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Abstract

In February 2016, the World Health Organization declared a Public Health Emergency of
International Concern on Zika Virus (ZIKV), because of its association with severe fetal anomalies
of congenitally infected humans. This has led to urgent efforts by academic, federal, and industry
research groups to improve our understanding of the pathogenesis of ZIKV and to develop
detection methods, therapeutic strategies, and vaccines. Although we still do not have the entire
picture of the pathogenesis of ZIKV, extensive research has been conducted on related pathogenic
flaviviruses (i.e., dengue virus, West Nile virus, and yellow fever virus). Binding to
glycosaminoglycans (GAGSs) through its envelope protein is the first step in successful host cell
invasion of dengue virus. In this study, we examined ZIKV envelope protein (ZIKV E) binding to
GAGs in a real time interaction study using surface plasmon resonance (SPR) to explore the role
of GAGs in host cell entry of ZIKV into placenta and brain. ZIKV E strongly binds (Kp = 443
nM) pharmaceutical heparin (HP), a highly sulfated GAG, and binds with lower avidity to less
sulfated GAGSs, suggesting that the ZIKV E-GAG interaction may be electrostatically driven.
Using SPR competition assays with various chain length HP oligosaccharides (from 4 to 18
saccharide units in length), we observed that ZIKV E preferentially binds to longer HP
oligosaccharides (with 8-18 saccharides). Next, we examined GAGs prepared from human
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placentas to determine if they bound ZIKV E, possibly mediating placental cell invasion of ZIKV.
Compositional analysis of these GAGs as well as SPR binding studies showed that both
chondroitin sulfate and heparan sulfate GAGs, present on the placenta, showed low-micromolar
interactions with ZIKV E. Both porcine brain CS and HS also showed micromolar binding with
ZIKV E. Moreover, heparan sulfate with a higher TriS content, the dominant repeating unit of HP,
shows a high affinity for ZIKV E. These results suggest that GAGs may be utilized as attachment
factors for host cell entry of Zika virus as they do in other pathogenic flaviviruses. They may also
assist us in advancing our understanding of the pathogenesis of ZIKV and guide us in designing
therapeutics to combat ZIKV with more insight.

Graphical Abstract

Resp. DiF

Time (8]

Mosquito-borne infectious diseases annually cause several million deaths and hundreds of
millions of cases.! The malaria parasite puts 40% of the global population at risk and causes
3 million deaths each year. The range of arboviruses, also transmitted through insect vectors,
is also increasing because of global warming. Dengue virus (DENV) has been considered to
be the world’s most dangerous mosquito-borne flavivirus disease, putting 2.5 billion people
at risk of infection and resulting in 20 million cases each year. In February 2016, Zika virus
(ZIKV) officially joined this list when the World Health Organization (WHO) declared a
Public Health Emergency of International Concern for ZIKV’s ability to cross the placental
barrier and cause severe fetal anomalies in pregnant women.? First discovered in 1947,
ZIKV is an enveloped, single-stranded RNA flavivirus and was known as a benign virus
until microcephaly cases were reported in a 2015 outbreak in Brazil.3 In healthy adults,
ZIKV causes mostly mild symptoms such as fever, rash, and joint pain and is cleared out of
the system in 1-2 weeks with the exception of a rare case of Guillain-Barre syndrome.*®
Congenital ZIKV infection, however, causes various fetal anomalies in the brain and other
organs.5- The current ZIKV outbreak to date has caused nearly 2500 reported congenital
syndromes worldwide, with the highest occurrence in Brazil and the Caribbean.19 Nearly
4000 ZIKV infections in pregnant women were reported in the United States and U.S.
territories, and five pregnancies were lost due to ZIKV infection.11 Most ZIKV cases in the
United States were originally thought to be due to traveling in Brazil and the Caribbean;
however, recent reports of local mosquito-borne ZIKV infection in Florida demonstrate that
is no longer the case.
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Since the WHO officially declared ZIKV a global threat to public health, there has been an
intensified effort to understand the pathogenesis of ZIKV infection, particularly how ZIKV
crosses the placental barrier. ZIKV infection can be transmitted through mosquito bites,
congenitally, sexually, and through bodily fluids.22-17 /n vitro studies identified permissive
cell types to ZIKV, such as human dermal fibroblasts, epidermal keratinocytes, and
immature dendritic cells.1® Human cortical neural progenitors also have been identified as
the cell type ZIKV targets in the brain, and it has been determined that microcephaly may be
due to neural cell death eventually causing microcephaly.19-20 Recently, a study of brain
scans and ultrasound images of 45 Brazilian babies who were congenitally infected with
ZIKV suggests that ZIKV can disrupt brain development as well as reduce brain size.? /n
vivo studies show that a lack of interferon y can enhance ZIKV infection and also cause
microcephaly in a mouse model.2223 The AXL tyrosine kinase receptor has been identified
as a primary receptor for host cell entry.18:24 Two DNA vaccines entered Phase | clinical
trials in August 2016; however, it may take several years to prepare safe and effective
vaccines.2>

Even though we have many pieces of the puzzle of ZIKV’s pathogenesis, we still lack a
basic understanding of how ZIKV enters host cells. Host cell invasion of other pathogenic
flaviviruses, however, has been extensively studied and may guide us in understanding
ZIKV’s pathogenesis. The initial step in host cell invasion of various flaviviruses is to bind
and concentrate on host cells and gain access to surface receptors.26-43 The flaviviruses then
enter the host cells through a clathrin-mediated endocytosis mechanism, and their envelope
proteins go through conformational changes resulting in membrane fusion and release of the
viral genome.*4-46 For example, all pathogenic flaviviruses, such as DENV, yellow fever
virus (YFV), Japanese encephalitis virus (JEV), tick-borne encephalitis virus (TBEV),
Murray encephalitis virus (MEV), and West Nile virus (WNV), utilize negatively charged
glycosaminoglycans (GAGS) present on the host cell surface as attachment factors, while
their other primary receptors vary.4”-52 In addition, pathogens that cause congenital
anomalies, such as Plasmodium falciparum, cytomegalovirus, human immunodeficiency
virus, and herpes simplex virus, also utilize GAGs within the host cell glycocalyx as
attachment factors.>3-56 Many bacterial, parasitic, and viral infectious diseases similarly
utilize GAGs as a coreceptor for successful host cell invasion.>” GAGs are anionic, linear
polysaccharides composed of repeating disaccharide units, located on the surface of cells
and in the extracellular matrix (ECM). GAGs are involved in many biological processes such
as cell adhesion, cell migration, tissue repair, ECM assembly, inflammation, and
pathogenesis.>8

The crystal structure of ZIKV envelope protein (ZIKV E) closely resembles that of other
flaviviruses, such as WNV, JEV, and DENV (Figure 1). While crystal structures of ZIKV
and other flavivirus envelope proteins have been previously investigated, cocrystallization in
complex with GAGs has not been reported.59-63 Many of these previous studies took a
mutagenesis approach to identify the two putative noncontiguous GAG-binding regions
within flavivirus envelope proteins. The binding regions are located at similar positions in
the envelope proteins of ZIKV, DENV, and other flaviviruses.#”:64-68 Examining the
sequence and structure of these GAG-binding regions within the envelope proteins, in
comparison with those for ZIKV E, led us to hypothesize that ZIKV E could also bind to
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host cell surface GAGs as an initial step in invasion (Figure 1 and Figure S1). In this study,
we tested the interactions between ZIKV E and various GAGs using a surface plasmon
resonance (SPR) binding assay. We also used SPR competition assays to understand the
chain length requirements for ZIKV E-GAG interaction. We next isolated GAGs from
human placenta and from porcine brain to understand their GAG composition and
determined their specificity and interactions with ZIKV E.

EXPERIMENTAL PROCEDURES

Materials.

Three human placentas were purchased from Cardinal Biologicals (Tyler, TX). Recombinant
Zika virus envelope protein was from MyBioSource, Inc. (San Diego, CA). Porcine
intestinal heparin (HP), 16 kDa, and porcine intestinal heparan sulfate (HS), 12 kDa, were
purchased from Celsus Laboratories (Cincinnati, OH). Porcine rib cartilage chondroitin
sulfate type A (CSA), 20 kDa, porcine intestinal chondroitin sulfate type B (CSB), 30 kDa,
and shark cartilage chondroitin sulfate type C (CSC), 20 kDa, were purchased from Sigma
(St. Louis, MO). Whale cartilage chondroitin sulfate type D (CSD), 20 kDa, and squid
cartilage chondroitin sulfate type E (CSE), 20 kDa, were purchased from Seikagaku (Tokyo,
Japan). Keratan sulfate (KS), 14.3 kDa, was isolated from bovine cornea.®® HP
oligosaccharides, including tetrasaccharide [degree of polymerization 4 (dp4)],
hexasaccharide (dp6), octasaccharide (dp8), decasaccharide (dp10), dodecasaccharide
(dp12), tetradecasaccharide (dp14), hexadecasaccharide (dp16), and octadecasaccharide
(dp18), were prepared using controlled partial heparinase 1 treatment of bovine lung HP
(Sigma) followed by size fractionation.”® Figure 2A illustrates chemical structures of these
GAGs and HP oligosaccharides. The HS decasaccharide library for the “fishing”
experiments was prepared by enzymatic depolymerization using the combination heparin
lyase I, Il, and 111 digestion and fractionation on a Bio-Gel P-6 column. The chain length of
the HS decasaccharide library was confirmed by polyacrylamide gel electrophoresis (PAGE)
analysis (Figure S2). Streptavidin (SA) sensor chips were purchased from GE healthcare
(Pittsburgh, PA). SPR measurements were performed on a BIAcore 3000 system operated
with BIAcore 3000 control and BlAevaluation version 4.0.1 from GE healthcare.

Unsaturated disaccharide standards of CS (AUA-GalNAc, AUA-GalNAc4S, AUA-
GalNAC6S, AUA2S-GalNAc, AUA2S-GalNAc4S, AUA2S-GalNAC6S, AUA-GalNAc4S6S,
and AUA2S-GalNAc4S6S), unsaturated disaccharide standards of HS (AUA-GIcNAc, AUA-
GlcNs, AUA-GIcNAC6ES, AUA2S-GIcNACc, AUA2S-GIcNS, AUA-GICNS6S, AUA2S-
GIcNAC6S, and AUA2S-GIcNS6S), and an unsaturated disaccharide standard of HA (AUA-
GIcNAC), where AUA is 4-deoxy-a-L-threo-hex-4-enopyranosyluronic acid, S is sulfo, and
Ac is acetyl, were from Iduron. Actinase E was obtained from Kaken Biochemicals (Tokyo,
Japan). Chondroitin lyase ABC from Proteus vulgaris was expressed in Escherichia coliin
our laboratory. Recombinant Flavobacterial heparinase I, 11, and I11 were expressed in our
laboratory using E. coli strains that were gifts of J. Liu (University of North Carolina at
Chapel Hill, Chapel Hill, NC).”* 2-Aminoacridone (AMAC) and sodium cyanoborohydride
(NaCNBHj3) were obtained from Sigma-Aldrich (St. Louis, MO). Amine-PEG3-biotin was
purchased from Thermo Fisher Scientific (Waltham, MA). All other chemicals were of high-
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performance liquid chromatography (HPLC) grade. Vivapure Q Mini H strong anion
exchange spin columns were from Sartoriou Stedim Biotech (Bohemia, NY).

Extraction of Glycosaminoglycans from Human Placenta.

Tissues were thawed at 4 °C and rinsed with chilled phosphate-buffered saline (PBS).
Placenta was dissected into three regions: cotyledon, chorionic plate, and umbilical cord
(Figure 2B). Each region was lyophilized and cut into smaller pieces prior to defatting with
acetone and being shaken at room temperature for 1 h. Once acetone was completely
evaporated, the tissue was digested using Actinase E for 12—-24 h. Completely digested
tissues were lyophilized. Dry tissues were dissolved in 8 M urea and 2 wt % CHAPS {3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate} buffer, and GAGs were purified
using MAXI H spin columns.”2 GAGs were desalted using 3 kDa molecular weight cutoff
(MWCO) spin columns and lyophilized.

Digestion of GAG into CS and HS.

Lyophilized GAG samples were treated with a mixture of recombinant heparinase I, I1, and
I11 in digestion buffer (20 milliunits each per milligram of GAG in 50 mM ammonium
acetate containing 2 mM calcium chloride adjusted to pH 7.0) at 37 °C for 5 h to prepare
intact CS. The reaction was terminated when the mixture was placed in a 100 °C water bath
for 5 min. The reaction mixture was cooled and spun down in 3 kDa columns to remove the
HS disaccharide products. The retentate containing CS was collected from the spin column
and lyophilized for SPR studies. The permeate (disaccharides) was collected and lyophilized
for disaccharide analysis. The same protocol was applied to prepare intact HS except the
sample was treated with chondroitinase ABC in place of heparinases.

AMAC Labeling.

The dried samples were labeled with AMAC (2-aminoacridone) by addition of 10 1 of 0.1
M AMAC in a DMSO/acetic acid solvent [17/3 (v/v)] and incubation at room temperature
for 10 min, followed by addition of 10 /L of 1 M aqueous NaBH3CN and incubation for 1 h
at 45 °C. A mixture containing all 17 disaccharide standards prepared at 12.5 ng/zL was
similarly labeled with AMAC and used for each run as an external standard. A second
mixture, containing eight HS disaccharide standards at 12.5 ng/¢l, was used for
disaccharide analysis in the “fishing” experiment. After the AMAC labeling reaction, the
samples were centrifuged and each supernatant was recovered.

Disaccharide Analysis Using Liquid Chromatography and Mass Spectrometry (LC-MS).

LC-MS analyses were performed on an Agilent 1200 LC/MSD instrument (Agilent
Technologies, Inc., Wilmington, DE) equipped with a 6300 ion trap and a binary pump. The
LC column was an Agilent Poroshell 120 C18 column (2.7 xm, 3.0 mm x 150 mm). The
column temperature was 45 °C. The flow rate was 150 z_/min. The mobile phases were 50
mM NH4OACc in water (A) and methanol (B): gradient of 5 to 30% B from 0 to 20 min, 30
to 50% B from 20 to 30 min, 100% B from 30 to 40 min, and 5% B from 40 to 50 min. The
MS parameters were electrospray in negative ionization mode with a skimmer potential of
-40.0 V, a capillary exit of —40.0 V, and a source temperature of 350 °C. The mass range of

Biochemistry. Author manuscript; available in PMC 2020 October 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kim et al. Page 6

the spectrum was /m/z 300-900. Nitrogen (8 L/min, 40 psi) was used as the drying and
nebulizing gas.

Biotinylation of GAGs.

Purified GAGs, including HS and CS (2 mg), amine-PEG3-biotin (2 mg), and NaCNBHj3
(10 mg) were dissolved in 180 4L of H,0, and 20 £ of acetic acid was added. The reaction
mixture was heated at 70 °C for 24 h. After 24 h, an additional 10 mg of NaCNBH3 was
added to the reaction mixture and the mixture heated under the same conditions for an
additional 24 h. After cooling to room temperature, the reaction mixture was desalted with a
3 kDa spin column, and the biotinylated GAGs were collected and lyophilized.

Immobilization of GAGs on a SPR Chip.

Biotinylated GAGs were immobilized on the carboxymethylated dextran streptavidin sensor
chip. The sensor chip was conditioned with 1 M NaCl in 50 mM NaOH at a flow rate of 10
uL/min, and biotinylated GAGs (10 £ containing 2 1g of either biotinylated HS or CS)
were then injected onto the flow channel. The control flow channel was prepared with a
saturated solution of biotin. Successful immobilization was confirmed by observing a
resonance unit (RU) of =100.72

Binding Assay for Assessing Interactions between ZIKV E and GAGs Using SPR.

Various concentrations of ZIKV E were prepared in HBS-EP buffer [0.01 M HEPES, 0.15 M
NaCl, 3 mM EDTA, and 0.005% surfactant P20 (pH 7.4)] and used in these studies for the
HP sensor chip (63, 125, 250, 500, and 1000 nM), for the placental GAG sensor chip (500,
1000, 1500, 2000, and 3000 nM), and for the porcine brain GAG sensor chip (1000, 2000,
3000, 4000, and 5000 nM). These concentrations were selected to give a strong RU response
in the sensorgrams that were obtained. ZIKV E was injected over the surface of appropriate
sensor chips at a flow rate of 30 zA/min. After sample injection, the surface of the sensor
chip was dissociated by being washed with 90 gL of HBS-EP buffer, followed by washing
with 30 L of 2 M NacCl for regeneration. RU was monitored as a function of time
(sensorgram) at 25 °C.

SPR Competition Assays To Inhibit Binding of ZIKV E to a HP Chip by Soluble HP
Oligosaccharides and Soluble GAGs.

The HP-immobilized SA chip was used for this experiment. Recombinant ZIKV E (500 nM)
was mixed with 2 ;M HP oligosaccharides, including dp4-dp18, in HBS-EP buffer. A
control experiment was performed with a mixture of ZIKV E and HBS-EP buffer. A mixture
of ZIKV E with each HP oligosaccharide was injected over the surface of the HP-
immobilized sensor chip at a flow rate of 30 gL/min. After each run, the dissociation and
regeneration steps were performed. The same protocol was used for the competition assay of
various GAGs, including HP, HS, CSA, CSB, CSC, CSD, CSE, and KS.

“Fishing” Experiment.

ZIKV E (30 1g) and 100 1g of the HS oligosaccharide library of dp 10 were each dissolved
in 100 L of 25 mM HBS-EP buffer [0.01 M HEPES, 0.15 M NaCl, 3 mM EDTA, and
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0.005% surfactant P20 (pH7.4)], and the mixture was incubated at room temperature for 1 h.
Nonbinding oligosaccharides were removed from the mixture using 10 kDa MWCO spin
columns, and ZIKV E-HS oligosaccharide complexes retained in the spin column were
washed three times with buffer and then subjected to LC-MS disaccharide compositional
analysis.

RESULTS
Binding of ZIKV E to HP.

HP is abundantly biosynthesized in mucosal tissues of porcine intestinal and bovine lung
tissues, but not generally present in the brain or placenta.” Electrostatic interaction is
believed to be the main type of interaction between various flavivirus envelope proteins and
GAGs, and HP is the most negatively charged GAG.4” On this basis, we began by examining
interaction of HP with ZIKV E by a real time SPR binding assay to determine binding
kinetics. ZIKV E (63-1000 nM) was injected over the surface of a HP-immobilized sensor
chip. Sensorgrams were fit globally to generate kinetic constants under a standard Langmuir
kinetic model (Figure 3), and observed kinetic constants 4, kg, and Kp were 9.67 x 103 M1
s71,4.28 x 1073 571, and 443 nM, respectively (Table 1). The sensorgrams obtained showed
the RU increased in a concentration-dependent manner.

ZIKV E Preferentially Binds to HP Oligosaccharides of Longer Chain Lengths.

In addition to electrostatic interactions, the chain length of GAGs has been shown to play an
important role in efficient binding to envelope protein in closely related flaviviruses, such as
DENV.4” We performed a SPR competition assay to understand whether ZIKV E-HP
binding requires a certain HP chain length. In these SPR competition assays, a mixture of
ZIKV E and various HP oligosaccharides (dp4—dp18) was injected over the surface of a HP-
immobilized sensor chip. RU, indicating binding affinity, was normalized on the basis of a
ZIKV E-HBS buffer control. The level of ZIKV E-HP binding decreased with an increasing
HP oligosaccharide chain length (Figure 4). The results show that the minimum chain length
for binding was an octasaccharide (8-mer). The level of inhibition increased with increasing
HP oligosaccharide chain length to 89.2% (+0.9%) for octadecasaccharide (dp18).

Preferential Binding of ZIKV Envelope Protein to Specific GAG Structures.

In previously studied infectious diseases, an efficient GAG—protein interaction required
GAGs with specific saccharide sequence and sulfation patterns.>”:74-"7 We screened various
GAGs for their ability to inhibit ZIKV E-HP interaction using a SPR competition assay to
test whether the ZIKV E-GAG interaction exhibits specificity. A mixture of ZIKV E and
various natural GAGs, including HP, HS, CSA, CSB, CSC, CSD, CSE, and KS, was injected
over the surface of the HP-immobilized sensor chip. The stronger affinity of a particular
GAG for ZIKV E, the greater the inhibition of the interaction of HP with ZIKV E observed.
HP showed the strongest inhibition level of 95.2% (+0.3), followed by CSE of 79.2% (£0.9),
CSB of 71.6% (+1.2), HS of 57.1% (+1.6), KS of 41.4% (+2.1), CSD of 65.2% (+3.0), CSA
of 19.1% (%8.3), and CSC of 8.2% (+0.4) (Figure 5).
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Disaccharide Analysis of Placental GAGs.

Next, GAGs were isolated from three regions of human placenta tissues, cotyledon,
chorionic plate, and umbilical cord (Figure 2B) via a procedure previously established in our
laboratory.”2 The main steps of isolation of GAGs from placental tissues include defatting,
proteolysis, and ion exchange column purification. GAG samples were treated with
appropriate enzymes, heparinases I, Il, and 11, affording CS, and chondroitinase ABC,
affording HS. CS and HS were then further purified using 3 kDa spin columns. The
disaccharide compositions of AMAC-labeled total GAG, CS, and HS from three different
regions of placenta were analyzed by LC-MS. The percent compositions of total GAGs
comprising CS, HS, and hyaluronan (HA) were 69.87% (£1.84%), 15.38% (+7.89%), and
14.75% (£9.26%), respectively (Table 2). The dominant forms of CS found were 4S (69%)
and 6S (27.1%) (Table 3). Thus, the dominant forms of CS in human placenta were
identified as CSA and/or CSB (69%), followed by CSC (27.1%). Finally, the most abundant
types of HS were found to be 0S (50.7%), NS (24.9%), and NS2S (13.3%). The chemical
structures of various repeating units of CS and HS are illustrated in Figure 2A.

Binding of ZIKV Envelope Protein to Human Placental CS and Human Placental HS.

We next performed a SPR binding assay to determine the binding affinity of ZIKV E-
placental CS and ZIKV E-placental HS interactions to investigate if placental GAGs may
mediate host cell entry of ZIKV in placenta. ZIKV E (500-3000 nM) was injected over the
surface of placental CS- and placental HS-immobilized sensor chips. Sensorgrams that were
generated fit the Langmuir kinetics very well, and kinetic constants were obtained (Figure 6
and Table 1). Kinetic constants &, kg, and Kp for placental CS were 4.10 x 103 M1 571,
2.70 x 1073 571 and 658 nM, respectively (Table 1). Although the kinetic constants were
also calculated for placental HS, sensorgrams did not provide a good fit for concentration-
dependent binding (not shown).

Binding of ZIKV Envelope Protein to Porcine Brain CS and Brain HS.

We next determined the binding affinity of ZIKV E for porcine brain GAGs using a SPR
kinetic assay to investigate if surface GAGs might mediate host cell entry of ZIKV into the
brain. Porcine brain CS and HS, previously isolated in our laboratory, were immobilized on
the surface of the SA sensor chip.’® The most abundant types of CS were 4S (CSA and/or
CSB, ~80%), 6S (CSC, ~7%), and 0S (~8%), whereas major HS types were 0S (60%), TriS
(25%), NS2S (13%), and NS6S (3%). ZIKV E (1000-5000 nM) was injected over the
surface of brain CS- and brain HS-immaobilized sensor chips. Globally fit sensorgrams
generated kinetic constants under a Langmuir kinetic model (Table 1). In contrast to the case
of placental CS and placental HS, brain HS showed concentration-dependent binding much
better than that of brain CS (sensorgrams not shown). Ryax Was approximately 350 RU for
both brain CS and brain HS at the injected concentrations.

“Fishing” Experiment with HS Decasaccharides for Components Binding to ZIKV E with
High Affinity.

We performed a “fishing” experiment to determine which component in a library of HS
decasaccharides had a high affinity for ZIKV E. The library of HS decasaccharides contains
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hundreds of individual decasaccharide components.”® The HS decasaccharide library and
ZIKV E were incubated together at room temperature for 1 h before being filtered through
10 kDa MWCO spin columns to remove unbound HS decasaccharides with low ZIKV E
affinity. A control was performed in the absence of ZIKV E. The disaccharide compositions
of HS decasaccharides retained in the spin column, in the control and experimental samples,
were determined using LC-MS. Our results show that TriS (4.3%) and 6S (3.25%) were
enhanced and 0S (-6.15%) was depleted in the high-affinity decasaccharides compared to
the low-affinity control (Figure 7).

DISCUSSION

GAGs have been widely found to be the first interface between a host cell and various
bacterial, parasitic, and viral pathogens.5” They allow pathogens to attach to and concentrate
themselves on the surface of host cells before interacting with other primary receptors that
directly facilitate their entry into the host cells.26-43 Interactions between GAGs and surface
proteins of pathogens can occur through both specific and nonspecific mechanisms. For
example, the main driving force for interactions between the surface GAGs on the host cell
and envelope protein of DENV and other pathogenic flaviviruses is electrostatic interaction
between the negative charge of GAGs and positive regions on the envelope proteins.4’ In
addition, GAG—protein interactions also exhibit structural specificity where proteins bind to
GAGs with certain saccharide sequences and lengths as well as GAG chains at specific
positions in the proteoglycan.4”-5381 pytative GAG-binding regions on the envelope proteins
of pathogenic flaviviruses are located in the proximity of each other.47:64-68 Z|KV E’s
sequential and structural similarity to envelope proteins of other flaviviruses on their GAG-
binding regions motivated us to examine the role of GAGs in the pathogenesis of ZIKV.

Although HP is not present in significant amounts in either brain or placenta, it represents an
excellent starting point for studying ZIKV E because HP is the most negatively charged
GAG and HS-containing HP-like domains have been reported in various tissues. It is likely
that the major driving force for pathogenic flavivirus envelope protein—-GAG interaction is
electrostatic interaction.*’ Nanomolar concentrations (63-1000 nM) of ZIKV E injected
across the HP-immaobilized sensor chip showed concentration-dependent sensorgrams
(Figure 3). The resulting kinetic constants, determined under a Langmuir kinetic model
(Table 1), showed a high-affinity interaction with ZIKV E (Kp = 443 nM), which is weaker
than the interaction of DENV envelope protein with low-molecular weight heparin
determined by isothermal titration calorimetry (ITC) (Kp = 15 nM).#7 Although SPR and
solution-based ITC binding interaction methods can produce kinetic constants that are in
agreement with each other, several factors, such as rotational entropic properties and the
surface density of the immobilized ligand, may influence binding interactions.80

A closer look at sequence alignment and superimposed crystal structure of GAG-binding
regions of DENV E and ZIKV E may provide an explanation for the differences observed in
binding of GAG to DENV E and ZIKV E (Figure 1 and Figure S1). While the GAG-binding
sites DENV E and ZIKV E appear to be highly homologous, there are some differences in
basic residues on the surface structure. GAG-binding sites of some proteins can be predicted
by Cardin-binding motifs, “XBBXBX” and “XBBBXXBX”, where X is a hydropathic
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residue and B is a basic residue, and basic residues, such as arginine and lysine, are
responsible for GAG binding.8! Unfortunately, not all GAG-binding proteins contain
contiguous motifs responsible for GAG binding, and in the case of DENV E and ZIKV E,
Cardin-binding motifs do not comprise their GAG-binding sites.82 Hydrogen-bonding
residues can also play a role in GAG—protein interaction, contributing to both binding
strength and specificity.83 The basic surface residues that we believe contribute to GAG
binding in ZIKV E are within the same regions as reported for DENV E (Figure 1).4” The
first clusters of basic and hydrogen-bonding surface residues (Figure 1B, GAG-binding site |
in Figure S1) in these envelope proteins are identical with the exception of three residues; in
ZIKV E, these residues are R299, A311, and T313, while in DENV E, they are Q293, K305,
and K307. In the second cluster of basic and hydrogen-bonding residues (Figure 1C, GAG-
binding site 1l in Figure S1) in these envelope proteins, the putative GAG-binding site
contains four residues that are dissimilar in the two viruses, K395, T397, S403, and K409 in
ZIKV E and Q386, K388, K394, and Q400 in DENV E. Identical acidic residues are located
in both GAG-binding sites: D296 and E412 in ZIKV E and D290 and E403 in DENV E.
When both GAG-binding sites (Figure S1) are considered, ZIKV E has a positive charge
(with 13 basic and two acidic residues) lower than that of DENV E (with 14 basic and two
acidic residues) at physiological pH, and this may help explain the 10-fold higher GAG
binding affinity of DENV compared to that of ZIKV E. However, nonbasic or acidic
residues can also have an impact on the specificity and affinity of GAG binding. A recent
study suggests that examining the presence of asparagine and glutamine in addition to
arginine and lysine in GAG-binding sites can allow better prediction of specificity and
binding avidity for GAG-binding proteins.84 In the positions where basic residues are
missing in DENV E, glutamines and asparagine are present, Q293, Q386, N390, and Q400;
in contrast, ZIKV E has no glutamines or asparagines at these sites.

After establishing that ZIKV E has a high affinity for HP, we investigated whether ZIKV E-
GAG interaction exhibited structural specificity. In ZIKV’s closely related cousin DENV,
only longer chain length heparin oligosaccharides (dp10) effectively bind to DENV E and
inhibit binding of DENV E to Vero cells.4” A SPR competition assay was performed to
determine whether ZIKV E also possesses this structural specificity in GAG binding.
Although inhibition was negligible for smaller HP oligosaccharides (from dp4 to dp6), the
level of inhibition increased to 18.6% for dp8 and to 89.2% for dp18. These results suggest
that the minimum chain length of the HP oligosaccharide to efficiently occupy the GAG-
binding site on ZIKV E may be dp8 and that it prefers an even longer chain length. These
findings establish that ZIKV E-GAG interactions exhibit structural specificity in terms of
chain length requirement.

In addition to chain length specificity, sulfation position and saccharide sequence affect
efficient binding to GAGs and, thus, successful host cell invasion in various infectious
agents, including parasites, i.e., Plasmodium falciparum, bacteria, i.e., Helicobacter pylori,
and flaviviruses, i.e., DENV.47:53.85 \We screened various natural GAGs for their inhibition
activity against HP-ZIKYV E interactions to determine if ZIKV E-GAG interaction also
showed this structural specificity. If the saccharide sequence and/or sulfation pattern did not
play arole in GAG-ZIKYV E interactions, ZIKV E would prefer binding to more sulfated
GAGs and follow this trend: HP > CSD and CSE > KS > HS > CSA, CSB, and CSC.
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However, the ZIKV E-GAG binding trend obtained from the competition assay is as
follows: HP > CSE > CSB > HS > KS > CSD > CSA > CSC. These results suggest that
ZIKV E-GAG binding also exhibits specific saccharide sequences and/or sulfation patterns
like other pathogen—-GAG interactions.

After learning that ZIKV E’s interaction with GAGs exhibits structural specificity, we
screened GAGs from human placenta tissues for their affinity for ZIKV E. ZIKV has been
reported to cross the placental barrier and found in amniotic fluid of pregnant women at 28
weeks.32 A recent study also reported that ZIKV infected placenta in the early development
stage of pregnancy in mice.33 Before infecting the fetus to cause anomalies, such as
microcephaly, ZIKV first must strategically invade placental tissues. We isolated GAGs from
human placenta and further processed them into CS and HS to identify GAGs that may
mediate ZIKV’s host cell entry. Disaccharide composition analysis shows that placenta
largely consisted of CS (69.87%), HS (15.38%), and HA (14.75%) (Table 2). Because
pathogens generally utilize GAGs as attachment factors to concentrate themselves on the
surface of host cells and CS is the major component in placenta, we suspected that CS may
be the main GAG-binding ZIKV E. The percent composition of placental CS shows that
CSA and CSB (69%) and CSC (27.1%) were the main CS in placenta. It is notable that CSB
was the GAG that bound third most strongly to ZIKV E from the competition assay. We also
analyzed the disaccharide composition of placental HS, which was composed of 0S (50.7%),
NS (24.9%), and NS2S (13.3%). We generated globally fit sensorgrams and calculated
kinetic constants from injection of 500-3000 nM ZIKV E over placental CS- and HS-
immobilized sensor chips (Figure 6 and Table 1). CS showed concentration-dependent
binding at nanomolar concentrations of ZIKV E compared to HS-dependent binding. These
results suggest that placental CS, possibly CSB, may be the GAG receptor that mediates
placental cell entry of ZIKV.

Finally, we investigated if brain GAGs could mediate the neural cell entry of ZIKV. The SPR
binding assay was performed to test ZIKV E’s binding affinity for porcine brain CS- and
HS-immobilized sensor chips. Brain HS showed concentration-dependent binding, and its
sensorgrams showed a good fit to a Langmuir kinetic model. While placental and brain HS
are both composed of two main types of HS (0S and NS2S), they differ in that placental HS
contains NS and brain HS contains significant amounts of Tris and NS6S. “Fishing”
experiments in which we screened a library of HS decasaccharides showed that HS
decasaccharides that bound tightly to ZIKV E were enriched with TriS and 6S and not
enriched with 0S. Porcine brain HS is composed of 60% 0S and 25% TriS and has only very
small amounts of 6S. This may explain the weaker binding of porcine brain HS to ZIKV E
when compared to that of placental CS. However, the HS composition varies across different
organisms, and this HS came from a pig not a human. Moreover, the HS composition
changes during brain development within an organism. Thus, it will be important to examine
human HS taken from the human brain at early stages of development.

There are several established biological approaches to test whether cells without GAGs can
bind envelope protein or be infected with ZIKV. Cells could be grown either in low-sulfate
medium or in the presence of sodium chlorate to decrease the level of GAG sulfation.*7:86.87
Cells could be treated with GAG lyases to remove specific GAGs from the surface of cells.
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86,87 GAG biosynthesis could be blocked in knockout cell lines [i.e., Chinese hamster ovary
(CHO) cells such as pgsD-618, pgsD-677, and pgsA-745].47:86-88 while our study uses a
biochemical method to demonstrate the interaction between GAGs and ZIKV E, in vitro
cell-based studies relying on GAG-deficient cells will be needed to validate the importance
of this binding for ZIKV infection.

Since the WHO declared Public Health Emergency of International Concern on ZIKV’s
ability to cause severe birth defects, many academic, government, and industry groups have
been in a race to better understand the pathogenesis of ZIKV and to develop new detection
methods and therapeutic approaches. DNA-based vaccines from Inovio and the National
Institute of Allergy and Infectious Disease (NIAID) entered phase I clinical trials in August
2016. As promising as this is, it may still take several years until a safe and effective vaccine
is available to combat ZIKV. DENV, a close relative to ZIKV, annually puts 2.5 billion
people at risk and infects 20 million people. The development of a vaccine for DENV has
been extremely challenging because of immunological interactions between the serotypes of
DENV and immune enhancement of disease.8% The first DENV vaccine, approved in
Mexico in late 2015 and now in five more countries, has been reported to be ineffective
among children who are at major risk of infection. This DENV vaccine also may cause more
serious “secondary” infection depending on the transmission setting. Similar challenges
might slow the development of a ZIKV vaccine. The current findings about the role of
GAGs in ZIKV’s host cell entry contribute to our understanding of ZIKV pathogenesis and
might facilitate the development of detection and therapeutic approaches.°

In this study, we established that ZIKV envelope protein interacts with GAGs through
electrostatic interactions and that specific chain lengths, saccharide sequences, and sulfation
patterns are important in the binding of GAG to ZIKV E. Placental CS was identified as a
candidate coreceptor for ZIKV E and may mediate host cell entry of ZIKV into the placenta.
Studies of porcine brain HS show a concentration-dependent binding to ZIKV E, and
“fishing” experiments suggest that HS with a higher TriS and 6S composition exhibits a
higher affinity for ZIKV E. These findings begin to set a foundation needed to advance our
understanding of the pathogenesis of ZIKV and should provide insight into the development
of therapeutics for ZIKV.
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CSA chondroitin sulfate A
CSB chondroitin sulfate B
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CsC chondroitin sulfate C
CSsD chondroitin sulfate D
CSE chondroitin sulfate E
DENV Dengue virus
DENV E Dengue virus envelope protein
dp degree of polymerization
GAG glycosaminoglycan
HP heparin
HS heparan sulfate
HA hyaluronan
ITC isothermal titration calorimetry
JEV Japanese encephalitis virus
KS keratan sufate
MEV Murray encephalitis virus
PDB Protein Data Bank
SA streptavidin
SPR surface plasmon resonance
TBEV tick-borne encephalitis virus
WNV West Nile virus
YRV yellow fever virus
ZIKV Zika virus
ZIKV E Zika virus envelope protein
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Figure 1.
(A) Full length structural alignment of ZIKV E (red, PDB entry 51RE) and DENV2 E

(green, PDB entry 3J27). Bold structures are putative GAG-binding sites within the rest of
the envelope proteins represented in more transparent structures. (B) Superimposition of
putative GAG-binding site | of ZIKV E (K290-K316) and DENV2 E (K284-K310). Surface
residues that may contribute to GAG binding are illustrated as sticks. (C) Putative GAG-
binding site 11 of ZIKV E (R395-R420) and DENV2 E (Q386-R411) (see Figure S1 for a
sequence alignment).
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(A) Chemical structures of various glycosaminoglycans and heparin oligosaccharides. (B)
Portions of human placental tissues analyzed.
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Sensorgrams of interactions between ZIKV E protein and porcine intestinal heparin. ZIKV E
(63, 125, 250, 500, and 1000 nM) was injected over the surface of immabilized heparin at a
flow rate of 30 gL/min. The black curves are the fitting curves using models from
BlAevaluation version 4.0.1.
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Figure 4.
Inhibition of binding of various chain length heparin oligosaccharides to ZIKV E-HP. A

mixture of ZIKV E and HP oligosaccharides (dp2—dp18) was injected over the surface of
immobilized heparin at a flow rate of 30 zL/min. Binding of ZIKV E to immobilized HP

was normalized on the basis of the RU obtained from a negative control (HBS-EP buffer).
The error bars are standard deviations from triplicate experiments.
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Figure 5.
Inhibition of binding of various natural GAGs to ZIKV E-HP. A mixture of ZIKV E and

various GAGs (HP, HS, CSA, CSB, CSC, CSD, CSE, and KS) was injected over the surface
of immobilized heparin at a flow rate of 30 zL/min. Binding of ZIKV E to immobilized HP
was normalized on the basis of the RU obtained from a negative control (HBS-EP buffer).
The error bars are standard deviations from triplicate experiments.
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Figure 6.

Binding interactions between ZIKV E and placental CS. ZIKV E (500, 1000, 1500, 2000,
and 3000 nM) was injected over the surface of immobilized human placental CS at a flow
rate of 30 zL/min. The black curves are the fitting curves using models from BlAevaluation
version 4.0.1.
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Figure 7.

“Fishing” experiments. The library of HS decasaccharides was screened to identify high-
ZIKV E binding affinity components using LC-MS. White columns show data from the

2S6S

6S

2S

control, and black columns show data for GAGs bound to ZIKV E. The error bars are

standard deviations from triplicate experiments.
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Table 1.
Binding Kinetics of ZIKV E-GAG Interactions from SPR Binding Assays

Ko
ka (M™1s71) ka (57 (nM)

porcine intestinal HP 428x10%+46x107° 443

9.67 x 1039 (2135)
human placental HS 232 x 103 (+123)  2.95x10°%+4.9x10° 894
human placental CS  4.10 x 103 (+92) 270x10%+15x10™* 658
porcine brain HS 2.07 x 108 (¢42) 202x10°%+82x10° 977
porcine brain CS 1.86 x 10% (+49) 245x 108+ 1.4 %10 1310

aThe values in parentheses are the standard deviations (SDs) from global fitting of five injections.
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Disaccharide Analysis of Total Human Placental GAG via LC-MS

Table 2.

a

CS
HS
HA

total GAG disaccharide composition (%)

C
71.9
23.1
4.96

CH
68.4
15.7
15.9

UB average
69.3 69.9+18

73 154+7.9
234 148+9.3

a. . _— - - . -
C is cotyledon, CH chorionic plate, and UB umbilical cord. The standard deviation was generated from differences between GAG compositions of

three different regions.
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