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Abstract: New kinds of bifunctional antioxidant enzyme mimics were prepared, and their
superoxide anion radical (O,"") and hydroxyl radical (*OH) scavenging activity was investi-
gated. These conjugates were prepared by binding insoluble salphen [N,N-(phenylene)sali-
cylidene] Schiff-base metal complexes (HO-salphen-M, M = Co, Mn, Cu) with bovine serum
albumin (BSA). They were characterized by UV—-vis spectra, circular dichroism (CD), and
native polyacrylamide gel electrophoresis (PAGE). It showed that the binding mode was an
axial coordination between HO-salphen-Co and amino acid residue of BSA. The structure of
BSA was maintained when the binding amount of HO-salphen-Co was less than 10. After
combining HO-salphen-Co into BSA, the low solubility of HO-salphen-Co was overcome,
and the O,"" and *OH scavenging activity of BSA was improved two orders of magnitude. In
similar inhibitory value, the scavenging rate of salphen-Co20@BSA was far higher than
others. The scavenging activity of different proportion salphen-Co@BSA was salphen-
Co20@BSA > salphen-Col0@BSA > salphen-CoS@BSA > salphen-Co2@BSA. But
salphen-Cu@BSA and salphen-Mn@BSA did not show *OH scavenging activity.

Keywords: bifunctional antioxidant enzyme mimics; biopolymer metal complexes; bovine
serum albumin; hydroxyl radical scavenging; Schiff-base metal complexes; superoxide anion
radical scavenging.

INTRODUCTION

Free radicals are a chemical species, capable of an independent existence, that contain one or more
unpaired electrons [1]. They have been the target of considerable research since the last decade, with
special attention given to reactive oxygen species (ROS). ROS was produced as a consequence of nor-
mal metabolism, which appeared together with aerobic life. It was formed during the consecutive uni-
valent reduction of oxygen (eq. 1). Unstable free radicals could damage cellular proteins and lipids or
form DNA adducts that may promote carcinogenic activity. They have been associated with carcino-
genesis, coronary heart disease, and many health problems related to advancing age [2—4].
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Superoxide anion radicals (O,°*7) were the first oxygen radicals produced in the reduction of

molecular oxygen. Owing to the successive formations, O, could transform into other ROS, such as

hydrogen peroxide (H,0,) and hydroxyl radical (*OH), while *OH was one of the most damaging oxi-
dizing radicals and had tremendous potential for causing biological damage in skin and was an assumed
pathogenic factor in a variety of diseases.

Epidemiological and clinical investigation indicated effective antioxidants could protect the
human body from free radicals and retard the progress of many chronic diseases [5,6]. Thus, many ROS
scavenging materials were used to reduce damage to the human body, which included natural and syn-
thetic antioxidants [7,8]. Schiff-base metal complexes, one of the synthetic antioxidants, had been stud-
ied as effective scavengers of ROS [9-12]. However, the majority of Schiff-base metal complexes were
insoluble in aqueous solution, which limited their application.

Proteins play an essential role in biology. Whether in catalysts or molecular recognition, proteins
set a golden standard of efficiency and selectivity that few other natural or artificial molecules can
match. For this reason, the study of protein function has been the focus of many years of research.
Serum albumin was a versatile protein, principally characterized by its remarkable ability to bind a wide
range of insoluble endogenous and exogenous compounds [13,14], such as nonesterified fatty acids,
hemin, bilirubin, bile acids, thyroxine, and many kinds of drugs [15,16]. Because it was considered to
be nonantigenic, biodegradable [17], and readily available, albumin has been used as a kind of bio-
material, such as drug delivery [18,19] and novel hydrophilic carriers [20,21]. But it was less often used
as ROS scavenging material because its ROS scavenging activity was very low [22]. On another note,
it was found that combining small synthetic molecules of metal complexes with macromolecules was
one of the effective ways to improve their bioactivity [23]. In order to increase the dissolution and
bioactivity of HO-salphen-M [salphen = N,N-(phenylene)salicylidene], we combined HO-salphen-M
with BSA. Here, BSA was used as supporter for binding HO-salphen-M. Novel water-soluble metallo-
protein conjugates were prepared. Their superoxide dismutase (SOD)-like activity was determined via
nitrobule tetrazolium (NBT) assay and compared with that of natural SOD. The *OH scavenging activ-
ity of conjugates was also measured. The specific affinity between small molecule and protein has been
proved to be one of the most straightforward and applicable approaches in the field of enzyme mimics.

MATERIALS AND METHODS

BSA was purchased from Shanghai Sangon Biological Engineering Technology and Services Co.
Natural SOD (>90 %) was purchased from Shanghai Yuhua Life Science and Technology Development
Co., Ltd. 4-Hydroxyl salicylaldehyde, o-phenylenediamine, n-propyl alcohol, Co(OAc),*4H,0,
Mn(OAc),4H,0, Cu(OAc), H,0, and dimethylsulfoxide (DMSO) were obtained commercially, and
used without further purification. Schiff-base solutions were prepared in DMSO. BSA solutions were
prepared in sodium phosphate buffer solution (PBS pH = 7.4). Double-distilled water was used through-
out.

Infrared spectra were recorded from KBr pellet (4000-400 cm™!) on a Digilab FTS 3000 FI-IR
spectrophotometer. The UV—vis absorption spectra were obtained using an Agilent 8453 UV-vis spec-
trophotometer with an Agilent temperature control unit. CD spectra of BSA solutions were recorded in
200-260 nm at 25 °C using a JASCO-820 spectropolarimeter with a band width of 1 nm and sample
cell of 1 cm. Native polyacrylamide gel electrophoresis (PAGE) was performed on 5 % stacking gel and
8 % separating gel.
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EXPERIMENTAL
Preparation of salphen Schiff-base ligand and its complexes

N,N'-bis(4-hydroxylsalicylidene)-o-phenylenediamine (HO-salphen) was synthesized by condensing of
o-phenylenediamine with the 4-hydroxyl salicylaldehyde in a molar ratio of 1:2, which was described
in the literature [24], using n-propyl alcohol as a solvent. The reaction mixture was stirred at 70 °C for
5 h. After cooling to room temperature (rt), the products were filtered off and washed with n-propyl
alcohol 3 times. Then HO-salphen was dried under vacuum and kept dry in a desiccator over anhydrous
calcium chloride. Elemental analysis (C,qH;cN,O,4): C, 68.71 % (68.96); H, 4.98 % (4.63 %); N,
8.21 % (8.04 %). IR (KBr): 1612 cm™! (v_y), 1201 cm™ (vp, ), 3325 em™! (v (), 437 em™!
(Veo_o)» 662 cm™! Veon)- 'H NMR (acetone): 6.4-7.3 (10H, m, Ar-H), 8.363 (2H, s, -CH=N).

N,N'-bis(4-hydroxylsalicylidene)-o-phenylenediaminato cobalt(Il) complex (HO-salphen-Co)
was prepared as follows: Protected with N, the above reaction mixture was stirred at 70 °C for 0.5 h.
Then the aqueous solution of Co(OAc), was added with a molar ratio of 1:10. The reaction mixture was
stirred at 70 °C for 5 h under nitrogen atmosphere. After cooling to rt, the products were filtered off and
washed with n-propyl alcohol 3 times. Then HO-salphen-Co was dried under vacuum and kept dry in
a desiccator over anhydrous calcium chloride, yield 80 %. The purity of the compounds was checked
by UV-vis spectra and IR spectra. UV-vis spectra: 216 nm (K band), 320 nm (R band). IR (KBr):
1604 e (v_y), 1199 em™ (vpy, ), 437 cm™ (v, ), 501 em™ (v, ). The IR and UV-vis spec-
tra measured for the obtained products were consistent with the corresponding Schiff-base formula.

The preparation of HO-salphen-Mn and HO-salphen-Cu was similar to that of HO-salphen-Co.
In HO-salphen-Mn: (yield 75 %), IR (KBr): 1564 cm™ (v_y), 1207 em™ (vpy, o), 409 em™! (vy,, o),
505 cm™! (vyy, n). HO-salphen-Cu (yield 60 %), IR (KBr): 1605 cm™ (v_y), 1200 cm™ (vp,, o).
409 em™! (Ve o) 498 em™! (v, -

Preparation of BSA binding Schiff-base complex (salphen-M@BSA)

Firstly, BSA was dissolved in a PBS solution (pH = 7.4, 10 mmol-L~!) and HO-salphen-Co was dis-
solved in DMSO. In 3.0 mL of PBS solution, 0.5 mL (1 mmol-L~!) of BSA solution and 2.28 mL of
HO-salphen-Co/DMSO (4.4 mmol-L~!) were mixed (HO-salphen-Co: BSA = 20:1) and incubated for
12 h with rotation in the darkness at rt. The complex was dialyzed in PBS (pH 7.4) at 5-10 °C for
removing DMSO, then obtained salphen-Co20@BSA. The ratio of HO-salphen-Co to BSA could be
changed in preparation of BSA-binding salphen Schiff-base complexes (salphen-Col0@BSA, salphen-
Co5@BSA, salphen-Co2@BSA).

The preparation of salphen-Cu@BSA, salphen-Mn@BSA was similar to that of salphen-
Co@BSA.

Scavenging ability for hydroxyl radical (*OH)

The scavenging activity for «OH was measured with the phen-Fe?* reaction [25]. Their scavenging
activity was calculated according to eq. 2.

Scavenging activity % = (A,-A/Ag-A ) x 100 % 2)

Where A, is the absorbance in the presence of the tested compound; A is the absorbance in the absence
of the tested compound; A is the absorbance in the absence of the tested compound, phen-Fez+, H,0,.
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Scavenging ability for superoxide anion radicals (0,™)

Scavenging activity of superoxide anion radicals (O,"") was assayed by the inhibition of NBT reduc-
tion. Riboflavin luminescence method was used as the source of O,*". The formation of blue formazan
was monitored at 560 nm (phosphate buffer), the inhibition rate (F %) of O,™ was calculated accord-
ing to eq. 3.

F % = (AyA)/Ay x 100 % (3)

where A is the absorbance in the presence of the tested compound; 4 is the absorbance in the absence
of the tested compound.

The action mixture was mixed solution of riboflavin (3.4 x 107® mol-L~!), methionine
(0.01 mol-L1), NBT (4.66 x 10~ 1070 mol-L-1). All of the action component was confecting with PBS
(pH 7.80, 0.05 mol-L‘l). The action mixture was saturated under 25 °C and 0.5 h condition. In testing,
3 mL of action mixture and a different quantity of antioxidant was illuminated, light intensity was
4000 (x100) Lux, the absorbance of the action mixture in 560 nm was measured (time interval was
30 s). The SOD-like activity of studied complexes was compared with native Cu,ZnSOD.

RESULTS AND DISCUSSION
UV-vis spectra of salphen-M@BSA

UV-vis spectrum was used to check the binding between BSA and HO-salphen-Co. The characteristic
absorption peak of BSA appears in 280 nm, which was obtained from some amino acid residues (e.g.,
tryptophan). The characteristic peak of HO-salphen-Co appeared in 264 nm (B band) and 300-500 nm
(A band), respectively. The UV—-vis spectra of salphen-Co@BSA appeared in 280 and 300-500 nm
simultaneously. The B band of HO-salphen-Co shifted from 264 to 268 nm. It indicated that salphen-
Co@BSA was prepared (Fig. 1).

0.8
— SalphenCo@BSA
—— HOSalphenCo

06 1 —BSA

204
02 r
. _—-'L
250 300 350 400 450 500

Wavelength/nm

Fig. 1 UV-vis spectra of BSA, HO-salphen-Co, and salphen-Co@BSA.

In order to measure the binding mode between BSA and HO-salphen-Co, the model reaction
using 1-methylimidazole (Melm) as probe molecule was measured by UV-vis spectra (Fig. 2). When
the axial ligand (Melm) was added into the HO-salphen-Co solution in acetone, the B band of
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Fig. 2 UV-vis spectra of the model reaction ([HO-salphen-Co]: 1076 mol/L, [HO-salphen]: 2 x 1076 mol/L).

HO-salphen-Co shifted from 327 to 337 nm. However, the curve of salen ligand (HO-salphen) did not
change if Melm was added. It proved that the Melm coordinated with Melm. In UV—vis spectra of
salphen-Co@BSA, the B band of HO-salphen-Co also shifted as the model reaction. It suggested that
the binding mode between BSA and HO-salphen-Co was axial coordination between Co(Il) and N in
amino acid residues of BSA.

The binding amount of HO-salphen-Co to BSA was measured by UV-vis spectra because the
absorption band near 366 nm of HO-salphen-Co did not change after binding to BSA. Therefore,
Az N was employed to calculate the binding amount of HO-salphen-Co to BSA. It was measured
that the units of HO-salphen-Co in salphen-Co20@BSA, salphen-Col0@BSA, salphen-Co5@BSA,
and salphen-Co2 @BSA were 19, 10, 5, and 2, respectively. This means that almost all Co complexes
could be bound to BSA if the ratio of HO-salphen-Co:BSA was lower than 20:1.

We found that other metal complexes (HO-salphensCu, HO-salphen-Mn) were different with
HO-salphen-Co when they conjugated with BSA. BSA was denaturalized and precipitated if
HO-salphensCu was added. The content of HO-salphen-Mn in BSA was found to be very low, because
Mn(II) was difficult to bind with BSA and partly soluble in water. Therefore, it was very easy to move
out when the mixture was dialyzed. Thus, the SOD-like activity of salphen-Cu@BSA and salphen-
Mn@BSA was very low and did not show *OH scavenging activity in further radical scavenging abil-
ity test. In measures of salphen-M @BSA that followed, salphen-Co@BSA was mainly studied.

CD spectra of salphen-Co@BSA

BSA in PBS showed negative absorption bands with maxima at around 216 and 208 nm. The intensity
of this double minimum reflects the amount of o-helical of BSA [26]. Schiff-base complexes did not
show the CD signal in this region. So the far-UV region of CD spectroscopy was used to investigate the
interaction of Schiff-base complexes with BSA [27,28].

Compared with BSA, the intensity of the characteristic CD signal in salphen-Co@BSA did not
obviously decrease when the ratio of HO-salphen-Co to BSA was less than 10 (Fig. 3). But the CD sig-
nal in salphen-Co20@BSA (HO-salphen-M:BSA = 20:1) obviously decreased. It indicated that the
amount of o-helical in salphen-Co@BSA (BSA:HO-salphen-M = 1:2, 1:5, 1:10) did not evidently
change. So it showed that the secondary structure of BSA was maintained when the ratio of
HO-salphen-Co to BSA was less than 10. In other words, the binding of 20 times HO-salphen-Co would
induce the conformation of BSA (Fig. 3), which was consistent with what was reported in the literature
on the interaction of albumin with small molecules [29].
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Fig. 3 CD spectra of BSA and salphen-Co@BSA in PBS (pH: 7.4, [BSA]: 1 x 107 mol/L, 1: salphen-Co20@BSA,
2: salphen-Col0@BSA, 3: salphen-Co5@BSA, 4: salphen-Co2@BSA, 5: BSA).

Gel electrophoresis

The salphen-Co@BSA was analyzed by sodium dodecyl sulfate (SDS) PAGE. It indicated that
HO-salphen-Co did not cause change for the molecular weight of BSA. The salphen-Co@BSA conju-
gate was also analyzed by native PAGE (Fig. 4). It showed that the electrophoresis bands of salphen-
Col@BSA and salphen-Co2@BSA were similar to BSA. Salphen-CoS@BSA and salphen-
Col0@BSA had a small difference with BSA, and salphen-Co20@BSA had a difference with BSA,
obviously. In summary, compared to BSA, the more HO-salphen-Co combined to BSA, the longer the
electrophoresis bands become. As HO-salphen-Co changed the charge density of BSA, the more Schiff-
base metal complexes combined to BSA, the more change occurred. The results were agreed with
UV-vis and CD spectra.

1 2 3 46 6 78 91011 12

{34

Fig. 4 Native PAGE of BSA and salphen-Con@BSA (n = 1, 2, 5, 10, 20). [(1,3): salphen-Col @BSA; (4,5):
salphen-Co2 @BSA; (6,7): salphen-Co5S @BSA; (8,9): salphen-Col0@BSA; (10,11): salphen-Co20@ BSA; (2,12):
BSA].
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Superoxide anion radical (O,"~) scavenging ability of salphen-Co @ BSA

BSA conjugates showed excellent activity for scavenging superoxide anion radicals. In the salphen-
Co@BSA system, salphen-Co20@BSA had excellent scavenging activity, and the scavenging activity
was dependent on concentration. The SOD-like activity of a different proportion of salphenCo@BSA
was salphen-Co20@BSA > salphen-Col0@BSA > salphen-Co5 @BSA > salphen-Co2@BSA (Fig. 5).
Compared with BSA, the O,™ scavenging activity of salphen-Co20@BSA was 287 times of BSA

(Fig. 6).

F %

¢ SalphenC020@ BSA
0 SalphenCo10@ BSA
A SalphenCo5@ BSA
% SalphenCo2@ BSA

5 10 15 20

Concentration (umol/L)

Fig. 5 The O," scavenging activity of salphen-Con@BSA (n =2, 5, 10, 20).
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Fig. 6 The O," scavenging activity of salphen-Co@BSA and BSA.
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The ECs value of different conjugates was compared (datum were not shown). For antioxidant
scavenger, the smaller ECs, value it had, the better scavenging activity it owned [30]. For salphen-
Co@BSA conjugates, the ECs, of salphen-Co20@BSA was 1.80 wmol/L.

The O, scavenging activity of natural SOD was measured via NBT assay, the ECs, of natural
SOD was 0.041 umol/L. Salphen-Co20@BSA possessed lower EC, than the standard compound
M-40403 [31]. The analog quantity reached 2.28 % compared with natural Cu,ZnSOD.

Hydroxyl radical («OH) scavenging ability of salphen-Co @ BSA

The hydroxyl radical scavenging activity of salphen-Co@BSA was measured (Fig. 7). It showed that
its hydroxyl radical scavenging activity was high. The *OH scavenging activity was dependent on con-
centration. Salphen-Co20@BSA showed better antioxidant activity than salphen-Col0@BSA. The
scavenging values of salphen-Co20@BSA were far higher than that of others. The intensity of scav-

enging activity of different-proportion salphen-Co@BSA was salphen-Co20@BSA > salphen-
Col0@BSA > salphen-Co5@BSA > salphenCo2 @BSA.

100
© SalphenCo20@BSA
80 ® SalphenCol0@BSA
X o SalphenCoS@BSA
2 4 SalphenCo2@BSA
% 60 - +BSA
:0 © HOSalphenCo
£ o
§ 40 T
20 L
O 1 1 1 1

0 0.05 0.1 0.15 0.2 0.25

Concentration (mmol/L)

Fig. 7 Hydroxyl radical scavenging activity of salphen-Con@BSA (n = 2, 5, 10, 20).

The *OH scavenging activities of BSA and HO-salphen-Co were measured. Their *OH scaveng-
ing activities were very low (datum were not shown). When BSA was added to 0.95 mmol/L, its scav-
enging effect reached 41 % only. HO-salphen-Co did not show *OH scavenging activity (Fig. 7).

Natural antioxidant enzymes such as SOD and catalase (CAT) could scavenge O, and *OH with
high efficiency, but the specificity limits their application. Conjugates salphen-Co@BSA, which we
prepared in this paper, had the ability of scavenging O," and *OH radical simultaneously, it was a
bifunctional antioxidant enzyme mimic and could be used as ROS scavenger.

The mechanism of O,"~ scavenging by salphen-Co@BSA

BSA had the ability to scavenge free radicals, but it was very weak, while BSA-Schiff-base complexes
had more strongly antioxidant activity when they appeared in a small quantity. The results showed that
the more Schiff-base complexes combined, the better antioxidant activity BSA-Schiff-base complexes
possessed. So metal in conjugates was thought to act as important functions in ROS scavenging.
During hydroxyl radical scavenging, antioxidants were hydrogen donator and free radical
quenchers. Hydroxyl radical is a brisk radical and accepts an electron or hydrogen radical to become a

© 2012, IUPAC Pure Appl. Chem., Vol. 84, No. 12, pp. 2641-2651, 2012
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stable molecule, UV—-vis spectra showed metal of the Schiff-base complexes made axial coordination
with the nitrogen atom of histidine, tryptophan, and abundance-dissociated amidocyanogen. It showed
that the axial coordination could increase the antioxidant activity of BSA by making the hydrogen of
the hydroxyl groups, which joined with the nitrogen atom, more easy to leave. Then, dissociated hydro-
gen combined with hydroxyl radical and stopped the next reaction of the hydroxyl radical.

The mechanism of O, scavenging was different from that of scavenging *OH. Fridorich and co-
workers showed that M was the metalloenzyme in the reduced state and M"*! was the enzyme in the
oxidized state. Zhou found that arginine was indeed essential for high SOD activity and could steer the
O, substrate to the metal ion. On the basis of our results and previously suggested catalytic mecha-
nism [32-34], a possible mechanism for O, scavenging of salphen-Co@BSA was proposed: (1) a
superoxide anion was attracted by the Co(Il) ion under the orienting influence of the guanidyl cation;
(2) the super oxide anion binding directly to the Co(II) ion could rapidly exchange between the axial
and the planar position of the distorted square pyramid, which induced it to give up its electron and form
an O, molecule; (3) the electrically neutral oxygen molecule left (4) a second super oxide anion was
attracted by the Co(I) ion still under the orienting influence of the guanidyl cation; (5) the super oxide
anion bound again to the Co(I) ion to accept an electron and a proton from the buffer. Since the proton
exchange between the substrates and buffer was a rapid process, the superoxide anion further combines
another proton from the solution to form a H,O, molecule. Finally, electrically neutral H,O, leaves,
completing a catalytic cycle (Fig. 8).
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: —_— N
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Fig. 8 Mechanism of O, scavenging.
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CONCLUSIONS

BSA/Schiff-base metal complex conjugates had significant antioxidant activity. In the salphen-
Co@BSA system, BSA acted as scaffold and the Schiff-base metal complexes acted as the catalytic
center. When Schiff-base metal complexes bound with BSA, the poor water-solubility of the Schiff-base
metal complexes could be well solved and the oxidative radical scavenging activity increased obviously.
Salphen-Co@BSA conjugate was an excellent biopolymer ROS scavenger, while salphen-Cu@BSA
and salphen-Mn@BSA showed lower SOD-like activity than that of salphen-Co@BSA, and salphen-
Cu@BSA and salphen-Mn@BSA did not show activity. Salphen-Co@BSA had excellent ability in
scavenging *OH and O,™, as a bifunctional mimic of antioxidant enzymes, which is worth further
research as a good drug to scavenge free radicals.
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