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The C-Terminal Arm of the Human Papillomavirus
Major Capsid Protein Is Immunogenic and Involved in
Virus-Host Interaction
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SUMMARY

Cervical cancer is the second most prevalent malig-
nant tumor among women worldwide. High-risk hu-
man papillomaviruses (HPVs) are believed to be the
major causative pathogens of mucosal epithelial can-
cers including cervical cancer. The HPV capsid is
made up of 360 copies of major (L1) and 72 copies
of minor (L2) capsid proteins. To date, limited high-
resolution structural information about the HPV
capsid has hindered attempts to understand details
concerning the mechanisms by which HPV assembles
and infects cells. In this study, we have constructed a
pseudo-atomic model of the HPV59 L1-only capsid
and demonstrate that the C-terminal arm of L1 partic-
ipates in virus-host interactions. Moreover, when
conjugated to a scaffold protein, keyhole limpet
hemocyanin (KLH), this arm is immunogenic in vivo.
These results provide new insights that will help eluci-
date HPV biology, and hence pave a way for the
design of next-generation HPV vaccines.

INTRODUCTION

Human papillomaviruses (HPVs) are a family of double-stranded
DNA viruses that infect human epithelial cells in a tissue-specific
fashion and are implicated in several mucosal epithelial cancers
(zur Hausen, 2009). There are about 170 different HPV geno-
types, 15 of which (e.g., HPV16, HPV18, HPV33, HPV45, and
HPV59) are considered high risk since they are the main patho-
gens of cervical cancers and other anogenital cancers such as
anal, vulvar, and penile cancer (Munoz et al., 2003). The HPV
virion is composed of multiple copies of major (L1) and minor
(L2) capsid proteins that surround the 8-kbp, histone-associ-
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ated, closed, circular DNA genome. In vitro, five copies of re-
combinant L1 assemble spontaneously into a pentamer and
72 pentamers, then self-assemble into an empty (no genome)
T = 7 icosahedral shell with a maximum diameter of ~60 nm
(Baker et al., 1991). The minor capsid protein, L2, is not required
to form a complete capsid shell (Sasagawa et al., 1995). Disulfide
bonds between multiple cysteines in L1 play an important role in
binding and stabilizing L1-L1 interactions during the assembly of
a complete shell (Ishii et al., 2003). These empty capsids, or vi-
rus-like particles (VLPs), present an array of antigen epitopes
that mimic those found in native virions (Roldao et al., 2010).
The structure of bovine papillomavirus (BPV) was determined
at ~3.6 A resolution by cryoelectron microscopy (cryo-EM), and
the reconstructed BPV density map revealed the tertiary struc-
ture of L1 and a “suspended bridge” linkage between neigh-
boring pentamers (Wolf et al., 2010). In addition, the N-terminal
regions were shown to form pentamer contacts in BPV capsid
that might be molecular switch in determining the icosahedral
triangulation lattice symmetry (T = 1 and 7) in the case of
HPV16 (Chen et al., 2000; Wolf et al., 2010). Although no high-
resolution structure of any HPV virion has yet been reported,
the crystal structures of T = 1 VLPs of HPV16 and L1 pentamers
of four different genotypes (HPV11/16/18/35) show that all L1s
share a core domain structure similar to that found in BPV
(Bishop et al., 2007; Chen et al., 2000; Wolf et al., 2010). Further-
more, medium-resolution cryo-EM reconstructions of several
different T = 7 HPV VLPs indicate that HPVs might contain in-
ter-pentamer contacts and inter-subunit disulfide bonds similar
to those found in BPV (Zhao et al., 2014). This was verified by
a 9-A resolution, cryo-EM density map of mature HPV16 virions
(Cardone et al., 2014). In addition, the cryo-EM reconstructions
of an HPV16 in complex with different antibodies at resolutions
between about 10 and 12 A revealed the sites of some of the anti-
genic epitopes in HPV16 (Guan et al., 2015a, 2015b; Lee et al.,
2014). A more accurate atomic model is needed to fully capture
the structural details of inter-pentamer contacts in HPV and
to better understand how surface features control antigenicity
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and type specificity (Chen et al., 2000; Sadeyen et al., 2003).
In vitro and in a mouse model system, there is strong evidence
that the HPV capsid attaches to the host cell primarily through
heparan sulfate proteoglycans (HSPGs) and the non-HSPG
extracellular matrix receptor, laminin-332 (formerly laminin-5),
secreted by epithelial lines (Broutian et al., 2010; Culp et al,,
2006a, 2006b; Giroglou et al., 2001). L1, but not L2, is the major
determinant in such attachment (Roden et al., 1994). It was also
found that lysine residues on surface-exposed loops of L1 were
engaged in HSPG binding for HPV infection (Richards et al.,
2013). Therefore, highly variable surface regions may play key
roles in determining HPV tissue tropism.

In this study we employed a combination of X-ray crystallog-
raphy, cryo-EM reconstruction, and molecular dynamics flexible
fitting (MDFF) to construct a pseudo-atomic model of the HPV59
capsid. This model shows that the HPV59 capsomer differs
mostly in the surface-loop regions from four other reported types
(HPV11/16/18/35). It also reveals that the C-terminal arms of L1,
responsible for interactions between neighboring pentamers,
share similarity with those of BPV. In addition, to further examine
virus-host interactions we designed and synthesized eight pep-
tides that include exposed region(s) of the HPV59 VLP. Of these
synthetic peptides, only those that included the “suspended
bridge” segment interacted with host cells and stimulated
the production of neutralizing antibody. Therefore, this linking
segment might initiate, or at least participate in, the process by
which HPV59 infects host cells.

RESULTS

Preparation of L1-Only HPV59 VLPs and Pentamers

A truncated construct of L1 (missing nine N-terminal residues;
Figure 1A), the major capsid protein of HPV59, was expressed
in Escherichia coli and maintained in soluble form under reducing
conditions during purification. The purified L1 proteins were
found to self-assemble into VLPs after removal of reducing
agent. However, the HPV59 VLPs exhibit different sizes when
examined by negative-stain transmission electron microscopy
(TEM): most have a maximum diameter of ~60 nm and the rest
are <50 nm (Figure 1B, left panel). Such size variation was
further confirmed by analytical ultra-centrifugation (AUC) anal-
ysis, which revealed two particle types with sedimentation coef-
ficient values of 118S and 139S (Figure 1C, left panel).

Similar polymorphism has been observed in the VLPs of other
HPV serotypes (Deschuyteneer et al., 2010; Kirnbauer et al.,
1992), and such size heterogeneity has been attributed to differ-
ences in how neighboring pentamers interact (Zhao et al., 2005).
It is noteworthy that such polymorphism has also been reported
in the closely related simian virus 40 and polyomavirus (Salunke
et al., 1989; Yan et al., 1996). The capsids of mature papilloma-
virus virions are known to be very stable and homogeneous
in vivo owing to the specificity and strength of interactions be-
tween neighboring pentamers (Buck et al., 2005; Cardone
et al., 2014). Thus, we questioned whether the homogeneity of
the L1-only HPV59 VLPs could be enhanced in vitro by attempt-
ing to recapitulate the maturation process. After expressed L1s
were incubated for 24 hr at room temperature in PBS buffer,
this led to the self-assembly of what, in this article, we callimma-
ture VLPs or imVLPs. Mature VLPs (mVLPs) were obtained by

incubating imVLPs at 37°C for 24 hr. The homogeneity and integ-
rity of the VLPs were substantially improved, which was verified
by negative-stain TEM (Figure 1B, middle panel; the diameter of
most particles is ~60 nm), and AUC yielded a prominent peak at
140S (Figure 1C, middle panel). The hydrodynamic radii (parti-
cles encircled by layers of water molecules) of the imVLPs
and mVLPs measured by dynamic light scattering (DLS) were
30 and 33 nm, respectively (Figure 1D, left and middle panels).
In addition, the polydispersity of mVLPs (%Pd = 14.8) was
notably smaller than that of imVLPs (%Pd = 20.8), which indi-
cates that the mVLPs exhibit much better size homogeneity
than the imVLPs (Figure 1D). Therefore, we conclude that incu-
bating imVLPs at 37°C for 24 hr improved significantly the homo-
geneity of the VLPs. This was consistent with the fact that mVLPs
contain more disulfide bonds than imVLPs (Figure S1B). How-
ever, It should be noted that this result is not consistent with pre-
vious studies on the maturation of HPV pseudo-virus in which
mature capsids were smaller than immature ones (Buck et al.,
2005; Cardone et al., 2014). A possible explanation for this
discrepancy may be that the minichromosome in the virion ex-
erts attractive forces on the L1 subunits, which then condenses
the capsid. However, in “empty” VLPs where the L1 subunits
have no DNA or minichromosome with which to interact, the
capsid may achieve a stable energy-minimization state at a par-
ticle size larger than virions.

It is known that inter-pentamer disulfide bonds play a key role
in the self-assembly of complete HPV particles (Ishii et al., 2003).
To obtain a highly purified, homogeneous sample of HPV59 L1
pentamers for crystallization experiments, we generated the
C175S HPV59 L1 mutant. This protein was digested with trypsin
for the purpose of generating pentamers that could not assemble
into particles (Li et al., 1997). The digested L1 proteins were
analyzed with MALDI mass spectra, and the existence of two
fragments (44 and 5 kDa) was confirmed (Figures S1C and
S2A). Individual pentamers were directly visualized by nega-
tive-stain TEM and their integrity was confirmed by AUC and
DLS (Figures 1B-1D, right panels). The c(s) profile of the pen-
tamer sample showed a single component of 9.3S, which is
consistent with a molecular mass of 242 kDa (each L1 monomer
is a molecule of ~50 kDa) (Figures 1C [right panel] and S1D).
Taken together, with regulatory digestion of trypsin, the HPV59
L1 mutant C175S forms highly homogeneous pentamers but
could not assemble into VLPs.

HPV59 L1 Pentamer Crystal Structure

The crystal structure of the HPV59 L1 pentamer was determined
at 4.0-A resolution with final Rtactor and Riree Values of 24.3% and
26.7%, respectively (Table 1). The atomic model of the HPV18
L1 pentamer (PDB: 2R5I; Bishop et al., 2007) was used as the
search model for molecular replacement, and a solution was
obtained that consisted of two pentamers stacked head-to-
head in the asymmetric unit. This allowed us to apply ten-fold
non-crystallographic symmetry (NCS) restraints during structure
refinement. The side chains of most amino acids were easily
recognized in the map, and all ten monomers in the asymmetric
unit consisted of two separated fragments (amino acids [aa]
20-405 and 439-473) owing to trypsin digestion and/or crystal-
lographic disorder (Figures 1A, 2A, 2E, and S2A), which is
consistent with the mass spectrometry analysis (Figure S1C).
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Figure 1. Characterization of HPV59 L1 VLPs and Pentamers

(A) Comparison of the L1 full-length sequence with that in the HPV59 VLP and the crystallized pentamer. The detailed aa sequences are shown in Figure S2A.
(B) Micrographs of purified, negatively stained samples of HPV59 L1 imVLPs, mVLPs, and pentamers. The mVLPs are more homogeneous in size and exhibit

more distinct capsomeric features than the imVLPs. Scale bars, 100 nm.

(C) Sedimentation coefficient plots of HPV59 L1 imVLPs, mVLPs, and pentamers determined by analytical ultra-centrifugation provide further evidence that the

mVLPs are more homogeneous in size compared with the imVLPs.
(D) DLS analyses of HPV59 L1 imVLPs, mVLPs, and pentamers.

In the crystal, the HPV59 pentamer consists of five L1 mono-
mers and the morphology of the pentamer is characterized by a
prominent, hollow lumen along the central, five-fold rotational
axis (Figures 2A and 2D). Each monomer contains ~7,141 A2
buried surface area (~31% of total surface area, calculated
by PISA [Krissinel and Henrick, 2007]) and a twisted coiled
coil at the interface region between two neighboring monomers
(Figure 2B). The main core structure of the monomer is a ca-
nonical, eight-strand B barrel (BIDG-CHEF) with the strands
joined by six loops (BC, CD, DE, EF, FG, and HlI), five of which
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(all but CD) are located on the surface of the pentamer (Figures
2D, 2E, and S2A). The electron density of the B-barrel core
domain was well defined (Figures 2E [inset] and S2B) and all
of the external loops were also clearly resolvable in the electron
density map (Figures 2F and S4B). Despite the discontinuity
caused by trypsin treatment, the C-terminal fragment (aa
439-473) harbors a short strand (BJ) and « helix (h5, as
numbered in the crystal structure of T = 1 HPV16 L1 VLP,
PDB: 1DZL [Chen et al., 2000]). This fragment intimately an-
chors to the body of aa 20-383 via interaction between strand



Table 1. Diffraction Data Collection and Refinement Statistics

Data Collection

Cell parameters (;Z\, °) a=114.2,b=161.7,c = 154.7

B=110.3
Space group P2,
Resolution range® (A) 50.0-4.00 (4.07-4.00)
Wavelength (A) 0.97923
Observed hkl (I > o) 246,801
Unique hki 44,094
Redundancy 5.6 (5.6)
Completeness (%) 100.0 (100.0)
Overall (//cl) 7.8 (2.6)
Rsym” (%) 28.3 (85.4)
Refinement

Resolution range (A) 49.7-4.0
No. of reflections 44,074

R factor® 24.3

Riree” 26.7
RMSD bond lengths (A) 0.004
RMSD bond angles (°) 0.69
Wilson B factor (32) 85.6
Average B factors (A?) 121.6
Ramachandran Plot (%)

Favored and allowed regions 90.4
Generously allowed regions 8.7
Disallowed regions 0.9

#Numbers in parentheses refer to the highest-resolution shell.

PRsym = =h Zills(h) — < I(R)|/=h Si I1(h).

°R factor = Zpl|Foos| — KlIFcaic| /2l Fobs|-

9Rree is calculated using the same equation as that for R factor, but 5.0%
of reflections were chosen randomly and omitted from the refinement.

BdJ in the C-terminal tail and strand BC of the CHEF sheet in the
core domain (Figure 2E).

The crystal structure of HPV59 L1 essentially resembles the
crystal structures of the L1 proteins in HPV11, 16, 18, and 35
(Bishop et al., 2007). The root-mean-square deviations (RMSDs)
of the HPV59 L1 coordinates with the coordinates of the other
four HPV L1 structures are 1.6, 1.5, 1.6, and 1.7 A, respectively.
The core B-sheet structures of the five pentamers share essen-
tially identical conformations: their RMSDs of the coordinates
with respect to HPV59 are 0.6, 0.7, 0.5, and 0.7 /f\, respectively.
However, the surface-loop regions, which are believed to be
associated with type specificity and viral antigenicity (Bishop
et al., 2007), differ significantly (Figure 2G and Table S1). The
electrostatic map of the HPV59 L1 pentamer shows that basic
amino acids are mainly located on the outer surface of the cap-
somers (Figure 2C), and some of them might be involved in bind-
ing to the negatively charged HSPG receptor during the initial
infection process (Dasgupta et al., 2011; Richards et al., 2013).

Cryo-EM Reconstruction of HPV59 L1-Only mVLPs

Highly purified HPV59 mVLPs were obtained by means of size-
exclusion chromatography. Low-dose images of unstained, vitri-
fied mVLP samples exhibited homogeneous particles with an

average diameter of ~60 nm (Figure 3A). The final 3D density
map (computed from ~3,100 individual particle images), shows
that the VLP capsid, like that of HPV16 and BPV virions (Baker
et al., 1991; Trus et al., 1997; Wolf et al., 2010), comprises 72
capsomers arranged in a T = 7d (Baker et al., 1991) icosahedral
lattice (Figure 3B).

The cryo-EM density map of HPV59 has an estimated overall
resolution limit of 7.4 A and 5.4 A determined by gold-standard
Fourier shell correlation (FSC) cutoff threshold at 0.5 and 0.143
(Figures 3B, 3D, and S3A). The local-resolution distribution of
the map was estimated with the program ResMap (Kucukelbir
etal., 2014) (Figures S3B and S3C). The resolution of major com-
ponents of our map is around 6 A, while a significant portion of
the core region can even reach close to 5 A (Figures 3E and
S3C). The outer surface region of the capsid reaches the resolu-
tion range of 8.5-10 A, suggesting their significant flexibility (Fig-
ures 3B, S3B, and S3C). However, the effective resolution was
estimated based on the 0.5 criteria of FSC between the cryo-
EM structure and the pseudo-atomic model derived from the
density map. The calculated FSC goes down to 0.5 at 6 A
(Figure S3A).

The cryo-EM reconstructions of HPV VLPs and HPV16
pseudo-virion share some similar features but also some
discernible differences aside from genotype distinctions. Individ-
ual L1 monomers can be identified, and the “suspended
bridges” (Cardone et al., 2014) between neighboring pentamers
are clearly resolved in the HPV59 VLP map (Figures 3C, 3E, and
4E). The C-terminal arm in the atomic model of T = 1 HPV16
particles contains a segment of a helix (Chen et al., 2000), but
we observed no a-helix density in the C-terminal arm in the
HPV59 VLP density map. This difference indicates that variability
in the secondary structures of the C-terminal arm might, at least
in part, direct inter-pentamer associations, and thereby the
lattice arrangement (T = 1 or 7) of the VLPs.

Pseudo-atomic Model of the Complete HPV59 L1 Capsid

The asymmetric unit of the HPV59 VLP contains six L1 mono-
mers (chains A-F, Figure 4A) of which five (chains A-E) contrib-
uted to the 6-coordinated pentamer and one (chain F) to
the 5-coordinated neighboring pentamer located at the icosa-
hedral five-fold axis (Buck and Trus, 2012; Wolf et al., 2010).
A pseudo-atomic model of the HPV59 VLP was obtained
starting from a rigid-body fit of the crystal structure of one L1
monomer independently into each subunit of seven adjacent
pentamers, segmented out from the density map (see Experi-
mental Procedures and Movie S1). A good correlation coeffi-
cient value (average ~0.56 for all 35 monomers) of this initial
fitting indicated that the structure of pentamers was consistent
both in crystals and in assembled VLPs. The B-sheet core
structure of L1 monomer had been well resolved in the density
map (Figure 4B). Next, we computed a difference map by sub-
tracting the density attributed to the fitted L1 crystal structures
from the cryo-EM density map (Figures 4C and 4E). The
densities observed in this difference map were attributed
mainly to three missing segments in the crystal structure: N-ter-
minal (aa 10-19), trypsin-cleaved loop (aa 406-438) (C-terminal
arm), and C-terminal tail (aa 474-508) (Figure 1A). This differ-
ence map enabled us to trace most of the missing segments:
N-terminal regions in only chains B and F; and trypsin-cleaved
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Figure 2. Crystal Structure of the HPV59 L1
Pentamer

(A) Ribbon diagram of the HPV59 L1 pentamer
crystal structure viewed from the side and top,
respectively.

(B) Close-up view of the boxed region in (A).

(C) Side view of HPV59 L1 pentamer rendered as an
electrostatic potential surface: red, blue, and white
colors represent negative, positive, and neutral
charge, respectively.

(D) Surface representation of the HPV59 L1 pen-
tamer with surface loops in different colors: BC (or-
ange), DE (green), EF (pink), FG (slate), HI (yellow).
(E) L1 monomer. The first and last residues are
labeled N(20) and C(473). The B strands are
colored orange and the « helices are in blue
(except for h5). The connecting loops are in cyan.
The C-terminal region of L1 monomer (aa 439-473)
is colored pink. Strands and helices are labeled the
same as the crystal structure of small HPV16 L1
VLP (PDB: 1DZL). The dotted line in the left panel
signifies the missing fragment in the crystal struc-
ture between ASN405 and GLN439 due to trypsin
treatment and crystallography disorder, which
should be rebuilt in the complete VLP model. The
inset shows the core region of L1 monomer (CHEF
sheet), the 2F ,—F; map of which is displayed at the
contour level of 1.5a.

(F) Close-up view of the five flexible surface loops
of HPV59 L1. The 2F,-F. maps are displayed as
cyan mesh at the contour level of 1.0c.

(G) Comparison of loops in five different HPV
serotypes: HPV59 (red), HPV11 (blue), HPV16
(green), HPV18 (cyan), and HPV35 (yellow).

arm, since the density in that region is
much weaker than in other well-resolved
o helices in the map. Biochemical evi-

dence has shown the existence of an in-
ter-pentamer disulfide bond between the

cysteine at the C-terminal arm and the
cysteine at the jellyroll B barrel (Modis
et al., 2002; Sapp et al., 1998). The
Cys175 in HPV59 L1 protein was mutated
into alanine (C175A) and serine (C175S),

loops (referred to as C-terminal arm) in all six chains of the
asymmetric unit (Figures 4C—4F). Densities attributed to the
“suspended bridge” (exposed surface part of the C-terminal
arm) were clearly visible in our cryo-EM map, which allowed
us to confidently build the model in this region (Figures 4E
and 4F). Therefore, the pseudo-atomic model of HPV59 VLP
demonstrated that it also adopts an “invading and reinsertion”
assembly mechanism similar to that ascribed to HPV16 and
BPV (Cardone et al., 2014; Wolf et al., 2010). However, we
were unable to assign with confidence the C-terminal tails,
since the relevant densities were too weak or too disconnected
to be traced unambiguously.

It is important to note that, consistent with the pseudo-atomic
model of the T = 7 HPV16 capsid (Cardone et al., 2014), we also
built a random coil instead of an a helix at the C-terminal

878 Structure 24, 874-885, June 7, 2016

respectively. Similarly, Cys429 was

mutated into C429A and C429S, respec-
tively. The TEM inspection of these four mutants showed that
they mainly stayed in the form of capsomers but were unable
to correctly assemble into spherical forms of VLP capsid (Fig-
ure S1A). Moreover, the amount of disulfide bonds in these
four mutants was significantly lower than that of “native”
HPV59 L1 VLPs (Figure S1B). Hence, both Cys175 and Cys429
play critical roles in bonding neighboring capsomers to form
an intact HPV capsid. Therefore, we positioned Cys429 close
to the Cys175 in the neighboring pentamer in our model (Fig-
ure 4F). In brief the C-terminal arm, which mediates the interac-
tion between adjacent pentamers, extends from the bottom
of the B barrel and then loops toward the crevice (the space
between loop BC of one monomer and loop EF of the other)
between two monomers from the neighboring pentamers (aa
413-418). Then the “wall region” wedges as a random coil



Figure 3. Cryo-EM and 3D Image Recon-

struction of HPV59 VLPs

(A) Micrograph of an unstained, vitrified HPV59
VLP sample (mVLPs). Scale bar, 100 nm.

(B) Reconstructed cryo-EM map of the HPV59
VLP, viewed along the icosahedral two-fold axis.
The resolution is color-coded for different regions
of the HPV59 VLP. Icosahedral two-, three-, and
five-fold axes are indicated by black symbols.

(C) Magnified view of the boxed region in (B).

(D) Same as (B) with the closest half of the density
map removed to reveal internal features of the
HPV59 VLP. The internal and outer diameters are
44 and 58 nm, respectively.

(E) Close-up view of the boxed region in (D). The
dashed circle highlights the core domain of the
HPV59 L1 capsomer.

Black arrows in (C) and (E) indicate the density of
the “suspended bridges.”

improvement in the local cross-correlation
coefficient between model and map from
~0.5to ~0.7 (Figures S4B-S4E and Table
S2), and the RMSD between the models
before and after MDFF of Co is 2.38 A (Fig-
ure S5 and Table S2). A reliable pseudo-
atomic model of HPV59 allowed us to

50 6.0 7.0
[

8.5 10.0
Resolution range (A)

(aa 419-428) into the crevice. After this, the link between neigh-
boring pentamers is further strengthened by the disulfide bond
between Cys429 in the C-terminal arm and Cys175 in the EF
loop of its target pentamer. The arm then loops back toward
the midsection of the  barrel from which it originated and forms
the “suspended bridge” (aa 430-437), and goes down toward its
base (Figure 4E).

The N-terminal arm (aa 1-20) at the base of the protein shell
has also been shown to contribute contacts between pentam-
ers in human and bovine papillomaviruses (Chen et al., 2000;
Wolf et al., 2010). In our cryo-EM map, only the N-terminal
arms (aa 10-19) in chains B and F could be traced while build-
ing the pseudo-atomic model (Figures 4C and 4D). In this
model, the elbow-like N-terminal arm of chain F (located close
to the icosahedral five-fold axis) lies adjacent to that arm
of chain B in the neighboring 6-coordinated pentamer (Fig-
ure 4D). The association of these two chains contributes to
the pairwise interactions between 5- and 6-coordinated pen-
tamers. However, the other four chains showed no clearly
identifiable densities at their N-terminal regions. This may be
a consequence of chains B and F having more stabilizing in-
teractions with one another compared with any others (see
Discussion).

Following the initial rigid-body docking of the L1 crystal struc-
tures into the HPV59 cryo-EM map and the manual building of
missing segments, a pseudo-atomic model of the asymmetric
unit of the T = 7 VLP structure was refined by means of MDFF
procedures (Figures 4A and S4A). This refinement led to an

58 nm

"1 carefully compare the HPV59 structure
with that of BPV (Figures 4G and S6).
Both papillomaviruses have major capsid
proteins with very similar, B-barrel core

structures. The prominent structural differences occur in the sur-

face loops and extended C-terminal loops (Figures 4G and S6).

C-Terminal Arm of HPV59 Is Involved in Virus-Host
Interaction

Although HPV59 and BPV share strikingly similar L1 core struc-
tures, the relative arrangement of the BC, DE, EF, FG, and HI sur-
face loops and the C-terminal arm are quite distinct (Figures 4G
and S6; Table S3). Not surprisingly, based on the sequence
alignments of 36 HPV serotypes (Figure 5A), the five loops and
structural domains represent regions of high variability (Fig-
ure 5B). In a VLP-based cell binding assay, the HPV59 L1 VLPs
attached to but did not penetrate into the cellular membrane of
fixed HaCaT cells (Figure 6A). We designed and synthesized
eight peptides to probe how these surface loops might be
involved in virus-host interactions. These peptides included the
BC (aa 50-66), DE (aa 120-147), EF (aa 170-187), FG (aa 263-
290), and HI (aa 348-360) loops, the C-terminal arm (CTA; aa
414-438), 19CTA (aa 420-438, which includes the “suspended
bridge” and wall region), and 8CTA (aa 431-438, which includes
the “suspended bridge”). The N termini of all eight peptides were
labeled with fluorescein isothiocyanate (FITC) for the cell binding
experiments. The CTA loop and a truncated version of it, 19CTA,
bound to the cellular membrane, but none of the other loops
showed any detectable binding activity. It is noteworthy that
the other truncated CTA peptide, 8CTA, did not bind to cells,
which suggests that a specific local conformation might be
necessary to maintain binding activity (Figure 6B).
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Figure 4. Pseudo-atomic Model of the
HPV59 Capsid

(A) Complete pseudo-atomic model of HPV59
(shown in ribbon representation) fitted into the
cryo-EM density map and viewed along the axis of
a 6-coordinated pentamer. Black ellipse, triangle,
and pentagon symbols mark the positions of
two-, three-, and five-fold axes of icosahedral
symmetry, respectively. Color scheme to discrim-
inate different L1 monomers in an asymmetric unit:
chain A (light blue), chain B (pink), chain C (gold),
chain D (purple), chain E (blue), and chain F (orange
red).

(B) Density corresponding to one HPV59 L1
monomer and the fitted pseudo-atomic model of
L1. The boxed region, shown in magnified form at
the right, gives a close-up view of four B strands
(C, H, E, F, respectively) in the core domain of the
L1 monomer.

(C) Inside view of the 5-coordinated pentamer
outlined by the broken circle in (A). Green regions,
corresponding to the difference densities between
the fitted crystal structures and cryo-EM map, were
used to trace and build the N-terminal region of
chains B and F.

(D) Close-up view of the region boxed in (C), rep-
resenting the N-terminal models of chains B and F
derived from the green-colored density in (C).

(E) Close-up side view of two neighboring cap-
somers related by icosahedral three-fold symme-
try. The region colored green was the difference
density between the fitted crystal structure and
cryo-EM map, and was used to build the model of
the C-terminal arm.

(F) The same region as (E) but shown in ribbon
diagram. The part in green refers to the manually
built part of the model.

(G) Comparison of the asymmetric units in models
of HPV59 (red) and BPV (blue). The outlined region
on the right highlights structural differences in the

C-terminal Arm

various surface loops between these two models.
HI The BPV model is from a cryo-EM reconstruction
(Wolf et al., 2010) (PDB: 31YJ).

neutralization titer of CTA and 19CTA
was about 20, with statistical significance
(p < 0.05) compared with KLH alone,
although the titer was lower than that of
HPV59 VLPs (Figure 6D). The titers of

In contrast to VLPs, which remain localized on the cellular
membrane, the peptides CTA and 19CTA are able to attach to
and penetrate into host cells. The seven peptides (all aforemen-
tioned peptides but not 8CTA) were fused respectively to an
adjuvant protein, keyhole limpet hemocyanin (KLH), to generate
antiserum in mice. The specificity of antiserum reacting with
HPV59 L1 was verified by ELISA and western blotting (Figures
6C, S7A, and S7B). In the ELISA test, KLH-CTA elicited anti-
body titer one log higher than KLA-19CTA. In addition, we
also measured the neutralization titer of the antiserum using
a pseudo-virion-based cell neutralization assay. The mean
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CTA and 19CTA are similar to that of the

surface loops (BC, DE, EF, FG, and HI)

(Figure 6D), which revealed the C-terminal
arm to be equally important to other known loop regions as a key
neutralization site (Christensen et al., 1996; Guan et al., 2015b;
Lee et al., 2014; Roden et al., 1997). Furthermore, a panel of
such neutralizing monoclonal antibodies (mAbs), generated by
immunizing HPV59 VLPs, demonstrated much lower binding
ability with the assembled HPV59 pentamers (without the C-ter-
minal arms) (Figure S7C). This result indicated that the neutraliza-
tion sites defined by those mAbs were related to the C-terminal
arm. This finding is also consistent with that of a previous study,
i.e., an HPV16 neutralizing antibody, H16.U4, recognizes the
“suspended bridge” and can preclude HPV16 capsids from



Figure 5. Amino Acid Sequence Alignments
of Different HPV L1 Proteins and Location

of Variable Regions on the Monomer Surface
(A) Sequence alignments of the L1 proteins from
36 different HPV serotypes. The six variation re-
gions (BC, DE, EF, FG, HI, and C-terminal arm) are
highlighted in red. Alignments were determined
and plotted using Chimera (Pettersen et al., 2004).
(B) Locations of regions with high sequence varia-
tion on the HPV L1 surface. The magnitude of
sequence conservation based on the sequence
alignments in (A) are mapped onto the surface of
the HPV59 L1 monomer (left: top view; right: side
view). Highly conserved regions (60%-100% con-

servation) are color-coded from white to blue,

whereas less conserved regions (from 20% to
60%) are represented coded from red to white.

ponents in mVLPs was higher than that
in imVLPs (Figure S1B), which indicated
that disulfide bond formation is part
of the maturation process. The disulfide
bonds associate the neighboring pentam-
ers and stabilize the whole capsid; there-
fore, the mVLP particles present more
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attaching to the HaCaT cells (Guan et al., 2015a). Overall, the
C-terminal arm, which links neighboring pentamers together, is
at least one primary site of virus-host interaction, and some of
the antibodies that recognize this arm can neutralize the virus.

DISCUSSION

Maturation is a common process by which virus capsids gain
stability. Studies of HPV16 capsid assembly revealed that heat
treatment increases the formation of disulfide crosslinks be-
tween neighboring capsomers (Buck et al., 2005; Cardone
et al.,, 2014; Zhao et al., 2002). For the HPV59 VLPs used in
this study, we also found that particles incubated for 24 hr or
more were much more homogeneous and their average size
was larger than the particles not going through the maturation
process. We also found that the amount of disulfide bond com-

homogeneity than imVLPs.

We contend that only after we improved
the homogeneity of the HPV59 VLPs by
maturation treatment was it possible to
reconstruct a 3D density map, albeit at
medium resolution. Even after the matura-
tion procedure, there are still many per-
centages of the particles not fully matured
and the full complement of intermolecular
disulfide bonds were not attained, as
occurs in HPV16 and BPV virions (Buck
et al.,, 2005; Cardone et al., 2014; Wolf
et al.,, 2010). Therefore, building a high-
quality density map necessitates an effec-
tive method to pick out those “fully
matured and shiny” particles. The pro-
gram Relion allowed us to perform such
a task with both 2D and 3D classification.
Finally, ~3,100 were selected from more than 20,000 particle im-
ages and were included in computing the cryo-EM density map
of HPV59 L1-only capsid. The core domain of L1 is clearly strong
in our density map (Figures 3E and 4B) and the density of
the “suspended bridge” was very strong (Figures 3C, 3E, and
4E). It is possible to trace both the N-terminal (chains B and F)
(Figure 4D) and C-terminal regions (all chains) that link adjacent
pentamers.

It is noteworthy that the N-terminal arms of the other four
chains in the asymmetric unit cannot be modeled because there
are no identifiable densities to assign to these regions. This dif-
ference might be due to the fact that the first nine aa are missing
in our construction of L1 sequence in HPV59 VLP. In the BPV
atomic model (PDB: 3IYJ; Wolf et al., 2010), the segment corre-
sponding to the first 14 residues of chains B and F was not iden-
tified owing to density features being very weak or absent in

C-terminal
_a ;
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these regions, although these same segments in the other four
chains were clearly resolved. This distinction indicates that the
stable and consistent interactions involving the N-terminal
arms might be mainly located beyond the first 14 aa in chain
B and F, whereas they might involve the whole leading segments
in the case of the other four chains (Wolf et al., 2010). Based
on high sequence and tertiary structural similarities between
BPV and HPV, it is reasonable to postulate that the N-terminal
arms of HPV59 and BPV interact in similar fashion. Therefore,
the missing initial nine residues in the recombinant HPV59
L1 protein might selectively disrupt otherwise stable interactions
and induce flexibility at the N-terminal regions of chains A, C, D,
and E while not affecting chains B or F. Such flexibility could be
one factor that has prevented us from achieving higher resolution
in our current cryo-reconstruction.

The C terminus (~30 aa) of the HPV16 L1 protein is rich in basic
residues as well as serines and threonines, and was shown to
contribute to the association between the minichromosome
and capsid (Touze et al., 2000). In genome-less VLPs, the C-ter-
minal tail of L1 would likely be quite flexible and might explain
why the quality of the density map is too poor to build a reliable
atomic model of this portion of L1. However, in some studies the
C-terminal tail had little impact on the overall structure of L1
(Bishop et al., 2007; Cardone et al., 2014; Chen et al., 2000).
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19CTA

Figure 6. Variation C-Terminal Arm of
HPV59 L1

(A) Immunofluorescence assay for detecting the
cell binding activity of HPV59 VLPs. The DAPI blue
fluorescent stain identifies nuclei, and the green
Alexa Fluor-labeled anti-mouse antibodies identify
mAb 26D3 that binds specifically to HPV59.

(B) Binding assay of HaCaT cells for eight peptides
derived from exposed regions of L1. Three of
these peptides include portions of the C-terminal
invading-arm.

(C) Western blotting assay of HPV59 L1 by the
antisera. The black arrow points to the L1 band.
(D) Neutralization assay of antisera of HPV59
VLP, KLH-BC, KLH-DE, KLH-EF, KLH-FG, KLH-HI,
KLH-CTA, KLH-19CTA, KLH-P1L1, and KLH. The
P1L1, a peptide representing the extracellular
domain the latent membrane protein of human
herpesviruses (Delbende et al., 2009), was used as
a negative control for the assay. Every experiment
was repeated independently three times, and the
error bar above the mean value denotes the SD of
individual tests.

8CTA

Therefore, such absence would not
prevent us from successfully building a
relatively precise and confident pseudo-
atomic model of HPV L1 VLP.

In the HaCaT cell binding assay, we
found that peptides derived from the
C-terminal arm and 19CTA can attach
to cells whereas the stretch of residues
corresponding to the “suspended bridge”
(aa 431-438, 8CTA), which is the most
exposed region of the VLP, did not bind
to cells (Figure 6B). This implies that bind-
ing activity might depend significantly on the local conformation
of the exposed, inter-pentameric link, and the “suspended
bridge” on its own may be too short to maintain a required
conformation. Peptides that exhibit positive cell binding activ-
ities are able to elicit neutralizing antibody responses. Therefore,
identification of epitopes involved in interactions between L1 and
neutralizing mAbs or those amino acids involved in HPV and
host-cell interaction offer a promising means to locate HPV cell
receptors and elucidate the mechanism of HPV infection.

KLH-HI
KLH-CTA
KLH-19CTA
KLH-P1L1
KLH

WINELZ

EXPERIMENTAL PROCEDURES

Preparation and Maturation of L1 VLPs

The full-length L7 gene of HPV59 was synthesized (Invitrogen) according to
the deposited sequence (GenBank: CAA54856.1). A series of progressively
longer, N-terminal truncations were tested to yield highly efficient expression
in E. coli. This led to a nine-residue truncation mutant (aa 10-507) that was
chosen as the best construct for this study. The genes amplified by PCR
were first cloned into the pMD 18-T vector using a TA cloning kit (Takara)
and subsequently subcloned into the non-fusion pTO-T7 vector. E. coli strain
ER2566, used for protein expression, was induced with 0.4 mM isopropyl-
B-D-thiogalactopyranoside for 10 hr at 25°C. After harvesting, cells were re-
suspended in buffer (50 mM Tris-HCI [pH 7.2], 10 mM EDTA, 300 mM NaCl)
and disrupted by sonication. The supernatant was purified by two chromatog-
raphies using SP Sepharose (GE Healthcare) and CHT Il resin (Bio-Rad).
Following chromatography, the L1 proteins were dialyzed into the above



buffer without reducing agent to allow VLP self-assembly. The maturation of
HPV59 L1-only VLPs was performed immediately after 24 hr dialysis at
room temperature in the absence of reducing agent. The immature VLPs
were moved into the same buffer at 37°C and incubated for another 24 hr,
then chilled at 4°C for 15 min. Both immature and mature L1-only capsids
were purified by size-exclusion chromatography. The C175A, C175S,
C429A, and C429S point mutations were constructed from the clone of
HPV59 L1AN-9 with site-directed PCR reaction. The mutants of L1 were pu-
rified and put through the self-assembly process in the same manner as the
preparation of VLPs. For characterization by TEM, the L1 protein was spotted
on glow-discharged, carbon-coated grids (EM Science) and stained with 2%
(w/v) uranyl acetate, and viewed under a JEM2100 electron microscope.
Other characterizations of HPV pentamer and VLP were performed by SDS-
PAGE, western blotting, AUC, DLS, MALDI-TOF mass spectrometry, disulfide
bonding quantification, and ELISA. For further details, refer to Supplemental
Experimental Procedures.

Preparation and Crystallization of HPV59 L1 Pentamer

To prepare pentamers for crystallization, we first purified the HPV59 L1 C175S
mutant through a series of chromatography columns as described above for
the preparation of VLPs. The mutant protein was then subjected to limited
trypsin digestion (trypsin to L1 ratio of 1:1,000) at room temperature overnight,
purified by Superdex 200 (GE Healthcare), and concentrated to ~5 mg/ml for
crystallization trials. We used the hanging-drop vapor diffusion method to
obtain brick-shaped crystals of the HPV59 L1 pentamer at 20°C in the pres-
ence of 0.2 M magnesium acetate, 0.1 M sodium cacodylate (pH 6.5), and
10% polyethylene glycol 8000. Crystals grew to a maximum size of 0.3 X
0.1 x 0.05 mm over a 1-week period.

X-Ray Diffraction Data Collection, Processing, and Structure
Determination

Crystals were cryoprotected in the reservoir solution, which was supple-
mented with 30% glycerol, and flash-cooled at 100 K. Diffraction data from
the HPV59 L1 pentamer crystals were collected at the Shanghai Synchrotron
Radiation Facility beamline BL17U using a Quantum-315r CCD Area Detector.
All of the datasets were processed using the HKL-2000 program package
(http://www.hkl-xray.com). The structures were solved by molecular replace-
ment with PHASER using chain A of PDB: 2R5I as the search model. The
models were built manually in Coot (Emsley and Cowtan, 2004), refined using
Phenix (Adams et al., 2010), and analyzed with MolProbity (Chen et al., 2010).
In brief, one round of rigid-body refinement was performed after molecular
replacement. After manual modification of the refined model in Coot, coordi-
nates and individual B factors were refined in reciprocal space with NCS re-
straints and reference-model restraints to avoid overfitting. The reference
model was the 2.8-A HPV16 L1 structure (PDB: 30AE). TLS refinement was
performed in the later stages with each monomer as a TLS group. Statistics
for the data collection, processing, and structure refinement for the HPV59
L1 pentamer are summarized in Table 1. Ramachandran plots generated
by MolProbity also stereochemically validate the side chains of amino acids
(Figure S2C).

Cryo-EM and 3D Reconstruction of HPV59 L1 VLPs

Purified, mature, L1-only HPV59 VLP samples at a concentration of ~3 mg/ml
were vitrified on Quantifoil holey carbon grids in an FEI Vitrobot. Images were
recorded on an FEI Falcon | direct detector camera at 93,000 nominal magni-
fication in an FEI TF30 FEG microscope at 300 kV, with underfocus settings
estimated to be between 1.0 and 3.0 um, and with an electron dose of
25 /A2, A total of ~20,000 particle images out of 1,800 micrographs were
manually boxed and extracted with the program Robem (Yan et al., 2007b).
The origin and orientation parameters for each of these particle images were
estimated by means of model-based procedures (Yan et al., 2007b) and an
initial model was generated with the random model method (Yan et al.,
2007a). After several rounds of reference-free 2D and thereafter 3D classifica-
tions using Relion (version 1.4), ~3,100 good particles were selected for further
3D refinement. The final 3D density map was computed to a resolution limit of
6 A further sharpened with an inverse B factor of 1/(250 A 2) with the program
BFACTOR (Zhang et al., 2008). Local-resolution variations were estimated
using ResMap (Kucukelbir et al., 2014).

Manual Building of Missing Residues and Molecular Dynamics
Flexible Fitting

A density map comprising seven pentamers representing all unique inter-pen-
tamer interaction patterns (see Movie S1) was segmented out of the complete
T =7 VLP map using the color zone and split map tools in Chimera (Pettersen
etal., 2004). We then fitted the crystal structure of one L1 monomer (extracted
from the crystal structure of the pentamer determined in this study) indepen-
dently into the above segmented map (tool fit in map). A difference density
map was obtained by deleting those densities corresponding to the fitted
seven-pentamer crystal structures (tools e2proc3d.py in EMAN2 and vop re-
sample and vop subtract in Chimera). This difference map was used as a guide
to “patch” the three missing segments onto the crystal structure: N terminus
(aa 10-19), trypsin-cleaved loop (aa 406-438), and C-terminal tail (aa 474—
508). This “patching” procedure was performed manually with the program
Coot (Emsley and Cowtan, 2004). To ensure the model obeyed the reasonable
stereochemical constraints, we used Regularize Zone with planar peptide re-
straints (refinement weight of weight matrix is 60.00) instead of Real Space
Refine Zone based on the cryo-EM map. The preliminary pseudo-atomic
model of the HPV59 L1 VLP was then obtained by imposing icosahedral sym-
metry on one asymmetric unit (five monomers in a 6-coordinated pentamer
plus one monomer in the 5-coordinated pentamer at the icosahedral five-
fold axis). These same seven pentamers were re-extracted and further refined
using MDFF procedures (Trabuco et al., 2008, 2011): first, the model was
loaded into cryo-EM map with rigid-body docking; then it was solvated in a
box of water molecules with 150 mM NaCl and 10 A of padding in all directions
using the visual molecular dynamics program (Humphrey et al., 1996); coun-
terions were added to neutralize the simulated system, which was bound by
a 310-A wide cubic box and a total of 253,252 atoms; simulation was per-
formed with NAMD 2.10 (Phillips et al., 2005) using the CHARMMZ27 force field
(Mackerell et al., 2004); finally, the asymmetric unit was extracted from the
seven-pentamer model and was used to create the final pseudo-atomic model
of HPV59 VLP with icosahedral symmetry operation. Electron density maps
of the atomic models were computed using the e2pdb2mrc.py program in
EMAN?2 (Tang et al., 2007), and the FSC curve between our final model and
the cryo-EM map of HPV59 L1 were computed using the e2proc3d.py pro-
gram in EMAN2 (Tang et al., 2007).

Immunofluorescence

For VLP-cell binding assays, HaCaT cells (1.56 x 10° cells per well) were
seeded on sterile glass coverslips in 24-well plates. The wells were rinsed
on the following day with PBS and the cells were fixed with 4% paraformalde-
hyde for 20 min at room temperature. Coverslips were then washed three times
in PBS. The mAb H59.26D3 was used to detect the bound VLP. Fluorophore-
labeled secondary antibodies were anti-mouse Alexa Fluor 488 immuno-
globulin G (Thermo Fisher Scientific). All immunofluorescence images were
recorded in a Zeiss LSM780 spectral confocal microscope.

Peptide Synthesis

Eight peptides, BC (Fso0KVPKGGNGRQDVPKVSgs), DE (H120PLYNKLDD
TENSHVASAVDTKDTRDNV447), EF (T4170KGTACKPTTVVQGDCPP,g7), FG
(Ro63SGTMGDQLPESLYIKGTDIRANPGSYL,gg), HI (T34 TSSIPNVYTPTS360),
CTA (S414LVDTYRFVQSAAVTCQKDTAPPVK,3g), 19CTA (R420FVQSAAVTC
QKDTAPPVK43g), and 8CTA (K431DTAPPVK,3g), according to the L1 sequence
of HPV type 59 (GenBank: CAA54856.1), were synthesized with FITC labeling.
Meanwhile, all eight peptides were synthesized and conjugated to KLH
for immunogenicity analysis (Sangon Biotech). Another peptide, P1L1
(MSDWTGGALCLWNLHGQ), according to the LMP1 sequence of human her-
pes 4 (GenBank: NC_007605.1), was also synthesized and conjugated to KLH,
which was used as the negative control of the immunogenicity assay.

Peptide Binding Assays

HaCaT cells were seeded and fixed on glass coverslips as described in the
aforementioned immunofluorescence experiment. Each FITC-labeled peptide
was firstly re-suspended in PBS containing 10% fetal bovine serum and 3%
BSA at a final concentration of 50 ng/ml. An aliquot of 200 pl was pipetted
into the wells to immerse the coverslips. The 24-well plates were incubated
for 1.5 hr at room temperature and then washed three times with PBS con-
taining 0.3% BSA and 0.1% Triton X-100. The HaCaT cells binding with
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FITC-labeled peptide were visualized by a Zeiss LSM780 spectral confocal
microscope.

Ethics Statement

Animal experiments were approved by Xiamen University Laboratory Animal
Center (XMULAC). All procedures were conducted in accordance with animal
ethics guidelines and approved protocols. The Animal Ethics Committee
approval number was XMULAC20130200.

Animals, Immunizations, and Serological Analysis

1 mg of KLH-CTA and KLH-19CTA were mixed with Freund’s complete adju-
vant at final concentration of 5 mg/ml. 200 pl of the mixture was subcutaneously
immunized to BALB/c female mice, 4-6 weeks old, four mice per group. Further
vaccinations were boosted ondays 14 and 21 using 1 mg of each antigen mixed
otherwise with Freund’s incomplete adjuvant. Either 1 mg/mouse KLH or
5 pg/mouse HPV59 L1 VLP were immunized on the same schedule, serving
as negative and positive control, respectively. Serum samples collected at
1 month after three immunizations were used for immunization analysis.
Detailed analysis of the immune sera is provided in Supplemental Experimental
Procedures.
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Atom coordinates and structure factors for the HPV59 L1 pentamer and atom
coordinates for the final pseudo-atomic model of HPV59 VLP have been
deposited in the PDB (PDB: 5J6R and 5JB1, respectively). The EM density
map for HPV59 VLP has been deposited in the Electron Microscopy DataBank
(EMDB: EMD-8147).
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Figure S1, related to Figure 1. Characterization of HPV59 L1 wild-type and mutants. (A)
Micrographs of purified, negatively stained H59-C175A, H59-C175S, H59-C429A and H59-C429S particles,
compared to the wide type HPV59 L1 VLP in Figure 1B. (B) Quantifications of the disulfide bonds in
purified WT (H59 mVLP and H59 imVLP) and mutant HPV59 L1-capsids. E2, the structural protein of
Hepatitis E virus (as a negative control), contains no cysteine in its gene sequence (Li et al.,, 2005). The
amount of disulfide bonds in H59 imVLP, H59-C175A, H59-C175S, H59-C429A and H59-C429S were
compared with that in H59 mVLP. *, P < 0.05; **, P < 0.001; ***, P < 0.0001. Every experiment was
repeated for three times, and error bars flanking the mean value denoted the standard deviation of
individual test. (C) MALDI-TOF MS analysis of a crystalline sample of the HPV59 L1 pentamer. The
monomer consists of two fragments with molecular masses of 44.939 kDa and 5.035 kDa. (D)
Sedimentation velocity shows that the HPV59 L1 exists as pentameric form in solution with a calculated

molecular mass of the single component is 242 kDa and a hydrated frictional ratio of 1.50.
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Figure S2, related to Figure 2. HPV59 L1 crystal structure. (A) Secondary structure diagram of HPV59
L1 crystal structure and aa sequences of various L1 forms. a-helices, 3-strands and their connecting loops
are represented by spiralities, arrows and lines respectively. The dash line indicates the missing region in
the crystal structure. The secondary structures are labeled as previously described (de Beer et al., 2014;
Laskowski, 2001, 2007, 2009; Laskowski et al., 2005; Laskowski et al., 1997). The aa sequences are listed
according to Figure 1A, except for the aa sequence in MS is deduced from the theoretical trypsin-cleaved
peptides with mostly approximate mass as the MS peak value. The full-length aa sequence is derived from
the accession number: GeneBank: CAA54856.1 or UniProt: Q81971. (B) Main chain model within electron
density map of the crystal structure of HPV59 L1. The main chain of L1 monomer is shown as orange
ribbons within the 2Fo-Fc electron density map for the refined structure (blue), contoured at 1c. (C)
Ramachandran plot of the crystal structure of HPV59 L1. (A) The Ramachandran plot was generated by

MolProbity.
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Figure S3, related to Figure 3. Fourier shell correlation (FSC) plot of the HPV59 VLP
cryo-reconstruction and local resolution assessment. (A) Gold-standard Fourier Shell Correlation
(FSC) curve for the final structure (in black) and the FSC curve of the final model versus the cryoEM map
(Scheres and Chen, 2012). (B and C) Local resolution evaluation using ResMap. Shown are outputs of the
ResMap software (Kucukelbir et al., 2014): (B) density sections and (C) resolution distributions in the

same set of sections shown in (B).






Figure S4, related to Figure 4. Model fitting into the cryo-EM map. (A) View (from outside) along the
rotational axis of a 6-coordinated pentamer of the cryo-EM density map fitted with the pseudo-atomic
model. (B and C) Magnified views of the upper boxed region in (A), representing the N-terminal region
where pseudo-atomic model was manually built, before (B) and after (C) MDFF refinement. (D and E) The
lower boxed region in (A), representing the C-terminal arm where pseudo-atomic model was manually

built, before (D) and after (E) MDFF refinement.
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Figure S5, related to Figure 4. Structural comparison of initial (gray) and MDFF-refined (colored)
models. The top row is the comparison of the whole asymmetric unit. Individual chains are compared
and superimposed respectively in the second and third rows. The color scheme for each chain is the same

as used in Figure 4.



Chain B

Figure S6, related to Figure 4. Structural comparison between individual L1 monomers of the
pseudo-atomic model of HPV59 and corresponding monomers of BPV (Wolf et al., 2010) (PDB:

3YI]). Red: HPV59 and blue: BPV.
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anti-HPV59 mAbs

Figure S7 , related to Figure 6. Reactivity of the anti-HPV immune sera and Comparison of binding
capability of mAbs to HPV59 L1 VLPs and pentamers. (A) Plot of the absorbance (0OD4s0) of HPV59
VLPs recognized by antibodies anti-KLH-CTA and anti-KLH-29CTA, respectively. The anti-KLH sera
served as negative control. (B) The titers of the antibodies against HPV59 as measured by the ELISA assay.
Error bars represent the standard deviation from five independent experiments. (C) Comparison of
binding capability of mAbs to HPV59 L1 VLPs and pentamers. A panel of neutralizing mAbs of HPV59 VLP

was used to compare the binding capability (endpoint titers indicated on y-axis) of HPV59 L1 VLPs and



pentamers by ELISA. Among these eighteen mAbs, 27F2, 30G9, 31F10, 32F1, 30D8, 34D12 and 35H10
show at least ten-fold higher binding titers with VLPs than that with pentamers. Every experiment was
repeated independently for three times, and error bar above the mean value denoted the standard

deviation of individual test.



2 - Supplemental Tables

Table S1, related to Figure 2. The root mean square deviations (RMSDs) between the L1 pentamer

model of HPV59 and the pentamer models of HPV11, 16, 18, and 35

RMSD (A)
HPV59
) Surface Loops
Vs. Core Region

BC DE EF FG HI
HPV11 0.6 2.2 2.0 2.0 1.2 1.8
HPV16 0.7 1.7 2.3 1.7 1.4 2.0
HPV18 0.5 2.0 1.7 2.1 0.8 0.8
HPV35 0.7 1.4 2.3 2.1 1.4 2.1

Table S2, related to Figure 4. Local cross-correlation coefficient (Local CCC) between the HPV59
pseudo-atomic model and the cryo-EM map and the root mean square deviation (RMSD) between

initial and final MDFF-refined models.

Domain Local cCC™ RMSD (A)
Initial model MDFF-refined model
Whole capsid 0.56 0.74 -

Asym-unit 0.57 0.76 1.87
Chain A 0.56 0.69 1.67
Chain B 0.55 0.70 1.78
Chain C 0.54 0.69 1.80
Chain D 0.54 0.69 1.84

Chain E 0.55 0.71 1.81




Table S3, related to Figure 4. The root mean square deviations (RMSDs) between the HPV59

pseudo-atomic model and the model of BPV

_ RMSD(A)
Domain -
BC DE EF FG HI C-terminal arm

Chain A 1.90 1.82 1.89 1.42 0.07 3.81
Chain B 2.13 2.19 1.56 1.40 0.06 2.61
Chain C 2.10 1.88 1.81 1.41 0.16 3.18
Chain D 2.18 1.71 1.68 1.17 0.03 3.56
Chain E 1.91 1.80 1.65 1.26 0.08 2.96

Chain F 2.07 1.79 1.65 1.37 0.07 3.83




3 - Supplemental Movie

Movie S1, related to Figures 3, 4. Structure model of HPV59 VLP. Firstly, the cryo-EM density map
was radially colored from blue (inside), white, red (outside). Secondly, seven pentamers including all
unique inter-pentamer interactions were zoomed in and singled out. Thirdly, the pseudo-atomic model of
one icosahedral asymmetric unit shown in cartoon mode was well fitted into the density map. Finally, the
model of the icosahedral asymmetric unit was zoomed in and displayed without the presence of density

map.



4 - Supplemental Experimental Procedures

SDS-PAGE and Western blotting

The HPV59 L1 was analyzed by SDS-PAGE using methods outlined by Laemmli (Laemmli et al., 1970)
with slight modifications. Briefly, protein samples were mixed with equal volumes of 6x loading buffer
(100 mM Tris-HCl, pH 6.8, 200 mM 2-mercaptoethanol, 4% SDS, 0.2% Bromophenol blue and 20%
glycerol). Sample mixtures were heated at 80 °C for 10 min and subsequently loaded onto 10%
acrylamide gels. For Western blotting, the resolved L1 protein were transferred from the SDS gels to
nitrocellulose membranes. The membranes were blocked with 5% skim milk, soaked in 1:1000 diluted
anti- KLH, KLH-CTA and KLH-19CTA mice sera, and incubated at room temperature for 1 h. Subsequent
washing was performed using 0.2% Tween-20 in PBS at pH 7.4. Alkaline phosphatase-conjugated
secondary antibody (Dako, Denmark) was then added to capture the bound primary antibody. The
membranes were finally developed with a mixture of nitro blue tetrazolium and
5-bromo-4-chloro-3-indolyl phosphate.

Analytical Ultra-Centrifugation (AUC)

We used sedimentation velocity (SV) of AUC to determine the homogeneity and molecular mass of the
molecules in solutions. SV was conducted at 20 °C on a Beckman XL-A analytical ultracentrifuge,
equipped with absorbance optics and an An60-Ti rotor. The molecular mass and partial specific volume
of the HPV59 L1 pentamer and the solvent density and viscosity were calculated from the amino acid or
buffer composition using the program SEDNTERP (John Philo, Amgen, Thousand Oaks, CA, and RASMB).
For SV experiments, HPV59 L1 VLPs or pentamers were diluted to 0.83 mg/ml (~1 QD250 nm) in
HEPES-buffered saline at pH 7.0. The rotor speed was set at 7,000 and 30,000 rpm for VLPs and

pentamers, respectively. A total of 150 scans for each sample were recorded for the following analysis.



The sedimentation coefficient and f/f, were obtained with the c(s) method (Schuck, 2000) using the

Sedfit software (kindly provided by Dr. P. Schuck, National Institutes of Health,

http://www.analyticalultracentrifugation.com). The molecular mass of HPV59 pentamer was calculated

based on c(M) distribution derived from c(s) profile.

Dynamic Light Scattering (DLS)

DLS was used to characterize the hydrodynamic radii of L1 VLPs and pentamers under different
conditions. DLS measurements were performed using a DynaPro-MS/X (Protein Solutions) DLS system.
Samples (15 uL) were loaded into a 1.5-mm path length, 12 uL quartz cuvette. Data were collected and
analyzed with Dynamics software. The hydrodynamic radii of the particles were calculated by means of
the Stokes-Einstein equation and the mean of 15 separate acquisitions was computed.

Matrix-Assisted Laser Desorption/ Ionization Time of Flight Mass Spectrometry (MALDI-TOF MS)
The mass spectra of the L1 pentamer sample for crystallization was measured using the Reflex Il MALDI-TOF
mass spectrometer (Burker Daltonik, Bremen, Germany) with a-cyano-4-hydroxy cinnamic acid as a matrix
prior to the MS analysis.

Quantification the disulfide bonds in L1 proteins

The spectrophotometric assay from Ellman has been broadly adopted for quantification of thiols and
disulfides (Saakian, 1959; Winther and Thorpe, 2014). The principle of the Ellman assay is based on the
reaction of sulfydryl groups with 5,5’-dithiobis-2-nitrobenzoic acid (DNTB), releasing
5-thio-2-nitrobenzoicacid (TNB), which has absorption at 412nm. The total and free sulfthydryls of six
different HPV59 L1 proteins (H59 mVLP, H59 imVLP, H59-C175A, H59-C175S, H59-C429A and
H59-C429S) were determined with Ellman's colorimetric method, and the number of disulfide bonds is

half of total sulfhydryl minus free ones. Three solutions were prepared to detect the disulfide bonds of



these samples. Solution A: 0.086 M/L Tris-HCI, 0.09 M/L Gly, 0.04 M/L EDTA and 8M/L urea, PH8.0.
Solution B: 0.086 M/L Tris-HCl, 0.09 M/L Gly and 0.04 M/L EDTA, PH8.0. 400mg DTNB dissolved in
100ml solution B makes solution C. Firstly, determining the total sulfhydryl content of L1 proteins: the
samples were diluted into 5ml solution A with three concentrations: 1#, 2#, 3#. Then add 50 pL solution
C to the three samples and the samples were treated in water-bath at 40 °C for 15 minutes. The
absorbance at 412 nm was record using DU800 spectrometer (Beckman, USA). The background value
was detected using 5ml solution B mixed with 50 pL solution C. Secondly, determining the free sulfhydryl
content of L1 proteins: the samples was diluted into 5ml solution B with three concentrations: 4#, 5#, 64#.
50 pL solution C was added to the three samples and the samples were treated in water-bath at 40°C for
15 minutes, and recorded the absorbance of supernatant at 412 nm. The formula of sulfhydryl and
disulfide bond was shown as the following:

The formula of the protein’s sulthydryl content: SH (umol/g) = 73.53xA/C

A—the absorbance of sample with background subtraction;

C—the concentration of sample (mg/mL);

The formula of HPV VLPs’s disulfide bond content:

S-S(umol/g)= (SH(total sulfhydryl)- SH(free sulthydryl))/2

ELISA

HPV59 L1-only VLPs were coated into the wells of 96-well microplates. After plate blocking (300 ng/well,
incubated overnight at 4 °C), 100 pl of 2-fold serially diluted anti-KLH-CTA and anti-KLH-19CTA sera
were added to the wells (incubated for 1h at 37 °C). Horseradish peroxidase-conjugated (HRP-conjugated)
goat anti-mouse IgG antibody (diluted 1:5000 in HS-PBS, Abcam; Cambridge, UK) was used to detect the

antibodies titers, followed by 50 pL 3, 3’, 5, 5’-Tetramethylbenzidine Liquid Substrate (Sigma) per well



for 30 min at 37 °C. The absorbance at 450 nm with reference to 620 nm was recorded using an
automated ELISA reader (TECAN, Mannedorf, Switzerland). End-point titers were defined as the highest
plasma dilution that resulted in an absorbance value two times higher than that of non-immune plasma
with a cut-off value of 0.05. Data are presented as logio values.

Preparation of murine monoclonal antibodies (mAbs)

Preparation of anti-HPV59 mAbs followed standard hybridoma technology, as previously described
(Vareckova et al.,, 1995). BALB/c mice were immunized subcutaneously three times at an interval of two
weeks with HPV59 VLP (100 pg/mice) absorbed with Freund’s Complete Adjuvant for prime
immunization and two more boost inoculations). Fusion was performed 2 weeks after the final
immunization. The resulting hybridomas were screened by HPV59 pseudovirus-based neutralization
assay. Cells that produced neutralizing mAbs were cloned by means of a limiting dilution at least 3
times, and mAb-positive clones were expanded and cultured in 75-cm? flasks. MAbs were prepared by
injecting hybridoma cells into the peritoneal cavities of pristane-primed BALB/c mice; ascitic fluid was
collected after 9-12 days and purification by Protein A affinity chromatography. The purified anti-HPV59
mAbs 21F9, 22B2, 23B12, 24F2, 26D3, 27E11, 27F2, 27G3, 28F10, 29C1, 30G9, 30H9, 31F10, 32F1, 30D8,
34D12, 35H10 and 4B3 were diluted to 1.0 mg/ml in phosphate buffered saline (PBS) and stored at
-20°C.

Pseudo-virus neutralization assay

HPV59 pseudo-viruses (PsVs) were produced as described previously (Buck et al., 2004; Kondo et al,,
2007; Pastrana et al,, 2004). The L1/L2 expression vector and pN31-EGFP used in the experiment were
kindly provided by Dr. ]. T. Schiller (Buck et al., 2005). 293FT cells were harvested 72 h after transfection,

lysed with cell lysis buffer, 0.5% Brij58 (Sigma-Aldrich; St Louis, MO), 0.2% Benzonase (Merck Millipore;



Darmstadt, Germany), 0.2% PlasmidSafe ATP-Dependent DNase (Epicenter Biotechnologies, Madison, WI)
DPBS-Mg solution, and incubated at 37 °C for 24 h. Afterwards, 5 M NaCl solution was added to the
samples to extract the cell lysates. TCID50 (tissue culture infective dose) of the supernatant was then
measured to determine the titers of the PsVs, and the TCID50 values were calculated according to the
classical Reed-Muench method (Chen etal., 2013).

Detection of sera neutralizing antibodies

293FT cells were incubated at 37 °C in the wells of a 96-well plate at a density of 1.5x10% cells per well
for 6 h. Sera were subjected to a 2-fold dilution. PsVs were diluted to 2x105 TCID50/pl. Sixty ul of the PsV
diluent and 60 pl of the serially diluted sera were mixed and incubated at 4 °C for 1 h. The negative
control was prepared by mixing 60 pL of the PsV diluent with 60 pL of the culture medium. Then, 100 uL
of the above mixtures were added to designated wells and incubated at 37 °C for 72 h. Cells were then
treated with trypsin and analyzed by flow cytometry. The endpoint titers were calculated as the logio of
the highest sera dilution with a percentile of infection inhibition higher than 50%. Every sample was

repeated at least three times, and the mean values and standard deviations were reported.
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