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ABSTRACT 

Human papillomaviruses (HPVs) are non-enveloped DNA viruses that infect genital and 

mucosal epithelium and include strains carrying different levels of risk for the host upon 

infection, including potentially oncogenic high-risk strains. HPVs consist of a ~8 kb circular 

dsDNA genome encapsidated by two structural proteins: the major capsid protein L1 and the 

minor capsid protein L2. The pathway HPV uses to infect cells is not well understood; in 

particular many of the host cell factors that HPV requires for a successful infection have not been 

identified. Previous work indicates that L2 interacts with members of the adaptor protein (AP) 

protein complex family, which aid in the vesicular sorting and trafficking of endocytosed cargo. 

The goal of this project is to determine which AP complexes L2 interacts with, how these 

interactions occur, and the functions of these interactions during infection. L2 contains multiple 

Yxx! sorting signals, with varying degrees of conservation among HPV types. Yeast two-hybrid 

screens indicate that full-length L2 interacts with all isoforms of complexes AP-1 through AP-4 

and that smaller L2 peptides, each containing single Yxx! sorting signals, interact with fewer 

AP complexes. siRNA single knockdowns of each AP complex show varying effects on 

infectivity, with knockdown of µ1A having the largest effect. Infections with viruses containing 

mutations of these L2 sorting signals show decreased infectivity, strongly supporting a role of 

AP complexes in infection. These experiments also indicate that not all YXX! motifs within L2 

are involved in these interactions and some may be important for proper L2 folding and 

structure. Current work seeks to determine causes of these defects in infectivity and determine 

trafficking phenotypes of those mutant viruses to assess specific roles for L2-AP complex 

interactions. 

!



INTRODUCTION!

 Human papillomaviruses (HPVs) are non-enveloped DNA viruses that infect genital and 

mucosal epithelium and occur as numerous strains carrying different levels of risk to their host 

upon infection. Low-risk strains are non-oncogenic while high-risk strains are classified as 

potentially oncogenic, with HPV16 known as the causative agent of >50% of cervical cancer 

cases worldwide (1) The virus itself consists of a ~8 kb circular dsDNA genome contained 

within a ~60 nm icosahedral capsid (2) made up of two proteins: L1, the major structural protein, 

and L2 (Figure 1A), the minor structural protein that plays a number of other critical roles during 

infection (3,4). The pathway HPV uses to infect cells is not well understood; in particular many 

of the host cell factors that HPV requires for a successful infection have not been identified. 

After binding to the as-yet unknown entry receptor on the cell surface, HPV virions are 

endocytosed into the cell and are trafficked through acidic endo/lysosomal compartments during 

which L1 capsid uncoating occurs and from which the L2/genome complex is released to 

eventually reach the nucleus (Figure 1B). Although initially this trafficking was believed to 

occur through a clathrin-mediated pathway, recent evidence suggests that entry of HPV virions is 

actin-dependent, clathrin- and lipid raft-independent, and possibly occurs through a novel ligand-

induced endocytic pathway (5). In light of these recent studies, however, the method by which 

HPV enters and travels through the cell during infection remains unclear and the identification of 

host cell factors involved could help elucidate this process. Understanding the steps involved will 

lead to identify potential drug targets for the design of antiviral prophylactics and could lead to 

the design of better HPV vaccines. 

 Adaptor protein (AP) complexes are heterotetrameric protein complexes that are 

Figure 1: HPV composition and cellular invasion pathway (A) The HPV16 virus a ~60 nm 

icosahedral particle that consists of a circular dsDNA genome packaged within a capsid formed from 

360 L1 (major) and up to 72 L2 (minor) protein molecules condensed with cellular histones (scale bar 

= 100 nm) (cryoEM: courtesy of T.S. Baker). (B) Outline of the HPV-16 infection process of host 

cells. The entry pathway is thought to occur via a process most closely resembling macropinocytosis 

and maturation of the resulting endosomes believed to be responsible for dissociation of the capsid 

and release of the L2-genome complex. Additionally, recent evidence suggests that upon dissociation, 

L1 is transported to lysosomes for degradation while L2 and the genome are shuttled to the trans-

Golgi network (TGN), eventually reaching the cytosol and nuclear PML bodies. 

 



responsible for interacting with sorting signals of vesicle cargo and recruiting accessory proteins 

for the proper sorting of that cargo. Five different types of AP complexes (named AP-1 through 

AP-5) and two isoforms of the AP-1 and AP-3 complexes (referred to as A and B) have been 

identified to date, with little currently known about the recently discovered AP-5 complex.  Each 

AP complex contains two large subunits (!+"1, #+"2, $+"3, and %+"4), one medium µ subunit 

(µ1-4), and one small subunit (&1-4). As shown in Figure 2, the overall AP complex structure 

can be thought of as having core and tail regions, with the C-termini of the two large subunits 

making the two “tails” and the N-termini of the two large subunits along with the medium µ and 

small & subunits representing the core (6). The #, ", and ! ears likely are involved in recruiting 

accessory proteins to membranes that the AP complex is binding to, with the " subunits (except 

for "4) able to interact with clathrin. The function of the & subunits is currently unknown (7). 

!

!

"igure 2: Adaptor protein complexes are a family of heterotetrameric proteins complexes. (A) 

Diagrams of the overall structures of AP complexes 1-4 highlighting the individual subunits and depicting 

ear, hinge, and head regions. Each µ subunit is made up of two different functional domains shown. (B) 

Each AP complex is expressed in certain cell types and has specific functions within those cell types, with 

functions and locations often overlapping. 

 All of the AP complexes are believed to mediate intracellular trafficking through their 

involvement with the trans-Golgi network and/or endosomes except for AP-2, which is involved 

with the plasma membrane and internalization of endocytic receptors (6,7,8). Additionally, AP-1, 

AP-2, and AP-3 complexes have all been found to associate with clathrin, which is attached to 

the membrane involved in sorting by the AP complex. AP complexes interact with the cargoes 

they sort through the C-terminal two-thirds of their medium µ subunits, which recognize YXX' 

motifs contained within the cytoplasmic domain of those transmembrane cargoes, while the N-



terminal third of each µ chain interacts with its corresponding " chains (Figure 2B). Each type of 

µ subunit also shows preferences for certain residues in and around the YXX' motif, although 

the contribution of this observation to the specificity of each AP complex is uncertain (7). 

Interactions of other viruses with AP complexes through these motifs have been shown to be 

critical to sorting processes in the life cycles of those viruses. Localization of hepatitis C virus 

(HCV) to the trans-Golgi network (TGN) largely occurs through interactions with AP2M1, the µ 

chain of AP-2, via a conserved YXX' motif in its core, as evidenced by lower TGN localization 

when this interaction was disrupted through various point mutations. Such localization is 

important for successful extra- and intracellular infectivity as shown by dramatic decreases in 

both due to the same mutations (9). Additionally, recent data has shown trafficking of HPV 

through the TGN (10), highlighting a further need for the involvement of sorting factors like AP 

complexes in the HPV life cycle. 

 One of the first steps in being able to fully elucidate the steps involved in HPV infection 

is the identification of host cell factors that are required for the infection process. To identify 

potential interaction partners of either capsid protein, we performed yeast two-hybrid screens of 

both capsid proteins with a human cDNA library and one of the strongest interactions was that 

between the minor capsid protein L2 and AP1-µ2 (µ chain of AP1B). Thus it is hypothesized that 

L2 interacts with at least one AP complex during infection, possibly in order to facilitate 

trafficking through the endosomal pathway prior to L1 degradation or through the TGN prior to 

nuclear localization. Here we show that L2 interacts with multiple members of the AP complex 

family with varying levels of binding affinity via specific YXX' motifs contained within its 

primary sequence. Following up on these results, we assess the infectivities of HPV 

pseudovirions defective for these mutations and distinguish between structural and interaction-

based causes of observed decreases in infectivity and provide further evidence confirming the 

interaction of L2 with AP complexes during infection. 

 

MATERIALS AND METHODS 

Yeast two-hybrid screen 

 Competent yeast cells of either the Y187 or Y2HGold strain were produced using the 

Yeastmaker
TM

 Yeast Transformation System 2 kit (Clontech 630439, 630489, & 630490) with 

the following modifications: initial overnight culture was made from multiple yeast colonies 

suspended in 1mL YPDA via vortexing, which was then placed in 50mL YPDA and shaken at 

30°C overnight thus skipping the 3mL overnight culture step. Dilution of that 50mL overnight 

culture was done using ~20mL overnight culture in YPDA broth for a total volume of 300mL, 

which was grown to an OD600 of 0.15-0.3 and the remainder of the manufacturer’s protocol used. 

“Bait” and “prey” plasmid constructs were transformed into Y2HGold and Y187 yeast lines, 

respectively, also using the Yeastmaker
TM

 kit, according to the manufacturer’s instructions with 

the following changes: volumes of competent cells, carrier DNA, plasmid DNA, and PEG/LiAc 

were altered slightly from manufacturer’s protocol. After incubation at 42°C, transformed cells 

were incubated on ice, spun briefly, resuspended in 150 µL YPD broth, spun, and resuspended in 

150 µL 0.9% (w/v) NaCl solution. 

 Yeast two-hybrid screens were performed using the Matchmaker
TM

 Gold Yeast Two-

Hybrid System (Clontech 630489) according to the manufacturer’s instructions with the 

following changes. Prey constructs were created using the pGADT7 backbone with the exception 

of constructs containing the C-termini of AP complex subunits µ1A, 1B, 2, 3A, 3B, and 4, which 

were contained within pACT2 backbones (µ subunit constructs a kind gift of Juan S. Bonifacino) 



and were treated the same as prey constructs with the pGADT7 backbone. High-stringency 

screening of mated yeast colonies containing bait constructs with short peptides of L2 containing 

various YXX' motifs was done on low stringincy SD/-Leu/-Trp/-His/X-#-gal instead of high 

stringency QDO/X/A plates. 

 Plasmids were isolated from yeast colonies grown on the highest stringency plate during 

the initial human cDNA library screening were isolated using the QIAprep
®

 Spin Miniprep Kit 

(QIAGEN) with a modified procedure developed by Michael Jones, Chugai Institute for 

Molecular Medicine, Ibaraki, Japan. Briefly, our version of this procedure follows the 

manufacturer’s protocol omits the QIAprep spin column wash with Buffer PB and has a 

modification to the resuspension step in which all 3mL of overnight culture were spun at 13,000 

rpm and cells were resuspended in 250 µL Buffer P1 with 0.1 mg/mL RNase A then transferred 

to 1.5mL microcentrifuge tube. 50-100 µL acid-washed glass beads were added to the cell 

suspension and vortexed for 5 minutes and the suspension was allowed to sit so that beads 

settled. The resulting supernatant was transferred to a new 1.5mL microcentrifuge tube and the 

standard QIAprep
®

 Spin Miniprep Kit protocol used for the remainder of the DNA isolation. 

 

Cells and viruses 

 Cell culture, HPV16 production and purification were performed as previously described 

(11) except that HaCaT cell lines were also maintained in Dulbecco’s modified Eagle medium 

(DMEM) high-glucose medium (Sigma D5796) supplemented with 10% bovine growth serum 

(BGS) (HyClone SH30541.03) and antibiotic/antimycotic (Sigma A5955). Only virions 

containing luciferase-expressing reporter plasmids were produced. 

 After HPV16 production and purification, the purity and relative amounts of L1 and L2 

in the resulting virions were determined using SDS-PAGE and Coomassie blue staining and 

genome content determined using SYBR green quantitative PCR, which was initially done using 

iQ
TM

 SYBR
®

 Green Supermix (BioRad 170-8880) on a BioRad MyiQ cycler and later done 

using Maxima SYBR Green qPCR Master Mix without ROX (Thermo Scientific K0251) on a 

QIAGEN Rotor-Gene Q cycler. The concentrations of L1 and capsids for produced virions were 

determined by determining the DNA concentrations of the virion samples using a NanoDrop 

spectrometer (Thermo Scientific) to measure absorbance at 260 nm. 

 

Infections 

 HaCaT cells were seeded in a 24-well plate at 50,000-60,000 cells/well and infected with 

wild-type or mutant HPV16 at an MOI of 1,000-2,000 viral genomes/cell in 0.5 mL HaCaT 

infection media (DMEM-Ham’s F12 medium (Sigma D6421), supplemented with 10% FBS 

(HyClone SH30396.03) 4x minimal essential medium (MEM) amino acids (Sigma 5550), and L-

glutamate-penicillin-streptomycin (Sigma G1146)). Continuous infection was performed at 37°C 

for 24 hours at which point cells were washed and lysed with 0.1mL per well 1x reporter lysis 

buffer (RLB) (Promega E3971) and infectivity levels measured with a DTX-800 multimode plate 

reader (Beckman Coulter) by firefly luciferase assay according to the manufacturer’s instructions 

(Promega E4550). Denaturing and reducing SDS-PAGE followed by anti-glyceraldehyde-3-

phosphate dehydrogenase (anti-GAPDH) Western blots were performed to normalize luciferase 

data. 1xRLB lysates were diluted and boiled for 5 min. at 95°C in denaturing and reducing SDS-

PAGE buffer (62.5 mM Tris, pH 6.8, 10% glycerol, 2% SDS, 5% 2-mercaptoethanol, 0.5% 

bromophenol blue). Gels were transferred to a nitrocellulose membrane, blocked in 1x Tris-

buffered saline-Tween (TBST) with 5% milk. Rabbit anti-GAPDH (Cell Signaling 2118) was 



used at a 1:5000-1:6000 dilution in TBST plus 4% milk, 4% BSA, and 1% goat serum. Goat 

anti-rabbit DyLight IR800 conjugate secondary antibody (Pierce 35521) was used at a 1:10,000 

dilution in 1xTBST with 5% milk. 

 

L2 mutagenesis 

pXULL variants containing one or more point mutations within L2 were generated using the 

QuikChange II XL system (Stratagene 200522), with amount of template pXULL increased to 

100 ng for difficult to perform mutations. Mutations were verified via HindIII restriction enzyme 

digest and sequencing of the portion of L2 containing the desired mutations. 

 

siRNA knockdown experiments 

 Pools of siRNA duplexes against µ1A (AP-1µ1; sc-97430), µ1B (AP-1µ2; sc-72509), µ2 

(AP-2µ1; sc-60184), µ3A (AP-3µ1; sc-60177), µ3B (AP-3µ2), and µ4 (AP-4µ; sc-43616) were 

obtained from Santa Cruz. HaCaT cells were transfected with siRNAs and subsequently infected 

as described previously (11) and infectivity levels were determined following the Luciferase 

protocol described above. To detect knockdown levels, the 1x RLB lysates of transfected cells 

were analyzed by SDS-PAGE and Western blotting. Lysates were diluted and boiled for 5 

minutes at 95°C in denaturing and reducing SDS-PAGE loading buffer. Gels were transferred to 

a polyvinylidene difluoride (PVDF) membrane and block in 1xTBST plus 5% milk. Primary 

antibodies were obtained from Protein Tech and used at 1:500 dilutions in 1xTBST with 5% 

milk and were rabbit anti-µ1A (AP1µ1; 12112-1-AP), anti-µ1B (AP1µ2; 10618-1-AP), anti-µ2 

(AP2µ1; 12429-1-AP), anti-µ3A (AP3µ1; 12114-1-AP), anti-µ3B (AP3µ2; 11925-1-AP), and 

anti-µ4 (AP4µ1; 11653-1-AP). Goat anti-rabbit horseradish peroxidase (HRP)-labeled secondary 

antibody was used at a dilution of 1:10,000. Supersignal West Pico chemiluminescent substrate 

(Pierce 34080) was used. Films were scanned and processed with Adobe Photoshop software. 

 

L1 degradation assays 

 HaCaT cells were seeded at ~130,000 or ~250,000 cells per well in either 6-well plates or 

35-mm diameter single culture dishes in enough HaCaT infection media for a total volume of 3 

mL/well and grown overnight. To bind virus, cells were first chilled at 4°C for 30 min then 

incubated at 4°C in 1 mL/well HaCaT infection media containing 150 ng of virus for 1 hour. 

Cells were then washed twice with 1 mL/well cold HaCaT infection media to remove unbound 

virus then placed in 2 mL/well cold HaCaT infection media and placed at 37°C to begin 

internalization of viruses and infection, from which lengths of infections were determined for the 

desired time points. 

 Upon completion of a time point, media was aspirated from each well and cells were 

harvested by incubation in 500 µL/well 0.05% trypsin-EDTA at 37°C for 15 min followed by 

neutralization with 500 µL 37°C HaCaT infection media and transfer of cells to a 

microcentrifuge tube. Cells were pelleted by centrifugation at 5000 rpm and 4°C for 3 min. 

Supernatant was then removed, cell pellet washed in 1 mL cold HaCaT infection media, and 

spun again for 3 min. at 5000 rpm and 4°C after which this step was repeated with the cell pellet 

being washed in 1 mL cold 1x PBS rather than media. 

 Assay results were obtained by performing Western blots to detect cleaved and uncleaved 

L1. After the final wash step, supernatant was removed and cell pellet resuspended in 

nonreducing SDS-PAGE loading buffer (62.5 mM Tris, pH 6.8, 10% glycerol, 2% SDS, 0.5% 

bromophenol blue, 4 mM N-ethylmaleimide, 2 mM phenylmethanesulfonyl fluoride (PMSF) 



(P7626), and 1x protease inhibitor cocktail (Sigma P8340)) then incubated at room temperature 

for 10 minutes with vortexing every 2 minutes to assist in protein denaturation and to inactivate 

free thiols. Prepared samples were then passed through a QIAshredder and loaded onto 10% 

Tris-glycine polyacrylamide gels. Gels were transferred to nitrocellulose and blocked in 1x 

TBST with 4% BSA, 4% dry milk, and 1% goat serum (4:4:1 block). Mouse monoclonal anti-L1 

(Abcam ab30908) was used at a dilution of 1:10,000 with 20% 4:4:1 block. Goat anti-mouse 

DyLight IR800 conjugate secondary antibody (Thermo 35521) was used at a dilution of 1:10,000 

in 1x TBST with 5% milk block. Western blots were imaged using the LI-COR Odyssey
®

 

system. 

 

RESULTS 

Yeast two-hybrid screen identifies AP complexes as potential L2 interaction partners 

 To identify potential interaction partners of either L1 or L2, a yeast two-hybrid screen 

was performed between prey from a human cDNA library and either full-length L1 or L2 baits. 

Mating efficiencies were higher than expected and an adequate number of clones were screened 

from each mating (Figure 3A). Many interacting partners were observed for the mating with full-

length L2, including a number of full-length and near full-length genes, and the interaction with 

the µ subunit of AP-1B was shown to be one of the strongest interactions based on the growth of 

yeast containing these interaction partners on high stringency selection media and the fact that 

the µ subunit gene identified was near full-length. This indicated that AP-1B and L2 may interact 

during infection, which prompted performing yeast two-hybrid screens to test for interactions 

between full-length L2 and the C-terminal cargo interacting domains of µ subunits of AP 

complexes 1-4. L2 most strongly interacted with µ1A, showed some interaction with µ2 and 

µ3A, and weakly interacted with µ4 (Figure 3B). 

 AP complexes interact with their cargoes mainly via YXX' motifs and L2 contains a 

number of YXX' motifs that vary in their conservation amongst oncogenic HPV types. Yeast 

two-hybrid screens were used to assess interactions between fragments of L2 containing the most 

highly conserved YXX' motifs and the C-terminal domains of µ subunits 1A-4. Annealed oligos 

encoding each particular YXX' motif and the three preceding residues were cloned into 

pGGBKT7 bait plasmids and screened for interaction with each µ subunit prey plasmid. A small 

number of YXX' motifs from L2 show interactions with a limited number of µ subunits, with 

only the well-conserved YXX' motif at residue 72 showing interactions with multiple µ 

subunits (Figure 4). Yeast matings involving the YXX' motif peptides and µ subunit C-termini 

had to be plated on lower-stringency SD/-Leu/-Trp/-His/X-#-gal plates rather than the high 

stringency SD/-Leu/-Trp/-His/-Ade/X-#-gal. Thus interactions between full-length L2 and the µ 

subunit C-termini were stronger as evidenced by this requirement for change in the level of 

stringency of the selection media, which had to be lowered for matings with YXX'-peptides in 

order to achieve significant yet still selective growth. 

 Previous studies have shown that each AP complex exhibits some degree of sequence 

specificity, which although not a primary factor in determining their specific functionalities 

provides additional information with which to compare results of the yeast two-hybrid screens 

(7, 12). The YXX' motifs of L2 that interacted with µ1A, µ1B, µ2, and µ3A fit this specificity 

to varying degrees, with all the YXX' motifs in L2 examined not fitting the profile proposed for 

interaction with µ4. Both µ1A and µ1B have been shown to prefer leucine at the ' site and 

neutral residues at the X sites and interacted only with 
72

YIPL
75

, which fits both categories. µ2 

prefers leucine at the ' site and basic residues at the X sites and interacted with both 
72

YIPL
75

 



and 
303

YSRI
306

 motifs, with the motif at 72 fitting the leucine preference and the motif at 303 

containing basic arginine as one of its X residues. Also, HPV types other than type 16, including 

oncogenic type 31, possess YXXL motifs at the 303 position thus further supporting interaction 

of L2 with µ2. µ3A prefers isoleucine at ' and acidic residues at the X positions and interacted 

with 
72

YIPL
75

 and 
193

YEEI
196

 motifs and while the motif at 72 fits neither preference the motif at 

193 fits both preferences. This support for interaction of L2 with those µ subunits listed is 

lacking for the µ4 subunit, which prefers phenylalanine at the Y-1 position, asparagine at the 

Y+1 position, proline or arginine at the Y+2 position, and phenylalanine at the ' position. Only 

a very small number of the YXX' motifs investigated as they are in 13 different HPV types 

contain residues that fit any of these preferences and thus offer very little support for the 

interaction of µ4 with L2. 

 

 

Figure 3: (A) Statistics for initial mating between human cDNA library preys and full-length L1 or 

L2 baits. Mating efficiencies for both screens are higher than the expected 2-5% and the number of 

clones screened for both baits was sufficient. (B) Results from yeast two-hybrid screen between full-

length L2 and C-termini of µ subunits. Mating between full-length L2 and dynactin 6 used as a 

positive control. Amounts of cells plated decreased from left to right by 10-fold per column, with 

higher cell growth and deeper blue color indicating stronger interactions. 



 
!
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Figure 4: Yeast-two hybrid screen identifies possible L2 YXX!-µ subunit interactions Diagram 

showing residue locations of YXX' motifs in L2 tested for interaction with µ subunit C-termini. 

Sequence alignments of these motifs between 10 of the most oncogenic HPV types are shown with 

colored lines indicating positive interactions. 

Environment of the 72 YXX! motif supports interaction with AP complexes 

 Additional evidence for the interaction of L2 with AP complexes during infection came 

from looking at the sequence environments of the different YXX' motifs in L2 that were chosen 

for more specific studies of interactions. The motif at residue 72 is located just downstream of a 

transmembrane domain (Figure 5), which mimics the known transmembrane targets of AP 

complexes that bind via their cytoplasmic tails. This points to a possible scenario for L2 

interaction with an AP complex that would involve the transmembrane domain of L2 oriented so 

that the YXX' motif at 72 juts out into the cytoplasm of the cell to promote interaction. The fact 

that the YXX' motif at residue 72 is very well conserved amongst ten of the most common 

oncogenic HPV types compared to other YXX' motifs in L2, with the identity but not nature of 

residues at the Y+1 and ' positions sometimes differing between types, also indicates that this 

motif is important for the virus. 



!

Figure 5: Sequence environment of YXX! motif at residue 72 supports interaction with AP 

complexes. Investigation of the sequences surrounding the different YXX' motifs in L2 chosen for 

further study revealed the presence of a transmembrane domain just upstream of the motif at residue 72, 

which supports interactions of this motif with AP complexes, which bind transmembrane cargoes for 

directed transport. 

Knockdowns of AP complexes have varied effects on infectivity 

 To assess the importance of AP complexes on infectivity, AP complexes were knocked 

down in HaCaT cells, which were subsequently infected with wild type HPV16 and the 

infectivity levels measured via a luciferase reporter assay. Successful knockdown of µ1A, µ1B, 

and µ3B was observed while knockdown levels for other µ subunits were unable to be accurately 

assessed due to a lack of suitable antibodies (Figure 6a). As shown in Figure 6b, varying effects 

of µ subunit knockdown on infectivity were observed, with knockdowns of µ1A, µ2, and µ3B 

causing significant decreases in infectivity while knockdown of µ4 caused a significant increase 

in infectivity. More significant decreases in infectivity are more likely to be indicative of 

disruption of an interaction that is important for infection while subtle decreases may indicate 

only a brief or weak interaction or disturbance of normal cellular functions as a result of protein 

knockdown. Removal of µ1B caused no significant decrease in infectivity, which is somewhat 

consistent with yeast two-hybrid results, as full-length L2 does not interact with µ1B. Effects of 

µ4 knockdown on infectivity were somewhat unexpected as no L2 YXX' peptides were shown 

to interact with µ4, although full-length L2 did interact with µ4 at a relatively low level. Possible 

causes of this discrepancy include the artificial environment of the yeast two-hybrid system and 

differences between the structures of L2 as part of a two-hybrid screen and as part of the viral 

capsid. Also of note is the decrease in infectivity caused by knockdown of the µ3B complex, 

which is normally expressed in neurons and thus is not expected to interact with L2 as neurons 

are not subject to infection by HPV. Alterations in the phenotype of HaCaT keratinocytes due to 

prolonged culture and passaging of cells in vitro could cause µ3B expression in cells that do not 

normally express it. Overall, results from siRNA knockdowns indicate some importance of AP 

complexes in HPV infection but do not offer a clear argument about whether AP complexes aid 

or hinder infection, which may be evidence of a more complex role for the different complexes.  



HPV16 with mutated YXX!s in L2 show decreased infectivity 

 To determine if the YXX's in L2 shown to interact with µ subunits are important for 

infectivity, mutations to HPV16 pseudovirions (PsVs) were made in which one YXX' motif in 

L2 was converted to AXXA to eliminate the ability of that motif to interact with AP complexes. 

Mutant viruses showed comparable genome levels to wild type viruses by real-time qPCR and 

had normal protein levels (Figure 7a), thus mutations did not affect virus assembly and 

infectivity levels of the different viruses are comparable. Only a subtle decrease in infectivity 

compared to wild type virus was observed with mutation of the motif at residue 72 while more 

significant decreases in average infectivities of 53% and 62%, respectively occurred for viruses 

with mutations at either the residue 193 site or both the residue 72 and 193 sites (Figure 7b). The 

lack of further significant infectivity decrease for the double mutant is in disagreement with the 

possibility of these two motifs acting synergistically in recruitment of AP complexes. 

 A near-complete elimination of infectivity was obtained upon mutation of the YXX' 

motif at residue 303 to AXXA. Such a dramatic decreases raises the possibility that structural or 

Figure 6: siRNA knockdowns of AP complexes show varied effects on infectivity. (A) Western blots 

showing successful knockdown of µ1A, µ1B, and µ3B subunits via siRNAs shown by the decrease in 

intensity of the 50 kDa band in the experimental sample compared to scramble negative control. (B) 

Average % infectivity values of multiple experimental trials with standard deviations indicated. 

Significant decreases in infectivity observed for µ1A, µ2, and µ3B while a significant increase in 

infectivity is shown for µ4. 



folding defects are the complete abrogation of infectivity rather than loss of interaction with one 

or more AP complexes. Additional substitution mutations of the critical YXX' motifs to 

structurally similar FXX' motifs, which show severely decreased levels of interaction with AP 

complexes (13,14), will be used to differentiate between folding defects and true YXX'-µ 

subunit interaction defects. 

 

 

Infectivity of HPV16 harboring YXX! mutations is not MOI-dependent 

 Typical HPV viral preps contain a mixture of virions containing the relevant pGL3 

plasmid genome ,which encodes luciferase, and particles encapsidating irrelevant cellular DNA 

fragments. To examine any possible effects from excess “irrelevant” virions acting in trans on 

luciferase-encoding virions during infection, we tested the effects of MOI on infectivity for the 

L2 Y72A L75A mutant. In theory, large numbers of genome-free capsid could interact with host 

cell factors to enhance infectivity and help mask or reduce defects in infectivity caused by 

mutations to YXX' motifs. While the decreases in average infectivity of the mutant virus at 

each particular MOI differ, the standard deviations of those infectivity values indicate that 

overall, there is no significant effect of the MOI value on the defect in infectivity as caused by 

the YXX' ! AXXA mutation at residue 72 (Figure 8). Taking that into consideration, the L2 

Y72A L75A mutant appears to be between 25-45% less infectious than its wild type counterpart, 

which is more than the average defect in infectivity of 20% for the same virus type observed in 

previous experiments. 

Figure 7: Knockdown of YXX! motifs in L2 via substitution mutations decreases infectivity. (A) 

Denatured and reduced mutant viruses harboring YXX' !AXXA knockdowns of the indicated motifs 

show normal levels of L1 and L2 proteins compared to wild type virus by Coomassie-stained SDS-

PAGE gel. (B) Conversions of any of the three YXX' motifs in L2 shown to interact with one or more 

µ subunits leads to decreased infectivity. 



!

Figure 8: Varying MOI levels does not appreciably alter infectivity levels. Average percent infectivity 

levels of HaCaTs infected with different levels of virus per well. Infectivities of the L2 Y72A L75A virus 

are consistently lower than those of the wild type virus and average values of infectivity vary between 

MOIs, however, standard deviations for each L2 Y72A L75A infectivity overlap. 

 

L1 degradation is detectable by Western blot 

 

 Many of the AP complexes play roles in the endo/lysosomal trafficking pathway thus the 

degradation of L1 at different times during infection was monitored for infections with both wild 

type and mutant viruses to determine if YXX' mutations in L2 affect the rate at which L1 is 

degraded. Infections of different sets of HaCaT cells were synchronized by first allowing viruses 

to bind to cell surfaces and washing off all non-bound viruses so no additional viruses could bind 

Figure 9: Degradation of L1 upon endosomal trafficking is detectable by Western blot. 

Synchronized infections of HaCaT cells performed with HPV16 wt-Luc virus, with infections halted and 

cells harvested at time points of 0, 1, 2, 3, 4, 5, and 6 hours. The L1 degradation product of interest is the 

~25 kDa band that begins appearing after 1 hour of infection. 



and enter the cells after timing had begun to allow for the state of viruses post-infection to be 

monitored. Western blotting using an anti-L1 antibody indicated that about the same amount of 

viruses was present either bound or internalized in the infected HaCaT cells as shown in Figure 9 

by the fairly consistent levels of >37 kDa bands and by the fact that the level of the L1 

degradation band at ~25 kDa plateaus at the four hour time point showing that additional virus 

did not enter cells after the start of the time-course experiment.  This indicates that this procedure 

is indeed effective at ensuring synchronous starts to infection. Additionally, the resulting blot 

shows that for wild type viruses, degradation of L1, as indicated by the appearance of a ~25 kDa 

band, begins sometime before one hour after the start of infection. 

 

Infections of CHOs with YXX! mutant yields opposite trend in infectivity compared to HaCaTs 
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Figure 10: Infections of CHO K1 cells by wild type and L2 Y72A L75A mutant viruses yields a 

trend in infectivity that is opposite of that in HaCaTs. CHO K1 cells were infected with either wild 

type or L2 Y72A L75A viruses via the same procedure with the same initial cell number per well and 

MOI as HaCaT cells. Infectivities of both viruses were measured via a luciferase assay and infectivity of 

the L2 Y72A L75A virus was roughly 80% larger than that of its wild type counterpart, with very little 

change in this trend due to standard deviations. 

 In order to determine the effects of infecting additional cell lines with HPV16 viruses 

containing defects in L2 YXX' motifs, CHO K1 cells were infected with either wild type or L2 

Y72A L75A mutant HPV16 viruses according to the standard protocol for infection of HaCaT 

cells and infectivities of both virus types measured via luciferase assays. Surprisingly infection 

results reveal a trend opposite to that observed in HaCaTs: infectivity of the L2 Y72A L75A 

mutant virus is almost 80% higher than wild type virus in CHOs, with standard deviations of 

both average infectivities barely altering this trend. A repeat of this infection experiment yielded 

the same results. The cause of this drastic difference in infectivity trends is currently unknown. 

One possible reason for this difference is the fact that HaCaT and CHO cell lines are from very 

different sources, HaCaT cells being derived from human keratinocytes and CHO cells coming 

from Chinese hamster ovary cells. Although AP complexes are present in a variety of types of 

organisms ranging from Drosophila melanogaster to C. elegans to mammalian cells in general, it 

is possible that differences in either the AP complexes themselves, their specific roles in the cell, 

or their expression patterns exist between HaCaT and CHO cell lines that could lead to such 

differences. 



 

DISCUSSION 

 Despite the prevalence of HPV and the oncogenic risks of many types of HPV, little is 

known about the actual infection pathway the virus uses and the host proteins it interacts with 

during infection. Initial yeast two-hybrid screens indicated a multitude of potential interaction 

partners of L2, the minor HPV capsid protein, with a few choice candidates representing the 

most likely interaction partners based on sequence length of the interacting protein and the 

strength of the interaction. One of those was the cargo-binding µ-subunit of a member of the AP 

complex family, a family of complexes that are responsible for directing cargo throughout the 

cell. Further yeast two-hybrid screens indicate that L2 interacts with multiple members of the AP 

complex family via multiple YXX' motifs. siRNA knockdowns of each AP complex indicate 

that they play varying roles in infection and infections with YXX' mutants in HaCaT cells 

indicate that those motifs likely are important for infection. Infections in CHO cells yield 

opposite infectivity trends to those shown through HaCaT infections, indicating the possible 

existence of multiple viable routes for HPV infection based on cell type and the pathways 

available. 

 The results obtained do not strongly support a model of HPV infection that involves the 

only a single AP complex. Instead, it appears more likely that multiple AP complexes play roles 

in infection and that no single AP complex is absolutely critical to infection. Yeast two-hybrid 

screens indicate that full-length L2 interacts with three out of the five AP complexes studied and 

that multiple YXX' motifs within L2 interact with four out of five AP complexes when 

examined collectively. Interactions between individual motifs in L2 and µ subunits were only 

detectable when lower stringency selection media was used, indicating that the interactions 

between individual YXX' motifs and µ subunits may be relatively weak and thus may either be 

transient or may occur with multiple YXX' motifs. 

 The lack of an additive decrease in infectivity for virus containing both YXX'!AXXA 

mutations at residues 72 and 193 with respect to the decreases in infectivity observed for viruses 

containing only one of these mutations indicates that there is not a synergistic effect from 

multiple YXX' motifs transiently interacting with the same AP complexe(s). The YXX' motif 

at residue 72 is by far the most promiscuous of the motifs in L2 shown to be involved in 

interactions with AP complexes, with the single interacting partners of motifs at residues 193 and 

303 also interacting with the 72 motif. Knockdown of this motif only led to a small decrease in 

infectivity, which could indicate that AP complexes are able to interact with other motifs to 

compensate for this loss or that another infection pathway less reliant on AP interactions may be 

available that is favored in such a situation where AP complex interactions are hindered. The 

existence of multiple viable pathways that HPV can take during a successful infection may also 

explain the discrepancy between infectivity trends observed for infection of CHO K1 cells 

compared to HaCaT cells, although slight differences in the AP complexes expressed in CHO K1 

cells compared to human derived HaCaT cells may also account for this difference. 

 There are still many major questions that remain to be answered about the exact roles, if 

any, of the AP complexes during infection. The importance of the YXX' motifs identified in L2 

needs to be confirmed beyond the yeast two-hybrid screens and infections with YXX' mutant 

viruses that have already been performed. Both methods have their limitations: the yeast two-

hybrid screens only test interactions with small peptides containing the individual YXX' motifs, 

which likely do not reflect the actual structures the motifs are a part of in the fully assembled 

virus, and take place in yeast cells that have drastically different environments then mammalian 



cell lines or actual tissues. These factors could cause the yeast two-hybrid to identify interactions 

that do not actually occur during infection due to a motif being masked or in a conformation that 

does not allow for proper binding. As shown previously, there are two main pockets in µ 

subunits in which the YXX' motif of a given cargo must interact with for proper binding: one 

pocket that contains arginine and glutamate residues that stabilize the tyrosine and a hydrophobic 

pocket that stabilizes the ' residue (15). By using small peptides, flexibility in structure may be 

introduced that allows the motif to bind both pockets of the µ subunit that is not present for those 

same motifs when part of native L2 in the structural context of the virion. More realistic systems 

to test for interactions need to be employed to confirm these results. 

 For infections with YXX' mutant viruses, it is currently unknown whether defects in 

infection are truly caused by the loss of interaction with one or more AP complexes or whether 

there are structural defects caused by these mutations that hinder infection. Future work will use 

infections with YXX'!FXX' mutant viruses to address this question as the substitution of 

phenylalanine for tyrosine has been shown to eliminate interaction with AP complexes but 

should retain the structural nature of this motif. Finally, to confirm interactions between L2 and 

each µ subunit and to confirm loss of those interactions upon mutation of the YXX' motifs, a 

split-luciferase assay will be developed based on previous work as these assays have high 

sensitivity and are thus useful for difficult to detect protein-protein interactions (9,16). In a split-

luciferase assay, two proteins of interest are fused to different halves of a luciferase protein such 

as that found in Gaussia species. If the two proteins of interest interact, the two halves of the 

luciferase protein are brought into close proximity to each other such that the luciferase protein 

can be reconstructed and act on supplied substrate. The relative strength of the fluorescent signal 

produced by this interaction can then be determined and thus give an indication as to whether the 

proteins of interest chosen interact and to what level. Results from such an assay could also be 

used to compare strengths of confirmed interactions between L2 and different µ subunits to 

determine which, if any, such interactions may be more important during infection. 
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