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ABSTRACT 44 

Human papillomavirus 16 (HPV16) is a worldwide health threat and an etiologic agent of 45 

cervical cancer. To understand the antigenic properties of HPV16 we pursued a structural study 46 

to elucidate HPV capsids and antibody interactions. The cryo-EM structures of HPV16 mature 47 

and an altered capsid particles were solved individually and as complexes with fragment of 48 

antibody (Fab) from the neutralizing antibody H16.V5. Fitted crystal structures provided a 49 

pseudo-atomic model of the virus-Fab complex, which identified a precise footprint of H16.V5, 50 

including previously unrecognized residues. The altered capsid-Fab complex map showed that 51 

binding of the Fab induced significant conformational changes than were seen in the altered 52 

capsid structure alone. These changes included more ordered surface loops, consolidated 53 

invading arm structures, and tighter inter-capsomeric connections at the capsid floor. The 54 

H16.V5 Fab preferentially bound hexavalent capsomers likely with a stabilizing effect that 55 

directly correlated with the number of bound Fabs. Additional cryoEM reconstructions of the 56 

virus-Fab complex for different incubation times and structural analysis provide a model for a 57 

hyper-stabilization of the capsomer by H16.V5 Fab and showed that the Fab distinguishes subtle 58 

differences between antigenic sites.  59 

IMPORTANCE 60 

Our analysis of the cryoEM reconstructions of the HPV16 capsids and virus-Fab complexes 61 

has identified the entire HPV.V5 conformational epitope and demonstrated a detailed 62 

neutralization mechanism of this clinically important monoclonal antibody against HPV16. The 63 

Fab bound and ordered the apical loops of HPV16. This conformational change was transmitted 64 

to the lower region of the capsomer resulting in enhanced inter-capsomeric interactions 65 

evidenced by the more ordered capsid floor and ‘invading arm’ structures. This study advances 66 

the understanding of the neutralization mechanism used by H16.V5. 67 

 68 

INTRODUCTION 69 

Human papillomavirus (HPV) is a non-enveloped double-stranded DNA virus that can 70 
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induce several epithelial cancers, especially cervical cancer (1–3). HPV16 is the most prevalent 71 

high-risk type of HPV (4, 5) and has been a primary target for the development of prophylactic 72 

vaccines (6, 7). HPV is epitheliotropic and its replication is tightly associated with terminal 73 

differentiation of keratinocytes. This restricted tropism makes production of high titer 74 

preparations of authentic virion challenging. Alternative production methods have been 75 

developed to produce high titer stocks of virus-like particles (VLP)(8), pseudovirions (PsV)(9), 76 

and quasivirions (QV)(10) while preserving the main attributes of the native capsid structure. 77 

These particles have been used successfully for vaccine development and for studies of 78 

antigenicity, receptor usage, entry mechanisms, and capsid structure.  79 

The infectious HPV has a T = 7 icosahedral capsid (55-60 nm in diameter), composed of 72 80 

L1 capsid protein pentamers and up to 72 copies of L2 capsid protein located beneath the axial 81 

lumen of each L1 capsomer (11). Atomic structures of HPV16 L1-pentamers and a T = 1 capsid 82 

have been solved by X-ray crystallography (12–14); however, the HPV T = 7 capsid has only 83 

been visualized by cryoEM reconstructions (11, 15–18). Twelve of the pentamers lay on the 84 

icosahedral fivefold axes (pentavalent capsomers) whereas the other sixty pentamers are 85 

positioned at the pseudo sixfold axes (hexavalent capsomers). The apical surface of each 86 

pentameric capsomer is comprised of antigenic loops (BC, DE, EF, FG, and HI loop from each 87 

L1 protein) that connect the eight antiparallel beta strands (BIDG and CHEF) that form the 88 

common jellyroll structural motif. These loops contain the highest sequence variations among 89 

the different HPV types and form the major neutralizing epitopes (19–23). The capsid floor is 90 

connected by N-terminal and C-terminal residues of L1 proteins and these N- and C-terminal 91 

‘arms’ connect the pentameric capsomers into a T = 7 icosahedral lattice (24). The HPV C-92 

terminal ‘invading arm’ extends to a neighboring pentamer and forms critical contacts between 93 

two subunits before looping back to rejoin the original donor capsomer. This “suspended bridge” 94 

structure, separated from and raised above the capsid floor, recently has been visualized in 95 

HPV16 (18). 96 

There is a distinct maturation of HPV16 capsids that progresses as the correct inter-97 

capsomeric disulfide bonds are formed between cysteine residues in the C-terminal arms (C428) 98 

and surface loops (C175) (24–27). This disulfide bond formation regulates the stability of the 99 

HPV capsid and determines the assembly state of the virus (28, 25, 18). The known immature 100 
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and mature HPV16 VLP 3D reconstructions show significant differences between the two capsid 101 

forms (18, 25). The immature capsid reconstruction identifies a lack of density in the capsid floor 102 

between the capsomers, whereas the mature form has a relatively closed capsid floor (18). The 103 

capsomers themselves are puffy and dome-shaped in the immature virus, but the mature virus 104 

has a tight knit arrangement of L1 loops that form a star shaped pattern with a depression at the 105 

center of each knob-like capsomer (18, 25). The mature capsid better correlates with the known 106 

atomic structures: HPV16 T = 1 capsid (PDB ID 1DZL.pdb)(13) pentameric L1 proteins (PDB 107 

ID 2R5H.pdb, and 3OAE.pdb) (12, 14), and T = 7 bovine papillomavirus (BPV) capsid (PDB ID 108 

3IYJ.pdb) (24). Thus, the complete inter-capsomeric disulfide bonds, tighter capsomeric 109 

connection, and organized surface loops indicate a more mature stable capsid structure. However, 110 

the stabilization of capsid features and their relation to capsid antigenicity have not been studied.  111 

H16.V5 is a HPV16 type-specific neutralizing antibody (29, 30) that is clinically important 112 

as it represents the majority of neutralizing antibodies in HPV vaccine recipients (31) and is 113 

often used for the assessment of the integrity and antigenicity of VLP vaccine products (32). The 114 

antibody is known to recognize two loops of the L1 protein, the FG loop (266-297), and the HI 115 

loop (339-365) (30, 12). H16.V5 neutralizes a viral infection by interfering with internalization 116 

of bound particles (33). Here, we present cryo-electron microscopy (cryoEM) 3D reconstructions 117 

of the mature and altered HPV16 virions and each of these two capsid types complexed with 118 

H16.V5 Fab fragments. The pseudo-atomic model for the virus-Fab complex identifies the 119 

precise conformational epitope of the H16.V5 antibody that includes previously unknown 120 

additional components of the L1 epitopes targeted by H16.V5 that map to the BC and DE loops. 121 

Our work demonstrates the Fab-induced hyper-stabilization of the capsid, which contributes to 122 

the neutralization mechanism of H16.V5.  123 

MATERIALS AND METHODS 124 

Virus preparation and purification. Briefly, the HPV16 quasivirus (QV16) used 125 

throughout for the structural studies was prepared by transfecting 293TT cells concurrently with 126 

the cottontail rabbit papilloma virus (CRPV) genome and an HPV16 L1/L2 expression vector as 127 

previously described (9, 26, 34, 35). Two days post-transfection, cells were harvested and lysed 128 

with Brij-58 detergent (Sigma-Aldrich). Lysates were incubated at 37°C for 24 hours to allow 129 

QV16 to mature and then treated with benzonase nuclease (Sigma-Aldrich) and plasmid safe 130 
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ATP-dependent DNase (Epicentre) to ensure the removal of un-encapsidated DNA. QV16 131 

particles were purified by CsCl step-gradient ultracentrifugation for 2 hours at 25,000 rpm. The 132 

lower band was extracted and further purified using a linear CsCl gradient. Purified QV16 was 133 

dialyzed against NaCl using a centrifugal filter unit with a 30K MW cutoff (Millipore) and 134 

subsequently dialyzed into PBS. The lysate-buffering approach of Cardone et al, 2014 was not 135 

used in the current study(18). 136 

Fab/antibody preparation. Mab was produced as described previously (29, 34, 36, 37) and  137 

purified from hybridoma supernatants using the Protein A IgG Purification Kit (Pierce). H16.V5 138 

Fab was generated from the purified mab using a Fab Preparation Kit (Pierce). Briefly, ~2mg of 139 

purified mab was prepared for digestion by passing the sample over a Zeba Desalt Spin column 140 

(Pierce). The H16.V5 mab was then incubated in the presence of cysteine and papain at 37°C 141 

with end-over-end mixing for three hours. Following incubation, the sample was purified using a 142 

Protein A column and Fabs were eluted with PBS.  143 

Sequence determination of H16.V5 variable domain. The hybridoma cells were pelleted 144 

by centrifugation and RNA was extracted using TRIzol® Reagent (Life Technologies). Total 145 

RNA was treated with DNase I (RNase-free) (New England Biolabs) to digest potential 146 

contaminating DNA in the sample. H16.V5 cDNAs were synthesized from treated RNA with the 147 

RevertAid First Strand cDNA synthesis kit (Thermo Scientific). The cDNAs were used as a 148 

template for PCR and amplified using pfu Turbo DNA Polymerase (Agilent). PCR amplification 149 

utilized amplification primers previously described by Wang et al (38). Immunoglobulin heavy 150 

chains were amplified using the IgG2b isotype specific constant region 3’ primer and two highly 151 

degenerate 5’ primers. The light chains were amplified using the 3’ degenerate kappa chain 152 

constant region primer and the 5’ kappa chain framework one region universal degenerate primer. 153 

Prior to sequencing, PCR products were purified using the QIAquick PCR Purification Kit 154 

(Qiagen). The same primers used for PCR amplification were also used as sequencing primers to 155 

obtain initial sequences. Resolution of the 5’ and 3’ ends of the sequence required sequence 156 

specific primers. 157 

Cryo-EM imaging of the HPV16 capsids and virus-Fab complexes. Purified virus was 158 

concentrated (> 5 mg/ml) and sonicated prior to vitrification (Fig 3A). The highly concentrated 159 

virus and H16.V5 Fab fragments were incubated for 5 minutes on ice with a molar ratio of 1:720 160 
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(capsid:Fab), providing an excess of 2 Fabs per each of the predicted 360 binding sites. For both 161 

HPV16 alone and HPV16-Fab complex, 3 µl of the sample were pipetted onto a Quantifoil grid 162 

(Quantifoil Micro Tools GmbH, Jena, Germany), blotted to remove excess sample, and plunge-163 

frozen into a liquid ethane/propane mixture (39) using a Mk III Vitrobot (FEI, Hillsboro, Oregon). 164 

Low dose conditions were used to record images on Kodak SO-163 film (Kodak, Rochester, 165 

New York) in an FEI TF-20 electron microscope operating at 200 kV with a nominal 166 

magnification of 50,000x. The microscope was equipped with a Gatan 626 cryoholder (Gatan, 167 

Inc, Pleasanton, CA). Cryo-EM images were collected with a defocus range of 2-4µm for the 168 

capsid and 1-3µm for the virus-Fab complex (Table 1). Films were scanned using a Nikon Super 169 

Coolscan 9000 (Nikon, Melville, NY) giving a nominal pixel size of 1.3 Å/pixel. A similar 170 

protocol was followed for the mature virus with and without Fab, except the sample 171 

concentration was limited to <1 mg/ml prior to vitrification. The samples were vitrified on 172 

Quantifoil holey carbon support grids (Quantifoil, Jena, Germany) that were plunged into liquid 173 

ethane using a Cryoplunge 3 (Gatan, Pleasanton, CA). Low dose conditions were used to record 174 

digital images on an Ultrascan 4000 CCD camera (Gatan, Pleasanton, CA) in a JEOL 2100 LaB6 175 

cryoEM microscope (JEOL, Peabody, MA) operating at 200kV and equipped with a Gatan 626 176 

cryo-holder. The recorded CCD data had calibrated pixel sizes of 1.48 Å/pixel and 2.86 Å/pixel 177 

at 80,000x and 40,000x nominal magnification, respectively, and were imaged within a defocus 178 

range of 0.6-5.6 µm (Table 1). 179 

Single particle reconstruction. The program suites AUTO3DEM (40) and EMAN2 (41) 180 

were used for image processing and 3D reconstructions of the HPV16 and HPV16-Fab 181 

complexes (Table 1). Semi-automatic particle selection was performed using EMAN2’s 182 

e2boxer.py to obtain the particle coordinates, followed by particle extraction, linearization, 183 

normalization, and apodization of the images using Robem (40). Defocus and astigmatism values 184 

to perform contrast transfer function (CTF) correction were assessed using Robem for the 185 

extracted particles (Table 1). The icosahedrally-averaged reconstructions were initiated using 186 

random models generated from the raw data (42)(39) and reached 10-14 Å resolutions estimated 187 

where the Fourier Shell Correlation, FSC, dropped below 0.5 (Table 1). After refinement the 188 

maps were sharpened with an inverse temperature factor of 1/(200 Å2). 189 

Analysis of the capsid reconstructions for heterogeneous size. As done previously, a size-190 
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based classification scheme was used to characterize our data used in the HPV reconstructions 191 

(18). Two alternative mature particle maps, 4% reduced and 4% expanded, were calculated by 192 

applying a magnification factor to the mature particle reconstruction (40). Based on the PFT 193 

score that best correlated each projection with one of the three models, the data were classified 194 

into three subsets (18). The subsets were subsequently refined using the corresponding sized 195 

model (40). The same procedure was used to characterize homogeneity of the sample used to 196 

reconstruct the altered capsid map. 197 

Experimental reconstruction of altered capsid particles with the mature virus search 198 

map. The 13 Å resolution map of the mature virus was calculated and scaled to match the pixel 199 

size of the altered capsid images. With previously determined orientations and centers for the 200 

altered capsid particles, the input model was used for a local refinement of image origins and 201 

orientations (POR) (40). A small subset of 10 % of the particle projections that had the highest 202 

correlations with the input model was selected to produce the 3D map. Five iterations were 203 

performed, all output reconstructions were visually assessed, and the correlation coefficients 204 

between maps were calculated in UCSF Chimera (43).  205 

Fitting of the capsomer and Fab structures. To obtain a 3D atomic model of the H16.V5 206 

Fab, the amino acid sequence corresponding to the variable domain was submitted to Web 207 

Antibody Modelling (WAM)(44). This WAM model of the Fab variable domain and the crystal 208 

structure of the HPV16 pentamer (PDB accession code 3OAE)(14) were simultaneously fitted 209 

into the corresponding cryoEM densities using Chimera (43). Due to steric interference, four of 210 

six Fabs were used within the virus icosahedral asymmetric unit in the fitting experiment. The 211 

fitting of the four Fabs and one pentamer were simultaneously refined by using Situs (45) giving 212 

the final correlation coefficient of 0.9233. A murine antibody crystal structure (PDB accession 213 

code 3GK8) was used for the constant domain of the Fab and was aligned to the fitted H16.V5 214 

variable domain in Chimera (43). Contacts between the fitted crystal and WAM structures were 215 

identified using Chimera with the criteria for van der Waals overlap distances of –0.4 and 0.0 Å, 216 

respectively. The Fab binding surface area was calculated using a 1.4 Å probe through CCP4 217 

program AREAIMOL (46). 218 

Radial projection, segmentation, and high-pass filtering of the reconstruction for 219 

figures. The spherical projections were generated in Robem (40) and Rivem (47). For the image 220 
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in Figure 4, the central section of the 3D map of altered capsid-Fab complex was CTF corrected 221 

by applying a wiener filter. Difference maps were calculated from scaled cryoEM maps of 222 

similar quality by subtracting the capsid density from the virus-Fab complex map using Robem 223 

(40). The difference maps were segmented (48) and the mean intensities of the segmented 224 

variable domains of the six Fabs on the asymmetric unit were measured in Chimera (43). To 225 

highlight the invading arm structures, the wiener-filtered 3D reconstruction of the virus-Fab 226 

complex was high-pass filtered with cutoff spatial frequency of 16Å by EMAN2's e2proc3d.py. 227 

The frequency was selected to visualize optimally the invading arm structure. Visualization of 228 

the 3D structure was done in Chimera (43).  229 

Accession numbers. Cryo-EM maps for the altered capsid, the capsid-Fab complex, the 230 

mature virus, the virus-Fab complex, the one-hour incubation complex, and the 72-hour 231 

incubation complex are deposited in the EM data bank (www.emdatabank.org/) under accession 232 

numbers: EMD-5991, -5992, -5993, -5994, -6118, -6119. Fitted structures of PDB ID 3OAE and 233 

the WAM are deposited in the PDB under ID 3J7G and 3J7E, respectively. 234 

RESULTS 235 

The mature HPV16 capsid structure was obtained from purified capsids that were 236 

homogeneous. Similarly to what was done previously with HPV 16 VLP capsids (18), we 237 

performed a size-dependent classification experiment to determine if the quasivirus capsid 238 

particles were homogenous. 96.1% of the purified quasivirus consisted of a homogeneous capsid 239 

size 600 Å in diameter. Only about 0.2 % of the HPV16 quasivirus particles corresponded to a 240 

map that was 4% larger in diameter (data not shown), indicating the HPV16 quasivirus sample 241 

did not contain a heterogeneous mixture of immature particles (18). The HPV16 mature virus 242 

capsid map obtained 13 Å resolution (Table 1) and displayed a T = 7d icosahedral capsid 243 

structure (49). The capsomers had the star-shaped morphology (Fig 1A), consistent with a 244 

previously reported mature HPV16 VLP structure (18). 245 

The complex map showed Fab density at each binding sites. The 14 Å virus-Fab complex 246 

map revealed density corresponding to a bound H16.V5 molecule at each of the 360 potential 247 

Fab binding sites on the capsid. Thus, five Fabs were bound on each capsomer including the 248 

pentavalent capsomers on the icosahedral five-fold symmetry axes (Fig 1B). However the Fab 249 
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densities at the five-fold was weaker, indicating a clash with the neighboring Fab bound to the 250 

hexavalent capsomer. This occupancy of Fab was inconsistent with a previous study that showed 251 

exclusive binding to the hexavalent capsomers (17). This discrepancy could be due to the 252 

different capsid forms used (L1-only VLP vs. QV), different contour levels displayed for the 253 

maps, or other variations in experimental conditions such as temperature and incubation time. 254 

Fitting of the H16.V5 atomic model identified the complete conformational epitope. The 255 

H16.V5 atomic model based on the amino acid sequence (see Method) (44) was fitted into the 256 

cryoEM map of the mature virus-Fab complex along with the X-ray crystal structure of the 257 

HPV16 pentamer (PDB accession code 3OAE)(14)(Fig 2A). Among the six Fabs bound to the 258 

virus within one icosahedral asymmetric unit, two Fab molecules sterically collided with each 259 

other. Because of the incompleteness of the Fab densities due to the steric hindrance, only four of 260 

the Fabs (Fabs 3-6, Fig 2A) on the hexavalent capsomers were fitted and refined. The fit was 261 

then replicated into the positions for the remaining two Fab molecules, Fab-1 and -2 (Fig 2A). 262 

The Fab bound to the capsomer surface with an angle of 47° through the pseudo dyad axis (Fig 263 

2B) and the heavy chain faced away from the center of the capsomer (Fig 2B). When the 264 

constant domain of a murine antibody Fab (50) was fitted for Fab 1 and 2, the steric collision 265 

between the two Fabs was confirmed (Fig 2B).  266 

The Fab buried surface area was about 1,035 Å2 and the contacts within the Fab footprint 267 

mapped to the rim of the capsomer (Fig 2C). Surprisingly, interactions were identified between 268 

the Fab and the DE and EF loops as well as with the FG and HI-loops (Fig 2D). The H16.V5 Fab 269 

bound where the antigenic loops from two L1 proteins are intertwined. Within the footprint, the 270 

first L1 protein (designated Left) contributes three loops, BC, FG, and DE whereas the second 271 

L1 protein (designated Right) contributes HI and DE loops. Thus there are five loops presented 272 

by two L1 proteins consecutively across the footprint forming an intricate conformational 273 

epitope in a left-right-left-left-right L1 configuration (Fig 2D). The footprint of H16.V5 suggests 274 

the antibody interaction may hold the two L1 proteins together tightly, conferring a stabilizing 275 

force to the capsid. 276 

The 3D reconstruction of a highly concentrated preparation of HPV16 showed different 277 

capsomeric structures. In a separate experiment with HPV16 and the subsequent structural 278 

determination, the purified quasivirus sample was highly concentrated (above 5 mg/mL)(Fig 3A). 279 
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This virus sample was incubated with H16.V5 Fab (Fig 3B) and both the capsid and the virus-280 

Fab complex resulted in 10 Å resolution maps (Fig 3C and D)(Table 1). The concentrated virus 281 

sample was intact and no noticeable empty capsids resulting from DNA ejection were observed 282 

(Fig 3A). A successful 10 Å reconstruction also confirmed that the concentrated particles were 283 

not damaged. Whereas the previous reconstruction was consistent with the mature HPV16 VLP 284 

structure (Fig 1A), the reconstruction of over-concentrated particles (hereafter, referred to as 285 

altered particles or altered capsids) had features that resembled an immature VLP structure (25). 286 

Specifically, the apical surfaces of the capsomers were irregular and the center of each capsomer 287 

was inflated (Fig 3C and 7A). Also, the densities corresponding to the inter-capsomeric 288 

connections were attenuated compared to the mature virus. Unlike immature VLP, the altered 289 

HPV16 quasivirus had a similar radius compared to the mature particle (data not shown). 290 

Even though the altered particles presented a seemingly homogeneous population (Fig 3A) it 291 

was possible that the map resulted from averaging together particles from a heterogeneous 292 

population. Such a hybrid population might consist of a mixture of intact (mature) and 293 

compromised particle forms. To test this possibility we used two approaches. First, we applied 294 

the same size-based classification that was used for the mature particles (Methods). The particles 295 

were homogeneous with only 1.3% of the particles correlating better with a 4% larger map (data 296 

not shown).  297 

In a second approach, a map of the mature virus (Fig 1A) was used as a reference, against 298 

which 10% of the altered particles were selected for an experimental reconstruction. However, 299 

the experiment failed to identify a subset of particles because the resulting map was identical, 300 

albeit with lower resolution (15 Å), compared to the reconstruction that used 70% of the altered 301 

particles (Fig 3C). A visual inspection agreed with the quantification (correlation coefficient 0.99) 302 

that both maps (reconstructed from 10% and 70%) had surface structural characteristics similar 303 

to that of an immature capsid. Therefore, the altered HPV16 structure is not an average of mixed 304 

populations of mature and altered particles, but an averaged representation of a homogeneous set 305 

of altered particles with a common diameter, but with altered or flexible surface loops. 306 

Fab binding induced conformational changes to the altered capsid. Fitting of the HPV 307 

pentamer and H16.V5 Fab variable-domain structures into the altered capsid-Fab complex 308 

proceeded using the same approach described for the mature virus-Fab structure and achieved 309 



12 
 

the same result (data not shown). However, there were significant structural differences observed 310 

in the altered capsid. A central section of the altered capsid revealed low-contrast densities for 311 

the distal portion of the capsomers (radii 260-300 Å) and a high-contrast for the region of the 312 

capsomers adjacent to the capsid floor (radii 220-260 Å) (Fig 4A) whereas the mature virus map 313 

had more consistent contrast (data not shown). The low- and high-contrast densities of the 314 

altered capsid indicated disordered surface loop structures and ordered β-strands structures, 315 

respectively. After the Fab binding, the electron densities of the distal portion became as highly 316 

organized as the capsid floor region, so that the electron densities corresponding to the whole 317 

capsomer became distinguishable (Fig 4B).  318 

H16.V5 Fab binding induced conformational changes to the surface loops. To dissect the 319 

Fab-induced conformation change on the altered capsid, radial projections of the four 320 

reconstructions were analyzed (Fig 5). The 3D map of the altered capsid projected low-contrast 321 

capsomeric structures at radius 280 Å that were smeared and featureless resulting in the loss of 322 

the usual pointed star-shaped morphology (Fig 5A). In contrast, the projection of the altered 323 

capsid-Fab complex at the same radius showed high-contrast, sharp density and a pronounced 324 

star-shaped morphology (Fig 5B). Furthermore, after the binding of Fab the depressions at the 325 

centers of the capsomers were significantly enhanced with a distinct separation of the surface 326 

loops (Fig 5B). However, in the altered capsid-Fab complex the pentavalent capsomers did not 327 

display the same clear high contrast features as the hexavalent capsomers (Fig 5B). This low 328 

contrast of the pentavalent capsomers may indicate that the altered surface loop structure is not a 329 

temporary phenomenon at the high-concentration, which might be recovered upon dilution of the 330 

sample, but an enduring structural change of the surface loops. The distinct conformational 331 

changes initiated by Fab binding that were obvious in the altered form were not clearly seen in 332 

the mature virus and its corresponding Fab complex (Fig 5C and D). This lesser structural 333 

change may be due to the virus having somewhat more structured loops prior to Fab association; 334 

thus the binding of the Fab induced little change. Another possibility is the hyper-stabilization of 335 

the loops was not visualized in the mature virus structure due to the lower quality of the map 336 

compared to the altered capsid map (Methods). 337 

H16.V5 Fab binding stabilized the structure of the invading arm and inter-capsomeric 338 

connections. The L1 C-terminal invading arm extends from the originating capsomer at a radius 339 
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of 257 Å, where it crosses the capsid floor to connect with the neighboring capsomer. From the 340 

attachment site, the most distal portion of the C-terminus stretches back above the capsid floor at 341 

radius 264 Å, to rejoin the originating capsomer forming a structure called the “suspended 342 

bridge”(18). Radial projections of the cryoEM maps at radii of 257 and 264 Å show these 343 

invading arm densities (Fig 6, middle and top panels) (18, 24), which were more ordered in the 344 

altered capsid-Fab complex reconstruction compared to the altered capsid alone (Fig 6A and B). 345 

This ordered density suggests that Fab binding stabilized the C-terminal arms. The same 346 

significant density difference was not observed in the mature virus and virus-Fab complex maps 347 

(Fig 6C and D).  348 

Between unbound and Fab-bound capsids, the most significant difference between structures 349 

on the capsid floor was found at the icosahedral threefold axis where three L1 N-terminal arms 350 

contact each other (24). Projections at radius 240 Å (Fig 6, lower panels) showed there was a 351 

notable lack of capsid floor density for altered capsid (Fig 6A) whereas the same region of 352 

altered capsid-Fab complex was filled with well-defined densities (Fig 6B), suggesting 353 

stabilization of the N-terminal arms. Thus, the Fab-induced conformational changes were 354 

propagated from the surface loops down to the capsid floor. For the mature virus and its virus-355 

Fab complex, the changes to capsid floor density were less significant (Fig 6C and D).  356 

The virus-Fab complex maps showed different occupancy of Fab bound to the 357 

pentavalent capsomers. The puffy capsomer of the altered capsid was significantly different 358 

from the star-shaped capsomer of the mature virus (Fig 7A and B). Despite the resolution 359 

differences, the overall features between the complex maps (Fig 1B and 3D) were similar except 360 

for the Fab densities on the pentavalent capsomers (Fig 7C and D). On the mature virus these 361 

Fab densities were stronger and maintained an unbroken shape whereas in comparison, the 362 

pentavalent Fab densities of the altered capsid were weaker and more irregular in shape. For both 363 

capsids, this partial occupancy was due to steric collision between Fab-1 and -2 (Fig 2) and was 364 

illustrated in the radial projection at 310 Å that showed the competing Fabs had relatively 365 

weaker intensity compared to the other four non-competing Fabs (Fig 7E and F). To quantify the 366 

difference, Fab densities were segmented and the mean intensities of each Fab on pentavalent 367 

and hexavalent capsomers were compared (Fig 7G and H). In both reconstructions, Fab-3 to Fab-368 

6 showed consistent intensities whereas Fab-1 showed the lowest intensity in both maps. 369 
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However, the difference of intensities between Fab-1 and Fab-2 was greater in the altered capsid-370 

Fab complex (Fig 7G) than in the mature complex (Fig 7H) (relative ratio of Fab-2/Fab-1: 1.38 371 

vs. 1.21), indicating a further-reduced occupancy of the Fab-1 in the altered HPV16-Fab 372 

structure.  373 

Longer incubation times for Fab illustrated hyper-stabilization of the capsomer. Our 374 

mature virus-Fab map differed from the complex map in a previous study in which the H16.V5 375 

Fabs bound exclusively to hexavalent capsomers (17). If the Fab mechanism of neutralization 376 

induces hyper-stabilization, longer incubation times may affect the binding preference for the 377 

sites on pentavalent and hexavalent capsomers. For our reconstruction, the capsids and Fabs 378 

were incubated for five minutes (Methods) (Fig 6B). Therefore, we tested longer incubation 379 

times (1 hr and 72 hrs) to assess changes in the Fab binding between the pentavalent and 380 

hexavalent capsomers. The 3D reconstructions corresponding to the two time points revealed 381 

that as the incubation time increases, the Fab densities on the pentavalent capsomers diminish 382 

(Fig 8C and D).  383 

DISCUSSION 384 

The conformational epitope of H16.V5 includes multiple loops. The pseudo-atomic model 385 

for the virus-Fab complex allowed precise interpretation of the H16.V5 epitope (Fig 2). The 386 

footprint is consistent with previous studies that showed FG (266-297) and HI (339-365) loops 387 

are critical for the H16.V5 binding (30). In addition, we identified two previously unreported 388 

loops, BC and DE, on the viral surface that contribute to the epitope (Fig 2D). In total, the 389 

footprint includes five intertwined loops that are situated side by side (13). By binding these five 390 

loops simultaneously, the Fab may reinforce the association between the two L1 proteins.  391 

The mature and altered capsid reconstructions were generated from homogeneous 392 

particles. Unlike what was seen for L1-only VLPs, our preparations of quasivirus resulted in a 393 

homogeneous capsids, perhaps due to the rigorous purification method. The altered capsid we 394 

inadvertently captured has a different structure compared to the mature virus (18, 25) and shares 395 

some features of the immature VLP characterized previously (25). The high quality of the altered 396 

capsid map and our inability to select a subset of particles suggests the data were uniformly 397 

“altered.” Likely the formation of the altered state was triggered by the high particle 398 
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concentration, as this treatment marked the only difference in handling of this prep and all 399 

previous or subsequent ones. Although we have not characterized the exact mechanism of the 400 

alteration of the HPV16 capsid, our finding shows that the highly concentrated virus underwent a 401 

conformational change resulting in flexible loops consistent with the immature form of VLP. 402 

Binding of H16.V5 Fab converted the HPV16 altered capsid. The Fab-binding to the 403 

altered capsid induced conformational changes that converted the whole capsid structure into a 404 

more ordered conformation. Specifically, the Fab-induced conformational change was 405 

propagated from the surface loops (Fig 5) to the capsid floor as shown by the more ordered inter-406 

capsomeric interactions, including the distal invading arm structures (Fig 6). Prior to Fab-binding 407 

the C-terminal arms were less ordered as indicated by the weak density; however it is unlikely 408 

that the disulfide bond between C175-C426 was disrupted because reducing conditions were not 409 

present. The enhanced rigidity of the C-terminal arm structures in the virus-Fab complex 410 

probably indicates a restoration of the capsomeric structure to a more ordered form.  411 

Fab binding induced different degrees of conformational change. For both the altered and 412 

mature complex maps hexavalent and pentavalent capsomers had different numbers of Fab 413 

bound (Fig 3G and H). In the altered capsid-Fab complex map, the Fab-induced conformational 414 

changes found at the apical surface of the pentavalent capsomers were not as distinct compared 415 

to the hexavalent capsomers (Fig 5), even though the Fabs bound to those pentavalent capsomers, 416 

albeit with lower occupancy (Fig 7). Thus, the degree of organization of individual capsomers 417 

induced by Fab binding correlated directly with the number of Fab molecules bound. The 418 

conformational changes of the surface loops correlated with the higher occupancy of the Fabs, 419 

thus the effects manifested fully only on the hexavalent capsomers and were not conferred to 420 

pentavalent capsomers (Fig 4B). This hexavalent-limited structural alteration indicates that the 421 

conformational changes are induced by the binding of multiple Fabs. 422 

Fab detects a difference between pentavalent and hexavalent capsomers. In both altered 423 

and mature virus-Fab complexes, there was preferential binding of Fab-2 (binding site 2 on the 424 

hexavalent capsomer) over Fab-1 (binding site 1 on the pentavalent capsomers) (Fig 7). This 425 

preferred binding of Fab-2 implies that the affinity is different between the two binding sites. A 426 

difference in affinity might exist intrinsically or be induced by Fab binding. Because of obvious 427 

differences between the 3-D structures (Fig 7A and B)(25), the altered and mature capsids likely 428 



16 
 

have different antigenicity. An interpretation using the high resolution map of BPV did not 429 

reveal any structural differences between the two Fab binding sites (24) and no significant 430 

difference was defined between capsomers of our altered and mature capsids. However, we 431 

cannot rule out that the hexavalent and pentavalent capsomers have intrinsic differences (51), 432 

especially in the altered capsid. Such inherent differences might be due to quasi-equivalent 433 

environments and subtle enough to be below the level of detection at the current resolutions.  434 

Alternatively, preferred hexavalent binding of Fab might be caused by a complementarity 435 

mechanism whereby the initial Fab binding events (Fab-3 to -6) led to the stabilization of 436 

binding site 2 in a ripple effect, which induced hyper-stabilization. Both of these intrinsic and 437 

extrinsic mechanisms explain preferential binding of the Fab; and a combination of the two 438 

mechanisms is also possible. In contrast to our result, a previous cryoEM reconstruction of 439 

HPV16 VLP-Fab complex showed that H16.V5 Fab bound to the hexavalent capsomers 440 

exclusively (17). This finding may have been due to the low resolution of the map and the partial 441 

occupancy of Fab and different experimental conditions such as incubation time/temperature. 442 

Our reconstruction resulted in a similar appearance after applying a low-pass filter (data not 443 

shown). Alternatively, the presence of L2 in our QV capsid might contribute to alterations in the 444 

loops between the pentavalent and hexavalent capsomers compared to the L1-only VLP. 445 

Fab binding changes over time because binding induces a conformational change in the 446 

surface loops. Our 3D reconstructions of the virus-Fab complex at different time points revealed 447 

that as the incubation time increases the occupation of Fab on the hexavalent capsomer is 448 

enhanced while binding to the pentavalent capsomer decreases (Fig 8). This preference for the 449 

hexavalent- over the pentavalent-site supports a hyper-stabilization model: longer incubation of 450 

the mature virion with Fabs reflects the potential changes of the binding equilibrium between the 451 

two binding sites and would result in more preferential binding to the hexavalent capsomer. Our 452 

structural analysis also demonstrates that Fab can distinguish the small differences on the 453 

binding sites that cannot be detected in the structure alone.  454 
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 626 

FIGURE LEGENDS 627 

FIG. 1. CryoEM 3D reconstructions of HPV16 and virus-H16.V5 Fab complex. (A) The 3D 628 

reconstruction of mature virus had a 600 Å diameter. (B) The virus-Fab complex map showed 629 

the mature virus decorated by H16.V5 Fab molecules and revealed that the Fabs bound the 630 

pentavalent capsomers on the five-fold vertex. Surface rendered images are oriented on an 631 

icosahedral fivefold symmetry axis and internal DNA was computationally removed (middle 632 

panel) to visualize the protein capsid shell. The rendered surfaces were radially colored 633 

according to the key and are displayed at a contour level of 1.0 σ above background. Central 634 

sections in standard orientation (on the two-fold axis, with symmetry axes indicated in black) 635 

show the quality of the density (right). 636 

FIG. 2. The pseudo-atomic model was used to identify the Fab footprint. (A) The crystal 637 

structure of HPV16 pentamer (hexavalent and pentavalent capsomer colored in green and yellow, 638 

respectively) and the atomic model of H16.V5 variable-domain (blue: heavy chain, red: light 639 

chain) were fitted into the density map. Fab-1 and -2 were replicated from the fitted Fab-3. The 640 

mature virus-Fab cryoEM density map is shown in grey mesh. (B) The side-view of the Fab-1 641 

and -2 bound on the pentavalent and hexavalent capsomers showed the steric crash between the 642 

two Fabs. The bound H16.V5 forms an angle of 47° respective to an axis through the center of 643 

the capsomer. (C) Each Fab binds across two L1 capsid proteins that are adjacent to one another. 644 

The contacting residues on the capsomeric surface were highlighted. Each L1 protein of the 645 

hexavalent capsomer was colored differently and the pentavalent capsomer was colored in grey. 646 

The boundary of each Fab-binding residue was marked by a black dashed line. (D) The H16.V5 647 

Fab bound seventeen residues across five loops from two neighboring L1 proteins. The 648 

contacting residues are shown as spheres with the residue names and loops labeled. 649 

FIG. 3. Cryo-EM images of the altered capsids and the capsid-Fab complexes with their 650 

corresponding 3D maps. Representative areas of the cryo-micrographs illustrate homogeneous, 651 

intact capsids that were used for image reconstructions (A and C) and altered capsids incubated 652 

with excess H16.V5 Fab molecules (B and D). The altered capsids showed the characteristic 653 

puffy, inflated capsomers of an immature VLP (18). H16.V5 Fabs occupied all 360 binding sites 654 

of the capsid, but the Fab densities on the pentavalent capsomers were weaker than those 655 

densities on hexavalent capsomers. The rendered surfaces were radially colored according to the 656 

key and displayed at a contour level of 1.0 σ above background.  657 

FIG. 4. Central sections show Fab induced conformational changes to HPV. The three white 658 

circles indicate radii of 220, 260, and 300 Å on the central sections of the 3D maps of the altered 659 

capsid (A) and corresponding capsid-Fab complex (B). Significant differences were visualized 660 

within the 260-300 Å radii. Specifically, the HPV16 capsid had smeared density whereas within 661 



22 
 

the same radii of the complex map there were sharp, distinct features, indicating that surface loop 662 

structures had become more ordered upon Fab binding. Icosahedral symmetry axes are indicated 663 

in the central section and the symmetry bars represent 50nm. 664 

FIG. 5. The conformational change induced by Fab binding is illustrated by the alteration 665 

of densities, and is more significant in the altered capsid than in mature virus. In the top 666 

panel, the reconstructions of the altered capsid (A), the capsid-Fab complex (B), the mature virus 667 

(C), and the virus-Fab complex (D) were radially projected at 280 Å. The pentavalent capsomers 668 

are indicated by yellow arrows. In altered capsids, the Fab binding induced conformational 669 

changes onto the hexavalent capsomers whereas the change was attenuated on the pentavalent 670 

capsomers (A and B). The Fab-induced conformational changes were more significant in the 671 

altered capsid compared to the mature virus (C and D). The bottom panels represent 672 

stereographic projections at the same radii on which the polar angles θ and φ represent latitude 673 

and longitude, respectively. The icosahedral asymmetric unit of the virus is indicated by the 674 

black triangular boundary and the projections are colored according to the electron density height 675 

in the corresponding color keys.  676 

FIG. 6. Fab-induced stabilization of the capsid was shown by enhanced inter-capsomeric 677 

connections. The reconstructions of the altered capsid (A), the capsid-Fab complex (B), the 678 

mature virus (C), and the virus-Fab complex (D) were radially projected at 265 Å (top), 257 Å 679 

(middle), and 240 Å (bottom) to show the invading arms and capsid floor regions of the capsids. 680 

The invading arm structures were significantly enhanced and the electron densities at the 681 

icosahedral threefold axes of the capsid floor (yellow circles) were rearranged after Fab binding 682 

in altered capsids. The standard orientations of the capsids are the same as in Fig 5. 683 

FIG. 7. Fab preference for hexavalent capsomers was more pronounced in the altered HPV 684 

capsids. The pentavalent and hexavalent capsomers (outlined in black) of the 3D reconstructions 685 

of altered (A) and mature virus (B) showed marked density differences. (C and D) The capsid-686 

Fab complexes had different Fab densities on the pentavalent capsomers compared to hexavalent, 687 

a difference that was more pronounced for the altered capsid-Fab complex. The rendered 688 

surfaces were radially colored according to the color key as in Fig 1. (E and F) Radial projections 689 

of the capsid-Fab complex maps at the radii 310 Å show that Fabs bound on pentavalent 690 

capsomers have weaker intensities than those bound on hexavalent capsomers. (G and H) The 691 

relative mean intensities of the six Fabs bound on an icosahedral asymmetric unit of the capsid 692 

were measured and normalized by the mean intensity of the Fab-4 (numbered in E). The relative 693 

intensities of the Fab-1 and -2 quantify the preference of Fab for the binding sites on altered 694 

capsid (G) and mature virus (H). 695 

FIG. 8. Longer Fab incubation with virus enhanced the Fab binding to the hexavalent 696 

capsomer. CryoEM densities for the Fab-1 (left) and Fab-2 (right) on the pentavalent and 697 

hexavalent capsomers were shown for altered (A) and mature virus-Fab complexes (B-D). The 698 

mature virus were incubated for 5 mins (B), 1 hr (C), and 72 hrs (D). The relative intensities of 699 
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the Fab-1 and -2 (shown in numbers) indicate that as the incubation time increased, the Fab 700 

binding to the hexavalent capsomers increased. The rendered surfaces were radially colored 701 

according to the color key as in Fig 1 and presented at a contour level of 1.0 σ above background. 702 

Table 1. Image data for cryo-EM reconstructions 703 

HPV16 capsid Altered particles Mature particles 

Sample preparation Capsid Complex Capsid Complex 

Incubation time  5 min  5 min 1 hr 72 hr 

No. of micrographs 32 35 170 411 138 102 

Pixel size (Å/pixel) 1.3 1.3 1.48 1.48 2.86 2.86 

Defocus level range (µm) 2.17 - 3.97 1.80 - 3.36 0.57 - 3.75 0.69 - 3.99 1.19 - 5.67 1.63 – 5.18 

Total number of particles 14,509 3,222 4,834 2,306 1,155 1,326 

Particle no. used in maps 10,156 2,898 4,737 2,075 1,040 1,127 

Final resolution (Å) 10.2 10.4 12.6 13.6 14.7 15.8 

EMDB accession code EMD-5991 EMD-5992 EMD-5993 EMD-5994 EMD-6118 EMD-6119 
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