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The sequence data (H. Okamoto et al., Hepatol. Res. 10:1-16, 1998) of a newly discovered single-stranded
DNA virus, TT virus (TTV), showed that it did not have the terminal structure typical of a parvovirus.
Elucidation of the complete genome structure was necessary to understand the nature of TTV. We obtained a
1.0-kb amplified product from serum samples of four TTV carriers by an inverted, nested long PCR targeted
for nucleotides (nt) 3025 to 3739 and 1 to 216 of TTV. The sequence of a clone obtained from serum sample
TA278 was compared with those registered in GenBank. The complete circular TTV genome contained a novel
sequence of 113 nt (nt 3740 to 3852 [=0]) in between the known 3’- and 5’-end arms, forming a 117-nt GC-rich
stretch (GC content, 90.6% at nt 3736 to 3852). We found a 36-nt stretch (nt 3816 to 3851) with an 80.6%
similarity to chicken anemia virus (CAV) (nt 2237 to 2272 of M55918), a vertebrate circovirus. A putative SP-1
site was located at nt 3834 to 3839, followed by a TATA box at nt 85 to 90, the first initiation codon of a putative
VP2 at nt 107 to 109, the termination codon of a putative VP1 at nt 2899 to 2901, and a poly(A) signal at nt
3073 to 3078. The arrangement was similar to that of CAV. Furthermore, several AP-2 and ATF/CREB binding
sites and an NF-kB site were arranged around the GC-rich region in both TTV and CAV. The data suggested
that TTV is circular and similar to CAV in its genomic organization, implying that TTV is the first human

circovirus.

Recently, the isolation of DNA clones of a new human virus,
TT virus (TTV), from a Japanese patient with posttransfusion
hepatitis has been reported (11, 13). Epidemiological studies
by seminested PCRs showed that TTV is globally widespread
among the general population (2, 10, 13, 14). However, the
pathogenic nature of this virus is still unclear, even though it
seems to be more prevalent in posttransfusion hepatitis pa-
tients (2, 5, 13). Okamoto et al. reported that TTV is nonen-
veloped and has a linear single-stranded DNA (ssDNA) ge-
nome (13). They presented a sequence of 3,739 nucleotides
(nt) and suggested that TTV may belong to the parvovirus
group. Parvovirus has a linear ssDNA genome with a palin-
dromic structure on both ends (1). However, the sequence
presented by Okamoto et al. (13) did not contain the palin-
drome. Here we clarify the full genome structure of TTV.

MATERIALS AND METHODS

Sera. The serum sample TA278, a key serum for the discovery of TTV, was
supplied by M. Mayumi of Jichi Medical School, Tochigi, Japan. We screened the
sera of pediatric non-A-G hepatitis patients by a seminested PCR (13). The sera
used here included three positive ones (TP88, TP97, and TP110) and a negative
one (TP100). These sera were obtained from patients at the Department of
Pediatrics, Faculty of Medicine, Tottori University, under informed consent.

DNA extraction. Each serum sample of 100 .l was treated with 0.5% sodium
dodecyl sulfate and 0.12 mg of proteinase K per ml at 37°C for 16 h. The DNA
was extracted by phenol, phenol-chloroform-isoamyl alcohol (25:24:1), and chlo-
roform-isoamyl alcohol. The DNA was ethanol precipitated with 20 pg of gly-
cogen (Boehringer, Mannheim, Germany) as a carrier. The DNA was dissolved
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in 40 ul of 10 mM Tris-HCl (pH 8.3)-0.1 mM EDTA, and it was stored at —20°C
until use.

Primers for PCR. The primers for the seminested short PCR (13) were
supplied by M. Mayumi. For the inverted long PCR, we designed nested pairs of
inverted primers: TTV2915 (C*'*CCCAAACCTTACAACCCTTCC?**°) and
TTV324 (T*'TAGTAGTTTGCAACGTTCTTTG>?*) for the outer primer pair
and TTV3025 (CGCGGATCCG*"*GGCCCCCAAGGAAAACCAGTA4)
and TTV195 (AAGGAAAAAAGCGGCCGCA*'* TTGCCCCTTGACTTCGGT
GTG'?) for the inner primer pair. For the inner primers, NotI and BamHI tags
(indicated in italics) were added for cloning purposes.

PCR. For TTV genome screening, we utilized the seminested PCR targeted
for nt 1915 to 2185 (GenBank no. AB008394). The sensitivity of the PCR was
three copies per reaction as determined by a cloned DNA containing nt 946 to
2226 of TTV. To guarantee the sensitivity of each PCR, we added a pair of tubes,
each containing six copies of the cloned DNA, as positive controls in the routine
screening (7).

For the inverted, nested PCR, we applied a hot-start and long PCR method
with minor modifications (7). The first and second PCRs were performed for 35
cycles (each cycle was 94°C for 1 min, 59°C for 1 min, and 72°C for 3 min) with
a programmable incubator (API 300; ASTEC, Fukuoka, Japan). The extracted
DNA, 10 pl, was used in the first PCR, and a 5-pl aliquot of the first PCR
product was used in the second PCR. A reaction cocktail, 50 pl, consisted of 10
mM Tris-HCI (pH 9.0), 50 mM KClI, 1.5 mM MgCl,, a 0.25 mM concentration of
each deoxynucleoside triphosphate, a 0.5 wM concentration of each primer, 1.25
U of Tag DNA polymerase (Pharmacia Biotech, Uppsala, Sweden), 0.005 U of
Deep Vent DNA polymerase (New England Biolabs, Beverly, Mass.), 5% di-
methyl sulfoxide, and 2% glycerol. The PCR product was electrophoresed on a
1% agarose S (Nippon Gene, Toyama, Japan) gel, and the gel was stained with
ethidium bromide.

Cloning and DNA sequencing. The 1.0-kb product amplified by the inverted,
nested long PCR of DNA derived from TA278 was digested with BamHI and
NotI and cloned into a vector, pBluescript SK(—). The BamHI/Sacl fragment
from one of these clones was recloned into pTZ19U (pTZ27852). From each end
of the insert, series of deletion mutants were generated with a Kilo-Sequence
Deletion kit (Takara Biomedicals, Kyoto, Japan) (6). In brief, to make a series
of deletion mutants from the 5" end of the insert, pTZ27852 was restricted with
BamHI/Sse83871 at the 5’ end of the insert (series BS). Following serial diges-
tions with exonuclease III for up to 10 min, the single-stranded region was
digested out with mung bean nuclease. After both ends were repaired by Klenow
fragment, the product was self-ligated. Constructs with serial deletions from the
3’ end of the insert were generated similarly with NotI/Sacl restriction of
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FIG. 1. Seminested short PCR and inverted, nested long PCR for TTV. (A) Schematic diagram of the TTV genome and target regions for the seminested and
inverted, nested long PCRs. The dotted region in the genome indicates the region identified in this study. Arrows indicate locations and directions of primers. (B)
Seminested short PCR. The products were electrophoresed in a 3% agarose gel and stained with ethidium bromide. The expected sizes of the products of the first and
second PCRs were 286 and 271 nt, respectively. (C) Inverted, nested long PCR. The products were electrophoresed in a 1% agarose gel and stained with ethidium
bromide. The product sizes of the first and second PCRs were 1.2 and 1.0 kb, respectively. (D) Southern blotting of the gel in panel C probed by the insert of pBS317pma
(nt 3706 to 3852 and 1 to 22). Note that the autoradiogram for the first PCR is overexposed. Lanes: M, $X174 Haelll digest for panel B and N\ phage HindIII digest
for panel C; 1 and 7, template-free control; 2 and 8, TP100 negative serum; 3 to 6 and 9 to 12, TA278, TP88, TP97, and TP110 sera, respectively; 13 and 14, a cloned

TTV DNA at six copies per reaction.

pTZ27852 (series NS). At least three of these mutants overlapping in each area
were selected for sequencing based on the method of Sanger et al. (15). We used
a Thermo Sequenase fluorescent labeled primer cycle sequencing kit with
7-deaza-dGTP (Amersham Pharmacia Biotech, Little Chalfont, United King-
dom) in an ALFred DNA sequencer (Pharmacia LKB, Uppsala, Sweden). Since
the novel GC-rich region was refractory to the Sanger method, we obtained
shorter subclones, such as pBS317pma (nt 3706 to 3852 and 1 to 22), from one
of the deletion plasmids, pBS317 (nt 3706 to 3852 and 1 to 216). These served in
chemical sequencing after the method of Maxam and Gilbert (8) by using
[y-**P]ATP.

Southern blotting. To confirm the specificity of the newly identified GC-rich
region for TTV, PCR products of the inverted PCR were probed by a
EcoRI/HindIII insert fragment of pBS317pma; 5" ends on both of the strands
were radiolabeled with [y-*>P]JATP by polynucleotide kinase (Takara Biomedi-
cals). The DNA electrophoresed in a 1% agarose gel was blotted onto a nylon
membrane (Hybond N plus; Amersham Pharmacia Biotech) by an alkaline
transfer method. Following prehybridization at 65°C for 2 h, the DNA was
hybridized with the **P-probe under a highly stringent condition at 65°C for 16 h.
After being washed three times with 40 mM phosphate buffer containing 0.1%
sodium dodecyl sulfate (Church’s buffer [3]) at 68°C for 5 min, the membrane
was dried and autoradiographed.

Computer work. Database searches and sequence analyses were performed by
FASTA in the DNA Data Bank of Japan (DDBJ) and by Genetyx (version 9.0).
For alignment of the DNA, we used Sequencher (version 3.0).

Nucleotide seq e acc ber. The nucleotide sequence data re-
ported in this paper will appear in the DDBJ/EMBL/GenBank nucleotide se-
quence database with the accession no. AB017911.

RESULTS

PCR. In the seminested short PCR (Fig. 1A), the serum
samples TA278, TP8S, TP97, and TP110 gave a positive signal
with an expected size of 286 nt after the first PCR (Fig. 1B). All
of them gave a strong signal with a size of 271 nt after the
second PCR. The same set of samples was used in the inverted,
nested long PCR (Fig. 1A). Two high-virus-load samples, TP88
and TP110, gave a positive signal at 1.2 kb in the first PCR, and
all positive samples gave a strong signal at 1.0 kb after the
second PCR (Fig. 1C). The negative control sample, TP100,
was consistently negative. The results suggested that this novel
sequence is a part of the TTV genome and that its structure is
circular instead of linear. Since our inverted, nested PCR was
expected to read 931 nt on the reported sequence (nt 3025 to
3739 and 1 to 216), the estimated length of the novel sequence
was ~100 nt.

To confirm that this novel sequence is a part of the TTV
genome, the electrophoresed gel (Fig. 1C) was probed in a

Southern blot by the pBS317pma insert encompassing the
novel region (nt 3706 to 3852 and 1 to 22). The probe hybrid-
ized with the PCR product bands of all positive samples (Fig.
1D, lanes 3 to 6 and 9 to 12) but not with that of TP100 (lanes
2 and 8). This suggested that the novel region is common to all
TTV-positive samples.

DNA sequencing. To determine the nucleotide sequence of
the novel region, the series of deletion mutants obtained from
pTZ27852 from both directions was sequenced (Fig. 2). The
enzymatic and chemical sequencing revealed that the 1.0-kb
product of the inverted PCR had a total length of 1,000 nt
between the inner primers (nt 3047 to 3852 and 1 to 194) (Fig.
3). The similarity of the sequence to that of AB008394 was
98.6% for the 3'-terminal 693 nt (nt 3047 to 3739) and 100%
for the 5'-terminal 194 nt (nt 1 to 194). No deletion or addition
of nucleotides was found in these two regions. Within the
former, 5 of 10 nucleotide changes were located in nt 3577 to
3604. We found a novel region consisting of ~100 nt between
nt 3739 and 1, which was resistant to the Sanger method. By
the chemical sequencing, the region was found to be 113 nt
long and next to the last C*"**GGC?*"*° of AB008394 and to
form a 117-nt-long stretch (nt 3736 to 3852 [=0]) with a GC
content of 106/117 (90.6%).

ORF analysis. Open reading frame (ORF) analysis revealed
three putative ORFs (>100 nt) extending into the novel re-
gion. One with 141 nt (nt 3803 to 3852 and 1 to 91) was on the

BSO _
< NS22 BS22 > BS46 >
< NS312 ¢ NSO
BS317 ——
<4— BS317pma
1 201 401 601 80 1000
[ t + + t ]
3047 3247 3447 3647 3847 194

~—-3852/1 >

FIG. 2. Sequence strategy. The insert of pTZ27852, 1.0 kb in size, was se-
quenced from both directions with two series of deletion mutants: the BS series
with 5'-end deletions and the NS series with 3'-end deletions. Shown are the area
sequenced (not the size of insert) and the sequence direction of representative
clones. Open box on the scale, the novel GC-rich region.



3584 MIYATA ET AL.

10 20 30 40

27852 3047:
TA278  3047:

J. VIROL.

50 60 70 80 90 100
[,CGTGTAAACTTTAAACTTGGATTTCAATAAAGCTAGGCCGTEGUACTTTC‘ 3097

3097

27852 3098:ACTTGTCGGTGTCTGCTTATAAAAGTAACTAAGCACTCCGAGCGAAGCGAGGAGTGCGACC(,TTGGGGGLTLAALGCLTTLGGAGCCGCGCGCTACGCCT 3197

TA278 3098:
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27852 3198:TCGGCTGCGCGCGGCACCTCAGACCCCCGCTCGTGCTGACACGCTCGCGCGTGTCAGACCACTTCGGGCTCGCGGGGGTCGGGAAATTTACTAAACAGAC 3297

TA278 3198:

3297

27852 3298:TCCGAGTTGCCATTGGACTCAGGAGCTATGAATCAGTAACGAAAGT GAGTGGGGCCAGACTTCGCCATAAGGCCTTTATCTTCTTGCCATTTGTCAGTAA 3397

TAZ78 3298:

3397

27852 3398: CAGGGGTCGCCATAGACTTCGGCCTCCA’l:TTTACCTTGTAAAAACTACCAAAATGGCCGTTCCAGTGACGTCACAGCCGCCATTTTAAGTAGCTGACGTC 3497

TA278 3398:

3497

27852 3498: AAGGATTGA(,GTAAAGGTTAAAGGTCATCCTCGGCGGAAGCTACACAAAATGGTGGACAACATCTTCCGGGTCAAAGGTCGTGCATACGTCATAAGTCAC 3597

TA378 3498:

T-—0G 3597

27852 3598: GTGGGGAGGACCCGCTGTAACCCGGAAGTAGGCCCCGTCACGTGACTTACCACGTGTGTACACGTCACCGGCGCCATTTTGTTTTGCAAAATGG(,TGACT 3697

TA278 3598:———A-G

3697

27852  3698: TCCTTCCTCTTTTTTAAAAAAAGGCGCCAAAAAACCGTCGGCGGGGGGGCCGCGCGCTGCGCGCGCGGCCCCCGGGGGGAGGCATTGLCTCCLC(,LC(,LG 3797

TA278 3698:
M55918 2232:
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27852 3798:CGCGCATGCGCGCGGGTLCCCCLCCCTCCGGGGGCIF:‘CGCCCL‘CCGGCCCCCCCCATTTTGCTACGTCACTAACCACGTGACACCCACAGGCCAACCGAA 45

TA278

ST 770177711 777777777777777777770711777777777 45

27852 46: TGCTATGTCATCCATTTCCTGGGCCGGGTCTACGTCCTCATATAAGTAAGTGCACTTCCGAATGGCTGAGTTTTCCACGCCCGTCCGCAGCGGTGAAGCC 145
145

TA278 46:

TAZ78  146:

27582 146:ACGGAGGGAGATCTCCGCGTCCCGAGGGCGGETGCCGAAGGTGAGTTTA: 194
1194

FIG. 3. Nucleotide sequences of the pTZ27852 insert. The 1,000 nt between the inner primer pairs were compared with those of the previously reported TTV, both
from sample TA278 (GenBank no. AB008394). A portion of the CAV genome (M55918) which had an 80.6% similarity to the TTV genome is also included. Dashes,
nucleotide matches with AB008394; asterisks, nucleotide matches with M55918; underline, ATF/CREB site; thick underline, AP-2 site; solid box, SP-1 site; dashed box,

NF-«B site.

plus strand, capable of coding for 47 amino acids (aa). The
other two were on the minus strand with 141 nt (nt 2 to 1 and
3852 to 3714) and 264 nt (nt 3804 to 3541), capable of coding
for 47 and 88 aa, respectively (Fig. 4). None of these ORFs
were associated with TATA box or poly(A) sites in close prox-
imity.

Computer work. We searched for some similarities between
the sequence of the novel region of the TTV genome (nt 3740
to 3852) and those of the viral genomes registered in GenBank.
The 36-nt stretch (nt 3816 to 3851) within the novel region had
an 80.6% similarity with a part of the GC-rich region (nt 2237
to 2272) of the chicken anemia virus (CAV) (M55918; 2,319 nt
in total) (Fig. 3). We compared the whole genome of TTV with
that of CAV (M55918), using the TTV sequence (AB008394;
nt 1 to 3739) connected with the novel region of pTZ27852 (nt
3740 to 3852).

The nucleotide sequence similarities in other regions were
insignificant. However, the genomic constructions of these vi-
ruses were similar in spite of the differences in their genomic
sizes (Fig. 5). CAV has an OREF in each of the three different
frames (4, 12). TTV also had a putative ORF in each frame,
and the frames’ relative sizes and locations also resembled

+~—3852l1—>
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FIG. 4. ORF analysis of pTZ27852. The upper panel is for the positive
strand, and the lower panel is for the negative strand. The arrows indicate the
ORFs found (>100 nt) and their directions. Short separator, initiation codon;
long separator, termination codon; box in the scale, the novel GC-rich region.

each other. Following the GC-rich sequence of CAV, there
were a SP-1 site, a TATA box, and the first initiation codon of
the VP2 ORF (Table 1). TTV had a putative SP-1 site at nt
3834 to 3839, near the end of the GC-rich region, which was
followed by a TATA box at nt 85 to 90 and then by the first
initiation codon of the putative VP2 ORF at nt 107 to 109.
CAV has a poly(A) site after the VP1 ORF. Similarly, the
poly(A) site at nt 3073 to 3078 of TTV was located approxi-
mately 100 nt downstream from the termination codon of the
putative VP1.

As for the arrangement of putative regulatory sequences
around the GC-rich region, the 36-nt stretch of both CAV and
TTV contained two areas of putative AP-2 binding sites. In
addition, two areas for putative AP-2 sites were found within
100 nt upstream of the 36-nt stretch in both viral genomes.

VP3* 372-686

1695 3834
85 1489 1722 3073 3115
L 4 L A .vi iy,
T T | T T
1 1001 2001 3001 3852
CAV

VP3, 486-848

' VP1, 853-2199
323 940 2287
Y

I T
1 f 1001 2001 2319

FIG. 5. Comparative scheme of three major ORFs of TTV and CAV. The
ORFs of the TTV genome, VP1* through VP3*, are putative. Closed box, the
novel GC-rich region; arrow, SP-1 site; open triangle, poly(A) site; closed trian-
gle, TATA box.
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TABLE 1. Comparative genomic organizations of TTV and CAV

Position (length) in:

Consensus sequence

TTV*

CAV?

36-nt stretch
GC-rich region
ORFs
VP1 (frame 1)
VP2 (frame 2)
VP3 (frame 3)
SP-1 site (GGGCGG/CCGCCC)
TATA® (ATATAA, TATATA)

Poly(A)° (AATAAA)

AP-2 sites? (CCC[ACIN[CG][CG][CG])

ATF/CREB (ACGTCA)

3816-3851
3736-3852 (117 nt)
589-2898 (2,310 nt, 770 aa)
107-712 (606 nt, 202 aa)
372-686 (315 nt, 105 aa)
3834-3839

85-90

3073-3078

37663773, 3788-3795, 3815-3822,
3837-3844

3465-3470, 3493-3498, 3584-3589,

2237-2272
2206-2272 (67 nt)
853-2199 (1,347 nt, 449 aa)
380-1027 (648 nt, 216 aa)
486-848 (363 nt, 121 aa)
305-310

323-329

2287-2302

2148-2155, 2222-2229, 2237-2244, 2241-2248

157-162, 178-183, 199-204, 232-237, 253-258

3659-3664, 9-14

NF-kB (GGG[AG][ACT][CT][CT][CT][ACT]) 3089-3097

2249-2258

“Based on AB008394 (for nt 1 to 3739) and this study (for nt 3740 to 3852).
® Based on M55918.

¢ Only those corresponding to the ORF of VP1 were sited.

4 Sites overlapped were omitted.

While CAV has five putative ATF/CREB binding sites within
340 nt downstream of the GC-rich region, TTV had five puta-
tive ATF/CREB binding sites in the region of nt 3465 to 3852
and 1 to 14. CAV has a putative NF-kB binding site within its
36-nt stretch, which was missing in the 36-nt stretch of TTV.
However, we did find one at nt 3089 to 3097.

DISCUSSION

The genomic sequence reported by Okamoto et al. (13) did
not conform to a full viral genome of a parvovirus as they
suggested, because it lacked terminal repeats. They reported
that using an inverted PCR to reveal a circular structure was
unsuccessful. We first used a commercial long-PCR kit, which
failed. However, by using our nested long-PCR system as re-
ported previously (7), we successfully amplified the novel re-
gion by an inverted PCR. The 1.0-kb amplified product con-
tained 693 nt with a 98.6% similarity to the 3’-end region of
TTV (AB008394; nt 3047 to 3739) and 194 nt with a 100%
similarity to the 5’-end region of TTV (nt 1 to 194). In be-
tween, there was a 113-nt GC-rich region (nt 3740 to 3852)
following C***GGC>7*, making a 117-nt GC-rich stretch. The
results indicated that TTV has a circular genome with 3,852 nt.

Taxonomically, no human virus has been categorized as a
circular ssDNA virus. Geminivirus is a plant virus that has one
to two circular DNAs as a genome, and Inoviridae and Micro-
viridae are bacterial viruses with a circular genome. Among
vertebrate viruses, Circoviridae are known to have a circular
ssDNA genome; CAV (4, 12) and the porcine circovirus (9)
have been studied most extensively. The former has a 2.3-kb
circular ssDNA genome, and the latter has a 1.8-kb one. How-
ever, no significant similarity in nucleotide sequences between
these two viruses is known. The latter is reported to be more
similar to plant circoviruses (9).

The novel region of TTV included a 36-nt stretch (nt 3816 to

3851) which had a 80.6% similarity with one region (nt 2237 to
2270 of M55918) of CAV. However, we could not find any
significant nucleotide or amino acid sequence similarity be-
tween these two viruses in other regions. Although the TTV
genome is ca. 1.5 times larger than that of CAV, both viruses
had three major ORFs, one each in three frames. The relative
lengths and locations and also the frame usage of the three
major ORFs were quite similar (Fig. 5). Furthermore, the
relative locations of the GC-rich region, SP-1 site, TATA box,
the first initiation codon for VP2, and poly(A) signal following
the termination codon of VP1 were also quite similar to each
other. The TTV genome (AB008394) also had a second
poly(A) signal, at nt 1722 to 1727 in the middle of the putative
VP1 ORF. This one may not be significant, since it was not
found in a clone we obtained from the same patient (data not
shown).

Although there were three putative ORFs extending into the
novel region in TTV, we could not find corresponding ORFs in
the vicinity of the GC-rich sequence of CAV. These putative
ORFs were not associated with nearby TATA box or poly(A)
binding sites. These data may suggest that these three ORFs
are nonfunctional.

In terms of regulatory sequences for gene expression, CAV
has four (D10068) or five (M55918) direct repeats approxi-
mately 200 nt downstream from the 36-nt stretch (4, 12). The
units are 19 and 21 nt long, respectively, and each contains a
region capable of binding ATF/CREB. TTV did not have such
long repeats, but it had five putative ATF/CREB binding sites
starting from ca. 350 nt upstream to the 36-nt stretch. CAV
had two putative AP-2 binding sites within the 36-nt stretch
and two additional sites within an area 100 nt upstream. In
contrast, TTV had several sites within the 36-nt stretch and two
additional sites within an area 100 nt upstream. The CAV
36-nt stretch contained a putative NF-«kB binding site, which
was not maintained in the TTV 36-nt stretch. However, a
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putative NF-kB binding site was found at nt 3089 to 3097 of
TTV. The putative regulatory element profile provided more
evidence that TTV and CAYV are related to each other. The
results suggested that TTV is the first human virus that belongs
to Circoviridae instead of Parvoviridae as previously suggested
(13). The exploration of the complete TTV genome will facil-
itate a better understanding of this virus and its replication.

>
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