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Summary. The delta antigen of hepatitis delta virus exhibits sequence specific
binding to its own RNA and is essential for viral replication. Using statistical
methods we have detected significant similarity between the RNA-binding do-
main of the hepatitis delta antigen and the HMG box of SRY. Our analysis suggests
that the RNA-binding domain of HDV antigen evolved from the DNA-binding
domain of the HMG box. SRY, or a related protein, is a probable cellular cognate
of HDV.

Introduction

Hepatitis delta virus (HDV), the satellite of hepatitis B virus (HBV) is unique
among animal viruses in that it contains a circular, viroid-like RNA genome.
While it is fully dependent on the helper virus for its packaging, HDV has no
significant sequence similarity to HBYV,; its replication is independent of HBV and
its geographic prevalence is different [30]. HDV is a single stranded RNA virus.

It replicates through a double rolling-circle mechanism, probably using RNA
polymerase Il and cellular transcriptional machinery [8, 22]. Two detectable HDV
antigens (HDAQ) are encoded by a single open reading frame on the antigenomic
strand. The large antigen (L-HDAQ) is a result of RNA editing which extends the
protein coding sequence of the small antigen (S-HDAQ) by 19 residues; L-HDAg
appears later in infection, suppresses replication and initiates viral packaging [7,
25]. The small antigen (S-HDAQ) is essential for viral replication and is proposed
to facilitate the interactions between the cellular transcriptional machinery and
the viral template. The central domain of S-HDAg, which is involved in binding to
the viral genome, contains two arginine-rich motifs (ARMs) bracketing a leucine
zipper. Mutational analysis indicates that both the ARMs and the leucine zipper
region are essential for binding to the HDV genome [32]. Using sequence analysis
methods we have discovered significant sequence similarity between this central
domain of HDAg and the HMG (High Mobility Group) box of the SRY gene [40],
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whose product binds to DNA and is essential for sex determination. Our results
indicate a possible evolution of this widely used DNA-binding domain into the
RNA-binding domain of HDAg.

The organization of the HDV genome suggests two distinct sources for its
genomic RNA: 25% of the genome resembles a plant viroid RNA (the small-
est known self-replicating genome), while the remaining three-quarters of the
genome is more like a cellular RNA. Half of this cellular domain codes for HDAg.
This unique combination of domains within HDV gave rise to the hypothesis that
a small viroid (300—400 bp long) captured a cellular RNA, resulting in a larger
virus that retained the ribozyme activities of the viroid (such as self-cleavage
and self-ligation) [3, 39]. The sequence similarity between the central domain of
HDAg and the HMG (High Mobility Group) box of the SRY gene suggests that
SRY may be a cellular cognate of HDAg.

Another candidate for the ‘captured’ cellular RNA was recently proposed:
a 202 residue cellular protein referred to as DIPA (delta interacting protein A)
was identified by co-immunoprecipitation with HDAg and by its in vivo ability
to inhibit viral replication [5]. Our analysis shows that the level of similarity
between HDAg and DIPA is within noise level; the similarity is likely to be
due to compositional biases found in motifs consisting of arginine-rich regions
and leucine zippers (bZIP motifs). This paper reports the results of the in-depth
sequence analysis applied to the sequence of HDV antigen in an attempt to further
understand the function and evolution of hepatitis deltaswra unique entity in
the world of animal RNA viruses.

Materials and methods

Sequence alignments

Sequence alignments were performed using programs from the GCG Wisconsin Package
version 8.1-UNIX (1995). For multiple sequence alignments, the PILEUP program (based
on a simplified version of the progressive alignment method of Feng and Doolittle) [20] under
default conditions (GapOpesB.0, GapExteng0.1) was applied. The GAP program, based

on the global alignment algorithm of Needleman and Wunsch [35] was used for alignment of
sequence pairs. The best matched subsequences of SRY, HDAg and DIPA were detected by
visual inspection; alignments of these regions are referred to as partial alignments through-
out this paper. The partial alignments were constructed by aligning selected subsequences
using the GAP program. The comparison matrix PAM150 [12] was used for scoring amino
acid residue similarities. Gap opening and gap extension penalties were varied and are spec-
ified for each alignment. Monte Carlo evaluation of sequence alignments was done using
the GAP program with the option “RANDOM10000’. This evaluation process consists

of randomizing the first sequence and realigning it to the second sequence 10,000 times,
each time calculating the alignment score. The average and standard deviation of 10,000
alignments of randomized sequences were then used to calculate the'Zsctire original
alignment.

1, _ (Original Alignment Score- Average Scorg
B Standard Deviation ’
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Databases and database searches

The SWISS-PROT database release 33 (2/96) was used for database searches. Evolutionary
profiles [27] were constructed from groups of sequences aligned with the PILEUP program.
A profile is a two-dimensional weight matrix that describes the alignment of a group of
sequences. Each row of a profile describes a single position in the alignment; its 20 values
estimate the likelihood that each of the 20 possible amino acid residues occurs at this position
in the alignment. Two additional values in each row represent the position-specific likelihood
of gap initiation and extension. Evolutionary profiles improve the description of multiple
sequence alignments by modeling varying rates of sequence change at each position in the
sequences: each position is modeled using the most appropriate scoring matrix to reflect its
rate of change. Sequence weighting, based on a modification of Felsenstein’s method [19],
was performed prior to profile construction, so that the contribution of each sequence to the
evolutionary profile is proportional to the amount of unique information it contributes to the
multiple alignment. Structure-based profiles (to be described elsewhere) are constructed using
scoring matrices based on secondary structure information. Each position in the alignment
is described as a mixture of four distributions — one for each of the secondary structures
(helix, sheet, turn and coil). Each distribution is weighted by the likelihood of the observed
residue distribution at a given position being found in a specific secondary structure. New
sequences identified during the database search with the profile of the HDAg family were
then re-aligned to this profile with the PROFILEGAP program using default gap opening and
gap extension penalties (GapOpsh0, GapExteng0.1). The Profilegap program is based

on an extension of the Smith-Waterman local similarity algorithm [26, 42].

Testing for frameshifting

The GCG Package FRAMESEARCH program was used to search for sequencing errors and
potential frameshifts during translation. Framesearch is based on a local alignment algorithm
that allows introduction of the gaps and shifting of the reading frame. Framesearch was used
under the following conditions: GapOpeB8.0, GapExtend0.5, scoring matrix: PAM150.

Selection of comparison matrix

PAM matrices at distances 100, 150, 200 and 250 were tested [12]. We found that the
PAM150 scoring matrix consistently produced alignments with more significant Z scores.
Thus PAM150 was used as a scoring matrix throughout this work.

Statistical evaluation of the alignments: P-values

P-values, the probability of achieving an equal or better score, for the best partial alignments
of SRY-HDAg and DIPA-HDAg (Fig. 2A, C) were calculated by the Monte Carlo procedure
described above (s&kequence alignmentfkandomly generated sequences with the same
composition as the best locally matching segments were compared to the respective query
sequence 1,000,000 times. This is a very conservative test since the compositions of these
segments are biased. Theory suggests that sequence alignment scores follow an extreme value
distribution (EVD) similar to that of maximal segment scores [29], i.e.

P(score> x) = K Ne~**+constant

for large values ok (K and\ are constants). This relationship has been empirically verified
by Collins et al. [11] who first described this approach to calculating P-values for alignments.
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The logarithm of the frequencies of occurrence of scores greater than or equal to specific
values were plotted for the top 500 (0.05%) random alignments and the P-values calculated
from the resulting plot (Fig. 4).

Results
Database searches

The similarity between the SRY and HDAg was noticed during SWISS-PROT
database searches with evolutionary profiles [27] constructed from a multiple
alignment of the RNA-binding domain of HDAg from nine distinct isolates of
HDV. Searches with the evolutionary profile identified several target sequences
that contained HMG boxes, such as HMGI and HMGY with Z scef’0.
Searches with profiles based on the predicted secondary structures identified other
HMG products, such as HMGRUMAN and HMG2 MOUSE (Z score>7.0),

and SRYHORSE (Z score 6.0). Pairwise alignments of these target sequences
with the RNA-binding domain of HDAg identified the HMG box of SRY as most
closely related sequence. We then constructed profiles from the SRY-HDAg align-
ment, which, upon database search, identified a large family of proteins containing
the HMG box: SRY genes, SRY-related genes and SOX (SRY box) genes.

Sequence alignments

HDAg shows the highest similarity to the HMG box of the human SRY and
SOX3 gene products; for the sake of clarity only the SRY sequence is shown
in the analysis below. The best alignment results are achieved with the first 47
residues of the HMG box (corresponding to residues 59-105 of SRY) aligned to
the 42 residues of RNA-binding motif of HDAg (corresponding to the residues
86—127): 54% identity and 72% sequence similarity are observed (Fig. 2A). This
region covers the first ARM and part of the leucine zipper region. This is the only
alignment that produces a significant Z score (see below). A longer alignment
(Fig. 2B) covers two ARMs bracketing a leucine zipper, which together comprise
the RNA-binding motif in HDAg. This longer alignment between HDAg and
SRY proteins extends though the C-terminal region of both proteins; it exhibits
33% identity and 59% similarity (Fig. 2B). The similarity in HDAg begins ten
residues upstream of the left ARM and continues into the leucine zipper, where
similarity gradually weakens but is still detectable through the right ARM of
HDAg (Fig. 1, 2B). When HDAg was aligned with ARM-containing sequences,
the best alignment was found with Hirév gene product. This alignment shows
39% identity and 63% similarity across the entieg gene (Fig. 2F).

The alignment of HDAg and DIPA, a proposed cellular homolog of HDAg
[5], shows 34% identity and 57% similarity across the entire length of the protein
sequences (Fig. 2D). The similarity is distributed across the entire sequence,
however, the amino-terminal and central regions show a somewhat higher level
of similarity (Fig. 2D). Our analysis is focused on the central region of HDAg
which shows higher level of sequence similarity and also corresponds to the most
similar region of HDAg and SRY. This 55-residue long subsequence corresponds
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59 105
A. SRY RVKRPM. NAFIVWSR . DORRKMALENPRMRNSE I SKQLGYQWKMLT . EAE
I R |||| HERN
HDAg  R.KRPLRGGFTDKERQDHRRRKALENKK....... KQLGAGGKNLSREEE
86 127
Similarity: 72%  Identity: 54% Zscore = 6.85 Gap Open: 45 Gap Extend: 0.7
57 129
B. SrY VQDRVKRPM . NAFIVWSR. DQRRIQ&ALENPMNSEISKQLGYQMTEAEKWPFFQEAQKLQAMKYPNYKY
B | | I Ll AR
HDAg ..PR. KRPLRGGFTDKERQDHRRRKALEINKK ....... KQLGAGGKNLSREEE. . . .EELRRL.TEEDER. . .. ..
85 142
130 204
SRY RPRRKAKMLPKNCSLL. . PADPASVLCSEVQ. . LDNRLYRDDCTKATHSRMEHQL . GI—[LPPINAASSPQQ RDRYSHWTKL
I N A : ] e R
HDAg RERRVAGPPPGGVNPLEGGSRGAPGGGFVPNMQGVPESPFTRTG . EGLDV'RGDRGFPWDILFPSDPPFSPQSCRPQ .......
143 214
Similarity: 59% Identity: 33% Zscore = 3.0 GapOpen:45 Gap Extend :1.0
74 128
C. DIPA NRELRDLCCFLDSERQ. . RGRRA. . ARQWQL . . FGTQASRAVREDLGGCWQKLAELEGRQE
|| PO D= b 1 RN
HDAg KRPLRG . . GFTDKERQDHRRRKALENKKKQLGAGGKNLSREEEEEL. . . . RRLTEEDERRE
87 141
Similarity: 63%  Identity: 45% Zscore = 4.68 Gap Open:6.0  Gap Extend: 1.0
1 81
D. DIPA ... .MEAEAGGLEELTDEEMAALGK . EELV'RRLRR ......... EEATRLAALVQRGRLMQEVN‘RQLQGHLGEIRELKQLNRRLQAE .NRELRDLC
[T 11 P I B d
HDAg MSRSESKIQ‘]RGGREEVLEQWVAGRRKOF'FTFRDLRKTKKKTKT(TFF'F‘NWVLGNI .KGILGKK. DKDGEGAPPAKRARTD RME:VDSGPmpLRc
1 92
82 175

DIPA CFLDSERQ. .RGRRA. . ARQWQL . . FGTQASRAVREDLGGCWQKLAELEGRQEELLRENLALKELCLALGEEWGPRGGPSGAGGSGAGPAPELALPPCGP

NN ::l=|:l=| | A E K EE E [

HDAg  GFTDKERQDHRRRKALENKKKQLGAGGKNLSREEEEEL. . . . RRLTEEDERRER. RVAGPPPGGVNPLEG GSRGAPGGGFVPNMQGVPESPF

93 180
176 202
DIPA  RDLGDGSSSTGSVGSP.DQL........ PLACSPDD
|11 AN R
HDAg RT.GEGLDVRGDRGFPWDILFPSDPPFSPQSCRPQ.
181 214
Similarity: 57%  Identity: 34% Zscore = 2.93 Gap Open: 5.0 Gap Extend: 1.0
70
E. DIPA ..LOAENRELRDLCCFLD.......... SERQRGRRAARQW. . . . . QLFGTQASRAVREDLGGCWQ
[l b1 s musiNg I [l 1
rev  MPLGSEERRLLRLIAFLNKNNPYPPVEGTARQR.RRARRRWRQAQEQL. . . ... RALAERI. . .WH
1

153
DIPA  KLAELEGR.QEELLR..ENLALKELCLA. ..LGEEWGPRGGP
NN

rev. ...... SRVEEQLVQATDQLVLDQOHLATQQLED. . . PPSSS

89
Similarity: 74%  Identity: 45% Zscore = 4.7 Gap Open: 45 Gap Extend: 0.3
1
F rev MAGRS. GDSDEELLKTVRLIKFLYQSNP ............ PPSSEGTRQARRNR. . . .. ..... RRR..W..... RERQ

A AN [+ ] 2l

HDAg VAGRRKQEELERDLRK'I‘KKKIIG(IEEENPWDGNIKG ILGKKDKDGEGAPPAKRARTDRMEVDSGPRKRPLRGGFTDKERQ
21

115
rev RHIRSISAWILSN. ......... YLGRPAEPVPLQLPPQRLTLDCSEDCGTSGTQGVGSPQILVESPTVLESGTKE
NN N E e
HDAg DHRRRKA. . . LENKKKQLGAGGKNLSREEEE. . .EL. .RRLT. . . . EEDERRERRVAGPPPGGVNP. . . LEGGSRG
161

Similarity: 63% Identity: 39% Zscore = 1.95 Gap Open: 4.7  Gap Extend: 0.7
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to the first arginine rich motif (ARM) and most of the leucine zipper of HDAg
(Fig. 2C). The levels of residue identity and similarity of this alignment are 45%
and 63% respectively. As a control, DIPA was also aligned with V- an
ARM containing protein unrelated to DIPA or HDAg. This alignment shows 45%
identity and 74% similarity across entire length of 89-residue l@awprotein
(Fig. 2E).

The HMG box of SRY belongs to the HMG-1 subgroup. Many of the residues
that are conserved between the HMG box of SRY and HMG1.2 are also conserved
in the alignment between SRY and the RNA-binding domain of HDAg (data not
shown). To identify the residues that are conserved among all sequences, we
aligned the sequences of SRY, SOX3, HMG1.2 and the RNA-binding domain
of HDAg to the profile of SRY and HDAg sequences (Fig. 3A). A total of 17
residues are identical between SOX3, SRY and HMGL1.2; the alignment of the
RNA-binding domain of HDAg shares 10 of these identities. The identities are
concentrated in the first 2 of the 3 helices predicted for the HMG-1 subgroup
(Fig. 3A, 3B).

Statistical evaluation of the sequence alignments

HDAg, SRY and DIPA contain arginine rich motifs. This compositional bias can
lead to overestimation of the significance of sequence similarity in the pairwise
alignments. To verify that the above HDAg alignments are not due to composi-
tional bias of the sequences, a Monte Carlo analysis was performed for each of the
pairwise alignments. One sequence was shuffled and then realigned to the other
sequence under the initial conditions. In the case of partial alignments (Fig. 2A,
2C) the greatest local compositional bias is preserved, which makes it a stringent
test. This process was repeated 10,000 times and the distribution of the align-
ment scores was examined. Matches merely due to compositional effects alone
should occur at equivalent frequencies in the original and scrambled alignments.
When the alignment score of the original sequence is compared to the distribution
of the scores of the scrambled sequences, Z scores larger than 6.0 indicate that
the original alignment ismot simply due to compositional bia& Z score less

than 3.0 indicates that the similarities between two sequences are unlikely to be
significant and are probably due to biased composition. The only potentially sig-
nificant alignment is a partial alignment between the functional domains of SRY
and HDAg (Fig. 2A) (Z score= 6.85). The rest of the alignments — SRY-HDAg
(long alignment), DIPA-HDAg (both alignments), HDAgv and DIPArevhave

ag. 2. Partial sequence alignment and Monte-Carlo process. Partial alignments were done
using GAP program from GCG package with scoring matrix PAM150. Similarity level of
alignment, gap penalties and Zscore based on Monte-Carlo process (see Results) are reported
for each alignment. An hdvna strain of HDV is used in alignmeAtBirst 47 bases of HMG

box of SRY aligned with central region of HDA® An entire HMG box and remaining

of SRY gene aligned with HDAGC Central region of DIPA aligned with central region of
HDAg. D An entire DIPA sequence aligned with HDAB.HIV rev protein aligned to the

central part of DIPAF HIV rev protein (strain hv 1 mn) aligned with HDAg
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Table 1. Determination of optimal gap penalty conditions for alignments

Gap penalties Z score Gap penalties Z score
Gap Gap SRY- DIPA- Gap Gap SRY- DIPA-
Open. Extend. HDAg HDAg Open. Extend. HDAg HDAg

0.1 6.77 3.11 0.1 6.42 3.56
0.3 6.78 3.53 0.3 6.54 4.06
3.0 0.5 6.73 3.94 5.0 0.5 6.45 4.35
0.7 6.85 4.12 0.7 6.70 461
1.0 6.6 4.44 1.0 6.23 4.63
0.1 6.6 3.42 0.1 6.20 3.63
0.3 6.67 3.92 0.3 6.39 4.10
0.5 6.63 3.68 6.0 0.5 6.18 4.37
4.0 0.7 6.65 4.42 0.7 6.24 4.35
1.0 6.48 4.61 1.0 5.89 4.50
0.1 6.26 3.57 0.1 5.97 3.78
0.3 6.60 4.02 0.3 6.10 4.20
4.5 0.5 6.72 4.37 7.0 0.5 6.00 4.20
0.7 6.70 4.51 0.7 6.00 4.23
1.0 6.49 4.68 1.0 5.69 4.15

Z scores as a function of gap penalties are reported here for the 47 residue long alignment
of SRY and HDAg (Fig. 2A) and the 55 residue long alignment of DIPA and HDAg (Fig. 2C).
Z scores were calculated using PAM 150 comparison matrix. Average and Standard Deviation
values (for Z score calculation) were based on 10,000 alignments per sequence. The best Z
score for each alignment is shown in boldface

Z score< 6.0 in the Monte Carlo analysis (see Fig. 2). Table 1 reports the Z
scores for the optimized partial alignments of HDAg with SRY and HDAg with
DIPA. In all cases the SRY-HDAg alignment is much more significant than the
DIPA-HDAg alignment.

For the best partial alignments of SRY-HDAg and DIPA-HDAg we also deter-
mined the P-value of the alignment. We plotted the log of the observed frequency
of occurrence for the top 0.05% of 1,000,000 random alignments as a function of
their alignment score (Fig. 4). The P-value for the SRY-HDAg partial alignment
(Fig. 2A) is estimated to be 7610~. The P-value for the DIPA-HDAg partial
alignment (Fig. 2C) is estimated to be %@0~4. In this experiment 326 out of
1,000,000 random alignments had better scores than the proposed DIPA-HDAg
alignment; some scores were significantly better (5 alignments had scores over
50, while the actual DIPA-HDAg alignment had score 39.5). In the case of the
SRY-HDAg alignment, none of the 1,000,000 random alignments exceeded the
reported score of 47.8 (the highest random score was 45.9).

Testing for frameshifting during translation

SRY protein was aligned to the HDV genome in all 6 reading frames. As expected,
the significant alignment is found on the antisense strand. There is no potential
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P-value

]
]
[m]

T
Alignment score

Fig. 4. P-value of partial alignments of SRY-HDAg and DIPA-HDAg. Monte Carlo analy-
sis (as described in Materials and methods) was performed for the partial alignments dis-
played in Fig. 2A and 2C. The frequency of the occurrence (P) was plotted against the
alignment score for the top 0.05% of the 1,000,000 randomized alignments. Open squares
represent DIPA-HDAg alignment (equation for fitted line ys= 10%%353), closed circles
represent SRY-HDAg alignment (the equation fitted lineyis= 10%39?31). The align-
ment scores were 47.8 for SRY-HDAg alignment and 39.5 for DIPA-HDAg alignment.
The corresponding P values scores are:x71®' for the SRY-HDAg alignments and
3.6 x 10-*for the DIPA-HDAg alignment. The alignments were performed under the best gap
penalty values (SRY-HDAg: Gap Opet8.0, Gap Extend0.7; DIPA-HDAg: Gap Opea4.5

Gap Extene:1.0)

frameshifting detected throughout the HMG box region; all insertions/deletions
are in frame.

Discussion

The discovery of sequence similarity between the RNA-binding domain of HDAg
and the HMG box of SRY suggests a possible evolutionary relationship between
the HMG box, a DNA-binding domain, and the RNA-binding domain of HDAg.
For the sake of clarity we will discuss the relationship between HDAg and SRY,
but the same argument could apply to SOX3 and, possibly, to other SRY-related
genes.

HDAg-SRY sequence comparison

Statistically significant sequence similarities are limited to the functionally essen-
tial regions of both genes: in the SRY gene the similarity is confined to the HMG
(High Mobility Group) box, a DNA binding motif found in the HMG protein
superfamily [24, 31], in HDAg the similarity is limited to RNA-binding domain.

SRY, HDAg and DIPA are bZIP proteins - they thus possess a strong compo-
sitional bias, which influences sequence analyses. This compositional bias may
reflect structural and functional constrains placed upon the RNA or DNA-binding
domain, and could therefore suggest sequence convergence rather than a common
evolutionary origin. Thus the high values for percent identity and similarity in
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compositionally biased alignments are less significant than in compositionally
unbiased sequences. To address the effects of the local compositional bias we
used a Monte Carlo analygst+ a process that compares the alignment of interest
with alignments of the randomly generated sequences of the same composition.
Z scores above 6.0 indicate that the alignment of interest supports the inference
of homology in spite of compositional biases. The high Z score (Z sed@35)

of SRY-HDAg alignment argues that the HDAg sequence is more similar to the
HMG domain of SRY than to any randomly assembled sequences of the same
composition. Therefore, the compositional constraints alone upon the functional
domain cannot explain the observed level of sequence similarity between HMG
domain of SRY and HDAg. Whileitis possible that the unusual degree of sequence
similarity is due to convergent evolution to an energetically favorable nucleic acid
binding structure, one must keep in mind that there are a nearly unlimited num-
ber of ways to create a polypeptide that will fold into a given three-dimensional
shape. Therefore there is agriori reason that unrelated molecules should show
significant similarity or similar spacing of conserved residues in the absence of
an ancestral relationship. See Patterson [36] for a more complete development of
this argument.

None ofthe alignments between DIPA and HDAg were found to be statistically
significant based on a Monte Carlo analysis. The best Z score for an alignment is
4.68; it corresponds to the partial alignment between the 55-residue long central
domain of DIPA and RNA-binding domain of HDAg (Fig. 2C). The P-value of this
alignment is estimated to be 36104 (Fig. 4). The E-value (expected number
of comparisons achieving an equal or higher score in an equivalent database
search) for this alignment is 25 for a 69,000 sequences database (size of the latest
SWISS-PROT database, release 35). This E-value indicates that the database
search with the RNA-binding domain of HDAg will identify approximately 25
unrelated proteins that will have alignment scores as good or better than DIPA
alignment. In fact, the alignment of DIPA and the HIev protein (Fig. 2E),
which is presumably unrelated to DIPA, has a similar Z seore7. Alignments
of other DIPA regions or of the entire DIPA protein with SRY produced even less
significant Z scores (Fig. 2D). Statistical analysis recently performed by Long et
al. considered the entire DIPA sequence; it also indicated that sequence similarity
between HDAg and DIPA is not significant [34]. The P-value of the alignment
of the entire DIPA and HDAg proteins is»210~2 as reported by Brazas and
Ganem in their reply to Long et al. [4]. This value is less significant than the P-
value for the DIPA fragment reported above. The presence of the bZIP domains,
which made detection of functional interaction between DIPA and HDAg possible
[5], should also serve as a warning during sequence analysis: bZIP domains are
compositionally biased and this bias makes it more likely to obtain high alignment
scores with unrelated proteins.

The Monte Carlo analysis of the partial alignment of the HMG domain of SRY
and the RNA-binding domain of HDAgQ produga Z score of 68— a statistically
significant value (Fig. 2A). The P-value for this alignmentisx.80~/, indicating
that an alignment this good is unlikely to arise by chance, even when analysis is



1150 S. Veretnik and M. Gribskov

limited to the compositionally biased HMG box region. E-value of this alignment

is 0.05forthe latestrelease of SWISS-PROT (release35); thus an unrelated protein
with an alignment score as good or better as that of the HMG domain of SRY
and the RNA-binding domain of HDAg will be expected to be found only after
20-fold increase in the size of the current database.

A cellular gene and its RNA viral cognate diverge more rapidly than would
be expected for two cellular genes due to the low fidelity of RNA replication.
Because of this rapid divergence, one would expect the similarity between a DNA-
encoded gene and its RNA-encoded counterpart to correspond to the regions that
are absolutely essential for the function of the protein. In the case of SRY-HDAg
this is indeed the case: the region of similarity is limited to the RNA-binding
region of HDAg, which as been shown to be functionally important [32].

Two nuclear localization signals (NLSs) recently identified within the HMG
domain of SRY are also conserved within the RNA-binding domain of HDAg
[43]. These NLSs are distinct from an already identified bipartite NLS within
HDAg which is located to the amino terminal side of the RNA-binding domain
[49]. Our model predicts these new NLSs should be functional in HDAg. Recent
experiments demonstrate that the presence of either one of the ARM sequences
is sufficient for nuclear localization of the antigen, supporting our prediction [9].

HDAg-SRY structure comparison

SRY is the only gene from the Y chromosome known to be involved in testis
development. It is most closely related to the SOX3 gene: these genes were pro-
posed at one time to be alleles of a developmental gene on the undifferentiated or
partially differentiated proto-X and proto-Y [21]. SRY is a member of HMG su-
perfamily; it possesses a 79-residue long HMG box which binds to a well-defined
consensus sequenceé:ECTTTGA and probably controls the transcription of
other sex-determination genes.

The HMG superfamily is ancient — it is present in plants, yeast and animals,
and is characterized by highly diverse sequences [31]. Members of the HMG
family may contain single or multiple copies of the HMG box; some members bind
DNA in a sequence-specific manner, others bind DNA non-specifically, and yet
others recognize and bind to distorted DNA — such as 4-way junctions or cisplatin-
modified DNA [38]. In all known cases, the binding of HMG box proteins causes
distortion or a bend in the DNA [38]. Our model therefore predicts that HDAg
will induce a similar bend when binding to the HDV genome. HDAg exhibits
binding specificity which appears to be determined primarily by the structure
of the HDV RNA. However some sequence specificity is required, since HDAg
binds specifically to both a rod-like structure comprising the entire HDV genome,
and to a multiple stem-and-loop structure formed by the fragment containing the
ribozyme domain of HDV, but does not bind to the double-stranded RNA derived
from an unrelated coronavirus (mouse hepatitis virus) [33].

HMG proteins can be divided into 3 major groups based on their size, sequence
similarities and DNA-binding properties: HMG-1/-2, HMG-14/-17 and HMG-I/Y
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[2]. The SRY gene belongs to the HMG-1/-2 family, which is represented by the
HMG-1 motif and contains 2 HMG boxes referred as HMG1.1 and HMG1.2. The
HMG box of SRY is more similar to HMG1.2, which is the most likely candidate
for an ancestral HMG1 box [2]. Ten of 17 identities in the alignment of the HMG
box of SRY with HMG1.2 are also present in its alignment with the RNA-binding
domain of HDAg, and three of the remaining 7 show conservative substitutions
(K-> R,A-> G, A->L, Fig. 3). Thus the sequence constraints upon the RNA-
binding domain can be traced back through the most closely related HMG box
(of SRY) to the ancestral sequence of the HMG-1 family.

The predicted secondary structure of HMG-1 and the solution structure of
hamster HMG1.2 have been determined [38]. The structure consists of a stretch
of basic residues followed by proline at the N-terminal end, referred by the
authors as the ‘terminal unit’, and&helices (Fig. 3). The sequence similar-
ity between HMG-1 and the RNA-binding domain of HDAg begins within the
terminal unit and continues through first and secarklices (h1l and h2). To-
gether, these structures comprise the side of a flat-shaped arrowhead which is
proposed to lie along the minor groove and continue into the major groove of the
DNA [38]. Interactions between the terminal unit and the DNA are absolutely
essential [38]. The sequence of the terminal unit is conserved between SRY and
HDAg, and it is also similar to regions of HMG1/Y proteins, perhaps explaining
why a database search with the RNA-binding domain of HDAg showed similar-
ity to several HMGI/Y sequences (see ‘Database searches’ section in Results).
Helix 3 of HMG-1 comprises the other side of the arrowhead and is proposed to
lie along the phosphodiester backbone of the DNA [38]; there is little sequence
similarity between this helix and HDAg — there appears to be a deletion in the
corresponding region of HDAg. However, the region immediately following
helix 3 has a stretch of basic residues that could be aligned with the right ARM
of the RNA-binding domain of HDAg (Fig. 3A). It is notable that the residues
proposed to be involved in contacting DNA (terminal unit) and those whose sub-
stitution is likely to cause gross structural perturbations (e.g. replacement of the
small residue at position 40, or the presence of phenylalanine at position 11, Fig.
3) are conserved among the HMG boxes of SRY, HMG-1 and the RNA-binding
domain of HDAg. Gly-40 is proposed to pack closely to Phe-10 in the first helix
in the resolved structure for HMG1.2 of hamster [38]. These two residues are
also preserved within the RNA-binding domain of HDAg. On the other hand,
many of the residues involved in tertiary folding of the HMG domain have been
replaced or deleted: in the RNA binding region of HDAg the N-terminal por-
tion of helix 1 consists of polar and charged residues, while the same region in
the HMG box is hydrophobic (Fig. 3A). Another notable feature is the lack of
tryptophan residues in the RNA-binding domain (SRY has 3 tryptophan residues,
SOX3 has 2 tryptophan residues and HMG-1 has 1 tryptophan residue) and an
overall lower percentage of the hydrophobic residues. The structure of the RNA-
binding domain of HDAg has not yet been determined, but a computer gen-
erated model [47] predicts a helix-loop-helix structure in which the first helix
covers regions corresponding to helix 1 and part of helix 2 of HMG-1, while
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the second helix of the RNA-binding domain corresponds to helix 3 of HMG-1
(Fig. 3C).

Relationship between RNA-binding and DNA-binding domains

Based on the sequence similarities discussed above we suggest that the DNA-
binding domain of SRY has evolved into the RNA-binding domain of HDAg.
This particular case is hardly unique: many recent publications report proteins
that bind to both DNA and RNA. Among such proteins are: DNA-binding protein
SSAP, which contains an RNA Recognition Motif (RRM) and specifically binds to
the enhancer region of sea urchin histone H1 [13], human transcriptional activator
p54nrb which binds both DNA and pre-mRNA [1], mammalian protein H16 which
binds to single stranded DNA and to the corresponding RNA sequence [23], and
Y-box proteins which recognize both RNA and DNA [48]. Two RNA-binding
proteins have been shown to have a similar structure to that of DNA binding
domains: ribosomal protein S7 appears to have a pair of helix-turn-helix motifs
similar to DNA architectural factors [28] and the ribosomal protein L11 contains
3 a-helices and is similar to homeodomain proteins [50]. On the reciprocal side,
the homeodomain of thBrosophila bicoidprotein has been shown to interact

in a sequence-specific manner withuditranslated region of theaudal gene
transcript [6, 14].

Both DNA-binding and RNA-binding domains often interact with nucleic
acids usingx-helical structures. While both the major and minor grooves of reg-
ular A-form RNA are too narrow to permit a direct interaction witheahelix,
bulges and mismatches considerably alter the groove dimensions allowing suffi-
cient contact surface with axr-helix [41]. The HMG box has not been reported
to bind RNA, however it binds both double- and single-stranded DNA [16]. Pro-
teins containing an HMG domain have widely diverse cellular roles, indicating
that an HMG domain participates in a variety of DNA-protein interactions. It is
conceivable that the wide DNA-binding range of the HMG domain could extend
to RNA-binding, especially considering the high rates of mutation and selection
existing in the virus.

The basic stretches of the RNA-binding domain are similar to the arginine-
rich motifs (ARMs) found in the products of the Hitdt andrev genes, bacterial
antiterminators and coat proteins from the RNA viruses [45]. Short arginine-rich
stretches tend to form-helical structures, which can bind in the wide groove
of RNA close to loops or large bulges. Only one ARM is usually necessary
for binding; an arginine-rich peptide as short as 17 residues was shown to bind
specifically to RNA [44, 45]. HDAg is unique in that it requires two ARMs instead
of one; moreover, the spacer between the ARMs (leucine zipper) is essential as
well [30, 32]. We therefore think that each ARM constitutes only a part of the
RNA-binding motif, the entire motif being defined by its alignment with the HMG
box. It is not clear whether the ARM regions within the RNA-binding domain
of HDAg are evolutionarily related to ‘classic’ ARMs or whether the sequence
similarity is a consequence of the functional and structural constrains imposed
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on the RNA/DNA-binding domain. Alignments of HDAg and ARM-containing
sequences such ssv andtat show moderately high levels of similarity, but it is
interspersed across the entire sequence and no continuous stretches of similarity
were found with the ARM domains of HDAg. The most extended similarity found
between the HI\fevgene and the HDAg is outside of the RNA binding domain

of HDAg (Fig. 2F).

Homology of HDAg and the DNA-binding domain of HMG box may give
insight into the mechanism of neoplastic transformation and progression toward
cirrhosis frequently observed in chronic hepatitis infection [18]. It is possible that
the RNA-binding domain of HDAg has retained some of the DNA-binding capa-
bility of its ancestral HMG box and thus could activate cellular proto-oncogenes.
It has been shown that the HMG box of the SRY protein is involved in specific
binding and regulation of the expression of the cellular proto-oncogdns—
FRAL [10]. The RNA binding domain of HDAg may be capable of similar bind-
ing. While the specificity of such DNA binding by HDAg is likely to be lower
than that of a true transcription factor, the sheer abundance and persistence of the
antigen during chronic hepatitis infection, as well as the evolution of the HDV
genome throughout the course of infection [30, 32] might be sufficient to activate
a cellular proto-oncogene. In fact, the expression of the proto-oncagetyeis
a hallmark of chronic HDV infectiong-mycprotein is observed only in cells that
contain HDAg [46]. Binding of HDAg to cellular DNA has not been explored. It
would be interesting to test for specific binding of the RNA-binding domain of
HDAg to c-mycand other proto-oncogenes that could be involved in the onset of
cirrhosis observed in HDV patients.

HDV genome structure and the ‘capture’ hypothesis

Analysis of the HDV genome suggests that a large part of the viral genome,
including the sequence coding for HDAg, is of cellular origin, while the remaining
part resembles a plant viroid sequence [17, 30]. The ribozyme activities of HDV,
such as self-cleavage and self-ligation, further resemble the properties of the
viroid. A possible mechanism explaining the origin of HDV — the only known
animal virus with a circular RNA genome — involves the capture of a cellular
transcript by a viroid. The elegant capture mechanism proposed by Brazas and
Ganem [5] involves the fusion of the cellular and viral transcript, and duplication
of the cellular transcript during the synthesis of the antisense strand, followed by
the recircularization of the entire transcript (Fig. 5). The size of the SRY protein
matches the HDV size requirements: SRY is 204 residues long; duplication of the
SRY RNA would resultin a cellular part of HDV over 1200 bases long (the exact
length will depend on the length of the non-coding regions of the SRY transcript).
This agrees with the approximately 1300 bases of highly self-complementary
RNA of cellular origin in HDV. The replication of HDV is conducted by cellular
machinery, with the addition of HDAg. HDAg is absolutely required for in vivo
HDV replication [32] and serves as a bridging factor between the viral template
and cellular transcriptional complex. Coopting a single component of the cellular
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A SRY (SENSE) VIROID (SENSE)
I I | |

REPLICATION
3’ 5
<<

VIROID (SENSE)

HDV (ANTISENSE)

Fig. 5. Possible mechanism of HDV formatiof.Viroid sense strand joins at thé&nd of
SRY transcriptB Replication begins at theé-8nd of the viroid and proceeds through SRY,
synthesizing an antisense of the viroid genome and of the SRY transcript. A hairpin structure
at the 5-end of SRY template allows transcription to continue synthesizing a complement of
the SRY- that is a sense version of SRY transcript. The resulting construct has an antisense
strand of the viroid, followed by the antisense copy of SRY followed by the sense copy of
SRY. C Circularization of the linear transcrigd Additional round of replication results in
the reversal order of the regions: viroid region (sense) is followed by antisense strand of
SRY, which in turn is followed by the sense strand of SRYSubsequent evolution of the
genome results in the organization of domains seen in the HDV today: a viroid region is
followed by an antisense of HDV antigen followed by a non-coding region which is highly
complementary to the region coding for the HDV antigen
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transcriptional machinery and adapting its specificity to prefer the viral template
is an elegant way to ensure viral replication and survival.

It is notable that the tissue-specificity of SRY does not match that of HDV:
SRY is expressed primarily in germ cells and in somatic cells of the testis [51],
while HDV is restricted to liver tissue. It has been shown experimentally, however,
that the replication of the HDV can proceed in the skeletal muscle [37]. A low
level of SRY could be expressed in other tissues, including the liver, allowing for
transcript capture, or alternatively, HDV could have evolved from an SRY-related
gene specifically expressed in liver, such as SOX-18 [15]. Finally, it is possible
that the expression of original viroid was not confined to liver cells and the initial
capture event of cellular RNA could have occurred in a stem or germ cell where
SRY is abundantly expressed [51]. This would introduce HDV into many cell
types; its eventual dependence for replication on hepatitis B virus would limit its
range to the liver cells.

It may never be possible to conclusively determine the origin of HDAg based
on sequence similarity alone, since RNA-encoded genes evolve rapidly. How-
ever several arguments can be made in support of SRY as a cellular counterpart
of HDAg. 1. The sequence similarity between SRY and HDAg corresponds to
the functional domains experimentally identified. 2. Sequence similarity is re-
stricted to functional domains — as expected for rapidly evolving RNA-encoded
genes. 3. Both proteins — SRY and HDAg — bind nucleic acids and are involved
in transcription. 4. Sequence and structure similarity between DNA-binding to
RNA-binding motifs is supported by a number of recent publications. The above
arguments make the SRY protein a strong candidate for a cellular counterpart of
HDAg.

Our hypothesis predicts presence of additional nuclear localization signals
within ARMs which was recently confirmed experimentally. It also predicts struc-
tural perturbation of the HDV RNA upon HDAg binding, and possible specific
binding between HDAg and the regulatory regions of cellular proto-oncogenes.
Testing these predictions and determining the structure of HDAg may shed further
light on possible evolutionary relationship between the HMG domain of SRY and
the RNA binding domain of HDAg.
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