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Adenovirus virus-associated (VA) RNA; maintains efficient protein synthesis during the late phase of
infection by preventing the activation of the double-stranded-RNA-dependent protein kinase, DAL. A
secondary structure model for VA RNA, predicts the existence of two stems joined by a complex stem-loop
structure, the central domain. The structural consequences of mutations and compensating mutations
introduced into the apical stem lend support to this model. In transient expression assays for VA RNA function,
foreign sequences inserted into the apical stem were fully tolerated provided that the stem remained intact.
Mutants in which the base of the apical stem was disrupted retained partial activity, but truncation of the apical
stem abolished the ability of the RNA to block DAI activation in vitro, suggesting that the length and position
of the stem are both important for VA RNA function. These results imply that VA RNA, activity depends on
secondary structure at the top of the apical stem as well as in the central domain and are consistent with a
two-step mechanism involving DAI interactions with both the apical stem and the central domain.

Adenovirus virus-associated (VA) RNA; is required for
the maintenance of protein synthesis at late times during
infection. This small RNA antagonizes the cell’s antiviral
defense mechanism by inhibiting the activation of the inter-
feron-induced, double-stranded-RNA (dsRNA)-dependent
protein kinase, DAI. In the absence of VA RNA,, activated
DAI phosphorylates eukaryotic initiation factor 2 (eIF-2),
impeding the initiation of protein synthesis (reviewed in
reference 16).

Examination of the secondary structure of VA RNA; in
solution by using the nuclease sensitivity technique suggests
that it contains two stems, the apical stem and the terminal
stem, separated by a complex stem-loop structure termed
the central domain (18). The VA RNA species of different
adenovirus serotypes display similar but not identical struc-
tures (13). Mutagenic and other analyses indicate that the
central domain is required for the inhibition of DAI activa-
tion by dsRNA and implicate the apical stem in the binding
of VA RNA to DAI (5, 6, 17, 18).

To define the features of the apical stem that are important
for the function of VA RNA, we have investigated the
structural and functional consequences of mutations within
the apical stem. The data indicate that when foreign se-
quences are inserted into this region, full activity is retained
provided that the foreign sequences preserve base pairing in
the apical stem and do not severely disturb the central
domain. Substitutions that preserve some pairing in the
apical stem, and do not disrupt the central domain, display
partial activity. Thus, the preservation of secondary struc-
ture in the apical stem appears to be more important than
primary sequence per se for VA RNA; function. Results
obtained with deletion mutations support this conclusion and
suggest that the apical stem structure must be distanced from
the central domain for the molecule to block DAI activation
in vitro. These findings are consistent with the hypothesis
that VA RNA, is a specialized effector containing two
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functionally distinct domains which combine to allow effi-
cient protein synthesis during adenovirus infection.

MATERIALS AND METHODS

Construction of mutants. All mutants constructed here
were generated by oligonucleotide-directed mutagenesis (12,
28), using Escherichia coli CJ 236. Mutants Isla to -e were
generated within the VA RNA, gene of plasmid pMHVA
(18), and deletion mutants del49-60, del53-80, and del73-84
were generated within the VA RNA| gene of plasmid pT7VA
(19). The dl1, Is1, Is3, Is5 (18), and A2dI2 (4) mutations were
also introduced into the VA RNA| gene of plasmid pT7VA.
The efficiency of site-specific mutation was approximately
50%. Oligonucleotides were synthesized by using a 380-A
DNA synthesizer (Applied Biosystems), and mutants were
analyzed by dideoxy sequencing (24) using a kit (United
States Biochemical Corporation).

Determination of RNA secondary structure. The secondary
structures of wild-type and mutant VA RNAs were deter-
mined by the RNase sensitivity technique (18). Each mutant
RNA was labeled at its 5’ or 3’ end and subjected to partial
digestion under conditions such that most RNA molecules
were not digested and the remainder were cleaved only
once. We employed the single-stranded specific RNase T,
Bacillus cereus RNase, RNase U,, and RNase T, (specific
for G residues, pyrimidines, A residues, and any exposed
base, respectively), as well as nuclease V; from cobra
venom (specific for helical and stacked nucleotides). Diges-
tion products were analyzed in denaturing gels run for
various lengths of time to resolve all regions of the RNA
molecules, and the positions and intensities of nuclease
cleavages were noted. RNA secondary structure models
were derived by manual folding and the use of a computer
program which incorporated both empirical data and esti-
mates of energies inherent in base pairing (9, 29).

Transient expression assay. The mutants were tested for
function by transfecting monolayers of 293 cells in duplicate
with wild-type (PMHVA) or mutant plasmids (18). The cells
were infected 24 h later with Ad5dI[331, a mutant virus that is
unable to synthesize VA RNA,. The ability of each plasmid
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FIG. 1. Structure of VA RNA; and sequences of mutants. (A) Model for Ad2 VA RNA, (redrawn from references 17 and 18) showing the
central domain (stippled), apical stem (stem 4), and terminal stem (stem 1). (B) Sequences of mutant RNAs superimposed on the stem 4
structure of wild-type Ad2 VA RNA,, assuming no structural rearrangements consequent upon mutation. Base substitutions are in boldface;

deletions are bracketed.

to rescue protein synthesis in frans was quantified after
pulse-labeling the cells with [**S]methionine at 48 h post-
transfection. At the same time, the accumulation of each
mutant RNA was determined by Northern (RNA) blot
analysis.

Kinase assay. Wild-type and mutant VA RNAs were
purified by sequential fractionation through denaturing and
nondenaturing 8% polyacrylamide-7 M urea gels, followed
by cellulose CF-11 chromatography (19). The VA RNA was
then incubated with DAI (purified to the hydroxylapatite
stage [11]) either in the presence or absence of reovirus
dsRNA (courtesy of A. J. Shatkin) as described previously
(19). The bands containing autophosphorylated DAI were
excised and subjected to scintillation counting or were
quantified by using the AMBIS Beta-Scanning System (Au-
tomated Microbiology Systems, Inc.).

RESULTS

Principally on the basis of nuclease sensitivity analysis,
we developed a model for the secondary structure of wild-
type adenovirus type 2 (Ad2) VA RNA, (18) which is largely
consistent with the perturbations resulting from the intro-
duction of deletions and substitutions in the molecule (5, 6,
17, 18). The structure contains two imperfectly duplexed
stems, the terminal and apical stems (stem 1 and stem 4),
each of 20 to 25 bases, joined by a complex stem-loop

structure, the central domain (Fig. 1A). The central domain
is required for inhibition of DAI activation (5, 17, 18), while
the apical stem (stem 4) is responsible for the efficient
binding of VA RNA to DAI (17). Base pairing in the apical
stem differs sharply from that predicted by secondary struc-
ture programs alone (1, 27). For example, the predicted
structure contains a run of six G-C base pairs between
nucleotides (nt) 55 to 60 and 67 to 72; these are calculated to
confer greater stability than the experimentally determined
pairing scheme, which nevertheless lacks this six G-C run.
To test the structural model and explore the role of apical
stem sequences, we constructed three sets of mutants in this
region by site-directed mutagenesis.

Substitution mutants. Deletions within the apical stem
encompassing nt 73 to 78 and 78 to 84 (mutations A2dI2 and
dI1) are compatible with full activity in transient expression
assays, suggesting that the region between nt 73 and 84 is
nonessential for VA RNA function (18). Nuclease sensitivity
analysis indicated that the structures of the A2dI2 and d/1
RNAs are perturbed only in the apical stems near the sites of
mutation. In A2dl2, the stem accommodates the deletion by
rearranging in such a way as to form six G-C pairs at its
apex, as in the computer-predicted structure, while in d/1 the
apical loop expands considerably in size (17). Neither dele-
tion significantly affects the structure of the central domain.
Extension of the d/1 deletion by 4 nt to nt 88 (in mutant di2)
ablates function (18) (Fig. 1B), as does a linker-scanning
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mutation (Is1) that substitutes the same bases, nt 81 to 88,
with a BglII linker. In these cases, structural analysis
revealed widespread disturbances involving both the area of
mutation (stem 4) and the central domain (17, 18).

The region between nt 85 and 88 is altered in both
defective mutants (d/2 and Is1) but not in either of the
functional mutants (d/1 and pA2di2), suggesting that it con-
stitutes a critical region in the middle of stem 4. These
nucleotides might compose a sequence that is essential in
itself, or they might be critical for the stability of essential
secondary structure in stem 4 or elsewhere in the molecule,
particularly in the central domain. To examine these possi-
bilities, we initially constructed a series of three mutations,
Isla to -c, in the vector pMHVA, which permits expression
in human cells by RNA polymerase III (Fig. 1B). First, to
determine the effect of primary sequence alterations within
this region, we made a mutant that contains the subset of Is1
substitutions lying between nt 85 and 88. The resulting
mutant, Is1b, contains only two changes, a G—U transver-
sion at nt 85 and a C—U transition at nt 87. The latter would
be expected to allow pairing to the G residue at nt 46, and
these relatively slight changes were not expected to perturb
the secondary structure to a significant degree. Second, to
test the hypothesis that it is the secondary structure formed
by nt 85 to 88 rather than their sequence per se that is
required for VA RNA; function, we made mutant Islc by
introducing a Bg/II linker between nt 45 and 52 of Is1. This
mutant was expected to restore wild-type structure through
compensating base mutations in stem 4. Third, as a control,
the linker sequence was introduced into the wild-type mol-
ecule between nt 45 and 52. The resulting mutant, Isla, was
expected to contain a 6-nt mismatch in stem 4 and to display
a perturbed secondary structure.

Nuclease sensitivity analysis largely bore out these expec-
tations. Two mutants, Is1b and Islc, gave cleavage patterns
almost identical to that of wild-type VA RNA,, indicating
that the secondary structures of these RNAs closely resem-
ble that of the wild-type RNA (Fig. 2A and B). The Isla
cleavage pattern was significantly different, particularly in
that nt 46 to 53 and 79 to 86 were substantially more
susceptible to attack by single-strand specific nucleases.
This is diagrammed in Fig. 2C, in which the cleavages are
superimposed on the wild-type structure, and in Fig. 2D,
which gives a secondary structure model for Isla RNA.
Unlike the case with its counterpart, Is1 (Fig. 2E and F), the
disruption of Isla structure resulting from mismatches in
stem 4 was largely confined to the area of the mutations,
which displayed extensive melting and formed a bifurcation.
Partial melting was also observed at the base of the apical
stem (nt 37 to 39), but the central domain remained intact.

To assess the functional consequences of these mutations,
we investigated the capacity of the mutant RNAs, intro-
duced by plasmid transfection, to rescue protein synthesis in
cells infected with the mutant adenovirus Ad5d/331. This
virus is unable to synthesize VA RNA,;, and consequently
protein synthesis fails during the late phase (25). The ability
of Is1b to rescue protein synthesis was unimpaired (Fig. 3
and Table 1), showing that the Is1b sequence changes are not
independently detrimental in themselves, although they are
extremely deleterious to the structure and function of the
molecule when combined with substitutions within the
neighboring ‘‘nonessential”> sequences (nt 81 to 84) in mu-
tant Is1 (Fig. 3 and Table 1). We conclude that the defect in
Is1 is not due solely to the changes at nt 85 and 87.

Mutant Islc, containing the compensating base changes,
increased protein synthesis 3.2-fold compared with levels in
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cells transfected with a control plasmid (Table 1). Presum-
ably because it contains mutations near the internal control
region required for VA RNA transcription (4, 7, 23, 26), Is1lc
RNA accumulated to only 30% of wild-type levels (Fig. 3B,
Table 1). When the input of wild-type DNA was reduced so
that comparable levels of wild-type VA RNA, and islc RNA
were produced, Islc rescued protein synthesis as well as
wild-type VA RNA, (data not shown), indicating that the
compensating mutations restore both the structure and func-
tion of the molecule.

In the rescue assay, Isla stimulated translation 2.1-fold,
significantly less well than wild-type VA RNA, (Table 1).
The mutant RNA accumulated to lower levels than wild-type
VA RNA, probably because this mutation also affects the B
box of the internal control region (though it is unclear why
Isla accumulated to higher levels than Islc). When this
differential accumulation was taken into account by varying
the amount of plasmids in the transfection assay, Isla RNA
was found to rescue protein synthesis 40 to 50% as efficiently
as wild-type VA RNA,. We conclude that the structural
integrity of the midsection of stem 4 contributes to, but is not
absolutely required for, the maintenance of VA RNA func-
tion.

In contrast to Isla RNA, which retains considerable
functional and structural integrity, the corresponding mutant
Is1 is severely defective (18) (Fig. 3 and Table 1). The defect
cannot be attributed simply to primary sequence changes,
since the same mutations are present (albeit in duplex form)
in Islc RNA, which retains function. Structural analysis
shows that Is1 RNA has suffered a radical rearrangement
(Fig. 2E and F), possibly because the CAGA sequence of the
Bglll linker has invaded stem 2, pairing with nt 17 to 20 and
creating widespread disturbances in stem 4 (which has
opened out) and the central domain (which has reorganized).
A second possibility is that some sequence or structure at
the base of stem 4 contributes to the stability of the central
domain and hence to VA RNA function.

Further substitution mutants. To distinguish between these
alternatives, we generated two additional substitution mu-
tants (Fig. 1B). Mutant Is1d contains the nucleotides CAGA
substituted for nt 81 to 84; this sequence was expected to
remain unpaired, as in Is1, and so could potentially disturb
structure elsewhere in the molecule. In mutant Isle, the
sequence AAAC replaces the wild-type sequence UCUG
from nt 85 to 88. This change was designed to create the
maximal perturbation in the pairing system at the base of
stem 4.

Analysis of the secondary structures of these two mutants
is illustrated in Fig. 4A. As expected, the Is1d substitution
resulted in a bulge at the site of mutation. Furthermore, the
mutation caused perturbations at the apex of the molecule,
consistent with the formation of a hairpin loop containing six
G-C base pairs as in A2d12 RNA (17). There was also a
rearrangement at the base of stem 4, forming a bifurcation
(Fig. 4B and C), and some minor cleavage changes in the
central domain. Nevertheless, the overall cleavage pattern
was more compatible with the wild-type structure than with
the grossly perturbed Is1 structure (Fig. 2F), indicating that
an unpaired CAGA sequence is not invariably deleterious.
Similarly, minor rearrangements of VA RNA; structure
resulted from the AAAC substitution in Isle. The structure
of stem 4 was altered at the site of mutation, forming a large
bifurcation (Fig. 4D and E). Again, the apex of stem 4
rearranged to form a hairpin loop similar to that of A2dI2
RNA. The secondary structure of the central domain was
largely unaffected by the Isle mutation, although new nucle-
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FIG. 2. Secondary structure of mutant Isla to -c VA RNAs. (A) Nuclease sensitivity analysis of Ad2 VA RNA| (wt) and three mutants.
Each 5'-end-labeled RNA was partially digested with RNase T, or B. cereus RNase (Bc) or was left undigested (—), and it was then
fractionated in an 8% polyacrylamide-7 M urea gel. Nucleotide positions are marked, and a ladder of randomly digested VA RNA| is shown
(OH™). (B through F) Models deduced from cleavage data by manual and computer-assisted folding. Sites sensitive to the single-stranded
specific RNase T,, B. cereus RNase, RNase U,, and RNase T, are indicated; large arrowheads, small arrowheads, and dots indicate strong,
weak, and very weak cleavages, respectively. Panel B displays the nuclease-sensitive sites for wild-type Ad2 VA RNA,. Nuclease sensitivities
of the mutants and of Isla and Is1 are shown superimposed on the Ad2 wild-type structure (panels C and E, respectively) or redrawn on the
basis of nuclease cleavage (panels D and F, respectively). Boldface italic letters represent changes from wild-type sequence. (Panels B, E,

and F are redrawn from reference 17; note that the cleavage site at nt 135 has been moved to nt 136.)

ase V; cleavages appeared between nt 32 and 35, as in Is1d
RNA.

In the functional assay, Isld and Isle rescued protein
synthesis in Ad5d/331-infected cells, but not as effectively as
wild-type VA RNA, (Fig. 5 and Table 1). For reasons that
are unknown, both Isld and Isle RNAs accumulated to
higher levels than wild-type VA RNA, (Table 1 and Fig. SA).
In separate titration experiments, translational stimulation
reached a plateau between 10 and 15 pg of wild-type
pPMHVA per plate, indicating that further increase in the
steady-state RNA levels probably makes no additional con-
tribution to the translational stimulation seen (data not
shown). We conclude that perturbations at the base of stem
4 reduce but do not eliminate the ability of VA RNA mutants
to rescue protein synthesis.

Deletion mutants. Although VA RNA, appears to require
duplex structure to inhibit the activation of DAI, this re-
quirement allows for some flexibility. To define the minimal
requirements for stem structure and to approach the smallest
functional VA RNA; molecule, we generated a mutant that

A wt Isl Isla Islb Islc la2

di331
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.
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FIG. 3. Rescue of protein synthesis by mutants Isla to -c. (A)
Monolayers of 293 cells were transfected with 15 pg of the plasmids
indicated, infected with Ad5d/331, and pulse-labeled with [>°S]me-
thionine (18). Equal portions of each labeled cell extract were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and fluorography. Control plates were uninfected (Mock) or
infected with Ad2 or Ad54i331. All plasmid constructs are based on
pMHVA (wt), which contains the gene for Ad2 VA RNA,. Plasmid
pla2 served as a negative control; it contains a Bg/II linker between
nt 56 and 84, disrupting the transcriptional B box. (B) Equal portions
of cytoplasmic RNA from each culture were fractionated in a
formaldehyde-agarose gel and transferred to nitrocellulose mem-
brane. The blot was probed with nick-translated pMHVA DNA. An
autoradiogram of the VA RNA region is shown.

was designed to permit the formation of a short apical stem
comprising only 7 bp (del53-80; Fig. 1B). This mutation
removes the B box required for transcription by RNA
polymerase III, so it was introduced into the vector pT7VA,
which allows efficient production of VA RNA by using T7
RNA polymerase (19). At the same time, we produced two
other deletion mutants which remove roughly equivalent
portions from either side of stem 4. Mutant del73-84 lacks
the presumptively nonessential region corresponding to the
combined A2dI2 and dI1 deletions, while del49-60 lacks the
sequences which pair to nt 73 to 84 in wild-type VA RNA
(Fig. 1B). The structures of these mutant VA RNAs were
probed as above, and their function was assessed by mea-
suring their ability to inhibit the activation of DAI in vitro.

Nuclease sensitivity analysis showed that the secondary
structure of del53-80 RNA is roughly the same as that of
wild-type VA RNA. As expected, the deletion caused trun-
cation of the apical stem, leaving a short hairpin loop
containing a stem of approximately 11 bp, including a small
bifurcation at its base (Fig. 6A). Only minor perturbations
occurred within the central domain, including new nuclease
V, cleavages at nt 33 to 35.

Consistent with the perturbations brought about by the
substitution mutations discussed above, del73-84 and espe-
cially del49-60 exhibited more drastic structural changes.
The deletion of nt 73 to 84 still permitted the formation of a
stable hairpin between nt 43 and 90, albeit with a shift to the
six G-C pairing scheme as in A2d]2 and a bulge between nt 49
and 54 (Fig. 6C). Changes at the base of stem 4 resulted in a

TABLE 1. Efficiency of rescue and expression”

PL d Protein VA RNA
asmi synthesis® accumulation®
Control 1.0 0.0
Set 1
pPMHVA 6.3 +1.2 1.0
pMHIsl 1.2+05 1.1 0.1
pMHisla 2104 0.64 = 0.04
pMHIs1b 7.7 +2.0 1.0 £ 0.2
pMHislc 3.2+0.2 0.3 = 0.05
Set 2
pPMHVA 5.1 09 1.0
pMHIs1d 3.2+0.6 1.5 0.5
pMHisle 3.5+03 2.1+0.5

“ Values are averages of several transfection experiments, with standard
deviations indicated.

® Ratio of the hot trichloroacetic acid-precipitable radioactivity incorpo-
rated by cells transfected with the plasmid specified to that incorporated by
cells transfected with a plasmid which does not synthesize VA RNA, (pAT153
or pla2).

< Ratio of radioactivity in the band corresponding to VA RNA in Northern
blots from cells transfected with the specified plasmid to that from cells
transfected with pMHVA.
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FIG. 4. Secondary structure of /s1d and Isle RNAs. (A) Nucle-
ase sensitivity of Is1d and Isle VA RNAs. Each 5'-end-labeled RNA
was partially digested with RNase T, B. cereus RNase (Bc), RNase
U,, RNase T,, or nuclease V, or was left undigested (—); it was then
fractionated in an 8% polyacrylamide-7 M urea gel. Nucleotide
positions are marked on the basis of migration relative to markers:
mutant VA RNA treated with RNase T, at elevated temperature (T,

1) and a ladder of randomly digested mutant VA RNA (OH™). (B
through E) RNA secondary structure models. The nuclease sensi-
tivity of the mutants Is1d and Isle are shown superimposed on the
Ad2 wild-type structure (panels B and D, respectively) or redrawn
on the basis of nuclease cleavage (panels C and E, respectively).
Conventions are as in Fig. 2B through F.

bifurcation around nt 37 to 40 and 91 to 94, but the central
domain appeared extant despite some alterations in single-
and double-strand specific cleavage sites. Interestingly, this
mutant displayed both nuclease V, and single-strand specific
cleavages at nt 110 to 112 and 116. This distinctive pattern is
characteristic of wild-type VA RNA, and mutants that are
functional in vivo (17, 18). The presence of overlapping
single- and double-strand specific cleavage sites is not un-
common in highly structured RNAs, and it may reflect a
particularly stable tertiary structure within the central do-
main (10). By contrast, deletion of nt 49 to 60 induced gross
rearrangements of the apical stem and central domain (Fig.
6B). In these regions, del49-60 RNA exhibited few resem-
blances to the wild-type structure, although the other end of
the molecule appeared to be unaltered.

The mutant RNAs were tested for their abilities to inhibit
the dsRNA-dependent autophosphorylation of DAI; for
comparison, several mutants previously tested in transient
expression and in vitro binding assays (17, 18) were exam-
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ined in parallel. As with wild-type VA RNA,, none of the
mutant RNAs activated DAI significantly when tested over a
wide range of concentrations (5 ng/ml to 50 pg/ml; data not
shown), verifying that they were free of dsSRNA contami-
nants (19). Representative results from kinase inhibition
assay experiments are illustrated in Fig. 7, and a number of
these were quantified.

To various degrees, all the RNAs inhibited DAI activation
in vitro, especially at the highest concentrations tested (20
and 50 pg/ml), but in most cases there were clear differences
between the functional and nonfunctional RNAs. Ad2 VA
RNA; and A2dI2 RNA function in transient expression
assays and bind to DAI efficiently (17, 18). These RNAs
inhibited DAI activation in vitro almost completely at 50 and
20 pg/ml and were significantly inhibitory at 5 pg/ml (Fig. 7).
Of the deletion mutants, only del73-84 RNA approached this
degree of efficiency: it blocked the activation of DAI nearly
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completely at high concentration but was slightly impaired at
lower concentrations, 5 and 1 pg/ml (Fig. 7). This result
confirms that function is compatible with slight disturbances
in the apical stem, although there is a small loss in efficiency
of inhibition.

The mutant Is1 RNA does not function in transient expres-
sion assays and does not bind efficiently to DAI (17, 18).
Correspondingly, this RNA did not block DAI activation
efficiently, although it gave approximately 65% inhibition at
the highest RNA concentration (50 pg/ml). The RNAs of
deletions del49-60 and del53-80 behaved similarly, indicating
that neither the gross deformation of the apical stem and
central domain in del49-60 nor the severe shortening of the
apical stem in del53-80 is consistent with VA RNA function.
Since in the latter molecule the stem is no shorter than in
some other mutants that retain at least partial function (e.g.,
Isla, -d, and -e), we conclude that there is an additional
requirement for the stem to be distanced from the central
domain.

The mutant d/1, which is anomalous in that it functions in
transient expression assays but does not bind efficiently to
DAI (17, 18), is also relatively ineffective at blocking DAI
activation in vitro (Fig. 7). This apparent anomaly can
perhaps be resolved if the in vitro assays are more dependent
on the apical stem than is the in vivo rescue assay. Consis-
tent with this explanation, Is3 and Is5 RNAs, which are
severely defective in the rescue assay but less defective in
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FIG. 5. Rescue of protein synthesis by Is1d and Isle. (A) Cells
were transfected with 15 pg of the plasmids indicated, and protein
synthesis was analyzed as in Fig. 3A. Plasmid pAT153, a derivative
of pBR322, served as a negative control. The positions of molecular
mass standards (in kilodaltons) are shown. (B) Cytoplasmic RNA
from each culture was fractionated and transferred to nitrocellulose
as in Fig. 3B. The blot was probed with antisense VA RNA
produced from the vector p5'VA (8). An autoradiogram of the VA
RNA region is shown.
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DAI binding (17, 18), were somewhat more effective than Is1
RNA at preventing DAI activation in vitro (Fig. 7). Unlike
dl1, these two linker-scanning mutants possess a wild-type
apical stem. Alternatively, the anomalous behavior of d/l
might be related to the proximity of the apical stem to the
central domain. As in del53-80, the residual stem in d/1 RNA
is adjacent to the central domain (17). This explanation
would strengthen the conclusion that function in vitro re-
quires the duplexed part of the apical stem to be separated
from the central domain by a spacer region of 5 to 10 nt.

DISCUSSION

Previous work revealed that two elements of secondary
structure, the apical stem-loop and the central domain, are
important for VA RNA, function. The apical stem-loop is
required, at least in vitro, for the efficient binding of VA
RNA to its target, the interferon-induced eIF-2 kinase DAI
(17), while the central domain is required for inhibition of
DAI activation in vivo (5, 18). Little was known about the
precise structures and sequences that are involved, although
it was evident that certain limited alterations in the apical
stem are tolerated, including small changes in the loop, slight
shortening of the stem, and some changes in the sequences
which comprise the stem-loop (5, 15, 18). Here, we address
the sequence and structural features of the apical stem that
are important for VA RNA, function.

The starting points for this study were a substitution
mutant, Is1, which replaces 6 bases near the base of the
apical stem, and a pair of deletion mutants, A2dI2 and d/1,
which together remove 12 nt from the top and middle of the
stem (Fig. 1B). The Is1 mutation leads to widespread rear-
rangements of RNA secondary structure and eliminates
function in transient expression assays, whereas the dele-
tions give rise to minor structural changes that are fully
compatible with function in vivo (17, 18). We have made
eight additional mutants based on these ones to define the
determinants that influence VA RNA structure and function.

Structural implications. Powerful support for the proposed
pairing scheme (5, 18) (Fig. 1A) comes from the observation
that the Islc substitution, which introduces compensating
base changes on the opposite side of the apical stem from the
Is1 mutation, fully restores the structure of the molecule.
Also consistent with the structural model are the conse-
quences of the Isla and Is1b substitutions: the former creates
the predicted bifurcation while the latter is too slight to result
in any perceptible change in structure. Similarly, the elimi-
nation of 28 nt in de/53-80 results in the expected truncation
of the apical stem. In this mutant and in Isla to -c, structural
changes elsewhere in the molecule are small or nonexistent.

Three other mutations, Is1d and Isle (which each substi-
tute 4 nt in the apical stem) and del73-84 (which eliminates all
12 of the bases missing in both A2d12 and d/1), display the
modified apical stem structure first seen in A2d12 RNA.
Thus, it seems that VA RNA, adopts the ostensibly more
stable pairing scheme containing six G-C pairs under the
influence of a variety of changes in the apical stem. Unlike
A2d12, however, these mutations engender some changes in
neighboring structures at the base of the apical stem and in
the central domain. The changes are relatively minor, and
the overall structure of the molecule remains recognizable.
On the other hand, the del49-60 deletion removes 12 nt,
including the CCGGGG sequence that forms the 5’ side of
the six G-C pairs, and consequently the apical stem is
severely disrupted. Furthermore, the central domain is ex-
tensively disturbed. Taken together, these observations sug-
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FIG. 6. Secondary structure models for VA RNA deletion mutants. Nuclease cleavage patterns were used to derive structures for the

mutants del53-80 (A), del49-60 (B), and del73-84 (C).

gest that the stability of the central domain depends on
duplex structure at the base of the apical stem.

Functional implications. The two mutants possessing an
undisturbed secondary structure, Is1b and Islc, rescue pro-
tein synthesis in AdS5dl331-infected cells as efficiently as
wild-type VA RNA,. Together with earlier findings (15, 18),
this suggests that there is no specific sequence requirement
in the apical stem. The other mutants in this series, Isla,
Is1d, and Isle, were about half as active as wild-type VA
RNA in the rescue assay. One of these mutants (Is1d) also
exhibited changes in the central domain, but it is unlikely
that these are responsible for decreased function, since
structural changes of similar magnitude are fully tolerated in
a series of mutants that we have generated in the central
domain (22). Moreover, the reduced activity of Isla was not
accompanied by obvious changes in the central domain, and
in Isle the changes were minor. Thus, our data argue that the
duplex structure at the base of stem 4 contributes to the
integrity of the central domain and also plays a more direct
role in VA RNA function. Results of kinase inhibition assays
corroborate the notion that both the central domain and
apical stem participate in VA RNA function and further
suggest that the length of the duplex region and the spacing
between the two elements may be critical.

How does VA RNA| inhibit the activation of DAI? Our
data are consistent with a two-step model involving interac-
tions between DAI and both the apical stem and the central
domain. First, VA RNA,; binds to the kinase by utilizing its

imperfectly duplexed structure, the apical stem (or possibly
the terminal stem). At low RNA concentrations (<1 pg/ml),
the apical stem is required for binding (17), but presumably
too few DAI molecules are bound to prevent enzyme acti-
vation. This interaction is sufficient to inhibit the activation
of DAI at high VA RNA concentrations (>20 pg/ml), how-
ever, where VA RNA; probably acts as a competitive
inhibitor of DAI, blocking activation by authentic dsRNA.
Each stem structure contains two complete helical turns that
are imperfect and too short to activate the kinase themselves
(2, 14, 20, 21). A second interaction between the central
domain and DAI stabilizes the binding of VA RNA; to the
kinase. This interaction involves a sensitive region of the
enzyme’s active site and allows efficient inhibition of DAI
activation to occur at low concentrations of VA RNA (<5
wng/ml). Alternatively, it is possible that the central domain
does not interact with DAI directly but instead strengthens
the interaction between DAI and the stem structure, allow-
ing efficient inhibition at lower concentrations. RNA most
commonly conforms to an A-form helix, which has a deep,
narrow, major groove that is not favorable for protein
binding. Perhaps the central domain induces a conforma-
tional change in the helix, thereby increasing its accessibility
to protein contacts as suggested for similar structures in
rRNA (3). In either case, our data support the idea that
paired regions in the apical stem contribute to both the
structure and function of VA RNA;.
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FIG. 7. Inhibition of DAI autophosphorylation by mutant VA
RNAs. Wild-type Ad2 VA RNA, and mutant VA RNAs were tested
for their abilities to inhibit the activation of DAI by reovirus dsRNA.
Each panel contains a section of the autoradiogram from a repre-
sentative kinase assay. Gels were exposed for various times to
obtain comparable intensities in the 0 lanes. Concentrations of VA
RNA (50, 20, 5, 1, and 0 pg/ml) are indicated above lanes.
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