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Fig. 4. Mutational analysis of the stem-loop IId domain. (A) Schematic representation of the predicted swondmy structures of the IId domain of mutated reporters

used in this study. (B) The core protein and Inciferase reporters are expressed as described in the legend to Fig. 3

determined and presented as described in the legend to Fig. 3C.

Mutational analysis of the stem-loop Illd domain

To further investigate the functional role of the stem-loap
IIId domain (nt 253-279) in core protein-mediated inhibition
of HCV ftranslation, we engineered stem-loop Ifld domains
with the following four mutations (Fig. 4A): (1) IIId-1Luc, in
which the A at nt 275 was changed to UC, thus forming a
double-stranded structure instead of a bulge loop in the I1ld, (2)
Id-2Luc, in which the GGG triplet (nt 266—268) was changed
to a CCC triplet within the loop of stem-loop IId, (3) 2a2bLuc,
in which the U at nt 262 and the C at nt 270 were changed to C
and U, respectively, thus changing the genotype to 2a/2b, and
(4) BVDVLuc, in which the stem-loop IId (nt 254-274)
sequence was changed to that of bovine viral diarrhea virus
(BVDV)-1. Cells that did or did not express the core protein
were transfected with each of the above described reporter
RNA transcripts, after which luciferase activity was measured.
As shown in Fig. 4B, IIId-2Luc, containing a mutation of the
GGG triplet of the apical loop, demonstrated no inhibition of
HCV IRES-mediated translation by the core protein, whereas
IId-1Luc, containing a mutation within the bulge loop
structure, showed only a marginally reduced inhibilory effect
of the core protein. We previously demonstrated that HCV core
protein binds most efficiently to (1) the stem-loop IiId domain,
compared to other structural domains of the 5UTR, and to (2)
G octamer (Gg), as opposed to Ag, Cs, and Uy, using a
quantitative SPR method (Tanaka et al., 2000). Thus, the
results obtained here suggest that the apical loop is a critical
recognition site for translational inhibition by the core protein.
It is likely that the inhibitory activity of the core protein on
HCV IRES-mediated translation is related to its efficiency of
RNA binding.

We also observed the core protein to exert an inhibitory
effect on translation directed by either 2a2bLuc or BVDVLuc,

3, except reporters indicated. HCV IRES activity was

similar (o that observed with wild-type HCVLuc, involving a
5'UTR sequence of genotype 1. Since the IIId domain
sequence of HCVLuc is conserved among genotypes 1, 3,
4, and 5 and since that of 2a2bLuc is shared with genotype 6,
it appears thal inhibition of HCV iranslation by the core
protein i independent of the viral genotype and occurs in
most HCV isolates. Sequence alignment of HCV and various
pestiviruses showed that, although the primary nucleotide
sequence of the Illd domain exhibits considerable variability,
the predicted secondary structure of the domain is highly
conserved among these viruses as reviewed previously
(Rijnbrand and Lemon, 1999). Furthermore, the GGG triplet
followed by U at the apical loop and one bulge loop in the
domain are well conserved among HCV and pestiviruses.
Thesc suggest that the nucleotide sequence of the apical loop,
particularly the GGG triplet, is more important (han the stem-
structure sequence of the IId domain for core protein-
mediated translational inhibition.

Relationship between translational inhibition and ability of the
core protein to bind to the Illd domain within the 5 UTR

To investigate the relationship between inhibition of HCV
translation by the core protein and ability of the core prolein io
bind to IIld RNA, we prepared two biotinylated oligo RNA
molecules, Ild-1 and TITd-2 (nt 251-282), containing identical
mutations in the bulge and apical loops of their I1ld domains as
the mutated reporters IHd-1Luc and Id-2Luc, respectively
(Fig. 4A). These mutant or wild-type oligo RNA (TIId-wt)
molecules wore then coupled to streptavidin-coated sensor
chips and allowed to bind to purified recombinant core protein.
The results of subsequent SPR analysis using a BlAcore
biosensor are shown in Fig. 5. The core protein was observed
to bind to HId-1 RNA as efficiently as to llld-wt RNA,
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Fig. 5. Binding of the core protein to oligo RNAs cormresponding to the mutated
1Id domains. The real time binding between the core protein and wild-type
(I11d wi) or mutants ({Uld-1 and 111d-2) of the stem-loop 1id was examined.
Biotinylated oligonucleotides were immobilized of the streptavidin pre-coated
sensor chips followed by being exposed to 40 pl of the solution containing the
core protein (4 pg/ml) with a flow rate of & pl/min. The sample flow was
stopped, and the buffer washout began at 300 5. The amounts of immobilized
synthetic oligonucleotides, IId-wt, IId-1, and IIId-2 were 211.0, 206.9, and
212.4 resonance units, respectively.

suggesting that RNA mutations disrupting the bulge loop
structure have little or no effect on binding of the core protein.
In contrast, a marked reduction in binding affinity of the core
protein for mutant IIld-2 RNA was observed. As a negative
control, we found that the core protein does not bind to oligo
RNA comresponding to Ille or IIIf domain (data not shown;
Tanaka et al., 2000). It is likely that the apical loop sequence
and/or the GGG triplet are important for RNA binding of the
core protein, which is consistent with prior observations
suggesting that the core protein binds to G-stretch sequence(s)
with high affinity.
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Combined with the data shown in Fig. 4B, the inhibitory
effect of the core protein on HCV IRES activity correlates well
with its ability to bind to wild-type and mutated IIId RNA. In
light of the observation that the IIld domain is important for
IRES activity and from suggestion that the domain IIId
interacts with 408 (Otto et al., 2002; Jubin et al., 2000;
Lukavsky et al,, 2000; Spaha et al.,, 2001), the HCV core
protein may inhibit viral IRES-dependent translation by
preventing required interactions between RNA molecules and
the 40S by binding to the IRES sequence including the apical
loop of the IIId domain.

Role of basic-residue clusters within the core protein in
inhibition of HCV translation

The amino-terminal portion of the core protein is able to
bind to viral nucleic acids (Santolini et al.,, 1994). This region
contains three clusters of arginine- and lysine-rich sequences
(aa 5—13, 3843, and 58—71). To investigate the role of these
basic-residue clusters in inhibition of HCV translation by the
core protein, we constructed a series of core mutants, in which
lysine and arginine residues within one or more of the basic-
residue clusters of the core protein were substituted with
alanine residues, as depicted in Fig. 6A. Two days after
transfection with either wild-type (pCAGCI191) or core mutant
(pCAGC191ml-m7) constructs, the cells were cotransfected
with HCVLuc and capped-RLuc RNA. As indicated in Fig.
6B, core mutants containing alanine substitutions within one
ot two clusters (C191ml, m2, m3, m4, m5, and m6) retained
the ability to inhibit HCV IRES-mediated translation, similar
to the wild-type core protein. However, a core mutant with
alanine substitutions involving all three clusters, C191m7,
demonstrated little to no inhibition of translation. Expression
of the core protein in each transfectant was determined by
Western blotting (Fig. 6C), and none of the mutants influenced
cap-dependent translation (data not shown). These results
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Fig. 6. A role of basic-residue clusters within the core protein in mhibition of the HCV translation. (A) Schematic representation of the mutated core proteins
substituted in three basic aa clusters. Lysine or arginine residues substituted with alanine in the clusters are shown with outlined letters. (B) Two days after the
transfection with either wild-type (191) or mutated (191ml-m7) corc-expressing constructs, HepG2 cells were furiher cotransfected with HCVLuc and capped-
RLuc RNAs. Relative luciferase activities (RLU) were determined as deseribed in Materials and methods and the legend to Fig. 3. (C) The amounts of the wild-type
and mutant core proteins expressed in HepG2 cells are shown by Western blotting.
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suggest that all three basic-residue clusters of the core protein
can mediate inhibition of HCV translation and that at least one
cluster is required for inhibition,

Discussion

In this study, we investigated the mechanism by which the
core protein modulates HCV IRES activity using an in vivo
reporter assay and SPR technology. We demonstrated the
importance of a stem-loop [IId domain, spanning nt 253-279,
in corc protein-mediated inhibition of HCV TRES-mediated
translation. In a previous study, we demonstrated preferential
binding of the core protein to domain IId of the 5UTR
followed by domain I and a region spanning nt 2341 (Fig. 1),
upon examining 10 oligonucleotides corresponding to various
structured domains of the viral YUTR (Tanaka et al., 2000).
The core protein did not have an inhibitory effect on translation
directed by mutated IRES lacking the TIId domain. However,
translation initiated by IRES mutants with deletions of domain
I or nt 23-41 was significantly inhibited by the core protein to
a similar extent as wild-type IRES-mediated translation (Fig.
3B). Further mutational analysis was then used to determine
whether specific IId nucleotide sequences were important for
inhibition of translation by the core protein. We determined that
the GGG triplet (nt 266—268) within the TIId apical loop was
most critical for core protein-mediated inhibition (Fig. 4B).
Combined with the results of SPR analysis (Fig. 5), the data
presented here suggest that inhibition of HCV IRES-directed
translation by the core protcin depends on the binding
efficiency of the core protein for the viral IRES element.

Domain III, which is composed of six distinct regions
containing stem-loop structures, forms the core of the HCV
IRES and is essential for viral translation. Previous studies
suggest that domain I plays a role in recruiting the 408
ribosomal subunit and eIF3 by direct interaction with stem-
loops IIId/e/f and IIIb, respectively, even though the 40S
subunit makes multiple interactions with the IRES and also
binds to stem-loop II and the pseudoknot domain of the IRES
element (Kicft ct al., 2001; Kolupacva et al., 2000; Sizova ct
al., 1998). Stem-loop IId is a highly conserved region within
domain IIT in most HCV isolates, consisting of two double-
stranded helical elements separated by a 3-nt internal asym-
metric loop with a 6-nt hairpin loop at the distal end of each
helical region. IRES sequence deletions, including deletion of
stem-loop IIId, as well as point mutations, inhibit binding of
the 40S subunit and IRES function (Rijnbrand et al., 1995;
Honda et al., 1996; Kicft et al,, 1999). Specifically, substitution
mutations of the GGG triplet within the I11d apical loop region
produce significant loss of IRES activity, as well as alterations
in RNA folding, indicating that the GGG triplet is a critical
region for HCV translation (Kicft ct al,, 1999; Jubin et al.,
2000). In addition, antisense 2’-O-methyloligonucleotides
targeted to the Illd domain are known to compete with the
40S subunit for binding and to inhibit viral translation (Tallet-
Lopez et al., 2003). Moreover, the secondary structure of the
IId domain is important for binding of the §9 ribosomal
protein (Odreman-Macchioli et al, 2000). Consistent with

these observations, we also obscrved that deletion of the IITd
domain (AIlldLuc), or a G-to-C substitution within the GGG
triplet ([11d-2Luc), significantly reduced IRES activity.

Alihough the sequence of the IIId domain is highly
conserved, sequence polymorphism of the helical region exists
among the six major genotypes. With regard to nt 262 and nt
270 of the TIId domain, genotypes 1, 3, 4, and 5 of HCV encode
U (nt 262) and C (nt 270), respectively. On the other hand,
genotypes 2 and 6 encode C (nt 262) and U (nt 270),
respectively. We observed that translation directed by the IRES
sequence of genotypes 2 and 6 (2a2bLuc) was more efficient
than that directed by the IRES sequence of genotypes 1, 3, 4,
and 5 (HCVLuc) (Fig. 4B). Previous studies also demonstrated
differences in the efficiency of IRES activity among different
HCV genotypes and suggest that the 5UTR of genotype 2(b)
has the most marked IRES activity (Tsukiyama-Kohara et al.,
1992; Kamoshita et al,, 1997, Collier et al, 1998). Thus,
sequence polymorphism involving the helical region of Illd
might explain the observed variability in IRES activity when
comparing the 5UTR sequences of different HCV genotypes.
Expression of the core protein inhibits HCV translation
directed by 2a2bLuc to a similar or same extent as that
directed by HCVLuc. This finding suggests that inhibition of
viral translation by the core protein commonly occurs during
the HCV life cycle and is not limited to certain genotypes. The
deletion of the 5-proximal stem-loop domain I (AILuc)
significantly reduced IRES activity (data not shown), although
the ability of the core protein to inhibit translation was retained
(Fig. 3B). Published data regarding the role of domain I in
inhibition of HCV translation are not consistent. Some
researchers suggest that the 5'-proximal region containing
domain [ is not essential for HCV IRES activity (Honda et al.,
1996; Kamoshita et al, 1997). However, other researchers
suggest that this stem-loop element is required for opiimal
IRES-mediated HCV translation (Friebe el al., 2001; Fukushi
et al, 1994; Luo et al, 2003). We compared HCV IRES
activity mediated by monocistronic and bicistronic reporters
with deletion of domain I and found that an inhibitory effect of
the domain T deletion observed from the bicistronic reporter
was less evident than that from the monocistronic one: the
reduction in IRES activity caused by the deletion was 95% and
40% for the monocistronic and bicistronic constructs, respec-
tively. Although similar trends were observed in the previous
studies using cultured cells (Friche ct al., 2001; Luo ot al,
2003; Kamoshita ot al., 1997), in vilro transcription/translation
studies demonstrated that the translational efficiency of the
reporters deleted with domain T is higher than that of the wild-
type (Honda ct al., 1996; Kamoshita ¢t al., 1997). It may be
likely that differences in (1) gene constructs such as mono-
cistronic and bicistronic reporters and (2) host cell conditions
mfluence such inconsistent observations.

HCV core protein is highly basic, especially its N-terminal
half, and it is thought to encapsulate the viral genome within a
viral nucleocapsid. The RNA-binding domain of the core
prolein has been mapped to 75 aa residues within the N-
terminal, in which three clusters of highly arginine/lysine-rich
sequences are well conserved among HCV isolates (Santolini et

—104—



T. Shimoike el al. / Virology 345 (2006) 434445 441

al.,, 1994). We previously observed preferential binding
between the core protein and positive-stranded HCV RNA
spanoning the 5UTR and part of the structural-protein coding
region {nt 1-2327) (Shimoike et al., 1999). In this study, we
demonstrated the importance of three basic aa residue clusters
within the N-terminal region of the HCV core protein for its
inhibitory effect on viral IRES activity. At least one cluster is
required for inhibition of tanslation by the core protein,
Previous studies with a series of deletion mutants suggest that
aa 34-44 (Zhang et al., 2002) or aa 1-20 (Li et al., 2003)
within the core protein are crucjal for inhibition of translation
iitiated by HCV IRES. To investigate the contribution of these
basic-residue-rich domains within the core protein to inhibition
of viral translation, we employed substitution mutagenesis of
the full-length core protein in order to reduce the occurrence of
conformational changes in the core protein due to the
introduction of mutations.

Although an increasing body of evidence shows involvement
of the core protein in translational regulation, there are
conflicting data regarding the exact mechanism by which this
occurs. In contrast to studies describing direct inhibition of HCV
translation by expression of the core protein {Shimoike et al.,
1999; Zhang et al., 2002; Li el al., 2003), a recent report suggests
that the core protein modulates HCV IRES function in a dose-
dependent manner, with low amounts of the core protein
producing up-regulation and greater amounts resulting in
dowmn-regulation (Boni et al., 2005). The core protein does not
only inhibit translation initiated by the HCV IRES, but also cap-
dependent translation and translation initiated by encephalo-
myocarditis virus (EMCV) IRES (Li et al., 2003). In an earlier
study, neither cap- nor EMCV IRES-dependent translation were
inhibited by expression of the core protein (Shimoike et al.,
1999). Other studies suggest that the core protein-coding
sequence, but not the core protein itself, modulates HCV IRES
function, through along-range RNA —RNA interaction (Wang et
al., 2000; Kim et al., 2003). In the present experiment, however,
down-regulation of HCV IRES-directed translation by the core
protein-coding RNA sequences was eliminated by introducing a
base-substitution mutation into the N-terminus of the core
sequence in order to create a termination codon (Fig. 2). These
contradictory findings might be due to different experimental
conditions, such as the use of different reporter systems and host
cells, as well as different levels of core protein in the assays used.
To investigate the effect of the core protein on HCV IRES-
dependent translation, we employed in vivo RNA transfection of
monocistronic reporter constructs because HCV IRES is located
at the 5’ end of the viral genome, and not internally, thus making
it unpecessary to use a bicistronic reporter. Concerning
bicistronic contexts, the possibility that the first cistronic
sequence might influence IRES regulation directed by the
second cistronic gene cannot be excluded. There is evidence to
suggest that differences in translational regulation by the core
protein might exist among different cell lines, including HepG2,
Huh-7, and CV-1 cells (Wang et al., 2000; Li et al.,, 2003). We
also observed differences between HepG2 and Huh-7 cells in
terms of ability of the core protein to inhibit HCV IRES- and
cap-dependent translation, which was not observed in Huh-7

cells (data mot shown), as previously reported (Wang et al,,
2000). Such cell-type specific effects might be related to
differences in core protein expression since core protein
expression by the recombinant baculovirus AcCA39 seems to
be less abundant in Huh-7 cells, compared to HepG2 cells (data
not shown). It is also possible that a cell-specific factor(s) are
involved in translational regulation by the core protein. Thus,
some interaction(s) between the highly ordered HCV IRES
structure and/or the core protein and related host factors are
likely cell-type-specific. Our previous report showed difference
in the translation cfficiency mediated by HCV IRES among
human liver-derived cell lines, although the effect of the core
protein on their translation was not determined (Aoki et al.,
1998).

We performed the gel mobility shift assay to demonstrate
the inhibition of the interaction between the HCV 5'UTR and
the ribosome 40S subunit (40S). The complexes between
purified 40S and the radiolabeled HCV 5UTR (ot 1-330)
were detected, and the amount of this band was decreased in
the core protein-dose-dependent manner. In this condition, the
core—5"UTR complex was competed with a non-labeled oligo
RNA. corresponding to IId domain, but not with oligo RNAs
of domain IV. However, the complex between the core protein
and the 5'UTR was detected around the wells of the gel. To our
knowledge, there has been no published data that in the gel
mobility shift assay the core—5UTR complex runs into the gel.
Although these findings may support the idea that the core
protein directly prevents binding of 40S to the HCV IRES,
direct biochemical probing of the proposed interaction must
wait for the advances in the protein chemistry of the HCV core
protein.

Finally, based on the results of the present study and the
existing literature, we propose a model of down-regulation of
HCYV translation mediated by the core protein (Fig. 7). In HCV-
infected cells, the virus uncoats and releases its genomic RNA,
which serves as a template for protein translation. Highly
folded secondary and tertiary RNA elements in the 5UTR
function as ¢is signals for interaction with the 40S subunit and
elF3 during the initial process of HCV IRES-dependent
translation. The high affinity interaction between HCV IRES
and the 408 subunit is thought to be important for recruitment

 of the 43S particle to viral RNA, and the stem-loop IlId domain

is a prerequisite for this interaction. Since the core protein
binds most efficiently to the 1lId domain in the HCV IRES
element, it is relevant to note that the core protein may prevent
an essential RINA—40S interaction by blocking the IIId
domain, thereby reducing the viral translation efficiency. At
an early stage of the HCV replication cycle, translation of the
viral penome yields a polyprotein, which is subsequently
processed to yield individual mature proteins. At a certain
point, enough core protein is available to inhibit HCV
translation by competing with the 40S subunit for IRES
binding. Cells in which HCV translation is negatively
controlled may have reduced levels of core protein due to its
degradation by the ubiquitin/proteasome pathway (Suzuki et
al., 2001; Moriishi et al,, 2003), thereby decreasing the
inhibitory effect of core protein. Thus, the core protein may
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Fig. 7. Model for the regulation of HCV translation mediated by the core protein. Step 1: HCV translation is initiated through recognition of the 408 subunit and cIF3
by the IRES RNA tertiary structure. The viral polyprotein is expressed and processed into matared proteins, resulting in generation of the core protein. Step 2: The
expressed core protein binds to the stem-loop 11Id in the 5'UTR and inhibits the viral translation by competing with 40S subunit for binding lo the IRES. Siep 3: The
reduced translational efficiency results in decreasing the levels of HCV proteins and replication. Degradation of the core protein through the ubiquilin/proteasome
pathway may also contribute to reducing the amounts of the corc protein in cells. A low concentration of the core protein possibly leads to recovery of the

translational efficiency.

contribute, through its competitive interaction with the IRES
I1Id domain, to virus persistence by maintaining a low level of
HCV replication.

Materials and mecthods
Plaswmid construction

pT7AloopILuc (termed AlLuc in this report), a 271-nt
fragment containing a T7 promoter followed by nt 23249
from the 5 terminus of the HCV genome (clone NIHJI;
genotype 1b) (Aizaki et al., 1998), was amplified by PCR using
pT7HCVLuc (HCVLuc) (Shimoike et al,, 1999) as a template
and primers HindIIT7S (5-CCCAAGCTTTAATACGACT-
CACTATACACTCCACCATAG-3") and NhelAS (5'-CTAGC-
TAGCAGTCTCGCGCGGGG-3’). The PCR product was
digested with both MindIIl and Nkel and ligated with a 5.3-
kbp HindIlI-Nhel fragment of pT7HCVLuc. pT7A23-41Luc
(A23—-41Luc) was made using a QuickChange Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA) in order to introduce
a deletion of nt 23-41 from the 5 terminus, The primers used
for PCR were 23-418 (5 -CCTAGATTGGGGGCGACCCCT-
GTGAGGAAC-3") and the 23-41 AS complement (5'-
GTTCCTCACAGGGGTCGCCCCCAATCAGG-3'), and
pT7HCVLuc was used as a template.

pT7AlldLuc (AlIdLuc) was made by digestion of
pT7HCVLuc with Nhel and Stul, thereby generating 30-bp
(corresponding to the stem-loop IIId region), 1.8-kbp, and
3.8kbp fragments. After this, the 1.8-kbp and 3.8-kbp
fragments were isolated, blunt-ended, and then ligated.

pT72a2bLuc (2a2bLuc), pT7BVDVLuc (BVDVLuc),
pT7IId-1Luc (IId-1Tuc), and pT7HId-2Luc (Id-2ZLuc) were

made as follows. pT7HCVLuc was partially digested with Smul. A
5.6-kbp fragment was isolated and completely digested with Nhel.
The resulting fragment was ligated with annealed two partially
complementary oligonucleotides with the following NAel and Stul
sites: 5 -CTAGCCGAGTAGTGTTGGGTCGCGACTAGG-3'
and 5 -CCTAGTCGCGACCCAACACTACTCGG-3 for Id-
1,5-CTAGCCGAGTAGTGTTCCCTCGCGAAAGG-3’
and 5-CCTTTCGCGAGGGAACACTACTCGG-3' for IMd-2,
5 -CTAGCCGAGTAGCGTTGGGTTGCGAAAGG-3 and 5'-
CCTTTCGCAACCCAACGCTACTCGG-Y for 2a2b, and 5-
CTAGCCTGAGCGGGGGTCGCCCAGG-3 and 5-CCTG-
GGCGACCCCCGCTCAGG-3 for BVDVLuc (the underlined
nucleotides were substituted for the wild type nucleotides; see
Fig. 4A).

pRLucHCVLuc, pRLucA23-41Luc, and pRLucAllldLuc:
2.6-kb fragments were amplified by PCR using pT7HCVLuc,
pT7A23-41Luc, and pT7AIIdLuc as template DNAs, respec-
tively, and primers Xbal YendS (5'-GCTCTAGAGCCAGC-
CCCCGATTGGGGGCGA) and Xbal 3'endAS (5-GCTC-
TAGAACTAGTGGATCCGGAT). The PCR products were
digested with Xbal and ligated with a 3.3-kb Xbal fragment of
pRL-null Vector (Promega, Madison, WI).

pRLucAILuc: 2.6-kb fragment was amplified by PCR using
pT7AILuc as a template DNA and primers XballooplS (5-
GCTCTAGACACTCCACCATAGATCACCCCC) and Xbal
FendAS. The PCR product was digested with Xbal and
ligated with a 3.3-kb Xbal fragment of pRL-null Vector.

pCAGC191 (Suzuki ot al., 2001) carries nt 329-914,
containing the entire HCV coding region of the core protein
of clone HCV J1 (Aizaki et al., 1998), controlled by the CAG
promoter. pPCAGFS contains a frame shift mutation, involving
substitution of A with T at nt 357, 1o make a stop codon (TAA)
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(refer to Fig. 1). Only the first five residues (MSTNP) of the
core protein are translated from this plasmid. To create a series
of mutated core-expressing constructs: pCAGC191ml, -m2,
-m3, -m4, -m5, -m6, and -m7, alanine substitutions were
introduced into the basic-residue clusters of the core protein by
PCR mutagenesis with primers containing base alterations, as
described previously (Suzuki ot al., 2005). The PCR products
were then cloned into pCR2.1 (Jnvitrogen Corp., Carlsbad, CA)
and verified by DNA sequencing. Individual ¢cDNAs were
excised and inserted separately into pCAGGS. The primer
sequences used in these constructions are available from the
authors upon request,

Cells

A human hepatocellular carcinoma cell line, HepG2, was
obtained from the American Type Culture Collection. Cells
were maintained in Dulbecco’s modified Eagle’s medium
(Nissui, Tokyo, Japan) containing 50 pg/ml of Genlamycin
(Biological Industries Ltd., Israel) and supplemented with 10%
fetal calf serum.

RNA preparation

The reporter plasmids were linearized by digestion with
adequate restriction enzymes, and the resulting DNA fragments
were used as templates for in vitro transcription. HCVLuc and
a series of HCVLuc mutants were linearized by digestion with
Xhol. pRL-null (Promega, Madison WI) was lineatized by
Xbal digestion. pRLucHCVLuc and a series of pRLucHCVLuc
mutants were linearized by BamHI digestion. An in vitro
transcription kit, MEGAscript (Ambion, Austin, TX), was used
for RNA synthesis, during which reaction mixtures containing
1 ug of DNA template and 2 ul of T7 enzyme mix were
incubated at 37 °C for 2 h. For capped RNA synthesis,
linearized pRL-null, pRLucHCVLuc, and a series of
pRLucHCVLuc mutants were used as templates, and 2 pl of
each ATP, CTP, and UTP (7.5 mM), as well as 1 yl of GTP (7.5
M) and 1 ul of cap homologue m7G (5') ppp (5) G (7.5 mM;
Ambion), was used. The reaction mixtures were subsequently
treated twice with 2 U of DNase [ at 37 °C for 20 min followed
by EDTA (25 mM) and lithium chloride (3.75 M) to lerminate
the reaction. Capped mRNA synthesized contajned 11 nucleo-
tides at 5 UTR and no poly(A) tail.

Transfection

For DNA transfection, 100 pl of Opti-MEM (Invitrogen
Corp.) and 4 pl of TransIT-LT1 reagent (Mirus Corp., WI)
were mixed and incubated at room temperature for 5 min
followed by the addition of 2 ng of each plasmid expressing
core protein, mutant core protein, or empty vector followed
by incubation for a further 15 min. For RNA transfection,
synthesized reporter RNA and 2.5 pl of Tfx-20 (Promega)
were mixed in 100 ul of Opti-MEM and incubated for 15
min prior to transfection. One day prior to DNA transfec-
tion, cells (2.5 x 10°) were seeded into a 12-well plate. The

transfection mixture described above was added to the cells
in 500 ut of Opti-MEM medium after the cells were washed
twice with 500 pl of Opti-MEM.

Luciferase assay

The cells infected or transfected with a recombinant
baculovirus or plasmid carrying the entire HCV core gene
(AcCA39 or pCAGCI91) or an empty vector (AcCAG or
pCAGGS) were cultured for 2 days followed by transfection
with reporter RNA, either HCVLuc (0.1 pg/well), AlLuc
(6.0 ug/well), A23-41Luc (0.2 pgiwell), AllldLuc (6.0 ng/
well), Id-1 (0.1 pg/well), I11d-2 (6.0 pg/well), 2a2bLuc (0.1 ug/
well), or BVDVLuc (0.1 pg/well), along with capped RL RNA
(0.08 pg/well), After 6 h of incubation, FL and RL activities
were determined using the Dual-Luciferase Reporter Assay
System (Promega), as previously described (Aoki et al., 1998;

Shimoike ct al., 1999), Luminescent signals were measured with

a TR717 luminometer (Applied Biosystems Japan Ltd., Tokyo,
Japan).

Western blot analysis

Expression of HCV core protein was detected by Western
blotting, as previously described (Shimoike et al, 1999).
Briefly, protein was transferred to a polyvinylidene difluoride
(PVDF) membrane (Immobilon; Millipore, Tokyo, Japan) after
separation by SDS-PAGE. After blocking, the membranes were
probed with a polyclonal antibody against glutathione-S-
transferase core (aa 1—191) fusion protein, at a 1:100 dilution.

SPR experimental procedure

To prepare the core protein, insect Tn5 cells were infected
with a recombinant baculovirus Ac39. The core protein was
partially purified from the cell lysate, as previously described
(Tanaka ct al., 2000). Interactions between the core protein and
synthetic RNA oligonucleotides were examined by SPR
apalyses with BlAcore 2000 (Biacore K.K., Tokyo, Japan).
The SPR experimental procedure was as previously described
(Tanaka et al., 2000). Brefly, a biotinylated oligonucleotide
spanning nt 251282 (111d-wt) and mutant IIId domains (II1d-1
and 1d-2) (Fig. 44) were synthesized followed by immobi-
lization on streptavidin pre-coated sensor chips. Forty micro-
liters of solution containing the core protein (4 pg/ml) was
injected onto the sensor chip surface at a flow rate of 8 pl/min.
The sample flow was stopped, and buffer washout started at 5
min post-injection.
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The search for hepatitis C virus (HCV) in body fluids other than blood is important when assessing pessible
nonparenteral routes of viral transmission. However, the role of oral fluids in HCV transmission remains
coniroversial. Here we quantitatively determined HCV RNA in saliva and gingival crevicular fluid (GCF) of
anti-HCV-positive patients. Most paticnts (14 of 18; 78%) whose saliva specimens were negative had HCV RNA
in their GCT. Most patients (20 of 26; 77%) had higher IICV RNA levels in their GCF than in their saliva.
Although there was not a statistically significant correlation between the serum viral Joad and HCV level in
saliva or GCF, patients with low serum HCV loads were less likely to have detectable HCV in their saliva. These
findings have imporiant implications for medical personnel and suggesi that epidemiological studies designed
to understand the significance of the oral route of transmission of IICV are warranted.

Hepatitis C virus (HHCV) infection represents a major public
health problem in the world today. The infection primarily
causes liver disease; however, HCV infection has also been
associated with extrahepatic abnormalities, including mixed
cryoglobulinemia, malignant lymphoma, Sjégren’s syndrome,
and oral lichen planus (2, 12, 18, 19, 34, 39). Lymphotropism of
HCV has been observed, and several laboratories have de-
tected the virus in blood mononuclear cells (BMC) (16, 22, 26,
28, 35, 38). Common risk factors for HCV infection include
blood transfusion from unscreened donors as well as injection
drug use. Although sexual and vertical transmissions have also
been reported, there remain a large number of HCV carriers in
whom no route of infection has been identified.

Epidemiological surveys demonstrate that body fluids other
than blood, including saliva, might be potential sources of
HCV infection. Experimental inoculation of saliva obtained
from chronic HCV carrier chimpanzees has been reported to
transmit hepatitis to recipient animals (1). Several studies have
demonstrated HCV RNA in the saliva of hepatitis C patients
by reverse transcription (RT)-nested PCR. However, the de-
tection rates of viral RNA within saliva have varied widely, and
some groups have failed to demonstrate HCV RNA within
saliva (6~11, 14, 17, 23, 25, 27, 29-33, 36-38). A potential
source of HCV RNA within saliva includes gingival crevicular
fluid (GCF), which might contain HCV-infected BMC in the
setting of periodontal inflammation. To our knowledge, only
one study has qualitatively identified HCV in GCF; HCV RNA
was detected in 59% of GCF specimens from hepatitis C pa-
tients in the study (20). Since the efficiency of HCV transmis-
sion is likely related to its viral load, it is important to quan-
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titate viral RNA levels within body fluids in order to properly
cvalnate possible nonparenteoral routes of HCV infection.

Thus, we cxamined the presence of HCV RNA in the saliva
and GCF of anti-HCV antibody-positive patients using recal-
time quantitative RT-PCR.

MATERIALS AND METHODS

Sample collection. Twenty-six dental patients attending the hospital of Nippon
Dental University at Tokyo were studied. All of the patients were anti-HCV
antibody seropositive on the basis of screening using a second-generation enzyme
immunoassay (Abbou HCV PHA, Abbott Diagnostics, Abbott Park, IL). This
study protocol was approved by the Ethics Committee of the hospital and was
conducted according to Ethic Guideline for the Studies on Human Genome and
Gene Analysis. Written informed consent was obtained from each patient par-
licipating in the study.

Blood samples were collected and centrifuged for 20 min at 5,000 rpm to
separate the serum. Patients spit into a cup to obtain saliva samples. Whole saliva
samples (approximately 2 ml) were then transferred into sterile containers. None
ol the samples were macroscopically observed to contain blood. GCF specimens
were collected by first drying the gingival surface with sterile cotton, after which the
arca was isolated in order to prevent contamination with saliva. A paper strip (2 by
5 mm) was then subgingivally inserted for 30 5 10 collect specimens (approXimately
50 ). If there was visible contamination of the sample with blood, another sample
without macroscopic blood contamination was taken from another site. The depth at
gingival crevices was then measured by a periodontal probe, and the presence of
bleeding on probing was examined. Seram, saliva, and GCF samples were collected
simultaneously and were stored at —80°C before use.

RNA extraclion. Total RNA was extracted from 100 pl of serum or saliva
specimens and from paper sirips with collected GCF using a QTAamp viral RNA
kit (QTAGEN, Valencia, CA). In preliminary experiments using various amounis
of serum, saliva, and GCT samples in the presence or absence of paper strips, we
confirmed that (i) sample volumes of =40 wl yielded the same efficiencies of
RNA extraction from each specimen and (i) inclusion of a paper strip described
above in the lysis buffer did not influence the efficiency of RNA extraction.

Quantitation of HCV RNA. To determine the quantity of HCV RNA, real-
time RT-PCR involving single-tube reactions was performed using TaqMan EZ
RT-PCR Core reagents (PE Applied Biosysiems, Foster City, CA), as previously
described (3). Briefly, the reaction mixture contained 1 TagMan EZ bufter, 500
1M concentrations of each primer from the HCV 5 noncoding region (5'-GAG
TGT CGT GCA GCC TCC A-3' and 5'-CAC TCG CAA GCA CCC TAT
CA-3"), a 200 oM concentration of fluorogenic probe [5'-(6-carboxyfluorescein)
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TABLE 1. Clinical and virological characteristics of 26 patients examined in this study®

Age Gender ALT level (IW/liter) AST level (IU/liter) HCV antibody titer (27) Genotype Qral disease(s)

68 F 30 48 >12 1b

64 M 115 103 >12 1b Periodontitis/BOP

71 ¥ 14 23 12 2b Periodontitis/BOP

71 M 124 71 12 1b Periodontitis/BOR

71 M 47 55 12 ib

63 M 14 19 11 1b sCC

66 ¥ 59 67 1t ib OLP

61 F 61 335 11 1b

73 F 48 40 10 2a Periodontitis/BOP

70 ¥ 18 25 10 ib Periodontitis/BOP, OLP
72 F 15 20 8 1b Periodontitis/BOP

61 M 7 i2 8 ND Periodontitis

66 F 19 30 8 1b OLP

69 F 31 39 7 ND SCC

73 M 16 24 6 ND Periodontitis/BOP, SCC
72 ¥ 20 22 6 ND

67 M 12 18 4 ND Periodontitis/BOP, SCC
70 F 5 17 4 ND Periodontitis/BOP, SCC
69 M 13 20 4 1b Periodontitis/BOP, SCC
60 M 22 23 4 1b Periodontitis

71 F 15 30 4 ND SCC

56 F 11 17 4 ND Periodontitis/BOP, OLP
71 F 12 21 4 ND Periodontitis/BOP

67 ¥ 9 24 4 ND

58 M 26 25 4 ND

79 F 22 21 4 ND

2 Abbreviations: F, female; M, male; ND, not detected; OLP, oral lichen planus; BOP, bleeding on probing; SCC, squamous cell carcinoma.

CCC GCA AGA CTG CTA GCC GAG TAG TGT TGG (6-carboxytetrameth-
ylrhodamine)-3], 200 M concentrations of each deoxynucleoside triphosphate,
3 mM Mn(QAc);, 5 U of Thermus thermophilus DNA polymerase, 0.5 U of
AmpErase uracil N-glycosylase, and template RNA. The primers and probe were
designed on the basis of the conserved sequences among HCV genotypes. The
RT step was started with a 1-min incubation at 50°C, followed by 50 min al 65°C.
Thermal cycling conditions were as follows: a precycling period of 5 min at
95°Cfollowed by 50 cycles of denaturation at 94°C for 13 s and annealing at 55°C
for 10 5 and extension at 69°C for 1 min. All reactions and analyses of the
amplification plots were performed on an Applied Biosystems PRISM 7700
sequence detector (PE Applied Biosystems). Standard curves of the assays were
obtained by plotting 10-fold serial dilutions of known concentrations of a syn-
thetic HCV genotype 1b transcript. HCV RNA copy numbers of the synthetic
transcript were calculated from the quantity and its molecular weight. Using a
standard curve, the Sequence Detector software calculated automatically the
concentration of RNA copies in the experimental samples. We found that results
obtained from our in-house real-time RT-PCR method were well correlated with
those from the COBAS AMPLICOR HCV MONITOR Test, version 2.0 (Roche
Diagnostics, Tokyo, Japan) (15), and that 1 HCV RNA copy/ml in our method
corresponded to approximately | international unit/ml by the above-mentioned
commercial assay {data not shown).

HCV genolyping. HCV genotype was determined by RT-PCR of the core
region sequence with genolype-specific primers for determination of HCV ge-
notypes 1a, 1b, 2a, 2b, 3, 3b, 4, 5a, and 6a, as described previously (24).

PCR amplification of fi-globin DNA, Total DNA was extracted from saliva
samples using a QlAamp DNA Mini kit (QIAGEN) according to the manufac-
turer’s instructions. To characterize the degree of cell contamination in saliva,
isolated DNA was subsequently used as a template to amplify the human 3-glo-
bin gene fragment of 268 bp with the following primers: 3-GAA GAG CCA
AGG ACA GGT AC-3' and 5-CAA CTT CAT CCA CGT TCA CC-3' (21).

Statistical analysis. The Spearman vank test was used for evaluating the
correlation between variables: anti-HCV antibody levels and viral loads in serum,
saliva, and GCF.

RESULTS

The clinical and virological characteristics of 26 patients are
presented in Table 1. The study group consisted of 10 males

(38%) and 16 females (62%) with a mean age of 69 years
(range, 56 to 79 years). Their mean liver enzyme values were as
follows: 30 TU/liter for alanine aminotransferase (ALT) and 33
TU/liter for aspartic aminotransferase (AST). HCV RNA lev-
els in the serum of 20 patients (77%) were determined by
real-time RT-PCR assay, which showed a detection limit of 10?
copies/ml and a linear range over 5 logs. Four of six serum
samples whose JICV RNA levels were below the detection
limit in this measurement were found to have detectable HCV
RNA by the qualitative nested RT-PCR (4). We found no
difference in efficiency and specificity of HCV ¢cDNA amplifi-
cation among genotypes 1b, 2a, and 2b in the real-time RT-
PCR assay (data not shown).

Figure 1 summarizes viral loads in the serum, saliva, and
GCF specimens of the patients. A mean serum HCV RNA
level of 5.1 X 10° copies/ml was observed among samples with
viral loads greater than 107 copies/ml. As expected, serum viral
RNA levels were significantly correlated with anti-HCV anti-
body levels (r = 0.80, P < 0.0001) (Fig. 2A). In a number of
cases (20 of 26; 77%), the viral load of the GCF was greater
than that of the saliva. HCV RNA was detected in 31% of the
saliva samples and 85% of the GCF specimens using real-time
RT-PCR. Mean viral RNA levels were 1.9 X 10* (saliva) and
3.1 X 10* (GCF) copies/ml in these samples. It should be noted
that most (seven out of eight) of the saliva samples contained
1.4 x 10% to 8.2 % 10® copies/ml of HCV RNA, with a mean
value of 2.0 X 10° copies/m! among these seven samples (Fig.
1). »

Among the 18 patients with HCV RNA-negative saliva, 10
to 10? copies/m! of viral RNA were detected in the GCF of 3
patients, 10° to 10* copies/ml of viral RNA were detected in
the GCF of 2 patients, and >10* copies/ml were detected in

—111—



VoL. 43, 2005

,g Serum
% B sotvia
g Detr

"N

h it

=102 100

oiq0t
HEY-RNA (copics/ml}
FIG. 1. HCV viral load in the serum, saliva, and GCF of anti-HCV-
positive patients. Numbers of patients within each range of the viral
load are indicated.

the GCF of 9 patients. No significant association was observed
between viral RNA levels in the serum and viral RNA levels in
the saliva (Fig. 2B) or GCF (Fig. 2C). However, relatively high
serum viral loads (>10° copies/ml) were observed in five out of
eight patients with HCV RNA-positive saliva, while serum
viral loads were 1.5 X 10° copies/ml or less in most of the
patients whose saliva specimens were negative (13 out of 18).
Four patients with HCV RNA-positive saliva and/or GCF had
no detectable serum HCV RNA by real-time RT-PCR (Tig. 2B
and C); however, viral RNA was detectable in their sera by
qualitative nested RT-PCR. Although no visible contamina-
tion of the saliva and GCF with blood was observed, there may
be a small amount of cells or lysed cells in the fluids. To
determine the degree of cell content in samples, total DNA
was extracted from three saliva specimens, which contained
>10* copies/ml of HCV RNA (Fig. 2B), and tested for the
presence of cellular DNA by amplifying a human B-globin
gene. A certain amount of cellular DNA was detectable in the
saliva. specimens (data not shown), suggesting some salivary
HCV RNA may be derived from HCV-infected cells, such as
BMC and mucosal epithelial cells, as discussed below. Various
amounts of HCV-infected cells in the saliva and GCF may, in
part, account for differences in the viral loads.

HCV RNA was detectable in most GCF and/or saliva spec-

o
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imens obtained from patients with clinical evidence of oral
diseases: HCV RNA was detected in all 14 (100%) patients
with periodontitis, 6 of 7 (85%) patients with squamous cell
carcinoma, and 3 of 4 (75%) patients with lichen planus. Three
out of four patients with HCV RNA-negative GCF, however,
also had some oral epithelial lesions. On the other hand,
among seven patients without oral diseases, HCV RNA was
detected in the GCF and saliva of six and three patients,
respectively. There was a trend toward increased viral loads in
the oral fluids, cspecially GCF, among patients with bleeding
on probing compared to those without the bleeding. The viral
RNA levels in the GCF and saliva had no correlation with age,
gender, or serum levels of ALT or AST. It also seems that their
viral RNA levels were not correlated with HCV genotype,
although the viral genotypes in 12 of 26 patients were not
determined.

DISCUSSION

Identification of HCV in body fluids other than blood is
impaortant in order o evaluate possible nonparenteral routes
of transmission. The role of oral fluids in HCV transmission
remains controversial. Although the presence of HHCV RNA in
saliva has been reported by several research groups (6-11, 14,
17, 23, 25, 27, 29-33, 36-38), only one study has attempted to
quantify HCV RNA in saliva, in which patients coinfected with
HCV and human immunodeficiency virus were examined using
a branched DNA assay (27). Morcover, limited information
exists regarding the prevalence of HCV in the GCF of patients
with hepatitis C, apart from one study in which a qualitative
RT-PCR method was used to detect HCV in 59% of GCF and
35% of saliva specimens from patients with HCV viremia (20).

To the best of our knowledge, this study is the first to quan-
titate HCV loads within the saliva and GCF of anti-HCV
antibody-positive patients using real-time RT-PCR. To search
for a possiblc oral route of HCV transmission, whole saliva and
GCF containing cell fractions were used to determine the viral
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HOV Ab Bter {20} Sorntm HOV-RNA (10" sapionim) Barien HOV-RNA (107 copinalm)

FIG. 2. (A) Correlation between anti-HCV antibody levels and HCV RNA levels in serum. The Spearman rank test was used for testing the
correlation between variables. There is a significant positive correlation {r = 0.80, P <2 0.0001) between the serum levels of HCV antibody detected
by the passive hemagglutination assay and those of HCV RNA determined by real-ime RT-PCR. (B) Correlation between viral loads in the serum
and those in saliva specimens. Results for patients whose HCV RNA levels in saliva were =10* copies/ml are plotted. No significant correlation
was observed. (C) Correlation between viral loads in serum and those in GCF specimens. Results for patients whose HCV RNA levels in the GCF

were =107 copies/ml are plotted. No significant correlation was observed.

—112—



4416 SUZUKI ET AL

loads in this study. Although any saliva and GCF samples
tested were not macroscopically observed to contain blood, we
cannot rule out the possible effect of a small amount of bleed-
ing as a source of HCV RNA. Here we abserved HCV more
commonly in the GCF than the saliva of HCV-seropositive
patients. We further found viral loads of 10* to 10* copies/mt
and 10° to 10° copies/ml in saliva and GCF, respectively. This
result may be partially due to the presence of PCR inhibitors in
saliva. An internal control to measure the possible effect of
PCR inhibitors was not incjuded in our real-time RT-PCR.
Although the mean viral load within the GCF was approxi-
mately 10-fold lower than that in the serum, GCF samples
from 12 of 26 patients (46%) had viral titers similar to or
greater than those observed in the sera. No significant corre-
lation was observed between the serum viremia levels and viral
levels in the saliva or GCEF. However, there was a trend that
patients with HCV RNA-positive saliva showed higher viral
loads in sera than patients with HCV RNA-pegative saliva.
These findings suggest that GCF might be one of the sources
of HCV RNA within the saliva.

Although HCV is a hepatotropic virus, convincing evidence
of HCV lymphotropism has been demonstrated in tissue cul-
ture (13). HCV has been widely detected in BMC in patients
with chronic HCV infection, and differences in quasispecies
identification within serum and BMC suggest that viral repli-
cation occurs within BMC (16, 22, 26, 28, 35, 38). HCV-in-
fected BMC might allow HCV to infiltrate the GCF and saliva,
since BMC migrate {rom dentogingival vessels into gingival
crevices. There also rmight be transudation of HCV-containing
serum into the mouth. Generally, periodontal inflammation
increases the excretion of BMC-rich GCIE. There is also a
possibility that HCV exists within mucosal epithelial cells.
HCV has been identified in the mucosal tissue, as well as
salivary glands, of anti-HCV-positive patients with oral lichen
planus using various techniques, including in situ hybridization,
strand-specific RT-PCR, and immunohistochemistry (5, 32).
Thus, it is likely that several possible sources discussed above
are mvolved in HCV penetration imto the saliva and GCF.
Whatever the sources or mechanisms are, the findings ob-
tained provide important implications for medical personnel
regarding HCV transmission in health care settings as well as
for HCV epidemiology, as the origin of the viral infection
remains unclear in up to 40% of cases.

In this study, although the numbers of specimens were lim-
ited, we quantitatively determined HCV RNA in oral fluids
from dental patients, including some patients with oral dis-
eases, and demonstrated frequent detection of HCV in the
saliva and GCF. Further large-scale epidemiological studies
employing real-time RT-PCR assays are required Lo clarify the
clinical significance of HCV i the saliva and GCF, including
the potential for viral transmission through exposure to these

fluids.
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In polyomaviruses the pentameric capsomers are interlinked by the long C-terminal arm of the structural
protein VP1, The T=7 icosahedral structure of these viruses is possible due to an intriguing adaptability of this
linker arm to the different local emvironments in the capsid. To explore the assembly process, we have
compared the stracture of two virus-like particles (VLPs) formed, as we found, in a calcivm-dependent manner
by the VP1 proiein of human polyomavirus BK. The structures were determined using electron cryomicroscopy
(cryo-EM), and the three-dimensional reconstructions were interpreted by atomic modeling. In the small VP1
pavticle, 26.4 nm in diameter, the pentameric capsomers form an icosahedral T=1 surface lattice with meeting
densities at the threefold axes thal interlinked three capsomers. In the larger particle, 50.6 nm in diameter, the
capsomers form a T=7 icosahedral shell with three unique contacts. A folding madel of the BKV VP1 protein
was obtained by alignment with the VP1 protein of simian virns 40 (5V40). The model fitted well into the
cryo-EM density of the T=7 particle. However, residues 297 to 362 of the C-terminal arm had to be remodeled
to accommodate the higher curvatare of the T=1 particle. The loops, before and after the C-terminal short
helix, were shown to provide the hinges that allowed curvature variation in the particle shell. The meeting
densities seen at the threefold axes in the T=1 particle were consistent with the triple-helix interlinking contact

at the local threefold axes in the T=7 structure.

The BK virus (BKV) is a human virus belonging to the
Polyomaviridae family. It is a nonenveloped virus (~50.0 nm in
diameter) with a circular double-stranded DNA genome (~5
kb). The capsid has icosahedral symmetry and is built of 72
capsomers that are all pentamers of the protein VP1 arranged
in a 7=7 icosahedral lattice (21). All known polyomaviruses
have three structural proteins (VP1, VP2, and VP3), of which
VP1 is the major capsid protein. Overall amino acid sequence
homology between BKV and the other human polyomavirus,
JCV, is 75%, and that with the simian polyomavirus (SV40) is
69% (9). Tn the VP1 protein the sequence similarity rises to
77% and 74% for the JCV and SV40, respectively (35). Due to
the high similarity, the solved atomic structure of VP1 of SV40
provides us a template to create a model of the BKV VP1
protein folding,

The structures of the SV40 and murine polyomavirus have
been determined and show similar features to that seen in the
BKV (1, 12). The VP1 pentamer of SV40 and murine poly-
omavirus is built as a ring of five f-barrel-shaped VP1 mono-
mers, tightly linked by interacting loops between the frame-
work of p-strands (22, 33, 34, 40). The C-terminal subdomain
of each VP1 monomer “invades” a neighboring pentamer,
thereby tying the pentamers together in the virion shell. There
are six unique monomers building up the capsid (monomer a,

* Corresponding author. Mailing address: Department of Molecular
and Cellular Biology, University of California, Davis, CA 95616.
Phone: (530) 752-3611. Fax: (530) 752-3085. E-mail: rheh@ucdavis
.edu.

o, and o at the local threefold; B, 8' around the icosahedral
threefold, and v at the twofold) (34). The major structural
differences between the six unique monomers are found in
their C termini and are essential for the formation of the
icosahedral capsid. The most flexible region seemed to be the
outermost C terminus of the peptide chain (amino acids 355 to
364). The structure of this region has not been defined in three
of the six unique monomers (e, o, and B).

Under certain conditions the polyomavirus capsid disassem-
bles into pentamers, which can be reassembled. The reassem-
bled particle may have different configurations and sizes de-
pending on the buffer conditions. This was shown for
recombinant SV40 VLPs (17) and recombinant murine poly-
oma VLPs (28, 29). In the latter case, Salunke et al. (29)
demonstrated that three differently sized VLPs appeared, de-
pending on the buffer conditions. They concluded through
computational modeling that two of the reassembled murine
polyomavirus particles had icosahedral symmetry and were
composed of 12 and 72 pentamers, in a T=1 and T=7, respec-
tively, surface lattice. The third particle was composed of 24
pentamers with an octahedral symmetry.

Many studies have demonstrated that calcium ions play an
important role in viral assembly (3, 5, 6, 13, 14, 17, 20, 25, 26,
28). Besides the calcium-binding site, disulfide bonds have also
been found to be involved in maintaining capsid stability of the

* polyomavirus (5, 6, 11, 14, 15, 19, 30, 36). Interpentameric

5337

disulfide linkages have been revealed by X-ray crystallography
in the capsid structure of SV40 and murine polyomavirus (22,
33, 34).
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FIG. 1. Factors guiding disassembly of BKV VLPs. (A) Electron mjcrograph (negative stained) of recombinant BKV VLPs (0.5 mg/ml). To find

dissociation conditions, the BKV VLPs (A) wete equilibrated by dialysis against different concentrations of EDTA (10 to 100 mM), 2-ME (10 to
100 mM), and NaCl (0.15 to 1 M). All experiments were done overnight at room temperature, and the resulting appearance of the samples are
shown in the electron micrographs B to E (negative stain). (B) Result from dialysis against 20 mM EDTA. (C) Result from dialysis against 30 mM
2-ME. (D) Result from dialysis against 20 mM EDTA and 30 mM 2-ME. () Result from dialysis against 20 mM EDTA, 30 M 2-ME, and 0.6

M NaCl. Bars, 50 nm.

The gene of the major structural protein of the BKV VP1
was tecently expressed in Tn5 cells using a recombinant bac-
ulavirus vector (21). The BKV VP1 self-assembled into VLPs
in the nucleus, and the particles were then efficiently released
into the culture medium. These VLPs possessed similar anti-
genicity as native BKV particles and were mdistinguishable as
negalive-stamed specimens i electron microscopy. The struc-
ture was determined to 2.0 nm resolution, using electron cryo-
microscopy (cryo-EM) and three-dimensional reconstruction,
and showed similar features Lo both SV40 and murine poly-
omavirus.

Here, we report for the first time the three-dimensional
structure of a smaller BKV VLP determined by ctyo-EM,
image reconstruction, and docking of the VP1 model. We
compare the structure of the two different BKV VLPs and
explore the m vitro disassembly/reassembly process of then.

MATERIALS AND METHODS

Expression and purification of the BKV capsid protein VPL. For Lhe large-
scale expression of the BKV capsid protein VP1 (21, 37), an insect cell line from
Trichoplusia ni, BTL-Tn 5B1-4 (Tn5) (Invitrogen, San Diego, CA) was used. TnS

* cells were infected with recombinant baculoviruses at a multiplicity of infection
(MOI) of 10 and were incubated in EX-CELL 405 medium (JRH Biosciences,
Lenexa, KS) for 7 days at 26.5°C. Intact cells, cell debris, and progeny baculo-
viruses were removed by centrifugation at 10,000 ¢ g for 90 min. The superna-
tant was then spun at 25,000 rpm for 2 h in a Beckman SW2§ rotor. The resulting
pellet was resuspended in 4.5 ml of EX-CELL 405 at 4°C overnight. After mixing

FIG. 2. Effect of buffer composition on the shape of reassembled
particles. When the VLPs had been dissociated, the sample (now
containing free pentamers) was dialyzed again against buffers with
different concentrations of a monovalent salt, NaCl (0.0 to 1.0 M), pH
(7.0 to 7.8), and a divalent jon, Ca* (0.0 to 100.0 mM). Square: buffer
conditions when less then 30% of the reassembled particles hada T=1
symmetry. Triangle: buffer conditions when more then 80% of the
reassembled particles had a T=1 symmetry. All experiments were done
at room temperature and overnight.
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FIG. 3. Cryo-electron micrograph of BKV VLPs that were reas-
sembled after overnight equilibration against 5 mM Ca2*, 150 mM
NaCl, and 10 mM Tris-HCL, pH 7.4. Two populations of BKV VLPs
that differed in size can be seen (white arrow, small VLP; black arrow,
large native-size VLP). Bar, 50 nm.

with 2.1 g of CsCl, the sample was centrifuged at 35,000 rpm for 24 h at 4°C in
a Beckman SW50.1 rotor. Four bands were harvested by puncturing the tubes
with a 22-gauge needle. To remove the CsCl, each band was diluted 10< and
centrifuged for 2 h in a Beckman TLASS rotor at 50,000 rpm; the pellet was then
resuspended in 150 mM NaCl, 10 mM TRIS-HCI, pH 74.

Dialysis experiments. To screen for factors effecting dissociation and reassem-
bly of the BKV VLPs, a homemade dialysis equipment that allowed dialyses of
small amounts of sample (20 to 40 1) was used. BKV VLPs (35 pl, 0.5 mg/ml)
were first dialyzed against different concentrations of EDTA (10 to 100 mM),

T1G. 4. Cryo-EM three-dimensional reconstruction of the small
BKV VLP from Fig. 3. The particle is viewed along the twofold axis. It
has icosahedral symmetry, and the VP protein establishes an arrange-
ment according to a T=1 lattice with protruding capsomer at each
fivefold. Bar, 10 nm,
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2-mercaptoethanol (2-ME) (10 to 100 mM), and NaCl (0.15 1o 1 M) in an
attempt to dissociate the VLPs. When the VLPs had been dissociated, the
sample (now containing frée pentamers) was again dialyzed against buflers with
different concentrations of a monovalent salt, NaCl (0.0 to 1.0 M), pH (7.0 to
7.8), and a divalent ion, Ca®* (0.0 1o 100.0 mM), to make the pentamers
reassemble into VLPs. All experiments were done in room temperature and
overnight. The selection of conditions for the second dialysis, like combinations
of different pH, calcium, and NaCl concentrations, was done with the aid of the
software DESIGN (32).

To determine the proportion of small (26.4 nm in diameter) and large VLPs
(50.6 nm in diameter) in the different reassembly experiments, samples were
applied to carbon-coated grids, negatively stained, and checked by EM. Thirty
fields were randomly chosen from each grid and micrograph taken. In each the
numbers of small and large VLPs were counted.

Negative contrasting eleciron microscopy. For EM, a sample of ~3 pl was
applied to the charged grid and allowed 1o settle for 20 seconds. The solution was
removed by blotting with a filter paper and the sample washed once with 3 pl of
water for 15 seconds before stained with a 2% uranyl acetate solution. After 15
seconds the uranyl acetate solution was blotted off with a filler paper. The
samples were observed by a Philips CM120 ¢lectron microscope.

Cryo-electron microscopy and three-dimensional image analysis. Frozen-hy-
drated specimens were prepared by applying 3.0-wl droplets of an aquéous
mixture of reassembled BKV VLPs (1.0'to 1.5 mg/ml) on 300-mesh copper grids
coated with holey carbon film. The images of the frozen VLPs were recorded
with a Philips CM120 (Philips Electronics Instruments) by defined low-dose
condition. The micrographs were taken with Kodak S0163 films (Eastman
Kodak Co.,, New York, NY) at 45,000 nominal magnifications and 120 kV
operating voltage. Each area of specimen was recorded twice as focal pairs with
defocus value of 1.0 and 3.0 pm, respectively (38). Micrographs with sufliciently
separated and well-distributed parlicles, exhibiting minimal astigmatism, were
digitized at 14-pm intervals (0.311-nm sampling at the specimen) with a Zeiss
micradensitometer. Individual particle images were extracted and analyzed with
icosahedral symmetry processing procedures to reconstruct the three-dimen-
sional structure (39). Computations were performed with interactive FORTRAN
programs on Alphastations (Digital Equipment Co., MA).

The initial phase origins of selected particle images were obtained by using &
cross-correlation method, where the particle orientations were determined
through modified self-comnion-lines and polar Fourier transform procedures (2,
10). This was followed by interparticle orientation refinement with increasing
numbers of unigue images by cross-common-lines procedures. To improve the
sensitivity and reliability of the orientation refinement procedures with the BKV
VLPs images, the data were Fourier-filiered to remove both fow- and high-
frequency noise beyond the processing regions. Refinement of origins and ori-
entations was repeated in cycles at progressively higher spatial frequencies until
no further improvéement was found in the common-lines phase residues. Besides
the procedures described above, back-projection images of the preliminary re-
construction were used as references 10 accurately refine the phase origing and
orientations of the corresponding images. The resolution was progressively im-
proved and the final three-dimensional réconstruction was computed 10 a reso-
lution of 2.4 nm, which was within the limit imposed by the first zero of the
contrast transfer function of the electron microscope.

Fitting of BV V1 model into the EM density map. The atomic model of BK
VP1 protein was constructed from SV40 VP1 using the SWISS-MODIEEL Protein
Muodeling Server (31) and the software modeler. Following that, the fitting of the
pentameric structures to the cryo-EM map of the T'=1 particle performed
manually nsing O (16) based on one of the pentamers from the BKV 7'=7 capsid.
We used the VP pentameric model of BKV at the pentavalent position in the
T=7 particles to build the atomic model of the T=1 particles. For the initial
fitting, only the core of the VP1 was used, which consists of residues 16 1o 296.
This was based on the fact that the conformation of this pentameric structure was
almost the same, with root mean-squarc deviations (rmsd) of less than 0.1 nm, as
that in a T'=7 particle.

Further, in the final stage of fitting, the position of the pentamer was optimized
by the reciprocal-space rigid-body refinement between the cryo-EM map and the
models. The amino acid residues 297 to 330 connecting the neighboring pen-
tamers were omitied in this procedure. The cryo-EM map was moved into a big
Pl cell (cell dimensiona =b = ¢ = 1,000 Aa=f=y= 907) using the RAVE
package of the Uppsala Software Factory (18) to calculate the correlation coet-
ficient al finer grids (24). With the pentamer fivefold axis kept aligned with the
icosahedral fivefold axis, the VP1 pentamer was translated along the direction of
fivefold axis in 0.1 am steps from —1.0 to +1.0 nm of the initial position, while
at each step it was rotated around the fivefold axis in 1-degree intervals, from 0
to 71 degrees, relative to initial position. During the rigid-body refinement, the
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FIG. 5. Fitting of the VP1 model to the density map of the larger =7 patticle structure. {A) The density map is viewed along the local sixfold
axis, showing the VP1 model fitted to one fivefold pentamer and six local sixfold pentamers. Asterisk, the local threefold position. Bar, 10 nm.
(B) Close-up view of the six unique monomers (&, o', and o at the local threefold; B, B around the icosahedral threefold; and v at the twofold).
The positions of the threefold and fivefold axes are marked as triangle and pentagons, respectively.

structure of residues 331 to 362 was moved together with the neighboring pen-
tamier. Subsequently, the entire VP1 capsid shell was constructed at each posilion
and orientation according to the icosahedral symmetry. The structure factors
were calculated from the models with the B-factor of 100 nm? to simulate the
resolution limit of the cryo-EM reconstruction map (8, 27), and the correlation
coefficient was calculated between the atomiic models and the cryo-EM map
using CCP4 suite (CCP4, 1994). The pentamer was moved ta the position where
a maximum correlation coefficient of 0.82 was reached. After the structure that
connecled the neighboring pentamer was refined, the correlation between the
cryo-EM map described above and the final model reached a coefficient of 0.84.

RESULTS

Eftect of buffer composition on VLP disassembly and the
structure of reassembled particles. The major factors that con-
tributed to the disassembly of T'=7 VLPs into pentameric
capsomers were found to include reduction of disulfide bonds
and removal of calcium ions. A combination of a reducing
agent and a calcium chelator was required to disassemble the
particles. However, dissociation did not occur at very high ionic
strength, as seen in the sample treated at ~0.6 M NaCl, in spite
of the presence of both reducing agent and EDTA (Fig. 1).

The effect of bufter composition on particle formation from
free pentamers was analyzed by dialysis experiments. Samples
of free capsomers were exposed to buffers containing different

Large quantities of small VLPs were formed at low calcium ion
concentrations (5 to 10 mM) and in calcium-free bullers. The
number of small VLPs decreased when the calcium ion con-
centration was increased (25 to 100 mM). Although calcium
ions were needed to form the T7=7 VLPs, the number of T=7
particles did not change significantly when the calcium ion

concentration was increased in the 25 to 100 mM range. At
above 300 mM Ca®*, VLP formation was not seen. The con-
centration of monovalent salt, the pH, or the ionic strength did
not directly influence the reassembly of pentamers into higher
oligomeric forms.

As mentioned above, a reducing agent was needed to disas-
semable the BKV VLPs, expressed in insect cells. However, the
presence of 2-ME in the reassembly buffer did not prevent the
formation of either small or large particles (data not shown).

Three-dimensional reconstruction of the small reassembled
BKV VLP. Two BKV VLPs that differed in diameter (26.4 and
50.6 nm) were observed in the low-dose micrograph (Fig. 3).
The larger VLPs, with the size of the native virus, were used as
an internal reference standard and showed nearly circular im-
age profiles. That indicated that the features of the larger
VLPs were well preserved in the vitrified ice. The image profile
of the smaller VLPs was also circular, but they did not have the
smooth surface of the larger VLPs. Before freezing, the VLP
concentration was adjusted so that about 400 particles per
micrograph could be selected at the maguification of 45,000.

The structure of the BKV VLP was solved at ~2.4 nm
reselution from wnstained, frozen-hydrated samples that were
imaged with low-irradiation cryo-EM procedures. The three-
dimensjonal reconstruction showed 12 pentameric capsomers
i the smaller BKV VLP arranged according to a T=1 surface
lattice placed on the 12 fivefold rotation axes of the icosahe-
dron (Fig. 4). Due to the smaller diameter of the T=1 struc-
ture, the unique angle between the capsomers in this particle
was 38° greater than that of the average angle between cap-
somers in the T=7 structure (21).
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FIG. 6. Fitting of the VP1 model to the density map of the T=1
structure. (A) The fivefold monomers from the larger T=7 particle
were fitted into the density map of the =1 particle. The core of the
VP1 model fitted well, while the C-terminal arm was protruding out
from the density map at the threefold. This was because the angle
between capsomers in the T=1 structure was 38 degrees larger than
the averaged angle between capsomers in the T=7 particle. (B) Parts
of two pentamers are seen from the side. There were no structural
changes made in the core of the VP1 protein, except for the CD-loop.
The unchanged VP1 model is shown in yellow, whereas the modula-
tions made to fit the T=1 structure is shown in red. The fivefold axis
is marked with a pentagon,

The morphology of the pentameric capsomers was more
proncunced in the T=1 than in the T=7 structure. The T'=1
capsomers had a diameter of 9.2 nm, which was slightly larger
than capsomers in the 7=7 structure (~1.2 nm larger in di-
ameter). This extra density, compared to the T=7 capsomers,
was located in the outermost part of each monomer. However,
the thickness of the capsid shell was similar, approximately 6.0
nm, in both the T=1 and T=7 structures.

The major intercapsomeric contact was located at the three-
fold axis, where the structure protruded from the botiom shell
region. The interpentameric contact in the T=1 and T=7
VLPs at the threefold respective local threefold formed a Y-
shaped density connecting three capsomers. This contact re-
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mained also when the contour value was raised to 2 sigma (see
details in Fig. 7) or following a radial cut of the VLPs capsid
shell density. The threefold contact started at a radius of 9.6
nm from the particle center and ended 11.4 nm from the
particle center (21.0 to 22.4 nm in the T=7 VLP). The density
in the twolold axes was much weaker than in the threefold
axes. Openings in the capsid shell seen at the threefold and
around the twofold axes in the 7'=7 structure were absent in
the 7=1 structure.

Fitting the VP1 model into the density maps of T'=1 and
T=7 VLPs. The primary sequence of BKV VP1 has a 74%
similarity to the SV40 VP1 that has been solved to a 0.31 nm
resolution (34). The similarity is even higher in the C-terminal
arm (83%), while the main differences are in the loops at the
outer surface of the monomer. A structural model of the BKV
VP1 was created by aligning the primary sequence of BKV
VP1 with the coordinates of VP1 from SV40 (SV40, PDB:
1SVA). The model of the BKV VP1 was first fit to the density
map of the T=7 particle to reveal the differences and similar-
ities to particles with the same T-number (Fig. SA}). The only
modification required to obtain an excellent fit was an adjust-
ment for the slightly larger radius of the BKV VLP (+0.47 nm
of the local sixfold pentamer and +0.58 nm of the fivefold
pentamer). The six unique C-terminal arms (e, &', and " at
the local threefold axis; 8, B’ around the icosahedral threefold
axis; and vy at the twofold axis) (34), responsible for the inter-
pentameric contacts, fitted in the EM density map as well (Fig.
5B). '

Each of the six unique monomers was tested as a possible
model for the VP1 in the T=1 structure. Three of the mono-
mers were excluded because they formed the major interpen-
tameric contact at the twofold axis and had little or no contact
at the threefold axis (not shown). In contrast, the three mono-
mers making up the local threefold contact in the T=7 struc-
ture had their major interpentameric contacts at the threefold
axis. The fivefold monomer (o) {rom the T=7 structure was
selected as the preferable model of the three, and it was mod-
eled in the density map of the T=1 structure.

The core of the VP1 protein (residues 16 to 296) was well
fitted to the EM density map (correlation coefficient of 0.82)
(Fig. 6A). However, the C-terminal arm protraded out from
the density map and did not reach the adjacent capsomer, as
the surface curvature was higher within the small-size VLPs
compared to the large-size VLPs. Therefore, the angle be-
tween the core of VP1 and the outer region of the C-terminal
arm required a 28° adjustment in order for the arm to reach the
adjacent capsomer (Fig. 6B). The two loops (residues 297 to
300 and 314 to 329) that linked the C-terminal helix to the VP1
protein core and the outermost region of the C-terminal arm
were used to increase the angle between the protein core and
the C-terminal arm. The last B-strand (the J strand) and the
following loop could be modeled in good agreement to the
8§V40 o monomer. There were, however, additional densities at
the side of the monomers. As the structure of the C-terminal
domain, covering amino acid residues 348 to 362, had not yet
been modeled into the T=1 particle, this domain was assumed
to account for these additional densities (Fig. 6B).

The structure of the CD loop, which consists of amino acid
residues 96 1o 106, was rebuill to that of the &' subunit to avoid
a collision with the corresponding loop from an adjacent cap-

—119—



on

(58]

42

- NILSSON ET AL.

—120—

J. ViroL.



VoL. 79, 2005

somer (34). This region has the highest local root-mean-square
deviations between subunits in the T=7 particle, suggesting
that this region is flexible (Fig. 6B). After refining the C-
terminal arm and the CD-loop (the interpentameric connec-
tors), the correlation coefficient between the cryo-EM map,
described above, and the final VP1 model reached a value of
0.84.

Interpentameric contacts in the 7=1 structare. With the
adjustments in the C-terminal arm, the structure of a triple-
helix bundle, at the threefold axis, was similar to the interpen-
tameric contact at the local threefold axis in the 7'=7 particles
(amino acids 300 to 313) (Fig. 7A and B). The three helices
were tightly held together by both hydrophobic mteractions
and salt bridges (Fig. 7C). Furthermore, in the T=1 structure
the triple-helix bundle was in position to form four hydrogen
bonds between each other, which were not seen in the 7'=7
structure. There was, however, a stronger hydrophobic effect
within the helix bundle in the T=7 structure than in the T=1
structure.

To accommodate the higher curvature in the T=1 particle
than that in the T=7 capsid, the C-terminal helix together with
the following long loop (amino acids 314 to 329) was tilted 28°
away from its own $-barrel core towards the adjacent pen-
tamer. Through this tilt the B-strand J was able to connect with
the adjacent pentamer in the T=1 structure (Fig. 7D). The
long loop, together with the outermost area of the C-terminal
arm, composed the region that contributed the least to the
interpentameric contact in both the =1 and the T=7 capsids.
Following the loop, the J-strand made a strong interpentam-
eric contact (with identical interactions as in the T=7 struc-
ture), starting with one (Glu331) of the two possible calcium-
binding amino acids in the C-terminal arm. Amino acid 331
could, however, make an additional salt bridge with amino acid
Lys195 in a nearby monomer of the adjacent pentamer. The
second amino acid (Asp346) in the C-terminal arm, which was
thought to be a calcium-binding site, could establish a salt
bridge with amino acid Lys30.

DISCUSSION

The structure of a small VLP of the human BK polyomavi-
rus has been studied and compared with an earlier solved BKV
VLP. We have also studied the effect of the buffer composition
on VLP disassembly and reassembly processes. The small BKV
VLP (26.4 nm in diameter) was shown to have a T=1 surface
lattice, with a pentamer located at each fivefold axis. In these
T=1 particles, the main interpentameric contact was found at
the icosahedral threefold axis. The angle between the pentam-

STRUCTURE AND ASSEMBLY OF BK VIRUS-LIKE PARTICLES

1
L&)
w

4

ers was 38° grcater when compared to the larger BKV VLP
(50.6 nm in diameter), which has a capsid composed of 72
pentamers arranged in 7=7 surface lattices (21). Our observed
structure of the T=1 particle agrees very well with the com-
putational modeling of the 12-capsomer murine polyomavirus
particle done by Salunke et al. (29).

With a 74% similarity to SV40 VP1, the primary sequence of
BKV VP1 was aligned with the coordinates of VP1 from SV40
(SV40, PDB:1SVA) to create a structural model of the BKV
VP1 (34): This model was first fitted to the density map of the
T=17 particle in order to reveal the differences and similarities
to particles with the same T-number. An excellent fit of the
VPl model to the EM-density map was obtained after an
adjustment of the slightly larger diameter of the BKV VLP.
The six unique C-terminal arms, responsible for the interpen-
tameric contacts, fitted in the EM density as well.

The fivefold monomer from the T=7 structure inserted well
into the T=1 EM density following an adjustment to particle
curvature m the hinge regions of the C-terminal arm. In 7=1
particles, the pentamers were connected to each ather at the
icosahedral threefold axis in a similar way as at the local three-
fold axis in the T=7 particle. Here, seen in both particles, the
C-terminal arms mot in a triple-helix bundle (residues 301 to
313). In the 7=1 particles this bundle appears to have four
additional hydrogen bonds and to be less hydrophobic com-
pared to the T=7 structure.

While the outermost part of the C-terminal arm (amino
acids 350 to 362) appear to be the most flexible part that do not
significantly contribute to the stability of either the small or
large VLP, the interactions involving the J-strand is conserved.
Thus, the key feature of the capsomer-intervening C-terminal
arm is the ability to adjust to the pentamer’s relative orienta-
tion and particle curvature. In the 7=1 particle the essential
adopting regions are the hinges on both side of the short
C-terminal helix. The flexibility in these regions allows the
J-strand to msert in the conserved orientation and the short
helices from three capsomers to form a bundle, fitting with the
cryo-EM map.

A similar type of flexible adaptation in the C-terminal arms
has been reported for the 7=1 and 7=7 VLPs of the papilloma
virus (7, 23). Despite lacking significant sequence similarity,
the BKV VP1 (362 residues) and the human papilloma virus 16
L1 (531 residues) both form pentameric capsomers and similar
architectures. Also, in the papilloma virus 7=7 structure the
C-terminal arm “invades” adjacent pentamers, keeping the
shell together. However, in the T=1 structure the C-terminal
arms exit the monomer to form the interpentameric contact at
the threefold axis and then reinsert into the same monomer,

FIG. 7. Interpentameric interactions in the T=1 and T=7 BKV VLP. (A) Left: VP1 model of the « (yellow), o’ (red), and o’ (green) monomer
fitted to the density map of the 7'=7 particle at the local threefold. Right: close-up of the interpentameric contact “triple-helix bundle” at the local
threefold. (B) Left: three T=1 VP1 models fitted to the density map of the T=1 particle, the particle is viewed along the threefold axis. Right:
close-up of the interpentameric contact found at the threefold axis in the T=1 particle. (C) Close-up of the triple-helix bundle in the smaller T=1
particle, showing possible salt-bridges and hydrophobic interactions. Right, side view; left, top view. (D) The C-lerminal arm from the T=1 particle
(red) and the « monomer from the I'=7 particle (yellow) are here superimposed to compare interpentameric interactions. The C-terminal arms
interact with iwo monomers in the neighboring pentamer (blue). The C-terminal arms start with a helix at the threefold (in the T=1 particle) and
at the local threefold in the T=7 particle (1). The helix is connected through a long loop (2) to the J-strand (4). The two possible calcium-binding
amino acids in the C-tevminal arm are also marked, Glu331 (3) and Asp346 (5). The threefold and fivefold are marked as triangle and pentagons,
respectively. Bar, 10 nm.
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