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Beyond its role as an oxygen transport protein, the homodimer hemoglobin of blood clam
Tegillarca granosa (Tg-Hbl) has been found to possess antibacterial activity. However, the
mechanism of antibacterial activity of Tg-Hbl remain to be investigated. In this study, we
investigated the effects of Cu?* on the structure, peroxidase activity, and antibacterial
ability of Tg-Hbl. Tg-Hbl was significantly inactivated by Cu®t in a non-competitive
inhibition manner, following first-order reaction kinetics. The Spectroscopy results
showed that Cu?* changed the iron porphyrin ring and the coordination of heme with
proximal histidine of Tg-Hbl, and increased the hydrophobicity of heme pocket. We
found that proline could stabilize the heme pocket structure of Tg-Hbl, hence, protect
peroxidase activity and antimicrobial activity of Tg-Hbl against damage by Cu*. Our
results suggest that Cu? inhibits the peroxidase and antibacterial activity of Tg-Hbl by
destroying its heme pocket structure and Tg-Hbl probably plays an antibacterial role
through its peroxidase activity. This result could provide insights into the antibacterial
mechanism of Tg-Hbl.

Keywords: tegillarca granosa, homodimer hemoglobin, Cu?*, structure, peroxidase activity, antibacterial activity

INTRODUCTION

The blood clam (Tegillarca granosa), a marine invertebrate of important economic value, inhabits
the sandy muds of the intertidal zone in the east coast of China and Southeast Asia. T. granosa
belongs to the family Arcidae of the class Bivalvia (phylum Mollusca), one of a few invertebrate
groups that have hemoglobin-containing red hemocytes in the hemolymph (Bao et al., 2011a,b).
So far, two kinds of hemoglobin (Hb), Tg-HbI (homodimer), and Tg-HbII (tetramer), have been
purified from T. granosa hemocytes. Tg-HDbI is made up of a single type of polypeptide chain, which
differs from two chains of heterotetramer in molecular weight and isoelectric point (Bao et al., 2013,
2016; Wangetal., 2014). Homodimer Hb exists in only a few invertebrates (Weber and Vinogradov,
2001), unlike tetramer Hb, which exists in both vertebrates, and invertebrates.
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Several studies have shown that Hb from more than one
species, such as human, snake, mouse, horse, not only transports
oxygen and carbon dioxide, but also has antibacterial effects
(Hodson and Hirsch, 1958; Parish et al., 2001; Jiang et al., 2007;
Du et al, 2010). In recent years, the antibacterial activity of
Hb has been reported in Arcidae like T. granosa and Scapharca
subcrenata (Wang et al., 2014, 2017; Xu et al,, 2015; Bao et al,,
2016). The mechanisms underlying the antibacterial activity of
HDb still remain poorly perceived.

The peroxidase activity of hemoglobin also has been detected
in several species, such as human, bacteria Vitreoscilla, and the
invertebrate T. granosa (Kawano et al., 2002; Kvist et al., 2007;
Wang et al, 2017). Why the hemoglobin possess peroxidase
activity remains to be investigated. In addition, some researchers
have hypothesized that this peroxidase activity is essential for Hb’s
antimicrobial activity (Jiang et al., 2007; Du et al., 2010), however,
in-depth research has not been carried out in this area.

Preliminary research done by us showed that Tg-HbI has
stronger peroxidase activity and antibacterial ability than Tg-
HbII (Wang et al.,, 2014). It is plausible to speculate that Tg-
HbI may play an important role in immune defense through
peroxidase activity. It is of great significance to study the
antibacterial mechanism of Tg-HbI, given that homodimer Hb
only exist in invertebrates.

Moreover, in preliminary research we found that Cu** can
inhibit peroxidase activity of Tg-HbI (Wang et al., 2017). The
aim of the current work was to study the effects of Cu?* on
Tg-HbI with respect to changes in structure and antibacterial
activity, which would be helpful in exploring the association
of structure, peroxidase activity, and antibacterial activity, and
could provide useful avenues for further research on the
antibacterial mechanism of Tg-HbI.

MATERIALS AND METHODS

Peroxidase Activity Assay of Tg-Hbl

Tg-HbI, which produces a single band on dodecyl sulfate
sodium salt polyacrylamide gel electrophoresis(SDS-PAGE), was
purified from T. granosa with phosphate buffered saline (PBS)
buffer using a method that has been reported in our earlier
work (Wang et al., 2014). Peroxidase activity was measured
spectrophotometrically, as reported previously (Wang et al.,
2017); the substrate buffer used was 50 mM acetate buffer
(pH 5.0) and the detection time was 0.5min. The activity
was measured with ultraviolet-visible spectrophotometer (UV-
1800, Shimadzu, Japan) connected with a recorder. The final
concentration of Tg-HbI in the peroxidase activity measurement
system was 30 pg/mL.

Cu?t dissolved in 50 mM acetic acid buffer (pH 5.0) at
different concentrations were incubated with purified Tg-HbI
for 2h at 25°C, and then peroxidase activity was measured. To
test the protection from proline (Pro) to Tg-HbI, the Tg-HbI
was incubated with 0.2 mM Cu?" and different concentrations
of Pro for 2h at 25°C, and then the activity was measured. All
measurements were done in triplicate.

Spectroscopy Assay of Tg-Hbl

Tg-HbI was incubated in 50 mM acetic acid buffer (pH 5.0)
with various concentrations of Cu?t and Pro for 2h at
25°C. The final concentration of Tg-HbI was 300 pg/mL.
The structure changes of Tg-Hbl were detected by UV-
visible spectra, intrinsic fluorescence emission spectra
and 1, 8-anilinonaphthalenesulfonate (ANS)-binding
fluorescence spectra.

The conformational change of Tg-HbI was determined with
UV-visible spectrophotometer (UV-1800, Shimadzu, Japan) at
200-700nm. The change in the microenvironment around
tryptophan (Trp) was detected with spectrofluorometer (F-2500,
Hitach, Japan), and the excitation and emission wavelengths
were 280 nm and 300-400 nm, respectively. ANS dye can bind
to hydrophobic amino acid residues and use for probing
the hydrophobic surface. Fluorescence was measured after
incubation of 40 uM ANS with the samples for 40 min in the
dark, and the excitation and emission wavelengths were 390 nm
and 420-600 nm, respectively.

Antibacterial Ability Assay of Tg-Hbl

The agarose diffusion method was used to explore the effect of
Cu?" on the antibacterial ability of Tg-HbI (Wang et al., 2014).
Tg-HbI in group A was mixed with 50 mM PBS (pH 7.2). Tg-
HbI in group B was mixed with 50 mM PBS (pH 7.2) containing
Cu?". Tg-Hbl in group C was mixed with 50 mM PBS (pH 7.2)
containing Cu?** and Pro. The inhibition circle size reflects the
antibacterial ability.

RESULTS

The Effect of Cu?* on the Peroxidase
Activity of Tg-Hbl

Pure Tg-Hbl was assayed after incubation with different
concentrations of Cu?™ for 2h at 25°C. Tg-HbI was inactivated
by Cu?* in a dose-dependent manner. When the Cu’*
concentration was higher than 0.5mM, Tg-HbI activity was
completely abolished. The ICsp (half maximal inhibitory
concentration) value was measured as 0.10340.007 mM (n = 3)
(Figure 1A). A Lineweaver-Burk plot analysis was performed to
evaluate the mode of inhibition. The apparent V. (velocity
maximum) changed while the Kj, (michaelis constant) did
not, indicating that Cu?** induced non-competitive inhibition
for guaiacol (Figure 1B). To evaluate the inactivation kinetics,
time interval measurements were performed. The different time
courses of Tg-HbI in the presence of 0.02, 0.05, 0.1, 0.15, 0.2, and
0.25 mM Cu?*, were recorded (Figure 1C). The results indicated
that catalytic activity changed detectably with time from the
lowest (0.02 mM) to the highest (0.25 mM) Cu?t concentration.
The enzyme activity gradually decreased in a time-dependent
manner with first-order reaction kinetics.

After Tg-HbI was incubated with 0.2 mM Cu?" and different
concentrations of Pro for 2h at 25°C, the peroxidase activity
of Tg-HbI was measured. The peroxidase activity of Tg-HbI
was significantly protected with increasing Pro concentrations.
When the concentration of Pro was higher than 30 mM, more
than 70% of the activity of Tg-HbI remained (Figure 1D). These
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concentration of Tg-Hbl incubating with Cu®* was 300 pg/mL.

FIGURE 1 | The inactivation of Tg-Hbl induced by Cu?*. (A) The effect of Cu®* on the peroxidase activity of Tg-Hbl. Tg-Hbl was assayed after incubation with
different concentrations of Cu®* in 50 mM acetate buffer (pH 5.0) for 2 h at 25°C. The data are presented as means (n = 3) with standard deviations. (B)
Lineweaver-Burk plot for Tg-Hbl in the presence of Cu®*.The concentration of Cu®* from top to bottom is 0.3, 0.2, 0.1, 0.05, 0mM. (C) Time interval kinetic
measurements of Tg-Hbl inactivation. Cu?t concentration is 0.02 (H), 0.05 (¢), 0.1 (a), 0.15 (¥), 0.2 («), 0.25 (» ) mM. (D) The peroxidase activity of Tg-Hbl after
adding proline. The Tg-Hbl was incubated with 0.2 mM Cu?+ and different concentrations of proline at 25°C for 2 h and then the activity was measured. The final
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results indicate that Pro could prevent Tg-HbI from inactivation
by Cu?*.

The Change in Tertiary Structure of Tg-Hbl
Induced by Cu?t

Ultraviolet-visible absorption spectroscopy was used to
investigate the conformational changes in Tg-HbI. The Soret
band near 420 nm is formed by the coordination of heme and
histidine, and is often used to characterize the changes between
the porphyrin ring and conformation of protein, whereas the Q
band, two weak absorption peaks appearing in the range of 500-
600 nm, is the characteristic peak of iron porphyrin (Basak et al.,
2015). The results showed that the Soret band of Tg-HbI had a
blue shift, and the Q band of Tg-HbI gradually disappeared, with
an increase in Cu?" concentration, thereby indicating that the
iron porphyrin ring of Tg-HbI and the coordination of heme
and histidine had changed (Figures 2A,B).

Trp has intrinsic fluorescence and is usually used as a
probe to detect the conformation change of protein. The
results showed that not only fluorescence intensity increased
with increase in Cu?' concentration in linear mode, but
also the maximum emission wavelength showed a blue shift

(Figures 2C,D). This indicated that Cu?t caused an increase
in non-polarity in the microenvironment around it. The ANS
fluorescence was used to monitor the tertiary structural changes
of Tg-Hbl. The results showed that the ANS fluorescence
intensity of Tg-HbI reduced with increase in Cu?" concentration
in a concentration-dependent manner (Figures2E,F). This
indicated that Cu?* reduced the hydrophobic surfaces of Tg-
HbL

The change in tertiary structure of Tg-HbI were detected
after Tg-HbI was incubated with 0.2mM Cu?* and different
concentrations of Pro for 2h at 25°C, correspondingly. The
results of UV-visible absorption spectroscopy showed that Soret
band of Tg-HbI had a red shift and Q band gradually manifested
with increase in Pro (Figures3A,B). It is evident that the
addition of Pro protects the structure of the iron porphyrin
ring and heme pocket structure of Tg-Hbl from damage
by Cu™.

The intrinsic fluorescence intensity decreased with increase in
Pro until Pro concentration reached 30 mM, and the maximum
emission wavelength showed a red shift with increase in Pro
concentration, ranging from 0 to 80 mM (Figures 3C,D). These
results showed that Pro can stabilize the polar microenvironment
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FIGURE 2 | The change of tertiary structure of Tg-Hbl induced by Cu?*. (A) UV absorption spectrum of Tg-Hbl. The concentration of Cu®* from bottom to top is O,
0.02, 0.05, 0.1, 0.2mM. (B) Plot of maximum peak wavelength vs. [Cu®*]. The data were obtained from (A). (C) Intrinsic fluorescence changes of Tg-Hbl. The
concentration of Cu?* from top to bottom is 0, 0.02, 0.05, 0.1, 0.15, 0.2 mM. (D) Plot of maximum fluorescence peak wavelength vs. [Cu?*]. The data were obtained
from (C). (E) ANS-binding fluorescence changes of Tg-Hbl. The concentration of Cu?* from bottom to top is 0.2, 0.15, 0.1, 0.05, 0.02, 0.0 mM. (F) Plot of maximum
fluorescence intensity vs. [Cu?*]. The data were obtained from (E). The final concentration of Tg-Hbl was 300 jg/mL.

around Trp. The intrinsic fluorescence intensity increased with
increase in Pro, when Pro concentration was higher than 30 mM.
The reason was possibly because Pro is a non-polar amino
acid, causing an increase in non-polarity when its concentration
was high.

Pro reduced the effect of hydrophobic structure inside the Tg-
HbI induced by 0.2mM Cu?" in a dose-dependent manner, as
measured by ANS binding fluorescence (Figures 3E,F). Similar
to the protection of peroxidase activity shown in Figure 1D,
Pro acted as a stabilizer for protecting the tertiary structure
of Tg-HbL

The Effect of Cu?*t on the Antibacterial
Activity of Tg-Hbl

The size of the antibacterial circle outside the Oxford cup
can reflect antibacterial ability. The results showed that the
antibacterial ability of Tg-HbI disappeared in the presence of
0.2mM Cu?" and was restored when 80 mM Pro was added
(Figure 4). This was consistent with the fact that Cu?t could
destroy the structure and peroxidase activity of Tg-HbI and Pro
could protect the structure and peroxidase activity from being
destroyed by Cu**.

DISCUSSION

In this study, Cu’" induced a non-competitive inhibition
for guaiacol and inhibited the peroxidase activity of Tg-HbI
in a dose-dependent manner. The enzyme activity gradually
decreased in a time-dependent manner with first-order reaction
kinetics, and inactivation of Tg-HbI accelerated with increase in
Cu?" concentration.

During protein unfolding, hydrophobic amino acids
embedded deep in the protein are gradually exposed, resulting
in the increase of hydrophobic surface of protein and the
enhancement of ANS fluorescence intensity. Try is usually used
as an intrinsic fluorescence probe to detect the conformation
change of protein due to its high quantum yield, relatively
sensitive to environmental changes and low content in protein
molecule. The exposure of Try to the aqueous solution will
result in decreased fluorescence intensity and red shift of
the maximum emission wavelength. There are two Trys
in one heme pocket of Tg-HbL. In this study, the intrinsic
fluorescence results showed that Cu?* increased the intrinsic
fluorescence intensity of Tg-HbI and caused blue shift of the
maximum emission wavelength. This indicated that Cu’*
didn’t unfold Tg-HbI, and even enhanced the hydrophobicity
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FIGURE 3 | The protection of Pro to the tertiary structure of Tg-Hbl. (A) UV absorption spectrum of Tg-Hbl in the presence of proline. The concentration of Pro from
top to bottom is 0, 10, 20, 40, 60, 80 mM. (B) Plot of maximum peak wavelength vs. [Pro]. The data were obtained from (A). (C) Intrinsic fluorescence changes of
Tg-Hbl in the presence of Pro. The concentration of Pro from bottom to top is 80, 0, 60, 10, 20, 40 mM. (D) Plot of maximum peak wavelength vs. [Pro].The data
were obtained from (C). (E) ANS-binding fluorescence changes of Tg-Hbl in the presence of proline. The concentration of Pro from bottom to top is 0, 10, 20, 40, 60,
80mM. (F) Plot of maximum fluorescence intensity vs. [Pro]. The data were obtained from (E). The final concentrations of Tg-Hbl and Cu®* were 300 wg/mL and
0.2mM, respectively.

around Try, which was further verified by the result that
Cu?t reduced the hydrophobic surface of Tg-HbL. UV
absorption spectroscopy showed that Cu?* changed the iron
porphyrin ring and the coordination of heme and histidine
of Tg-HbL

It has been reported that Cu?>* was located within 10A of the
heme iron of the § subunit in human hemoglobin, coordinating
with the imidazole nitrogen of proximal histidine in heme pocket
and forming a copper-imidazole-iron configuration (Antholine
et al., 1984, 1985). The heme pocket, containing heme, proximal
histidine and distal histidine, is the key structures needed for
peroxidase activity (Wang et al., 2017). The proximal histidine
formed coordination adducts with the heme iron atom, whereas
the corresponding distal coordination site above the plane of
the heme was vacant. The cavity can bind H,O;, the substrate
of peroxidase (Mika et al., 2008; Wang et al., 2017). Therefore,
we speculated that Cu®" changed the microenvironment of
the cavity and increased the hydrophobicity of Tg-HbI heme
pocket through forming a copper-imidazole-iron configuration.
This was not conducive to H,O, bonding with heme, and
thereby inhibited the peroxidase activity of Tg-HbI. This was
further verified by the result that the inactivation of peroxidase
activity was synchronized with the conformational change
of Tg-HbL

The protective effects of Pro on the structure and activity of
some proteins have been reported, but the exact mechanism is
unknown (Ignatova and Gierasch, 2006; Lii et al.,, 2009; Wang
etal., 2013). In this study, Tg-HbI retained its peroxidase activity
when Pro stabilized of heme pocket in prensence of Cu®T.
Pro maybe prevent Cu?* from forming a copper-imidazole-iron
configuration with Tg-HbI or maintain the microenvironment
of heme pocket even after forming a copper-imidazole-iron
configuration, however, the specific mechanism remains to be
further studied. The protective effect of glycine on the structure
and activity of Tg-HbI was similar to that of Pro (not shown).

Tg-HbI lost its antimicrobial activity when it lost its
peroxidase activity on account of damage to the active site
by Cu?*, whereas Tg-HbI retained its antimicrobial activity
when Pro was used to protect its peroxidase activity. So,
we speculated that Tg-HbI played an antibacterial role by
virtue of its peroxidase activity. In fact, it is widely reported
that some peroxidases have antimicrobial activity (Edwin and
Thomas, 1978; Borelli et al., 2003; Wojciechowski et al., 2005;
Almagro et al,, 2009). Myeloperoxidase plays an important
role in microbicidal action of phagocytes by oxidizing CI~ to
form HOCI (Klebanoff, 1999, 2005; Malle et al., 2007), and
lactoperoxidase is responsible for antimicrobial properties of
bovine milk (Boots and Floris, 2006; Bafort et al., 2015). The
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FIGURE 4 | The antibacterial activity of Tg-Hbl. (A) Tg-Hbl; (B) Tg-Hbl mixing
with Cu?*; (C) Tg-Hbl mixing with Cu?* and proline. The final concentrations
of Tg-Hbl, Cu?*, and proline were 1 mg/ml, 0.2 mM, and 80 Mm, respectively.

peroxidase in Arabidopsis is a major component of pattern-
triggered immunity (Daudia et al., 2012). Jiang et al. (2007) and
Du et al. (2010) have also proposed that human hemoglobin
can generate microbicidal free radicals by its peroxidase activity.
It is reasonable, therefore, to conclude that Tg-HbI plays
an antimicrobial role through its intrinsic peroxidase activity,
similar to some peroxidases.

In conclusion, Tg-HbI lost peroxidase activity and
antibacterial ability in presence of Cu?", because Cu?"
changed the iron porphyrin ring and microenvironment of
the heme pocket of Tg-HbL. Pro could stabilize the heme
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