
Analysis of Serine Codon Conservation Reveals Diverse Phenotypic
Constraints on Hepatitis C Virus Glycoprotein Evolution

Richard J. P. Brown,a George Koutsoudakis,b Richard A. Urbanowicz,c,d Deeman Mirza,c,d Corinne Ginkel,a Nina Riebesehl,a

Noémie Calland,e Anna Albecka,e Louisa Price,c,d Natalia Hudson,c,d Véronique Descamps,f Matthijs Backx,c,d C. Patrick McClure,c,d

Gilles Duverlie,f Eve-Isabelle Pecheur,g Jean Dubuisson,e Sofia Perez-del-Pulgar,h Xavier Forns,h Eike Steinmann,a Alexander W. Tarr,c,d

Thomas Pietschmann,a Jonathan K. Ballc,d

‹Division of Experimental Virology, Twincore, Centre for Experimental and Clinical Infection Research, a joint venture between Medical School Hannover and Helmholtz
Centre for Infection Research, Hannover, Germanya; Parc de Recerca Biomèdica de Barcelona, Department of Experimental and Health Sciences, Universitat Pompeu
Fabra, Barcelona, Spainb; School of Life Sciencesc and Nottingham Digestive Diseases Centre Biomedical Research Unit,d The University of Nottingham, Queen’s Medical
Centre, Nottingham, United Kingdom; Center for Infection & Immunity of Lille, INSERM U1019 —CNRS UMR8204, Université Lille Nord de France, Institut Pasteur de Lille,
Lille, Francee; Laboratoire de Virologie EA4294, Centre Hospitalier Universitaire d’Amiens, Université de Picardie Jules Verne, Amiens, Francef; UMR INSERM 1052/CNRS
5286, Centre de Recherche en Cancérologie de Lyon, Lyon, Franceg; Liver Unit, Hospital Clinic, IDIBAPS, CIBERehd, Barcelona, Spainh

Serine is encoded by two divergent codon types, UCN and AGY, which are not interchangeable by a single nucleotide substitu-
tion. Switching between codon types therefore occurs via intermediates (threonine or cysteine) or via simultaneous tandem sub-
stitutions. Hepatitis C virus (HCV) chronically infects 2 to 3% of the global population. The highly variable glycoproteins E1 and
E2 decorate the surface of the viral envelope, facilitate cellular entry, and are targets for host immunity. Comparative sequence
analysis of globally sampled E1E2 genes, coupled with phylogenetic analysis, reveals the signatures of multiple archaic codon-
switching events at seven highly conserved serine residues. Limited detection of intermediate phenotypes indicates that associ-
ated fitness costs restrict their fixation in divergent HCV lineages. Mutational pathways underlying codon switching were
probed via reverse genetics, assessing glycoprotein functionality using multiple in vitro systems. These data demonstrate selec-
tion against intermediate phenotypes can act at the structural/functional level, with some intermediates displaying impaired
virion assembly and/or decreased capacity for target cell entry. These effects act in residue/isolate-specific manner. Selection
against intermediates is also provided by humoral targeting, with some intermediates exhibiting increased epitope exposure and
enhanced neutralization sensitivity, despite maintaining a capacity for target cell entry. Thus, purifying selection against inter-
mediates limits their frequencies in globally sampled strains, with divergent functional constraints at the protein level restricting
the fixation of deleterious mutations. Overall our study provides an experimental framework for identification of barriers limit-
ing viral substitutional evolution and indicates that serine codon-switching represents a genomic “fossil record” of historical
purifying selection against E1E2 intermediate phenotypes.

Hepatitis C virus (HCV) is an enveloped, positive-strand RNA
virus and causes a significant disease burden worldwide (1). A

chronic infection ensues in around 80% of cases, predisposing
carriers to an increased risk of cirrhosis and hepatocellular carci-
noma (2). HCV exhibits substantial genetic diversity globally,
with six well-sampled genotypes and a multitude of subtypes hav-
ing been described (3). This observed genetic heterogeneity results
from a high mutation/replicative rate in vivo (4, 5) and extends to
the intrahost level, where the virus exists as an ensemble of genet-
ically related yet distinct variants (6, 7). However, this genetic
heterogeneity is not evenly distributed throughout the viral ge-
nome. The greatest levels of diversity are observed in the E1E2
genes, encoding the envelope glycoproteins E1 and E2, het-
erodimers of which are distributed over the surface of the viral
lipid envelope. Genotype-specific positive selection, mediated by
humoral and cellular targeting, contributes to global E1E2 evolu-
tion (8). Progressive substitutional evolution of the E1E2 genes, in
part facilitated by immunological targeting of the envelope glyco-
proteins, contributes to the generation of intrahost viral complex-
ity (9–12). Indeed, neutralizing antibody targeting of E1E2 selects
for functional escape mutants from the pool of genetic variants
within an infected host (13, 14). However, E1E2 sequence change
is also restricted by structural and functional constraints associ-
ated with virion assembly (15–17), correct folding (18), direct

interaction with the cellular receptors CD81 (19) and SR-BI (20),
undefined interactions with additional essential entry cofactors
(21, 22), and determinants associated with membrane fusion
(23, 24).

Serine is unique among amino acids: it is encoded by two di-
vergent codon types (UCN and AGY) which are not interchange-
able by a single-nucleotide substitution. S-S codon switching at
conserved serine residues via simultaneous double-nucleotide
substitutions (UC to AG) has been observed in conserved eukary-
otic and prokaryotic proteins (25). Substitution via this mecha-
nism is synonymous and selectively neutral. S-S switching could
also arise via two temporally spaced single-nucleotide substitu-
tions (UC to AC to AG, or UC to UG to AG) requiring an inter-
mediate phenotype encoding threonine (T) or cysteine (C). Sub-
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stitution via this mechanism is likely due to a transient period of
relaxed purifying selection. The paradigm of S-S codon switching
in the context of E1E2 evolution represents a rare biological phe-
nomenon which can be utilized to investigate the fluctuating fit-
ness landscapes, including restrictions on genome mutability,
which shape RNA virus evolution. Indeed, HCV represents an
ideal model pathogen for such investigations due to its global
dissemination, high levels of sequence divergence, and good rep-
resentation in sequence databases, in addition to an array of well-
characterized in vitro systems allowing mechanistic dissection of
multiple aspects of the viral life cycle. Our analyses indicate that
fixed S-S switches in HCV genotypes/subtypes are archaic and
represent the genomic scars of former selection against less-fit
intermediate phenotypes at the host-virus interface. Together
these data reveal the dynamic mutational processes which under-
lie apparently conserved residues and shape global patterns of
viral sequence divergence.

MATERIALS AND METHODS
Database searching and sequence alignment. All available full-length
E1E2 sequences from the LANL, DDJB, and EU-HCV HCV databases
were initially downloaded. To achieve a data set representative of globally
sampled HCV E1E2 diversity and reduce numerical bias toward geno-
types/subtypes which predominate in developed nations, a manual itera-
tive selection procedure was employed. Multiple sequences derived from
the same patient, in addition to epidemiologically linked and highly re-
lated viral strains, were sequentially removed. A final data set of 170 E1E2
genes was utilized to assess levels of S-S switching in HCV genotypes 1 to
6 sampled worldwide. E1E2 sequences were aligned according to overly-
ing amino acids using MEGA5 (26). Indels and regions of ambiguous
alignment were gap stripped. Codon types and frequencies at conserved
residues were counted manually.

Phylogenetic analysis. A maximum likelihood phylogeny was gener-
ated using the GTR�I��4 model in PhyML 3.0 (27). S-S codon switches
were mapped onto the internal branches of the phylogeny according to
the parsimony criterion.

Generation of transitional mutant panels. JFH-1 E1E2 (amino acids
[aa] 170 to 746) mutants were generated in plasmid phCMV using a
QuikChange II site-directed mutagenesis kit (Agilent Technologies). An
identical mutant panel was generated in plasmid pJFH-1 (28), containing
a full-length genotype 2 genome, as previously described (18). A subset of
mutations were additionally cloned into the H77/JFH-1 full-length chi-
meric genome. All mutations were confirmed by sequencing.

GNA capture and conformational detection of serine mutants.
E1E2s were transiently expressed in HEK 293FT cells. E1E2 expression in
cellular lysates was confirmed by Western blotting with monoclonal an-
tibody (MAb) AP33, while total expressed protein was quantified via titra-
tion curves using MAb AP33. Microtiter plates (Nunc Maxisorp) were
coated with 5 �g/ml Galanthus nivalis agglutinin (GNA; Sigma) and in-
cubated overnight at 4°C. Wells were blocked with 5% milk–phosphate-
buffered saline (PBS)–Tween for 2 h before the addition of 4-fold-diluted
proteins in PBS and incubated at room temperature for 2 h. Plates were
washed three times with 0.05% PBS-Tween, and proteins were detected
with MAbs AP33, ALP98, 1:7, AR3A, AR3B, AR3C, and CBH4G at a
concentration of 1 �g/ml. Horseradish peroxidase (HRP)-conjugated an-
ti-mouse or anti-human antibodies (Sigma) in 0.05% PBS-Tween (1/
1,000 dilution) were used to detect the primary antibodies after incuba-
tion 1 h at room temperature. After washing, p-nitrophenyl phosphate
(pNPP; Sigma) substrate was added, and the reaction was stopped with 1
M H2SO4. Plates were developed and read at 405 nm (Molecular Devices
V max plate reader). Antibody binding was normalized to total protein
expression, as determined by reactivity to MAb ALP98, and is presented
relative to the value for wild-type (WT) JFH-1 (100%).

HCV pseudoparticle production. HCV pseudoparticles (HCVpps)
were generated as previously described (29). Plasmid �E1E2 phCMV was
used as a negative control. After 72 h, supernatants containing pseudop-
articles were filtered through a 0.45-�m-pore-size membrane and used to
infect Huh7 cells. The infectivity of HCVpps on target Huh7 cells was
assessed after 48 h using a firefly luciferase reporter gene activity kit (Pro-
mega) according to the manufacturer’s protocol.

Western blotting and CD81 pulldown assays. HEK 293T cells pro-
ducing HCVpps were lysed with 1% Triton X-100. For CD81 pull-downs,
recombinant fusion proteins containing the large extracellular loop of
CD81 fused to glutathione S-transferase (GST) were preadsorbed onto
glutathione-Sepharose beads (Pharmacia Biotech) and incubated with
lysates of HCVpp-producing cells or supernatants containing ultracentri-
fuged HCVpps. After overnight incubation, beads were washed with lysis
buffer. After separation by SDS-PAGE, proteins were transferred to nitro-
cellulose membranes (Hybond-ECL; Amersham) using a Trans-Blot ap-
paratus (Bio-Rad). Separate detection of E1, E2, and retroviral Gag was
achieved using MAbs 1C4 (anti-E1; 1/100) (Innogenetics), 3/11 (anti-E2;
1/2000) (30), and R187 (ATTC CRL1912) (anti-Gag; 1/500), respectively,
followed by secondary detection with HRP-conjugated immunoglobulin
and visualization by enhanced chemiluminescence detection (ECL; Am-
ersham) as recommended by the manufacturer.

HCV cell culture (HCVcc) virus production. RNA transcription,
electroporation, and anti-NS5A antigen detection via immunofluores-
cence microscopy were performed as previously described (28, 31).
Transfected cells and supernatants were harvested at 72 h postelectropo-
ration to determine intracellular and extracellular levels of infectious par-
ticles and core antigen. A replication-deficient NS5B �GDD mutant and
the assembly-impaired partial�E1E2 mutant were included as controls.

Isolation of intracellular viral fractions. Lysates containing intracel-
lular viral fractions were isolated from transfected Huh7.5 cells at 72 h
postelectroporation by repeated freeze-thawing cycles in liquid nitrogen
(17).

Determination of titers of infectious particles. Viral titers were de-
termined via limiting dilution assays and anti-NS5A staining at 72 h post-
electroporation. The 50% tissue culture infective doses (TCID50) and
numbers of focus-forming units (FFU) for each electroporation were cal-
culated using the method of Reed and Muench (32).

HCVcc core quantification assay. Huh7.5 cells containing replicating
virus were harvested at 72 h postelectroporation, washed three times in
PBS, and lysed via the addition of 1% Triton X in PBS. Intracellular lysates
were subsequently diluted 1:500 in 1% Triton X-100 in PBS. HCVcc su-
pernatants were collected 72 h postelectroporation and diluted 1:5 in 1%
Triton X-100 in PBS. Core was quantified by an automated chemilumi-
nescent microparticle immunoassay (Architect HCVAg, Abbott, Ger-
many).

Membrane fusion assay. Supernatants containing WT JFH-1, in ad-
dition to assembly/entry-deficient mutants, were normalized to the total
amount of core and concentrated by centrifugation through a 20% su-
crose cushion for 4 h at 4°C and 32,000 rpm. Concentrated pellets were
resuspended in 150 mM NaCl, 10 mM Tricine-NaOH (pH 7.4). Lipo-
somes were prepared by extrusion as previously described (24), from
phosphatidylcholine-cholesterol-octadecyl rhodamine B chloride (PC-
chol-R18) in a 65:30:5 molar ratio (final lipid concentration, 5 mM). The
lipid mixing assay between HCVcc and liposomes was based upon R18

dequenching and was performed as previously described (23). Fusion
kinetics were recorded using a dual-channel PicoFluor fluorimeter
(Turner Biosystems, Sunnyvale, CA). Maximal R18 dequenching was
measured after the addition of 0.1% Triton X-100 to the cuvette. Experi-
ments were performed in triplicate.

Infectious-particle neutralizations. Single-point HCVcc neutraliza-
tions were performed in triplicate by incubation at 37°C for 1 h of 100 FFU
and 200 FFU WT JFH-1, plus each mutant virus, with 10 �g/ml MAb 1:7.
After incubation, virus/MAb mixtures were added to uninfected Huh7.5
target cells in a 96-well plate (1.5 � 104 cells/well) and incubated at 37°C
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for 4 h and then replaced with 200 �l Dulbecco’s modified Eagle medium
(DMEM). For control purposes, 100 FFU and 200 FFU of WT JFH-1, plus
each mutant, minus MAb 1:7, were added to uninfected Huh7.5 target
cells as described above. Cells were incubated for a total of 72 h postinfec-
tion and stained for NS5A. Foci were counted manually.

Statistical analyses. All statistical analyses were performed using
GraphPad Prism 6 software.

RESULTS
Quantification of global HCV E1E2 S-S switching at conserved
residues. Inspection of translated E1E2 genes revealed nine highly
conserved serine residues (Fig. 1A, top). Residues S198, S211,
S307, S419, and S432 were associated with conserved NXS poten-
tial N-linked glycosylation (PNG) sites. Analysis of underlying
codon structures revealed the signatures of S-S codon switching
(UCN to AGY or AGY to UCN) at residues S198, S211, S327, S419,
S432, S512, and S686, detectable at both the inter- and intrageno-
typic levels (Fig. 1A, bottom). Two serine residues where no
switching was evident (S273 and S307) were identified in E1.
Threonine intermediates were observed at low levels at residues
S198, S432, and S686. No cysteine intermediates were observed at
any position.

Frequencies of each serine codon type, in addition to frequen-
cies of threonine intermediates (ACN), were calculated for each
conserved residue on a genotype-specific basis (Fig. 1B). Addi-
tionally, residue 243 was also included in the analyses, represent-
ing a less conserved control residue (Con243) which can accom-
modate sequence changes more readily, for use in downstream
phenotypic investigations. Threonine intermediates were appar-
ent at low frequencies in genotype 1 (T198, 18.5%; T432, 3.7%;
T686, 18.5%) and genotype 6 (T198, 2.1%; T432, 2.1%; T686,
2.1%) E1E2s. Additionally, low-frequency threonine intermedi-
ates, plus both serine codon types, were observed in genotype 6
viruses at residue S198 and genotype 1 and 6 viruses at residue
S432. Together these data indicate that serine codon switching in
globally sampled HCV glycoproteins can proceed through threo-
nine intermediates but not cysteine. However, the low frequencies
and limited distribution of threonine intermediates at conserved
serine residues indicate that their occurrence is restricted or tran-
sient.

Mapping S-S codon switches onto the E1E2 phylogeny. S-S
codon switches were mapped onto the branches of the HCV E1E2
phylogeny according to the parsimony criterion. A total of 16
codon switches were detected: 11 AGY-to-UCN switches and five
UCN-to-AGY switches (Fig. 2). All S-S switches occurred on in-
ternal branches, leading to genotype/subtype-specific clades, and
had become fixed in particular genotypes/subtypes. Only a single
S-S codon switching event was detected on a terminal branch in
the genotype 2 clade. Together, these data indicate that the major-
ity of S-S codon switches in E1E2 are archaic, appearing in the
deeper portions of HCV phylogeny. If these deep S-S switches
proceeded through threonine intermediates, the genetic signa-
tures were no longer detectable in extant circulating viruses.

Low-frequency threonine intermediates were also mapped on
the E1E2 phylogeny and were generally located sporadically on
terminal branches and detected only in genotype 1 and 6 viruses at
residues 198, 432, and 686. No threonine intermediates had be-
come fixed in any particular genotype/subtype. However, T198
(n � 5) and T686 (n � 5) intermediates had become fixed, to some
degree, in two distinct subsets of genotype 1a strains. Together,

these data indicate that threonine residues are rare and detectable
only on terminal branches or in the more recent portions of the
E1E2 phylogeny, indicating that the observed threonine residues
are transient, possibly possessing selectively deleterious pheno-
types.

Rationale behind generation of intermediate phenotype
panel. Threonine mutants (S to T) were investigated for their
effects on E1E2 phenotype, at a total of 10 positions (Fig. 1). No
cysteine intermediates were detected in our codon usage pattern
analyses of global isolates (Fig. 1 and 2). Additionally S-to-C mu-
tations at positions 198, 211, 307, 327, 419, and 432 would disrupt
conserved PNG sites which have been demonstrated to play an
essential role in E1E2 function (18, 33, 34). Consequently, S-to-C
mutations which were not associated with conserved PNG sites
(E1 S273C and E2 S512C) were generated at two positions for
control purposes.

Substitution of conserved serine residues with threonine fre-
quently results in enhanced epitope exposure. E2 glycoprotein
expression and protein fold were assessed by GNA capture en-
zyme-linked immunosorbent assay (ELISA) (Fig. 3A to F). All
expressed proteins were recognized by MAb AP33 (Fig. 3A), and
all except the S512C mutant were recognized by MAbs targeting
conformational epitopes (Fig. 3B to F). Thus, all mutant E2 gly-
coproteins except the S512C mutant are likely to be correctly
folded. Importantly, many S-to-T mutants exhibited recognition
by specific antibodies that was significantly enhanced compared to
that of WT JFH-1, presumably due to increased epitope exposure
(Fig. 3A to F). Unfortunately, due to the lack of a suitable E1-
specfic conformational antibody, we were unable to assess the fold
of E1. However, interestingly, mutations in E1 can result in en-
hanced recognition by MAbs targeting E2 (Fig. 3A to F).

Heterodimerization and CD81 binding were assessed by West-
ern blotting and subsequent CD81 pulldowns (Fig. 3G). A robust
E1 and E2 signal was detected for all mutant lysates, indicating that
intermediate phenotypes have no deleterious effect on E1E2 het-
erodimerization. In the CD81 pulldown assay, a reduced signal
was observed for both E1 and E2 for the S419T and S512C mu-
tants, indicating that these mutations affect the CD81 binding
ability of the expressed proteins.

Transitional mutants confer a diverse range of infectivities
to retroviral pseudoparticles. The S198T, S243T, S432T, and
S512T mutant HCVpps were able to infect target cells with con-
sistently increased efficiency compared to WT JFH-1 E1E2, pre-
sumably due to increased exposure of receptor binding sites (Fig.
4A). In contrast, the S211T, S273T, S273C, S419T, S512C, and
S686T mutants exhibited a significant reduction in their capacity
to infect permissive cells. Of note, both the S273C and S512C
proteins caused a highly significant (P � 0.0001) reduction in
infectivity (�10% of that of WT JFH-1). Together, these data
indicate that transitional phenotypes can have differential effects
on envelope glycoprotein entry fitness in vitro: a proportion of
S-to-T mutations confer increased capacity for efficient target cell
entry in the HCVpp system, while others significantly reduce effi-
cient entry. S-to-C intermediate phenotypes appear to result in
highly entry-deficient HCVpps.

Mutant E1E2 heterodimerization and incorporation into pu-
rified HCVpp preparations were assessed via Western blotting,
with subsequent CD81 pulldowns to assess receptor binding (Fig.
4B). Comparable levels of retroviral Gag were detected for all
preparations, indicating that transitional phenotypes have no del-
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FIG 1 Location and codon structure of conserved E1E2 serines. (A) Schematic depicting locations of conserved nine serine residues in HCV E1E2. Positions of
conserved glycans are indicated above the E1E2 protein, while coordinates of the nine serine residues are beneath it and are numbered relative to homologous
positions in the H77 reference strain (NC_004102) (top). Codon structures for each conserved serine residue are presented as columns and are segregated
according to HCV genotype (bottom). Con243 is a control residue which was included for downstream reverse genetics experiments. (B) Genotype-specific
codon usage patterns are presented as pie charts and are segregated according to HCV genotype.
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FIG 2 Mapping of serine codon switches onto the global HCV phylogeny. S-S switches were mapped onto internal branches of the E1E2 phylogeny according
to the parsimony criterion. The location and polarity of individual S-S switches are indicated above the branches on which they occur. Significant bootstrap values
indicating the monophyly of the 6 major genotypes are located below internal nodes. Isolates which harbor threonine intermediates, and residues at which they
are detected, are in green on terminal branches. Branch lengths are proportional to genetic distance.
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eterious effect on HCVpp release. An E1 and E2 signal was de-
tected for all purified HCVpp preparations analyzed, indicating
that mutant E1E2 glycoproteins were successfully incorporated
into pseudoparticles. However, the relative levels of both E1 and

E2 incorporation were reduced for the intermediate phenotypes
S419T and S512C. Reduced signals were observed for S419T and
S512C proteins in the CD81 pulldown assay, indicating that these
mutations affect CD81 binding. Together these results suggest

FIG 3 Conformation, epitope exposure, heterodimerization, and CD81 binding of transitional phenotypes. E1E2s present in cell lysates were captured by GNA
and then probed with a panel of MAbs recognizing either linear (A) or conformation-sensitive (B to F) epitopes. Data were normalized for overall protein
expression by GNA capture ELISA using MAb ALP98, and then binding was normalized to that observed for the WT JFH-1 E1E2 (100%). Values are means from
at least two independent assays; error bars show standard errors of the means (SEM). MAbs used were AP33 (A), 1:7 (B), AR3A (C), AR3B (D), AR3C (E), and
CBH4G (F). Statistical significance of differences in antibody recognition between individual mutants and WT JFH-1 were assessed by one-way analysis of
variance (ANOVA) followed by Dunnett’s multiple comparison test: *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001. (G) For Western blotting of cell
lysates, cell lysates were analyzed via Western blotting using MAbs 1C4, 3/11 and anti-GAG to detect E1, E2, and Gag, respectively. For CD81 pulldown of cell
lysates, E1E2s were pulled down from lysates via CD81-LEL-GST immobilized onto Sepharose beads and analyzed via Western blotting. The MAbs 1C4 and 3/11
and were used to detect E1 and E2, respectively.
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that transitional phenotypes have no deleterious effect on pseu-
doparticle release or heterodimer formation but can result in re-
duced heterodimer incorporation into HCVpps. Downstream,
this can affect the ability to bind CD81.

Transitional phenotypes can result in both assembly- and
entry-deficient authentic viral particles. The effect of intermedi-
ate phenotypes on viral replication and infectious particle produc-
tion were investigated using the HCV cell culture (HCVcc) system
(28, 31). Viral replication was assessed via immunofluorescence
staining, with all intermediates displaying NS5A antigen expres-
sion comparable to that of WT JFH-1 (Fig. 5A). To assess the effect
of intermediates on infectious virion production, intra- and ex-
tracellular titers of infectious particles were determined (Fig. 5B).
No significant impact on the infectivity of intracellular fractions
was observed compared to intracellular WT JFH-1, although in-
tracellular titers were low (generally �1 � 103 TCID50/ml). While
the S273T mutation resulted in a significant increase in the infec-
tivity of extracellular virions compared to WT JFH-1, both S512C
and S686T mutations resulted in a significant (	2-log) reduction
in infectivity of secreted virions. Parallel (although nonsignifi-
cant) reductions in the infectivity of the intracellular fraction in-
dicate that neither of these mutations results in viral egress defects.

Quantitative anti-core ELISA was performed on intra- and ex-
tracellular viral fractions derived from mutants which displayed
significantly enhanced or reduced extracellular infectivity (Fig. 5).
S273T mutations did not result in secretion of significantly more
core than WT JFH-1, indicating that this mutation confers an
enhanced capacity to enter permissive cells, rather than increased
infectious particle production. Despite a significant (P � 0.001)
reduction in secreted core, both intra- and extracellular core
amounts for S686T mutants (582,590 and 10,269 fmol/liter) were
comparable to those obtained with WT JFH-1 (426,428 and
17,368 fmol/liter), indicating that this intermediate confers a fit-
ness cost at both the assembly and entry steps of the viral life cycle.

Contrastingly, S512C mutants resulted in a highly significant (P �
0.0001) reduction in secreted core (2,924 fmol/liter) compared to
WT JFH-1. Indeed, S512C mutants possessed an infectivity and
core release profile that is nearly identical to that of the assembly-
impaired �partialE1E2 control mutant (2,284 fmol/liter) (16, 28)
(Fig. 5B and C), indicating that S512C possesses an assembly-
impaired phenotype. Together these data demonstrate that inter-
mediates can result in glycoproteins that are defective for efficient
virion assembly and target cell entry and indicate that global se-
lection against phenotypic intermediates can act at the level of
virion assembly and entry. Additionally, these data suggest that, in
certain instances, the HCVpp system can be a poor predictor of
E1E2 function. Indeed, a subset of mutations that conferred entry-
impaired phenotypes in the HCVpp system were highly compe-
tent for entry in the HCVcc system.

Additionally, supernatants from entry/assembly-defective
authentic viral particles were assessed for their capacity to mediate
membrane fusion as previously described (23) (Fig. 5D). WT
JFH-1 virions displayed pH-dependent, CD81-independent lipid
mixing activity with R18-labeled liposomes. Interestingly, S686T
mutant viruses displayed mildly enhanced fusion activity com-
pared to WT JFH-1, demonstrating that this mutation mediates its
refractive effect at some other step in the entry cascade. Despite
addition of equivalent amounts of the S512C mutant, normalized
to extracellular core, supernatants derived from S512C mutants
displayed negligible fusion activity, indicating that this mutation
negatively impacts multiple stages in the entry process.

Phenotypes of transitional mutations are determined by ge-
netic background. To test whether the phenotype of intermedi-
ates was determined by genetic background, a subset of S-to-T
mutations were cloned in to the chimeric H77/JFH-1 genome,
which contains the structural proteins from a genotype 1a virus.
Intermediate phenotypes exhibited no negative effect on viral rep-
lication compared to H77 WT control (Fig. 6A). A significant

FIG 4 Infectivity, heterodimer incorporation and CD81 binding of retroviral pseudoparticles bearing transitional phenotypes. (A) HCVpp infectivity conferred
by each mutant E1E2 normalized to WT JFH-1 E1E2 infectivity (100%). Infectivity assays were performed in triplicate; values are means from three independent
experiments, and error bars show SEM. Statistical significance of differences in HCVpp infectivity between individual mutants and WT JFH-1 was assessed by
one-way ANOVA followed by Dunnett’s multiple comparison test: *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001. (B) Supernatants containing
HCVpps were analyzed by Western blotting after ultracentrifugation, using MAbs 1C4, 3/11, and R187 to detect E1, E2, and Gag, respectively. HCVpps were
pulled down via CD81-LEL-GST immobilized on Sepharose beads and analyzed via Western blotting. MAbs 1C4 and 3/11 and were used to detect E1 and E2,
respectively.
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reduction in both intra- and extracellular infectivity was observed
for S327T and S419T mutants, while the S686T intermediate had
no discernible impact on the infectivity of intra- and extracellular
fractions (Fig. 6B). These data contrast starkly with those obtained
for these mutations in the Gt2a JFH-1 background. Again, the
dual infectivity decrease observed for intra- and extracellular frac-
tions for S327T and S419T suggests that neither of these mutations
affects particle release. Quantitative anti-core ELISA indicated
that intra- and extracellular levels of core for the S327T transi-
tional mutant were comparable to those for WT H77, indicating
that the S327T mutant is entry defective and not compromised
at the level of assembly (Fig. 6C). Contrastingly, a significant re-
duction in the amount of secreted core observed for S419T mu-
tants indicates that this intermediate confers a fitness cost at both
the assembly and entry steps of the viral life cycle. Together these
data indicate that the entry/assembly phenotype of transitional
intermediates is genotype specific and modulated by genetic back-
ground.

Restriction against transitional phenotypes can be mediated
by immunological targeting. To investigate whether transitional
phenotypes, which were not compromised for entry or assembly,
rendered E1E2s more susceptible to immunological targeting, an-
tibody neutralization experiments were performed using human
anti-E2 MAb 1:7 (35) (Fig. 7). Importantly, authentic virions
bearing S327T mutations were rendered highly susceptible to 1:7
neutralization. Recently, mutations in E1 were shown to render
viruses more sensitive to inhibition by soluble CD81 (36). Simi-
larly, our data suggest that conservative S-to-T mutations in E1
can render HCV highly susceptible to antibodies targeting the
discontinuous CD81 binding regions in E2. Additionally, these
data provide proof of principle that restriction against transitional
phenotypes can be mediated by host humoral targeting.

DISCUSSION

The absence of host humoral antagonism in the preseroconver-
sion phase of acute HCV infection provides a temporary window
for HCV to exploit previously deleterious mutational space and
may facilitate serine codon switching via intermediates. Previ-
ously, we modeled HCV transmission and acute infection in vivo,
infecting uPA/SCID chimeric mice with a defined source inocu-
lum and identifying key glycoprotein determinants selected at
transmission (37). Parallel selection of S198T mutations in inde-
pendent transmission experiments provides supporting evidence
that acute infection may provide a transient window facilitating
serine codon switching via threonine intermediates (37). Rein-
statement of immune pressure postseroconversion may render
viruses that predominate in the absence of humoral targeting se-
lectively deleterious, with humoral counteradaptive targeting of

viral populations requiring reciprocal outgrowth of escape vari-
ants to ensure viral survival. Indeed, the virus must evolve to
counter the constantly evolving B-cell repertoire, with anti-HCV
MAbs derived from human combinatorial antibody libraries tar-
geting multiple distinct antigenic regions (35, 38, 39) and confer-
ring protection against experimental infection in vivo (40, 41). In
vitro studies indicate that removal of specific PNG sites (18, 34)
and deletion of HVR1 (42) render HCV more susceptible to anti-
body-mediated neutralization by unmasking neutralization-sen-
sitive epitopes, although these artificial modifications do not oc-
cur naturally. In similar fashion, our data indicate that S-to-T
substitutions, which are observed in naturally circulating viruses
at low frequencies, can enhance epitope exposure to multiple
MAbs targeting E2 in a residue-specific fashion (Fig. 3A to F).
Additionally, the significantly increased sensitivity to neutraliza-
tion conferred to genotype 2a authentic viral particles by one tran-
sitional phenotype (Fig. 7) provides proof of principle that inter-
mediates can result in significantly reduced envelope glycoprotein
fitness in the face of humoral immune pressure, while entry fitness
is maintained. Together, these data suggest that a proportion of
S-S codon conversions represent the genomic relics of reciprocal
HCV counteradaptive mutational escape from host humoral tar-
geting (43).

Deletion of partial E1E2 sequences (16, 28), intergenotypic do-
main swapping (15, 44), and mutations which abrogate glycopro-
tein heterodimerization (17, 45) can all result in assembly-im-
paired phenotypes. Additionally, our data identify mutations in
both E1 and E2 which negatively impact efficient assembly of
authentic virions bearing both genotype 1a and 2a glycoproteins.
In the context of genotype 2a glycoproteins, the S512C transi-
tional phenotype results in conformational disruption of E2, im-
paired CD81 binding, reduced heterodimer incorporation into
HCVpps, and assembly-impaired authentic virions and abrogates
pH-mediated membrane fusion. However, this effect is modu-
lated by residue type, as S-to-T mutations at this position mediate
no refractive effects. Unsurprisingly, these data suggest that struc-
tural restrictions against S-to-C intermediates are more extreme
than those for S-to-T intermediates. These effects act in addition
to previously reported constraints against non-S/T residues asso-
ciated with PNG sites (18, 34). However, restriction against S-to-C
intermediates is dependent on residue position, as S273C transi-
tional phenotypes exert no deleterious effect on HCVcc entry,
although HCVpps are entry defective. Together these data indi-
cate that structural restrictions against fixation of S-to-C pheno-
types are more pronounced than those for S-to-T phenotypes and
are apparent at the level of virion assembly. Indeed, no detection
of S-to-C intermediate phenotypes in globally sampled isolates is

FIG 5 Impact of transitional phenotypes at various stages of the viral life cycle. (A) Viral replication was assessed via anti-NS5A immunofluorescence staining
with MAb 9E10 at 48 h postelectroporation. NS5A antigen (green) and nuclear counterstaining (blue) images were recorded separately and merged. (B) Titers
of infectious particles in both intracellular and extracellular fractions were determined at 72 h postelectroporation via TCID50. TCID50 values are means from two
independent experiments; error bars show SEM. (C) The amount of core antigen (fmol/liter) in both intracellular and extracellular fractions was determined at
72 h postelectroporation via anti-core ELISA. Core amounts presented are means from two independent experiments; error bars show SEM. Statistical
significance of differences in both intracellular and extracellular HCVcc infectivity and amounts of core between individual mutants and WT JFH-1 were assessed
by one-way ANOVA followed by Dunnett’s multiple comparison test: *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001. (D) Supernatants from JFH-1-,
S512C-, and S686T-transfected cells were harvested at 72 h and assessed for the ability to mediate pH-dependent, CD81-independent membrane fusion.
Supernatants were concentrated 10-fold by ultracentrifugation through a 20% sucrose cushion. Pellets were resuspended in buffer (10 mM Tricine-NaOH, 150
mM NaCl) and directly applied to the fusion assay. At time zero, fusion was initiated by acidifying the medium to pH 5.0 through addition of diluted HCl to the
cuvette. The value for complete lipid mixing, which corresponds to 100% fluorescence, was obtained by adding 0.1% (vol/vol; final concentration) Triton X-100
to the suspension.
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apparent from our viral sequence data analysis. Limitations re-
stricting transitional phenotypes also act at the level of viral entry
into target cells. Intergenotypic domain swapping experiments
indicate that the stem region of E2, located at the C-terminal end
of the protein, plays a major role in viral entry (15). We demon-
strate that, in agreement with these data, intermediate pheno-
types, occurring in the stem region of E2 and detectable at low
frequencies in naturally circulating strains, can have a dramatic
effect on the entry fitness of authentic viral particles bearing geno-
type 2a glycoproteins. Additionally, our data also identify muta-
tions in E1, which negatively impact efficient entry of authentic
virions bearing genotype 1a glycoproteins. These data suggest that
restrictions against transitional intermediates can act at the level
of viral entry to permissive cells and that these refractive effects are
position dependent and isolate specific. Together, these data indi-
cate that structural and functional restrictions exist at the level of
virion assembly and target cell entry.

Our study surveyed the fitness cost of only a very limited pro-
portion of possible mutations at highly conserved residues in the
E1E2 genes, encoding the envelope glycoproteins. A high propor-
tion of randomly introduced mutations in viral genomes result in
either lethal or deleterious phenotypes (46, 47). Thus, it is likely
that intermediate phenotypes, occurring at conserved serine resi-
dues in viral proteins other than E1 and E2, may negatively impact
additional aspects of the viral life cycle. Indeed, while codon
switching in the NS5B polymerase is beyond the scope of this
study, the RNA binding groove mutation S283T has been shown
to confer resistance to all 2=-modified nucleoside inhibitors (NIs)
in cell culture (48). This mutation immediately reverts in the ab-
sence of drug pressure. However, S283T results in a drastic de-
crease in viral fitness (49) and is consequently never seen in pa-
tients (48). Thus, while we did not identify any intermediates in
E1E2 which negatively impact the RNA replication step of the viral
life cycle, restrictions against S-S switching via intermediates in
the NS5B polymerase are also apparent at the level of viral repli-
cation.

The interplay of multiple additional factors undoubtedly con-

FIG 6 Impact of genetic background on transitional phenotypes. (A) As pre-
viously, viral replication was assessed via immunofluorescence staining. (B)
The titers of infectious particles in both intracellular and extracellular fractions
were determined at 72 h postelectroporation via TCID50. The results presented
are mean intracellular and extracellular TCID50 values from two independent
experiments; error bars show SEM. (C) The amount of core antigen (fmol/
liter) in both intracellular and extracellular fractions was determined at 72 h
postelectroporation via anti-core ELISA. The results are means from two in-
dependent experiments; error bars show SEM. Statistical significance of differ-
ences in both intracellular and extracellular HCVcc infectivity and amounts of
core between individual mutants and H77 WT was assessed by one-way
ANOVA followed by Dunnett’s multiple comparison test: *, P � 0.05; **, P �
0.01; ***, P � 0.001; ****, P � 0.0001.

FIG 7 Sensitivity of transitional phenotypes to antibody-mediated neutraliza-
tion. Neutralization sensitivity of authentic virions was assessed using the
broadly neutralizing human MAb 1:7. Mixtures of 100 FFU and 200 FFU virus
and 10 �g/ml of MAb 1:7 were used to assess sensitivity to neutralization, and
assays were performed in triplicate. Values are normalized to the neutraliza-
tion observed for WT JFH-1. Error bars indicate SEM. Differences in mean
infectivity were assessed using unpaired t tests with the Bonferroni correction
for multiple analyses. **, P � 0.01.
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tributes to restriction against fixation of intermediate phenotypes
in globally sampled strains. HLA class I- and II-restricted T-cell
responses will also represent a possible driving force underlying
differential serine codon structures observed in multiple HCV
lineages. However, knowledge of the HCV-infected host’s HLA
haplotype, which differs substantially between individuals and
populations, would be required to validate this hypothesis. Addi-
tionally, increasing evidence indicates that genomic secondary
structure elements are a common feature in RNA viruses (50–52).
Consequently, constraints restricting viral genome mutability at
conserved serine residues may also exist at the genomic level.

In conclusion, in this study we endeavored to replicate the
highly complex interplay between virus and host, using multiple
in vitro systems. However, these systems are highly artificial and
cannot faithfully replicate the exact conditions which gave rise to
the multiple ancient switches we observe in globally sampled
strains. While the limitations of in vitro experimentation on lab-
oratory strains allow only cautious extrapolation of putative mu-
tational processes underlying S-S switching to globally circulating
HCV isolates, our data indicate that switching can proceed
through transitional intermediates and that differential structural,
functional, and immunological constraints shape envelope glyco-
protein evolution. Indeed, these data reveal that S-S codon-con-
versions represent the genomic relics of past purifying selection
against less-fit intermediate phenotypes and also provide novel
insight into the selection pressures that influence viral evolution,
and fixation of mutations, at the global level. Broadly, our study
provides a framework for combining community acquired
genomic data and phylogenetic analyses with downstream pheno-
typic investigation, to identify restrictions on genome mutability.
Ultimately, this framework could be applied to many medically
important viral pathogens to define the barriers limiting the emer-
gence of escape variants to candidate antivirals/vaccines, in addi-
tion to estimating evolutionary thresholds to viral zoonotic trans-
mission to humans.
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