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FIG. 2. Phylogenetic tree of HTLV-1 isolates that belong to subgroup A. The new isolates from India are boxed in black. The
tree was constructed on the basis of a part of the LTR region (nucleotide positions 122-628 in ATK) by using the NJ method.

The tree was rooted with strains of the Central African and Melanesian groups. For details, see the legend to Fig. 1.
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ability of populations in the southern parts of India, where the
Dravidians are the major inhabitants and HTLV-1 is highly
prevalent.1%-12 The genetic diversity of the southern Indian pop-
ulations was estimated to be as high as that of Africans and
even higher than that of Europeans and other Asians based on
sequence data of mitochondrial DNA and the allele frequency
of several genetic loci.'® Taken together, these findings imply
that different lineages of the Dravidians carried different geno-
types of subgroup A HTLV-1 when they reached India.

According to this scenario, some of the HTLV-1s in India could
have been taken to other HTLV-1-prevalent areas such as the Mid-
dle East, South Africa, and the Caribbean basin. The genetic sim-
ilarities between two of the new Indian isolates (AP15 and TNA)
and the Middle Eastern isolates (Fig. 2), as well as the geographic
proximity of India and the Middle East, strongly suggest move-
ments of HTLV-1 carriers between these two areas, which is con-
sistent with previous reports.* If this is the case, HTLY-1 might
have been brought from India to the Middle East on the basis of
the higher diversity among HTLV-1s in southern India than
among Middle Eastern HTLV-1s (Fig. 2). Our results also show
that two of the new isolates (INDOO! and IND002) were phylo-
genetically related to South African and Caribbean HTLV-1s. This
raises the possibility that some Indian HTLV-1s were introduced
to South Africa and the Caribbean basin, as was previously pro-
posed. ! This possibility is consistent with the facts that more than
a half million Indians migrated to the Caribbean basin as inden-
tured laborers after the abolition of the trans-Atlantic slave trade
in the early nineteenth century, and that South Africa served as a
waystation during the migration.

After the putative introduction of Indian HTLV-1 to South
Africa, some of the migrants may have gone back to India, pos-
sibly carrying human immunodeficiency virus type 1 (HIV-1).
This is because the seropositivity against HTLV-1 among HIV-1
seropositives was significantly higher than that among HIV
seronegatives in southern India.!! This suggests that HTLV-1 was
sexually transmitted among some HIV-1 seropositives in south-
ern India. As Indian HIV likely originated from South Africa,
some Indian HTLV-1s may have originated from the same place.

In sumimary, we speculate that Dravidian speakers originally
carried HTLV-1 to southern India. This is supported by the fol-
lowing two points. First, the seven HTLV-1s isolated in south-
ern India in this study are all in subgroup A and are highly het-
erogeneous. Second, India has the most divergent strain of
subgroup A® (Fig. 1). Nonetheless, it is unclear how Dravidian
speakers originally acquired HTLV-1. With respect to the ori-
gin of HTLV-1 of the Dravidians, it is interesting that the sickle
cell gene haplotypes in southern India are the same as those in
Africa,!5 and that the Dravidian languages have some similar-
ities to those spoken in the Sahel Belt of Africa (from Sudan
to Senegal).!% It also remains unclear why HTLV-1s of Japan
and South America are phylogenetically related to those of In-
dia. Future phylogenetic analyses of HTLV-1s in the Sahel Belt
and South and Central Asia will help to identify the origin of
Indian HTLV-1 and elucidate how it was disseminated in Asia.
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Dimer formation of HIV-1 genomic RNA through its dimerization initiation site (DIS) is
crucial to maintaining infectivity. Two types of dimers, the initially generated kissing-
loop dimer and the subsequent product of the extended-duplex dimer, are formed in the
stem-bulge-stem region with a loop including a seli-complementary sequence. NMR
chemical shift analysis of a 39mer RNA corresponding te DIS, DIS39, in the kissing-
loop and extended-duplex dimers revealed that the three dimensional structures of
the stem-bulge-stem region are extremely similar between the two types of dimers. There-
fore, we designed two shorter RNA molecules, loop25 and bulge34, corresponding to the
loop-stem region and the stem-bulge-stem region of DIS39, respectively. Based upon the
chemical shift analysis, the conformation oftheloopregion ofloop25 isidentical to that of
DIS39 for each of the two types of dimers. The conformation of bulge34 was also found to
be the same as that of the corresponding region of DIS39. Thus, we determined the solu-
tion structures of loop25 in each of the two types of dimers as well as that of bulged4.
Finally, the solution structures of DIS39 in the kissing-loop and extended-duplex dimers
were determined by combining the parts of the structures. The solution structures of the
two types of dimers were similar to each other in general with a difference found only in
the Al6residue. The elucidation of the structures of DIS3% is important to understanding

the molecular mechanism of the conformational dynamics of viral RNA molecules.

Key words: DIS, HIV-1, NMR, RNA, structure.

Abbreviations: DIS, dimerization initiation site; HIV-1, human immunodeficiency virus type 1.

Two molecules of viral genomic RNA are packaged in a
dimeric state in the virion of human immunodeficiency
virus type 1 (HIV-1), and this dimer formation is crucial
to maintaining their infectivity (I-4). Accumulating evi-
dence from both in vivo and in vitro experiments has
shown that the specific sequence, the dimerization initia-
tion site (DIS) located close to the 5 terminus of the
genomic RNA, is required for spontaneous dimerization
of HIV-1 RNA. DIS can form a stem-loop structure with
a self-complementary sequence in the loop and a bulge in
the stem (5, 6). The dimerization of DIS forms the kissing-
loop dimer as the first step; then, their intramolecular
stems are converted into intermolecular stems, generating
the extended-duplex dimer (7, 8). This two step dimeriza-
tion process is called the kissing-loop mechanism. The
kissing-loop dimer is converted into the extended-duplex
dimer by incubation at 55°C (9, 10) or by incubation at
physiological temperature with the HIV-1 nucleocapsid
protein, NCp7, which includes two basic regions and two
zinc-fingers (11). A number of experiments have been per-
formed to gain an understanding of the role of the zinc-
fingers as well as the basic regions (12-16). Our previous

*To whom correspondence should be addressed. Tel/Fax: +81-47-
478-0425, E-mail: gkawai@sea.it-chiba.ac.jp
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results show that, for the two step dimerization from
the kissing-loop dimer to the extended-duplex dimer, the
two basic regions surrounding the N-terminal zinc finger of
NCp7 have RNA chaperone activity by themselves, and the
zinc fingers increase the efficiency of the activity (17, 18).

A number of three dimensional structural analyses using
NMR and X-ray methods have been performed to deter-
mine the conformation of each region of DIS, the loop
region in the kissing-loop (19, 20) or extended-duplex
dimers (21-24), as well as the bulge-out region (25-27).
However, our previous studies suggested that the 39mer
RNA sequence, DIS39, which covers the entire bulge and
loop regions, is necessary and sufficient for the two step
dimerization (28, 29). Thus, it is still relevant to determine
the structures of the kissing-loop and extended-duplex
dimers for DIS39 with the same sequence and conditions.

In the present study, we designed two shorter RNA mole-
cules, loop25 and bulge34; loop25 includes the loop-stem
region of DIS39, and bulge34 includes the stem-bulge-stem
region (Fig. 1), respectively we then determined the solu-
tion structures of loop25 in each of the kissing-loop and
extended-duplex dimers as well as bulge34. By combining
the structure parts, the solution structures of DIS39 in the
kissing-loop and extended-duplex dimers were able to be
determined.

583 © 2005 The Japanese Biochemical Society.

—243—



584

— G

G o AA G

[ seculiooud oo AcGecandt G
8‘0034@0/ [1T0) {mm [T [ecs.
| G AGAACGECATCGEGE UCGUUCGGCM&!/

culecuG N olatic) acleonade®

HI;HHMHHI HHIHI

GAMCGGCATCACEYG GUCGYUCGs
! AA

CGGCAAGQS

el
iG GUCG,UUCGs'

o :
//// GGCUUGCUGM
*Ceed LT 11T o
sC%BGAACGGCG

C

Fig. 1. Secondary structure of a 39mer RNA corresponding
to the dimerization initiation site (DIS39) and its fragments
used in this study. (A) The kissing-loop and extended-duplex
dimers of DIS39. (B) The kissing-loop and extended-duplex dimers
of loop25, which is composed of the loop and stem of DIS39.
Modified residues are indicated by open characters. The sequence
of the self-complementary loop was modified to increase the dis-
persion of NMR signals, and a base pair was added to the stem. The
broken box indicates the part to be used for structure calculation.
(C) Bulge34 consists of the stem-bulge-stem region of DIS39 and
the connecting UUCG loop. The broken box indicates the part to be
used for structure calculation. Gray shading indicates the two base
pairs, C12-G26 and U13-G25, that are superimposed to combine
the structures of the kissing-loop or extended-duplex dimer region
and the stem-bulge-stem region. Asterisks indicate residues in the
other strand.

MATERIALS AND METHODS

RNA Synthesis, Purification and Prepardtion—Non-
labeled loop25 was synthesized chemically by the
phosphoramidite method with an automatic DNA/RNA
synthesizer, Expedite model 8909 (PerSeptive Biosystems
Inc., MA, USA). The protection groups were removed with
ammonia and tetra-n-butylammonium fluoride. Non-
labeled DIS39 and bulge34 were synthesized enzymati-
cally by the in vitro transcription reaction method with
AmpliScribe T7 transcription kits (Epicentre Technologies
Co., WI, USA). Purification for each RNA sample was per-
formed by PAGE using 30 cm x 40 cm glass plates (Nihon
Eido Co. Ltd., Tokyo, Japan) under denaturing conditions,
and extensive desalting by ultrafiltration (Centricon YMS3,
Amicon Inc., MA, USA) was carried out. For stable iso-
topic labeling by the in vitro transcription with 13C- and
15N-labeled NTPs (Nippon Sanso, Tokyo, Japan), we used

S. Baba et al.

DIS39 rather than shorter loop25 and bulge34 because the
efficiency of in vitro transcription is better for larger RNA.

For the preparation of the kissing-loop dimer, DIS39 or
loop25 in water was incubated at 368 K for 5 min and
chilled on ice for 5 min. Then, the solvent was adjusted
to 1x PN-buffer [10 mM sodium phosphate (pH 7.0) and
50 mM NaCl] by adding concentrated buffer. For the pre-
paration of the extended-duplex dimer, DIS39 or loop25 in
1x PN-buffer was incubated at 368 K for 5 min and slowly
cooled to room temperature. Bulge34 was annealed by
heating at 863 K for 5 min and snap-cooling on ice. To
confirm the formation of the hairpin structure, the samples
were subjected to a native PAGE experiment. For NMR
measurements, RNA samples were dissolved in 10 mM
sodium phosphate buffer (pH 7.0) containing 50 mM
NaCl. The final concentration of chemically synthesized
loop25 was 1.8 mM. The concentrations of DIS39 and
bulge34 (transcripts) were 1.0 and 0.5 mM, respectively.
The concentration of the kissing-loop and extended-duplex
dimers of [G-1C/*®N] and [A-12C/*°N] DIS39 were 0.4, 0.3,
0.2 and 0.1 mM, respectively.

NMR Measurements—NMR spectra were recorded on
Bruker DRX-500 and DRX-600 spectrometers. Spectra
were recorded at probe temperatures of 283 to 303 K
and NMR data at 298 K were used for structure calcula-
tion. The imino proton signal of the G and U residues in
Hs0 were distinguished from each other by the HSQC
selected and HSQC filtered 1D spectra measured with
3¢ and **N-labeled DIS39. Exchangeable proton NOEs
were determined by 2D NOESY in HyO with a mixing
time of 150 ms using the jump-and-return scheme and
gradient pulses for water suppression. For resonance
assignments, well-established procedures were used (30).
The H2 protons of adenosine were assigned based on a 2D
HSQC experiment with natural abundance **C. NOE dis-
tance restraints from non-exchangeable protons were
obtained from 2D NOESY experiments (mixing times of
50, 100, 200, and 400 ms) in Dy0. The intensities of the
NOZEs between exchangeable protons were interpreted as
distances of 2.1-5.0 A. For loop25, distances were esti-
mated by analyzing the initial slope of NOE intensities
for mixing times of 25, 50, 100, 200 ms. Judgment of inter-
molecular NOE is described in the result section. Two
restraints (>5 A) were added to the distance restraints
based on the absence of NOE cross peaks in the case of
the kissing-loop dimer. For bulge34, the intensities of
NOEs due to nonexchangeable protons were interpreted
as distances with a margin of ~1.5 to +1.5 A for the 100
ms 2D NOESY and -1.0 to +2.0 A for the 200 ms 2D
NOESY. Two restraints (>5 A) were added to the distance
restraints based on the absence of NOE cross peaks. The
formation of hydrogen binding of G:C, A:U or G:U base
pairs is interpreted as distance constraints as 1.8-2.1 A
for hydrogen and acceptor atoms and 2.8-3.2 A for donor
and acceptor atoms; G11:C27 to G14:C24, G11*:C27* to
G14*:C24* and G17:C22* to C22:G17* for loop25 in the
kissing-loop dimer, G11:C27* to G14:C24%, G11*:C27 to
G14*:C24 and G17:C22* to C22:G17* for loop25 in the
extended-duplex dimer, and G1:C39 to C5:G35 and
U9:A29 to G14:C24 for bulge34. Dihedral restraints were
obtained as deseribed below. The absence of crosspeaks
between H1'-H2' in the 2D TOCSY and DQF-COSY experi-
ments was interpreted as the residue being in the C3'-endo
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conformation. On the other hand, the presence of strong
crosspeaks between H1'-H2' in the 2D TOCSY and DQF-
COSY experiments was interpreted as the residue being in
the C2'-endo conformation. The correction of sugar puck-
ering is interpreted as dihedral restraints for vy as 40.00 £
20.00° (C3-endo) or ~35.00 = 20.00° (C2'-endo). Based on
the sequential connectivity of the Watson-Crick and G-U
base pairs, the RNA-A conformation was assumed for the
stem region and dihedral restraints were introduced for
backbone torsion angles (o, B, v, 8, € and () as the ideal
conformation with a margin of £10.00°. For loop25 in the
kissing-loop dimer, information about the C3'-endo confor-
mation (G11-G14, G17-C27), the C2-endo conformation
(A16) and RNA-A conformation in the stem region (G11-
U13, U18-A21, G25-C27) was used as the dihedral
restraints. For loop25 of the extended-duplex dimer,
information about the C38'-endo conformation (G11-G14,
G17-C27) and RNA-A conformation in the stem region
(G11-U13, U18-A21, G25-C27) was used as the dihedral
restraints. For bulge34, the information about the C3'-endo
conformation (Gi-G14, C24-A31, C34-C39) and RNA-A
conformation in the stem region (G1-C5, G11-G14, C24—
C27, G35-C39) was used as the dihedral restraints.

Structure Calculation—A set of 100 structures was cal-
culated using the simulated annealing protocol described
below with the InsightII/Discover package, and the amber
force field was used. The force constants were 100 kcal
mol™ A% for distance restraints and 100 kcal mol™
rad? for dihedral restraints. The starting coordinates
were randomized, and the randomized structures were
heated to 2,000 K in 5 ps, and the temperature was kept
10 2,000 K for another 5 ps. After that, all restraints were
increased to full values in 20 ps, then, decreased to 1/10 of
full values in 5 ps at 2,000 K. Van der Waals radii were
increased from 0.1 to 0.825 in 20 ps at 2,000 K. All
restraints were increased to full value again in 10 ps at
2,000 K. Scalings for non-bond interactions were increased
to full value in the next 20 ps at 2,000 K, and the tempera-
ture was kept to 2,000 K for another 5 ps. Then, the tem-
perature was gradually scaled to 300 K in 10 ps. After that,
the structure was heated from 300 to 1,000 K in 5 ps, and
the van der Waals radii were increased from 0.825 to 1 at
1,000 K, and then decreased from 1 to 0.825 at 1,000 K. An
additional 5 ps of dynamics was performed at 1,000 K, and
the temperature was gradually scaled to 300 K for 10 ps. A
final minimization step was performed, which included a
Lennard-Jones potential and electrostatic terms with a
dielectric constant of 7. The ten final structures with the
lowest total energies were chosen.

RESULTS AND DISCUSSION

Analysis of the NMR Spectra of DIS39, Loop25 and
Bulge34—O0ur previous NMR study revealed that the two
types of dimers of DIS39 prepared as described in “MATERI-
ALS AND METHODS” correspond to the kissing-loop and
extended-duplex dimers (37). NMR spectra of DIS39 in
each of the kissing-loop and extended-duplex dimers
were measured in D50, and the signals due to H1', H6/
HS8 were assigned by the sequential assignment method
(Fig. 2). Figure 3A shows the difference in the chemical
shift of H1', H6/H8 between the two types of dimers. It was
found that the difference is concentrated in the loop region.

Vol. 138, No. 5, 2005

585

Interestingly, structures of the stem-bulge-stem region of
the kissing-loop and extended-duplex dimers were extre-
mely similar, even though the stems are formed by intra
and inter molecules. This was also shown by analysis of
the TOCSY spectrum; differences are located in the loop
regions. Most residues were adapted to the C3'-endo con-
formation except for G32, G33 in the bulge-out region of
both forms, A16 in the kissing-loop dimer and A15, A16 in
the extended-duplex dimer, which might be a mixture of
the C2-endo and C3'-endo conformations.

To reveal further authentic structure, two RNA mole-
cules were designed; loop25 includes the loop region and
bulge34 includes the stem-bulge-stem region (Fig. 1, Band
C). Loop25 was constructed to determine the authentic
structure of the loop region. In order to increase the dis-
persion of the NMR signals, the sequence of the loop was
modified from GCGCGC to GUGCAC. One base pair was
added by replacing A31 by C31 in the stem to increase the
stability of the kissing-loop dimer. It is noted that the loop
sequences of GCGCGC and GUGCAC correspond to those
of HIV-1 subtypes B and F (32), respectively, and both
sequences have dimerization activity (6, 9, 10). The chemi-
cal shifts of loop25 were compared with those of DIS39 in
each of the kissing-loop and extended-duplex dimers
(Fig. 3, B and C). For both conformations, the chemical
shifts for most of the stem region and Al5, A16 and A23
were strikingly similar between the loop25 and DIS39. Due
to the base alterations, the chemical shifts of the self com-
plement loop were slightly different for both dimers. The
chemical shift of H8 was shifted more than 0.2 ppm due to
the addition of the terminal base pair. It is noteworthy
that the chemical shift difference in loop25 between the
kissing-loop and extended-duplex dimers (Fig. 3D) was
almost identical to that of DIS39 (Fig. 3A). These resulis
indicate that the structures of loop25 in the kissing-loop
and extended-duplex dimers are essentially identical to
those of DIS39. Upon analysis of the TOCSY spectrum,
it was found that most of the residues were adapted to
the C3'-endo conformation except Al5 and Al16 for the
extended duplex dimer and Al6 for the kissing loop
dimer, and these results also agree with the results for
DIS39.

Bulge34 was constructed to determine the authentic
structure of the stem-bulge-stem region. Bulge34 consists
of the stem-bulge-stem region of DIS39 and the connecting
UUCG loop. The NMR signals of bulge34 were assigned by
the sequential assignment technique. The chemical shift of
H1', H6/HS8 of bulge34 were compared to those of DIS39 in
the kissing-loop dimer (Fig. 3E). The chemical shifts for the
stem-bulge-stem regions of bulge34 and DIS39 were iden-
tical, although the chemical shifts of the residues adjacent
to the loop were slightly different by reflecting the differ-
ence in the closing loop sequences. Upon analysis of the
TOCSY spectrum, it was found that most residues were
adapted to the C3'-endo conformation except for G32, G33
in the bulge-out region and C in the UUCG loop, and that
the conformation in the stem-bulge-stem region also
agreed with that of DIS39. These results indicate that
the structure of the stem-bulge-stem region of bulge34 is
identical to that of DIS39.

Thus, the structures of DIS39 for two types of dimers can
be determined by determining the structures of loop25 and
bulge34, and combining them.
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Fig. 2. 2D NOESY spectra of the
(A) kissing-loop and (B) extended-
duplex dimers of DIS39 measured in
D0 at 25°C with a mixing time of
200 ms. Cross-peaks between aromatic
H6/H8 protons and ribose H1' protons
are shown, and the sequential NOE con-
nectivity is indicated.
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Structure Determination—The loop region of loop25 in
the kissing-loop dimer: To determine the structure of the
loop region of DIS39 in both the kissing-loop and extended-
duplex dimers, the NMR signals of loop25 were further
analyzed and structural information was collected. The
structure of the loop region consisting of the nine nucleo-
tide loop and the stem with four base pairs was determined
as shown by the broken box in Fig. 1B. A total of 286
distance restraints, 76 hydrogen bonding distance
restraints, 140 dihedral restraints (Table 1), and 136 chiral
restraints were used for the structural calculation. Three
NOEs in the loop region, H2(A21)-H1/(U18), H2(A21)~
H1'(G19) and H2(A21)-H8(G19), were judged to be inter-
molecular by analysis of the imino proton spectra. Four
NOEs in the stem-loop linking region were considered to
be intermolecular or intramolecular based on the results of
the isotope filter NMR measurement (data not shown), and
it was concluded that two NOEs, H2(A23)-HI’' (G17),
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28 3t 34 37

H2(A16)-H1' (G16), are intermolecular and three NOE,
H8(A16)-H1' (A16), H8(A16)-H2' (A16), are intramolecu-
lar. One NOE in the stem-loop linking region was consid-
ered to be intermolecular or intramolecular in the
structure calculation, and it was concluded that this
NOE, H2(A23)-H2(A15), is intramolecular. Each restraint
is used twice for two molecules. The structures were cal-
culated by the restrained molecular dynamic calculation
with the simulated annealing method. The structure was
defined with a heavy atom r.m.s.d. of 2.14 A for the ten
converged structures (Fig. 4A, left panel), and the mini-
mized average structure is shown in Fig. 4A (right panel).
Although the overall convergence was not very good, the
self-complementary region was well defined with 0.76 A,
and the stem-loop linking region was defined with 1.86 A.
The structural statistics are summarized in Table 1.

The loop region of loop25 in the extended-duplex dimer:
The loop region of loop25 in the extended-duplex dimer was
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Table 1. NMR restraints and structural statisties.
Number of restraints
loop25 in the loop25 in the
hssin};-loop dimer extezfded«duplex (103%1%; :3
(17 mer x 2) dimer (17 mer x 2)

Distance restraints 286 384 345
imino-imino 12 12 10
intra residue 154 182 163
intra molecule 106 174 170
inter molecule 12 16 -
>5 A 2 0 p)

Hydrogen bonding distance restraints 76 76 58

Dihedral restraints 140 138 126
3-endo 30 30 28
2'-endo 2 0 0
RNA-A stems 108 108 98

r.n.s.d. from the idealized geometry (&)

Bonds (A) 0.00897 + 0.00004 0.00803 + 0.00020 0.00775 +0.00015
Angle (°) 243 +0.23 2.33+£0.05 2.24 £0.07
Impropers (°) 1.57 £ 0.10 1.82+0.64 1.58 £0.21

Heavy-atoms r.m.s.d. (A)?

All 2.14 1.45 1.98
Stem-loop linking region® 1.86 1.31
Bulge region® 1.90

®Averaged r.m.s.d. between an average structure and the 10 converged structures were calculated. The converged structures did not
contain experimental distance violations >0.2 A or dihedral violations >5°, "The stem-loop linking region consists of residues 14 to
17, 22 to 24, 14* to 17* and 22* to 24%, “The bulge region consists of residues 6 to 10 and 28 to 34. Asterisks indicate residues in

the other molecule.

determined (broken box in Fig. 1B). A total of 384 distance
restraints, 76 hydrogen bonding distance restraints, 138
dihedral restraints (Table 1) and 136 chiral restraints were
used for the structure calculation. For the stem-loop link-
ing region, H2 of A23 was connected by intermolecular
NOEs to HY and H2 of Al5, H2 of A16 and HY’ of G17.
The structures were calculated by the restrained molecular
dynamic calculation with the simulated annealing method
described above. The structure was well defined with a
heavy atom r.m.s.d. of 1.45 for the ten converged structures
(Fig. 4B, left panel), and the minimized average structure
is shown in Fig. 4B (right panel). The stem-loop linking
region was defined with 1.31 A. The structural statistics
are summarized in Table 1.

The stem-bulge-stem region of bulge34: A structural
determination was performed for bulge34 except for the
UUCG loop (broken box in Fig. 1C). A total of 345 distance
restraints, 58 hydrogen bonding distance restraints, 126
dihedral restraints (Table 1) and 120 chiral restraints were
used for the structure calculation. Two NOE restraints (>5
A), H2(A31)-H1(U9) and H1'(A31)-H1'(U9), were added to
the distance restraints based on the absence of NOE cross
peaks. The structures were calculated by the restrained
molecular dynamic calculation with a simulated annealing
protocol. The structure was defined with a heavy atom
r.m.s.d. of 1.98 for the ten converged structures (Fig. 4C,
left panel), and the minimized average structure is shown
in Fig. 4C (right panel). Although the overall convergence
is not very good, the stem regions are well defined with 0.83
or 0.78 A, respectively. The bulge region was defined with
1.90 A. The structural statistics are summarized in Table 1.

The two types of dimers of DIS39: Solution structures of
DIS39 were then constructed by combining the structure

parts. The structures of the kissing-loop or extended-duplex
dimer region and stem-bulge-stem region were combined
by superimposing two base pairs, C12:G26 and U13:G25
(Fig. 1, gray area). The left panels of Fig. 5 show the ten
structures prepared by using the minimized average struc-
ture of the stem-bulge-stem region (Fig. 4C, right) and each
of the ten lowest energy structures of the loop region (Fiig. 4,
A or B, left) superimposed by the loop region. The right
panels of Fig. 5 show the structures prepared using the
minimized average structure of the stem-bulge-stem region
(Fig. 4C, right) and the loop region (Fig. 4, A or B, right). The
relative angles between the stem-bulge-stem regions differ
between the kissing-loop and extended-duplex dimers as
shown in the right panels of Fig. 5. However, the fluctua-
tions of the relative angles are rather large and the ranges
overlap between the two dimers as shown in the left panels
of Fig. 5. In fact, the values of the residual dipolar coupling
for the stem-bulge-stem region are similar between the
kissing-loop and extended-duplex dimers (to be published).
A preliminary normal mode analysis suggested the exis-
tence of hinge motion, and, in order to reveal the dynamic
properties of the dimers, a molecular dynamics analysis, as
well as the thermodynamics analysis (33), is required. The
most obvious local difference was observed for A16; for the
kissing-loop dimer, A16 was close to the same residue in the
other molecule (Fig. 6A, left) and did not stack above A15 of
the same molecule nor G17 of the other molecule (Fig. 64,
right), whereas for the extended-duplex dimer, A16 was
apart from the same residue of the other molecule
(Fig. 6B, left) and stacked between A15 and G17 (Fig. 6B,
right).

Structural Comparison with Related Structures—
Ennifar et al. (20) determined the crystal structure of
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Fig. 4. Solution structures of each part of DIS39. Left panels
show the superimposition of the 10 lowest energy structures and the
right panels show the minimized average structures. (A) The loop
region of loop25, as shown by the broken box in Fig. 1b, in the

the kissing-loop dimer. The present structure is similar to
the crystal structures in general, except for A15 and Al6.
In the present structure, A15 stacks on G14 and A16 inter-
acts with the same residue in the other molecule (Fig. 64,
right). On the other hand, in the crystal structure, A15 and
G16 are flipped out (20). It is noted that the numbering
system of DIS39 is used for other structures for conveni-
ence, and position 16 is occupied by A or G depending on
the strain. A15 and A16 (or G16) might be flexible and can
be flipped out even in solution. Mujeeb et al. (19) deter-
mined the solution structure of the kissing-loop dimer. In
this structure, A16 interacts with A15 and C24 in the other
molecule, and, as a result, the distance between the two
stems is relatively short. Thus, this restricted interaction
makes the global structure different from the present
structure and the crystal structure. However, the location
of A15 is similar in the two solution structures. The differ-
ence in the conformation of A16 between the two solution

Vol. 188, No. 5, 2005

kissing-loop dimer. Each strand is colored in red or blue. (B) The
loop region of loop25 in the extended-duplex dimer. (C) The stem-
bulge-stem region of bulge34.

structures may reflect the difference in the sequence of the
stem adjacent to the loop and/or in the sample condition,
including the salt concentration. The NOE connectivity
determined in the present study agrees in general with
those of Dardel et al. who analyzed the structure of the
stem-loop region in the kissing-loop dimer by NMR (34).
Girard et al. (21) and Mujeeb et al. (22) determined the
solution structures of extended-duplex dimers. In these
two structures, as well as in the present structure, Al5,
A16 and A23 form a zipper like structure (Fig. 6B, right).
On the other hand, in the case of the crystal structure of
the extended-duplex dimer, G16 forms a G:A base pair and
Al5 is flipped out, and it was assumed that this in-out
bulge transconformation is magnesium-dependent (23).
Structures of the stem-bulge-stem region were shown by
Lawrence et al. (26) and Yuan et al. (27). In the solution
structure determined by Lawrence et al. (26), continuous
stackings were formed for each strand, G6-C8 and
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Fig. 5. Solution structures of the (A) kissing-loop and (B)
extended-duplex dimers of DIS39. Left panels show the struc-
tures constructed by combining the structures of the loop (the 10
lowest energy structures of the kissing-loop or extended-duplex
dimers) and the stem-bulge-stem (minimized average structure)
regions. Right panels show the structures constructed by combining

(G30-C34. Yuan et al. (27) showed that G7 and A31 form a

base pair, and that G33 is not always stacked on G32 or
C34, and, in general, the present structure is identical to
the latter structure. Greatorex et al. (25) showed that the
bulge region is too flexible to determine the conformation.
These conformational differences may be caused by differ-
ences in the stability of the terminal stem. Lawrence et al.
(26) adopted a stable 7 base-pair stem, and their structure
forms an ordered conformation in the bulge region. In con-
trast, Greatorex et al. (25) adopted an unstable 4 base-pair
stem and the bulge region is flexible. Yuan et al. (27)
adopted a 4 base-pair stem and a flanking adenosine

the minimized average structures of the loop and stem-bulge-stem
regions. The two regions were combined by superimposing two base
pairs, C12-G26 and U13-G25 (Fig. 1, gray area). Each strand is
colored in red or blue and views from two different directions are
shown.

residue at the 3’ terminal that must stabilize the stem.
In the present study, a 6 base-pair stem was used.
Mechanism of the Two Stem Dimerization—Between the
kissing-loop and extended-duplex dimers, A16 shows the
most drastic change in interaction with other residues,
suggesting that Al16 is the key residue in the two step
dimerization reaction. The difference in the A16 conforma-
tion among structures with different sequences and deter-
mined under different conditions as described above, also
suggests the importance of this residue. Mujeeb et al. (19,
22) also pointed out the flexibility around the junction of
the loop and the stem of DIS in the kissing-loop and

J. Biochem.
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Fig. 6. Structures of the linking regions. (A) Regions linking the
stem and loop in the kissing-loop dimer. The left panels show the
positions of Al5, Al6, and A23 in the entire structure in a stereo
view, and the right panels show residues linking the stem and loop.

extended-duplex dimers. Imino proton signals due to
U9:A29 and U10:A28 are much broader than other signals
in the stem region, and no imino proton signal due to
C8:G30 was observed. Thus, the stem between the loop
and bulge is destabilized by the bulge region. Our previous
experiments also showed that the bulge region is required
for the two-step dimerization to adjust the thermal stabi-
lity of DIS, and Greatorex et al. (25) also indicated that the
flexibility of the bulge region is critical based on the fact
that mutations in the bulge region strongly affect the
melting temperature, as well as the fact that none of the
wild-type sequences in the bulge region that increase the
melting temperature is ever found in wild-type viruses.
Thus, the conformational conversion from the kissing-
loop dimer to the extended-duplex dimer might require
two factors, the movement of A16 and the modest stability
of the stem caused by the presence of the bulge region.

In the present study, a set of structures corresponding to
the initial and final structures of the two-step dimerization
of DIS are provided; these structures will promote studies
to elucidate the molecular mechanism of the conforma-
tional change in the two-step dimerization, including an
analysis of the interaction between DIS and NCp7, in addi-
tion to the molecular dynamics approach.

Vol. 138, No. 5, 2005

Asterisks indicate residues in the other strand. (B) Regions linking
the stem and loop in the extended-duplex dimer. (C) The bulge
region linking the two stems.

Coordinates: The structure has been deposited in the
Protein Data Bank (accession code 2D17: the stem-
bulge-stem region of bulge34, 2D18: the extended-duplex
dimer of loop25, 2D19: the kissing-loop dimer of loop25,
2D1A: the extended-duplex dimer of DIS39 and 2D1B:
the kissing-loop dimer of DIS39).
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Ku80 autoantigen as a cellular coreceptor for human parvovirus B19 infection

Yasuhiko Munakata, Takako Saito-lto, Keiko Kumura-Ishii, Jie Huang, Takao Kodera, Tomonori Ishii, Yasuhiko Hirabayashi,

Yoshio Koyanagi, and Takeshi Sasaki

Human parvovirus B19 (B19) infects hu-
man erythroid cells expressing P antigen.
However, some cell lines that were posi-
tive for P antigen failed to bind B19,
whereas some cell lines had an ability to
bind B19 despite undetectable expres-
sion of P antigen. We here demonstrate
that B19 specifically binds with Ku80 au-
toantigen on the cell surface. Further-
more, transfection of HelLa celis with the
gene of Ku80 enabled the binding of B19
and allowed its entry into cells. Moreover,

reduction of cell-surface expression of
Ku80 in KU812Ep6 cells, which was a
high-sensitive cell line for B19 infection,
by short interfering RNA for Ku80 re-
sulted in the marked inhibition of B19
binding in KU812Ep6 cells. Although Ku80
originally has been described as a nuclear
protein, human bone marrow erythroid
cells with glycophorin A or CD36, B celis
with CD20, or T cells with CD3 were all
positive for cell-surface expression of
Ku80. B19 infection of KU812Ep6 cells

and bone marrow cells was inhibited in
the presence of anti-Ku80 antibody. Our
data suggest that Ku80 functions as a
novel coreceptor for B19 infection, and
this finding may provide an explanation
for the pathologic immunity associated
with B19 infection. (Blood. 2005;106:
3449-3456)

© 2005 by The American Society of Hematology

Introduction

Human parvovirus B19 (B19) infects erythroid-lineage cells through
P antigen and causes various clinical symptoms such as erythema
infectiosum, anemia, polyarthritis, or fetal hydrops in humans.!?
The cellular receptor for B19 infection has been regarded as blood
group P antigen based on the failure of B19 infection in a patient
with an hereditary defect of P antigen.? However, the target cells of
B19 may be not be exclusively P-antigen—positive erythroid-
lineage cells, as illustrated by the poor relationship between P
antigen expression levels and the efficiency of B19 infection® or the
failure of B19 binding to globoside.’ Recently, Weigel-Kelley et al
described the role of a581 integrin as the cellular coreceptor for
B19 infection.® The notion that B19 receptor is not solely P antigen
may be compatible with clinical findings that B19 has been
detected in mononuclear cells of blood or tonsils with acute or
prolonged B19 infection.™® Also, following B19 infection, the
numbers of peripheral blood lymphocytes may decrease despite
undetectable levels of P antigen on their cell surface.®!0 Finally,
autoimmune-like phenomena including antinuclear antibodies,
rheumatoid factors, or antiphospholipid antibodies are often associ-
ated with B19 infection,®!! and the levels of tumor necrosis factor
o (TNF-a) and interferon vy (IFN-vy) secreted from macrophages or
T cells are elevated during acute or prolonged B19 infection.!?
Clinical studies have shown that B19 DNA can be amplified from
joint samples by polymerase chain reaction (PCR),'>'* and infec-
tive B19 was detected in the articular lesions of patients with
rheumatoid arthritis. B19 transcripts and B19 protein viral protein 1
(VP1) were also present in T cells, B cells, macrophages, and

follicular dendritic cells.' The cellular mechanism that may allow
B19 binding and its entry into nonerythroid cells has not been
elucidated. In the present study, we explored a putative receptor for
B19 that was distinct from P antigen.

Materials and methods

Cells

Macrophage cell lines U937, urinary bladder carcinoma cell line T24, colon
cancer cell line SW620, renal adenocarcinoma cell line ACHN, and HeLa
cells were provided by the Cell Resource Center for Biomedical Research,
Institute of Development, Aging and Cancer, Tohoku University (Sendai,
Japan). Human erythroid cell line KU812Ep6"™ was provided by E.
Miyagawa (Institute of Fuji Rebio, Tokyo, Japan). T-cell line H9 was
purchased from American Type Culture Collection (Manassas, VA). Bone
marrow samples were obtained from the volunteers who gave informed
consent for the use of their samples for our study. Informed consent was
provided in accordance with the Declaration of Helsinki.

Human parvovirus B19

Serum from patient 1 with acute B19 infection was used as the source for
B19 in the in vitro infection study. The serum contained 2.5 X 10 copies
of B19-DNA per milliliter but was negative for IgM and IgG anti-B19
antibodies.!® B19 was purified using cellulose hollow fiber, was provided
by Dr. K. Yamaguchi,”” and used as an antigen for enzyme-linked
immunosorbent assay (ELISA).
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Recombinant human parvovirus B19 empty capsid protein

Recombinant human parvovirus B19 empty capsid protein (rB19ECP),
prepared as described previously,'® was kindly provided by K. Kamata at
Denka Seiken (Tokyo, Japan). iBI9ECP was composed of VP1 and VP2 at
a ratio of 5:95, respectively.

Antibodies

Monoclonal anti-Ku80 antibodies that recognized N-terminus (amino acids
3-22) or C-terminus of Ku80 (amino acids 610-705) were purchased from
Oncogene (Boston, MA) and BD Biosciences (San Jose, CA), respectively.
PAR3 is a mouse monoclonal antibody recognizing VP2, which shared with
VP1 of B19.1920 1F5 is a mouse monoclonal antibody with anti-idiotypic
activity to an anti-DNA antibody,?! which was used as a control for flow
cytometry analysis. GL4, a rabbit polyclonal antigloboside antibody (IgG
and IgM), was purchased from Matreya (State College, PA). Monoclonal
anti—a5 and anti-B1 integrin antibodies were purchased from Chemicon
(Temecula. CA). Other monoclonal antibodies were purchased from BD
Biosciences.

In vitro infection of B19

Cells (2 X 10 in 0.5 mL. RPMI were infected with B19 containing serum
from 1 (diluted at 2 X 10! copies of B19 DNA/mL.) for 30 minutes on ice
and washed extensively 3 times with phosphate-buffered saline (PBS), pH
7.2, for evaluation of B19 adsorption. To study B19 replication, the
prepared cells in 3 mL RPMI containing 10% fetal bovine serum (FBS)
were further incubated at 37°C for 48 hours in a 5% CQ, humidified
atmosphere, followed by 3 extensive washes with PBS and then evaluated
for B19 protein and B19 DNA.

Protein precipitation and purification of precipitated protein

Cell-surface protein of H9 cells was labeled with sulfo-NHS esters of biotin
(Pierce, Rockford, IL), foliowed by protein precipitation. H9 cells were
treated with Nonidet P-40 lysis buffer (1% Nonidet P-40, 140 mM NaCl,
1 mM phenylmethylsulfonyl fluoride [PMSF], 5 mM EDTA [ethylenediamine-
tetraacetic acid], 50 mM Tris [tris(hydroxymethyl)aminomethane)-HCl,
pH 7.4) and immunoprecipitated with rBISECP- or bovine serum albumin
(BSA)-conjugated cyanogen bromide (CNBr)-Sepharose (Amersham Bio-
science, Piscataway, NJ). The precipitated samples were separated under
denaturing conditions in a 7.5% sodium dodecy! sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) gel, followed by electrotransfer to a
polyvinylidene difluoride (PVDF) membrane. Protein was detected with
enhanced chemiluminescence (ECL) Western blotting detection system
(Amersham Biosciences) and visualized by LAS-1000 (Fujifilm, Tokyo,
Japan). A crude membrane fraction of H9 cells (1 X 10!") was prepared and
solubilized in 1% Nonidet P-40 lysis buffer. The fraction was then
precipitated with rB19ECP-conjugated CNBr-Sepharose for 16 hours at
4°C, and the precipitated proteins were separated by SDS-PAGE followed
by Coomassie blue staining. Protein sequencing was carried out by Toray
Research Center (Kamakura, Japan).

Flow cytometry analysis

Cells were suspended in 100 pL 1% BSA-PBS and incubated with 5 pg/mL
test antibodies on ice for 30 minutes. Celis were then washed 3 times with
PBS. Cells that required secondary antibodies for detection were further
incubated with fluorescein isothiocyanate (FITC)—conjugated goat anti—
mouse IgG (or FITC-conjugated anti-rabbit IgG for the GL4 primary
antibody; Sigma, St Louis, MO) at 1:200 on ice for 30 minutes. Cells were
washed 3 times with PBS before flow cytometry analysis (Becton Dickin-
son, San Jose, CA). For the detection of Ku80 on the cell surface of bone
marrow cells, cells were first reacted with 5 pg/mL anti-Ku80 antibody
followed by an incubation with FITC-conjugated anti-mouse IgG antibody.
After being washed, cells were reacted with the cell-lineage—specific
antibodies (anti-glycophorin A, anti-CD3, anti-CD20, anti-CD56, anti-
CD14, or anti-CD36 antibodies) conjugated with phycoerythrin (PE; BD
Biosciences) according to the manufacturer’s instruction.
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in the in vitro infection study, B19-infected cells were fixed with 4%
paraformaldehyde followed by permeabilization with SAP buffer (0.1%
saponin, 0.05% NaN; in Hanks balanced salt solution). Next, cells were
incubated with PAR3 at a concentration of 5 mg/mL on ice for 30 minutes,
followed by the same procedure as described.

ELISA and quantitative PCR

ELISA was carried out by using rBI9ECP-fixed microwells (Denka
Seiken). The basic protocol for ELISA and quantitative PCR for
measuring B19-DNA was performed as described before. 1516

Preparation of cell fraction from B19-infected cells

Cells (6 X 10°) were infected with B19 for 30 minutes on ice. Following
three washes with PBS, pH 7.2, DNA was extracted from 2 X 10° cells to
measure adsorbed B19. The remaining 4 X 107 cells were further incubated
for 30 minutes at 37°C, followed by 3 washes with PBS, pH 4.5. To obtain
cytoplasm fractions of B19-infected cells, cells were treated with lysis
buffer A (100 mM Tris-HCl, pH 7.5, 1% Triton X-100, S mM EDTA,
50 mM NaCl, and 100 uM PMSF), and centrifuged. Then, DNA was
extracted from the supernatant to measure B19-DNA in cytoplasm. The
pellets were washed with lysis buffer A 3 times and treated with lysis buffer
B (100 mM Tris-HCl, pH 7.5, 1% Triton X-100, 5 mM EDTA, 500 mM
NaCl, and 100 uM PMSF). Following centrifugation, DNA was extracted
from the supernatant to measure B19-DNA in nuclei.

Transfection

Five micrograms of expression vector pcD?? containing pKu80 was used
for the transfection of 1 X 10° HeLa cells, and pcD was used as a
vector-only control. Transfection was done using the lipofectin method
(Invitrogen, Carlsbad, CA). Transfected Hel.a cells were infected with B19
for 30 minutes at 37°C. After being washed 3 times with PBS, pH 7.2, cells
were collected with 5 mM EDTA-PBS, and B19 was detected by confocal
microscopy analysis. Transfected Hel.a cells were incubated with 1 pg/mL
biotinylated rB19ECP in the presence of 5 pg/mL inhibitor antibodies for
30 minutes at 37°C. After being washed 3 times with PBS, pH 7.2, cells
were collected with 5 mM EDTA-PBS, and rB19ECP or Ku80 was detected
by confocal microscopy analysis.

RNA interference of K80 in KU812Ep6

The short interfering RNA (siRNA) for Ku80 was synthesized targeting the
sequence between nucleotide numbers 130 and 148: 5'-CAAGCAAA-
GAAGGUGAUAAATAT-3' (sense), 3'-dTdTGUUCGUUUCUUCCAC-
UAUU-5' (antisense). Disordered siRNA of scrambled nucleotide sequence,
used as negative control, was 5'-GCGCGCUUUGUAGGAUUCG-
dTdT-3" (sense), 3'-dTATCGCGCGAAACAUCCUAAGC-5" (antisense).
Synthesized siRNA (200 nM) was transfected to 1 X 106 KUB12Ep6 cells
by Cell Line Nucleofector Kit V (Amaxa, Gaithersburg, MD) according to
the manufacturer’s instructions. Transfected cells were subjected to flow
cytometry analysis and in vitro infection study of B19, after 48 hours
of incubation.

Detection of B19 in HeLa cells by confocal laser microscopy

Cells were grown on glass microslides and fixed with 4% paraformaldehyde
in PBS for 10 minutes at room temperature. Cells were blocked with PBS
containing 10% FBS for 30 minutes at 4°C, followed by incubation with
mouse monoclonal anti-B19 antibody PAR3 (10 pg/mL.) for 30 minutes at
4°C, then washed with PBS twice, and incubated with FITC-conjugated
goat anti-mouse IgG (1:100; Sigma) for 30 minutes at 4°C. To detect
localization of Ku80 and rBI9ECP, cells on glass microslides were
incubated with mouse monoclonal anti-Ku80 antibody (5 pg/mL) for 30
minutes at 4°C, washed with PBS twice, and incubated with tetramethyl
isothiocyanate (TRITC)~conjugated goat anti—-mouse 1gG (1:50; Sigma) for
30 minutes at 4°C; cells were further incubated with avidin-FITC (1:100;
Gibco, Carisbad, CA) for 30 minutes at 4°C for the detection of labeled
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rBI9ECP. Confocal miscroscopy analysis was performed with a D-
ECLIPSE CI (Nikon, Kawasaki, Japan) mounted with 20X/0.50 or
40X/0.75 Plan Fluor dry objective lenses. Excitation at 488 nm from an
argon laser and at 543 nm from a helium-neon laser was used. Images were
acquired with E2-Cl 2.00 software (Nikon) and processed with Adobe
Photoshop 7.0.1 (Adobe Systems, San Jose, CA).

Resulis

Identification of B19-binding protein on the cell surface
of nonerythroid cells

To identify a putative receptor for B19, we first checked the
expression of P antigen (Figure 1). Flow cytometry analysis
revealed that «5B1 integrin® was also positive on the surface of all
cell lines tested (data not shown). We then studied the binding and
replication of B19 in association with the expression of P antigen
and o531 integrin. Quantitative study for cell-surface binding, B19
DNA replication, and fluorescence-activating cell sorting (FACS)
analysis using anti-B19 protein (VP2) antibody PAR3 revealed that
B19 binds not only to a P antigen—expressing erythroid cell line
KU812Ep6 but also to a macrophage cell line, U937, to a T-cell
line, H9, and a renal carcinoma cell line, ACHN, in which P antigen
was undetectable on the cell surface. None of the cell lines, T24,
SW620, and HeLa, bound B19 despite surface P antigen expression
(left column in Figure 1A). FACS analysis at 48 hours after B19
infection revealed 2 types of staining patterns for B19 protein
following immunohistochemistry using PAR3: (1) intense staining
in KU812Ep6 and (2) weak staining in Ku812Ep6, U937, H9, and
ACHN (left column in Figure 1B). Replication of B19 DNA and
the synthesis of B19 protein was observed in KU812Ep6, but not in
any of the other cells, irrespective of the presence of P antigen
(right column in Figure 1A and right column in Figure 1B) or 531
integrin.

Figure 1. B19 infectivity and expression of P antigen. A
Each celiline (2 X 10%) was inoculated with B19 (1 x 10"
copies of B19 DNA) for 30 minutes at 4°C and washed

B19 infection
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Figure 2. Determination of B19-binding protein on surface of T cell line H9. (A)
Isolation of B19-binding protein from H9 surface. Surface proteins H9 of cells were
biotinylated. Cell lysate from 1 X 10" biotinylated H9 cells was mixed with rB19ECP-
conjugated Sepharose or with BSA-conjugated Sepharose. Precipitated protein was
isolated and reacted with streptavidin~horseradish-peroxidase conjugate on PVDF
membranes, followed by the chemiluminescence detection. (B) Western blotting of
protein from H9 surface with anti-Ku80 antibody. Lanes 1-4 show cell lysate
precipitated with indicated protein or protein-conjugated Sepharose. Lane 5 shows
the rB19ECP (1 j.g) resolved by electrophoresis under denaturing conditions.

To determine the cell-surface molecule responsible for B19
binding to H9 cells, a recombinant empty capsid protein of B19
(rB19ECP) was used. Biotinylated rB19ECP bound H9 in a
dose-dependent manner (data not shown). We then purified the
rB19ECP-binding molecule from the cell surface of H9 using
rB19ECP-conjugated -Sepharose (rB19ECP-Sepharose). The pre-
cipitated 80-kDa protein (Figure 2A) was analyzed by matrix-
assisted laser desorption ionization-time of flight mass spectrom-
etry. The obtained data were collated and submitted for homology
search using the Swiss Prot and NCB Inr databases. The Ku80
autoantigen was identified as the gene product with the highest
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homology in both databases. As a confirmation, the tB19ECP-
binding 80-kDa protein reacted with anti-Ku80 antibody (Figure
2B). Competitive ELISA further confirmed the specific binding
between Ku80 and B19. Biotinylated recombinant Xu80 (rKu80)
reacted with rB19ECP fixed to microwells (Figure 3A); the binding
was selectively inhibited by unlabeled rKu80 but not by recombi-
nant Ku70 (rKu70), globoside, or recombinant soluble CD26
(sCD26)% (Figure 3B). This binding was also inhibited in the
presence of native B19 particles from infected patients (Figure 3C).
Two anti-Ku80 antibodies significantly inhibited the binding of
biotinylated rKu80 and rB19ECP, whereas anti-Ku70 antibody or
anti-CD106 antibody failed to inhibit the binding (Figure 3D).

Ku80 participates in B19 binding and subsequent entry

We next investigated whether Ku80 would participate in B19
binding on the cell surface and facilitate B19 entry. KU812Ep6,
U937, HY, and ACHN cells efficiently bound B19 (Figure 1A) and
all of these cells clearly expressed Ku80 on their surface (Figure
4A). On the other hand, Ku80 was undetectable on T24, SW620,
and HeLa cells, and no binding of B19 occurred (Figures 4A and
1A). An in vitro infection experiment demonstrated efficient
replication of B19 DNA in KU812Ep6 cells that expressed both
Ku80 and P antigen. B19 failed to amplify itself in U937, HY, and
ACHN cells, which express Kug0 but no detectable levels of
P antigen on the cell surface (Figures 1 and 4A). T24, SW620, and
Hel.a cells were nonpermissive for B19 infection although they
expressed P antigen (Figure 1) and o581 integrin.
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Figure 3. Specific binding of rB19ECP to Ku80. (A) Specific binding of Ku80 to
rB1SECP. Indicated concentration of biotinylated rKu80 or biotinylated BSA was
reacted with rB19ECP fixed to 96 microwells and detected by ELISA. (B) Competitive
ELISA for rB19ECP binding to rku80. Biotinylated rku80 (2 pg/mL) was reacted with
rB19ECP fixed to wells in the presence of indicated doses of unlabeled rKu80, rku70,
sCD26, or globoside. (C) Inhibition of rB19ECP binding to rKu80 by purified B19.
Biotinylated rku80 (1 n.g/mL) was added to rB1SECP fixed to wells in the presence of
B19 that was purified from B19* serum with repeated microfiltration. Doses of B19
are expressed as copy numbers of B19 DNA. (D) Inhibition of rB19ECP binding to
rKu80 by anti-KuB0 antibodies. Binding of biotinylated rKuB0 or biotinylated BSA to
rB19ECP fixed to wells was measured in the presence of isotype-matched mouse
monoclonal antibodies as indicated.
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Figure 4. Role of Ku80 in B19 infection in vitro. (A) KuBO expression on cell
surface. The indicated cell lines were reacted with 5 pg/mlL mouse monoclonal
anti-Ku80 antibody (line) or 5 pg/mL isotype-matched mouse monoclonal antibody
1F5 (shadow), followed by FITC-labeled anti-mouse IgG antibodies. Cells were
washed with PBS, and cell-surface expression of Ku80 was analyzed by flow
cytometry. (B) Blocking of B19 adsorption by anti-KuB0 antibody or antigioboside
antibody. KUB12Ep6 cells (2 x 10 5) were infected with B19 (2 x 10 copies of B19
DNA) on ice for 30 minutes in the presence of the indicated antibodies (5 wg/mL) and
extensively washed with PBS 3 times. To activate aSB1 integrin, anti-integrin
antibodies were used in the presence of divalent ions (1 mM Mn2*, 1 mM Mg?+). B19
DNA in each group was quantified by quantitative PCR. The blocking ability of B19
binding by each antibody was expressed as percent decrease of B19-DNA in each
group compared to that in antibody-untreated cells. **P < .01, *P < .05 by Student t
test. (C) Blocking of B19 replication by anti-KuB0 antibody or antigioboside antibody.
KUB12Ep6 cells were infected with B19 and washed as described. Cells were further
incubated for 48 hours at 37°C and washed with PBS 3 times before the quantitative
study of B19 DNA. To activate o581 integrin, anti-integrin antibodies were used in the
presence of divalent ions (1 mM Mn32*, 1 mM Mg?*). The blocking ability of B19
replication by each antibody was expressed as described. ™ P < .01, *P < .05 by
Student ¢t test. (D) RNA interference of Ku80 in KUB12Ep6 cells. Cell-surface
expression of Ku80 was examined by flow cytometry in scramble RNA or siRNA of
KuB0-transfected KU812Ep6 cells (left panel). KUB12Ep6 cells treated with indicated
RNA were reacted with 5 pg/mL mouse monoclonal anti-Ku80 antibody or 5 pg/mlL
isotype-matched mouse monoclonal antibody 1F5 (shadow), followed by FITC-
labeled anti-mouse IgG antibodies. B19 association of siRNA-transfected KU812Ep6
cells was evaluated by quantitative PCR (right panel). Sample DNA was prepared
from extensively washed scramble RNA or siRNA of KuB0-transfected KU812Ep6
cells after 2 hours of incubation with B19. *P < .01 by Student ttest.

Ku80 functions as a coreceptor for B19 infection together
with P antigen

We then performed an inhibition test for B19 infection of KU812Ep6
cells using antibodies against Ku80, P antigen, o581 integrin.
Anti-Ku80 antibody inhibited B19 binding, whereas anti-P anti-
body, GL4, did not inhibit B19 binding. Anti~a5 and anti-B1
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Figure 5. Transfection of Ku80 to HeLa cells. (A) Expression of KuB0 on Hela cells transfected with pKu80. Ku80 cDNA was inserted to expression plasmid pcD and the
resulted pKuB0 was transfected to HelLa cells (Hel.a-Ku80) using lipofectin. Empty pcD was used for a mock transfection (Hel.a-mock). The transfected cells (2 X 105) were

for the expression of P antigen or Ku80 on the cell surface. Figures show Hela-mock expressed P antigen but not Ku antigen on the surface (i,ii), whereas Hel a-Ku80
expressed Ku80 (jii). (B) Increased binding and viral entry of B19 in Hela-Ku80. The indicated cells (6 X 105) were infected with B19 (2 X 10" copies of B19 DNA) for
30 minutes on ice. After washing cells 3 times with PBS, pH 7.2, DNA was extracted from 2 X 103 celis. Remaining cells were further incubated for 30 minutes at 37°C. After
washing cells 3 times with PBS, pH 4.5, a cytoplasmic and nuclear fraction was prepared, and then DNA was extracted from each fraction. Prepared DNA was subjectedto a
quantitative PCR to quantify B19 DNA. *P < .01 by Student ttest. (C) B19 infection to Hel.a-Ku80. Hel.a-mock or HeL.a-Ku80 cells (2 X 10 5) were infected with B19 (2 x 101
copies of B19 DNA) for 30 minutes at 37°C. After being washed 3 times with PBS, cells were collected with 5§ mM EDTA-PBS, pH 7.2, fixed with 4% paraformaldehyde and
reacted with PAR3, followed by FITC-labeled anti-mouse IgG antibody as a secondary antibody. Thus prepared cells were then subjected to a confocal microscope analysis.
The panel répresents B19 entered into HelLa-KuB0. (D) Colocalization of rB19ECP and KuB0. HeLa-mock or Hel.a-KuB0 (2 x 10°) cells were incubated with biotinylated
rB19ECP (1 pg/mL) in the presence of 5 pg/mL inhibitor antibody indicated for 30 minutes at 37°C. After being washed 3 times with PBS, pH 7.2, cells were collected with 5 mM
EDTA-PBS, and rB19ECP or KuB80 was detected by confocal microscopy analysis. Ku80 was detected by anti-Ku80 antibody foliowed by TRITC-labeled anti-mouse IgG
antibody as a secondary antibody. Detection of biotinylated rB19ECP was done by avidin-FITC as described in “Materials and methods.”

integrin antibodies caused a slight inhibition of B19 binding
(Figure 4B). Both anti-Ku80 antibody and GL4 also inhibited B19
replication in KU812Ep6 cells. The simultaneous presence of both
antibodies more strongly inhibited the replication of B19 DNA
(Figure 4C). Presence of anti~a5 and anti—f1 integrin antibodies
caused only a slight inhibition of B19 replication (Figure 4C). In
other experiments, KU812Ep6 cells were treated with siRNA
against Ku80 and then tested for the replication of B19 at B19
infection study. The results revealed the suppression of B19
binding to the KU812Ep6 cells with reduced expression of Ku80
(Figure 4D).

The role of Ku80 as a coreceptor for B19 infection was also
supported by a transfection experiment using HeLa cells that were
nonpermissive for B19 infection. Figure 5A shows that the surface
of Ku80-transfected HelLa cells (HeLa-Ku80) became positive for
Ku80 expression and binding of B19 to the cells was significantly
enhanced (Figure 5B). Quantitative analysis of B19 DNA (Figure
5B) and confocal laser microscopy (Figure 5C) confirmed that B19
DNA and B19 protein were present in the cytoplasmic fraction of
HeLa-Ku80 cells 30 minutes after infection, similar to Ku812Ep6.
Furthermore, a coincubation experiment of rB19ECP and HelLa-
Ku80 revealed the colocalization of rBI9ECP and Ku80 in the
cytoplasm or membrane (or both) of HeLa-Ku80 (Figure 5D).
Moreover, association of rB19ECP and HeLa-Ku80 was apparently

inhibited by the presence of anti-B19 antibody or anti-Ku80
antibody (Figure 5D).

Ku80 is expressed on the surface of bone marrow cells

Because Ku80 is known as a nuclear protein, it iS important to
determine whether or not Ku80 is expressed on the cell-surface in
vivo. Ku80 was not detected on the cell surface of peripheral blood
mononuclear cells (data not shown). We then examined cell-
surface expression of Ku80 in bone marrow cells because bone
marrow cells are potential targets of B19 infection. Flow cytometry
analysis of bone marrow cells demonstrated that Ku80 was highly
expressed on the cell surface of erythroid progenitor cells express-
ing glycophorin A as well as on the surface of immune cells such as
CD20*, CD3*, or CD14* cells in bone marrow (Figure 6A). A
small portion (5.6%) of CD36" bone marrow cells, which may be
permissive to B19 infection,? were also positive for the expression
of Ku80 on the cell surface (Figure 6B). B19 binding to bone
marrow cells was inhibited in the presence of anti-Ku80 antibody at
B19 infection in vitro (data not shown). Figure 7 shows that the
replication of B19 in bone marrow cells was significantly inhibited
in the presence of anti-Ku80 antibody or GL4. The inhibition rate
of B19 replication in the presence of both anti-Ku80 antibody and
GL4 was similar to that in the presence of GL4.
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Figure 6. Celi-surface expression of Ku80 in human bone marrow celis. Fiow
cytometry analysis of KuB0 expression on the ceil surface. Bone marrow cells were
reacted with indicated antibodies and anti-Ku80 antibody as described in “Materials
and methods,” and then the expression of surface molecules was analyzed. Prior to
the study, each sample had been analyzed by the scattered plot. The results showed
that the giycophorin A*, CD3*, CD20%, CD56, or CD36* cells were scattered in gate
1(G1), and CD14* cells in gate 2 (G2), and that there were no glycophorin A*, CD3*,
CD20+, CD56, or CD36* cells in gate 3 (G3). Then the expression of Ku80 on cell
surface in gated cells was analyzed. The gate used in each experiment is shown at
left-lower side of each plot. (A} Gates used in the experiment and detection of Ku80
on the surface of various cell lineages. (B) Detection of Ku80 on the surface of CD36%
bone marrow cells.

Discussion

The presented data implicate Ku80 as a coreceptor involved in B19
infection. U937, HY, and ACHN cells expressing Ku80 showed
B19 binding, but some cells with P antigen failed to bind B19
unless these cells expressed Ku80 on their surface. A marked
increase in B19 binding in Ku80-transfected HeLa cells and the
inhibition of B19 infectivity by anti-Ku80 antibody or siRNA to
Ku80 suggests a Ku80-dependent B19 interaction with the targeted
cells. Specific inhibition of B19 binding by anti-Ku80 antibody
that recognized the N-terminus of the Ku80 protein suggests that
B19 interacts with specific sites of Ku80 on the cell surface.
Further, Epstein-Barr virus or hepatitis virus C failed to bind
either to Ku80-expressing Hela or U937 cells (data not shown).
These results suggest that Ku80 is one of the specific receptors for
B19 infection.

Ku is a heterodimeric DNA-binding protein consisting of a
70-kDa (Ku70) and an 80-kDa (Ku80) subunit and was originally
identified as a nuclear antigen recognized by autoantibodies in
patients with systemic lupus erythematosus and scleroderma.? Ku
has a central role in multiple nuclear processes, including DNA
repair, chromosome maintenance, transcription regulation, and
V(D)J recombination. Ku is abundant in the nucleus, consistent
with its function as a DNA-protein kinase (DNA-PK).2627 How-
ever, recent studies have shown cytoplasm or surface localization
of Ku in various types of cells, including of leukemia, multiple
myeloma, and tumor cell lines. Ku is a component of the DNA-PK
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complex in membrane rafts of mammalian cells.?6 Although the
role of surface Ku80 has not been well clarified,?® signal transduc-
tion and Ku80 are coupled in both B and T cells,?>?% and
localization of the DNA-PK complex in lipid rafts suggests a
putative role in the signal transduction pathway following ionizing
radiation.? It was recently reported that Ku interacts with metallo-
proteinase 9 at the cell surface of highly invasive hematopoietic
cells of normal and tumor cell origin, and Ku80/MMP-9 interaction
at the cell membrane may result in contribution to the invasion of
tumor cells through regulation of extracellular matrix remodel-
ling.3 Further, the membrane form of Ku, whose expression is
induced at hypoxia, mediates cell adhesion of plasma cells,30-32
indicating a role for Ku as an adhesion receptor for fibronectin.?
The present study showed that Ku80 is positive on the surface of
CD37 cells, CD20* cells, CD14™" cells, glycophorin A* cells, and
CD367 cells from bone marrow where B19 infection is permissive.

‘We have discovered a novel role of Ku80 as a cellular receptor
in B19 infection. Anti-Ku80 antibody, however, did not cause
complete inhibition of B19 infection, whereas pretreatment with
anti-Ku80 antibody together with GLA4 strongly inhibited B19
infectivity in KU812Ep6 cells and human bone marrow cells,
showing the necessity of P antigen as a receptor. A recent report
showed that 581 integrin has a role in B19 entry into host cells,$
and KUS812Ep6, U937, H9, ACHN, and HeLa cells all expressed
o5B1 integrin on their surface (data not shown). However, B19
entry into U937- and H9-expressing Ku80 and «5B1 integrin or
Hela cells with P antigen and o5B1 integrin was insufficient or
negative (Figures 1 and 5B). B19 entry was marked in KU812Ep6
cells or Ku80-HeLa cells that expressed Ku80, P antigen, and a5B1
integrin on their surface, showing the necessity of P antigen for
efficient binding and the virus entry afterward. Anti-a5 and
anti-B1 integrin antibodies, which inhibited the entry of B19 into
K562 cells,S caused a slight inhibition of B19 binding as well as
B19 replication in KU812Ep6, supporting the participation of
a5B1 integrin in B19 infection. We are currently investigating the
precise mechanism of the interaction among B19-related receptors
such as P antigen, Ku80, and o581 integrin in association with the
following signal transduction in B19-infected cells.

The use of multiple receptors for entry into cells has been
observed frequently in virus infection, such as by « herpesviruses,
HHV-8 or HIV.34¥ We have shown that B19 uses at least 2
receptors, Ku80 and P antigen, in the process of infection. Ku80
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Figure 7. Blocking of B19 infection of bone marrow celis by anti-Ku80 antibody
or antigloboside antibody. Bone marrow cells (2 X 108 were infected with B19
(2 % 10" copies of B19 DNA) with the indicated antibodies and evaluated for quantity
of B19 DNA as described. Anti-CD106 antibody was a mouse monoclonal antibody
used as a negative control. The differences in the resuits between control (—) and
other samples were statistically analyzed. *P < .01 by Student ttest.
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may function as an efficient B19-capturing molecule on the cell
surface and may also contribute to B19 entry into cells; markedly
enhanced entry of B19 in Ku80-HeLa cells (Figure SC-D) suggests
that Ku80 mediates efficient B19 entry in cooperation with
P antigen and probably with o581 integrin.® Although Ku80 can
interact with Epstein-Barr virus protein in the nucleus,? this
study is the first to show the use of Ku80 antigen as a cellular
receptor for virus infection. Despite marked entry of B19,
synthesis of B19 protein was unsuccessful in Ku80-HeLa cells,
but was possible only in erythroid cell lines, indicating that
unknown intracellular factors may be required for B19 replica-
tion in the targeted cells:37-38

Ku80 is not found in circulating mononuclear cells from healthy
volunteers but is positive on the surface of B19-binding cells in
vivo, such as immune cells in tonsils, erythroblasts, T cells, B cells,
macrophages in bone marrow, and immune cells including follicu-
lar dendritic cells in rheumatoid joints, indicating the surface
expression of Ku antigen may be restricted by environmental
conditions. Of interest is that the oxygen levels are markedly
low in bone marrow and joints3#! compared with that in blood,
and surface Ku80 is inducible with hypoxia.3132 A recent study
suggests the efficiency of B19 infection increases with hypox-
ia*2 These studies suggest that surface Ku80 induced with

Ku80 AS ACORECEPTOR FOR HUMAN PARVOVIRUS B19 3455

hypoxia may participate in the process of B19 infection of joints
and bone marrow.

Ku80 expression on the surface of immune cells in bone
marrow in vivo may explain clinical findings associated with B19
infection to nonerythroid cells. Namely, B19 infection often causes
a decreased number of leukocytes or lymphocytes in blood during
acute B19 infection, as well as increased levels of TNF-a and
IFN-v in blood or rheumatoid joints, and the detection of B19on T
cells, B cells, or macrophages in tonsils, bone marrow, or rheuma-
toid joints. B19 may infect immune cells in bone marrow or the
synovium and persist to lead to secrete an inflammatory cytokine
through the activation of AP1 and AP2 by B19 NS1.43 Stimulation
of cellular receptors with B19 may trigger activation of signal
cascades in host cells, which may explain why immune cells in
acute and prolonged B19 infection or in the joints of rheumatoid
arthritis are functionally altered.
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