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The herpes simplex virus-1 (HSV-1) utilizes cell-surface glycosaminoglycan, heparan sulfate, to gain entry
into cells and cause infection. In a search for synthetic mimics of heparan sulfate to prevent HSV infection,
we discovered potent inhibitory activity arising from sulfation of a monomeric flavonoid. Yet, detailed
screening indicated that the sulfated flavonoid was completely inactive and the potent inhibitory activity
arose from a macromolecular substance present in the parent flavonoid. The active principle was identified
through a battery of biophysical and chemical analyses as a sulfated form of lignin, a three-dimensional
network polymer composed of substituted phenylpropanoid monomers. Mass spectral analysis of the parent
lignin and its sulfated derivative indicates the presence ofp-coumaryl monomers interconnected through
uncondensedâ-O-4-linkages. Elemental analysis of lignin sulfate correlates primarily with a polymer of
p-coumaryl alcohol containing one sulfate group. High-performance size exclusion chromatography shows
a wide molecular weight distribution from 1.5 to 40 kDa suggesting significant polydispersity. Polyacrylamide
gel electrophoresis (PAGE) analysis indicates a highly networked polymer that differs significantly from
linear charged polymers with respect to its electrophoretic mobility. Overall, macromolecular lignin sulfate
presents a multitude of substructures that can interact with biomolecules, including viral glycoproteins,
using hydrophobic, hydrogen-bonding, and anionic forces. Thus, lignin sulfate represents a large number of
interesting structures with potential medicinal benefits.

Introduction

Herpes simplex viruses (HSV) are human enveloped
viruses that cause mucocutaneous lesions of the mouth, face,
eyes, or genitalia.1,2 These infections are highly prevalent,
affecting at least 1 in 3 individuals in the U.S. Occasionally,
the virus spreads to the central nervous system causing
meningitis or encephalitis. Of the eight herpes viruses known
to infect humans, HSV-1 is the most common, causing cold
sores in the mouth, and is readily transmitted through routine
intimate contact.3 HSV infection of cells involves several
molecules, especially glycoproteins gB, gC, and gD (viral
glycoprotein D), which are known to be present on the viral
envelope.3-6 These viral glycoproteins interact with heparan
sulfate (HS) chains present on cell surface to enhance the
efficiency of infection. Removal of HS chains from the cell
surface through enzymatic treatment or presence of soluble
forms of HS severely retards HSV entry into cells.

Heparan sulfate, a glycosaminoglycan covalently attached
to the protein core of proteoglycans, is widely expressed in
human tissues and has important roles in development,
differentiation, and homeostasis.7,8 Structurally, HS is a linear
copolymer of glucosamine (GlcNp) and glucuronic acid
(GlcAp) residues linked in a 1f4 manner, of which the
GlcNp residue are typically acetylated at 2-position.9,10

Despite this apparently simple monomeric disaccharide
structure, heparan sulfate perhaps represents the most
complex molecule nature biosynthesizes because of ad-
ditional apparently indiscriminate epimerization of some
GlcAp residues to iduronic acid (IdoAp) and sulfation of
only some available-OH groups. This primary structural
diversity is further complicated by another level of complex-
ity wherein sulfate groups may cluster in small regions and
form differentially charged mini-domains. A simple calcula-
tion of a number of structural sequences possible with these
variations, especially of the size recognized by proteins and
receptors, shows millions of possibilities. The structural
richness of HS is arguably the origin for its involvement in
numerous biological processes. Yet, specific recognition
sequences may be critical. A good example of specific
recognition is demonstrated by the HS-gD interaction,
wherein a 3-O-sulfated GlcNp residue is essential for HSV-1
to penetrate cells.11,12
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A simple approach to inhibiting HSV entry into cells
would be to competitively bind the virus with HS-like
molecules. In this regard, numerous sulfated molecules have
been explored including heparin and its chemically modified
derivatives,13-15 pentosan polysulfate,16 dextran sulfate,16,17

sulfated maltoheptaose,16 sulfated fucoidans,18-20 spirulan,21

sulfated galactans,22,23 and miscellaneous sulfated poly-
saccharides.24-27 Not unexpectedly, HS mimics found to-
date to inhibit viral entry have a linear polysaccharide
backbone with varying degrees of sulfation. We reasoned
that it should be possible to efficiently inhibit HSV entry
into cells using nonpolysaccharide sulfated compounds,
especially in light of a 1964 report by Vaheri et al.28 Toward
this end, we screened a library of sulfated flavonoids, which
we had synthesized earlier,29-32 to discover a high activity
molecule that had no resemblance to the structures present
in our library. This paper describes the structural character-
ization of a serendipitously discovered macromolecule that
inhibits HSV-1 entry into cells. The bioactive macromolecule
is a sulfated derivative of lignin, a polymer made up of
repeating phenylpropanoid units. Structurally, lignin sulfate
presents a rich array of hydrophobic, hydrogen-bonding, and
anionic domains possessing strong potential for interacting
with biomolecules, including viral glycoproteins, and pos-
sibly mimicking heparan sulfate.

Experimental Section

Chemicals.Morin was obtained from Indofine (Somer-
ville, NJ), Fluka (Milwaukee, WI), and Aldrich (Milwaukee,
WI). Polystyrene sulfonate standards (PSS) of nominal
molecular weights 145, 80, 30, 15, 7, and 2 kDa were from
American Polymer (Mentor, OH).N,N-Dimethyl-m-phe-
nylenediamine dihydrochloride,N,N-dimethyl-p-phenylene-
diamine monohydrochloride, sulfur trioxide-triethylamine
complex, and NP-40 were from Sigma-Aldrich (Milwaukee,
WI). â-Galactosidase substrate ando-nitrophenyl â-D-ga-
lactopyranoside (ONPG) were from Pierce (Rockford, IL).
High purity water, obtained from NERL Diagnostics (RI),
was used in all experiments. Elemental analysis of lignin
sulfate fractions was obtained from Atlantic Microlabs
(Norcross, GA).

Cells and Viruses. Dr. Patricia Spear (Northwestern
university) provided HeLa cells and the reporter viruses listed
here. HSV-1 virus strain carrying thelacZ gene ofE. coli
and capable of expressingâ-galactosidase as a reporter of
entry included HSV-1(KOS) gL86,33 and HSV-1(KOS)-
tk12.34 The experiments shown here were done with HSV-
1(KOS)gL86 alone.

HSV-1 Virus Infection Assay. Assays for infection of
cells were based on quantitation ofâ-galactosidase expressed
by the mutant HSV-1 viral genome containing thelacZ
gene.11,12 HeLa cells were grown in 96-well tissue culture
dishes ((2-4) × 104 cells/well), washed after 16 h of growth,
and exposed to 10 plaque forming units (PFU)/cell of HSV-1
virus in 50µL of phosphate-buffered saline (PBS) containing
glucose and 1% calf serum (PBS-G-CS) for 6 h at 37°C.
To test for inhibitory activity, the sulfated compounds were
simultaneously added to this 50µL medium in varying

amounts ranging from 0.2µg to 1.6 ng. Following incubation,
the cells were solubilized in 100µL of PBS containing 0.5%
NP-40 and 10 mM ONPG. The initial rate of hydrolysis of
the substrate was monitored spectrophotometrically (Spectra
MAX 190, Molecular Devices) at 410 nm, which corresponds
to the concentration of theâ-galactosidase within HeLa K-1
cell. The initial rate of hydrolysis of the substrate in the
absence of any added sulfated molecule formed the control
and assigned a value of 100% HSV-1 infection. Assays were
performed in duplicate and analyzed using equation 1 to
obtain IC50 values. For comparison of IC50 values for the
sulfated polymer obtained by two methods, purified either
from sulfation reaction of natural product morin or from
sulfation of purified polymer from morin, weight-based
concentrations were used, after ascertaining that the elec-
trophoretic profiles are similar.

whereF is the absorbance at 410 nm at inhibitor concentra-
tion [I]O, FMAX andFMIN are the maximal and minimal values
of this absorbance, IC50 is the concentration of inhibitor that
gives 50% inhibition, andb is the Hill slope of the curve.

Gel Electrophoresis.PSS, morin persulfate (MoS), and
higher molecular weight fractions of lignin sulfate were
analyzed using a protocol commonly for proteins. The
electrophoresis run buffer was 100 mM Tris, and 100 mM
boric acid buffer, pH 8.3, containing 2 mM EDTA. PSS and
lignin sulfate samples were analyzed using gel concentrations
ranging from 6% to 18%. No stacking gel was used. The
samples, 10µg in 4 µL of standards and 30µg in 4 µL of
polymer fractions, were loaded onto the resolving gel using
40% glycerol. Electrophoresis was performed at a constant
current. The gels were stained for 10 min using the high-
iron diamine stain35 followed by destaining with water for
24 h. Densitometric analysis was performed using BioRad
VersaDoc 4000 ChemImager equipped with a 610 nm filter
against a transwhite background. Relative front (Rf) of bands,
defined as the ratio of band migration distance to the length
of gel, were calculated using BioRad Quantity 1 software.
The mobility of a band was then calculated by multiplying
its Rf value by gel length and factoring in the run time.

Capillary Electrophoresis. Capillary electrophoresis of
morin sulfate and unknown sulfated polymer was carried out
under reverse polarity conditions using a Beckmann PACE/
MDQ unit. An uncoated fused silica capillary of 50µm
internal diameter and 32.5 cm effective length to the detector
window was used. Samples were typically injected under a
pressure of 0.5 psi for 10 s and detected spectrophotometri-
cally using a 254 nm filter. Electrophoresis was performed
at 25 °C and a constant voltage of 5 kV using 100 mM
sodium phosphate, pH 2.7.

Nuclear Magnetic Resonance (NMR) Spectroscopy.
Low molecular weight sulfated polymer sample for NMR
analysis was prepared as follows. The filtrate from the 5 kDa
molecular weight filter was lyophilized, and the solid was
loaded on a Sephadex G-25 column. Elution with water
separated the polymer (MR ) 1.9 kDa) from the monomer,

F ) FMIN +
FMAX - FMIN

1 + 10(log[I]O-logIC50)×b
(1)
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morin sulfate. The polymer sample was lyophilized twice
from 2H2O, and1H NMR spectra were recorded on a 500
MHz Oxford-Varian spectrometer in2H2O at either 25, 30,
40, or 50°C. 13C NMR spectrum was recorded on a 300
MHz Varian-Gemini spectrometer at 60°C. For 13C NMR
analysis, nearly 60 mg of the polymer was dissolved in 0.75
mL of 2H2O and the signal acquired for 20 272 scans with
an acquisition time of 1.7 s and a pulse delay of 2 s. A line-
broadening factor of 50 Hz was used to extract the13C NMR
spectrum of the polymer from noise.

Reverse-Phase HPLC.The analysis of morin, ethyl
acetate, or acetone insoluble substance (polymeric contami-
nant of morin), phloroglucinol adducts, or acid butanol
products was performed on a Shimadzu VP system. Typically
samples (0.1 mg/mL) were analyzed using a YMC ODS-
AQ S-5 120A (Waters, Milford, MA) 4.6× 250 mm column
in analytical mode. A guard column was used to remove
any particulate matter. The mobile phase consisted of an
acetonitrile-water mixture (either 1:1 or 7:3 v/v) at a
constant flow rate of 0.1-0.5 mL/min. Detection was
performed at 279 nm.

Isolation of Polymeric Product from the Natural
Product, Morin. Morin (5 g) was stirred in 400 mL of ethyl
acetate at room temperature for 2 h, following which the
precipitate so remaining was filtered on Whatman filter paper
(No. 1). The precipitate so obtained was dissolved in 70%
ethanol-water mixture, and the solution was filtered through
Amicon centrifugal concentrator with membrane filter 5K.
The retentate on the membrane was evaporated to give the
parent polymer in∼10% yield.

Sulfation of Polymeric Substance.The parent polymeric
sample (0.5 g) was sulfated using TEAST complex (3.2 g)
at 65°C in N,N-dimethyl acetamide (DMA) for 3 h in the
presence of molecular sieves.29-31 Following the reaction,
the mixture was poured in acetone containing 0.5-2 mL of
triethylamine, and the solution was left undisturbed at 4°C
for 24 h. A crude oil formed at the bottom. This oil was
collected, washed with chilled acetone, and suspended in
30% sodium acetate. After about 2 h, the suspension was
added to 50 mL of ethanol to precipitate the sodium salt of
the sulfated polymer (0.2 g).

Acid-Butanol Test for Condensed Tannins.The acid-
butanol test for condensed tannins essentially followed
previous protocol.36 Briefly, two reagents were prepared.
Reagent A consisted of a butanol-HCl mixture (95:5 v/v),
while reagent B consisted of 2% ferric ammonium sulfate
in 2 N HCl. A small amount of the polymeric sample (1-5
mg) was dissolved in 0.5 mL of aqueous acetone (70%) so
that the absorbance at 550 nm is less than 0.6. To this
solution was added 3.0 mL of reagent A and 0.1 mL of
reagent B. The tube was vigorously shaken on a vortexer,
tightly covered, and heated at 100°C for 1 h, after which
its A550 value was recorded.

Phloroglucinol Test for Condensed Tannins.The phlo-
roglucinol test for condensed tannins followed the previously
developed protocol.37 Briefly, a solution of 0.1 N HCl in
methanol containing 50 g/L phloroglucinol and 10 g/L
ascorbic acid was prepared. To this solution (20 mL) was
added the ethyl acetate or acetone insoluble substance (100

mg), and it was heated at 50°C for 20 min. The final solution
was brought to room temperature, combined with 100 mL
of 40 mM aqueous sodium acetate, and analyzed by reverse-
phase high performance liquid chromatography (RP-HPLC).

Mass Spectrometric Identification of Lignin Oligomers.
A solution of 200 mg of lignin in 10 mL of 0.2 M HCl in
dioxane-methanol (1:1 v/v) was refluxed for 24 h, cooled,
and treated with 0.2 M aqueous NaOH to neutralize the acid.
The reaction mixture was worked up in a standard manner
using ethyl acetate to get a mixture of lignin products, which
were analyzed using LC-MS. The LC-MS system consisted
of a Waters Alliance 2690 separation module and a Waters
996 photodiode array (PDA) UV detector (Waters Corp.,
Milford, MA). Chromatographic separation was achieved
using an analytical Discovery C18 column (Supelco, Belle-
fonte, PA, 4.6× 150 mm) and a linear binary gradient
consisting of water-methanol (50:50 v/v) (solvent A) and
methanol (solvent B) at a flow rate of 1 mL/min over period
of 30 min. Eluent peaks were monitored at 279 nm and then
analyzed by mass spectrometry. Liquid eluent was delivered
to a Micromass ZMD4000 single quadrupole mass spec-
trometer with ACPI ionization probe operating in negative
ion mode (Waters Corp., Milford, MA). Optimized MS
ionization conditions were employed; the source block
temperature and the APCI probe temperature were held at
100 and 40°C, respectively. Corona and cone voltages of
3.5 kV and 52 V were selected following optimization. The
desolvation nitrogen flow was 400 L/h. Mass spectra were
acquired in the mass range from 100 to 1100 Da at 400
amu/s.

Fractionation of Lignin Sulfate Mixture Using Cen-
trifugal Filtration. The dark brown reaction mixture (1.2
g) from sulfation of polymeric lignin was dissolved in water
(6 mL) and filtered through a Millipore filter (nominal
molecular weight cutoff (NMWC) 100 kDa) at 4000 g.
Filtration was performed until the final volume of the
retentate was 100µL. Water (4 mL) was added to the
retentate, and the process was repeated with successive
portions of water until the filtrate appeared colorless. The
retentate was labeled as 100 kDa fraction. The combined
filtrate from the 100 kDa filter was then filtered through a
50 kDa filter to obtain a 50 kDa fraction. This process was
further repeated for 10 and 5 kDa filters to obtain 10 and 5
kDa fractions. The retentates, 100-5 kDa, were collected
and lyophilized to obtain four fractions in yields of 3.2%,
0.9%, 2.7%, and 1.7%, respectively. The filtrate from the 5
kDa filter was lyophilized to obtain a mixture of morin
sulfate and low molecular weight polymer.

Determination of Molecular Weight of Lignin Sulfate
Fractions Using HP-SEC.The HP-SEC analysis was carried
out on a Shimadzu chromatography system composed of
LC10Ai pumps and a SPD-10A VP UV-vis detector con-
trolled by a SCL-10A VP system controller connected to a
computer. Fractions of 100, 50, 10, and 5 kDa were analyzed
using ASAHIPAK GS 520 HQ (Phenomenex, Torrance, CA,
7.6 mm i.d.× 300 mm). A guard column (Phenomenex)
was used to remove particulates, if present. The mobile phase
consisted of a 100 mM sodium chloride-acetonitrile mixture
(7:3 v/v) at a constant flow rate of 0.4 mL/min. PSS samples
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of 145, 80, 30, 15, 7, and 2 kDa and morin persulfate (MW

) 835) were used as standards. Detection was performed at
226 nm for standards and at 266 nm for morin persulfate
and higher molecular weight fractions.

Average molecular weights (MR) were determined by HP-
SEC using ASAHIPAK GS 520 HQ column and 100 mM
sodium chloride-acetonitrile (7:3 v/v) as mobile phase. A
standard calibration curve was prepared using polystyrene
sulfonate samples of definedMR 145, 80, 30, 15, 7, and 2
kDa, and morin per-sulfate (MW ) 835). A semilogarithmic
linear dependence betweenMR and retention time (RT) was
obtained (logMR ) 8.3 - (0.2 × RT)) with a correlation
coefficient of 0.99. This equation was tested on full-length
heparin and low molecular weight heparin samples of known
MR (14.9 and 5 kDa). Heparin and low molecular weight
heparin eluted at 19.0 and 21.8 min, corresponding toMR

of 16 and 4 kDa, respectively, suggesting good predictability.

Results

Crude Morin Sulfate Reaction Mixture Inhibits HSV-1
Infection. In a screen for determining the ability of sulfated
flavanoids and flavonoids as inhibitors of HSV-1 infection,
we utilized a standard viral infection assay used earlier.11,12

Briefly, in this assay, a mutant strain of HSV-1 that contains
the lacZ gene is used so as to enable a spectrophotometric
determination of infection. The method is simpler and less
tedious than a plaque formation assay used earlier. This
HSV-1 viral infection inhibition assay involves the exposure
of a constant dose of virus to HeLa cells, which internalize
the virus, in the presence and absence of sulfated inhibitors.
Following incubation for 6 h at 37°C, the internalized viral
particles are quantified using theâ-galactosidase activity of
the viral genome, which decreases in a sigmoidal manner
(eq 1) as the concentration of the sulfated inhibitor increases.

Several sulfated flavanoids and flavonoids were screened
including (+)-catechin sulfate, (-)-epicatechin sulfate, quer-
cetin sulfate (QS), and morin sulfate (MoS), each containing
multiple sulfate groups. These sulfated flavanoids and
flavonoids were synthesized as previously reported29,31,32from
their respective phenolic precursors, which are typically

isolated from plants. Except for MoS, none of the sulfated
flavonoids displayed any activity at concentrations as high
as 1-2 mM. In contrast, entry of HSV-1 into HeLa cells
decreased steadily from∼100% to∼15% for morin sulfate
as the concentration was increased to 250µM (not shown).
(This phenomenon was also true for HSV type 2 strain and
for HIV-1. Details regarding inhibition of HSV (HSV-1 and
HSV-2) and HIV-1 entry into cells (IC50, Hill slope, MR

dependence) will be published elsewhere.) This suggested
that only MoS inhibited HSV-1 entry into mammalian cells.
Paradoxically, however, it suggested an exquisite specificity
in this inhibition because MoS differs from QS in the position
of only one -OSO3

- group, yet QS showed absence of
inhibitory activity at concentrations as high as 2 mM.

To test whether such exclusive specificity has a structural
basis, MoS and QS were resynthesized and rigorously
purified. It is important to note at this point that the1H NMR
spectrum of starting natural product morin and crude MoS
reaction mixture did not show peaks other than those for
morin and morin sulfate, respectively, except for a rolling
baseline, thus making it difficult to assess the purity of
products. Yet, repeated purification steps followed by bio-
assay showed near absence of HSV-1 infection inhibition
activity in both purified MoS and QS. At the same time, the
partially purified MoS reaction mixture continued to display
good activity in inhibiting HSV-1 infection. Thus, we
reasoned that HSV-1 entry into cells was being inhibited by
a substance other than the monomeric MoS, which was
absent in other flavonoids.

HSV-1 Infection Inhibition Activity Arises from a
Polysulfated Polymer. To better understand the sulfated
product, high performance size exclusion chromatography
(HP-SEC) and capillary electrophoresis (CE) of the MoS
reaction mixture was performed. HP-SEC, using water-
acetonitrile (7:3 v/v) mobile phase and an analytical column
that resolves molecules up to 40 000 Da, showed two peaks
at ∼24 and ∼26 min (peaks 2 and 3), and a broad,
unsymmetrical peak between 14 and 24 min (peak 1, Figure
1A). Electrospray ionization mass spectroscopy (ESI-MS)
of peak 2 in positive ion mode revealed a molecular ion [M
+ 6Na]+ at m/z ) 834.75 Da corresponding to morin

Figure 1. High performance size exclusion chromatographic (A) and capillary electrophoretic (B) analysis of sulfation reaction of morin. HP-
SEC was performed on an analytical column using acetonitrile-water (7:3 v/v) mobile phase at 0.4 mL/min, while CE was performed using an
uncoated silica capillary in reverse polarity mode with 100 mM sodium phosphate buffer, pH 2.7, at 5 kV. Peaks were detected at 266 and 254
nm in HP-SEC and CE, respectively. Broad unsymmetrical peaks between 14 and 24 min (peak 1) in HP-SEC (A) and 19-23 min in CE (B)
correspond to the sulfated polymeric substance present in morin sulfate reaction mixture. Peaks 2 and 3 in (A) are monomeric morin sulfate
reaction products. See text for details.
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skeleton functionalized with five sulfate groups (MoS, not
shown). Based on its elution pattern, peak 3 is likely to be
tetrasulfated morin. In addition, CE of the crude MoS
reaction mixture under reverse polarity conditions at 25°C
in 100 mM sodium phosphate buffer, pH 2.7, showed the
presence of peaks at∼15 and∼16 min, and a broad peak
between 19 and 24 min (Figure 1B). The peak at∼15 min
in CE was identified as the monomeric MoS by injecting
the purified sulfated flavonoid under similar conditions, while
the broad peak did not resolve even with exhaustive changes
in capillary voltage, type of buffer, its pH, and the ionic
strength of buffer. Such broad peak profiles are typical of
heterogeneous, polydisperse anionic polymers exemplified
by full-length and low-molecular-weight heparins (LMW-
H),38-40 thus implying the presence of an unexpected
polysulfated polymer in the MoS reaction mixture. Further,
the detectability of this polymer in HP-SEC and CE, but not
in 1H NMR, indicated that the polymer was highly hetero-
geneous, and possibly polydisperse, with each chain consti-
tuting an exceedingly small proportion of the overall content.

To assess whether HSV-1 infection inhibition activity
arises from the polysulfated polymer present in the MoS
reaction mixture, we used Sephadex G10 chromatography
with 20% ethanol as eluent to separate the polymer from
the monomers. The polymer, equivalent to peak 1 of Figure
1A, resolves readily from the monomeric entities peaks 2
and 3, and was obtained in∼10-14% isolated yield. When
screened for HSV-1 viral infection inhibition activity, only
peak 1 was found to be active, whereas peaks 2 and 3 were
found to be inactive, thus indicating that a polydisperse,
polysulfated molecule present in MoS reaction mixture was
the origin of HSV-1 infection inhibition activity.

The anti-HSV-1 Sulfated Polymer Is a Sulfated Deriva-
tive of a Polymer Present in Raw Material, Morin. Two
possibilities exist for the presence of polymeric substance
in MoS reaction mixture. It is possible that (i) the active
polymer is synthesized from the monomeric starting material
morin during the sulfation reaction, or (ii) it is a product of
sulfation of a polymeric substance already present in the raw
material. Analysis of natural product morin by RP-HPLC
using acetonitrile-water (8:2 v/v) mobile phase on a C-18
column showed a dominant peak at 16.5 min corresponding
to starting material morin (Figure 2). However, the RP-HPLC
profile showed additional small peaks between 9 and 15 min,
which can merge in background noise, likely arising from
small amounts of a polydisperse polymer. RP-HPLC screen-
ing of several independent sources of natural product morin
(see “Experimental Section”) showed nearly identical chro-
matograms, suggesting that this substance was consistently
present.

The polymeric substance was isolated by exploiting its
differential solubility in organic solvents. Whereas morin was
found to possess good solubility in ethyl acetate or acetone,
the extraneous polymer was nearly insoluble. The RP-HPLC
profile of the ethyl acetate insoluble fraction showed multiple
unresolved peaks between 9 and 17 min (Figure 2), which
corresponded well with those found in crude morin. The peak
shape indicates a highly polydisperse, heterogeneous poly-
mer. Quantitative analysis of the ethyl acetate precipitation

step indicated that the polydisperse polymer was present in
∼10% proportion from all three different sources of morin,
an observation suggesting the likelihood of a biopolymeric
nature.

To test whether the precipitated polymer is the origin of
anti-HSV-1 activity, a sample of the polymer, free from
monomeric morin, was prepared using centrifugal membrane
filtration (see Experimental Section) and subjected to sul-
fation with triethylamine-sulfur trioxide complex (TEAST)
in DMA at 65 °C. HSV-1 viral infection inhibition screening
showed that this sulfated polymer was highly active (Figure
3). In fact, the inhibitory activity (IC50) of 6.0µg/mL found
for this polymer was essentially identical to that of the
sulfated polymer obtained through purification from reaction
mixture (7.5µg/mL). In contrast, the parent ethyl acetate-
insoluble precipitate, the unsulfated polymer, was completely
inactive. Finally, to ascertain that the sulfated polymer

Figure 2. Reverse-phase HPLC analysis of morin (shown as gray
profile and absorbance scale) and ethyl acetate insoluble substance
(polymeric impurity of morin) (shown as black profile and absorbance
scale). RP-HPLC was performed on an analytical column using
acetonitrile-water (7:3 v/v) mobile phase at a flow rate of 0.5 mL/
min, and peaks were detected at 279 nm. The polymeric substance
folds into baseline for morin (gray profile, note the absorbance scale),
which when enriched reveals a highly complex HPLC profile indicating
a highly heterogeneous system. See text for details.

Figure 3. Inhibition of HSV-1 entry into cells by sulfated polymer
obtained from morin sulfate reaction mixture (gray profile) and direct
sulfation of ethyl acetate -insoluble substance (black profile). Inhibi-
tion assay involves the spectrophotometric determination of internal-
ized viral particle in the presence and absence of inhibitors when
exposed to a constant dose of the virus to HeLa cells at 37 °C. The
spectrophotometric response in absence of inhibitor is assigned a
value of 100% infection. The sigmoidal decrease in infection to
increasing inhibitor concentration is fit to eq 1 to obtain the concentra-
tion of inhibitor necessary to achieve 50% inhibition (IC50). See text
for details.
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obtained from the ethyl acetate insoluble material was
identical to the polymer purified from the MoS reaction
mixture, comparative CE and PAGE techniques were used
(Figure 4). Both the CE and the PAGE profiles of sulfated
polymer obtained from sulfation of ethyl acetate or acetone
precipitate, or chromatographic purification of MoS reaction
mixture, were rather similar, suggesting that both of the
sulfated polymers are identical.

The Unsulfated Polymer Is a Natural Product and not
a Polymer of Morin. To confirm whether the polydisperse
polymer is a product obtained on polymerization of morin
during sulfation, we tested the ability of morin, freed of the
polymeric substance, to polymerize. Sulfation was performed
with triethylamine-sulfur trioxide complex, as for crude
morin. Additionally, purified morin was heated with a
catalytic amount boron trifluoride-diethyl ether complex or
KOH in DMA at 60 °C to test whether mildly acidic or basic
conditions initiate polymerization. Each reaction was con-
tinuously monitored on RP-HPLC using the protocol devel-
oped for separating morin and the polymer, yet no polymer
formation could be detected in any of these reactions. These
results indicate that morin is stable to acids and bases, and
sulfation with TEAST complex does not give a polymeric
species. This conclusion is also supported by literature data
suggesting that polymers of flavones, which contain a 2-en-
4-one moiety, are relatively unknown.41 In contrast, polymers
of flavans, which do not contain a 2-en-4-one structure, are
abundant.42,43 Further, the projected morin polymer, a fla-
vonoid derivative, is expected to contain carbonyl groups,
which were found to be absent in the isolated polymeric
product (see below). Thus, the polymer isolated from morin
sample is unlikely to have been formed synthetically from
morin.

Spectroscopic Characterization of the Polymer.To
assist in structure elucidation of both the unsulfated, native
polymer and its sulfated counterpart, a sulfated polymeric
fraction ofMR 1900 Da was isolated from the heterogeneous,
polydisperse preparation using a combination of centrifugal
filtration through molecular membrane (NMWC 5K) and

preparative size-exclusion chromatography. The elemental
analysis of parent unsulfated crude polymer, devoid of
monomeric morin, revealed the presence of C, H, and O only,
while its sulfated derivative contained C, H, O, S and Na
elements, suggesting that the polymer does not contain N.
The IR spectrum of the sulfated polymer shows a broad band
in the region 3200-3600 cm-1 corresponding to-OH stretch
and bands at 1610, 1500, 840, and 760 cm-1 (not shown)
showing the presence of an aromatic structure, but more
importantly displaying absence of certain groups, such as
the carbonyl and triple bond.

The UV spectrum of the parent, unsulfated polymer in
ethanol showed absorbance at 280 and 330 (sh) nm,
indicating the presence of aromatic structure. The band at
280 nm underwent bathochromic shift of 26 nm in 1 N
NaOH, which is characteristic of an acidic ionizable group
such as a phenolic hydroxyl or carboxylic acid. Sulfation of
the polymer resulted in hypsochromic shift of 12 nm in the
band at 280. This change inλMAX to lower wavelengths by
6-10 nm is indicative ofO-sulfation reaction.29,30 Finally,
addition of alkali to the sulfated polymer solution results in
this band at 268 nm red shifting by 12 nm, indicating that
the sulfated polymer retains some underivatized phenolic
groups.

The1H NMR of 1.9 kDa sulfated polymer fraction in2H2O
at 25 °C showed several broad signals corresponding to
significant polydispersity and heterogeneity in the sample
(Figure 5A). The spectrum indicates the presence of aromatic
protons between 6 and 8δ, methine protons attached to
multiple electron-withdrawing groups (OCH-Ph) at 5δ,
aromatic methoxys (ArOCH) at 4.2δ, aliphatic methoxys
(ROCH) at 3.6δ, benzylic methylenes (ArCH) at 2.4δ, and
aliphatic methyls (RCH3) and methylenes (RCH2) at 0.9 and
1.2 δ. These broad resonances sharpen at higher tempera-
tures, possibly because of enhanced flexibility, but do not
resolve into sharp peaks for a more definite interpretation.

Figure 4. Equivalence of sulfated polymer obtained by isolation from
morin sulfate reaction mixture (gray profile or lane 1) and direct
sulfation of ethyl acetate/acetone insoluble substance (black profile
or lane 2) using capillary electrophoretic profile (A) and polyacrylamide
gel electrophoresis (B). Small differences in intensity of peaks
observed between 15 and 17 min in the CE profile correspond to
differences in proportion of monomeric morin sulfates. Likewise, the
isolated band in lane 2 at the bottom of the profile, absent in lane 1,
is due to monomeric morin sulfate. See text for details.

Figure 5. The 500 MHz 1H (A) and 75 MHz 13C (B) NMR spectrum
of sulfated polymer. The 1H NMR spectrum, obtained with a sample
of MR 1.9 kDa, shows extensive peak broadening for all peaks. The
13C NMR spectrum was obtained with a 160 mg/mL sample of MR

14.9 kDa at 60 °C acquired over 20 000 scans using a line broadening
factor of 50 Hz. See text for details.
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The signal at 0.9δ suggests the presence of methyl groups
in a rather hydrophobic environment of an anionic polymer.
The observation that broad resonances dominate the1H NMR
spectrum of a sulfated polymer with a relatively lowMR of
1900 Da (even at elevated temperature) suggests the presence
of a highly networked polymer. More importantly, it indicates
that the monomers making up the network are small (∼100-
200 Da).

The13C NMR spectrum of the sulfated polymer, recorded
with a sample (80 mg/mL) at 60°C and a line broadening
factor of 50 Hz, showed broad peaks at 10 and 56 ppm
corresponding to-CH3/CH2 and -OCH3 groups, respec-
tively, in addition to peaks for aromatic carbons in the range
115-160 ppm (Figure 5B). A broad signal at 48 ppm is also
observed. This peak is unusual with very few organic groups
resonating at this position and has been assigned to the
HOCH- group, which typically resonate at∼50 ppm
considering that the three-dimensional structure of the
molecule may introduce special shielding environments that
cause this 1-5 ppm shift (see below). This spectrum
correlates well with the1H NMR spectrum discussed above.
Also, the13C NMR spectrum shows absence of resonances
in the region 180-200 ppm that correspond to carbonyl
carbons, further supporting the FT-IR data.

The Polymer Is a Lignin Derivative. The biophysical
properties of the polymeric natural product indicate that the
polymer is polyphenol-based. Natural polyphenolic polymers
include condensed tannins and lignins. Whereas condensed
tannins, or proanthocyanidins,42,43 are polymers of either
flavan-3-ol, or flavan-4-ol, or flavan-3,4-diol monomers,
lignins are polymers of phenylpropanoid monomers.44-46

Both polymers demonstrate structural heterogeneity and
complexity, yet condensed tannins are typically smaller with
repeat units in the range of 2-8.

Two chemical tests, the acid-butanol36 and the phloroglu-
cinol37 tests, characteristic for condensed tannins are avail-
able. The acid-butanol test relies on the acidic cleavage of
polymeric tannin to flavanols, which are tested for their
ability to complex with a ferric reagent. Complexation results
in the development of a distinctive pink color, which can be
quantified. In contrast, the phloroglucinol test relies on the
ability to trap electrophilic intermediates formed during the
acidic cleavage of the polymer with nucleophilic phloroglu-
cinol. Both the acid-butanol and the phloroglucinol tests
failed for the parent unsulfated polymer, indicating the
absence of condensed tannin-type structure.

The above results suggest that our parent, unsulfated
polydisperse polymer was not tannin, but most probably a
lignin. Several lines of evidence support this conclusion.
Lignin is a plant cell-wall material,46 which is also a common
source for commercial morin. In contrast, proanthocyanidins
are typically isolated from grapes and wines.45 Second, the
observation that a fraction withMR as low as 1900 Da shows
broad 1H NMR resonances suggests a highly networked
polymer arising from small monomeric units with numerous
different types of intermonomer linkages. The phenylpro-
panoid units of lignins typically includep-coumaryl, co-
niferyl, or sinapyl alcohols, which are small phenolic
monomers (Figure 6). Varying self- and intermonomer

combinations of these small C6-C3 units result in a highly
complex three-dimensional network-type structure. The
spectroscopic data, discussed above, obtained on our poly-
disperse polymer, both sulfated and unsulfated, are consistent
with a lignin structure. Finally, the13C and1H NMR spectra
of purified low molecular weight lignosulfonate obtained
from pine wood chip were essentially equivalent47 (not
shown) to that determined for our polymer (see Figure 5).

Mass Spectrometric Analysis of Lignin.Mass spectrom-
etry forms an important tool in structural elucidation of
lignins, although the heterogeneity and complexity of
polymers represents a formidable challenge to overcome.48,49

Further, attempts to identify higher oligomeric lignin frag-
ment masses appear to fail because of instability of the
polyphenolic structure.49 Yet, MS remains the most sensitive
technique to identify individual monomeric constituents and
possibly identify the intermonomer linkages.

To identify the monomeric constituents present in our
underivatized lignin, the polymer was partially depolymer-
ized under acidic conditions. Resolution was achieved only
with methanolic mobile phases under reverse-phase condi-
tions, while ionization of the analytes appeared to work only
in APCI negative mode. The reverse-phase chromatogram
of depolymerized lignin indicated the presence of at least
15 major peaks in addition to numerous minor peaks and
residual polymer hump (not shown). The negative ion APCI-
MS spectra of all of the major peaks showed significant
similarity of the mass peaks in the region 100-200 m/z
suggesting a common backbone. The mass spectrum of a
major peak eluting at the very end of the RP chromatogram
displays a rich array of mass peaks in the region 100-300
m/z and several high MW peaks in the range 300-650m/z
(Figure 7). The mass pattern suggests the presence of more
than one lignin oligomer. As shown in the figure, part of
the mass spectrum, including major peaks at 283 and 265,
can be interpreted as arising from oligomers ofp-coumaryl
alcohol withâ-O-4 linkage (Figure 7). The interpretation is
strengthened due to the observation of high molecular weight
fragments (547, 542, and 529m/z) that can be uniquely
ascribed to a tetramer. However, this pattern does not rule
out the possibility that condensedâ-5 linkages are present,
especially because the harsh depolymerization conditions
employed can cause cleavage of several types of linkages.

Sulfation Level of Lignin Sulfate Fractions. To quantify
the level of sulfation of lignin sulfate fractions, we deter-

Figure 6. Structure of p-coumaryl, coniferyl, and sinapyl monomers,
and two common inter-monomer linkages found in lignin polymer. The
free -OH groups can be sulfated; thus p-coumaryl unit in â-O-4-linked
and â-5 linked p-coumaryl polymer may contain a maximum of one
sulfate per monomeric unit. Positions are either numbered (1,4,5) or
labeled (R,â).
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mined the elemental composition of three lignin sulfate
fractions, 39.4, 5.9, and 2.5 kDa. All three samples gave
nearly identical proportions of C, H, O, and S elements,
indicating essentially identical structural composition, except
for differences inMR. The average composition was found
to be 33.6( 1.7%, 3.5( 0.2%, 41.3( 1.4%, and 11.7(
1.6% for C, H, O, and S, respectively. This observed
composition is similar to a composition, 35.8% (C), 3.7%
(H), 42.4% (O), and 10.6% (S), calculated for a linearâ-5
polymer composed ofp-coumaryl monomers containing one
sulfate group and two H2O. Likewise, an uncondensed linear
â-O-4-linked lignin also satisfies the observed elemental
composition, although less so than the condensed polymer.
In contrast, the calculated value for S increases significantly
if the sulfation level is assumed to be higher. It is important
to note that, although the observed composition best matches
thep-coumaryl containing lignin, coniferyl structures cannot
be ruled out, especially because of the structural heterogene-
ity involved. These results suggest that the bioactive lignin
sulfate sample is primarily made fromp-coumaryl alcohol
and contains one sulfate group per monomer.

Chromatographic and Electrophoretic Analysis of Lig-
nin Sulfate. Lignin sulfate perhaps represents the first
sulfated macromolecule that contains a three-dimensional
network scaffold. This structure sharply contrasts the widely
distributed sulfated polysaccharides, including heparin, hepa-
ran sulfate, and chondroitin sulfate, which are linear,
unbranched polymers, or sulfated fucoidans, which are
branched but not networked. The physicochemical properties
of a three-dimensional network polymer are likely to be
different from a linear polymer, and thus it was important
to study its chromatographic and electrophoretic behavior.

The HP-SEC profile, performed on a column that resolves
molecules less than 40 000 Da, displayed was a broad, fairly
symmetrical, peak profile from∼12 to∼28 min, suggesting
the presence of lignin chains with a wide range of molecular

weights (1.5-40 kDa) and high polydispersity. This lignin
sample was fractionated into four samples using sequential
centrifugal membrane filtration with 100, 50, 10, and 5 kDa
filters, while a fifth fraction corresponding to the smallest
possible mixture of chains was isolated using Sephadex G25
gel (see Experimental Section). The HP-SEC profile of these
five partially purified lignin sulfate fractions showed nor-
mally distributed peaks eluting at 17.2, 19.1, 21.0, 22.7, and
23.3 min (Figure 8A). The mobile phase contained 100 mM
NaCl to minimize sample-matrix interaction, and the elution
profile did not change significantly at higher concentrations
of NaCl. Because SEC involves movement of molecules
through the excluded volume, and does not involve penetra-
tion through gel pores, the elution times are expected to be
independent of the shape of molecule, whether linear or
three-dimensional network. Thus, assuming that the number
of water molecules bound to lignin sulfate and the standards
is the same, theMR obtained through SEC is expected to
more closely correspond to the true molecular weight. Using
a standard curve obtained from the polysulfonate standards,
the average molecular weights of lignin sulfate fractions were
calculated to be 39.4, 14.9, 5.9, 2.5, and 1.9 kDa.

In contrast to the SEC chromatographic profile, the
electrophoretic profile depends on the size and shape of the
molecule in addition to its charge density. The PAGE profile
of lignin sulfate and PSS was determined at several gel
concentrations. As the concentration of the acrylamide
monomer was increased from 6% to 12%, all PSS standards,
except for PSS80, demonstrated a linear decrease in their
electrophoretic mobility (logµ) (Figure 8B). For a macro-
molecule with size smaller than the pore size, this behavior
follows the observations of Ferguson, extended by the
Ogston-Morris-Rodbard-Chrambach model, in which
retardation depends only on the radius of the migrating
particle.50,51 On a physical level, as the gel concentration
increases, so do the number of cross-links resulting in

Figure 7. Mass spectral identification of lignin oligomers. Lignin sample was treated with 0.2 M HCl in dioxane-methanol and subjected to
LC-MS analysis. The APCI-MS spectrum in the range 150-610 m/z of one of the peaks (out of nearly 15) is shown above. Inset shows the
mass region 400-610 m/z, while structural analysis is depicted below. Although the overall spectrum is complex, many peaks can be identified
uniquely as arising from a â-O-4 linked p-coumaryl alcohol monomers and its degradation products. See text for details.
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decrease in electrophoretic mobility. For a macromolecule,
for example, PSS80, with size larger than the pore size,
migration through pores may occur in a reptile-like move-
ment wherein Ogston sieving is not possible, resulting in
nonlinear Ferguson plots.

In contrast, the PAGE profile of lignin sulfate fractions
exhibited unusual behavior. One, lignin sulfate fractions were
retarded much greater than the corresponding PSS standards.
For example, lignin sulfate fractions 39.4, 14.9, and 5.9 kDa
display logµ values of 0.26, 0.40, and 0.58, respectively, in
12% gel in comparison to values of 0.42, 0.64, and 0.79
observed for PSS 30, 15, and 7 kDa standards (Figure 8C).
Two, as the gel concentration decreases to 6%, the mobility
of lignin sulfate fractions increases; however, the increase
is not linear, in contrast to that observed for most PSS
standards (Figure 8B). Whereas only PSS80 displays a
nonlinear profile (Figure 8B), nonlinearity is evident in lignin
sulfate samples withMR values as low as 5.9 kDa. Both
observations suggest that overall molecular shape of lignin
sulfate is significantly different from linear polymers. Not
unexpectedly, this originates from the network structure
present in lignin sulfate. Yet, it is interesting to find that
even small three-dimensionally networked lignin sulfate 5.9
kDa is retarded significantly more than PSS15. A major
consequence of this phenomenon is thatMR determination
of lignin sulfate using electrophoretic mobility is likely to
be erroneous.

Discussion

Lignin, one of the most abundant biomaterial, was identi-
fied as a wood constituent more than 150 years ago. Yet,
knowledge about lignin structure is still fragmentary. Lignins
are highly heterogeneous, polydisperse polymers, which
constitute the skeletal substance of all terrestrial plants. Their
chemical structure depends on the botanical origin, the type
of wood, the chemical composition of the biological fibers,
the climatic conditions, the season of isolation, and the
chemical processing during isolation.44,46Furthermore, it has
been proposed that native lignin polymer is produced through
random, nonenzymatic polymerization, which introduces
another dimension of structural complexity.52 Native lignin
structure is rarely retained in the processed material as
structural changes, for example, isomerization of double

bonds, dehydration, and hydrogenation, may be introduced.
Establishing lignin structure in detail is a challenging and
arduous task.

The current work identifies presence of a lignin through
an arduous chemical and biophysical structure elucidation
process. While mass spectral analysis primarily suggests the
presence of aâ-O-4-linkedp-coumaryl alcohol-based lignin,
the presence of coniferyl alcohol cannot be excluded. In
addition, considering the vigorous chemical degradation
procedure used for LC-MS analysis, aâ-5 linked polymer
is also likely, a conclusion supported by elemental analysis.
Several structural features remain to be elucidated as yet.
For example, the1H and 13C NMR spectra indicate the
presence of hydrophobic methyls and methylenes, their
location and number remain to be determined. The UV-vis
study suggests the presence of underivatized phenolic groups,
possibly at polymer termination points. Likewise, a number
of high molecular weight peaks in the LC-MS spectra,
possibly containing other intermonomeric linkages, remain
unidentified. These native and non-native structures introduce
significant structural complexity, yet the macromolecule that
exhibits HSV-1 inhibitory activity is primarily a polymer
containing an average of one sulfate group per monomer
residue.

The electrophoretic property of lignin sulfate suggests an
overall shape vastly different from linear sulfated polymers.
The significant retardation in movement through acrylamide
matrix, observed even for smaller lignin sulfates, suggests
that these molecules cannot undergo reptile-like motion. This
retardation is also aided by the presence of a large number
of bound water molecules due to many surface sulfate groups.
These sulfate bound water molecules on the surface of lignin
sulfate can be thought of as equivalent to water molecules
bound to polar and charged amino acid residues on protein
surfaces. Thus, the overall molecular shape of lignin sulfate
is expected to be globular, in contrast to sulfated polysac-
charides that are known to be linear helices.53

The medicinal properties of lignins remain unknown. This
report constitutes the first example of a lignin derivative, a
sulfated form of lignin, as an inhibitor of HSV-1 entry into
cells. The IC50 value of 6µg/mL determined herein compares
favorably with values of 0.5-10 µg/mL measured for
heparin, heparan sulfate, dextran sulfate, fucan sulfate, and
other sulfated polysaccharides.14,16-22,24 Competitive inhibi-

Figure 8. Chromatographic and electrophoretic analysis of lignin sulfate fractions. (A) HP-SEC of lignin sulfate fractions, (B) PAGE profile of
PSS standards, and (C) PAGE profile of lignin sulfate fractions. Peaks were detected at 266 nm in HP-SEC, while samples were stained with
high-iron diamine stain that detects sulfate groups. HP-SEC shows the profile for fractions I-V with MR values of 39.4, 14.9, 5.9, 2.5, and 1.9
kDa, respectively. PAGE profiles for PSS standards 7, 15, 30, and 80 kDa (B) and for lignin sulfate fractions III, IV, and V (C). The solid line in
the PAGE profile of each sample is a trendline and not a regressional fit. See text for details.
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tion of HSV-1 entry into cells is known to be highly
dependent on the sulfation level of the competitor. Heparin,
the most sulfated polysaccharide known, demonstrates the
highest efficiency.13,14While a 15 kDa heparin chain would
contain an average of nearly 88 negative charges, our lignin
sulfate polymer, containing one sulfate group per monomer,
would contain∼56. (The average charge density of heparin
is ∼3.5 negatively charged groups (OSO3

- + COO-) per
disaccharide. Nearly 50 monomers (each 300 Da) are present
in a heparin chain withMR value of 15 kDa, thus giving
∼88 negative charges. On the other hand, lignin sulfate with
an MR of 15 kDa would contain 56 monomers (each 268
Da) with an average of one negative charge per monomer.)
These fewer sulfate groups in lignin may be closer to the
number in heparan sulfate, which is known to be less sulfated
than heparin.9,10 Further, just as with heparan sulfate, our
lignin sulfate structure may possess pockets of higher charge
density originating from the differential reactivity of-OH
groups in parent heterogeneous lignin. Thus, the co-incidental
optimal sulfation level, coupled with significant structural
heterogeneity, is likely the origin for the anti-HSV-1 activity
of lignin sulfate.

Structurally, lignin sulfate represents a rich combination
of substructures that represent many different options for
interaction. The presence of multiple aromatic rings intro-
duces hydrophobic forces, while unsulfated-OH groups
make available hydrogen-bonding capability. Further, sul-
fation introduces the capability to form ionic interactions,
while the bound water molecules, which can be released upon
binding to a protein, introduce a favorable entropic factor.
Thus, important enthalpic forces including hydrogen bonding,
ionic, and hydrophobic, and entropic forces that govern
nearly all interactions are present in lignin sulfate. Further,
the structural possibilities afforded by many different types
of linkages and different types of monomers suggest that
lignin sulfate may possess structural richness thought to be
present in heparan sulfate. Further work is needed to exploit
this opportunity.
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