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Hydroxyproline-containing collagen peptide derived from Alaska pollack
skin inhibits HIV-1 infection

In-Seung Jang

Department of Chemistry, The Graduate School,

Pukyong National University

Abstract

Human Immunodeficiency Virus (HIV) is a lentivirus that causes the acquired immunodeficiency
syndrome (AIDS). Anti-HIV therapy involving chemical drugs has improved the life quality of
HIV/AIDS patients. However, emergence of HIV drug resistance, side effects and the necessity for
long-term anti-HIV treatment are the main reasons for failure of anti-HIV therapy. Therefore, it is
essential to develop novel anti-HIV therapeutics from natural resources. We here show that a
hydroxyproline-containing marine collagen peptide (APHCP) inhibits HIV-1 infection to human T
cells MT4. APHCP has been derived from Alaska pollack skin and previously reported to have
potent antioxidant activity. The APHCP exhibited the inhibitory activity on HIV-1,s-induced lytic
effect (ECso, 0.403 mg/ml, 459 uM), syncytia formation, viral p24 antigen production, and reverse
transcriptase activity in MT4 cells. The anti-HIV activity was found to be specific against HIV-1
but not against HIVV-2. Additionally, substitution of hydroxyproline residues in peptide by prolines
resulted in decrease of its anti-HIV activity, suggesting that APHCP exhibits the anti-HIV-1 activity
by scavenging intracellular reactive oxygen species generated during HIV-1 infection. These results
suggest that marine peptide APHCP might be used as a drug candidate for the development of new

generation therapeutic agents.
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1. Introduction

The Human Immunodeficiency Virus (HIV) is a lentivirus that causes the Acquired
Immune Deficiency Syndrome (AIDS). HIV infects vital cells in the human immune
system such as T cells (specifically CD4* T cells), macrophages, and dendritic cells and
leads to low levels of CD4* T cells. When CD4* T cells decline below a critical level,
cell-mediated immunity is lost, and the body becomes progressively more susceptible
to life-threatening opportunistic infection. Without treatment, average survival time
after infection with HIV is estimated to be 9 to 11 years. AIDS occurs when a person

with HIV infection has a CD4* cell count below 200 cells per ul (Kent, 2001).

AIDS was firstly observed in 1981 in USA. After 2 years, Luc Montagnier group of
institute Pasteur in France and Robert Gallo group of national institutes of health in
USA independently discovered the presence of virus causing AIDS (Gallo et al., 1983;
Montagnier et al., 1983). According to the researchers who isolated virus, Montagnier
group named as LAV (Lymphadenopathy-associated virus), Gallo group named as
HTLV-I1I (human T-cell lymphotropic virus type I1), and Levy group called as ARV
(AIDS-related virus). However, all virus forms are similar to the lentivirus. It was
finally named with HIV in 1986 (Aldrich, 2001). In the same year, Montagnier group
also found new type of HIV in West Africa and named HIV-2 to distinguish it from
HIV-1. AIDS also occurs in people infected with HIV-2, although it takes a longer time

to develop AIDS and has low prevalence rate (Table 1).



Table 1. Classification of HIV

Species Virulence Infectivity | Prevalence Inferred origin
HIV-1 High High Global Common Chimpanzee
HIV-2 | Lowerthanl Low West Africa Sooty Mangabey

HIV is transmitted by three main routes, sexual contact, exposure to infected fluids or
tissues by syringe or something else, and vertical transmission from mother to child
(Luiza, 2015). After transmission, HIV infects the immune cells. HIV has the
glycoproteins called gp120 and gp41. The gp120 is attached to CD4 receptor and the
CXCR4 co-receptor of T cells or the CCR5 co-receptor of dendritic cells. Membrane
fusion between virus and host cells is occurred by the gp41. In host cells, a viral enzyme
called reverse transcriptase copies HIV RNA genome into double-stranded DNA.
These DNA inserts into host DNA by other viral enzyme, integrase (Korovina, 2014).
Once integrated into the host cell DNA, HIV begins to use the machinery of the host
cell to make RNA and proteins. Recombinant RNA and proteins move to the surface of
host cell. In the surface, RNA and proteins assemble for budding. After the HIV
protease cuts the long protein chains to form the immature virus, the immature virus
can infect other immune cell (Munir et al., 2013; Gilmore et al., 2013; Weiss et al.,

2011) (Fig. 1).



Figure 1. Major steps in the life cycle of HIV



After first discovery, the number of AIDS patients is increasing steadily, 35 million
people infected worldwide by 2013. In 2013, 2.1 million people newly infected with
HIV and 1.5 million people died due to AIDS. In Korea, first infected patient was
discovered at 1985 and 8,662 people infected by 2013(Kasedde et al., 2015). In
accordance with the increase in HIV patients, many researchers have studied
consistently to develop HIV medicine. In 1987, Zidovudine (trade name AZT) was first
approved from USA government as HIV medicine. After that, many medicines have
been developed. Plerixafor (trade name Mozobil) that synthesized by Fabbrizzi et al.
(1987) could have a potential use in the treatment of HIV because of its specific role in
the blocking of CXCR4. However, use of these medicines and development of this
indication have been terminated because of severe side effects such as lacking oral
availability and cardiac disturbances. In addition, as HIV multiplies, it easily mutates
and produces variations of itself. Variations of HIV that develop while a person is taking
HIV medicines lead to drug-resistant strains of HIV. HIV medicines that previously
controlled the person’s HIV were not effective against the new, drug-resistant HIV.
Therefore, in recent, to minimize the resistance and to delay the progression of HIV to
AIDS, multiple drugs that act on different viral target are usually used in combination.
Use of these drugs in combination is termed as ‘highly active antiretroviral therapy
(HAART)’ or ‘cocktail therapy’ (Ceccherini-Silberstein, 2011). Patients receiving
combination therapy have reported decreased viral loads, increased CD4 counts, and
increased T-cell counts. The anti-retroviral therapy has extended and enhanced the
guality of life of HIV-infected patients. However, HAART is far from perfect treatment
for HIV and access to such treatment remains a major concern in most parts of the
world, particularly in the developing countries. In the developing world, treatment for

opportunistic infection is almost unavailable, and low cost treatments was desperately
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necessary.

In this regard, natural bioactive compounds have been attracted the attention as great
sources for the development of new generation anti-HIV therapeutics which are more
effective with fewer side-effects and low cost. In particular, marine resources would be
the leading sources of anti-HIV natural products. Marine organisms produce very
different kinds of substances because they are living in a very unique, exigent, and
aggressive environment. Recently, a great deal of interest has been expressed regarding
marine-derived anti-HIV agents. Several studies have reported that marine peptide can
be used as anti-HIV agents in functional foods or nutraceuticals and pharmaceuticals
due to their therapeutic potential in the treatment or prevention of infectious diseases
(Lee and Mruyama, 1998; Plaza et al., 2007 and 2009; Zampella et al., 2008; Oku et
al., 2004; Andjelic et al., 2008, Ngo et al., 2012). The activity of marine-derived

peptides is based on the amino acid composition and sequence.

In light of the need for new anti-HIV marine peptides, we here examined anti-HIV
activity of peptides derived from several marine organisms (Table 2). In particular, we
focused on anti-HIV activity of marine peptides reported to have antioxidant activity.
HIV infection has been thought to lead to augmented oxidative stress which in turn
leads to faster development of HIV disease, although its molecular mechanism remains
unclear (Peterhans et al., 1988; Baeuerle and Baltimore, 1988; Jarstrand and Akerlund,
1994; Pace and Leaf, 1995; Sepulveda and Watson, 2002; Singh and Pai, 2015). HIV-
infected and AIDS patients have exhibited elevated serum levels of hydroperoxides and
malondialdehyde, which are the byproducts of lipid peroxidation (Meyer et al., 1994;
Favier et al., 1994; Revillard et al., 1992; Sonnerborg et al., 1988). Excessive

production of reactive oxygen species (ROS) was found in the neutrophiles of HIV-



infected patients, whose antioxidant defense systems undergo dramatic changes
(Jarstrand and Akerlund, 1994). Recent work has shown that HIV-1 is also able to
induce ROS production in astrocytes and microglia (Carrol-Anzinger et al., 2007,
Reddy et al., 2012). Therefore, oxidative stress might lead to evolution of HIV disease
through various routes such as devastation of immune function, enhancement of HIV
replication, and augmentation of apoptosis. Antioxidants may have a significant role in
the treatment of HIV/AIDS. The challenge with antioxidant marine peptides for the
prevention and treatment of HIV may provide a valuable clue for development of new

HIV drugs.



2. Material and methods

2.1. Materials and chemicals

Azidothymidine (AZT), zidovudine, and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) were purchased from Sigma Aldrich (St. Louis, US).
Marine peptides were synthesized based on the amino acid sequence previously
reported (Kim et al., 1984 and 2007; Medis et al., 2005; Qian et al., 2008; Ryu et al.,
2010; Ko et al., 2012) (Peptron, Daejeon, Republic of Korea). DMSO were obtained
from Amresco (Solon, USA). Specific antibodies for western blot were purchased from

R&D systems (NE Minneapolis, USA) and Santa Cruz Biotechnology (Dallas, USA).

2.2. Cell culture

MT-4 cell lines, HY/HIV-1y8 and HI/HIV-2rop cell lines were obtained through NIH
AIDS Reagent Program (Germantown, USA). MT-4 and H9/HIV-1,,s and H9/HIV-
2rop cell lines were grown in RPMI-1640 (Thermo Scientific, USA) supplemented
with 10% heat-activated FBS (Thermo Scientific, USA), 50 pg of streptomycin per ml
and 50 U of phenicillin per ml (PAA, USA) in 5% CO,-containing air at 37 °C. Cells

were cultured at 2 ~ 4 days intervals and maintained 5 x 10° ~ 1 x 10° cells/ml.

2.3. Virus

HIV-1s and HIV-2rop were obtained from supernatants of H9/HIV-1,s and
HO/HIV-2rop cell lines. The virus were stored at -80 °C until use. Virus titer was
determined by measuring the number of p24 antigen when HIV-1,z infected to MT-4

cells. Virus titer was expressed as TCIDso



2.4. Cell viability assay

The 50% cytotoxic concentration of AZT and APHCP were determined by MTT assay.
For the assay, MT-4 cells were seeded in a 96-well plate at 2 x 10* cells/well with
RPMI-1640 medium containing 10% FBS. After 24 h of incubation, the cells were
treated with AZT and APHCP of 0 mg/ml to 0.75 mg/ml concentration and incubated
for 24 h at 37 °C. 24 h later, every well was changed fresh RPMI-1640 medium with
10% FBS. After 84 h, 20 ul of MTT solution (Final concentration : 0.5 mg/ml) was
added to each well and the plate was incubated for 4 h at 37 °C. Lastly, 200 ul of DMSO
was added to dissolve the purple formazan. The amount of formazan was determined
by measuring the absorbance at 595 nm using microplate reader (Filter Max 5,
Molecular Devices). Cell viability was determined compared to that of untreated MT-

4 cells.

2.5. Inhibition of lytic effect of HIV-1

In order to determine the anti-HIV activity of APHCP on HIV infected MT-4 cells,
MTT assay was used. MT-4 cells were washed and resuspended with fresh RPMI-1640
medium, and seeded in duplicate to the wells of a 96-well plate with 2 x 10%cells/well.
After 24 h, stock virus of HIV-1,g and HIV-2rop Were added to the each well at 25
TCIDso with the dilutions of APHCP. The plate was incubated for 84 h at 37 °C with
5% CO,. Cell viability was determined by MTT assay as described previously (Artan,

2008).



2.6. p24 antigen assay

2 x 10 cells of MT-4 cells were seeded in plate. After 1 day, MT-4 cells were treated
with APHCP and infected with 25 TCIDs of HIV-1y8 and HIV-2rop. The plate was
incubated for 84 h. The supernatant in wells was harvested by centrifugation. In order
to determine the amount of HIV, Lenti-X p24 rapid titer kit was used according to the

protocol (Clone tech, USA).

2.7. Reverse Transcriptase activity assay
The activity of HIV-1 reverse transcriptase in the virus supernatant was determined by
using a reverse transcriptase assay kit (Roche, Germany) according to the protocol.
Briefly, reaction mixture containing poly(A) x oligo(dT)is was added to the virus
supernatant and incubate for 4 h at 37 °C. 200 pl of anti-DIG-POD and ABTS was
added stage by stage. The virus supernatant was incubated at room temperature until
color development is sufficient for detection. The absorbance of the virus supernatant

was measured by using micro plate reader at 405 nm.

2.8. Syncytia formation analysis

Inhibition effect of APHCH on syncytia formation was determined by microscope. 2
X 10* MT-4 cells were seeded in 96 well. After 24 h of incubation, MT-4 cells infected
with 10 pl of stock supernatant of HIV-1yg diluted at 25 TCIDso with/without APHCP.
The plate was incubated 3 days and the number of syncytia formation was counted

microscopically.



2.9. Western blot analysis
MT-4 cells were seeded at 2 x 10%cells/well in 80 pl of fresh medium and incubated for
1 day at 37 °C with 5% CO? MT-4 cells was infected HIV-1,;s stock supernatant
with/without APHCP. After 84 h incubated, MT-4 cells were pelleted at 1000 rpm for
5 min and separated from supernatant. MT-4 cell pellets were harvested and solubilized
in 2x SDS sample buffer containing 100 mM DTT, 100 mM Tris-HCI, 0.4% BPB, and
20% glycerol. Equal volume of virus lysate was loaded onto SDS-PAGE gel. Separated
proteins were transferred to PVDF membrane (Millipore Corp. USA). The membranes
were blocked for 1 h with 1% BSA in TBS-T (10 mM Tris-HCI, 150 mM NaCl [pH
7.5] containing 0.1% Tween-20), and incubated 1 h with primary antibodies against
p24 and Actin. The membranes were then washed with TBS-T and incubated for 30
min with the appropriate secondary antibody conjugated to alkaline phosphatase. The

respective protein bands were detected by BCIP/NBT Alkaline phosphatase reaction.
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3. Results

3.1. Anti-HIV-1 activity of peptides with antioxidant activity

Recent works have shown that HIV-1 induces reactive oxygen species (ROS)
production (Ardavin et al., 1997; Wang et al., 2011; Pyo et al., 2008). We here
examined the anti-HIV activity of several marine peptides that reported to have
antioxidant activity (Table 2). MT-4 cells were seeded to 96-well plate and treated with
peptides of 0.5 mg/ml concentration before infection with HIV-1,s. After incubation
for 84 h, the viability of MT-4 cells was measured by MTT assay. Figure 1 shows the
relative cell viability compared to those of peptide-untreated and HIV-1,s-treated
control cells. Among nine peptides, only P2 peptide was found to have anti-HIV
activity. P2 peptide is derived from protease E hydrolysate of Alaska pollack skin (Kim
et al., 1984). The amino acid sequences of P2 peptide is Gly-Pro-Hyp-Gly-Pro-Hyp-
Gly-Pro-Hyp-Gly and its chemical structure was shown in Fig. 2. P2 is named to

APHCP (Alaska Pollack skin Hydroxyproline containing Collagen Peptide).

11



Table 2. List of marine peptides with antioxidant activity

Peptide No. Amino acid sequence Source Reference
P1 LEDPFDKDDWDNWKS Hkb%%og?e”;f’;f Ryu et al., 2010
P2 GPHypGPHypGPHypG Alaska pollack Kimet al., 1984
P3 GSTVPERTHPACPDFN | eJ;nhe”r'i‘i‘?]oki Kim et al., 2007
P4 LEELEEELEGCE bullfrog Qian et al., 2008
P5 NGPLEAGQPGER Dosidicus gigas Mendis et al., 2005
P6 AHIII S. clava Koetal., 2012
P7 MLLCS S. plicata
P8 LNGDVW C. ellipsoidea Ko et al., 2012
P9 LLLGD S. plicata

12
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Figure 2. Anti-HIV-1 activity of marine peptides. Inhibitory lytic effect of
antioxidant peptides were measured by MTT assay. MT-4 cells were infected with
HIV-11s of 25 TCIDsp in the presence or absence of peptides. Inhibitory effect of

peptides against HIV-1yg infection were determined by MTT assay.
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Figure 3. Amino acid sequence (A) and chemical structure (B) of APHCP
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3.2. Non cytotoxicity of APHCP

The cell cytotoxicity of APHCP is first examined in human MT-4 T cells before
examing its potential anti-HIV activity. MT-4 cells were treated with APHCP of 0 ~
0.75 mg/ml concentration for 84 h. The viability of MT-4 cells was measured by MTT
assay. As shown in Fig. 3, APHCP did not affect the viability of MT-4 cells at

concentration below 0.75 mg/ml.
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Figure 4. Effect of APHCP on viability of MT-4 cells. MT-4 cells were treated with 0
~0.75 mg/ml APHCP for 84 h and the viability of MT-4 cells were measured by MTT

assay.
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3.3. Protective effect of APHCP on HIV-1-induced lytic effect

When infected virus budded from host cells, the cells were lysed and destroyed. This
phenomenon is lytic effect by HIV virus. The protective activity of APHCP on HIV-
Lius-induced lytic effect was examined by MTT assay. Since MTT selectively reacts
with live cells, if APHCP has inhibitory effect against HIV-1-induced cell lysis, MTT
value should be increased in cells treated with APHCP. Cell lysis by HIV-1g infection
was significantly decreased by treatment with APHCP (Fig. 4). ECso of APHCP against

anti-HIV-1yg infection was assessed by 0.403 mg/ml, 459 uM.
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Figure 5. Inhibitory lytic effect of APHCP. MT-4 cells were infected with HIV-1,,s at
25 TCIDsp with 0 ~ 0.75 mg/ml APHCP. After treatment, MT-4 cells were incubated

for 84 h. Inhibition lytic effect of APHCP was determined by MTT assay.
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3.4. Effect of APHCP on p24 antigen production

The HIV gag gene encodes p24, a lentiviral capsid protein. Since p24 is indispensable
for subsequent reproduction of HIV in HIV-1 infected cells, it is an essential element
for HIV infection. p24 is detected from early stage of HIV infection. Inhibitory effect
of APHCP on p24 production was detected with p24 antigen capture ELISA. p24 is
assessed in a sandwich ELISA format using the biotinylated anti-p24 secondary
antibody. p24 antigen production of more than 90% was suppressed in cells treated
with 0.5 mg/ml APHCP (Fig. 5). The relative value to those of peptide-untreated and
HIV-1,s-treated control was exhibited as a percent. ECso of APHCP was calculated by
0.356 mg/ml, 405 uM.

Inhibitory effect of APHCP on HIV-1s-induced p24 protein production was also
examined by western blot analysis with p24 primary antibody. p24 protein is produced
by HIV-1ys infection to MT-4 cells and the increased p24 is decreased by APHCP

treatment.

17
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Figure 6. Inhibitory effect of APHCP on HIV-1 p24 production. MT-4 cells were
infected with HIV-1y8 of 25 TCIDso. The amount of p24 antigen production was
determined by p24 antigen capture ELISA. Peptide-untreated MT-4 cells were used as

positive control.
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Figure 7. Inhibitory effect of APHCP on viral p24 protein production in HIV-1ys
infected MT-4 cells. (Up) Intracellular and secreted p24 proteins were analyzed by
western blot analysis. (Down) Areas and intensities of protein bands were measured by

densitometry and expressed as a percentage of p24 expression compared to protein

level of uninfected cells.
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3.5. Effect of APHCP on reverse transcriptase activity

Viral RNA is transmitted to DNA by the reverse transcriptase (RT) in infected host
cells. Anti-HIV activity of APHCP is also examined on RT activity. As shown in Fig.
8, APHCP effectively inhibited HIV-1jg-induced RT activation. The inhibitory
potential of APHCP was similar to the results found in p24 antigen capture ELISA
assay. The RT activity was completely suppressed by cells treatment with 0.5 mg/ml
APHCP. In concentration of 0.5 mg/ml APHCP, the RT activity by HIV-1yg infection
was completely inhibited to approximately 95% of untreated control. ECso was assessed

by 0.327 mg/ml, 0.374 uM.
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Figure 8. Inhibitory effect of APHCP on reverse transcriptase activity. The effect of
APHCP on HIV-1 reverse transcriptase activity inhibition was determined by

colorimetric RT activity assay. Uninfected MT-4 cells were used as positive control.
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3.6. Effect of APHCP on syncytia formation

Syncytia formation between virus infected cells and uninfected cells is another feature
representing HIV infection. Fused cell is destroyed within a few days. gp120 in virus-
infected cells is responsible for cell fusion to uninfected CD4" T cells. APHCP-treated
MT-4 cells are similar to that of uninfected control cells, whereas HIV-1;;g-infected
MT-4 cells fused with other cells and formed syncytia. This result indicates that

APHCP inhibits the HIV-1g-induced syncytia formation (Fig. 9).

21



Figure 9. Microscope images of MT-4 cells infected with HIV-1,u5. MT-4 cells were
infected with HIV-1,8 of 25 TCIDs in the presence or absence of APHCP (0.75 mg/ml)
for 24 h. After 24 h, all wells were changed with fresh medium, then furthermore
incubated for 3 days. Syncytia formation was detected using an inverted microscope
(200X). (A) Uninfected cell control, (B) HIV-1s-infected cells, (C) HIV-1ys virus,

and (D) HIV-1,g infected cells with APHCP.
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3.7. Amino acid substitution of APHCP

To examine essential residue responsible for anti-HIV activity of APHCP, we
synthesized APPCP peptide that hydroxyproline residues in the APHCP are
replaced by prolines because that hydroxyl group has been know to target free
radical reactive oxygen species (Jung, 2013; Dugas, 2000; Iglesias, 1999). Anti-
HIV activity of APPCP was examined by measuring HIV-1js-induced lytic
effect. As the result, APPCP did not show the anti-HIV activity against HIV-
Lue infection (Fig. 10), indicating that hydroxyl group of hydroxyproline is

essential for anti-HIV activity of APHCP.

23



100

80

60

40

Inhibition of Iytic effect (%)

0.031 0.063 0.125 0.250 0.500 0.750
Concentration of APHCP (mg/ml)

Figure 10. Inhibitory lytic effect of APPCP on HIV-1,g infected MT-4 cells. MT-4

cells that treated with APPCP(A) were incubated with HIV-1,,g. 84 h later, MTT was

added and incubated for 4 h additionally to form formazan. Cell viability was detected

by absorbance of dissolved formazan. Peptide-untreated and virus-uninfected MT-4

cells were used as control. (APHCP, @)
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3.8. Effect of APHCP on HIV-2rop infection

In addition, we examined whether the inhibitory effect of APHCP is specific against
HIV-1 infection, since AIDS is caused by HIV-1 as well as HIV-2. As shown in Fig. 11,
APHCP did not show inhibitory effect on lysis of HIV-2rop-infected MT-4 cells. This
result suggest that the anti-HIV activity of APHCP is specific against HIV-1 but not

against HIV-2.
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Figure 11. Effect of APHCP and APPCP on lysis of HIV-2rop- infected MT-4 cells.

MT-4 cells were infected with HIV-1s or HIVV-2rop in the presence or absence of
various concentration APHCP(4) or APPCP(A). Cell lytic effect was measured by

MTT assay.
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4. Discussion

Currently, there is no cure and no preventive vaccine for HIV/AIDS. A major anti-
HIV therapy employs the combinational use of at least three antiretroviral drugs to
maximally suppress the HIV virus and stop the progression of HIV disease. The
combinational antiretroviral therapy has dramatically improved treatment, but it has to
be taken for a lifetime, has major side effects and causes viral resistance. Therefore, the
identification of new classes of antiretroviral drugs with unique mechanisms of action

remains an important therapeutic objective.

In this study, we suggest the potential of antioxidant marine peptide APHCP for more
effective treatment and prevention of HIV. HIV infection has been believed to generate
oxidative stress through production of reactive oxygen species (ROS). In patients
infected with HIV-1, the levels of intracellular antioxidants such as GSH, cysteine,
vitamin C, and SOD are decreased (Malvy et al., 1994; Fuchs et al., 1995; Peterhans
1997). The decrease in antioxidant levels results in the inhibition of intracellular virus
replication (Sprietsma, 1997). Recent work has shown that HIV-1 can induces ROS
production in astrocytes and microglia (Carroll-Anzinger et al., 2007; Reddy et al.,
2012) and viral gp120 directly induces apoptosis in neurons (Ronaldson and Bendayan,
2008). The ROS-mediated blood-brain barrier damage in the HIV-1 infection has been
also found to cause a loss of cell thigh junction proteins and lipid per oxidation (Reddy
et al., 2012; Silverstein et al., 2011). Therefore, immune cells seem to require more
antioxidants to maintain their function and integrity. Antioxidants may have a

significant role in the treatment of HIVV/AIDS.

APHCP, a peptide derived from gelatin hydrolysates of Alaska pollack skin has been
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previously reported to have potent antioxidant activity on peroxidation of linoleic acid
(Kim et al., 1984). In this study, we show that APHCP has a potent anti-HIV-1 activity.
APHCP is not cytotoxic, even at exceedingly high concentration. Non cytotoxic
APHCP exhibited inhibitory activity against HIV-1,s-induced lytic effect, syncytia
formation, viral p24 antigen production, and reverse transcriptase activity in MT4 cells.
The anti-HIV activity of APHCP was found to be specific against HIV-1 but not against
HIV-2. To know whether the anti-HIV-1 activity of APHCP is contributed by its
antioxidant activity, we synthesized APPCP peptide that four hydroxyproline residues
in APHCP are substituted by prolines. The APPCP failed to decrease HIV-1 infection
to MT4 cells. Therefore, it is reasonable to suggest that a marine peptide, APHCP
exhibits anti-HIV-1 activity by scavenging intracellular ROS increased during HIV-1
infection. APHCP should be a potential therapeutic agent for treating impaired immune

system related to free radical oxidation.

However, additional study needs to address the critical role of APHCP on molecular
association between HIV-1 infection and ROS generation, because all antioxidant
agents seem not to exhibit anti-HIV activity as well as that APHCP does. In the present
study, we examined anti-HIV activity of nine peptides reported to have antioxidant
activity in vitro or in vivo and found that only APHCP exhibit anti-HIV activity.
Therefore, more decisive mechanism by which APHCP blocks HIV infection should
be addressed. APHCP is composed of ten amino acid residues of Gly-Pro-Hyp-Gly-
Pro-Hyp-Gly-Pro-Hyp-Gly. Several studies have reported that the repeat of tripeptide
(Gly-Pro-Hyp), is a main component of collagen degradation products and adopts
triple-helical structure. The hypdroxyproline residues in the peptide contributes to

stability and biological activity of collagen triple helix (Doig, 2008; Dai et al., 2008;
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Raman et al., 2008; Squeglia et al., 2014). On the other hand, HIV infection has been
known to cause collagen deposition (Estes, 2009; Diaz et al., 2011; Kusko et al., 2012).
HIV infection induces an imbalance between MMPs and endogenous tissue inhibitors
of MMPs (TIMPs), leading to remodeling of the extracellular matrix and HIV-
associated pathology (Mastroianni and Liuzzi, 2007). Louboutin et al. (2011) have
shown that HIV-1 gp120-induced ROS causes MMP upregulation. Additionally, the
collagen triple peptide is able to interfere with binding of proMMP?2 to fibril collagen
and promote the release and activation of collagen-sequestered
promatrixmetalloproteinase-2 (proMMP-2) which associated with the resolution of
liver fibrosis via fibrotic matrix-sequestered gelatinases (Ruehl et al., 2011; Freise et
al., 2012). Taken together, HIV infection-induced ROS generation promotes release
and activation of collagen-sequestered proMMP2, resulting in accelerated collagen
resolution, tissue damage, and collapse of immune system. On the other hand, the
hydroxyproline-containing triple collagen peptide such as APHCP seems to prevent
binding of proMMP2 to native collagen and release of proMMP2 bound to fibrillar
collagen, resulting in reduced MMP2 activation, collagen stabilization, and immune
cell homeostasis consistent with anti-HIV activation. Therefore, the functional role as
the collagen triple peptide as well as the antioxidant activity might be important for the
anti-HIV activity of APHCP in MT4 cells. Further studying the effect of APHCP on
MMP2 activation and collagen remodeling may provide a clear insight in the possible
mechanism that underline the anti-HIV activity of APHCP. The relevant findings
would provide a basis for further investigation into the use of a marine peptide, APHCP

as a potential therapeutic agent for HIV/AIDS treatment.

28



5. References

Aldrich, R. and G. Wotherspoon, Who's Who in Gay and Lesbian History: From

Antiquity to the Mid-Twentieth Century. 2001. p. 528.

Ardavin, C., F. Luthi, M. Andersson, L. Scarpellino, P. Martin, H. Diggelmann and H.
Acha-Orbea, Retrovirus-induced target cell activation in the early phases of infection:

the mouse mammary tumor virus model. J Virol, 1997. 71(10): p. 7295-7299.

Artan, M., Y. Li, F. Karadeniz, S. H. Lee, M. M. Kim and S. K. Kim, Anti-HIV-1
activity of phloroglucinol derivative, 6,6'-bieckol, from Ecklonia cava. Bioorg Med

Chem, 2008. 16(17): p. 7921-7926.

Baeuerle, P. A. and D. Baltimore, Activation of DNA-binding activity in an apparently
cytoplasmic precursor of the NF-kappa B transcription factor. Cell, 1988. 53(2): p. 211-

217.

Barre-Sinoussi, F., J. C. Chermann, F. Rey, M. T. Nugeyre, S. Chamaret, J. Gruest, C.
Dauguet, C. Axler-Blin, F. Vezinet-Brun, C. Rouzioux, W. Rozenbaum and L.
Montagnier, Isolation of a T-lymphotropic retrovirus from a patient at risk for acquired

immune deficiency syndrome (AIDS). Science, 1983. 220(4599): p. 868-871.

Bodiwala, H. S., S. Sabde, D. Mitra, K. K. Bhutani and I. P. Singh, Synthesis of 9-
substituted derivatives of berberine as anti-HIV agents. Eur J Med Chem, 2011. 46(4):

p. 1045-1049.

Carroll-Anzinger, D., A. Kumar, V. Adarichev, F. Kashanchi and L. Al-Harthi, Human
immunodeficiency virus-restricted replication in astrocytes and the ability of gamma

interferon to modulate this restriction are regulated by a downstream effector of the
29



Whnt signaling pathway. J Virol, 2007. 81(11): p. 5864-5871.

Ceccherini-Silberstein, F., F. Erba, F. Gago, A. Bertoli, F. Forbici, M. C. Bellocchi, C.
Gori, R. D'Arrigo, L. Marcon, C. Balotta, A. Antinori, A. D. Monforte and C. F. Perno,
Identification of the minimal conserved structure of HIV-1 protease in the presence and

absence of drug pressure. AIDS, 2004. 18(12): p. F11-19.

Ciampolini, M., L. Fabbrizzi, A. Perotti, A. Poggi, B. Seghi and Z. F., Dinickel and
dicopper complexes with N,N-linked bis(cyclam) ligands. An ideal system for the
investigation of electrostatic effects on the redox behavior of pairs of metal ions.

Inorganic chemistry, 1987. 26(21): p. 3527-3533.

Coudray, C., F. Boucher, S. Pucheu, J. de Leiris and A. Favier, Xanthine oxidase
activity and lipid peroxide content following different types of ischemia in the isolated

rat heart. Agents Actions, 1994. 41(3-4): p. 144-150.

Dai, N., V. Thanh, N. Dai, W. Isuru and S. K. Kim, Biological activities and potential
health benefits of bioactive peptides derived from marine organisms. International

Journal of Biological Macromolecules, 2012. 51(4): p. 378-383.

Dai, N., X. J. Wang and F. A. Etzkorn, The effect of a trans-locked Gly-Pro alkene

isostere on collagen triple helix stability. J Am Chem Soc, 2008. 130(16): p. 5396-5397.

Diaz, A., L. Alos, A. Leon, A. Mozos, M. Caballero, A. Martinez, M. Plana, T. Gallart,
C. Gil, M. Leal, J. M. Gatell, F. Garcia and H. I. V. i. Study Group of Lymphoid Tissue
immunopathogenesis in, Factors associated with collagen deposition in lymphoid tissue

in long-term treated HIV-infected patients. AIDS, 2010. 24(13): p. 2029-2039.

Doig, A. J., Statistical thermodynamics of the collagen triple-helix/coil transition. Free

energies for amino acid substitutions within the triple-helix. J Phys Chem B, 2008.
30



112(47): p. 15029-15033.

Dugas, A. J., Jr., J. Castaneda-Acosta, G. C. Bonin, K. L. Price, N. H. Fischer and G.
W. Winston, Evaluation of the total peroxyl radical-scavenging capacity of flavonoids:

structure-activity relationships. J Nat Prod, 2000. 63(3): p. 327-331.

Dutta, R. K., B. P. Nenavathu, M. K. Gangishetty and A. V. Reddy, Studies on
antibacterial activity of ZnO nanoparticles by ROS induced lipid peroxidation. Colloids

Surf B Biointerfaces, 2012. 94: p. 143-150.

Estes, J. D., A. T. Haase and T. W. Schacker, The role of collagen deposition in
depleting CD4+ T cells and limiting reconstitution in HIV-1 and SIV infections through
damage to the secondary lymphoid organ niche. Semin Immunol, 2008. 20(3): p. 181-

186.

Freise, C., M. Ruehl, U. Erben, R. W. Farndale, R. Somasundaram and M. M.
Heimesaat, The synthetic hydroxyproline-containing collagen analogue (Gly-Pro-
Hyp)10 promotes enzymatic activity of matrixmetalloproteinase-2 in vitro. Eur J

Microbiol Immunol (Bp), 2012. 2(3): p. 186-191.

Gallo, R. C., P. S. Sarin, E. P. Gelmann, M. Robert-Guroff, E. Richardson, V. S.
Kalyanaraman, D. Mann, G. D. Sidhu, R. E. Stahl, S. Zolla-Pazner, J. Leibowitch and
M. Popovic, Isolation of human T-cell leukemia virus in acquired immune deficiency

syndrome (AIDS). Science, 1983. 220(4599): p. 865-867.

Gilmore, J. B., A. D. Kelleher, D. A. Cooper and J. M. Murray, Explaining the
determinants of first phase HIV decay dynamics through the effects of stage-dependent

drug action. PLoS Comput Biol, 2013. 9(3): p. e1002971.

Iglesias, J., V. E. Abernethy, Z. Wang, W. Lieberthal, J. S. Koh and J. S. Levine,
31



Albumin is a major serum survival factor for renal tubular cells and macrophages

through scavenging of ROS. Am J Physiol, 1999. 277(5 Pt 2): p. F711-722.

Jarstrand, C. and B. Akerlund, Oxygen radical release by neutrophils of HIV-infected

patients. Chem Biol Interact, 1994. 91(2-3): p. 141-146.

Jochum, F., A. Fuchs, H. Menzel and |I. Lombeck, Selenium in German infants fed

breast milk or different formulas. Acta Paediatr, 1995. 84(8): p. 859-862.

Jung, H. A., M. J. Jung, J. Y. Kim, H. Y. Chung and J. S. Choi, Inhibitory activity of
flavonoids from Prunus davidiana and other flavonoids on total ROS and hydroxyl

radical generation. Arch Pharm Res, 2003. 26(10): p. 809-815.

Karadeniz, F., K. H. Kang, J. W. Park, S. J. Park and S. K. Kim, Anti-HIV-1 activity of
phlorotannin derivative 8,4™-dieckol from Korean brown alga Ecklonia cava. Biosci

Biotechnol Biochem, 2014. 78(7): p. 1151-1158.

Kasedde, S., B. G. Kapogiannis, C. McClure and C. Luo, Executive summary:
opportunities for action and impact to address HIV and AIDS in adolescents. J Acquir

Immune Defic Syndr, 2014. 66 Suppl 2: p. S139-143.

Kim, S. K., Y. T. Kim, H. G. Byun, K. S. Nam, D. S. Joo and F. Shahidi, Isolation and
characterization of antioxidative peptides from gelatin hydrolysate of Alaska pollack

skin. J Agric Food Chem, 2001. 49(4): p. 1984-1989.

Kim, S. Y., J. Y. Je and S. K. Kim, Purification and characterization of antioxidant
peptide from hoki (Johnius belengerii) frame protein by gastrointestinal digestion. J

Nutr Biochem, 2007. 18(1): p. 31-38.

Ko, S. C.,D. G.Kim, C. H. Han, Y. J. Lee, J. K. Lee, H. G. Byun, S. C. Lee, S. J. Park,

32



D. H. Lee and Y. J. Jeon, Nitric oxide-mediated vasorelaxation effects of anti-
angiotensin I-converting enzyme (ACE) peptide from Styela clava flesh tissue and its
anti-hypertensive effect in spontaneously hypertensive rats. Food Chem, 2012. 134(2):

p. 1141-1145.

Kukhanova, M. K., A. N. Korovina and S. N. Kochetkov, Human herpes simplex virus:
life cycle and development of inhibitors. Biochemistry (Mosc), 2014. 79(13): p. 1635-

1652.

Kusko, R. L., C. Banerjee, K. K. Long, A. Darcy, J. Otis, P. Sebastiani, S. Melov, M.
Tarnopolsky, S. Bhasin and M. Montano, Premature expression of a muscle fibrosis

axis in chronic HIV infection. Skelet Muscle, 2012. 2(1): p. 10.

Lee, T. G. and S. Maruyama, lIsolation of HIV-1 protease-inhibiting peptides from
thermolysin hydrolysate of oyster proteins. Biochem Biophys Res Commun, 1998.

253(3): p. 604-608.

Louboutin, J. P., B. A. Reyes, L. Agrawal, E. J. Van Bockstaele and D. S. Strayer, HIV-
1 gp120 upregulates matrix metalloproteinases and their inhibitors in a rat model of

HIV encephalopathy. Eur J Neurosci, 2011. 34(12): p. 2015-2023.

Malvy, D. J.,, M. J. Richard, J. Arnaud, A. Favier and O. Amedee-Manesme,
Relationship of plasma malondialdehyde, vitamin E and antioxidant micronutrients to
human immunodeficiency virus-1 seropositivity. Clin Chim Acta, 1994. 224(1): p. 89-

94.

Mastroianni, C. M. and G. M. Liuzzi, Matrix metalloproteinase dysregulation in HIV
infection: implications for therapeutic strategies. Trends Mol Med, 2007. 13(11): p.
449-459.

33



Munir, S., S. Thierry, F. Subra, E. Deprez and O. Delelis, Quantitative analysis of the
time-course of viral DNA forms during the HIV-1 life cycle. Retrovirology, 2013. 10:

p. 87.

Oku, N., K. R. Gustafson, L. K. Cartner, J. A. Wilson, N. Shigematsu, S. Hess, L. K.
Pannell, M. R. Boyd and J. B. McMahon, Neamphamide A, a new HIV-inhibitory
depsipeptide from the Papua New Guinea marine sponge Neamphius huxleyi. J Nat

Prod, 2004. 67(8): p. 1407-1411.

Pace, G. W. and C. D. Leaf, The role of oxidative stress in HIV disease. Free Radic

Biol Med, 1995. 19(4): p. 523-528.

Peterhans, E., Oxidants and antioxidants in viral diseases: disease mechanisms and

metabolic regulation. J Nutr, 1997. 127(5 Suppl): p. 962S-965S.

Peterhans, E., Reactive oxygen species and nitric oxide in viral diseases. Biol Trace

Elem Res, 1997. 56(1): p. 107-116.

Peterhans, E., R. Zanoni, T. Krieg and T. Balcer, [Lentiviruses in sheep and goats: a

review of the literature]. Schweiz Arch Tierheilkd, 1988. 130(12): p. 681-700.

Plaza, A., G. Bifulco, J. L. Keffer, J. R. Lloyd, H. L. Baker and C. A. Bewley,
Celebesides A-C and theopapuamides B-D, depsipeptides from an Indonesian sponge

that inhibit HIV-1 entry. J Org Chem, 2009. 74(2): p. 504-512.

Plaza, A., E. Gustchina, H. L. Baker, M. Kelly and C. A. Bewley, Mirabamides A-D,
depsipeptides from the sponge Siliquariaspongia mirabilis that inhibit HIV-1 fusion. J

Nat Prod, 2007. 70(11): p. 1753-1760.

Pyo, C. W,, Y. L. Yang, N. K. Yoo and S. Y. Choi, Reactive oxygen species activate

34



HIV long terminal repeat via post-translational control of NF-kappaB. Biochem

Biophys Res Commun, 2008. 376(1): p. 180-185.

Qian, Z. J., W. K. Jung and S. K. Kim, Free radical scavenging activity of a novel
antioxidative peptide purified from hydrolysate of bullfrog skin, Rana catesbeiana

Shaw. Bioresour Technol, 2008. 99(6): p. 1690-1698.

Rajapakse, N., E. Mendis, H. G. Byun and S. K. Kim, Purification and in vitro
antioxidative effects of giant squid muscle peptides on free radical-mediated oxidative

systems. J Nutr Biochem, 2005. 16(9): p. 562-5609.

Raman, S. S., R. Vijayaraj, R. Parthasarathi and V. Subramanian, Helix forming
tendency of valine substituted poly-alanine: a molecular dynamics investigation. J Phys

Chem B, 2008. 112(30): p. 9100-9104.

Reddy, P. V., S. Pilakka-Kanthikeel, S. K. Saxena, Z. Saiyed and M. P. Nair, Interactive
Effects of Morphine on HIV Infection: Role in HIV-Associated Neurocognitive

Disorder. AIDS Res Treat, 2012. 2012: p. 953678.

Revillard, J. P., C. M. Vincent, A. E. Favier, M. J. Richard, M. Zittoun and M. D.
Kazatchkine, Lipid peroxidation in human immunodeficiency virus infection. J Acquir

Immune Defic Syndr, 1992. 5(6): p. 637-638.

Ronaldson, P. T. and R. Bendayan, HIV-1 viral envelope glycoprotein gp120 produces
oxidative stress and regulates the functional expression of multidrug resistance protein-

1 (Mrpl) in glial cells. J Neurochem, 2008. 106(3): p. 1298-1313.

Ruehl, M., M. Muche, C. Freise, U. Erben, U. Neumann, D. Schuppan, Y. Popov, W.
Dieterich, M. Zeitz, R. W. Farndale and R. Somasundaram, Hydroxyproline-containing

collagen analogs trigger the release and activation of collagen-sequestered proMMP-2
35



by competition with prodomain-derived peptide P33-42. Fibrogenesis Tissue Repair,

2011. 4(2): p. 1.

Ryu, B., Z.J. Qian and S. K. Kim, Purification of a peptide from seahorse, that inhibits
TPA-induced MMP, iNOS and COX-2 expression through MAPK and NF-kappaB
activation, and induces human osteoblastic and chondrocytic differentiation. Chem Biol

Interact, 2010. 184(3): p. 413-422.

Sepkowitz, K. A., AIDS--the first 20 years. N Engl J Med, 2001. 344(23): p. 1764-1772.

Sepulveda, R. T., J. Zhang and R. R. Watson, Selenium supplementation decreases
coxsackievirus heart disease during murine AIDS. Cardiovasc Toxicol, 2002. 2(1): p.

53-61.

Setlik, R. F.,, D. J. Meyer, M. Shibata, R. Roskwitalski, R. L. Ornstein and R. Rein, A
full-coordinate model of the polymerase domain of HIV-1 reverse transcriptase and its

interaction with a nucleic acid substrate. J Biomol Struct Dyn, 1994. 12(1): p. 037-060.

Silverstein, P. S., A. Shah, R. Gupte, X. Liu, R. W. Piepho, S. Kumar and A. Kumar,
Methamphetamine toxicity and its implications during HIV-1 infection. J Neurovirol,

2011. 17(5): p. 401-415.

Singh, G. and R. S. Pai, Dawn of antioxidants and immune modulators to stop HIV-
progression and boost the immune system in HIV/AIDS patients: An updated

comprehensive and critical review. Pharmacol Rep, 2015. 67(3): p. 600-605.

Sonnerborg, A., G. Carlin, B. Akerlund and C. Jarstrand, Increased production of
malondialdehyde in patients with HIV infection. Scand J Infect Dis, 1988. 20(3): p.

287-290.

36



Sprietsma, J. E., Zinc-controlled Th1/Th2 switch significantly determines development

of diseases. Med Hypotheses, 1997. 49(1): p. 1-14.

Squeglia, F., B. Bachert, A. De Simone, S. Lukomski and R. Berisio, The crystal
structure of the streptococcal collagen-like protein 2 globular domain from invasive
M3-type group A Streptococcus shows significant similarity to immunomodulatory

HIV protein gp41. J Biol Chem, 2014. 289(8): p. 5122-5133.

Wang, J., E. L. Reuschel, J. M. Shackelford, L. Jeang, D. K. Shivers, J. A. Diehl, X. F.
Yu and T. H. Finkel, HIV-1 Vif promotes the G(1)- to S-phase cell-cycle transition.

Blood, 2011. 117(4): p. 1260-1269.

Weiss, E. R. and H. Gottlinger, The role of cellular factors in promoting HIV budding.

J Mol Biol, 2011. 410(4): p. 525-533.

Zampella, A., V. Sepe, P. Luciano, F. Bellotta, M. C. Monti, M. V. D'Auria, T. Jepsen,
S. Petek, M. T. Adeline, O. Laprevote, A. M. Aubertin, C. Debitus, C. Poupat and A.
Ahond, Homophymine A, an anti-HIV cyclodepsipeptide from the sponge

Homophymia sp. J Org Chem, 2008. 73(14): p. 5319-5327.

Zupin, L., V. Polesello, A. V. Coelho, M. Boniotto, L. C. Arraes, L. Segat and S.
Crovella, Lactotransferrin gene functional polymorphisms do not influence
susceptibility to human immunodeficiency virus-1 mother-to-child transmission in

different ethnic groups. Mem Inst Oswaldo Cruz, 2015. 110(2): p. 222-229.

37



Acknowledge

2A43) v A

k-3
=

Agolgd Ma A

A AQANA helA F A 2

T
T

95U 29 671 49o)e)

Ay 2232 A 47

3}st3tel] A

g A 2y

a4

b

<
ALY

ob7]A 3L sl

alk3&
2

J

32 Y.

T
H

o

A wjuic} QoA o]

3]

T
T

A Eflol EAE FAIL AT FA

Kiliagho

ulo
=22

b

s

TR

Az

o]
oS

]

o

S P
3 5

o) o
H=

A FAN olgA A A4 2

Y. A7) s A

Klo

Yo, 223 297 o] dEde

374 ol ol 7

of EeE 4

2

oA 7 =hud,

=
=

S5 3

A

£ ggAw 2ol EsA Hol mu Fojstn) GOzl QA

ojy

38



	1. Introduction
	2. Materials and Methods
	2.1 Materials and chemicals
	2.2 Cell culture
	2.3 Virus
	2.4 Cell viability assay
	2.5 Inhibition of lytic effect of HIV-1
	2.6 p24 antigen assay
	2.7 Reverse transcriptase activity assay
	2.8 Syncytia formation analysis
	2.9 Western blot analysis

	3. Results
	3.1 Anti-HIV-1 activity of peptides with antioxidant activity
	3.2 Non cytotoxicity of APHCP
	3.3 Protective effect of APHCP on HIV-1-induced lytic effect
	3.4 Effect of APHCP on p24 antigen production
	3.5 Effect of APHCP on reverse transcriptase activity
	3.6 Effect of APHCP on syncytia formation
	3.7 Amino acid substitution of APHCP
	3.8 Effect of APHCP on HIV-2RODinfection

	4. Discussion
	5. References


<startpage>12
1. Introduction 1
2. Materials and Methods 7
 2.1 Materials and chemicals 7
 2.2 Cell culture 7
 2.3 Virus 7
 2.4 Cell viability assay 8
 2.5 Inhibition of lytic effect of HIV-1 8
 2.6 p24 antigen assay 9
 2.7 Reverse transcriptase activity assay 9
 2.8 Syncytia formation analysis 9
 2.9 Western blot analysis 10
3. Results 11
 3.1 Anti-HIV-1 activity of peptides with antioxidant activity 11
 3.2 Non cytotoxicity of APHCP 15
 3.3 Protective effect of APHCP on HIV-1-induced lytic effect 16
 3.4 Effect of APHCP on p24 antigen production 17
 3.5 Effect of APHCP on reverse transcriptase activity 20
 3.6 Effect of APHCP on syncytia formation 21
 3.7 Amino acid substitution of APHCP 23
 3.8 Effect of APHCP on HIV-2RODinfection 25
4. Discussion 26
5. References 29
</body>

