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ABSTRACT Despite the recent success of newly developed direct-acting antivirals
against hepatitis C, the disease continues to be a global health threat due to the
lack of diagnosis of most carriers and the high cost of treatment. The heterodimer
formed by glycoproteins E1 and E2 within the hepatitis C virus (HCV) lipid envelope
is a potential vaccine candidate and antiviral target. While the structure of E1/E2 has
not yet been resolved, partial crystal structures of the E1 and E2 ectodomains have
been determined. The unresolved parts of the structure are within the realm of what
can be modeled with current computational modeling tools. Furthermore, a variety
of additional experimental data is available to support computational predictions of
E1/E2 structure, such as data from antibody binding studies, cryo-electron microscopy
(cryo-EM), mutational analyses, peptide binding analysis, linker-scanning mutagene-
sis, and nuclear magnetic resonance (NMR) studies. In accordance with these rich
experimental data, we have built an in silico model of the full-length E1/E2 het-
erodimer. Our model supports that E1/E2 assembles into a trimer, which was previously
suggested from a study by Falson and coworkers (P. Falson, B. Bartosch, K. Alsaleh, B. A.
Tews, A. Loquet, Y. Ciczora, L. Riva, C. Montigny, C. Montpellier, G. Duverlie, E. I. Pecheur,
M. le Maire, F. L. Cosset, J. Dubuisson, and F. Penin, J. Virol. 89:10333-10346, 2015,
https://doi.org/10.1128/JVI.00991-15). Size exclusion chromatography and Western
blotting data obtained by using purified recombinant E1/E2 support our hypothesis.
Our model suggests that during virus assembly, the trimer of E1/E2 may be further
assembled into a pentamer, with 12 pentamers comprising a single HCV virion. We
anticipate that this new model will provide a useful framework for HCV envelope
structure and the development of antiviral strategies.

IMPORTANCE One hundred fifty million people have been estimated to be infected
with hepatitis C virus, and many more are at risk for infection. A better understand-
ing of the structure of the HCV envelope, which is responsible for attachment and
fusion, could aid in the development of a vaccine and/or new treatments for this
disease. We draw upon computational techniques to predict a full-length model of
the E1/E2 heterodimer based on the partial crystal structures of the envelope glyco-
proteins E1 and E2. E1/E2 has been widely studied experimentally, and this provides
valuable data, which has assisted us in our modeling. Our proposed structure is
used to suggest the organization of the HCV envelope. We also present new experi-
mental data from size exclusion chromatography that support our computational
prediction of a trimeric oligomeric state of E1/E2.
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iomedical advances have rendered hepatitis C virus (HCV) infection highly treat-

able, and yet the disease remains a global health threat due to a lack of diagnosis
of carriers and the high cost of treatment. One hundred fifty million people have been
estimated to be infected with the virus, and many more are at risk for infection
(http://www.who.int/mediacentre/factsheets/fs164/en/). A better understanding of the
HCV envelope, which is responsible for hepatocyte attachment and fusion, could aid in
the development of a vaccine and/or new treatments for this disease.

The HCV virion consists of a positive-sense single-stranded RNA molecule sur-
rounded by a capsid composed of the core protein. This nucleocapsid structure is
enveloped by two glycoproteins, E1 and E2, which are embedded in a host-derived lipid
membrane (reviewed in reference 1). There is also an associated layer of serum apolipo-
proteins outside the HCV virion, which is believed to facilitate viral entry and secretion
and which gives HCV a lower buoyant density than those of other viruses (2-4). The
structural proteins that comprise the HCV virion are core, E1, and E2. Additional
proteins encoded by the viral RNA genome include p7 (whose presence in the virion is
disputed), six nonstructural proteins (5), and a possible F protein (encoded by an
overlapping reading frame) (6). E1 and E2 comprise amino acid residues 192 to 383 and
384 to 746, respectively, of the genotype 1a H77 viral polyprotein (7).

In the viral life cycle, E1/E2 is known to have least two major roles. First, E1/E2 is
responsible for viral entry via interactions with several cellular receptors, including
CD81 (8). Second, E1/E2 facilitates fusion with the endosomal membrane once the virus
has been internalized by clathrin-mediated endocytosis (8).

It has been demonstrated that a large component of the neutralizing antibody
(Ab) response in HCV-infected patients is directed toward epitopes that interfere
with the interaction of E1/E2 and CD81 (9, 10). A number of binding sites on E1/E2
for neutralizing monoclonal antibodies have been identified based on epitope map-
ping and structural studies. These sites have been independently classified as domains
A to E (11-16), epitopes | and Il (10), or antigenic regions 1 to 5 (17, 18), where some
binding sites belonging to the three different sets are practically identical. An improved
understanding of the structure of E1/E2 could be valuable in enabling the development
of a vaccine against HCV. For example, the AR4A and AR5A monoclonal antibodies
(although not prevalent in infected patients) are very broadly neutralizing and potent
(18). Importantly, the AR4A and AR5A epitopes lie at the E1/E2 interface and require
residues of both glycoproteins for their binding. Increased structural insight into E1/E2
contact sites may provide an opportunity for the generation of envelope proteins with
improved immunogenicity. In addition, antiviral drugs could be designed to inhibit cell
entry or fusion by targeting E1/E2.

Partial crystal structures of the E1 and E2 ectodomains have been determined (19,
20), although the proteins’ transmembrane regions and multiple N-glycosylation sites
(5 on E1 and 11 on E2) have impeded crystallization of the full-length proteins and of
the heterodimer. These ectodomain crystal structures reveal the first 79 residues of the
192 residues belonging to E1 and the first 262 residues of the 363-residue E2 protein,
with some flexible loops and N-terminal hypervariable domain 1 of E2 omitted. The two
existing partial crystal structures of E2, reported under PDB accession numbers 4MWF
(19) and 4WEB (21), determined for the two different viral genotypes H77 and J6,
respectively, are quite similar to one another (root mean square deviation [RMSD] of 3.9
A), with the exception of the disulfide-bonding network. The structures of the remain-
ing parts of E1 and E2, the structure of the heterodimer, and the higher-order oligo-
meric interactions of E1 and E2 are unknown, although many experimental studies have
revealed important pieces of information. Previously, homologies between HCV E1 and
E2 and class Il fusion proteins were used to create models of both the E2 structure (22,
23) and the E1/E2 heterodimeric structure (24). However, publication of the crystal
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structures revealed that these models were poor representations of the E2 and E1/E2
structures, since the crystal structures were too compact to make up class Il fusion
proteins. Using the partial crystal structures of E1 and E2 and other experimental data,
we have applied computational methods to obtain a new model of the remaining parts
of ET and E2. Our model provides insights into how the glycoproteins may interact as
a single heterodimer and how they may assemble into a higher-order oligomer.

Our computational approach makes use of the Rosetta computer program (25) for
ab initio structure prediction and for docking. Rosetta employs a combination of
knowledge-based and physics-based energy functions and an efficient Monte Carlo
sampling protocol. Side-chain conformations are optimized by using the Dunbrack
rotamer library (26). Rosetta can accurately predict structures of small, globular, soluble
proteins or of small simple membrane proteins containing up to 100 residues (27).
Moreover, during modeling in Rosetta, known portions of a structure can be held rigid
while extensions are folded, a useful feature for problems such as the one that we
address here, where a protein has been partially crystallized. The numbers of residues
that are absent in the crystallized E1 construct (20) are 11 in a missing loop, 79 in the
C-terminal part of the ectodomain (including stem residues), and 34 in the transmem-
brane helix. The residues missing from the E2 crystal structure reported under PDB
accession number 4MWF (19) include 37 residues at the N terminus, a 39-residue loop
and a few smaller loops, 74 C-terminal residues in the ectodomain and stem, and
27 residues in the transmembrane helix. Thus, the sizes of the missing regions of
our target proteins are within the current limits of potential ab initio structure
prediction in Rosetta.

When using Rosetta ab initio modeling, a model is selected based on the scoring
of multiple decoys, and this selection process can be further assisted by available
experimental structural data (27). Here, we make use of knowledge of the residues
on both E1 and E2 needed for binding to the AR4A and AR5A antibodies (18); that
is, structural models in which amino acids implicated in the epitopes for these
antibodies were positioned very distant from each other were discounted. Although
such residues identified via alanine scanning mutagenesis approaches do not always
identify the correct binding residues (17, 19), we considered it likely that they would
nonetheless be spatially close. We also use the fact that the transmembrane domains
(TMDs) of both E1 and E2 are thought to consist of single-domain helices (28, 29), and
we run Gromacs (30, 31) simulations to assist in assigning the relative orientations of
these TMDs. Moreover, we make the assumption that residues C652 and C677 are
disulfide bonded, as was previously hypothesized through experimental data (32).

We show that the shape of our predicted heterodimer is consistent with the formation
of a trimeric arrangement, as was previously suggested by the finding from SDS-PAGE
analysis that E1 forms trimers in the presence of E2 (33). We present experimental
results demonstrating that this predicted trimeric state agrees with data obtained by
size exclusion chromatography (SEC). We also present predictions based on in silico
alanine scanning of residues involved in interactions between E1 and E2 that are
important for heterodimerization.

RESULTS

Models of the N termini of E1 and E2. We first established complete models of the
ectodomains of the N terminus of E1 (nE1) and nE2 (residues 192 to 270 and 384 to 645,
respectively), i.e., those parts for which partial crystal structures reported under PDB
accession numbers 4UOI (20) and 4MWF (19), respectively, were obtained.

(i) Prediction of missing loops and the N terminus of the E2 crystal structure.
We based our structure of nE2 on the crystal structure reported under PDB accession
number 4AMWF (19). This crystal structure has two surfaces, one of which is more basic
and contains a central B-sandwich forming an Ig-fold motif and the other of which is
more hydrophobic and contains a second B-sheet roughly parallel to the first one that
incorporates the lengthy B11/B12 strands (19, 21). We computationally predicted
hypervariable region 1 (HVR1) (residues 384 to 411), HVR2 (residues 453 to 491), and
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FIG 1 Ribbon representation of our computational model of the E1/E2 heterodimer, with E1 in teal and
E2 in green and with some of the regions discussed in the text highlighted by using color and labeling.
Residues important for CD81 binding are shown in red, HVR1 is in black, HVR2 is in orange, IgVR is in
brown, the ApoB/ApoE binding peptides are in yellow, and the putative fusion peptide is in dark blue.
All cysteine residues are shown in a line representation.

part of the intergenomic variable region (IgVR) (residues 574 to 577), which are missing
from the crystal structure; in addition, residues 412 to 420 and 586 to 596, which are
missing, were also added. In our model, HVR1 and HVR2 are located on opposite sides
of the CD81 binding site, and the loop corresponding to the part of IgVR that is missing
from the crystal structure is positioned close to HVR2 (Fig. 1). Despite being absent in
the crystal structures, the positions of these hypervariable regions were observed in
negative-stain cryo-electron microscopy (cryo-EM) images of the E2 ectodomain bound
to Fab AR3C (19), and these positions appear similar to those based on the predictions
from our model.

(ii) Homology modeling of E1. The prediction of the structure of the E1 ectodo-
main is complicated by the likelihood of domain swapping involving the N terminus of
the crystal structure of nE1 reported under PDB accession number 4UOI (20). In the
crystal structure, a central a-helix is flanked by a connected three-stranded B-sheet; the
flexible region that could not be assigned is situated between the last two strands, B4
and B5, of this B-sheet. At the N-terminal end of this a-helix is the protein’s N terminus,
comprising a B-hairpin, which extends at a right angle from the central a-helix in a
position that seems unlikely to be native. It was therefore suggested that the native E1
monomer may adopt a structure similar to that of a structural homologue that was
identified for the crystallized E1 dimer, namely, phosphatidylcholine transfer protein
(PDB accession number 1LN2 [34]) (20). In this proposed structure, the N terminus is
suggested to fold back, forming a 5-stranded B-helix together with the three other
B-strands (20). We therefore examined the sequence homology between E1 and this
structural homologue and found that it extends approximately as far as the sequence
of the crystallized construct. Based on our alignment between nE1 and the sequence
reported under PDB accession number 1LN2, which is shown color-coded by similarity
in Fig. 2¢, we created a homology model for nE1 structured as a six-stranded B-sheet
(Fig. 2a and b). The overall values for similarity and identity are, respectively, 45% and
26%. We note that a portion of the sequence of E1, namely, residues 219 to 230,
completely lacks homology to the sequence alignment reported under PDB accession
number 1LN2. However, high confidence may be placed in the B-strand structure that
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FIG 2 (a and b) Structural alignment of our nE1 homology model (yellow) with structures reported under PDB
accession numbers 1LN2 (34) (dark blue) (a) and 4UOI (20) (monomers in teal and pink, respectively) (b). The a-helix
and two more B-strands that were added to the C-terminal end of nE1 by Rosetta are shown in magenta and green,
respectively, and a similarly positioned a-helix in the structure reported under PDB accession number 1LN2 is
shown in red. (c) Sequence alignment of the nE1 sequence with the sequence corresponding to the structure
reported under PDB accession number 1LN2, color-coded by similarity, with dark blue representing identity and red
representing clashes. The thick colored line above the sequence reported under PDB accession number 1LN2 is

color-coded by secondary structure, with blue representing turns, white representing loops, red representing
helical regions, and yellow representing p-strands.

we have assigned to residues 227 to 230, since this segment contains a pair of cysteine
residues connecting a disulfide-linked B-strand in the nE1 crystal structure (20).

(iii) Association of nE1 and nE2. In Fig. 3, the part of our model corresponding to
nE2 that was taken from the crystal structure reported under PDB accession number

a)
o« \
\\
8
N qi‘:‘\)
b)

FIG 3 (a) nE1 model, with residues modeled after the structure reported under PDB accession number
4U0I (20) shown in dark blue and those based on homology to the structure reported under PDB
accession number TLN2 (34) in gray. (b) The part of our nE2 model taken from the crystal structure
reported under PDB accession number 4MWF (19). (c and d) The same regions colored as described
above for panels a and b are seen in the context of our full-length model of the E1/E2 heterodimer in
a back view (c) and a front view (d).
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a)

FIG 4 Comparison of E1/E2 interfaces and relative orientations of E1 obtained by protein-protein docking
in Rosetta (orange ribbon) or by coarse-grained Gromacs simulations of the two proteins converging to
form a heterodimer within a membrane environment (brown and purple ribbons). The position of E2 is
the same for all models, and it is shown in yellow and in a surface representation. The viewpoint shown
in panel b is rotated approximately 90° from that shown in panel a.

AMWF with missing loops modeled as described above and the part corresponding to
nE1 based on homology to the sequence reported under PDB accession number 1LN2
are shown in the context of our full-length model. The relative orientations of nE1 and
nE2 were determined from the Rosetta docking procedure, which locates the
N-terminal B-strands of E1 and the 811/812 strands of E2 at the E1/E2 interface. The
prediction that the N-terminal part of E1 participates in this interaction is consistent
with experimental data demonstrating that a recombinant protein corresponding to
the first 47 residues of E1 binds to E2 (35).

We performed multiple coarse-grained simulations in the membrane environment
using the Martini force field and selected two models in which the two proteins
associate in a manner consistent with the experimental data for the antibody binding
sites. We compare the orientations of these two models with the one from our docking
in Fig. 4 and observe that the interface occupies similar locations in all three structures,
although the relative orientations differ substantially.

Full-length computed structural models of E1 and E2. After the docking of nE1
and nE2, the structures of the remainders of the ectodomains, the stem regions, and
TMDs were computed first for E2 and then for E1 in the presence of E2 (since the correct
folding of E1 is believed to require the presence of E2 [36, 37]).

(i) E2. In our computed structure of E2, the CD81 binding site is oriented in a lateral
position in relation to the horizontal membrane (Fig. 1). The C-terminal region (residues
646 to 717) of the E2 ectodomain contains three a-helices, formed from residues 659
to 667, 693 to 701, and 713 to 717 and connected by unstructured loop regions. The
latter two of these helices are consistent with the structure determined by nuclear
magnetic resonance (NMR) for a peptide comprised of residues 684 to 719 that shows
a helical conformation for residues 687 to 703 and a fraying helix for residues 706 to
714 (38). In our model, the helix comprising residues 713 to 717 forms an N-terminal
extension of the helix making up E2’s TMD. The disulfide bond between residues C652
and C677, which was enforced during our modeling, is shown in Fig. 1.

(ii) E1. Based on the outcome of our Rosetta ab initio modeling, an a-helix (residue
numbers 275 to 286) adjoins the E1 core at its C terminus. This a-helix is followed by
two more B-strands (residue numbers 290 to 303), extending the B-sheet to a total of
8 strands. In light of this, it is interesting that the structural homologue reported under
PDB accession number 1LN2 (34) has three B-strands in addition to those belonging to
the region of homology to nE1 and forms a 9-strand beta barrel. However, in the case
of the structure reported under PDB accession number 1LN2, these additional strands
are positioned between the N-terminal strands and the remaining B-strands within the
region of homology, unlike in our E1 model. Additionally, at the C terminus of the
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structure of the phosphatidylcholine transfer protein reported under PDB accession
number 1LN2, there is an a-helix (34) positioned similarly to the a-helix belonging to
E1 mentioned above (Fig. 2). It has been suggested that in the phosphatidylcholine
transfer protein, this a-helix binds to the membrane and is involved in the conforma-
tional change of the protein allowing the binding or release of phosphatidylcholine
(34). In our model, the corresponding «a-helix stretches across the top of E1 on the
surface of the protein rather than being close to the viral membrane. This suggests that
this helix may be covered by associated lipoproteins. Cryo-EM images of lipoviral
particles (LVPs) stained for apolipoproteins reveal that these are accessible outside the
virion (39) and probably tend to mask E1/E2 from the host immune system (40-42).

The E1 a-helical region discussed above contains the putative virion fusion peptide
at residues 276 to 286 (43-45). Previously, two sequences in E2 that exhibited homol-
ogy to fusion peptides were identified (23, 46). However, a role in fusion was not
supported for these E2 regions since they were located within E2’s central B-sheet and
CD81 binding domain, respectively (19, 21, 47). It is notable that the putative fusion
peptide in E1 is exposed in our model, yet no neutralizing antibodies are known to
target this peptide (10). This may be another indication that this peptide is concealed
by apolipoproteins. In our model, the E1 binding peptides for the interaction with the
apolipoproteins ApoB and ApoE (48) are located on the top of the structure (a plausible
position for such binding), with the position of the putative fusion peptide being
adjacent to these peptides (Fig. 1). Note that it has also been suggested that E2 plays
a major role in the interaction between E1/E2 and ApoE. Coprecipitation analysis of
lysates of cells transfected with HCV-derived constructs expressing E1/E2 shows that E2
binds ApoE, and this interaction depends strongly on the presence of the E2 TMD but
more weakly on the presence of E1 (49). However, whether this direct E2/ApoE
interaction is biologically relevant is disputable.

The stem region of our E1 model contains three a-helices, as is similarly the case for
E2. The stem E1 a-helices occur at residues 315 to 324, 333 to 338, and 348 to 352. NMR
was used previously to solve the structure of an E1 peptide spanning residues 314 to
342, which supported that the E1 stem region contained two a-helices at residues 319
to 323 and 329 to 338 (50).

Heterodimeric interface. The parts of E1 and E2 predicted to be involved in
heterodimerization and their network of interactions are specified in Fig. 5a and are
illustrated in Fig. 5b. We performed in silico alanine scanning to estimate which residues
in E1/E2 contribute most to heterodimerization. Positions of residues determined in this
manner were visually inspected in our structural model, and some of them could be
assigned to pairs of interacting residues. These pairs are given in Table 1, and their
positions are illustrated in Fig. 5c. Note that our analysis selected only one interaction
between the TMDs of E1 and E2 (Val 374/Leu 735). It is very likely that interactions
between TMD residues are underestimated here since the potential term used to obtain
these estimates was designed for interactions in aqueous solution (51, 52).

The E1 regions involved in heterodimerization in our model include the N-terminal
B-strands and helix/loop (residues 192 to 215) and the two other -strands neighboring
them in the central B-sheet (residues 258 to 268), the two B-strands following the
putative fusion peptide (residues 290 to 306), the stem domain (specifically residues
312 to 348), and the TMD (residues 352 to 378). It is known that the interactions
between the TMDs of E1 and E2 are very significant for heterodimerization since E1 and
E2 lacking these regions fail to heterodimerize (53). Each of the TMDs are believed to
consist of a single a-helix (28, 29), and charged residues at their centers, viz.,, Lys 370 on
E1 and Asp 728/Arg 730 on E2, are thought to play a role in their interactions (Fig. 1)
(29, 54-56). There is also experimental evidence that residues of E1 that lie outside the
TMD interact with E2. For example, N-terminal residues 201 to 206 on E1 have been
found to be essential for the structure of the AR4A and AR5A antibody epitopes (18).
Moreover, the N-terminal part of E1 (specifically the peptide comprised of residues 192
to 238) binds to E2 (35). A peptide corresponding to the remainder of the E1 ectodo-
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FIG 5 (a and b) Interacting regions of E1 and E2 observed in our model of the heterodimer are shown
schematically (a) and illustrated on our model colored as shown in panel a (b). (c) Pairs of residues
identified by interface alanine scanning as making significant energetic contributions to the E1/E2
binding free energy are illustrated on our model. E1 is shown in light gray, and E2 is in pale green.
Predicted E1/E2 interface residues for which in silico mutation to Ala significantly affected E1/E2 binding
free energy are colored on a scale according to increased prediction score from blue to red to yellow
(highest binding free energy difference).

main (residues 239 to 308) and most of the stem domain (residues 309 to 340) was also
demonstrated to bind, albeit more weakly, to E2 (35). The stem regions of both the E1
and E2 proteins contain heptad repeat regions, which are known to have roles in cell
entry based on the effects of mutations in these regions (45, 57). Previously, E1 heptad
residues (A330, V333, L337, 1340, 1344, and M347) were mutated to either the helix-
stabilizing or helix-breaking residue Ala or Pro, respectively. These mutations were
shown to have little effect on heterodimerization (45). Nevertheless, some of the E1
heptad residues, specifically V333 and L337, contact E2 in our model, although they are
predicted to form weak interactions. Another E1 residue, His 352, which lies in close
proximity to the membrane, contacts E2 in our model and was previously shown to be
important for E1/E2 heterodimerization (58).

In our model, E2 heterodimerization residues include those in HVR2 and the
neighboring C-terminal region (residues 480 to 487), the region C terminal to the AR2
epitope (residues 541 to 548), IgVR (residues 574 to 579), the region immediately C
terminal to IgVR (residue 587), B-strands 311/312 (residues 630 to 638), the stem region
(residues 651 to 703), and the TMD (residues 716 to 738). There are experimental data
supporting the involvement of each of these regions in heterodimerization. Several
residues were shown previously to be essential for heterodimerization, such as HVR2
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TABLE 1 Pairs of residues identified by interface alanine scanning as making significant
energetic contributions to E1/E2 binding free energy®

AAG for E1 AAG for E2
Interaction E1 residue(s) (complex) E2 residue(s) (complex)
Hydrophobic Leu 265 248 Leu 675 1.12
Trp 320 2.64 Trp 672 3.82
Val 374 1.35 Leu 735 1.08

Charged or polar Arg 195, Asp 279 4.20, 4.04

Arg 260 1.82 Tyr 632, Glu 637 1.75, 1.40
Thr 300 143 Leu 546 2.05
Asp 303 1.65 Asn 577 2.50
Asn 325 0.80 Arg 587 2.06
His 352 1.26 Asp 658 1.41

9The third and fifth columns give the changes in Rosetta scores for the E1/E2 interaction resulting from
mutation of E1 and E2 residues, respectively, to Ala, compared to the E1/E2 interaction energy for the wild-
type proteins. A positive value indicates that the mutation destabilizes the interaction between E1 and E2.

(residues 461 to 481) (59), highly conserved residues 484 to 491 containing the
“W48°HY" sequence and flanking HVR2 (35), IgVR (residues 570 to 580) (59), and the
TMD residues (29, 53-56).

The residues C terminal to the AR2 epitope belong to a set of E2 residues (residues
483 to 491 and 523 to 545) that, when mutated, were shown previously to substantially
decrease the binding of the E1-specific antibody A7 (18), suggesting that these residues
may be located at the E1/E2 interface. 311/812 and the stem region are demonstrated
to be close to the heterodimeric interface since mutation of residue 639 on the 12
strand or any of the stem residues 657 to 659 or 692 resulted in a significant reduction
in the binding of the AR5A Ab. Furthermore, mutation of any of the same stem residues
or D698 had a large negative impact on the binding of the AR4A Ab (18). Additional
experimental data also support that the stem region of E2 forms important interactions
with E1. First, a 5-residue insertion at residue 692, located at the pretransmembrane
region of E2, did not alter E1 or E2 stability but had a specific impact on heterodimeriza-
tion (as also did an insert at residue 587, C terminal to IgVR) (60). Second, by mutating
residues in the heptad repeat regions of E2 to Ala or Pro (Leu 675, Ser 678, Leu 689, and
Leu 692), these residues were identified as key determinants of heterodimerization. Ala
substitutions were reported to be less severe than Pro substitutions, emphasizing the
importance of the helical structure in this region (57). Another residue in this region, His
691, is also essential for heterodimerization (58). Data from our computational analysis
concur that Leu 675, Ser 678, and His 691 within E2 all form interactions with E1
important for heterodimerization. The corresponding E1 residues forming these inter-
actions are Leu 265 for Leu 675 (Table 1), Trp 353 for His 691, and lle 262 for Ser 678.

Higher-order oligomerization. (i) Molecular mechanics. In a previous study, the
oligomeric structure of E1/E2 was investigated by SDS-PAGE of purified HCV virions
under reducing conditions at 37°C. These experiments showed that E1 forms non-
disulfide-linked trimers when coexpressed with E2 and that the TMDs of E1 form
interactions essential for this trimerization (33). This suggested to those authors that
E1/E2 might form a trimer with the TMDs of E1 at the center (Fig. 6d). We attempted
to fit together replicas of our predicted heterodimer in compliance with this model
using molecular mechanics. In Fig. 6, our model of E1/E2 is shown to fit into a trimeric
arrangement consistent with this prediction. It is likely that the trimeric organization
with all TMDs at the center could contribute to viral fusion mediated by the het-
erodimers by exerting force on the viral membrane.

In addition to forming trimers, there is evidence that the E1/E2 heterodimers can be
arranged into higher-order oligomeric structures. Specifically, cryo-EM was used to
visualize HCV-like particles formed in a baculovirus system, and a 30-A-resolution
reconstruction was created. Based on the obtained images of these particles, E1/E2 has
an arrangement with 2-, 3-, and 5-fold symmetry axes (61) in the baculovirus system.
Accordingly, it is encouraging that our modeled E1/E2 heterodimer can be arranged
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FIG 6 (a to c) Ribbon representations of the predicted trimer of heterodimers formed by E1/E2, viewed from the top (a), side
(b), and bottom (c) in relation to the viral membrane being positioned below the ectodomains. The putative fusion peptides
and apolipoprotein binding peptides are shown in dark blue and yellow, respectively, on E1, which is mainly in teal. E2 is
shown mainly in green, with CD81 binding residues in red, HVR1 in black, HVR2 in orange, and IgVR in brown. Sites of
N-glycosylation are shown in line mode and in a surface representation and are in magenta. (d) Model proposed by Falson et
al. in which E1/E2 is arranged as a trimer of heterodimers, with E1 components interacting with one another at the center of
the trimer through their TMDs (33).

into a pentamer of trimers, possibly corresponding to the observed 5-fold symmetry
axis (Fig. 7). The 2-fold axis seen in the cryo-EM reconstruction (61) would, in this case,
correspond to the junction of two E1/E2 trimers into a hexamer. The 3-fold axis
indicates an arrangement of the pentamers of trimers into a higher-order trimer and

FIG 7 Model of the pentamer formed by the trimer of E1/E2 heterodimers, viewed from the top in
relation to the viral membrane being positioned below the ectodomains. A hexamer forming part of this
pentamer is shown here in a ribbon representation, with E1 shown in teal and E2 shown mainly in green,
except that CD81 binding residues are in red (shown as balls), HVR1 is in black, HVR2 is in orange, and
IgVR is in brown. Cysteine residues are shown in line mode, and sulfur atoms belonging to C304 and
C486 are depicted as yellow and orange balls, respectively.
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suggests that the HCV-like particle visualized by cryo-EM, as well as possibly the HCV
virion, may take the form of a pentactic dodecamer, i.e., a composition of 12 replicas of
our pentamer. However, it is also arguable that the HCV virion does not have a
symmetrical glycoprotein envelope since data from previous studies indicate that there
may be a low abundance of envelope glycoproteins in the HCV virion, based on
immunostaining analyses of virions of HCV (39) (similar to data for the pestivirus bovine
viral diarrhea virus [BVDV] [62]). Moreover, images from Piver et al. (63) show that the
HCV virion is an LVP of variable size with an irregularly shaped nucleocapsid sur-
rounded by an external crescent containing the apolipoproteins. It may that the HCV
glycoprotein envelope is simply deformable, leading to the irregular shapes, and the
size diversity might be due to differing amounts of lipids and apolipoproteins coating
the glycoprotein envelope. On the other hand, it is also possible that the nucleocapsid
of HCV is coated with a mixture of lipids, apolipoproteins, and only a small number of
envelope glycoproteins (E1/E2).

According to the predicted quaternary structure in Fig. 6 and 7, the relative positions
of various regions of E1 and E2 can be identified. The CD81 binding site is located close
to the corners of the trimer of heterodimers, and these sites occupy positions near the
center of our predicted pentamer of trimers. In our hexamer (i.e., the dimer of trimers
in Fig. 7), HVR2 from one E2 monomer is positioned close to HVR1 from another
monomer and is flanked on another side by IgVR. This observation is supported by
experimental data suggesting that HVR1, HVR2, and IgVR are structurally linked in the
virion (64). For example, antibodies that bind epitope | in E2 have been shown to
exhibit improved binding to E2 and an improved ability to inhibit E2-CD81 interactions
when any one of these hypervariable regions was deleted. Furthermore, inhibition of
the E2-CD81 interaction was additive if two or more of the hypervariable regions were
deleted (64). In addition, antibodies that recognize an epitope that included HVR1
residues were shown to have a reduced affinity for E1/E2 when IgVR was deleted but
not when IgVR and HVR2 were deleted simultaneously (64). A possible explanation for
this observation is that IgVR may be important for constraining the position of HVR2 in
wild-type E2. Therefore, in its absence, HVR2 may reposition, which may have an impact
on the accessibility of HVR1.

We examined potential disulfide linkages in our predicted quaternary structure. In
our model, 2 of 8 conserved cysteine residues in E1 and 16 of 18 conserved cysteine
residues in E2 are linked by intramolecular disulfide bridges. In E2, these disulfide
bridges include those that were observed in the crystal structure reported under PDB
accession number 4MWF (19) and that were retained during our modeling. We note
that data from other experiments reported previously (21, 32) suggested alternative
linkages, as well as the C652-C677 linkage (32). Our model shows only one disulfide
bond in E1 between C229 and C238, which was identified in the partial E1 crystal
structure. The model also shows that C272 from nET is very close to C281 in the
putative fusion peptide of E1, suggesting a potential for interactions. However, Li et al.
(65) noted that it is unlikely that these two residues are disulfide linked, since E1/E2
from HCV pseudoparticles (HCVpp) with the mutations C272A and C281A did not
migrate differently on reducing or nonreducing SDS-PAGE gels compared to wild-type
E1/E2. It is unclear based on experimental data in the literature which, if any, disulfide
linkages are formed between E1 and E2 within the heterodimer and in the higher-order
structure. Most intracellular E1/E2 heterodimers are noncovalently linked (66), and
there are not known to be any disulfide bridges between E1 and E2 within the
heterodimer on the surface of the virus. However, experimental data indicated that the
majority of E1/E2 found in the virion exists as disulfide-linked complexes with molecular
masses of at least 440 kDa (cf. roughly 30/70 kDa for the glycosylated E1/E2 het-
erodimer) (66). In our model, C304 in E1 and C486 in E2 appear to be close enough to
form a potential disulfide bond between two different heterodimers (Fig. 7).

(ii) Size exclusion chromatography and Western blotting. To further investigate
the oligomeric arrangement of E1/E2, we performed SEC on the intracellular E1/E2
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FIG 8 SEC of purified recombinant ETE2 (H77) (a) and Western blot analysis of the fractions of the
collected eluate (b). TX100, Triton X-100; MW, molecular weight (in thousands).

(H77¢) heterodimer purified from the lumen of the endoplasmic reticulum following
the transduction of a lentiviral vector into a CHO cell clone. The UV absorption spectrum at
280 nm displays three peaks (Fig. 8a). The earliest of these peaks corresponds to an
analyte with an average molecular mass of 367 kDa, and E1/E2 was detected in this
fraction by Western blotting (Fig. 8b). Next, there is a large peak at a molecular mass
of 100 to 200 kDa and a later peak at a lower molecular mass. These peaks were found
to contain little or no E1/E2 by Western blotting. A separate run of the E1/E2 purifica-
tion buffer plus 10% Triton X-100 alone showed a profile matching the second and
third peaks (not shown), suggesting that these fractions are Triton X-100 micelles. Since
glycosylated E1/E2 has a molecular mass of ~100 kDa, the analyte molecular mass of
367 kDa is consistent with a trimer of E1/E2, as was suggested to form by our modeling.

Functional aspects of E1/E2 structure. (i) Antibodies. Since E1/E2 is exposed on
the surface of the HCV virion, it is the major target of the host humoral immune
response, and both E1/E2 and E2 are being investigated as vaccine candidates (67). In
Fig. 9a, the binding sites for the major classes of neutralizing antibodies are shown with
respect to our model. It is encouraging that all of these sites appear to be accessible for
antibody binding in our model. Many of these antibodies neutralize the binding of HCV
to the host receptor CD81, which is required for cell entry (9, 10). Residues belonging
to the CD81 binding site (19, 68), viz., Y527, W529, G530, and D535 from the CD81
binding loop of E2 that connects the inner and outer sheets of the B-sandwich; W420,
L427, and N428 belonging to the N terminus of the structure reported under PDB
accession number 4MWF; and F442, are also shown in Fig. 9a. AR3, epitope |, and
epitope Il all overlap the CD81 binding site. The AR2 and AR1 antibodies do not directly
interact with the CD81 binding site, but it is possible that their binding may result in
a conformational change in E2 that affects its interaction with CD81. Currently, the
precise mechanism for neutralization mediated by these antibodies is not known. AR4A
and AR5A are both potent, broadly neutralizing antibodies that target the heterodi-
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FIG 9 Ribbon representations of our computational model of the E1/E2 heterodimer, with E1 shown in
teal and E2 shown in green. (a) The binding epitopes of classes of neutralizing antibodies are highlighted
by using color and labeling. Residues important for CD81 binding are shown in red and in a line
representation. Arrows representing suggested angles of approach are shown for the AR4A and AR5A
antibodies. (b) Residues important for binding by the AR4A antibody are shown highlighted in red on
one (right-hand side) of two adjacent E1/E2 heterodimers structured as part of a trimer of heterodimers.
Three sites of N-linked glycosylation belonging to E1, which are close to the antibody binding site, are
shown in magenta and in a ball-and-stick representation.

meric interface of E1/E2, which includes conserved residues implicated in viral fusion
with the endosomal membrane.

The binding site shown in Fig. 9a and b for the AR4A antibody is less accessible than
those for the other antibodies, which correlates with the previously reported observa-
tion that E1/E2 elicits less AR4A-type antibodies than other antibodies (69). Although
the AR4A and AR5A antibodies share many residues important for their binding, they
do not compete with each other for binding to E1/E2. AR5A has been shown to
compete with CBH-7, one of the antibodies targeting AR2 at residues 541 to 549 on E2
(18). Thus, it is likely that some of the residues important for AR4A and AR5A binding
are not contact residues but rather conformational determinants of their respective
epitopes (18).
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FIG 10 Locations of N-linked glycosylation sites on E1/E2, shown in line and surface representations,
viewed from the top in relation to the viral membrane being positioned below the ectodomains. E1 is
shown in teal, and E2 is shown mainly in green, with CD81 binding residues in red (a surface
representation is also shown), HVR1 in black, HVR2 in orange, and IgVR in brown. N-glycosylation sites
belonging to E2 are labeled N1 to N11, while those belonging to E1 are labeled by residue numbers.

The N-linked glycosylation sites of E1/E2 are positioned in our model in locations
that are not buried in any of the predicted oligomeric interfaces between the proteins
or in the interface between E1/E2 and the membrane (Fig. 7). It may be seen in Fig. 9b
that the N-linked glycosylation site at N209 is predicted to occupy a position that would
potentially obscure the AR4A binding site. N196 and N305 are also depicted in Fig. 9b.
It has been reported that simultaneous mutations of both of these residues (but not
single mutations) to Ala substantially disrupt the binding of AR4A and AR5A to E1/E2
(18). The N209A single mutation has little effect on the binding of either Ab (18).
However, it is possible that the N209 glycan may have a kinetic effect on neutralization
by the antibodies. In Fig. 10, the N-linked glycosylation sites N1 and N2, both located
in epitope |, and N6, located in AR3, are observed to shield the CD81 binding site in our
model. Mutation of each of these three glycans has been shown experimentally to
increase the sensitivity of the virus to antibody-mediated neutralization (70). Glycans at
N4 and N11 have similar effects on antibody binding (70). In the context of our
pentameric model, N4 appears to obscure the CD81 binding site. Since N11 is distal
from the CD81 binding site, glycosylation at N11 likely impacts E2 folding.

The N terminus of HVR1 is exposed on the surface of our E1/E2 model, which supports
a role in the antigenicity and/or accessibility of neutralizing antibodies. Indeed, previous
studies have shown that HVR1 can interfere with the binding of antibodies to E2 (64, 71),
and HCV pseudoparticles lacking HVR1 have been reported to exhibit increased sen-
sitivity to a range of neutralizing monoclonal antibodies that are directed to diverse E2
epitopes (72). This observation is surprising since these antibody binding sites are not
all clustered into one region. One possible explanation is that the surface of the
wild-type HCV virion is rather rigid, with the monoclonal Ab binding sites being too
constricted to interact easily with Abs; the removal of HVR1 may leave more room
within the lattice of interacting proteins forming the surface of the virion for Ab binding
domains to undergo minor conformational changes required for binding.

(ii) Fusion. Based on homology to other flaviviruses, HCV was originally thought to
have a class Il fusion mechanism (22, 23). However, the crystal structure of nE2 indicated
a compact globular structure that was quite dissimilar from class Il fusion proteins (19,
21). Class Il fusion proteins are composed of domains |, II, and Ill with mainly B-sheet
structures. Domains Il and Ill fold over the central N-terminal domain (domain I) to form
a hairpin that is essential for merging the host and viral membranes. Domain Il has an
elongated structure and contains the fusion loop (73, 74). In our model, the E1/E2
heterodimer has a compact form, indicating, in agreement with data from previous
reports (20, 47, 75), that neither E1 nor E2 is a class Il fusion protein. It has been
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suggested that E1 and E2 together may comprise a structure that resembles a class |l
fusion protein (47). However, since there is no region with structural similarity to
domain Il from class Il fusion proteins, it is more likely that E1/E2 employs a novel fusion
mechanism.

It is possible that the lipoproteins associated with the HCV virion may play a role in
the fusion mechanism, since hydrophobic interactions of the endosomal membrane
with virus-associated apolipoproteins and/or lipids may help to explain how E1/E2 may
initiate viral fusion when it does not have an elongated domain containing the fusion
peptide to extend toward the endosomal membrane as in class | and class Il fusion
proteins (73, 74). For example, in class | fusion proteins, during the fusion process, the
fusion peptide is projected in some cases up to 100 A toward the host membrane (74),
and in class Il fusion proteins, domains | and Il go from lying parallel to the viral surface
to extending in a perpendicular manner toward the endosomal membrane (74). In the
case of HCV, if the fusion peptide is covered with apolipoproteins, or lipids only as in
systems such as HCVpp, where apolipoproteins are absent, they could potentially
participate in fusion by bringing the fusion peptide into contact with the endosomal
membrane since they would be expected to form favorable interactions with the lipids
belonging to the host membrane. In this case, no outward extension of the fusion loop
would be required. However, this speculative hypothesis requires experimental sup-
port. It is also possible that E1, which resembles a phosphatidylcholine transfer protein,
might play a role in lipid transfer that could serve to merge the two membranes.

Conformational changes in E1/E2 prior to fusion in the endosome are believed to
take place on a slow time scale of one or more hours (76). Isomerizations of the disulfide
linkages in E1/E2 are thought to be required for cell attachment and entry, since entry
is eliminated by a sulfhydryl-alkylating agent that covalently modifies free Cys residues
that are, presumably, involved in catalyzing disulfide isomerization (77). In support
of such a role of free Cys residues, it has been demonstrated that other viral fusion
proteins undergo a reduction of a labile disulfide bond between another Cys residue
and a CXXC motif, which activates fusion (78, 79). A functionally similar mechanism may
occur for HCV fusion. For example, E1 contains a highly conserved C225(V/L)PC protein
disulfide isomerase (PDI) motif (77). C226 in E1 may be one of the free cysteines
required for cell entry that is observed in our model. In this scenario, C226 would most
likely form a new disulfide bridge with C229 while simultaneously catalyzing the
dissociation of the disulfide linkage between C229 and C238 (Fig. 1). This may result in
an important conformational change in the central B-sheet of E1. In our model, the
a-helix in E1 containing the putative fusion peptide is contacted on one side by two
B-strands at its C terminus, which itself is stabilized by contacts with E2. On another
side, this a-helix interacts with two strands from the central B-sheet of E1, namely, B4
and one of the two B-strands replacing 35 of the crystal structure reported under PDB
accession number 4UOI in our model. Isomerization or pH-dependent structural
changes in E1 and/or E2 in the endosome could contribute to the restructuring of E1/E2
required for bridging the length between the viral and host membranes. For example,
it is likely that the protonation of H445 in E2 by exposure to the acidic environment of
the endosome helps to promote structural changes important for fusion, since the
H445R/K mutations have been found to enhance fusion (58). In our model, the stem
domains of E1 and E2 are positioned beneath their ectodomains. When the fusion
peptide in E1 is embedded into the host membrane, the stem regions of E1 and E2 are
likely to participate by docking onto the ectodomains and helping to pull the TMDs and
the viral membrane closer to the host membrane, as is the case for class Il fusion
proteins (57).

DISCUSSION

We have drawn upon computational methods to predict a full-length model of the
E1/E2 heterodimer based on the known partial crystal structures of the envelope
glycoproteins E1 and E2. E1/E2 has been widely studied experimentally, and previous
studies have given us valuable data to assist in our modeling. Negative-stain cryo-EM
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TABLE 2 Corroboration between experimental data and our computational model of E1/E2

Journal of Virology

Criterion and residue(s) Protein Correspondence with expt Experimental method Reference(s)
Criteria used as constraints
during modeling
192-270 E1 Homology model based on structures Crystallography 20, 34
reported under PDB accession no.
4U0I and 1LN2
421-645 E2 Same as structure reported under PDB Crystallography 19
accession no. 4MWF
C652, C677 E2 Disulfide bonded Ab binding patterns upon mutation 32
352-378, 716-738 E1/E2 Single-domain helices NMR; fluorescent imaging of 28, 29
epitope-tagged C termini
K370, D728 E1/E2 Salt bridge between TMDs of E1 and E2 Mutational analysis 29, 54-56
Criteria used to guide de novo
model selection
201-206, 639, 657-659, 692, E1/E2 Residues are proximal to each other Required for binding to E1/E2 by 18
698 AR4A and/or AR5A Abs
315-324, 333-338, 693-701, E1/E2 Two a-helices exist in each of E1 and NMR studies of peptides 38, 50
713-717 E2 stem domains
Agreement with expt
observed after modeling
192-238 E1 Near E1/E2 interface Peptide binds to E2 35
271-304 E1 Extension of structural homology of E1 Crystallography 34
to structure reported under PDB
accession no. 1LN2
H352 E1 Important for heterodimerization Mutational analysis 58
480-487, 574-579 E2 HVR2 (residues 461-481), residues 484- Studies of deletion constructs 35,59
491, and IgVR (residues 570-580) are
essential for heterodimerization
541-548 E2 Near E1/E2 interface Mutations of residues 523-545 18
affect binding to E1/E2 by
E1-specific Ab A7
587, 651-703 E2 5-residue insertions at residue 587 or Linker-scanning mutagenesis 60
692 affect heterodimerization
L675, S678, H691 E2 L675, S678, and H691 are all Mutational analysis 57

determinants of heterodimerization

imaging has revealed a rough outline of the positions of HVR1 and HVR2 and of the
C-terminal region of the E2 ectodomain (19). HVR2 and the E2 stem region presumably
make significant interactions with E1, but experimental methods have not been suc-
cessful in providing structural information on the orientation of E1 and E2 within the
heterodimer or in relation to the viral membrane. Experimental tests of our computa-
tional prediction should therefore be useful for determining the positions of the partial
crystal structures within the quaternary structure as well as providing valuable insights
into the reliability of the computational techniques that we have employed.

In our modeling, we based the structure of nET on homology to the phosphatidyl-
choline transfer protein (PDB accession number 1LN2), according to suggestions made
previously by El Omari et al. (20). When Rosetta ab initio modeling was used to extend
this structure in the presence of E2, the structural similarity between the two proteins
was found to extend even further than the previously observed structural homology
between the crystal structures reported under PDB accession numbers 1LN2 and 4UOI
(20) and also further than the sequence homology between the two proteins. A helical
region containing the putative fusion loop belonging to E1 extends across the top of
our model, bearing similarity to a long a-helix existing in the structure reported under
PDB accession number 1LN2, which has been proposed to be membrane proximal (34).
Since the putative fusion peptide is on the outer surface of E1/E2 in our model, this may
indicate that it is buried by contacts with virion-associated apolipoproteins.

Our proposed heterodimeric structure is plausible in consideration of regions of E1
and E2 that are known experimentally to be important for their interaction (Table 2).
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FIG 11 Flowchart illustrating the computational procedure used to obtain the final model of E1/E2. For
Rosetta ab initio modeling or Rosetta membrane ab initio modeling, we indicate the residues being
modeled and the context in which these residues were modeled with all other residues being fixed.

The docking of nET and nE2 was performed without bias in the sense that the lowest-
scoring model was selected in a blind docking procedure. When further modeling of the
E2 stem domain was performed, key interacting residues for the AR4A and AR5A
antibodies could be assigned coordinates that were in relatively close proximity to each
other. Moreover, our model correctly predicts that the stem regions each contain two
a-helices, consistent with data from previous NMR studies (38, 50). Based on our model
of the E1/E2 heterodimer, molecular mechanics was applied to determine the oligo-
meric organization of the HCV virion. The predicted trimeric arrangement of the E1/E2
heterodimer is in agreement with data from a previous study (33) that suggested a
trimeric arrangement. Our preliminary SEC data are also consistent with E1E2 existing
as a trimer, but it will be necessary in future work to confirm its molecular weight using
multiangle laser light scattering in combination with SEC (SEC-MALLS).

MATERIALS AND METHODS

Computational methods. Our computational procedure used to model E1/E2 is summarized in Fig.
11 and described below.

Loop modeling of the nE2 crystal structure and homology modeling of nE1. We first determined
full-length models of the N-terminal regions of E1 and E2 (H77 strain), nE1 and nE2, corresponding to the
sequences of the crystallized constructs. In the case of nE2, we used loop modeling to complete the
structure reported under PDB accession number 4MWF, and in the case of nE1, we created a model
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based partly on the crystal structure reported under PDB accession number 4UOI and partly on a
previously identified structural homolog reported under PDB accession number 1LN2, as we describe in
detail below.

The loops missing from the nE2 crystal structure reported under PDB accession number 4MWF (19)
were predicted by using the Robetta Protein Structure Prediction Server (http://robetta.bakerlab.org/),
which uses loop modeling to rebuild missing parts and then runs full-atom refinement. Note that the
structure of the crystallized portion of nE2 may be expected to differ somewhat within the context of
E1/E2 compared to that in the crystallized ectodomain. However, the computational methods for de novo
structure prediction in Rosetta are not expected to be sufficiently powerful to improve upon the
structure of E2 within E1/E2 over what is known from the crystal structure, and so the crystallized portion
of nE2 was held fixed during our modeling.

nE1 presents a greater challenge since it appears to be domain swapped (80) in the crystal structure
reported under PDB accession number 4UQOI (20). We performed sequence alignment between nE1 and
the homologous crystal structure reported under PDB accession number 1LN2 (34) in the Molecular
Operating Environment (MOE) program (81) and used it to thread homologous regions of nE1 onto four
B-strands from the structure reported under PDB accession number 1LN2 (Fig. 2); two of these B-strands
match the positions of 83 and 4 in the structure reported under PDB accession number 4UOI, while 85
of the structure reported under PDB accession number 4UOI was divided into two B-strands in our
model. The N-terminal B-hairpin 81/82 was then threaded in MOE onto a position matching the position
of strands 3/B4 in the homodimeric E1 partner protein in the structure reported under PDB accession
number 4UOI, extending our model to a six-stranded B-sheet (the alignment for threading was chosen
based on auto-structural homology).

Preliminary models of C-terminal ectodomains, stem regions, and TMDs of E1 and E2. The
remaining C-terminal regions of E1 and E2 and the N-terminal region of E2 missing from the crystal
structure, including HVR1, were predicted in the context of the crystal structure-based models described
above by using ab initio modeling with the Rosetta program (25, 82). A topology broker (83) was used
to designate the previously determined parts to be kept rigid while terminal regions of the proteins were
predicted. Three- and nine-residue fragment libraries corresponding to the primary sequences of E1 and
E2 were obtained from the Robetta fragment server. Robetta’s fragments are created in accordance with
secondary-structure predictions using four different methods: PsiPred (84), SAM-T99 (85, 86), and
Jufo/Jufo3D (87). Fragments were then assembled by a Monte Carlo fragment insertion protocol, which
favors insertions leading to geometries with good scores. Low-resolution models were first built by using
a centroid energy function, which were later refined by using an all-atom energy function (27). A total
of 100,000 models were generated, and the lowest-scoring models were subsequently clustered.
Best-scoring representatives were found to belong to highly populated clusters, adding to their reliabil-
ity, since in general, large clusters have a higher probability of containing native-like models. Thus, these
representatives were selected to represent E1 and E2 ectodomains in the next steps.

Stem regions and TMDs were then predicted in the context of previously elucidated N-terminal parts
of E1 and of E2, which were held rigid, by using the Rosetta membrane ab initio program (88-90). For
these simulations, a span file, defining membrane residues, was generated by using the Octopus
prediction server (91) and then manually edited to reflect the single-domain topologies of both the E1
and E2 TMDs and used as the input in predictions of lipophilicity information by run_lips in the Rosetta
membrane program (88-90). A total of 10,000 models were built for each of the two proteins, the
top-scoring structures were clustered, and the best models were chosen based on score, cluster size, and
manual inspection.

Association of E1 and E2. Global docking in Rosetta (92) was applied to determine the heterodi-
meric association of the E1 and E2 ectodomains (residues 192 to 296 and 384 to 660, respectively). We
ran 100,000 decoys and then selected the one with the lowest score. We note that out of the top 10
best-scoring models, this model alone satisfied our pass/fail criteria of the proximity of AR4A/AR5A
binding residues (18). The stability of this low-scoring model was confirmed by performing local docking
of the E1 and E2 ectodomains around this docking pose using small perturbations of up to 8° and 20 A
and verifying that the resulting 10 lowest-scoring poses were almost identical to the original one.

Modeling and orientation of E1 and E2 TMDs. We ran coarse-grained molecular dynamics (MD)
simulations to study the association of E1 and E2 in the membrane environment and to find the positions
of the E1 and E2 ectodomains relative to the TMDs. DAFT (93) is a set of scripts designed to automate
MD simulations of protein-protein associations within the membrane in the Gromacs program with the
coarse-grained Martini force field (94-96). After assignment of secondary structure using the dssp
program (97), 200 systems of randomly oriented E1/E2 heterodimers were set up with DAFT by using an
initial separation of 2.5 nm and a periodic box with a dimension perpendicular to the membrane of 5 nm.
We did not apply an elastic network (98), as is often used to constrain secondary structure during Martini
simulations, since much of the secondary structure of E1/E2 is unknown. The environment, consisting of
a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer and Martini water, was created by
using insane (99). Simulations of 1,000 ns were performed on each of these systems by using a 20-fs time
step in Gromacs 5.0 (30, 31). The resulting models were visually examined for the juxtaposition of E1 and
E2 TMDs and for the proximity of AR4A/AR5A binding residues (residues 201 to 206, 639, 657 to 659, 692,
and 698), which led to the selection of the four best models; these models could be grouped into two
clusters by visual inspection.

Since the two interacting TMDs are relatively short, we assumed that these TMDs should be positioned
roughly perpendicular to the membrane. We note that although this perpendicular orientation was not
observed in the Gromacs simulations, we believe that this was an artifact related to the inherent
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imprecision of our coarse-grained simulations. Moreover, the simulations allowed the E1 and E2
molecules to relax into energetically favorable orientations in the membrane. We back-mapped the best
E1/E2 models from the Gromacs simulations, i.e., converted the coarse-grained systems to all-atom
representations (100), and then structurally aligned these all-atom models to the original all-atom E1/E2
models to facilitate visual inspection, since the coarse-grained simulations had disordered parts of the
known secondary structure. Thus, by examining the positions of the ectodomains from the Gromacs
simulations relative to the lipid membrane, by making the assumption of perpendicular orientations
of the TMDs in the membrane, and by making the additional assumption that the TMDs are oriented
relative to one another in such a way that residues K370 and D728 interact, we arrived at a proposed
orientation of the TMDs relative to the ectodomains. With this prediction, after rebuilding the
structures of the TMDs of E1 and E2 as separate domains by running the Rosetta ab initio program
and selecting the best of 10,000 models, we fixed the positions of the TMDs of E1 and E2 relative
to the ectodomains.

Final full-length models of E1 and E2. After having decided upon fixed positions of the TMDs
relative to the E1 and E2 ectodomains, and having docked the ectodomains to each other, we rebuilt
full-length models of E2 and then of E1 in the presence of E2. A total of 100,000 models of E2 were again
built by ab initio modeling in Rosetta (25, 82), clustered, and filtered based on the experimental criteria
related to antibody binding sites. During these simulations, a topology broker was again used to hold
previously determined regions rigid (83); to enforce the proximity of residues C652 and C677, which have
been predicted to be disulfide linked (32); as well as to define constraints on internal coordinates of N-
and C-terminal residues of the TMD in order to fix its orientation relative to the ectodomain. Finally,
10,000 models of the interfacial/stem region were run by using Rosetta membrane ab initio modeling
(88-90), and the lowest-scoring structure was selected. Because this model contained an unclosed loop,
loop modeling by Cyclic Coordinate Descent (CCD) (101) followed by a relaxation step was performed to
repair the chain break.

For E1 to be modeled in the presence of E2, a linker of 40 Gly residues was then added, connecting
the C terminus of E1 to the N terminus of E2 in the MOE program (81). A total of 100,000 models were
built by ab initio modeling in Rosetta (25, 82), while E2 and the previously determined N-terminal part
of E1 were held rigid. The lowest-scoring model was selected, and the interfacial/stem region of E1 was
then rebuilt by using Rosetta membrane ab initio modeling (88-90) by selecting from 10,000 models.
Finally, in order to estimate the contributions of each interface residue to the binding free energy of E1
and E2, we relaxed our final model in Rosetta and then submitted it to the Robetta Computational
Interface Alanine Scan Server (51, 52).

Higher-order oligomeric structure of E1/E2. The MOE program was used to position replicas of our
predicted E1/E2 heterodimer side by side in such a way that they fit into a trimer and also to fit replicas
of the trimer into a pentamer.

Experimental methods. Full-length recombinant E1/E2 (H77c¢) (amino acids 192 to 746) was purified
from a transduced CHO cell clone as described previously (102). Purified E1/E2 (5 ug) was loaded onto
a Superdex 200 Increase 3.2/300 column (GE Healthcare) in GWB (Galanthus nivalis agarose [GNA] wash
buffer; 10 mM sodium phosphate, 80 mM NaCl, 0.1% Triton X-100 [pH 6.8]), and the UV absorbance was
measured at 280 nm. The molecular weight was determined according to standards using a Gel Filtration
Calibration HMW (high molecular weight) kit (GE Healthcare) by averaging over a sample size of 3. For
Western blotting, the ET and E2 proteins were detected with the A4 and H52 antibodies, respectively.
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