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To explore the structure and function of a small regulatory RNA, we examined the virus-associated (VA)
RNA species of all 47 known human adenovirus serotypes and of one simian virus, SA7. The VA RNA gene
regions of 43 human adenoviruses were amplified and sequenced, and the structures of 10 representative VA
RNAs were probed by nuclease sensitivity analysis. Most human viruses have two VA RNA species, VA RNA,
and VA RNA/,, but nine viruses (19%) have a single VA RNA gene. Sequence alignments classified the RNAs
into eight families, corresponding broadly to the known virus groups, and three superfamilies. One superfamily
contains the single VA RNAs of groups A and F and the VA RNA, species of group C; the second contains the
VA RNA; species of groups B1, D, and E and the unclassified viruses (adenovirus types 42 to 47), as well as
the single VA RNAs of group B2; and the third contains all VA RNA,; species. Fourteen regions of homology
occur throughout the molecule. The longest of these correspond to transcription signals; most of the others
participate in RNA secondary structure. The previously identified tetranucleotide pair, GGGU:ACCC, is nearly
invariant, diverging slightly (to GGGU:ACCU) only in the two group F viruses and forming a stem in the
central domain that is critical for VA RNA structure and function. Secondary structure models which accom-
modate the nuclease sensitivity data and sequence variations within each family were generated. The major
structural features—the terminal stem, apical stem-loop, and central domain—are conserved in all VA RNAs,
but differences exist in the apical stem and central domains, especially of the VA RNA,; species. Sequence
analysis suggests that an ancestral VA RNA gene underwent duplication during the evolution of viruses
containing two VA RNA genes. Although the VA RNA/, gene seems to have been lost or inactivated by secondary
deletion events in some viruses, the high degree of homology among the VA RNA,, species implies that this
RNA may play an undiscovered role in virus survival. We speculate that the VA RNA genes originated from

cellular sequences containing multiple tRNA genes.

Virus-associated (VA) RNA is the name given to a class of
abundant, low-molecular-weight, regulatory RNA species found
in the cytoplasm of adenovirus-infected cells (57). The synthe-
sis, structure, and function of VA RNA have attracted consid-
erable attention (for a review, see reference 47). In the mam-
malian adenoviruses studied, there are either one or two genes
for VA RNA, known as VA RNA, and VA RNA,; when two
species are present. The genes are located near map unit 30 in
the viral genome (Fig. 1A) and are transcribed by RNA poly-
merase III. Those RNAs that have been examined are highly
structured (39). Some of the VA RNA species contribute to
infectivity, but others do not seem to function effectively in this
way (39, 73). An examination of the similarities and differences
among a family of related genes can illuminate their structural
and functional features, as well as their evolutionary origins
and interrelationships. To these ends, we have compared the
sequences of the VA RNA genes of the human adenoviruses.

Most work to date has concentrated on the prototypical VA
RNASs of adenovirus type 2 (Ad2) and the closely related
serotype AdS5. Studies with mutant viruses showed that inacti-
vation of the VA RNA, gene caused a 10- to 20-fold decrease
in viral growth and that deletions in both VA RNA genes
caused a 60-fold decrease, although elimination of VA RNA/;
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alone gave no detectable phenotype (7, 34, 73). Further inves-
tigation demonstrated that Ad2 VA RNA, stimulates protein
synthesis in the infected cell (54, 58, 63, 66) and serves to
antagonize the interferon-induced cellular antiviral defense
system (34, 43, 44, 54, 62). It can also stimulate the expression
of transfected genes (32, 69, 70) and may contribute to the
selective translation of viral mRNAs relative to host messages
late in infection (31, 53). All of these actions appear to be
mediated by the protein kinase PKR, the double-stranded
RNA (dsRNA)-activated inhibitor of translation (also called
DAL, P1, p68, and PKds). Activation of PKR is accompanied
by, and possibly caused by, its autophosphorylation. Once ac-
tivated, PKR phosphorylates initiation factor eIF2, leading to
the inhibition of protein synthesis. VA RNA; binds to PKR
and competes with the dsRNA activator, apparently produced
by symmetrical transcription of the viral genome (41), there-
fore preventing PKR from being activated (34, 35, 47).
Three structural features of Ad2 VA RNA,, the apical stem-
loop, central domain, and terminal stem (Fig. 1C), were iden-
tified by nuclease sensitivity analysis and related methods for
probing RNA secondary structure (18, 49). Mutagenesis
showed that the central domain and the adjacent part of the
apical stem-loop are required for VA RNA, to bind PKR and
inhibit its activation (11, 18, 24, 25, 48-50, 55, 56). These
conclusions have been refined and extended by protection
studies (9, 10) and examination of the RNA-binding site of
PKR (27, 60). The functional requirement at the base of the
apical stem can be satisfied by a short base-paired duplex
without apparent sequence specificity (11, 50). The structure of
the central domain is complex, and recent work has led to a
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FIG. 1. Organization of the VA RNA region. (A) Diagram of the gene organization in adenoviruses containing two (top) or one (bottom) VA RNA gene. The VA
RNAs and flanking protein coding regions (pTP and 52,55K) are highlighted with solid and open arrows, respectively. Primers for PCR and sequencing and internal
primers for sequencing are marked with thick and thin arrows, respectively. (B) Nucleotide sequences of the primers. The five viral fragments (from GenBank) used
to design the PCR primers (pTP and 52,55K) are shown as sequence alignments above the sequences of the PCR primers. Nucleotides that are not conserved are
highlighted. (C) Ad2 VA RNA| model. The three structural elements, the apical stem-loop, central domain, and terminal stem, are marked on the secondary structure
model of Clarke et al. (11). Individual stems and loops discussed in the text are labeled. Stem 4 is composed of the conserved tetranucleotides ACCC and GGGU, shown

shaded and boxed.

revision of the model in this region (10, 39, 55), with the
suggestion that tertiary interactions in the central domain may
be required for VA RNA; function (40).

The compactness of the VA RNA structure imposes limita-
tions on the mutagenic approach: instead of restricted local
changes, many mutations cause wide-ranging structural alter-
ations in the RNA that are difficult to interpret (48). As an
alternative approach, we have used comparative sequence
analysis to identify common features and deduce structural
information (39). The underlying idea is that the VA RNA
species carried by different adenoviruses all probably contrib-
ute to viral growth, so nucleotide positions that are unimpor-
tant for function should accommodate more variations than
others that play an important role. Human adenoviruses have
been classified into six groups or subgenera, A to F (20, 64, 74).
An initial study of VA RNAs from Ad12, Ad7, and Ad2 (rep-
resenting human adenovirus groups A, B, and C), as well as
from SA7 and CELO (simian and avian adenoviruses, respec-
tively), suggested that the overall structural plan of the mole-
cule retains the three chief features characterizing the Ad2 VA
RNA,; model (39). In addition, a pair of mutually complemen-
tary tetranucleotides, GGGU and ACCC, was found in all of
the mammalian VA RNAs, predicting the existence of a hith-
erto unsuspected short stem in the center of the molecule. The
GC-rich apical stem contained a second pair of conserved

tetranucleotides, CCGG:(C/U)CGG. Despite these structural
similarities, the seven VA RNAs displayed wide variations
in the ability to inhibit PKR: Ad7 VA RNA, was at least as
active as Ad2 VA RNA,, but their VA RNA,; counterparts
and CELO VA RNA were essentially inactive; the single VA
RNAs of Ad12 and SA7 exhibited intermediate levels of func-
tion. Thus, the relationship between VA RNA structure and
function is not obvious. Furthermore, these RNAs appeared to
be so divergent over most of their length that sequence com-
parisons among them revealed little information. Within group
C, on the other hand, the sequences are so similar that it was
not possible to discern compensating base changes which
might confirm suspected pairing schemes (46).

Assuming that common sequences and structures might be
discernible from a larger datum set, we have extended the
phylogenetic analysis to include all of the human adenovirus
VA RNAs. We collected published DNA sequences for the
VA RNA region of six viruses (Ad2, AdS5, Ad7, Ad12, Ad40,
and SA7) and amplified this region from all the other human
adenoviruses by PCR. The sequences thus obtained were an-
alyzed, and the secondary structures of representative VA
RNA species were probed by the nuclease sensitivity tech-
nique. The previously discovered tetranucleotide pairs proved
to be conserved not only in sequence but also in the structural
elements that they form. Furthermore, several additional con-
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served sequences were uncovered. Secondary structure models
were deduced by combining structural data with sequence in-
formation (including compensating changes, neutral substitu-
tions, and base conservation). All of the VA RNAs have struc-
tures that are broadly similar to that proposed for Ad2 VA
RNA,, but functionally significant differences were evident,
especially in VA RNA;. Despite evidence that this species is
dispensable, its sequences were among the most highly con-
served, suggestive of a separate and unique function. The se-
quence comparisons also led to inferences concerning tran-
scription signals as well as the evolutionary relationships and
origins of the VA RNAs. Surprisingly, the greatest sequence
variability was found in functional parts of the VA RNA mol-
ecule, the apical stem-loop and central domain, suggesting that
VA RNAs from different groups may have incorporated se-
quences of different origins to mold similar structures.

MATERIALS AND METHODS

Adenovirus DNA. All of the human adenoviruses, Adl to Ad47, except Ad2,
Ad5, Ad7, Ad12, and Ad40, were obtained from the American Type Culture
Collection (Table 1). Ad10 and Ad14 were shipped in a dried state and were
dissolved in 1 ml of Dulbecco’s modified Eagle medium without serum. Ad7,
Ad16, and Ad21 were also provided by C. Tibbetts (Vanderbilt University). To
isolate virion DNA, 200 pl of virus suspension was incubated for 30 min at 37°C
with 1 mg of proteinase K per ml in the presence of 0.5% sodium dodecyl sulfate
to digest viral proteins. The samples were then adjusted to 0.1 M NaCl and
extracted several times with phenol and with chloroform-isoamyl alcohol (24:1).
DNA was precipitated with ethanol and dissolved in 50 pl of 10 mM Tris-HCI-1
mM EDTA buffer, pH 7.6 (TE).

PCRs. The VA RNA gene region was amplified by using two degenerate
primers, pTP and 52,55K, designed to hybridize to conserved flanking sequences
(Fig. 1A and B). In each 50-pl PCR, 2 pl of the viral DNA sample (about 20 pg)
was incubated with 0.2 mM both primers, 0.2 mM all four deoxynucleoside
triphosphates, and 1 U of Taq polymerase (Perkin-Elmer) in the presence of 10
mM Tris-HCI (pH 8.3), 1.5 mM MgCl,, 50 mM KCl, and 100 pg of gelatin per
ml. In a Hybrid OmniGene thermal cycler, the mixture was first heated at 94°C
for 30 s and then incubated for 30 cycles at three temperatures (94°C for 30 s,
60°C for 1 min, and 72°C for 30 s). After a final incubation at 72°C for 10 min,
EDTA was added to a concentration of 10 mM. Positive controls included DNA
from Ad2 and Ad7 purified by CsCl banding. Water was used for negative
controls.

DNA sequencing. The amplified DNA fragments were purified by electro-
phoresis through 1.5 or 2% NuSieve (FMC BioProducts) agarose gels in 50 mM
Tris-acetate buffer (pH 8.0) containing 0.5% ethidium bromide. Gel slices con-
taining the desired bands were excised under UV light and melted at 68°C for 5
min in 400 pl of TE. DNA was extracted twice with phenol and then once with
chloroform-isoamyl alcohol mixture (24:1), precipitated, and dissolved in 60 .l of
TE. Sequence analysis was performed with 18 to 27 pl of DNA sample for each
set of four reactions with either the regular or the deaza Taq-Track kit (Pro-
mega) as instructed by the manufacturer. The reaction mixtures were heated at
80°C for 2 min before loading on a 8% polyacrylamide-8 M urea sequencing gel
made with a 0.4-mm or a wedged (GIBCO BRL) spacer. Each sample was run
for two or three different times. All of the PCR fragments have a GC-rich region
which causes compressions in the sequencing gels, as well as runs of A or T
residues which cause band shifts that generate multiple bands for the subsequent
nucleotides. Therefore, we synthesized additional internal primers (mpl to mp6
[Fig. 1]) to bypass difficult points and improve resolution. Sequences were read
from both strands to confirm assignments and resolve uncertainties. The se-
quences have been deposited in GenBank (accession numbers listed in Table 1)
and concur with those reported previously (33, 39) apart from scattered differ-
ences in Ad3, Ad4, Ad8, Ad19, Ad37, and Ad41. In Ad41, the differences are all
outside the transcribed sequence. Discrepancies are unlikely to be due to PCR
artifacts since sequences were read from DNA directly amplified from a pool of
viral DNA equivalent to about 10° molecules.

Sequence analysis. Stretches of overlapping and complementary strand se-
quence from each viral DNA fragment were assembled into a coherent sequence
by using the SEQ program (IntelliGenetics suite). The nucleotide sequences of
the DNA fragments were analyzed with the aid of several computer programs to
extract information on the organization of the region as a whole (Fig. 2) and to
study the evolution of VA RNA (Fig. 4) using TreeAlign (29, 30) with a default
gap penalty of 8 and length penalty of 3. Individual VA RNA genes (Fig. 3) were
also examined by using PILEUP, from the Genetics Computer Group (GCG)
package, with a weight parameter setting of 3 and gap penalty setting of 0.1.
Sequence alignments were edited manually with LINEUP (GCG package) and
with the text editors vi and EMACS and then input to the programs DNApar,
DNAdist, and Fitch in the PHYLIP package (16) for the analysis of evolutionary
trees. The evolutionary tree was displayed by using the Drawtree program in the
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TABLE 1. Sources of adenoviruses and sizes of VA RNA
region PCR fragments

Virus Ca::};)(gjcno. Subgroup Size (nt) ACCITZ?K)H
Ad1 VR-1078 C 568 U52532
Ad2 — C 567

Ad3 VR-3 B 582 U52534
Ad4 VR-4 E 548 U52535
Ad5 —* C 567

Ado6 VR-1803 C 567 U52533
Ad7 — B 584 U52574
Ad8 VR-1085 D 520 U52563
Ad9 VR-1086 D 521 U52536
Ad10 VR-1087 D 493 U52566
Adl1 VR-12 B 354 U52569
Ad12 — A 307

Ad13 VR-1090 D 521 U52537
Adl4 VR-15 B 353 U52570
Ad15 VR-1092 D 521 U52538
Ad16 VR-1093¢ B 571 U52564
Ad17 VR-1094 D 521 U52539
Ad18 VR-1095 A 306 U52567
Ad19 VR-1096 D 521 U52540
Ad20 VR-1097 D 521 Us2541
Ad21 VR-1098° B 571 U52565
Ad22 VR-1100 D 521 U52542
Ad23 VR-1101 D 521 U52543
Ad24 VR-1102 D 521 U52544
Ad25 VR-1103 D 521 U52545
Ad26 VR-1104 D 521 U52546
Ad27 VR-1105 D 521 U52547
Ad28 VR-1106 D 521 U52548
Ad29 VR-1107 D 521 U52549
Ad30 VR-273 D 521 U52550
Ad31 VR-1109 A 299 U52568
Ad32 VR-625 D 521 U52551
Ad33 VR-626 D 521 U52552
Ad34 VR-716 B 354 U52571
Ad35 VR-718 B 357 U52572
Ad36 VR-913 D 521 U52555
Ad37 VR-929 D 521 U52553
Ad38 VR-988 D 520 U52562
Ad39 VR-932 D 521 U52554
Ad40 — F 323

Ad41 VR-930 F 326 U52573
Ad42 VR-1304 Ds 521 U52556
Ad43 VR-1305 D 521 U52557
Ad44 VR-1306 D 521 U52558
Ad45 VR-1307 D 521 U52559
Ad46 VR-1308 D 521 U52560
Ad47 VR-1309 D 521 U52561
SA7 —t 322

“Viral DNA provided by B. Stillman; GenBank locus name ADRCG.

® GenBank locus name AD5001.

¢ Virus provided by C. Tibbetts and cloned viral DNA fragment by J. Engler;
GenBank locus name ADR7001.

4 Viral fragment provided by J. Engler; GenBank locus name ADRE2B.

¢ Virus also provided by C. Tibbetts.

/GenBank locus name ADRVA.

& Ad42 to Ad47 are classified in group D in this study.

" Cloned viral fragment provided by G. Akusjérvi; GenBank locus name
AESVARNA.

PHYLIP package. RNA secondary structure predictions were made with the
help of the RNA folding program MulFold (26) or MFOLD (GCG package),
both using Zuker’s algorithm (77). The top 10% of optimal structures were
collected and compared. In some analyses, nuclease sensitivity data were incor-
porated by substituting B, D, H, and V for unpaired A, C, G, and U nucleotides,
respectively, in the sequences examined by the computer folding programs.
Nuclease sensitivity analysis. The secondary structure of VA RNA synthe-
sized in vitro was probed with a battery of enzymes of different specificities:
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RNases T, U,, Be (from Bacillus cereus), and T, (specific for G, A, pyrimidine,
and any nucleotide, respectively, in single-stranded regions) and nuclease V,
(specific for stacked or duplexed bases). Genes encoding the VA RNA| and VA
RNA; species of Ad4 and Ad15 were subcloned under the control of the T7
RNA polymerase promoter as described previously (39). The T7 construct en-
coding Ad2 VA RNA; was described by Mellits et al. (50). Constructs encoding
Ad2 VA RNA[, and the VA RNAs of Ad7, Adl12, and SA7 were described
previously (39). RNA was synthesized by T7 RNA polymerase from the T7
constructs and labeled at either its 5’ end with [y->>P]ATP (49) or its 3’ end with
[5'-32p]pCp (14). After purification by electrophoresis through a polyacrylamide-
urea gel, nuclease sensitivity analysis was conducted as described previously (10,
39) such that <10% of the molecules were cleaved. For RNases T,, Bc, and T,
and nuclease V,, the reaction mixtures contained 50 mM Tris-HCI (pH 7.5),
2 mM MgCl,, and 150 mM KCI. RNase U, digests were buffered at pH 5.0 with
50 mM citric acid-potassium citrate plus 2 mM MgCl,. Digestion with RNase T,
at 68°C and alkaline digestions were conducted as described previously (50). The
partial digests were resolved in a 12% polyacrylamide-urea gel containing 45 mM
Tris-boric acid (pH 8.0) and 10 mM EDTA with wedged spacers (GIBCO BRL)
at 1,400 V for 4 h.

RESULTS

Strategy. The VA RNA genes of three human adenoviruses,
Ad2, Ad7, and Ad12, and of the simian virus SA7 are located
between regions encoding the conserved viral proteins pTP
and 52,55K (2, 15, 37, 39, 65). In SA7 and Ad12, there is a
single VA RNA gene, whereas Ad2 and Ad7 have two distinct
genes, VA RNA,| and VA RNA;, in tandem (Fig. 1A). Com-
parison of the six RNAs revealed common features as well as
differences in both structure and function (39). To assess the
generality of these findings, we studied the VA RNA genes of
the other human serotypes. DNA containing these genes was
amplified by using primers designed to hybridize to flanking
protein coding regions. From an alignment of the DNA se-
quences of five viruses whose sequences were available in Gen-
Bank, we selected two stretches of 22 to 24 nucleotides (nt)
which displayed the greatest degree of conservation and syn-
thesized the degenerate primers pTP and 52,55K (Fig. 1B).
Since the sequences are drawn from a broad sample of human
adenoviruses, including members of groups A, B, C, and F as
well as a simian virus, we hoped that these two primers would
serve for the remaining serotypes. Indeed, by varying the an-
nealing temperature between 60 and 65°C, a PCR fragment
was amplified from each of the human adenovirus samples. We
obtained fragments of about 300 bp (range, 299 to 357 bp)
from 10 viruses (including SA7) and of about 550 bp (range,
493 to 584 bp) from the others (Table 1). Although several of
the VA RNAs were identical, each PCR fragment differed by
at least one nucleotide from all of the others, thereby elimi-
nating the possibility of cross-contamination of virus stocks or
PCR products.

Organization of the VA RNA gene region. As expected, the
short PCR fragments listed in Table 1 proved to encode one
VA RNA whereas the long fragments contained two tandemly
arranged homologous sequences (Fig. 2). Following the con-
vention established for Ad2 (42), we refer to the upstream
transcript as VA RNA, and the downstream transcript as VA
RNA/,. All members of groups A and F, as well as SA7, have
a single VA RNA gene, whereas all viruses in groups C, D, and
E have two VA RNA genes. The unclassified viruses Ad42 to
Ad47, also have two genes. Only group B contains viruses
which differ in the number of VA RNA genes encoded in their
genomes. This feature, as well as sequence homology (see
below), divides group B into two subgroups which correspond
to groupings recognized by Wadell et al. (74) on other criteria;
ironically, the subgroup B2 viruses (serotypes 11, 14, 34, and
35) have one VA RNA, while subgroup Bl viruses (serotypes
3, 7, 16, and 21) have two.

The VA RNA genes were located by assuming that their 5’
termini correspond to the major start sites identified for the

J. VIROL.

VA RNAs studied previously (39) and that their 3’ termini are
at the T residues in the 3'-terminal thymidine run. An addition-
al signature is the presence of a B-box homology starting at
approximately +60 relative to the start site. The subgroup B2 se-
quences contain two runs of T residues separated by about 40
nt, and some VA RNA; genes have several TTT triplets. To lo-
cate the 3’ end of these VA RNAs, we used as a further criterion
the ability of the 5" and 3’ ends of VA RNA to pair with one
another. As summarized in Table 2, all of the VA RNAs are
expected to be 163 = 14 nt in length, apart from Ad10 VA
RNA,,, which is unusually short. It would seem that this gene
has suffered a deletion of 27 nt as a result of looping out be-
tween flanking direct repeats (CGCGGC). With this exception,
the RNAs within each group are tightly clustered in size, to the
extent that the number and length of the species could be used
as a criterion for classification. In this respect, as well as in their
sequence (Fig. 3), the six unclassified viruses (Ad42 to Ad47)
are very similar to the 23 viruses classified in group D, and we
therefore consider them additional members of this group.
Many of the expanded group D viruses differ in sequence at
only one or two positions and therefore are represented by a
consensus sequence in the alignment shown in Fig. 2.

The VA RNA coding sequences closely abut the adjacent
protein coding sequences (Fig. 2). Upstream of the VA RNAs,
28 to 33 nt separate the VA RNA initiation site from the pTP
splice site. The region between about —10 and —20 (relative to
the 5" end at +1) is remarkably rich in adenosine, which often
occurs in two runs of three or four consecutive A residues
separated by two other bases. Downstream of the VA RNAs,
there are 12 to 23 nt between the beginning of the run of T
residues of the VA RNA termination signal and the 52,55K
protein splice site. This stretch is very rich in T residues, and in
some viruses it consists almost exclusively of thymidines. Ex-
ceptionally, in the four subgroup B2 viruses, this downstream
span contains about 50 nt. The extra nucleotides are not espe-
cially T rich and display patchy homology with the subgroup B1
VA RNA(, gene, suggesting that they correspond to remnants
of a VA RNA|; gene. The view that the subgroup B2 viruses
suffered deletions resulting in the loss of their VA RNA(
species is strengthened by inspection of the B2 VA RNA se-
quences; these RNAs are very similar to the Ad3 and Ad7 VA
RNA| species (subgroup B1), from which they differ mainly in
a 13-nt deletion (Fig. 3).

In viruses that encode two VA RNAs, there is also a spacer
sequence intervening between the two RNA coding genes.
Unlike the 5’ and 3’ flanking regions, which are all of approx-
imately the same length and display sequence similarities, the
spacer varies greatly between virus groups in both length and
sequence (Table 2; Fig. 2). It consists of about 96 nt in group
C, 56 nt in groups D and E, and 72 nt in group B1. The spacer
sequences are homologous within each group, but little homol-
ogy is evident when the four groups are compared (Fig. 2).
Some homology exists between the spacer regions immediately
upstream of VA RNA,; and the sequence upstream of VA
RNA,. This is especially evident in the group C viruses, which
appear to contain stretches of sequence in their spacer regions
that are homologous to the pTP coding sequence and the
A-rich stretch upstream of the VA RNA, gene.

Sequence relationships among the VA RNAs. The unique
VA RNA sequences are listed in Table 3 and compared in Fig.
3 and 5. The VA RNA, and VA RNA; species of a particular
virus are substantially different from one another, but equiva-
lent VA RNA species within a serotype group resemble one
another closely in sequence. Indeed, many of the RNAs are
identical; in such cases, we have selected one example to stand
as prototype (Table 3). A total of 37 unique RNAs derive from
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—pP Splice Site VA|
1 ' —
Adl ICGCGGTTCCAGATET . TCCAT i TTGACGCTET- - AGACC - - - GTGCAL -~ GA T-C’ e} AA-TICGCA TT CCGTA
adz GTTCCAGATGTTGCGCAG ARAGTCCTCC) TCTEGEC \GACC - - - GTGCARAAG- GAGAGH GAGGECACT-CTTY TGGTCTGGT TAAM-TTCGC. GGTATCATGGOGGACG-A-COG TTCG: CCGGA
245 [CGCGETTCCAGATGT GC: GTECTCCATEGT GOTCTGICCEET GACC - - - GTGCARAAG-GAGAGCC! prtele eletel T-CTTCOGTGETC TGST GETATCATG! ACG-A-COGE CCGTA
RAE [CGCGGTTCC G AAGTGCTCCATGGT GOTCTGGOL T "T--AGACC ---GTGCARA GRGAG & 'T-C TTCCGTGETC TGGCGGACG- A~ GGTT: CCGGA
PV CGCGETTOC) ut TAGTCCATGGTCGGC A T A X TCTTCCTCOGTAGCC TEGOGEA - AC {CGGETTAGECCGCETETGTA-COCCEETT! COCCTCGAA
ad2Z | GCGGTTCCAGATG TTG GCARGGC AGSAAATAGTCCATGS TCGECACGE T il ARC -G CGETTGAGHRGGCTC TTCC TCCGTAGC TEGCGGA-ACG- - ~-CAAACGGS TTAGGCCGCE TG TG TA - COCCEE TTCGAGT -~ - = == =~ m e e o COCOTOGAA
xds [CGOGGTTCCAGATG TTGC G ‘GGTAGEARATAATCCATG T C- TCTTCCTCCGT TGGCGGA-ACG---CRAACGSETTAGGCCG! TGTA-CCCCESTTCGAGT: CCOTCGRA
Add |>GCGGTICCAGATGT |>GGCAGSARATAGTCCATGGTCGGCACEGT TGA T--AGA -~ -~ 3G ALC-G) TCTTCCTCCGT TGGX A TGTGTA - T GT- CCCTTGAR
D-con  JOGCGGTTC TGT TAGTCCAT T C TTGACEC! A - TCTTCC TGGL TGTCTA- CCCTCGAR
ad4 TT TGT GC TAGT T C TGAT! GACATACGGGCAAAARCGARAG-CGGTCAGHEG - CTCG- ACTCS T TAAG- - -C! TGGS .~ GC TCGAA
hazl JCGCGGTTCCAGATGT ‘GCAG T GTAGT" TT TGAT! fFT--AGAL G CGAARG ~COGTCAGH -CTCG-TCTCCGTGGCC T T GAAC! T TGTA-CC 'TCGGA
Rdlé GCGGTTCCAGATGT i TGRAGTACTTC) TT GCAC TGAT T--AGA! el CCAAAG -CGGTCAGHRG-CTC G- TCTCCGTGGCC TEGAGGT TAAL TGC STGTA- TOGGA
AQz JCGCGGT {-GGCAGLT AAGTAGT TCATGG' Al GAANG -CGATY [5G-CTCG-ACT TGETC G- - T = felal C el ACGCTCGGA
Ad7  JeocGoTT TGAAGTAGTTCAT GRARG -CGATGAGHRG-CTCG-ACTCETGRCC G- - ~TGAACGEGTTGGETCRCE -CTCTA- CCOCRET TAAGCARTCACACTCGE
Adl4 [CGCGGTTCCAGATGT, o G CA-~ T ~CGTTCAGHS -ACTCG-ACTC TG TAGCC 'BCG-GTGTA- TTGTACTCGAG
Adll GCGGTTCC, TGT T -CGTTCAGHE -ACTCG-ACTCCGT G T TG (3 TTGTACTCGAG
Ad2S [~ GCGGTTCL, TGT TAGTTCAT \TGARAG-CGTTCAGHE -ACTCG- ACTCCGT? G- == TG g T TTGTACTCGAG
Ad24 GCGGTTC TGT TTCA \TGAAAG-COTTCAGHE -ACTCG- ACTCCGT? Gl T jARelal CCCGETTCH CTTGTACTCGAG
A3l GGT! TTCAA' G TGAAAG" GG -ACTCC~COTCTGTEECC TGS T-CACAAGGSTACCACAGCS - AGGAR-CCCCGGTTC!
AdrE T T GO T: TTGT: - - - LGAGAGRATARAAGTCCGTAAGYS - ACTCC - CTTCC CTESC TTGG TG GA - AR AG T-C ACAAGGG TACTATA 'CCCGGTTCG!
Adlz [CTCGGTTCCAAATATTCCGCA GCGTTCAATAGTT el ATGAAAGTCGGT! 5-ACTCC-CTT TGGTTTY 3GGTACCATAGC!
SATVA ‘GCGGTT ¢ ™ el 'G-TCACHE~ACTCC- TCTCCGTAGL T T-TAGGT-CGCAL TGGCG-GEGAA
Rd40 GGT LY TGAMARARCAGAGAGCGG -TCACHE ~-ACTTT-CCTCOGTAGO C TEGAG A -CAGAT CAGTGGECA -, 4G s
ad41 GCGGT TC! A GAGH =TCACEE-ACTCT-TCTCCGTAGCC TEGAGGA ~ TAGAT -C Gl CAGGE TEIGE TEECG ~ ARCAACCCCT T
mp3 mp5 VA| Termination mp1l VA
- —
2 mp6 —————p —»
adi TCCGGCCGTCCECCETEATCCATECSGT- - T Cl CCAGETETGC - - - == -GACHICAGACPACGEGGEAGCECTCC TTTT - -G~ - GCTTCCT- TCCAGGCGCGfGCGfGC’!G’."IECGC’I‘AGCT’ITTTI"IUGCCI‘CTGGCCGCGCGCGGCGTFGCGGTTAGGCN fAIA- T TCCC TOTAG
Adz TCCGECC TGCGGT- GCC X [[CAG: TCCTTTT--G--GCTTOCT- TCCAGGC GG -GC G -GC TEC TECGC T TTTTTT-GGCCA 1P T. ™ ~GCG \TTAAGYEGCTCGCTCCCTGT.
AdS TCCGGCCGTCCBCCET T TGC T- -T2 GTGTCG £ CCAGETETGE - - - - ~GACHICAGA (O TGCTCC TTTT--G - -GCTTCCT- TCCAGGIGOG -GCG- G TEC T TAGCTTTTTT-GGCCAC GCGT! T \GCGETTAGGC TG ~GCGARAGCATTAAGTGCTCGUTCCC TETAGCT
Adé TCCGGCCETOCGCCGTGATCCATGCGGT- - TACCGCCCGCGTGTCGAHECCACGTETEC - - - - - GACGICAGAC AACGEGGGAGCEC TCC TTTT- -G - - GCTTCC T- TCCAGGC GOG -GC G-GATGC T TAGCTTTTTT-GGCCA \GCGGTTAGSC ~GCGAARAGCATTAAGTEGCTCGC TCCC TETAGCT
Ad10 TCAGGCTG-GAGRCOOGACTAACGT3GTATTGGCA] ICCCGTCTCGA~CCH AGCCCG- CAGGAT GCCCTTTT G > TAGACTTG- \GCGGC TEAARACCC ed }CGCCCGTAGTCT
Adiz TCAGGC TG -GAGCCH TAACGTGGTAT TCTCGA-CC( CTTTTT--G~- - ---- - -- -CCGECCGAG -GGGAGT - - - - -1 CGCTAGACTTG: AAGCGG AAACCOCG-CO GCGCCOGTAGTCT
Ads TCAGGCTA-AAGCCGCGACTARCGTGGTATTGGCAQICCCETCTCGA-CC) TTT GCGGTTY {CCCCG-C & TCT
adsy TCAGGC TG ~GAGCCGCGACTAACG TEGTATTGGC AICCCG TCTCGA-Co. CTTTTT- GG e T, T G AACCCTG-CO SGTAGHEGCTOGCGCCCGTAGTCT
D-can  TCAGGCTG-GAGCCGCGACTAACGTEGTATTGGE AICCCETCTCGA -] "TTTTT- 'GCTAGACTTS leldlelebial ARCCCOG-C T
Add TCAGGC TG -GA ACGTGGTAC [[CCCGTCTCGA-CC TTTT- - -GCARATTTTT-GGCG3 - GCTAGT: G GCCC— - —- - - - GA-CCG-———~ - -C-AATEGCTCACTGCCGTAGATT
Adzl TCAGGCTG -G TAACGTGGTAC [[CCOGTCTCGA-CC X AACCTCCA TTTTTTTTTTGCTTTTY-C - AGTGCTGCGTCAAGC TTT-= === mm === === == == mmm e 4 ACACTCAGTTC’ICGG%SC'IG— ~GGASTBGCTCECOCCCGTAGTCT
Adié TCAGGCTE-GAGCCOCAGCTAACG TEGTACTGGL, 'CGTCTCGA-CC i ACCTOCAL GEETCSTTT TITTT TTGCTTTT T - AGTGC TECETC A ACTCASTTCTCGEHEC PR == = == = -GEAGTGGCTCECGCCCETAGTCT
aa3 TC-GGCCG~GA GCGGCTAACGTGETATT GTCT -CCCRG-CCGAC - - GGTA TTTTT--GCTGCTTTTT - ATTGCCACGTCH "TTT- A T TICTY Lmli—C TG CGCCCGTAGTCT
aa7 TC-GECCG-GAC ACCTECTATTGE TAICCOGTOTCGA-COTRG-COGAC - - - CAGGGTAC TTTTT--GCTGCTTTTTTCC T TGT -~ ATTRCCACGTCAAGC TTT-— -~~~ - - =~ == === == —mmmm o A TTCTCGGH-C GGCTCG TCT
Rald CC~GGOCG-GAGCCGOGECTAACGTGGTAT ~CCCR-GCC T~ - ACARAAA - TCCAG! TCGAGTCGTTT
adll CC-GGCCG-GA TAACGTGGTAT TCTCGA~CCCR -GCC T-- ACAAALA - TCCAGGATAC IC TTT
Ad35  CC-GGCCG-GA TCTCGA-COCR -GOCT-- ACARARA ~TCCAGGA TACH T = m =~ = = m e e e e -
hdl4 CC-GRCCE-GA T: 8 Jiul TCTCCA-CCR -GCC T-~ ACAAAAA -~ TCCAGGA TACGE TTT---------
Adll CC-GGCAG-GATCC PETGA- —- w——m= -~ ~=vmecessoeeecaaaae TATATAG- -~
Adlg CC-GOCAG -GATCCH -- TATGA- GTARGTGA- -~
Ad1Z CC-GOCAG-GATCCGC —~ = - = m mmmmm o - A T~ = = T e e e e e e e e e e e e e emmemaman RCAAGTGA- - -
SATVA  CC-GGUCG-GATCCGE: TCOC eclaleielal Taley ul GACC-
AGH0  CC-GEOTG-GATOTGE Teec o GTRCOTCCACGACG
Ad4l CC-GECTE-GATOCGE CTCCCG - = =ACGCGLCGR = mm = mm s me oo e e CGACG-
mp4
VA Termination o
mp2 Splice Site
: — |
Rdl TTATTT TGAGT GAC -CCCC-GETTCGASTE TCGEGCCEECCGEA-- CTECARCE TTTECCT - CC- - -~GCTIGCAAATTCC TCCGGAA - ACAGGEACGAS -COCC ~TPTT-TTG- - - - -+ CTTY- .mccmm 563
Adz TTATT' A -CCCC-GGTTCEAGTC: T¢ GCCEECCE =C TGCCT-CC T TTGH TTCCTCL -CCC0C-TTTT- TTG- - =CTTT- ~TeCC-REATGCATCCGGTEC TGCGECAGH 567
AdS TTATTT TTGS -CCCC -GGTTC! TC: T T-CCCC -CCCC-TTTT-TTG- - =CTTT- -T0CC-PFATGCATCCGETEC TGCGECAGH 567
Ads ‘GGAGGGTTATTTTCCAAGCGTTEAGTCGCGEEAC ~COCC -GETTCGAGTC- - -~ = = = == = ceraueciasel TTT T- GCTTGCAAATTCC TCCGGAA ~-ACAGGGACGAG -CCCC ~ TTTT - TTE- TTT- -TCCC -RARTCCATCCGETEC TECEACAGH SE7
AdLO GGAGAAGCA-TGCCA-GOGTTGAGTCGEGEC -- -- (CTTGETCA - CTTCTCCAGTT - 3 TTTT- - T6CC-RFRTGCATCCGG TGO TECGACAGH 492
Adiz GGAGAAGCA-TEGCCA-GEETTGAGTCH! \CCC-GGTTO palelnrelal SGGACTTGGTCA - 'C~ACA-GCCAGCCGACTTC TOCAGTT -ACK ~TTTT--TGCC -RFRTCCATCCCETEC TECEACAGY 521
ads GGACAAGCA-TLACTA-GGETTAAGT T AGT, CCC -GGTTOGE! "CGCG3C GGGACTTAGTTA - COCCH TTTTCCAGTT- G A ~TTTT--TGCC TGCGACAGH S20
Ad3 GGAGAAGCA-TPCCCA-GGETTEAGTCE GRCAGARCCC -G3TTCGCG: ineele TTGGTCA - CTTCTCCAGTT - = TTTT- ~TGCC -RFATECATCCGE TGO TGCGACAGY 521
D-con  GGAGAAGCA-TPGCCA-GGGTTEA TTGGTCA-COCC \CTTCTCCAGTT - = TTTT- -~ TGCC -RFRTECATCCCETEC TGCGACAGY 521
Add PGCCA - TTCCSTT TTCCGCGECTA, T CTTCTCCAGTT-AC-GEAGCGAG-CCCC - TCTT - TTG TTTTT- - TGCC-RAATGCATCCAGTGC TGCGACAGH 543
AdZl GCCA TTGCCTTY TCC s (' TT - ~GCCAGCCGACTTCTC! TT 'GAG-CCCT-CTTT~ TTTTGTT-TTTTTG TTSCC \TGCATCCAGTGCTGCGACAGH 571
Adle GAGAATC ARTEGCCA TT T ' TTT: CCTCGTCATTTC TAAGACCCC~ -~ -GCCAGCCGACTTCTC CAGTT TA! CT-CTTP~TTTTTGT-TTTTT TICGACAGH 571
Ad}  GOAGAATCAGIRGCCA-GGGTTGCGTT © TT TTATTTCCARGACCCC - -~ ~GOCAGCCGACTICTCCAGTT TACGGRAGCEAG -CCCT - TTTT- TPTTTTTGTTTITE TCGCC Sz
Aa? feler.X - TT T g T felaal TCATTTCCAAGACCCC - -~ - TTCTCCAGTTT G G ~CCCT-TTTT- TTTTTTIGTTTTT Jals CAGT! 584
Rd14 == - TCCTTGCT! TGAGTCCTATTTT- - - TTTT-TTT-ACC- -GTTC -REATCCATCCGGTEC TGCGACAGH 352
Ad11 --- T TATTTT- - - TTTT-TTTTACC- ~GTTC TCCGCTCCTGCGACAGY 354
Adzs T TGAGTCCTATTTTTTTITTT- TTITACE - - GTTC 357
Ad3d —mmmmmmm e —mmmeeeecaee - T 2 TGAGTCCTATTIT- -~ TTTT-TTTTACC - -GTTC -RAATCCATCCOC TEC TGCGACAGY 354
Ad21 e C- CCAGAC -ACT TC-~~-TTT-* TTTT- - TTTT- C PEES
Adls ~GECECTTGCGCETTCARCCT - CAGAC -, TCTT-TTTT - TTT- - TTATATTT- - TCTT- TGTCCTGCGACARY 206
adlz ~GECOCTTGCCCETTGAACCT - 'CAGAC-A TCTTTTTTT-TAT~ -TTATTTTT- - TCTT- el TCCTGCGACAAY 207
SATVA  ---CCACCAGAGGCCG: O CGCGCGoA-——-——— - - - rrs e COCAAAT-AC TCTT-TTG3~TGC- -TTTT-- 'CCGTGOTGUGECAGH 322
&40 = =-GAAACC~CCGOC GCGGTCCCTY - “TCTCCAGAT -, TCTT-TTIG-TTG: —TTTT- - "CGETGTTGCGACAGH 222
Ad4t ==~ GAARCC-COGRC CGCGETCCCCH CTCCAGAT-; TTTTTGAGTCG- - -- -- TTTT- - TTAT: (el TG ACAGH 326
52,55K

FIG. 2. Sequence alignment of the VA RNA gene region. All human adenovirus sequences and that of SA7 are shown, except that group D is represented by the
four most divergent sequences (Ad10, Ad32, Ad8, and Ad9) and a consensus sequence (D-con) for all group D viruses. Initiation and termination sites of the VA RNAs
and the splice sites of the terminal protein precursor and 52,55K protein mRNAs are indicated. The regions to which the PCR primers and the internal sequencing
primers hybridize are marked with arrows and boxed.

the 47 human adenoviruses; given that all but nine of the
viruses encode two species, the maximum possible number of
distinct sequences is 85, which provides a measure of the re-
dundancy in the datum set. In contrast to the relative homo-
geneity within a group, sequence differences between groups
are usually substantial. An exception is the VA RNA; species
of the group E virus Ad4, which differs in only two nucleotides
from the corresponding species of the group B virus Ad21.
Their VA RNA,; species are also related, albeit less closely,
but the spacer sequences differ considerably (Fig. 2).
Relationships among the prototype sequences are illustrated
by the alignment shown in Fig. 3. Three superfamilies can be
recognized. The first of these (A, F, C,) contains the single VA
RNA species of groups A and F (including SA7), together with
the VA RNA; species of the group C viruses; the second
(BDE,) contains the VA RNA| species of groups D, E, and B1,
together with the single VA RNA species of subgroup B2; the
third (VA;) contains all of the VA RNA,; species which,
despite significant differences among groups, form a more co-

hesive set than the VA RNA| species. Within each superfamily,
sequences from each serotype group were clustered, forming
eight families. The families correspond to the serotype groups
with the VA RNA,/VA RNA,; distinction superimposed and
the relationships among the B1, B2, and E VA RNAs recog-
nized. Thus, the families are A (the single VA RNAs of group
A and SA7); BE, (the VA RNA, species of groups Bl and E,
as well as the single VA RNAs of group B2); BE;; C;; Cyy; Dy

Dy;; and F.

This organization of the sequences into three superfamilies
and eight families correlates well with the clustering of se-
quences when their relationships are displayed as either a
dendrogram (not shown) or a phylogenetic tree. Figure 4 gives
an example of an unrooted phylogenetic tree generated on the
basis of a combination of distance matrix and approximate
parsimony methods (29, 30). In superfamily A, F, C,, the group
C VA RNA, species and group A VA RNA species are closer
to each other than to group F VA RNAs. The BDE;, super-
family has the least amount of sequence variation, despite the
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presence of a 13-nt insertion in the apical loop of Ad3 and Ad7
VA RNA,. These two group Bl VA RNA; species and the
group B2 VA RNAs are in a single subbranch. The other two
group B1 VA RNA, species (Ad16 and Ad21) form a unique
subbranch with Ad4 VA RNA; (group E). The group D VA
RNA, species form the third subbranch. In superfamily VA,
three branches are formed. The branch composed of the VA
RNA/, species of group C is separated from the other two
branches, which contain the VA RNA; species of group D and
of groups B and E. Similar trees were generated by several
other programs and in a study including a broader selection of
simian viruses (33), lending credibility to the phylogenetic re-
lationships deduced above and the consensus sequences de-
scribed below.

Sequence conservation. The more detailed sequence align-
ment shown in Fig. 5 has been optimized to emphasize se-
quence conservation. Three tiers of consensus sequences were
deduced. Tight consensus sequences were obtained for the
eight families of VA RNAs; comparison of these family con-
sensus sequences allowed the derivation of looser consensus
sequences for the superfamilies and of a more tentative gen-
eral consensus for all of the human VA RNAs (shown at the
bottom of Fig. 5). The conservation of individual nucleotides is
highlighted and indicated quantitatively, on a scale from 1 to §,
above the general consensus sequence. Strict sequence conser-
vation across the entire ensemble of VA RNAs is limited to
scattered regions and is largely associated with transcriptional
functions of the gene (Fig. 5) or with secondary structural
features of the RNA (see below), most notably the pairing of
sequences in the apical and terminal stems and in stem 4
(depicted in Fig. 1C and 3).

J. VIROL.

The A and B boxes, which constitute the internal control
regions (or promoter) for RNA polymerase III and have been
defined experimentally for Ad2 VA RNA, (6, 17, 28, 59, 67,
76), are well conserved. All of the VA RNAs have both boxes
at similar positions, except for Ad10 VA RNA,,;, which lacks a
B box at the usual position as a result of the deletion noted
above. The sequences match well the consensus sequences
derived from tRNA genes (19, 67). Divergence from the con-
sensus, when present, is usually toward the 3’ edge of the box.
On the other hand, flanking nucleotides, especially on the 5’
sides of the boxes, are also highly conserved. The B-box ho-
mology is very high, with 8 nt matching the 9-nt consensus. The
A boxes, located 34 to 40 nt upstream of the B box, are slightly
less homologous to the consensus in some of the VA RNAs. In
group A and the group B2 VA RNA; species, 9 nt match the
10-nt A-box consensus; 8 nt match in group F and SA7 and the
VA RNA; species of groups C and D; and only 7 nt match in
the group B1 VA RNA; species.

Highly conserved sequences, 2 to 4 nt in length, are present
throughout the VA RNA molecule (Fig. 5). Although they are
short, compelling argument for their significance comes from
the observation that many of them are mutually complemen-
tary and participate in the formation of duplexed stems form-
ing the framework of the RNA secondary structure as de-
scribed below. Thus, the stretches of sequence extending 20 nt
into the RNA from the 5’ and 3’ ends display six regions of
patchy conservation (Fig. 3 and 5). At the extreme termini, this
conservation is probably influenced by the requirements for
initiation and termination, which are not fully defined but
include a preference for a 5'-terminal G (or possibly A) and for
a 3’ run of T residues surrounded by a GC-rich stretch char-

TABLE 2. Organization of VA RNA genes

Sequence length (nt)

Group Serotype(s) or virus

5" spacer” VA RNA/ Spacer VA RNA| 3’ spacer® Total

A 12 31 149 20 307
18 31 149 19 306

31 31 149 12 299

B1 3 32 174 70 176 23 582
7 32 174 71 177 23 584

B2 11 32 161 54 354
14 32 161 53 353

B1 16, 21 33 162 73 176 20 571
B2 34 32 161 54 354
35 32 161 57 357

C 1 30 160 97 161 13 568
2,56 30 160 96 161 13 567

D 8 29 161 56 154 13 520
9, 13, 15, 17, 19, 20, 22, 23, 24, 25, 26, 28 163 56 154 13 521

27, 28, 29, 30, 32, 33, 36, 37, 39, 42,
43, 44, 45, 46, 47

10 28 163 55 127 13 493

38 28 163 55 154 13 520

E 4 33 162 56 173 17 548
F 40 28 173 15 323
41 28 174 17 326

SA7 28 172 15 322

“ Length does not include 85 nt of preterminal protein coding sequences.

® Including the single VA RNAs of viruses which contain only one VA RNA gene.

¢ Does not include 22 nt of 52,55K protein coding sequences.
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Ad1VAI | CACUCUUCCGUGGUCUGGUFSAUAAAUUCGCA CGAQCCCCHIAUCC GUCCGCCGUGAUCCAUGCGGUUACCGCCCGCGUGUCE. . v v w s PGGU.G. . . UGCGACGUCAGACAACGGGGGAGCGLCUCC

c ﬁ Ad2VAI AUAAAUUCGCA CGAMNCCCCX UCCGGICRUCCGCCGUGHUCCAUGCGGUUACCGCCCGOGUGUCG. ... v v GU.G. . .UGCGACGUCAGACAACGBGGGAGCGCUCC!
Adl2va UCACA AUAGCYH ICGARACCGRCAGGAUCGCUAUGAGCACAAGUGAGGCGCUUGCGCGUUGA. . . . v . B GC. oo vune CAAGGACICCCCAGACACGGAGAGGAGUC!

A m Ad18VA UCACA JCAUAGCY CGARACCCHCAGGAUGCGCUAUGAGCGUAAGUGAGGCGCUUGCGCOUUGA . . v vt v e v e annaene s Lo CAAAGACKCCCAGACACGGAAAGGAGUCUUUL
Ad31VAa «UCACAN JCACAGOGRAGGAA . CORCGGUUCGARACCGICAGGAUGGCUGUGAGCGUAUAUAGGGCGUCUGCGCGUAGA . o v v v v v vsn e e v n e ns pGC. ... ..., CAAAGACICCCCAGACACGGAGAGGAGUC
AddovVA « CCGCCH JAGUGGCAAN UGFAUCUGCCACYCCCGACGCGCCGGCCGUGCGUCCACGACGGAA. - | AGCC , GCGGUCCCUGGAUCUCCAGAUACGGAGGGGAGUC

F ﬁ Ad41VA CCGCCA JEGUGGCGAN UGGAUCCGCCACYCCOGACGCGCCGGCCCCGUGUCCACGACGGAR. « v v v - - AGCC . GCGGUCCCCGGAUCUCCAGAUACGGAGGGGAGAUCUUU!

SATVA CUCCUCUCCGUAGCUUGS! UCGCA IGUGGOGGC CGRRUCCGCCACYCCCGACGCGGOGGCCCCGCGUCCACGACCCCA. v v vy v - GRGCC . GCGACGCGCGCA . CCCCAARUACGGAGGGGAGUC

p————t

IGGGUGCH [3YSUAC

Ad11VA JGACUCG AL CUCCGUAGCCUGG. CAACG. .

UCGAGC

Adl4VA IGACUCGALICUCUGUAGCCUGG. AACG. . IGGGUCGCT. GUYSUAC]

Fsaceq

CGGABCCGCHECUAACGUGGUAUUGGCACUCCCGUCUCY | AGC . .CUACAAAAA. . .[UCCAGGAUACGGAAUCGAGUCGUUU!

B Ad3VAIL IGGCUCGALICUCCGUGGUCUGGH -AACG. . IGGCUCGCH. IGUSUAC

CUCGGAUJ

'CGGABCCGCH3CUAACGUGGUAUUGGCUAUCCCGUCUCH . AGC. .CGACGAAUA., . .[JCCAGGGUACGGAGUAGAGUCGUUU!

AQ7VAI IGGCUCGAL fLUCCGUGGCCUGG! AACG. . GGG UCGCALIUSUAC

CUCGGAUY

—
3HCCGGARCCECHE CUAACGUGGUAUUGGCACUCCCEUCUCH tJ. AGC. .CUACAAAAA. . .[UCCAGGAUACGGAAUCGAGUCGUUU!
rle
3
3G

CGGARCCGCHSCUAACGUGGUAUUGGCUAUCCCGUCUCH - AGC . .CGACGAAUA. . .JUCCAGGGUACGGAGUAGAGUCGUUU!

GGG UGCGCGURUAC
GGG PIGCGCGUGUACY
AGEGCGCGUGUACECAGUUCGA

Ad21VAI IGGCUCGU.ICUCCGUGGCCUGGA UAAG . .
E — Addvar GGCUCGAL K UCCQUGGCCUGGA UAAG .
Ad13VAI J3GGCUCUUCCUCCGUAGCCUGG . AACG .
Ad44VAI GGCUCUUCCUCCGUAGCCUGACAH. AACG .
Ad15VAI GGCUCUUCCUCCGUAGCCUGGCGH. ARCG . .
D Ad19VAI GGCUCUUCCUCCGUAGCCUGGCGH. AACG . .
Ad23VAI GGCUCUUCCUCCGUAGCCUGGCGH. AACG . -
AQ9VAI GGCUCUUCCUCCGUAGCCUGGCGH. AACG . .«
AdSVAI IGGCUCUUCCUCCGUAGCCUGGCCH. AACG . «

JAGGLGCOGUGUGUACHCCGGUUCG:

ICGGAUC,
ICGAAUCAGQCUGGACCGCAZCUAACGUGQUACUGGCACUCCCQUCUCG
UCGAAUCAGRCUGGAICCGCHACUAACGUAGUAUUGGCACUCCCRUCUC
AGGCGCGUGUYGUACYCCBGUUCGA > UCGAAUCAGHCUGGA CCGCRRACUAACGUGGUAUUGGCACUCCCGUCUCH
AGGCGOGUGYEUACHCCGGUUCGA UCGAAUCAGFUG C
AGGUCGCGUGUYGUACQCCGGUUCGA e UCGAAUCAGH-UGGA5CCGCHRCUAACGUGGUAUUGGCACUCCCGUCUCH
ey UCGAAUCAGHCUGGAGCCGCEACUAACGUGGUAUUGGCACUCCCGUCUCH
IAGGCGCGUGYGUACQCCGGUUCGAL UUGAAUCAGHCUGGA CCGCERCUAACGUGGUAUUGGCACUCCCGUCUCH
IAGGEGCGCGUGUACYCCEGUUCGAL UCGAAUCAGHCUAAAG CCGCARCUAACGUGGUAUUGGCACUCCCGUCUCHR

AGHCUGGANGCCGCABCUAACGUGGUACUGGCACTUCCCGRUCUCY FGGC . . CUGCACAAAALCUCCAGGAUACGGAGGCGEGUCEUUU!
PGGC . . CUGCACAAAALCUCCAGUAUACGGAGGCGEGEUCEUU!
PAGC. .CCG. . . AUAGIZCGCCAGGAUACGGCAGAGAGCCCUYY
« + + AUACCGCCAGGAUACGGCAGAGAGCCCUUY
+ AUAGCCGCCAGGAUACGGCGAAGAGCCCUUY
- AUAGCCGCCAGGAUACGGCGGAGAGCCCUUY!
« « - AUAGCCGCCAGGAUACGGCGGAGAGCCCUUY!
« « . AUAGCCGCCAGGAUACGGCGGAGAGUCCUUU!
+ +  AUAGCCGCCAGGAUACGGUGAAGAGCC!

CRCUAACGUGGUAUUGGCACUCCCGUCUCY

CCGCGGCRAGCG. GG . . . ACUUGGUCACCCCGCCGAUUUAAAGK L . ACAGCCAGCaGAuUcUccacU. hcaeaacceaccceecy

{3CCGCGGOEAGCG. GG . | . ACUUGGUCACCCCGCCGAUUUAARG

. ACAGCCAGCCGACUUCUCCAGUY. ACGGGAGCGAGCCCCCY

CCGCGGCBAGCG. GG . . . ACUUGGUCACCCCGCCGAUUUAAAG

+ ACAGCCAGCCGALUUCUCCAGUULACGGGAGCGAGCCCCCL

CCGCGGSAGCG. GG . « . ACUUGGUCACCCCGCCGAUUUAAAY

ACAGCCAGCCGALUUCUCCAGUYACGGGAGCCAGCCCCCU!

ICCGCGGHAGEG. GG,
[3CCGCGGRAGCG. GG . . . ACUUGGUCACCCCGCCGAUUUAAAG

+ ACUUGGUCACCCCGCCGAVAUAARG + ACAGCCAGCCGALUUCUCCAGUL JACGGGAGCGAGCCCCCU!

L . ACAGCCAGCCGACUUCUCCAGUU . RCGGGAGCGAGCCCCCU!

'CCGCGGBAGCG. GG . . . AAUUGGUCACCCCGCCUAUUUAAAG

+ ACAGCCAGCCGNCUUCUCCAGU . RCGGGAGCGAGCCCCCU!

Ad22VAII | UCGCGCCJGUAGUCUGGA . GAAC [FUCGCGGY
AdITVAII E UCGLOGCCC UAGUCUGGA . GAA( S UCGOGGY
Ad1SVAII GGCUCGOGCCH UAGUCUGGA . GAA( SUCGCGGY
Ad44VArl UCGCGCCJGUAGUCUGGA . GAA Héjalelueiels
Ad25VAII UCGCGCC JSUAGUCUGGA . GAA( SUCGCGGY
D| ade7varz vccceecd loUAGUCUGGA . GAA UCGCGA]
AQ13VAII UCGCGCCQ JSUAGUCUGGA . GAA (FUCGCGGY
Ad24VAII UCGCC UAGUCUGGA . GAA GUCGCGGd
AdLOVAII IGGCUCGLGCCC JAGUCUGGA . GAAS GU

. [ECOGCGGLBAGCE . GG . - ACUUGGUCACCCCGCCGAUUUAAAY
............ e o . CGCGGOGAGCG. GG . . . ACUUGGUCACCCCGCCGAUUUAAAG

. ACAGCCAGCCOALUUCUCCAGUU . ACGGGAGCGAGCCCCCY
ACAGCCAGCCGARUUCUCCAGUY . ACGGGAGCGAGCCCRCY!
. GCAGCCAGCCGALCUUUUCCAGUY ACGGGAGCGAGCCCCCU

.« .GCCAGCCGARIVUCUCCAGUUUACGGGAGCGAGCCCUCU!

TCGCGGURAGCG. GG . . . ACUUAGUUACCCCGCCAAUUUAAAG
JCCGCOACRAGCGAGG . . . GUUUGGCAGCCUCGUCAUUUCUAAG

JCCGCGACRAGCGAGG . . . GUUUGGCAGCCCCGUCAUUUCUAARG + «@CCAGCCGAQUUCUCCAGUUUACGGGAGCGAGCCCUCU!

ICCGCGACRAGCGAGS . , . QUUUGGCAGCCCCGUUAUUUCCARG
CGCGACRAGCGAGG . . . GUUUGGCAGCCCAGUCAUUUCCAAG

+ - GCCAGCCGACJUCUCCAGUUUACGGGAGCEAGCCeUUL!

-« » .GCCAGCCGACPUCUCCAGUUUACGGGAGCOAGCCCUUY!

CGCGGQIAACGAGG . . . GCGUGGCUGCCCCGUCGUUUCCAA] UUCUCCAGUU . ACGG , AGCGAGCCCCUC

UGCGGCPAACGGGE . . . GUUU.GCCUCCCCGUCA . . UGCAA]

CUCCGGAAACAGGGA . CGAGCCCCUU!

AdBVAII UCGCGCCH JGUAGUCUGGA . CAAS A FUUACAGGR . AQEG
AQLEVAIT . .J3CUCGCGCCHJSUAGUCUGGA.G ICAAUCGCC ARG [FUUGCSqH . CGGUUY
mﬁ Ad21VAII . VCGCGCCH BUAGUCUGGA . G, CARUCGCCH 1 BUUGCGH f-caguuy
AQ3VAII  .5GCUCGOGCCHJBUAGUCUGGA . G. CAGUCGCCA I3UUGCG ¢felele mareleleifld
AQTVAII .J36CUCGOGCCHIGUAGUCUGGA . GANUCAGUCGCCHA UUGCG UCGHCGGUUL
E — AG4VAII .[BGCUCACUGCCJGUAGAUUGGA.G, AAUCGCCHA 3UUGCGdH lcoaAl
AdIVAII .[BGCUCGCUCCCUGUAGCOGGAG . GUUAUUUUCC, [FUCGCGH
C _H Ad2VAII . [SGCUCGCUCCCUGUAGCOGGAG . JSUUAUUUUCC, [SUCGCAGH
AdSVAII . [3GCUCGCUCCCUGUAGCCGGAG . GUUAUUUUCCARIGIYIGAGU >GC

UGCGGPHAACGGEG . . . GUUU.GCCUCCCCGUCA , . UGCAAG
[CUGCGG3AACGGGEG . , . GUUU . GCCUCCCCGUCA . . UBCAAGAS

e "CUCCGGAAACAGGGA . CGAGCCCCUU
+ v+ -GCUUGCAAAURCCUCCGGAARCAGGGA . COAGCCCCUU!

TS - _ s

- TS

FIG. 3. Structural features in VA RNA sequences. Alignments of prototype VA RNAs (see Table 3) generated with the PILEUP program are arranged into three superfamilies, which are separated by blank lines.

The serotype groups to which these RNAs belong are labeled on the left. The conserved tetranucleotide sequences,
of the apical stem (AS) and terminal stem (TS) are boxed.

5

GGGU and ACCC, are boxed and shaded. Regions which can pair and form the duplex structures
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TABLE 3. VA RNA prototypes and their equivalents

Prototype

VA RNA,
Adl VA,
Ad2 VA,
Ad3 VA, —
Ad4 VA, —
Ad7 VA, —
Ad8 VA, —
Ad9 VA, —
Ad13 VA, 17, 39
Ad15 VA, 20, 22, 37, 46
Ad19 VA, —

Ad21 VA, 16
Ad23 VA,
Ad44 VA,

Identical RNA species®

10, 24, 25, 26, 27, 28, 29, 30, 32, 33, 36,
38, 42, 43, 45, 47
VA RNA
Adl1 VA 34,35
Adl12 VA —
Adl4 VA —
Ad18 VA —
Ad31 VA —
Ad40 VA —
Ad41 VA —
SA7 VA —
VA RNAII

Ad8 VA, —
Ad10 VA, —
Ad13 VA, —
Ad15 VA, 9, 17, 20, 23, 28, 30, 33, 36, 38, 42, 43,
19, 27, 29, 32, 39, 44, 45, 46
Ad16 VA, —
Ad21 VA, —
Ad22 VA, —
Ad24 VA, —
Ad25 VA, 26
Ad37 VA, —
Ad47 VA, —

“ The serotype numbers of viruses which contain a VA RNA species identical
to the prototypes. —, no identical species.

acterizing efficient polymerase III termination sequences (8).
As these requirements appear to be rather relaxed, it is likely
that the terminal conservation owes more to constraints im-
posed by the base pairing of the 5’ and 3’ sequences to form
the terminal stem (Fig. 3). Indeed, the six conserved blocks
form three discontinuous segments of terminal stem duplex in
secondary structure models (Fig. 6 to 8).

Such structural constraints may also contribute to the patchy
conservation evident in the region encoding the apical stem
(Fig. 1 and 3). A pair of mutually complementary tetranucle-
otides, CCGG and (U/C)CCGG, that forms part of the apical
stem as noted previously (39) is reasonably well conserved in
the full set of VA RNA sequences. The first CCGG, which
includes the first two bases of the B box, is invariant. An
additional variation on the (U/C)CGG sequence, CCAGG, is
found in the BDE; superfamily of VA RNAs, but the A residue
seems to loop out to allow pairing to occur (Fig. 6 to 8). Thus,
for the human VA RNAs as a whole, the consensus pairing is
CCGG:(U/C)C(A)GG. An additional pair of tetranucleotides,

J. VIROL.

GCGN and CCGC (Fig. 3), contributes to the lower part of the
apical stem as seen in the Ad2 VA RNA, secondary structure
model (Fig. 1C).

The middle of the molecule is generally variable in sequence
(Fig. 5). Within a superfamily, the alignments are convincing
but contain some gaps, implying that several deletion, inser-
tion, or duplication events have occurred. Between superfami-
lies, homologies are highly dispersed, raising the possibility
that the virus superfamilies have derived their central se-
quences from different sources. In contrast to most of the
region, two mutually complementary tetranucleotides in the
central domain, ACCC and GGGU, are strikingly conserved
(Fig. 3 and 5). These two tetranucleotides, which were previ-
ously reported to be common to seven species of VA RNA
(39), are invariant in human VA RNAs apart from those of
group F (Ad40 and Ad41), which diverge in a single position.
In these RNAs, the sequence ACCU replaces ACCC; never-
theless, this tetranucleotide is still able to pair with the GGGU
sequence by substituting a G:U base pair for one of the G:C
pairs. Direct evidence that the tetranucleotides pair with one
another has been obtained through generation of compensat-
ing mutants (40). This base pairing makes a critical structural
contribution to the central domain and to the duplexed axis of
the molecule (see below); the lack of compensating base
changes in natural isolates, and the deleterious effect of intro-
ducing such mutations, suggests that its sequence may also be
important.

The central domain also contains two additional short con-
served stretches, two and three bases in length, which cannot
pair with one another (Fig. 5). In most cases, the two-base
sequence is unpaired and located in loop 10, but in the VA
RNA; species of groups B2 and D, it is in a short stem below
loop 10 (Fig. 6 to 8). The three-base sequence is usually paired
in stem 7, but its partners are variable. The significance of
these nucleotides is uncertain at present, but they may be in-
volved in tertiary structure formation or interactions with PKR.

VA RNA secondary structure. Examination of the primary
sequence revealed the existence of several regions where
stretches of nucleotides exhibited substantial or partial com-
plementarity. These regions, boxed in Fig. 3, correspond to the
apical stem, terminal stem, and GGGU:ACCC stem (stem 4)
of Ad2 VA RNA, (Fig. 1C), suggesting that the overall struc-
tures of all VA RNAs may be similar. Because no single
method of analysis can reliably predict RNA secondary struc-
ture, we have combined the results from three independent
approaches to arrive at models for VA RNA.

Comparative data obtained from phylogenetic surveys pro-
vide valuable information about higher-order structure, espe-
cially when used to test the robustness of models obtained by
other means. One criterion for a satisfactory model is that it
should be able to accommodate the sequence changes ob-
served in closely related species. Potential structural models
can be derived by combining sequence information with com-
puter-assisted predictions of folding patterns made by using
the Zuker algorithm (77, 78). This procedure typically gives a
series of models differing in calculated stability, but the correct
structure is not necessarily the one with the lowest free-energy
value. Consequently, it is often necessary to consider several
such models and to take into account experimental data de-
rived from secondary structure probing experiments (summa-
rized in Fig. 6 to 8). The structure of Ad2 VA RNA, has been
intensively examined with chemical and enzymatic probes, as
well as by RNase protection and mutagenic approaches; there-
fore, this species formed the starting point for these analyses.
Somewhat different strategies were required in the three su-
perfamilies, which will be discussed in turn.
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FIG. 4. Phylogenetic tree for VA RNA. An unrooted tree was generated for the representative VA RNA species (Table 3) with the program TreeAlign. Each

species of VA RNA is labeled at the tip of its respective branch.

The A, F, C; superfamily. The model shown in Fig. 6A is that
proposed for Ad2 VA RNA, by Clarke and Mathews (10). The
two single nucleotide changes observed in other group C vi-
ruses (Adl and AdS) are marked on the Ad2 VA RNA, dia-
gram. An alternative conformation of the apical stem region
(40), which in some ways resembles those of other VA RNA
species discussed below, is also illustrated. Neither base sub-
stitutions within group C nor comparisons with VA RNAs of
other groups allow a decisive choice to be made between these
alternatives, and evidence from nuclease sensitivity and mu-
tagenesis suggests that the two forms may be in equilibrium
with one another. Because of the paucity of changes with the
group C VA RNA, sequences, the phylogenetic approach
yielded little refinement and only limited confirmation of the
structure in these cases.

On the other hand, comparison with the VA RNAs of group
A and F was informative. To model these species, we selected
structures predicted by the folding program that are compati-
ble with nuclease sensitivity data obtained for Ad12 VA RNA
(group A) and SA7 (representing group F). Both RNAs adopt

structures similar to that for group C VA RNA, despite con-
siderable differences in sequence (Fig. 6B and C). All three
structures consist of a terminal stem, an apical stem-loop, and
a central domain containing the GGGU:ACCC stem as a key
element (boxed in Fig. 6). Within group A and group F, several
examples of compensatory and conservative base changes oc-
cur in paired regions, lending support to the stem structures
diagrammed. The group A and group F models are similar to
each other in the apical stem-loop: both have a large internal
loop halfway up the apical stem. In this respect, they differ
slightly from both possible forms of group C VA RNA|, which
has either a large terminal loop or a bulge (depending on the
conformation) ostensibly resulting from a 7-nt insertion in the
stem. Nevertheless, in all members of the superfamily, the
GC-rich paired section at the base of this stem is preserved. All
of the conserved nucleotides from Fig. 5 (circled in Fig. 6)
occupied equivalent positions in the three models, and they
engaged in identical pairing schemes. Although its base-pairing
pattern changes slightly as a result of sequence changes, the
terminal stem is conserved throughout the superfamily in its
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FIG. 6. Secondary structure models for VA RNA species in the A, F, C; superfamily. Solid arrowheads indicate sites that are sensitive to single-strand-specific
nucleases, and open arrowheads indicates sites that are cut by nuclease V,. The degree of sensitivity is depicted by the size of the arrowheads; a shaft on the arrowhead
indicates very strong cleavage. Nucleotide substitutions in members of the virus group are marked with a line connecting to the alternative nucleotides, which are labeled
to indicate the serotype containing the substitution. Deletions, insertions, or other changes involving several nucleotides are indicated by linking the nucleotides involved

with a bar.

length (20 bp) and in its largely (but not perfectly) duplexed
nature.

The fundamental organization of the central domain is rec-
ognizably conserved in the A, F, C; superfamily. Common
features include (i) the conserved GGGU:ACCC stem (stem 4
[Fig. 1C]) discussed above; (ii) a stem-loop on the right of the
molecule followed by a bulge (groups A and C;) or stem-loop
(group F) between the base of the apical stem and stem 4; (iii)
two internal loops (loops 9 and 10) separated by a short stem
of variable sequence between stem 4 and the terminal stem;
and (iv) identical placement of conserved residues. However,
despite the overall similarity, individual elements of the central
domain vary substantially in size and sequence (Fig. 6).

The BDE, superfamily. Members of the BDE, superfamily
exhibit much less sequence variation than those of groups A
and F, so the consensus structural models derived for these
RNAs (Fig. 7) are considerably simpler than those for the A, F,
C, superfamily. Their derivation required a different approach
because numerous structures of similar stabilities were pre-
dicted by the folding program, and the nuclease sensitivity data
derived for the VA RNA; species of Ad7, Ad4, and Ad15
(representing groups B, E, and D, respectively) could fit sev-
eral models equally well. We therefore compared all predicted

structures with calculated stabilities within 10% of the most
stable structure and selected for further consideration one that
could accommodate all of the sequence variations within a
group as well as the nuclease sensitivity data.

The resultant models (Fig. 7) closely resemble the Ad2 VA
RNA, model in overall structure and are so similar to each
other that they can be combined into a single model (which is
too encumbered by base substitution for illustration). In the
apical and terminal stems, compensating and conservative base
changes maintain base pairing and support the existence of
these regions as duplexes. As in the A, F, C; superfamily, the
stems contain the conserved sequences (circled) in equivalent
positions. Above the internal loop in the apical stem, the con-
served tetranucleotide CCGG pairs with a downstream UCGG
(Ad3 and Ad7), CCGG (group B2), or UCAGG (groups D
and E and Ad16 and Ad21) in which the A is bulged out. The
base of the apical stem retains its GC-rich character. In the cen-
tral domain, the GGGU:ACCC tetranucleotide pair (boxed)
again forms a short stem separated from the apical stem by a
stem-loop on the right side of the model. The variable bulge or
stem-loop that lies between these structures on the right side of
the model in the A, F, C, superfamily (loop 9 in Ad2 VA RNA,
[Fig. 1C]) is absent from the BDE, superfamily. Beneath the
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FIG. 7. Secondary structure model for VA RNA species in the BDE, superfamily. The nuclease sensitivity data and sequence variations are labeled as in Fig. 6.

tetranucleotide pair, a large internal loop joins the central do-
main to the terminal stem. This internal loop occupies the
same position as two smaller loops that are separated by a
short stem (stem 3) in the A, F, C; superfamily: the large
internal loop appears to result from sequence changes that
eliminate the pairing of stem 3 in this superfamily. The other
internal and terminal loops occupy similar positions in all of
the RNAs but display considerable variation in sequence and
size.

The VA,; superfamily. Examination of the VA RNA[; se-
quences indicated that, in principle, they can all form two
different structures in the central domain. One resembles the
structure deduced for the other VA RNAs, as depicted in Fig.
6 and 7. In the alternative possibility, the conserved ACCC
pairs with a different GGGU sequence (groups B, C, and E) or
GGG sequence (group D) located about 20 nt upstream of the
conserved ACCC, thereby forming a different stem and side
stem-loop. Structural analysis suggests that the original struc-
ture is the correct one, however.

For the VA RNA(; species of Ad2, Ad4, and Ad15 (groups
G, E, and D, respectively), computer-assisted secondary struc-
ture prediction, conducted with the nuclease sensitivity data
taken into account, gave the models shown in Fig. 8A, B, and
D. These are similar to each other and to the other VA RNAs
and are compatible with most of the sequence variations ob-

served. Alternative potential structures predicted by folding
programs were much less stable and were very different from
one another and from those described above (Fig. 6 and 7). On
the other hand, the alternative structure was predicted for Ad7
VA RNA,,. This appears to be a vagary of the program, how-
ever, because the related VA RNA; species of Ad16 and Ad21
were predicted to adopt the structure shown in Fig. 8C. Fur-
thermore, the model of Fig. 8C fits the nuclease sensitivity data
for Ad7 VA RNA; quite well and is also compatible with the
sequence variations in group B.

Although the VA RNA; structures resemble one another
and the other VA RNAs in overall structure and in the place-
ment of conserved bases, there are some notable differences
and discrepancies in the apical stem region. First, the paired
region at the top of the apical stem is short in several of the VA
RNA; species. In Ad4 VA RNA,;, a 10-bp apical stem can be
drawn, but nuclease sensitivity analysis indicated that most of
these nucleotides are not paired (Fig. 8B); in group B, nucle-
otides are deleted from the stem in Ad16 and Ad21 (Fig. 8C);
and in group D, the paired region contains only 3 bp and two
of the conserved nucleotides of the CCGG sequence are un-
paired (Fig. 8D). Second, there are some anomalies in the
lower part of the apical stem. Unexpected single-strand-spe-
cific cleavages were observed at the base of the apical stem in
Ad2 VA RNA,, (Fig. 8A), and the base changes in Ad8 and
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FIG. 8. Secondary structure model of VA RNAy; species. The nuclease sensitivity data and sequence variations are labeled as in Fig. 6.

Ad47 (boxed in Fig. 8D) are not consistent with the pairing
scheme deduced for the group D species. Furthermore, in this
region the VA RNA; apical stems are alone in possessing G:U
pairs which might weaken the duplex relative to G:C pairs.
Thus, the VA RNA; species do not conform as closely as the
VA RNA, and single VA RNA species to the canonical Ad2
VA RNA; structure in the apical stem region; conceivably,
these deviations in the stem might interfere with binding to
PKR and provide an explanation for the inability of VA RNA;
to substitute for VA RNA; in functional assays (39).

DISCUSSION

The human VA RNA genes form a rather homogeneous set
in most respects (in size and location within the viral genome,
for example), but the differences among them are revealing
and informative. This comprehensive phylogenetic analysis of
the adenovirus VA RNA genes, supplemented with nuclease
sensitivity analysis of representative RNA species, was under-
taken to elucidate the structure and function of these regula-
tory RNAs. In addition, the study sheds light on the transcrip-
tion and origin of these genes as well as the evolution of
adenoviruses.

Polymerase III transcriptions signals. All of the VA RNA
genes but one have sequences in the 5’ half homologous to the

tRNA transcription initiation elements, the A- and B-box con-
sensus sequences RRYNNARYGG and GWTCRANNC, re-
spectively (17, 19). The A-box homology in the VA RNA[,
genes is generally weaker than that in the VA RNA, genes, in
accord with the finding that the A box is less important for VA
RNA transcription than the B box (76). This may make these
genes less competitive for binding the transcription factor
TFIIIC, accounting for the lower transcription efficiency of VA
RNA/, than of VA RNA, as found in Ad2 (68). Supporting this
idea, mutations that inactivate the VA RNA; promoter in-
crease the transcription of VA RNA,; (7). The extension of
conservation of the 5’ borders of the A and B boxes may imply
that the polymerase III signals are slightly more extensive than
previously thought. Consistent with this interpretation, an ex-
tended box B, termed B+, has been proposed (23), but mu-
tagenesis of Ad2 VA RNA, did not indicate a transcriptional
role for the flanking nucleotides in Ad2 VA RNA, (76). Prob-
ably they are of structural significance (see below). The Ad10
VA RNA|, gene, which lacks a B box at the usual position, is
apparently not transcribed (38).

At the end of the VA RNA coding sequences is a run of T
residues flanked by the nucleotides C and G, typical of poly-
merase III termination sites (8). The number of thymidines
varies from a minimum of 4 to more than 10, and A residues
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are absent for at least 3 nt on either side of the T-rich run
(except in Ad12 and Ad18, which have A residues in the
middle of very long T runs), but no consensus sequence was
discernible. Presumably the VA RNAs all terminate with sev-
eral consecutive uridine residues and thereby interact with the
La antigen (45). In the 5" and 3’ ends of VA RNA sequences,
the nucleotides that form the terminal stem are conserved.
This could well be accounted for by the intramolecular base
pairing that is responsible for the formation of the terminal
stem structure, but the existence of sequence constraints im-
posed by transcription elements in the 5’ end is not ruled out.

In contrast to these internal transcription signals, there are
few homologies in the flanking regions, suggesting that they do
not harbor essential functions. Between the pTP splice site and
the VA RNA genes, however, is a common A-rich sequence
also noted by Kidd et al. (33). These nucleotides might be
required for proper transcription initiation, since a deletion in
this upstream area alters the selection of initiation sites (72). In
wild-type virus, a minority of transcripts initiate 3 nt upstream
from the major start site, but utilization of this site is elimi-
nated by the deletion of nt -22 and —23 in Ad5di309. The
A-rich stretch is less pronounced in the spacer region upstream
of the VA RNA,; genes, which may contribute to the weaker
transcription of these species.

Structures and functions of the VA RNAs. The similarities
discernible among the VA RNAs with respect to primary and
secondary structure stand in contrast to the seeming sequence
diversity of the first few members of the family that were
examined. When their sequences are optimally aligned, no
fewer than one-third of the nucleotides (54 of approximately
160) are fully or nearly fully conserved across all human ade-
novirus serotypes (Fig. 5). The conserved bases are clustered in
blocks of 2 to 11 (typically 3 or 4) bases, are present in constant
relative positions and in most cases are in mutually comple-
mentary pairs. Many of them contribute to the skeleton of the
secondary structure of the molecule by forming the duplex
scaffold of the terminal stem (three pairs), apical stem (two
pairs), and central domain (one pair). Two additional small
clusters in the central domain are not paired to one another.

The molecules all consist of the three elements of secondary
structure first identified in Ad2 VA RNA, (49). Of these, the
terminal stem is the most constant in structure,length, and base
composition, but no specific function has yet been assigned to
it at the RNA level. The apical stem is divided by an internal
loop of variable size into upper and lower portions, each con-
taining a conserved pair of sequences. The central domain is
recognizably conserved in overall structure despite little se-
quence conservation. Both the apical stem and central domain
are critical to the function of Ad2 VA RNA,.

Terminal stem. As described above, the terminal stem re-
gion contains transcription signals (A box; initiation and ter-
mination sites). Mutagenesis of Ad2 VA RNA, suggests that
the top part of the stem, adjacent to the central domain, is
important for inhibiting PKR activation in vitro, while se-
quences near to the termini can be altered without loss of
function (18, 24, 56). Possibly the duplex adjacent to the cen-
tral domain acts as a clamp to secure the bottom part of the
central domain as in the three-dimensional structure recently
proposed (40); the terminal part of the duplex may play a
stabilizing role in vivo by protecting the molecule from attack
by exonucleases.

Apical stem. The apical stem region varies considerably in
size and structure. While the lower region of duplex adjacent
to the central domain is usually 7 or 8 bp long (ranging from as
short as 6 bp in Ad7 VA RNA, to as long as 12 bp in Ad2 VA
RNA,)), the upper region of the apical stem-loop is highly
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variable in length of duplex and loop size. The internal loop is
atypically small in Ad2 VA RNA,, in which it comprises a
single unmatched nucleotide on each side. In an alternative
conformation of the apical stem of Ad2 VA RNA,, which may
be in equilibrium with the usual form (40), there is a 7-nt bulge
loop on the 3’ side of the stem. Previous work showed that Ad2
variant 3 (46) has a 4-nt insertion into the bulge loop in this
model or the apical loop in the more usual model. VA RNAs
of all other groups have at least six ostensibly unmatched
nucleotides on each side, but it is likely that these nucleotides
are organized in some kind of compact structure because in
most cases they are relatively insensitive to attack by single-
strand-specific nucleases. Precedents for such compact ar-
rangements exist in 5S RNA (21, 75) and the Rev response
element RNA (4).

Consistent with its duplexed structure, the apical stem is
involved in PKR binding (11, 25, 48). Protection experiments
show that PKR, specifically its RNA-binding domain, makes
contacts with the basal part of the apical stem, proximal to the
central domain as well as the central domain itself (9, 10).
Mutagenic studies implied that at least 8 bp at the base of the
stem are required for the efficient binding of Ad2 VA RNA| to
PKR (11), an estimate which agrees closely with the minimum
length of duplex observed in this phylogenetic survey. In mu-
tant d/1, the RNA re-formed a 7-bp duplex at the bottom of the
apical stem, and it is functional in a viral rescue assay but is not
functional in vitro. In mutant sub742, nucleotides in the base of
apical stem are altered, but the mutant is functional in a viral
rescue assay. In this mutant, VA RNA may reorganize to
generate a structure similar to that of wild-type VA RNA, in
the apical stem and central domain (18). Similarly, the se-
quence of the stem is less important than its duplexed nature
(11, 24, 50), suggesting that its role is to provide a binding site
for PKR and help stabilize the central domain structure (40).
In many of the VA RNA; species, features of the lower part of
the apical stem raise the suspicion that it might not be as firmly
duplexed as in Ad2 VA RNA;; however, this suggestion must
be considered tentative since unexpected light cleavage by sin-
gle-strand-specific nucleases was also observed in both Ad12
VA RNA and Ad4 VA RNA,.

The upper part of the apical stem can tolerate some, but not
all, mutational changes (5, 18, 48, 50). Deletion or substitution
of the conserved GGC nucleotides is tolerated in mutants
dl712, A2 d12, and dI1 (5, 17, 18, 49), although these bases
always form part of the internal loop. The loop itself can also
be eliminated without loss of function in A2 dI2 (5, 18, 24, 49).

Central domain. The GGGU:ACCC stem (stem 4), which
has been shown to comprise a key element that maintains the
structure of the central domain in Ad2 VA RNA; (40), is a
prominent feature of all VA RNA models (Fig. 6 to 8). Two
other elements, the GC-rich side stem-loop (stem 7 and loop
8) and the loop on the 3’ border of the ACCC sequence (loop
10), are located close to stem 4, although their detailed struc-
tures vary among superfamilies. In Ad2 VA RNA,, the side
stem-loop is thought to fold and twist toward stem 4 and loop
10, interacting with the nucleotides in these structural ele-
ments, thereby adopting an upside-down ampersand structure
(40). Examination of the secondary structures and sequences
of other VA RNAs suggests that such interactions are possible
in all cases. Consistent with the involvement of loop 10 in the
interactions, several nucleotides in the 5" end of loop 10 of all
VA RNAs are insensitive to single-strand-specific nucleases.
The conserved sequence GC in loop 10 of all VA RNAs (ex-
cept the group C VA RNA, species, which have GU) could be
important for the interactions by pairing with the GC in loop 8.
In group A and group F VA RNAs, the nucleotides GGC in
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loop 8 could pair with the GCC in loop 10 and form a
pseudoknot. The group C VA RNA, species differ from other
VA RNAs in having an ACC in loop 8 and a GGU in loop 10.
These observations all support the idea that loops 8 and 10
interact. VA RNAs in superfamily BDE, differ in that loop 8 is
highly sensitive to single-strand-specific nucleases, suggesting
that it may not be involved in the interaction. Instead, the
interaction could involve nucleotides in the 3’ side of stem 7.
RNAs in the VA, superfamily appear to form a structure
similar to those of the other VA RNAs, but there are some
inconsistencies in both the apical stem and the central domain,
as discussed below.

The flexibility allowing stem 7 and loop 8 in superfamilies A,
F, C; and VA, to twist and bend is provided by two linking
sequences. One of these is located between stems 4 and 7,
corresponding to loop 9 in Ad2 VA RNA,, and varies in size.
In superfamily A, F, C,, the group C VA RNA, and group A
VA RNA species form a bulge at this place, whereas group F
VA RNA species have a stem-loop. The bulge and the stem-
loop are both sensitive to nucleases, suggesting that the nucle-
otides might not involved in other interaction. In superfamily
VA, loop 9 is 7 to 9 nt in length, but only half of the nucle-
otides near stem 7 are sensitive to nucleases (Fig. 8): the
remaining nucleotides may be involved in different interac-
tions. Although VA RNAs in superfamily BDE, lack loop 9,
they have a big internal loop below stem 4 (loop 10) which
could provide the flexibility for nucleotides in loop 10 to in-
teract with loop 8. The second linking sequence is located
between stem 7 and the base of the apical stem. This sequence
is short and heterogeneous, and insertion of two bases between
nt 92 and 93 in Ad2 VA RNA, (VAI-CB [24]) is not deleteri-
ous to VA RNA function in vitro. In contrast, mutant pm91
was nonfunctional, presumably because it disrupted the base of
the apical stem (56).

The fourth conserved sequence in the central domain is
CGU, located on the 3’ side of stem 7 at the edge of the central
domain in the tertiary structure model (40). Nuclease protec-
tion experiments indicated that this sequence in Ad2 VA
RNA, is not protected by PKR, and so these nucleotides prob-
ably do not interact directly with PKR (10). There are five
stretches of sequences which are protected by PKR (10), and
none of them is conserved. Probably the position of a nucleo-
tide in the three-dimensional structure, rather than the pri-
mary sequence, determines its interaction with PKR. For ex-
ample, in Ad2 VA RNA,, changing C-111, which is not
protected by PKR, to an A abolished VA RNA, function (10,
56). However, substituting the adjacent nucleotides had no
effect on VA RNA, function (56). It seems that C-111 is im-
portant for the tertiary structure of the central domain, which
is required for binding to PKR, or for the inhibition of PKR.
These two properties of the central domain may be contributed
by two separate subdomains, as suggested by certain muta-
tions. Some mutations, such as d/103-109, reduced the binding
activity to PKR and lead to an increase in the concentration of
VA RNA required to prevent PKR activation, but the auto-
phosphorylation of PKR drops sharply in response to the ele-
vated concentration of the mutant RNA, similar to the re-
sponse to wild-type Ad2 VA RNA, (11). Other mutants, such
as is3 and is5, were not significantly reduced in binding ability
but inhibited PKR activation only at very high concentrations
(11, 50); in these cases, the autophosphorylation of PKR grad-
ually declines with the increased VA RNA input, and the
mutants seem to exert their function by competing with the
dsRNA activator as seen with high concentrations of short
dsRNA molecules that are unable to activate the enzyme.
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The enigma of VA RNA,,. While the majority of adnoviruses
carry two VA RNA genes, a substantial minority (9 of 47) have
only one. When there is only a single species, it is invariably of
the VA RNA; type, implying that the VA RNA/; function, if
there is one, is less essential. Supporting this view, there is
evidence that in several viruses the VA RNA[; genes have been
lost or inactivated. In group B, four viruses (Adll, Adl4,
Ad34, and Ad35; subgroup B2) encode only one VA RNA,
whereas the other four (Ad3, Ad7, Ad16, and Ad21; subgroup
B1) each have two VA RNAs. The VA RNAs in the B2 group
are highly homologous to the VA RNA; species of the Bl
group. It seems that the VA RNA/; gene was lost from the B2
group almost in its entirety by deletion. The VA RNA; gene of
the group D virus Ad10 is present but inactivated by a B-box
deletion (38), and similar VA RNA; deletion is also found in
a group E virus, Ad4a (33). Thus, VA RNA/; is apparently
dispensable in certain viruses.

VA RNA,; suppresses PKR activation poorly. Ad2 VA
RNA/; has little influence on virus growth in the absence of
VA RNA; (73), and both Ad2 and Ad7 VA RNA; are only
weakly active, if at all, in assays for PKR function (39). Cor-
respondingly, the VA RNA/; species differ from the other VA
RNAs in several structural respects. First, nuclease sensitivity
at the base of the Ad2 VA RNA; apical stem suggests that this
region may not be stably paired. Second, although several
nucleotides in loop 8 of VA RNA; could in principle interact
with loop 10, they are sensitive to single-strand-specific nucle-
ases. Third, the size of loop 10 in group C and group D VA
RNA; species is only 3 nt, which may be insufficient to accom-
modate a stable interaction with loop 8. Fourth, in Ad4 VA
RNA,;, the loop 10 nucleotides which could be involved in base
pairing are 6 nt away from the conserved ACCC, instead of 1
or 2 nt as in the other two superfamilies. Finally, although the
nuclease sensitivity patterns of loops 8 and 10 in Ad7 VA
RNA,, are similar to those in group A and F VA RNAs,
suggesting that these RNAs may form similar tertiary interac-
tions, the insensitivity of some the loop 9 sequences (CCAGG)
to nucleases indicates that these nucleotides might be involved
in other interactions. Taken together, these observations indi-
cate that VA RNA,; may have a different structure in those
regions of the molecule that are important for interactions with
PKR. This difference might explain the inability of VA RNA;
to inhibit PKR, but could suit it for another function.

Consistent with this hypothesis, the three branches of the
VA, superfamily are relatively close to one another in com-
parison with the branches within the other VA RNA super-
families (Fig. 4). This affinity could implicate these RNAs in an
as yet unidentified function that enhances virus growth, per-
haps in a tissue-specific fashion. Viruses in groups A and F,
which contain one VA RNA, infect the gastroenteric tract (1,
22) whereas the other adenoviruses cause respiratory tract
infection or keratoconjunctivitis (52, 61, 71, 74). Furthermore,
subgroup B2 viruses seem to infect a broader spectrum of
organs than subgroup Bl viruses (64). Therefore, it seems
likely that VA RNA,; subserves a function that is different
from that of VA RNA| and is dispensable in the gastroenteric
tract. The nature of this hypothetical function is a matter of
speculation.

Origin and evolution of VA RNA. The VA RNA sequences
fall into eight closely related families and three more distantly
related superfamilies (Fig. 3 to 5). Within a superfamily, the
individual serotype groups retain their identities and display
greater or lesser degrees of similarity with other groups in the
same superfamily. A detailed analysis of the sequence align-
ments indicates that the homology is not uniform throughout
the VA RNA molecule. Most of the sequence divergences are
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located in its 3" half, especially in the sequences forming the
central domain and the apical stem-loop, whereas the 5’ side
contains highly conserved transcription elements. An evolu-
tionary tree produced by comparing the more highly homolo-
gous 5’ half sequences had a general topology similar to that in
Fig. 4, but the lengths and relative positions of the branches
differed (data not shown). From this analysis, it appears that
the ancestors of the VA RNA; and VA RNA,; species of
groups B, D, and E are evolutionarily relatively close to each
other, suggesting that the VA RNA, and VA RNA; species
might be the products of a duplication which occurred before
the segregation of groups B, D, and E. During evolution, mu-
tations may have accumulated in the 3’ halves of these VA
RNAs, causing them to separate further in the tree generated
with full-length VA RNAs. Ad4 (group E) is closely related to
groups B and D in its VA RNAs, as in other respects (3), but
the spacers between the VA RNA genes are not clearly ho-
mologous. Presumably mutations have accumulated more rap-
idly in the functionally less essential spacer sequences since the
segregation of group E from group B and D. Gene conversion
and recombination mechanisms cannot be ruled out, however
Such events may explain why groups C and D are closely allied
in a phylogenetic tree generated with fiber gene sequences (3)
although their relationship is more distant in the VA RNA
comparisons.

The two VA RNA:s in group C may also be products of gene
duplication, perhaps an event separate from that in groups B,
D, and E, because a stretch of nucleotides immediately up-
stream of VA RNA; is homologous to a stretch upstream of
VA RNA,. Since the homology between these two RNAs in
group C is relatively weak, the presumptive duplication may
have occurred early in adenovirus evolution. Indeed, the close-
ness of the group C VA RNA,; species to other VA RNA;
species in the evolutionary tree suggests that they share a
recent common ancestor, whereas the group C VA RNA;
diverged at an earlier time. Kidd et al. (33) have proposed that
the VA RNA genes of group C evolved in separate virus
lineages and were brought together by recombination. While
the VA RNA species of group C and the VA RNAs of groups
A and F resemble the single VA RNA of monkey adenovi-
ruses, the VA RNA; species of group C and the VA RNAs of
groups B, D, and E resemble chimpanzee VA RNAs. Thus, it
is possible that the upstream homology noted above is a relic of
putative substitution event that replaced the original VA
RNA, gene in a progenitor of the group C viruses.

A clue to the origin of the VA RNAs comes from the obser-
vation that the transcription control region in the 5’ half of
Ad2 VA RNA, is similar to the corresponding region of several
tRNAs (6, 17). To various extents, the 5 portions of other VA
RNAs are homologous to different tRNA genes (not shown).
These homologies are limited to the sequence CCGGTTCGA
around the B box and the T stem-loop of the homologous
tRNA. Similar homologies have been found in the family B
repetitive sequence in the mouse (36), the ID repeat in the rat
(51), and the short repetitive elements in the primate Galago
sp. (12), each of which is thought to have arisen through the
integration of a tRNA pseudogene into an Alu repeat (12, 13).
There are two weaker B-box homologies in all VA RNA genes,
one in the middle of the gene and another near its 3’ end,
especially evident in the VA RNA[; genes. This finding raises
the possibility that the VA RNAs originated from a tandem
repeat of tRNA genes through a series of deletion or unequal
recombination events. In such tandem repeats, the nucleotides
between the tRNA-homologous patches are highly heteroge-
neous, suggesting that different VA RNAs may come from
different origins. Compatible with this hypothesis, the pairing
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of the nucleotides near the 5" and 3’ ends to form the terminal
stem is a property that may be inherited from tRNA, whereby
nucleotides in the 5’ end pair to the B-box region near the 3’
end to form the acceptor stem.

In summary, the evolution of VA RNA may have occurred
in three steps, the first involving the merger of several tRNA
genes to form an ancestral VA RNA and the second leading to
the formation of VA RNA, and VA RNA,, genes by gene
duplication. These events could have taken place on more than
one occasion during the evolution of adenoviruses. Finally, in
some viruses, the VA RNA[; gene seems to have been lost or
inactivated as a result of deletions.
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