereas
other reports suggest that B-ME has no effect on enzyme activity
[12,41]. The chelating agent EDTA inhibited activity of camel liver
CuZnSOD, indicating that the metal ions are involved in enzyme ac-
tivity. As reported in the literature, CuZnSODs are generally more
sensitive to H,O» [3]. In the present study, the purified enzyme from
camel liver was inhibited by H,O,. Therefore, based on the effects of

Table 2
Effect of various inhibitors on the activity of camel liver CuZnSOD.

Inhibitors Final concentration (mM) Inhibition (%)
Control - 0 = 0.0024
B-ME 2.0 87 = 0.0018
5.0 100 += 0.0000
EDTA 2.0 42 * 0.0034
5.0 80 = 0.0040
DTT 2.0 100 + 0.0000
5.0 100 *= 0.0000
H,0, 2.0 91 * 0.0012
5.0 100 + 0.0000
NaN3 2.0 39 + 0.0045
5.0 35 * 0.0028
PMSF 2.0 68 = 0.0046
5.0 81 = 0.0033
SDS 2.0 38 + 0.0078
5.0 100 =+ 0.0000

EDTA and H;0,, we conclude that camel liver SOD contains Cu and Zn
ions at its active site. Similarly, purified CuZnSOD from different
sources is inhibited by both EDTA and H,0, [12,39,41,47,52]. NaN3
also inhibited the activity of camel liver CuZnSOD. This inhibition is
related to the ability of the anion azide to binds Cu atoms in the active
site of the enzyme, provoking changes in the conformation of the active
site and resulting in enzyme inhibition. Azide has been reported to act
as an inhibitor of metalloenzymes, especially copper-containing en-
zymes [63-65]. Purified CuZnSOD from insects [47] and plants [41] is
also inhibited by NaNs. From the effect of the denaturing agent, SDS
inhibited the activity of camel liver CuZnSOD, which can be explained
by SDS binding to the enzyme and subsequently inducing conforma-
tional changes in its active site. Previous studies have reported the same
inhibitory effect of SDS on the activity of CuZnSOD [39,47,59].

The effect of various metal ions on camel liver CuZnSOD activity
was also investigated. The metal ions tested exerted differential effects
on enzyme activity, which is presented in Table 3 that shows means of

Table 3
Effect of various metal ions on the activity of camel liver CuZnSOD.

Metal ions Final concentration (mM) Residual activity (%)
Control - 100 + 0.0027
AR+ 2.0 156 + 0.0031
5.0 142 + 0.0046
Ba®* 2.0 99 + 0.0035
5.0 0 + 0.0000
Ca®* 2.0 109 + 0.0064
5.0 117 + 0.0039
cd** 2.0 127 + 0.0039
5.0 96 + 0.0064
Co** 2.0 9 + 0.0061
5.0 40 + 0.0055
Fe?* 2.0 36 + 0.0028
5.0 0 + 0.0000
Mg?* 2.0 149 + 0.0043
5.0 97 + 0.0050
Ni?* 2.0 21 + 0.0029
5.0 93 + 0.0021
Zn** 2.0 88 + 0.0019
5.0 103 + 0.0031
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triplicate values. Ba>* at 2 mM had no effect on enzyme activity, while
at 5mM it completely inhibited enzyme activity. Similarly, Fe** re-
duced enzyme activity to 36% at 2 mM and caused complete inhibition
at 5mM. The enzyme was inhibited by 2mM Co** (9%), Ni** (21%)
and Zn?" (88%), while increasing the concentration of these metal ions
(up to 5mM) resulted in increasing enzyme activity to 40, 93 and
103%, respectively. AI**, Cd®** and Mg>* at 2mM increased enzyme
activity by 156, 127 and 149%, respectively; however, at 5 mM, these
metal ions decreased enzyme activity to 142, 96 and 97%, respectively.
Finally, Ca®" increased enzyme activity by 109% at 2mM and by 117%
at 5mM. Among the metal ions tested, AI**, Ca®*, Cd®**, Mg®* and
Zn>** were found to increase the activity of camel liver CuZnSOD,
suggesting that these metal ions might serve as cofactors for this en-
zyme. Similarly, it has been reported that Ca®* [59], Mg>" [41] and
Zn%* [47,54] increase CuZnSOD activity. However, in contrast to our
study, Ca®*, Mg®>* and Zn®* exert an inhibitory effect on CuZnSOD
activity as reported in an earlier study [39]. On the other hand, the
activity of camel liver CuZnSOD was inhibited by Ba®*, Co®>*, Fe** and
Ni2*, possibly due to the displacement of active metal ions from their
binding site on the enzyme by these inhibitor metal ions. In agreement
with our results, purified CuZnSOD from plants was also inhibited by
Ba?™, Co2*, Fe?* and Ni?* [39,54]. In contrast, Co?" and Ni?* acti-
vated purified CuZnSOD from plants [41] and insects [47].

3.2.4. Metal content

The purified enzyme from camel liver was assayed for Cu and Zn
using ICP-MS. Results revealed that camel liver CuZnSOD contained
0.010pug Cu and 0.69pug Zn per mg of protein, corresponding to
0.0044 mol Cu and 0.30 mol Zn per mol of protein based on the native
molecular weight of the enzyme (28 kDa). The metal content results are
in agreement with the inhibitory effect of H,O, on CuZnSOD activity
and confirm the copper-zinc nature of the enzyme. However, camel
liver CuZnSOD displayed lower Cu content and higher Zn content and
differs from other CuZnSODs. In fact, Cu and Zn contents of the dimeric
CuZnSOD purified from mammals [5,6,8,10,11,16], non-mammals
[37,38], insects [43], plants [40,42] and microorganisms [44,45] falls
in the range of 1.0-2.8 mol Cu and 1.0-2.2 mol Zn per mol of protein. In
contrast, Cu and Zn contents of the monomeric CuZnSOD was found to
be 2.0 mol of each Cu and Zn per mol of protein in bovine erythrocytes
[46] and 1.0 mol Cu and 0.5 mol Zn per mol of protein in plants [49].

Compared to results reported in the literature, camel liver CuZnSOD
exhibits very low Cu and Zn contents, but this does not affect its activity
or stability, as Cu is essential for the catalytic activity and Zn stabilizes
the protein structure [3]. This finding might be a unique property of
camel liver CuZnSOD related to its reactional mechanism and ability to
catalyze the dismutation of O," ~ at low metal content in the stressful
conditions of the desert. Moreover, the enzymatic activities of SOD
[66], GPx [67] and ceruloplasmin [68] in camels were not affected by
low copper-zinc, selenium and copper concentrations, respectively.
Furthermore, the metabolism of trace element in camels is certainly
very remarkable and could explain the low contents of Cu and Zn
identified in our study. It has been reported that camels regulate Cu and
Zn concentrations at low levels compared to cattle [66,69]. In addition,
the tissue distribution of Cu and Zn in camels demonstrate that this
animal contains low concentrations of Cu and Zn compared to other
domestic animals [70].

3.2.5. Kinetic parameters

Next, the effect of NBT and riboflavin concentrations on the activity
of camel liver CuZnSOD was examined (Fig. 5). As shown in Fig. 5A,
camel liver CuZnSOD reaction rate displays a sigmoidal dependence on
NBT concentrations. The enzyme exhibited no activity at NBT con-
centration lower than 10 uM, whereas increasing NBT concentrations
above 10 uM resulted in increased enzyme activity to a maximum at
100 pM. In contrast, camel liver CuZnSOD reaction rate displayed a
hyperbolic dependence on riboflavin concentrations (Fig. 5B). The
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enzyme activity increased in a manner dependent on riboflavin con-
centrations. Moreover, the enzyme requires lower concentrations of
riboflavin (0.5-10 uM) for maximum activity. These results indicate
that the dependence of the reaction rate catalyzed by camel liver
CuZnSOD on concentrations of NBT and riboflavin follows non-Mi-
chaelian and Michaelian kinetics, respectively.

K,, and V4 of camel liver CuZnSOD for NBT and riboflavin were
determined from nonlinear regression using GraphPad Prism software
version 7. k.q and k.q/K,, were then calculated. Kinetic parameters are
summarized in Table 4. K,,, values of camel liver CuZnSOD for NBT and
riboflavin were 16.27 and 0.16 uM, respectively. K;,, value for NBT was
100 times higher for riboflavin, indicating that camel liver CuZnSOD
exhibits more affinity for riboflavin than for NBT. However, V4, values
of camel liver CuZnSOD for NBT (20.85 U/mg) and riboflavin (21.54 U/
mg) were similar. Moreover, the k., value of camel liver CuZnSOD for
riboflavin (9.97s~1) was slightly higher than for NBT (9.65 s7). In
addition, camel liver CuZnSOD exhibited significantly higher catalytic
efficiency, as indicated by the k../K,, ratio, for riboflavin (62.33s
YuM™1) compared to NBT (0.59s* uM 1), indicating very high speci-
ficity for riboflavin.

K, values of camel liver CuZnSOD for NBT and riboflavin were very
low compared to those of other purified CuZnSODs from different
sources. In plants, K;, values for NBT and riboflavin were found to be
25.0 and 1.7 uM [41], 62.414 and 27.389M [59], 310 X 10° and
41 x 10°M [71], and 57.31 and 1.51 M [72], respectively. In addition,
purified CuZnSOD from bovine erythrocytes and microorganism had a
K,, value of 6.3 uM for riboflavin [73] and 371.2uM for NBT [74],
respectively. Similarly, higher K,, values were reported for other sub-
strates for SOD, such as pyrogallol (11.5 uM [72]), dianisidine (83 uM
[73]) and xanthine (6.198 mM [74]). In contrast, the k., and k.q./Kn
values of other purified CuZnSODs were reported to be different:
1667 s~ ! and 5.6 x 10°s mM ™! for xanthine in human erythrocytes
[51], 1.4 X 10's™! and 43.75s'mM™! for xanthine in crocodiles
[75], 107,000s ! and 9300 s uM ! for pyrogallol in plants [55], and
1.35857 ! and 3.7 x 10°s? uM ™! for NBT in microorganisms [74],
respectively.

Kinetic data revealed that camel liver CuZnSOD displayed hyper-
bolic behavior and higher affinity, turnover number and catalytic effi-
ciency for riboflavin, even at very low concentrations. These findings
likely indicate that under the stressful living conditions of the desert,
camel liver CuZnSOD accelerates dismutation of O,” ~, potentially
playing a key role in the protection of cells from the deleterious effect of
this free radical.

3.2.6. Unique properties of camel liver CuZnSOD

Biochemical characterization of purified CuZnSOD from camel liver
revealed that this enzyme has unique properties compared with those of
other purified CuZnSODs from different sources. These unique properties
are summarized as follows: lower molecular weight with a monomeric
structure, higher optimum temperature, very low E,, very low optimum
pH, very low Cu and Zn contents, and higher affinity, turnover number
and catalytic efficiency for riboflavin. These unique properties of camel
liver CuZnSOD could be attributed to the unique behavior of camels,
which are well adapted to living in hot and dry desert conditions due to
their biochemical, anatomical and physiological peculiarities [18]. These
new findings on the biochemical properties of camel liver CuZnSOD are
not surprising, since we previously found that the properties of CAT [22]
and GPx [23] purified from camel liver were also different compared to
other species. In addition, the enzymes glutathione transferase [76,771,
arginase [78] and ceramidase [79] from camels were also found to have
unique molecular and biochemical properties.

4. Conclusion

A novel CuZnSOD was successfully purified to homogeneity from
camel liver. The purified enzyme was biochemically characterized,



A. Chafik, et al.

Bioorganic Chemistry 86 (2019) 428-436

25 25
A . . B
204 204
b i ob
£ £
> 15- S 15-
> 104 > 104
g g
<« 5] < 5
0 :' T T 0 T T
0 50 100 0 5 10
NBT (unM) Riboflavin (uM)

Fig. 5. Nonlinear regression plots for determination of kinetic parameters of camel liver CuZnSOD. K;,, and Vo, of CuZnSOD were determined from the plots for (A)
NBT and (B) riboflavin. The experimental procedures were detailed under “Materials and methods”.

Table 4

Kinetic parameters of camel liver CuZnSOD.
Substrate K, (uM) Vinax (U/mg) Ko ™) Kea/Kn (5T uM™1)
NBT 16.27 = 0.33 20.85 = 0.41 9.65 0.59
Riboflavin ~ 0.16 + 0.02 21.54 * 0.36  9.97 62.33

revealing that camel liver CuZnSOD is unique in its biochemical prop-
erties compared to other CuZnSODs. These unique biochemical prop-
erties provide new insight into the antioxidant defense systems against
the deleterious effects of oxidative stress induced by environmental
stress conditions. Moreover, the results of the present study could help
explain camels’ ability to adapt their biochemical properties to stressful
living conditions in the desert. Further studies are needed to fully un-
derstand the biochemical mechanisms involved in the resistance of
camels to their specific ecosystem.
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