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Osmolytes are natural compounds found in the cells of many organisms that stabilize intracellular pro-
teins against environmental stresses. Protecting osmolytes can promote protein folding, whereas dena-
turing osmolytes have the opposite effect. A variety of osmolytes were tested for their antiviral
activity against porcine parvovirus (PPV). PPV is a non-enveloped, icosahedral, single-strand DNA virus.
We have discovered two protecting osmolytes, trimethylamine N-oxide (TMAO) and glycine that reduce
the infectivity of PPV by four logs (99.99%). We hypothesize that both osmolytes stabilize viral capsid
proteins and prevent them from assembling into viable virus particles. The advantage of the antiviral
compounds found is that they can be applied post-infection, which increases their potential to serve
as a therapeutic drug.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction teins against environmental stress, such as extreme temperature
Many diseases are caused by pathogenic virus infection. In re-
cent decades, scientists have defined the structure and function
of many different viruses. This has aided in the creation of specific
antiviral compounds. Compounds that inactivate certain viruses
have changed the treatment of many diseases, including respira-
tory syncytial virus (RSV) (Glatthaar-Saalmüller et al., 2011) and
herpes simplex virus type-1 (HSV-1) and type-2 (HSV-2) (Hayashi
et al., 2012). The AIDS epidemic has been treated with HIV protease
inhibitors that now allow people to live decades with the virus
(Antonelli and Turriziani, 2012). However, there is still a need for
the continued discovery of antiviral compounds.

Many researchers are now studying natural products as a
source of antiviral compounds, since viruses are starting to become
resistant to current drugs (Kitazato et al., 2007). In an effort to find
natural compounds that have antiviral activity, we screened the
antiviral activity of a panel of osmolytes and a salt against the
non-enveloped virus porcine parvovirus (PPV). Osmolytes are
small organic compounds that are found in the cells of many
organisms and they have the ability of stabilize intracellular pro-
or high osmotic pressure (Bolen, 2004). A balance between protect-
ing and denaturing osmolytes assist in the delicate equilibrium
needed for protein stabilization (Dong et al., 2009). Protecting
osmolytes fold proteins by structuring water around themselves
and changing the interaction between the water and the protein
backbone. Denaturing osmolytes bind directly to the protein back-
bone, causing the protein to unfold (Street et al., 2006).

Parvoviruses, from the family Parvoviridae, are small, non-
enveloped, icosahedral, single-stranded DNA viruses that infect
vertebrates and arthropods (Halder et al., 2012). PPV infects the
intestines of pigs and is the most frequent cause of swine repro-
ductive failure (Boisvert et al., 2010). This virus is often used as a
model for the human B19 parvovirus. Although different natural
compounds have been studied in recent decades, osmolytes have
not been previously shown to have antiviral activity. This study de-
scribes the reduction of PPV infectivity in the presence of the pro-
tecting osmolytes TMAO and glycine.
2. Materials and methods

2.1. Materials

The osmolytes trimethylamine N-oxide (TMAO) dihydrate, gly-
cine, betaine, D-alanine, D-arginine, sucrose, trehalose dihydrate,
urea, and the salt ammonium sulfate were purchased from
Sigma–Aldrich (St. Louis, MO) at a minimum purity of P98.0%.
Poly-L-lysine, 40,6-diamidino-2-phenylindole dihydrochloride
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(DAPI), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT), agarose type I, low EEO, neutral red solution
(0.33%), and sodium dodecyl sulfate (SDS) were purchased from
Sigma–Aldrich (St. Louis, MO). Phosphate-buffered saline (PBS,
pH 7.2) and 0.25% trypsin/EDTA for cell propagation were pur-
chased from Life Technologies (Grand Island, NY). 12.1 M hydro-
chloric acid (HCl) and 3.7% formaldehyde in water were
purchased from VWR (Radnor, PA). The monoclonal mouse anti-
PPV antibody was purchased from VMRD (Cat no. 3C9D11H11,
Pullman, WA) and the polyclonal Alexa fluor 546-conjugated rabbit
anti-mouse antibody was purchased from Life Technologies (Cat
no. A11060, Grand Island, NY). All solutions were made with Nano-
Pure water (Thermo Scientific, Waltham, MA, resistance >18 MX)
and filtered with either a 0.2 lm syringe filter (Nalgene, Rochester,
NY) or a Millipore 0.2 lm bottle top filter (Billerica, MA) prior to
use.

2.2. Cell propagation

Porcine kidney (PK-13) cells were a gift from Dr. Ruben Carbo-
nell at North Carolina State University and were propagated as de-
scribed previously (Heldt et al., 2006). Briefly, the cells were grown
in minimum essential medium (MEM) (Life Technologies, Grand Is-
land, NY), supplemented with 10% fetal bovine serum (FBS) (Atlan-
ta Biologicals, Oakwood, GA) and 1% penicillin/streptomycin (Life
Technologies, Grand Island, NY).

2.3. Virus production and titration

PPV strain NADL-2 was a gift from Dr. Ruben Carbonell at North
Carolina State University and were propagated in PK-13 cells, as
described previously (Heldt et al., 2006). Briefly, cells were infected
with 103 MTT50 of PPV, and 1.5 h later, 9 ml of supplemented
media were added. After 4–6 days, the flasks were placed at
�20 �C. The flasks were thawed, and the monolayer was scraped.
The scraped cells and media were centrifuged at 5000 rpm in a
Sorvall ST16R Centrifuge (Thermo Scientific, Pittsburgh, PA) at
4 �C for 15 min to remove the cell debris. The supernatant was
stored at �80 �C.

PPV was titrated with a colorimetric cell viability assay, the MTT
Assay (Heldt et al., 2006). The reduction of the MTT tetrazolium salt
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
inside the mitochondria of metabolically active cells produces for-
mazan crystals (Mosmann, 1983). Upon dissolving the crystals, the
cell viability can be quantified by measuring the absorbance of the
solution at 550 nm. This has been shown to be linearly comparable
to a TCID50 for PPV on PK-13 cells (Heldt et al., 2006). Cells were
seeded in 96-well plates, as described earlier (Heldt et al., 2006).
The cells were infected with PPV in quadruplicate and 5-fold serial
dilutions were made across the plate. After five days, 10 ll/well of
5 mg/ml of MTT in PBS was added. Four hours later, 100 ll/well of
solubilizing agent (0.01 M HCl and 10% SDS) were added. Plates were
read on a Synergy Mx microplate reader (BioTek, Winooski, VT) at
550 nm between 18–24 h after addition of the solubilizing agent.
The 50% infectious dose (MTT50) value was determined to be the
virus dilution that yielded 50% of the uninfected cell absorbance.
The value was converted to a per milliliter basis and stated as the
MTT50/ml titer (Heldt et al., 2006).

2.4. Cytotoxicity assay

Antiviral activity was determined in a similar way to the virus
titration described in Section 2.3. After virus was added to the cells,
25 ll of osmolyte or salt at various concentrations were added to
the infected cells.
To determine the effect of osmolyte concentration on antiviral
activity, 25 ll of either TMAO or glycine with a final concentration
ranging from 0.00 to 0.30 M was added to the infected cells. To
determine the effect of the time between infection and osmolyte
addition on antiviral activity, 0.20 M of either TMAO or glycine
was added at various times post-infection. MTT reagent addition
was performed after five days, as described in Section 2.3. Calcula-
tion of the log reduction is shown in Eq. (1).

log reduction ¼ �log
virus titer with osmolyte

virus titer of control

� �
ð1Þ
2.5. Osmolyte toxicity

Cell viability was assessed with an MTT assay and was used to
determine the toxicity of TMAO and glycine to PK-13 cells. Cells
were seeded as described in Section 2.3 in 100 ll of media. Osmo-
lytes diluted to a final concentration ranging from 0.00 to 0.60 M in
NanoPure water were added to the cells after 24 h at a volume of
25 ll. MTT reagent addition was conducted after five days, as de-
scribed in Section 2.3. Calculation of the % survival of cells is shown
in Eq. (2).

% survival ¼ absorbance with osmolyte
absorbance of control

� �
� 100 ð2Þ
2.6. Plaque reduction assay

Plaque assays were performed as described previously (Heldt
et al., 2006). Briefly, PK-13 cells were seeded into 25 cm2 tissue
culture flasks with a final concentration of 4 � 105 cells per flask
and incubated at 37 �C and 5% CO2 until 70% confluent. Ten-fold se-
rial dilutions of 108 MTT50/ml were made in either PBS with 3% FBS
or PBS with 3% FBS containing 0.20 M TMAO or 0.20 M glycine.
Cells were infected with 200 ll of different sample dilutions. After
1 h of incubation, virus inoculum was removed and infected cells
were overlaid with 1:1 of 2% agarose in Nanopure water and 2�
supplemented media. Overlay media for osmolytes samples also
contained 0.20 M glycine or 0.20 M TMAO. Flasks were stained
with 2 ml of 4% neutral red at 3.3 g/L in the overlay media after
4 days of incubation. Plaques were counted 4–8 h after staining.

2.7. Yield reduction assay

Intracellular and extracellular viable virus particles were mea-
sured. PK-13 cells were seeded in 6-well plates at the same cell
density as the MTT Assay described in Section 2.3. Cells were in-
fected with 2 � 103 MTT50 of PPV. After 1 h, the virus inoculum
was removed and media added. Osmolytes were added either at
this time (Treatment 1) or 5 min prior to sample collection (Treat-
ment 2). Virus supernatant was removed at various times to mea-
sure extracellular viable virus particles. To assay intracellular
viable virus particles, cells were detached by the addition of tryp-
sin/EDTA and equal volume of media was added to deactivate the
trypsin. All samples were frozen at �20 �C for 24 h, thawed at room
temperature, and centrifuged at 5000 rpm in a Sorvall ST16R Cen-
trifuge (Thermo Scientific, Pittsburgh, PA) for 15 min at 4 �C. The
supernatants were removed and titrated as described in
Section 2.3.

2.8. Immunohistochemical detection of virus capsid protein production

Intracellular virus capsid protein production was assessed
through immunohistochemistry of PPV-infected cells with and
without osmolytes. Glass slides (25 � 75 mm) from VWR (Radnor,



Fig. 1. Antiviral activity of a panel of osmolytes and a salt. 7 log10(MTT50/ml) of PPV was used to infect cells in media with different osmolyte concentrations for five days. This
was followed by the evaluation of virus cytotoxicity with the MTT assay. The stars represent the osmolytes with the greatest antiviral activity. The maximum detection limit
of the assay was 9.6 log10(MTT50/ml). All data points are the average of three separate experiments and the error bars represent the standard deviation.
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PA) were soaked in 2 M HCl for 1 h to etch and remove any grease.
Then, 200 ll of poly-L-lysine was added on the area of cell growth.
After five minutes, the slides were washed with water and dried for
2 h under UV light. Cells were seeded on the slides at a density of
5 � 104 cells/slide with a total volume of 50 ll/slide. Cells were
incubated for 6 min at 37 �C, and 5% CO2. Ten ml of fresh media
was added to the petri dish that contained the slides. After 48 h
of incubation, the media was removed and cells were washed with
PBS. Each slide was infected with 50 ll/slide of either PPV
(108 MTT50/ml), PPV containing 0.20 M TMAO or glycine
(108 MTT50/ml), PBS, or media containing 0.20 M TMAO or glycine.
After 30 min, the cells were washed twice with PBS to remove any
unattached PPV, and 10 ml of fresh media with or without osmo-
lytes were added. The cells were placed at 37 �C, 100% humidity,
and 5% CO2 for different times. The media was removed and the
cells were washed once with PBS. The infected cells were fixed
with 200 ll of 3.7% formaldehyde for 20 min at room temperature,
and then washed twice with PBS. The cells were blocked with
200 ll of 0.3% low-fat milk in PBS. After 1 h, 50 ll of 1:100 v/v
anti-PPV antibody were added and incubated for 1 h at 37 �C fol-
lowed by two PBS washes. Then, 50 ll of Alexa fluor 546-conju-
gated rabbit anti-mouse IgG (1:500 v/v) were added and
incubated for 1 h at 37 �C followed by two PBS washes. Slides were
washed again with PBS. To fix the antibodies, 200 ll of 3.7% form-
aldehyde were added for 20 min at room temperature, and then
the cells were washed twice with PBS. Finally, 50 ll of 150 lM
Fig. 2. Osmolyte toxicity and reduction of virus cytotoxicity with different concentration
PPV in the presence of glycine and TMAO, and (B) log reduction of PPV infectivity in the p
exposed to osmolytes for five days, followed by evaluation of cytotoxicity with the MT
equation 2. All data points are the average of three separate experiments and the error
DAPI were added for 5 min at room temperature and washed with
PBS. Images of the cells were taken with an Olympus IX51 micro-
scope with a DP72 camera (Olympus, Center Valley, PA). Fluores-
cence per cell was analyzed with ImageJ (NIH). Image study was
conducted on 2–3 slides with 10 images per slide. Additional de-
tails about the ImageJ analysis can be found in the Supplementary
Information.
3. Results

3.1. Virus cytotoxicity in the presence of osmolytes and a salt

Antiviral activity of a group of osmolytes and a salt was
screened. These compounds were the protecting osmolytes TMAO,
betaine, sucrose, glycine, alanine and trehalose, the denaturing
osmolyte urea, and the salt ammonium sulfate. Two to three differ-
ent concentrations of each osmolyte and salt were tested for their
ability to reduce the infectivity of PPV (Fig. 1). Cell viability was
measured with the MTT assay. Reduction of cell viability can be
caused by either the compound toxicity or the virus cytotoxicity.
The MTT assay has been compared to a TCID50 (i.e. visual inspec-
tion of cell death) for PPV cytotoxicity on PK-13 cells, and shown
to be linearly correlated (Heldt et al., 2006).

A value of 9.6 log10(MTT50/ml) indicates that none of the cells
were viable. At all osmolyte concentrations tested, sucrose, alanine
s of TMAO and glycine. (A) Osmolyte toxicity on PK-13 cells, a susceptible host for
resence of various concentrations of glycine and TMAO. Cells and infected cells were
T assay. The log reduction is defined in equation 1 and the % survival is defined in
bars represent the standard deviation.



Fig. 3. Reduction of virus cytotoxicity in the presence of osmolytes added post-
virus infection. 0.20 M glycine and 0.20 M TMAO were added at different times
post-virus infection and after five days, followed by evaluation of virus cytotoxicity
with the MTT assay. The log reduction is defined in equation 1. All data points are
the average of three separate experiments and the error bars represent the standard
deviation.

Table 1
PPV plaque assay.

Sample Titer (pfu/ml)

PPV 5.5 � 107 ± 1.1 � 107

0.20 M glycine + PPV NDa

0.20 M TMAO + PPV NDa

a Not detected.
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and ammonium sulfate were found to be toxic to the cells, and
therefore no viable cells were detected (Fig. 1). All other com-
pounds tested, except for trehalose, demonstrated compound tox-
icity at the highest concentrations tested. TMAO, betaine, urea, and
glycine were all toxic at 0.60 M. They demonstrated antiviral acti-
vitiy at 0.20 M and then returned to near PPV control values at
0.06 M. For most compounds, this return to PPV control values is
due to the compound being present at too low of a concentration
to have antiviral activity. In the case of betaine and trehalose, the
lowest concentration of osmolyte increased the virus titer above
the control. It is possible that at low concentrations, the com-
pounds increased and enhanced the virus’ ability to infect the cells.
This has been seen for other compounds (Tao et al., 2008).

TMAO and glycine at a concentration of 0.20 M showed a four
log reduction, which is equal to 99.99% of infectious virus reduc-
tion. These two osmolytes had the greatest antiviral activity and
were the focus of all subsequent work.
Fig. 4. Impact of osmolytes on infectious virus yield. (A) Extracellular, and (B) intracellula
or 5 min before sample collection (Treatment 2). The yield of infectious virus particles wa
1.6 log10(MTT50/ml). All data points are the average of three separate tests and the err
statistical significance between PPV infected cells containing osmolytes for Treatment 1
3.2. Osmolyte toxicity

Osmolyte toxicity was measured in PK-13 cells. As Fig. 2A
shows, the cells had a high rate of survival at low doses of
osmolytes. Increasing the osmolyte concentration resulted in a
decrease in cell survival, likely due to hypotonic lysis of the cells.
TMAO exhibited a sigmoidal dose response with a calculated 50%
inhibitory concentration (IC50) of 0.37 ± 0.01 M. Glycine did
not display a clear sigmoidal curve, but an IC50 value of
0.42 ± 0.02 M was calculated.
3.3. Reduction of virus cytotoxicity with TMAO and glycine

The antiviral activities of various concentrations of TMAO and
glycine were studied. Glycine and TMAO showed the highest log
reduction, four logs (99.99%), at 0.20 M (22.29 mg/mL of glycine
and 15.01 mg/mL of TMAO) (Fig. 2B). The MTT Assay measures
cell viability and this can be caused by compound toxicity or
virus infectivity. At high or low osmolyte concentration, cell via-
bility was reduced probably due to compound toxicity or virus
infectivity.

Many antiviral compounds work by interrupting virus entry.
However, some antiviral compounds work by interrupting repli-
cation. To determine if disruption of virus entry was the antiviral
mechanism of the osmolytes, the time between virus infection
and osmolyte addition was varied. When 0.20 M of TMAO or gly-
cine was added at the initial stages of virus infection, a four log
reduction in PPV infectivity was observed for both osmolytes
(Fig. 3). As the time between virus infection and osmolyte addi-
tion increased, the reduction in infectivity slowly decreased over
time and approached one log reduction (90%) at 20 h (Fig. 3).
Osmolytes are not likely disrupting virus entry because they
were still effective when added 20 h post-virus infection. Treat-
ment of the virus with osmolytes prior to infection did not re-
duce virus infectivity, shown in Fig. S1. This demonstrates that
the osmolytes are likely not disrupting virus attachment or
entry.
3.4. Plaque reduction assay

A plaque reduction assay was performed in order to corroborate
data from the cytotoxicity assay. A plaque assay was performed for
0.20 M TMAO and 0.20 M glycine and a > 7 log reduction was
found. No plaques were formed in the presence of 0.20 M TMAO
and glycine (Table 1).
r infectious virus yield. Osmolytes were added at the time of infection (Treatment 1)
s determined with the MTT Assay. The minimum limit of detection of the assay was

or bars represent the standard deviation. Student’s t-test was used to evaluate the
and PPV infected cells without osmolytes. ⁄p value of <0.05.



M.F. Tafur et al. / Antiviral Research 99 (2013) 27–33 31
3.5. Impact of osmolytes on infectious virus yield

The presence of intracellular and extracellular viable virus par-
ticles was examined. This was studied under two different osmo-
lyte treatments. In Treatment 1, the osmolytes were added at the
beginning of the infection cycle and in Treatment 2, they were
added five minutes before sample collection. Treatment 2 was
done in order to determine if the addition of osmolyte after infec-
tion would affect the MTT assay. As shown in Fig. 4, there was no
Fig. 5. Impact of osmolytes on virus capsid protein formation. (A) Images of PPV and P
proteins to the count of DAPI. All data points are the average of three independent slides
and glycine were tested in order to determine osmolytes cross-reactivity with antibodi
evaluate the statistical significance between cells infected with PPV (with or without os
difference between Treatment 2 and the control (i.e., virus infec-
tion with no osmolytes addition).

With Treatment 1, there appeared to be little infectious virus
extracellularly (Fig. 4A) or intracellularly (Fig. 4B), even after
32 h. Without osmolyte addition, infectious virus began to appear
extracellularly after 15 h and intracellularly after 10 h. This is con-
sistent with detection of an increase in DNA at about 8 h post infec-
tion (Boisvert et al., 2010). After 32 h, 0.20 M TMAO and glycine
had a 3.5 ± 0.5 log and 4.2 ± 0.5 log reduction extracellularly,
BS mock infected cells at 16 h, and (B) the ratio of the fluorescence of PPV capsid
with 10 images per slide and the error bars represent the standard deviation. TMAO
es and no virus capsids were found (data not shown). Student’s t-test was used to
molyte) and the PBS negative control. ⁄p value of <0.05.
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respectively, as compared to the PPV control, and a 2.9 ± 0.2 log
and a 3.0 ± 0.5 log reduction intracellularly, respectively. This is
consistent with a > 4 log reduction after five days incubation, as
shown in Fig. 3.
3.6. Virus capsid protein production with the addition of osmolytes

It was explored with immunohistochemistry if the virus cap-
sid proteins were being produced within the cells. PPV capsid
proteins were found in all samples infected with PPV, including
those containing 0.20 M TMAO and 0.20 M glycine (Fig. 5A). PBS
without virus was used as a negative control, and did not show
any virus capsid protein formation. TMAO and glycine were also
tested without virus present and no virus capsid protein forma-
tion was detected (data not shown). In Fig. 5B, fluorescence per
cell started to increase after 8 h, and this agrees with virus pro-
duction data (Fig. 4B) and DNA production data (Boisvert et al.,
2010), although we did not specifically test if PPV DNA was pro-
duced. Similar trends were observed with PPV and osmolytes
(Fig. 5B). These results show that viral capsid proteins are pro-
duced (Fig. 5B), but viable virus particles are not produced
(Fig. 4).
4. Discussion

Antiviral compounds are known to disrupt virus entry, replica-
tion, assembly of virus particles, or a combination of these. Antivi-
ral compounds that destroy the enveloped capsid of a virus are
required in small quantities (Astani et al., 2011). Other compounds
are able to alter the virus-host interactions and are required in
higher quantities (Bélec et al., 2000). The advantage of natural
compounds that alter the virus-host interactions is that they can
be applied post-infection. In this study, two osmolytes, TMAO
and glycine, demonstrated this behavior and are therefore promis-
ing candidates for therapeutic drugs. TMAO and glycine are both
small (molecular weight of 75 g/mol), zwitterionic species. More
work will need to be done to determine why these osmolytes, com-
pared to the many that were tested (Fig. 1) demonstrated antiviral
activity.

The fact that virus capsid proteins were produced in the
presence of osmolytes (Fig. 5) strongly suggests that osmolytes
work post-virus infection (Figs. 3 and 4). We hypothesize that
osmolytes are disrupting capsid assembly by stabilizing viral
capsid proteins and preventing the assembly process. Osmolytes
stabilize proteins by causing a preferential hydration around
proteins (Bolen, 2004). TMAO has also been shown to preferen-
tially order water molecules around a-chymotrypsin and to sta-
bilize the enzymatic activity of the protein (Attri et al., 2010).
This preferential hydration causes proteins to adapt a compact
configuration (Street et al., 2010). It is likely that this compact
configuration of the VP2 protein in PPV is not able to self-
assemble into a virus capsid. The protein capsids of other parv-
oviruses have been studied and their assembly is likely to be
kinetically stable, but not thermodynamically stable (Carreira
et al., 2004; Castellanos et al., 2012). This may demonstrate that
the osmolytes thermodynamically stabilize the capsid proteins,
therefore reducing their propensity to kinetically assemble.
The other possibility is that the high osmolyte concentration
in the cells reduces the activity of the assembly machinery that
guides the DNA inside the virus capsid. However, enzymes are
usually stabilized and still have activity in a solution of osmo-
lytes (Attri et al., 2010), therefore, we hypothesize that the
osmolytes are disrupting the ability of the capsid proteins to
self-assemble.
5. Conclusions

A variety of osmolytes were screened to find antiviral com-
pounds against PPV, a small, nonenveloped, single-stranded DNA
virus (Mengeling et al., 2000). We have discovered that two pro-
tecting osmolytes, TMAO and glycine, at 0.20 M, reduce the infec-
tivity of PPV by four logs (99.99%). These results are consistent
with the literature, since high quantities of antiviral compounds
are often required for the inactivation of non-enveloped viruses.
Both osmolytes showed antiviral activity after being added 20 h
post-infection. In the presence of TMAO or glycine, infected cells
produce virus capsid proteins, but not infectious viable virus parti-
cles. We propose that the osmolytes TMAO and glycine interfere
with the virus capsid formation and are potential candidates for
therapeutic drugs.
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