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Abstract

Site-directed mutagenesis of residues in the BC loop (residues 329-333) of the envelope (E) protein
domain I11inaWest Nile virus (WNV) infectious clone and in plasmids encoding recombinant WNV
and dengue type 2 virus domain |11 proteins demonstrated a critical role for residues in this loop in
the function and antigenicity of the E protein. This included a strict requirement for the tyrosine at
residue 329 of WNV for virus viability and E domain 111 folding. The absence of an equivalent residue
in this region of yellow fever group viruses and most tick-borne flavivirus suggests there is an
evolutionary divergence in the molecular mechanisms of domain I11 folding employed by different
flaviviruses.
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Introduction

The genus Flavivirus, family Flaviviridae, includes arthropod-borne viruses that are associated
with significant human and veterinary diseases, such as West Nile fever/encephalitis, dengue
fever, Japanese encephalitis, tick-borne encephalitis and yellow fever. Approximately half of
the world's population is at risk for infection with one or more of these viruses, and collectively
they are responsible for many hundreds of thousands of human disease cases and tens of
thousands of deaths worldwide each year.

Flavivirus virions are relatively smooth, spherical particles approximately 50 nm in diameter
(Mukhopadhyay et al., 2003). Their outer surface is comprised of a lipid envelope carrying
180 copies of the viral envelope (E) protein arranged in 90 homodimers, and an equal number
of the residual membrane (M) portion of the pre-membrane (prM) protein. The flavivirus E
protein is a class 11 viral fusion protein that mediates the essential functions of attachment to
and fusion with host cell membranes and structures solved for several E proteins show strong
conservation of the overall fold between tick- and mosquito-borne flaviviruses, presumably
mediated via strict conservation of six intramolecular disulfide bridges (Kanai et al., 2006;
Modis et al., 2003; Nybakken et al., 2006; Rey et al., 1995).

Structural domain 111 of the E protein is a beta-barrel/sandwich structure with an 1g-like fold
and a single disulphide bridge. Although specific receptors for flavivirus binding to target cells
remain elusive, domain Il of mosquito-borne West Nile virus (WNV) and dengue virus
(DENV) types 1, 2 and 4 have been shown to contribute to binding of those viruses to candidate
protein or carbohydrate receptors on target cells (Chin, Chu, and Ng, 2007; Chu et al., 2005;
Hung et al., 2004; Lee, Chu, and Ng, 2006; Pattnaik et al., 2007) confirming that domain 111
is the likely receptor binding domain and a major determinant of virus tropism. Domain 1iI
also encodes critical epitopes recognized by potent, virus type-specific neutralizing antibodies
(Roehrig, 2003). As such, the amino acid sequence of domain 111 for different flaviviruses has
presumably been defined by a balance of selective pressures that promote antigenic diversity
while retaining the essential receptor-binding functions of the domain.

Flaviviruses have an error-prone RNA genome replication strategy, meaning that within any
virus population there exists a variable level of sequence diversity. This property has been used
in the selection and study of flavivirus variants under a variety of selective pressures, including
selection of neutralization resistant antibody escape variants. Structural studies have shown
that neutralizing antibodies that bind to epitopes in domain Il interact with almost the entire
exposed surface of the domain (Nybakken et al., 2005; Wu et al., 2003). However, selection
of neutralization resistant variants of WNV using anti-domain 111 antibodies either in vitro
(Beasley and Barrett, 2002; Choi et al., 2007) or in vivo (Zhang et al., 2009) has been associated
with mutations at only a limited number of residues in the amino terminal strand (K307), BC
loop (T330and T332) and DE loop (A367), suggesting that structural and functional constraints
may significantly limit the potential range of domain 111 surface mutations that would otherwise
facilitate neutralization escape. Consistent with this, none of these mutations has been
associated with measurable differences for growth in cell cultures or mouse virulence
phenotypes compared to the parental wild-type viruses (Beasley and Barrett, 2002; Zhang et
al., 2009).

In this study, targeted mutagenesis of a WNV infectious clone was used to explore the potential
plasticity of domain 111 BC loop residues (residues 329-333, sequence YTGTD; Figure 1).
Amino acids encoded at residues 330 and 332 are variable and appear to be major determinants
of the antigenic differences between WNV strains and between WNV and other flaviviruses
(Beasley and Barrett, 2002;Oliphant et al., 2005;Sanchez et al., 2005;Zhang et al., 2009). In
contrast, residues Y329 and G331 are highly conserved among mosquito-borne flaviviruses
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(Figure 1c), with the exception of most YF group viruses, suggesting that they may be subject
to structural and/or functional constraints, but their potential roles in antigenicity and other
viral phenotypes and their tolerance for mutation had not been directly examined.

Recovery of WNV domain Il BC loop tyrosine corner mutants

Single site alanine and other conservative and non-conservative substitutions (Table 1) were
introduced into the coding sequence of the E protein amino acid residues 329-333 in plasmids
encoding an infectious clone of WNV strain New York 1999 (NY99), and transcribed genome-
equivalent RNA was electroporated into Vero cells, as described elsewhere (Beasley et al.,
2005)(see also Materials and Methods). The mutations at Y329 and D333 included amino acids
encoded by other flaviviruses at those sites (Y329F - TBEV; D333N - St Louis encephalitis
virus; Figure 1c). Mutations at T330 and T332 were included as controls for viability as they
were previously associated with antigenic differences between WNV strains (Beasley and
Barrett, 2002;Li, Barrett, and Beasley, 2005).

Variants encoding substitutions T330A/I, G331A, T332A/K/M, D333E/N were readily
recovered from Vero cells transfected with transcribed RNA (Table 1). Nucleotide sequencing
of prM and E genes identified no reversions or compensatory mutations. In contrast, no
infectious virus was recovered from multiple transfections of Vero cells performed for D333A
or Y329F/K/S/T mutants, indicating that these mutations were not tolerated.

To determine whether or not any substitutions were tolerated at Y329, three degenerate
oligonucleotide primer sets were prepared that allowed substitution of any residue other than
tyrosine or a stop codon at 329. Mutagenesis reactions for recovery of mutant infectious clone
plasmid pools were performed with the Quikchange Il XL kit (Stratagene), essentially as
described elsewhere (Hogrefe et al., 2002). Experiments with only one degenerate primer set,
encoding nucleotides T-C/G/T-C/G in place of the Y329 T-A-C codon, yielded infectious virus
particles from Vero cells. However, nucleotide sequencing of viral nucleic acids recovered
from culture supernatants at daily intervals post-transfection demonstrated a mixed mutant
sequence detectable at day 1 post-transfection that was replaced by the wild-type Y329 T-A-
C nucleotides on day 2 and thereafter (data not shown), suggesting that reversions to A at the
second position had probably occurred following transfection and initial replication of mutant
genomic RNAs.

Most importantly, it was indicative that Y329 could not be readily substituted by any other
amino acid. Analysis of accessible surface area for residues in the WNV domain 111 NMR
structural ensemble (Volk et al., 2004) indicated that Y329 is almost completely buried within
the domain (Table 2), implying that it does not participate directly in receptor- or antibody-
binding interactions but instead most probably contributes to the structural scaffold of domain
I

BC loop substitutions have variable effects on the antigenicity, multiplication and virulence

of WNV

Structural studies have demonstrated that the residues in the domain 111 BC loop are central to
the binding footprint of WNV-specific or JEV-specific neutralizing monoclonal antibodies
(Nybakken et al., 2005; Wu et al., 2003). Therefore, the presentation of WNV-specific epitopes
in the viable variants was assessed by Western blotting and plaque reduction neutralization
using anti-WNV E domain Il MAbs 7H2, 5H10 and 5C5, as described previously (Beasley
and Barrett, 2002; Li, Barrett, and Beasley, 2005). With the exception of T330A, substitutions
at residues 330-333 dramatically reduced or abolished binding of the MAbs in Western blots
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(Figure 2) and reduced the neutralization index of some or all MAbs compared to the wild-
type control (Table 1), consistent with this loop being a critical component of domain Il WNV-
specific antigenic site. Interestingly, none of these engineered mutations reduced neutralization
as greatly as did T332K, which is a major determinant of antigenic diversity between naturally
occurring WNV strains (Li, Barrett, and Beasley, 2005).

The multiplication kinetics in Vero cells of the viable BC loop variants were comparable to
wild-type virus, although peak titers at 48 hours post-infection were significantly lower
(approximately 100-fold) for the G331A and D333E/N variants (Student t-test, p <0.01) (Figure
3). Each of these three variants also displayed a small plaque phenotype in Vero cells when
compared to the wild-type (data not shown).

The effects of the viable BC loop tyrosine corner mutations on the virulence of WNV were
assessed via determination of neuroinvasiveness following intraperitoneal inoculation of
outbred Swiss Webster mice (Table 1). Variants encoding the mutations T330A/I or T332A/
M were as virulent as the wild-type. An approximately 10-fold reduction in neuroinvasiveness
was observed for the variant encoding T332K, which was somewhat different to previous
observations with naturally occurring lineage 2 WNYV strains encoding that mutation that were
almost as virulent as NY99 (Beasley et al., 2002). In distinct contrast, mutations at the more
highly conserved G331 or D333, which retarded multiplication of WNV in vitro, also
attenuated the mouse neuroinvasiveness of WNV. The G331A variant was attenuated at least
1000-fold and failed to kill mice at any dose in these studies. Substitution of D333N, the
equivalent residue in SLEV strains (Figure 1c), also resulted in a highly attenuated phenotype
and even the conservative D333E mutation resulted in a 60-fold decrease in virulence compared
to wild-type WNV (Table 1).

The conserved tyrosine at 329 is critical for proper folding of WNV E domain Il

To assess the effects of the BC loop Y329 mutations on domain 11 folding, several of these
mutations were introduced into plasmids encoding recombinant domain 111 expression
constructs. Initially, the binding of neutralizing anti-domain Il virus-specific MAbs in an
indirect ELISA to recombinant WNV domain |11 maltose binding protein (MBP) fusion
proteins encoding Y329F/K mutations was assessed. For each mutation, binding was reduced
to near background levels, comparable to the effects of the T332K mutation (Figure 4a),
suggesting significant disruption of the critical neutralizing epitope and the domain 111 upper
surface. Substitutions of the equivalent tyrosine at residue 326 of recombinant DENV-2 domain
I11also disrupted epitopes recognized by DENV-2-specific neutralizing antibodies (Figure 4b),
implying that the tyrosine plays a similar structural role in both of these mosquito-borne
flaviviruses.

Although soluble WNV domain 111 MBP fusion proteins encoding mutations at Y329 were
recovered, attempts to cleave off the fusion partner for further purification and analysis of
domain 111 folding resulted in precipitation of the released domain Il1. Similarly, attempts to
purify untagged WNV domain 11 proteins encoding mutations at Y329 using a method similar
to that described elsewhere (Volk et al., 2007) were unsuccessful, suggesting that the conserved
tyrosine is essential for correct folding of WNV domain 11 and that the absence of antibody
reactivity with soluble MBP fusion proteins encoding Y 329F/K mutations was likely due to
improper folding of the domain 111 portion of the fusion protein.

Discussion

The structures of flavivirus E proteins and domain Il subunits that have been determined to
date show an overall similarity and conservation of the protein fold. However, more detailed
studies of the physical and functional properties of these proteins, including the results
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presented here, are identifying key differences in the sequences and structural characteristics
of these viral proteins that will more clearly define the specific molecular determinants of their
antigenicity and functional properties.

Previous studies have described engineered mutations at residues in E domain 111 of some
flaviviruses that had significant effects on virus multiplication or mouse virulence phenotypes
(Hurrelbrink and McMinn, 2001; Lee and Lobigs, 2000; Mandl et al., 2000). However, with
the exception of the cysteines that form the conserved disulphide bridge, this is the first example
of a single domain 11 residue - Y329 - that appears to be strictly required for viability of a
flavivirus. In addition to the critical requirement for Y329 for proper folding of domain I, the
conserved residues G331 and D333 appeared to play important roles in the infectivity of WNV,
as mutations of either residue were associated with significant attenuation of WNV
multiplication in Vero cells and of mouse neuroinvasivness. Mutations of G331 and D333 were
also associated with reductions in detectable binding of neutralizing anti-WNV MAbs in
Western blots (Figure 2) and reductions in neutralization (Table 1) to levels that were
comparable to those mutations previously described at residues 330 and 332 that facilitated
complete or partial neutralization escape from one or more of those antibodies. These
observations support our hypothesis that all BC loop residues make some contribution to
antigenicity but some are subject to structural and/or functional constraints that limit
divergence.

The BC loop sequence of WNV and most other mosquito-borne flaviviruses matches a “reverse
A4 tyrosine corner” feature (sequence YXGXD/G) previously identified in a small number of
viral capsid proteins, including the non-enveloped picornavirus poliovirus VP1 and rhinovirus
VP1 (Hemmingsen et al., 1994). Tyrosine corners with varying sequences have been identified
in a wide range of beta-barrel/sandwich protein structures and physicochemical studies of
protein folding have suggested a specific requirement for tyrosine corner hydrogen bonding to
stabilize the folding of the Ig-like domains in which those motifs occur (Hamill et al., 2000;
Hemmingsen et al., 1994; Nicaise et al., 2003). The inability to recover infectious virus and
the improper folding of recombinant WNV domain 111 proteins encoding mutations at Y329
in this study suggest that this tyrosine and the BC loop may play a similar structural role to
that of the tyrosine corner motifs in other 1g-like domains.

Unlike WNYV and other JE and DEN complex mosquito-borne flaviviruses, viruses in the YF
group have a shorter predicted BC loop sequence and do not encode a tyrosine (Figure 1c)
(Grard et al., 2009). A recent structural analysis of YFV domain 111 has confirmed predicted
differences in the lengths of the surface loops compared to other mosquito-borne flaviviruses
and demonstrated that two proline residues at the N and C termini of the YFV BC loop may
stabilize the surface loop structure rather than the tyrosine corner-like sequence found in other
mosquito-borne flaviviruses (Volk et al., 2009). However, other YF group viruses (e.g. Edge
Hill virus, Wesselsbron virus in Figure 1c) (Grard et al., 2009) do not encode either the N-
terminal BC loop proline found in YFV strains or the tyrosine found in other mosquito-borne
flaviviruses. Similarly, evolution of mammalian tick-borne viruses (Gaunt et al., 2001; Grard
et al., 2007) appears to have resulted in shortening of the BC loop and replacement of the
tyrosine by phenylalanine (Figure 1c). This suggests that, despite the apparent similarities in
domain 11 structures for different flaviviruses, the specific intramolecular interactions that
define these structures are significantly different and would, at least in part, explain why
attempts to transplant a DENV group reactive neutralizing epitope to other mosquito-borne
flavivirus E-111 molecules were much less successful when using YFV E-IlI as the backbone
compared to either WNV or JEV (Lisova et al., 2007). These differences are also supported
by biophysical and biochemical comparisons of domain Il from some tick- and mosquito-
borne flaviviruses that have shown distinct differences in the stability of those proteins, despite
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the overall similarities in their secondary structure and hydrodynamic properties (Yu et al.,
2004).

In summary, the amino acid residues in the WNV BC loop clearly play significant roles in E
protein domain 11 folding, virus infectivity, virulence and antigenicity. These findings also
suggest that there are varying constraints on the plasticity of residues encoded in the surface
loops of WNV domain 111, which may have important implications for the design and
evaluation of antibodies and other therapeutic compounds targeted to this domain (i.e.
optimizing interactions with functionally important residues may limit the potential for
emergence of resistant variants). The absence of an equivalent “tyrosine corner”-like motif in
YF group viruses and many tick-borne flaviviruses suggests that flaviviruses have evolved
with different intramolecular interactions supporting the folding and stability of domain 1l
which are presumably associated with the functional and antigenic differences that exist
between them. The results presented here provide a basis for future studies to define the specific
relationships between amino acid sequence, structure, function and antigenicity of the putative
receptor binding domains encoded by different flaviviruses that may also aid the rationale
design of novel molecules based on domain 11 for use as improved vaccine immunogens and
serodiagnostic antigens.

Materials and Methods

Recovery of infectious clone-derived WNV NY99 variants

The construction and recovery of virus from a WNV NY99 two plasmid infectious clone has
been described elsewhere (Beasley et al., 2005; Kinney et al., 2006). Briefly, full genomic-
length cDNA was prepared by cleaving pWN-AB and pWN-CG plasmids at a natural
NgoMIV-2495 site in the NS1 gene of WNV (present in both plasmids), followed by ligation
with T4 ligase (New England Biolabs, Beverly, MA). Viral genomic RNA was transcribed by
using the AmpliScribe T7 kit (Epicentre Technologies, Madison, WI). Transcription was
carried out in the presence of m’-GpppA cap analog (New England Biolabs) for 2-3 hours at
37°C, and Vero cells were transfected with the transcribed RNA by electroporation.
Transfected cell cultures were incubated at 37°C/5%CO, until onset of cytopathic effect
(typically around 4 days post-infection), at which point supernatant was harvested.

The Quikchange XL Il or Quikchange Multi site directed mutagenesis kits (Stratagene, La
Jolla, CA) were used to introduce BC loop mutations into the infectious clone, according to
the manufacturer's protocols. Mutagenesis of the Y329 codon using degenerate primers was
as described (Hogrefe et al., 2002), excepting that mutated plasmid pools were purified directly
from liquid cultures of transformed XL10 bacteria following an amplification growth phase.
Sequences of primers used for mutagenesis are available on request.

Virus multiplication kinetics for wild-type and mutant clone-derived virus stocks were
determined in Vero cells. Duplicate wells in confluent 6 well tissue culture plates were
inoculated with virus at a multiplicity of infection of ~0.05 for 30 minutes at room temperature.
After incubation, the cell monolayers were rinsed to remove unbound virus and 5mL of MEM
tissue culture medium supplemented with 2% fetal bovine serum (FBS) was added. Aliquots
of culture supernatants were collected at daily intervals post-infection to 72 or 96 hours, at
which point all monolayers showed significant cytopathic effect. Virus titers for each timepoint
sample were determined by plaque assay on Vero cells.

Antigenic characterization of WNV BC loop variants

The properties and epitope mapping of WNV domain Il1-reactive, neutralizing MAbs 5H10,
5C5 and 7H2 (Bioreliance Corp., Rockville, MD) have been described elsewhere (Beasley and

Virology. Author manuscript; available in PMC 2011 July 20.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 7

Barrett, 2002; Li, Barrett, and Beasley, 2005). The effects of mutations introduced into the BC
loop on WNV antigenicity were initially assessed by Western blotting using lysates of Vero
cells infected with wild-type or viable mutant viruses, according to standard methods (Zhang
et al., 2006).

To compare neutralization of wild-type and mutant variants by the WNV domain 11 reactive
monoclonal antibodies, ten-fold dilutions of virus were prepared in MEM tissue culture
medium (Sigma, St. Louis, MO) containing 2% fetal bovine serum (FBS) and mixed with equal
volumes of anti-WNV MADb (100 ng/reaction) or MEM media only. Virus-antibody mixtures
were incubated at room temperature for 60 minutes before inoculation onto monolayers of
Vero cells in 6-well tissue culture plates (Corning, Corning, NY). Plates were incubated at
room temperature for 30 minutes to allow virus adsorption, then overlayed with 5 mL per well
of MEM medium containing 1% agarose (MEM/agarose). After incubation at 37°C in a 5%
CO5, atmosphere for two days, the wells were overlayed with an additional 2 mL of MEM/
agarose containing 2% v/v neutral red solution (Sigma). Plaques were counted the following
day and neutralization indices determined as the log10 reduction in virus titer in the presence
of MAb compared with the medium only control.

Mouse virulence testing

Groups of five 3- to 4-week old, female Swiss Webster mice (Harlan, Indianapolis, IN) were
inoculated intraperitoneally with serial ten-fold dilutions (1000 - 0.1 pfu) of wild-type virus or
mutant variants in sterile phosphate buffered saline for determination of 50% lethal doses

(LDsp).

Expression of recombinant WNV and/or DENV-2 domain 1l MBP fusion and untagged
proteins encoding BC loop mutations

Site-directed mutagenesis of WNV NY99 or DENV-2 New Guinea C domain 111 gene
fragments cloned in the MBP fusion protein expression vector pMAL-c2x (New England
Biolabs) was performed using the Quikchange XL I1 kit according to the manufacturer's
instructions. Wild-type and mutant fusion proteins were expressed and purified from
transformed ER2566 E. coli (New England Biolabs), expression of full-length fusion proteins
was confirmed by SDS-PAGE analysis and Western blotting, and the binding of virus-specific
anti-domain 111 MAbs was assessed by indirect ELISA, as described elsewhere (Li, Barrett,
and Beasley, 2005; Volk et al., 2004). As was done in those earlier studies, equivalent coating
of wild-type and mutant proteins in the indirect ELISA was confirmed using an anti-MBP
serum.

For ELISAs with WNV proteins, MAbs 5H10, 5C5 and 7H2 were used. To assess the effects
of mutations at Y326 of DENV-2, three neutralizing DENV-2-specific, domain Il1-reactive
MADbs were obtained from commercial sources: 3H5 (Chemicon, Temecula, CA) (Gentry et
al., 1982), 9F16 (United States Biological, Swampscott, MA) and 2Q1899 (United States
Biological). Detailed epitope mapping studies using these three anti-DENV-2 antibodies have
shown that they recognize overlapping epitopes on the domain 111 surface (Gromowski and
Barrett, 2007).

A WNV strain NY99 E protein gene fragment encoding amino acid residues 292-406 was
cloned into the pET15 plasmid vector (Novagen) but lacking the plasmid-encoded N-terminal
His tag sequence. The QuikChange kit was again used to introduce desired mutations into the
domain 111 coding sequence. Untagged wild-type and mutant WNV recombinant domain 11
proteins were expressed and purified from ER2566 E. coli as described elsewhere (Volk et al.,
2007).
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Figure 1.

Location of BC loop (residues 329-333, in cyan) in the WNV E domain I11: (a) lateral view of
domain IlI, oriented as for the complete E protein structure (inset); (b) rotated 30° to the left
to show the location of Y329 (in yellow). (c) Amino acid sequence alignment of flavivirus
domain 11 residues equivalent to 302-337 of WNV; flavivirus-conserved cysteines and BC
loop residues 329-333 are boxed. Mammalian tick-borne flaviviruses are ordered according to
their proximity to the root of that branch in previous phylogenetic analyses of their evolution
(Gaunt et al., 2001; Grard et al., 2007) showing replacement of tyrosine with phenylalanine
and shortening of the BC loop.
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Figure 2.

Reactivity of anti-WNV MAbs 7H2, 5H10 and 5C5 with E proteins of WNV variants encoding
domain Il mutations in infected Vero cell lysate antigen preparations.
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Comparative growth Kinetics in Vero cells of wild-type (w.t.) WNV infectious clone and
variants encoding substitutions at residues 330-333 of the envelope protein domain I111.
(Multiplicity of infection = 0.05 plaque forming unit/cell; error bars are 1 standard deviation.)
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Figure 4.

Effects of mutations at the conserved tyrosine present in mosquito-borne flavivirus E protein
domain 111 on binding of (a) WNV-specific or (b) DENV-2-specific monoclonal antibodies to
recombinant MBP-WNV or MBP-DENV-2 domain 111 fusion proteins, respectively, by

ELISA.
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Table 2

- *
Accessible surface area (%)

Residue  Min Max Mean+SD
Y329 0.0 1.0 0.47+0.28
T330 352 468  39.53+3.29
G331 8.7 30.2 21.52+6.40
T332 95.5 100 99.18+1.35
D333 48.7 62.2 55.25+3.79

Calculated using the program GETAREA (Fraczkiewicz R and Braun, 1998); available online at http://curie.utmb.edu/getarea.html).
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Solvent-accessible surface area of WNV E domain I11 BC loop in an ensemble of NMR
solution structures (PDB 1S6N)
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