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Secondary and tertiary structure in the central
domain of adenovirus type 2 VA RNA,
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* Molecular Microbiology Program, State University of New York, Stony Brook New York 11790, USA

ABSTRACT

The small (160 nt) adenovirus RNA, VA RNA,, antagonizes the activation of the cellular protein kinase PKR (also
known as DAI), a key regulator of gene expression. VA RNA consists of two stems separated by a complex re-
gion, the central domain, that is essential for its function. A notable feature of the central domain is a pair of
tetranucleotides, GGGU and ACCC, which are mutually complementary and phylogenetically conserved. To in-
vestigate their role in the structure and function of VA RNA, we generated three sets of mutations designed
to disrupt the putative stem and to restore it with different nucleotides. Substitutions in either of the tetranucle-
otides abrogated VA RNA function in two independent PKR-based assays, demonstrating the importance of
these sequences in vivo. Compensating mutants restored function, indicating that the two tetranucleotides pair
in the cell, but all of the compensating mutants were less active than wild-type VA RNA. The effects of the mu-
tations on RNA structure were probed by nuclease sensitivity analysis. Pronounced changes in two loops in
the central domain correlated closely with the formation and disruption of the stem, suggesting that the tetra-
nucleotide stem defines a critical element in the structure of the central domain through tertiary interactions
with the two loops. A model for the central domain is presented that accommodates these findings and also
accounts for the known sites of PKR interaction.

Keywords: adenovirus type 2 VA RNA; central domain; nuclease sensitivity analysis; tetranucleotide pairs;
VA RNA-PKR interaction; structural model

INTRODUCTION ral infection (Maran & Mathews, 1988) —and phos-
phorylates the protein synthesis initiation factor e[F2
on its e subunit (Sen et al., 1978; Pathak et al., 1988;
O'Malley et al., 1989). Phosphorylation of elF2 leads ta
the inhibition of protein synthesis by imposing a block
at the initiation step (Reichel et al., 1985; Schneider
et al., 1985; Hershey, 1989). VA RNA, also stimulates
expression of transfected genes (Svensson & Akus-
jarvi, 1985, 1990; Kaufman & Murtha, 1987) through in-
teraction with PKR (Akusjarvi et al., 1987; Kaufman
et al., 1989).

PKR is an interferon-induced enzyme best known
for its involvement in the host anti-viral response (re-
viewed in Hovanessian, 1989: Samuel, 1991). It has
also been implicated in other regulatory processes,
such as cellular differentiation (Judware & Petryshyn,
1991), inhibition of cell proliferation (Pestka et al., 1987;
Chong et al., 1992), apoptosis (Lee & Esteban, 1994),
oratory, PO, Box 1K), Cold Spring Harbor, New York 11724, USA and Hppression ol tumangenesls {KUTL"I_I‘]"IE]:;]& ﬂt_.:{l_,

WPresent address: University of California, San Diego, Cancer 1992; Meurs et al., 1993; Barber et al., 1995). The activ-
Center, 9500 Gilman Drive, La Jolla, Califormia 920930684, USA ity of this kinase is regulated by RNAs: whereas

Adenovirus type 2 (Ad2) encodes two small (160 nt)
polymerase Il transcripts, VA RNA, and VA RNA,, (see
Mathews & Shenk, 1991, for review). The major spe-
cies, VA RNA,, accumulates to a high level in the cy-
toplasm of infected cells, where it plays an important
role in regulating protein synthesis (Reichel et al., 1985;
Schneider et al., 1985; Siekierka et al,, 1985; Kitajewski
et al., 1986; O'Malley et al., 1986). VA RNA, binds to
the cellular protein kinase PKR (also known as DAL, P68,
I’1-elF2 kinase, etc.), the double-stranded (ds) RNA-
activated inhibitor of translation, thereby preventing its
activation (Schneider et al., 1985; O'Malley et al., 1986;
Katze et al., 1987; Kostura & Mathews, 1989: Mellits
et al., 1990b). In the absence of VA RNA,, PKR is
activated — presumably by dsRNA produced during vi-

Reprint requests to: Michael B, Mathews, Cold Spring Harbor Lab.
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dsRNA activates it, small structured RNAs such as VA
RNA inhibit its activation. Despite their opposite ef-
fects, these regulators appear to bind to the same site
on the protein (Kostura & Mathews, 1989; Katze et al.,
1991; Green & Mathews, 1992). Activation is accompa-
nied by autophosphorylation and requires the presence
of dsRNA that is perfectly duplexed for at least 30 bp,
but there is no discernible dsRNA sequence depen-
dence (Hunter et al., 1975; Minks et al., 1979; Manche
et al., 1992). The precise requirements for inhibition
have not been defined, yet it is clear that higher-order
RNA structure is critical, For example, although VA
RNA is highly structured, it lacks a continuous duplex
stretch longer than 20 bp: its function is highly sensi-
tive to changes in sequence and secondary structure.
Furthermore, other structured single-stranded RNAs
are reported to activate, rather than inhibit, the kinase
(see, for example, Li & Petryshyn, 1991, Thomis &
Samuel, 1993; Maitra et al., 1994),

Considerable effort has been expended to elucidate
the structural elements of VA RNA and discover the
mechanism whereby it blocks the activation of PKR.
Several approaches have been used, beginning with

=
=
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computer-assisted RNA folding prediction, nuclease
sensitivity analysis, and mutagenesis, in conjunction
with functional and PKR binding assays conducted in
vivo and in vitro (Mathews & Shenk, 1991; Mellits et al.,
1992; Pe’ery et al., 1993; Clarke et al., 1994; Ghadge
et al., 1994; Clarke & Mathews, 1995; Rahman et al.,
1995), Further studies have employed phylogenetic
comparison (Ma & Mathews, 1993, 1996), PKR protec-
tion, and footprinting techniques (Clarke & Mathews,
1995: D.A. Circle, O.D. Neel, P. Clarke, L. Manche, M. B.
Mathews, & H.D. Robertson, in prep.). As a result,
three structural features have been identified (Fig. 1A):
the apical stem-loop, central domain, and terminal
stem (Mellits & Mathews, 1988; Furtado et al., 1989),
The apical stem is responsible for efficient binding to
PKR, and a correctly formed central domain is required
for VA RNA function (Furtado et al., 1989; Mellits et al.,
1990a; Clarke et al., 1994; Ghadge et al., 1994). Both of
these structures are partially protected by PKR against
enzymic and chemical attack (Clarke & Mathews,
1995). The length and position of the paired region at
the base of the apical stem, rather than its specific se-
quence, are important for VA RNA function. Disrup-
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tion of this stem by mutations reduced the function of
the RNA significantly, whereas a compensating muta-
tion restored function to the wild-type level (Mellits
et al., 1992). Because of its greater complexity, the
structure of the central domain has been more difficult
to elucidate through mutagenic studies (see Pe’erv et al.,
1993, for example). Recently, the results of RNA struc-
ture probing (Clarke & Mathews, 1995), combined with
the discovery of a pair of conserved, mutually com-
plementary tetranucleotides, GGGU:ACCC (Ma &
Mathews, 1993, 1996), suggested a defined secondary
structure in the central domain (Fig. 1A), The short du-
plex formed by the pairing of the conserved tetranucle-
otides is a critical element of this structure,

Conservation of nucleotide sequences in evolution
can follow from their involvement in base-specific in-
teractions with protein ligands or from their participa-
tion in specific tertiary structures. The latter case is
exemplitied in tRNA, where most of the conserved and
semiconserved bases are involved in tertiary inter-
actions (Kim, 1978). Because no direct interactions be-
tween KR and the base moleties of VA RNA have
been detected (Clarke & Mathews, 1995), it seemed
likely that the conserved nucleotides are responsible for
maintenance of a correct central domain structure, To
examine the role of these conserved nucleotides in the
secondary and tertiary structure of the central domain
and in the tunction of VA RNA, we have made three
sets of mutants designed to disrupt and restore pair-
ing of the tetranucleotides GGGU and ACCC. In each
set, the disruption eliminated function and compensat-
ing mutations restored function, albeit not to the wild-
type level. These results, together with data from
nuclease sensitivity analysis of the mutant RNAs, sup-
port the view that the conserved nucleotides are paired
and participate in a more complex higher-order struc-
ture. We infer a tertiary structure model for Ad2 VA
RNA, that involves interactions between two loops
and the conserved stem in the central domain.

RESULTS

The central domain of Ad2 VA RNA, plays an impor-
tant role in blocking the activation of PKR. Although
variable in sequence among adenovirus serotypes, the
central domain contains two highly conserved tetra-
nucleotides, GGGU and ACCC, that are potentially
able to base pair with one another (Ma & Mathews,
1993) and occupy similar positions in nearly all other
VA RNA species (Ma & Mathews, 1996). To assess the
functional significance of these sequences and deter-
mine whether they indeed pair with one another to
form stem 4, as shown in the model of Figure 1A, we
constructed three sets of mutants, sets 1, 2, and 3. Each
sel consists of a mutant altered in the GGGU sequence
(L1, L2, or L3), a corresponding mutant altered in the
ACCC sequence (R1, R2, or R3), and a matching dou-

939

ble mutant (L1-R1, L2-R2, or L3-R3). As diagrammed
in Figure 1B, the double mutations were designed to
restore base pairing that is disrupted by the individual
L and R mutations, if indeed these sequences pair in
the wild-type RNA molecule. In selecting these muta-
tions, we used computer predictions of base pairing
schemes to minimize the risk that the mutant se-
quences would form alternative structures by invading
the wild-type structure. The consequences of the nine
mutations were tested in two functional assays, and
their effects on VA RNA structure were determined by
nuclease sensitivity analysis. For comparison, two api-
cal stem mutants (dl1 and A2dI2) were also tested, as
well as a mismatched combination in the central do-
main (L1-R2).

Functional compensation

A priori, several possible outcomes could be envi-
sioned for the effects of the central domain mutations
on VA RNA function. In light of the model illustrated
in Figure 1A, if both the sequences GGGU and ACCC
are important for the proper folding or functioning of
VA RNA,, mutations in the L or R series would be ex-
pected to diminish the molecule’s activity in functional
tests. Furthermore, in the event that these sequences
base pair with one another, the matching double mu-
tants should display increased activity compared to the
single mutants. On the other hand, if they do not base
pair, the double mutations should be at least as dele-
terious as the single mutations. Finally, if the matching
double mutants do indeed restore activity, indicative
of base pairing between the two tetranucleotides, the de-
gree of functional compensation would indicate whether
the sequences GGGU and ACCC are specifically re-
quired, as suggested by their conservation, or whether
their mutual complementarity is sufficient.

Fhe two assays for VA RNA function that we em-
ploved to test this series of mutants are illustrated in
Figures 2 and 3. The first assay employed cells infected
with the adenovirus mutant d/331, which produces no
VA RNA, as a result of a deletion in its VA RNA, gene.
PKR is activated in the dl331-infected cells, and conse-
quently protein synthesis is shut down during the late
phase of infection relative to cells infected with wild-
type virus (Thimmappaya et al., 1982; Kitajewski et al.,
1986; O'Malley et al., 1986). Protein synthesis was res-
cued by transfecting the cells with a plasmid encoding
wild-type VA RNA, (Fig. 2A, compare lanes | and 2
with lanes 25 and 26). Mutant VA RNAs di1 and A2d12,
which carry deletions in the apical stem but have an in-
tact central domain, were alsa able to rescue translation
in this assay (Fig. 2A, lanes 3-6), as found previously
(Mellits & Mathews, 1988), in keeping with the conclu-
sion that the apical stem is less critical for VA RNA
function than the central domain (Mellits et al., 1990a).
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None of the mutants in the central domain tetra-
nucleotides rescued protein synthesis to the same ex-
tent as wild-tvpe VA RNA, but, within each sel, the
double mutant was more effective than either of the
single mutants (Fig. 2A, lanes 7-24). To quantify this
observation, the radioactivity in the most prominent vi-
ral protein, hexon (marked with an arrow on Fig. 2A),
was measured using a radiographic image analyzer.
The data confirm that the single mutants were essen-
tially inactive and that the activity of the double mu-
tants greatly exceeded that of the corresponding single
mutants, but in no case did it approach the activity of
wild-type VA RNA, (Fig. 2D). The mismatched double
mutation L1-R2 was as deleterious as the correspond-
ing single mutations L1 and R2 from which it was de-
rived (data not shown). Northern blot analysis verified

viations from the average of two dupli-
cate samples

L3-R3 plCYTe

that all of the VA RNAs were expressed to comparable
levels (Fig. 2B,C).

I'hese results indicated that the two tetranucleotides
are important for VA RNA function and suggested that
their significance is due, at least in part, to their abil-
ity to pair with one another. To substantiate this con-
clusion, we employed a transient expression assay in
uninfected cells. In cells transfected with a CAT expres-
sion vector, the expression of CAT protein is limited by
PKR activation, and can be stimulated by cotranstec-
tion of a plasmid carrving the VA RNA; gene (Akus-
jarvi et al., 1987; Davies et al., 1989; Svensson &
Akusjarvi, 1990). We examined CAT protein svnthesis
by immunoprecipitation with antibody (Fig. 3A). The
results, together with those obtained by assaying CAT
enzyme activity, were quantified and are represented
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FIGURE 3. Al expression enhancement assay, Lifect of the cotranstected VA RNA plasmids indicated, or the vector
pLC 19, on CAT expression from psCAT-A.5 was measured by immunoprecipitation (117) of | VS methionine-labeled CAT
and by CAT enzyme assays, A: Immunoprecipitated CAT was resolved in a 15% polyacrylamide-SDS gel. The position
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together with the average of CAT enzyvme achivities measured in parallel (striped bars). Values were normalized to the wild

twpe VA RNA; (wit) control value, Error bars denote deviations from the average of two duplicate samples

in Figure 3B. All the VA RNAs were expressed to com-
parable extents (not shown). Both wild-tvpe Ad2 VA
RNA; and the apical stem mutant A2dI2 increased
CAT expression, but di1, the other apical stem mutant,
did not. The discrepant behavior of dl'1 has been noted
betore (see the Discussion). None of the tetranucleo-
tide mutants was as effective as wild-type VA RNA,,
but the three matched double mutants were more ac-
tive than the corresponding single mutants, which
were almost devoid of activity. These results demon-
strate functional compensation. As in the dI331 assay,
[.3-R3 was the least active of the three double mutants
despite the fact that it contains only one altered base
pair, whereas L1-R1 and L2-R2 contain two altered
base pairs. Again, the mismatched combination mu-
tant L1-R2 was inactive (data not shown), supporting,
the conclusion that compensation requires sequence
complementarity.

Secondary structure analysis

These results provide strong evidence that the two
tetranucleotide sequences base pair with one another

in the wild-type RNA molecule. Furthermore, the ob-
servation that the base compensation mutations gave
only partial restoration of function implies that the
tetranucleotide stem might be involved in higher-order
structure. To determine the impact of the mutations on
RNA structure, the transcripts were examined using
the nuclease sensitivity technique, Each RNA was la-
beled at its 5" or 3’ end, then subjected to mild diges-
tion with a battery of nucleases of differing specificity
to detect accessible sites. Digestion products were re-
solved by electrophoresis in sequencing gels as shown
in Figure 4 for the 3" end-labeled RNAs. Wild-type VA
RNA, and the two apical stem mutants, dl1and A2d12,
were examined in parallel. The sites and intensities of
attack by single-strand-specific and structure-specific
nucleases are summarized in Figures 5 and 6. The wild-
tvpe VA RNA, cleavage pattern is shown in full (Fig, 5A),
but for the mutants, only the relevant part of the model
is shown because, i all cases, the effects of the muta-
tions on nuclease sensitivity were confined to the do-
main in which the mutations were located. Thus, the
nuclease sensitivity data imply that the apical stem and
central domain behave as relatively autonomous re-
gions of the VA RNA molecule.
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The apical stem mutants gave cleavage patterns
identical to that of wild-type VA RNA (Fig. 5A), except
at the top of the apical stem-loop. As reported previ-
ously (Mellits et al., 1992), base pairing in this region
rearranges slightly because of the deletions, such that
the apical loop contains nt 61-66 in both dl'1 and A2d12
(Fig. 5C,D) instead of nt 63-70, as in the wild-type
structure drawn in Figure 5A. Mild digestion at nt 72-
78 suggests that at least a fraction of the wild-type RNA
molecules also exists in a conformation similar to that
of the two apical stem mutants, with nt 61-66 forming
the apical loop and nt 73-79 extruded in a bulge

(Fig. 5B). Unlike d/'1 and A2d12, however, the wild-type
molecule exhibits strong cleavages at A65 and A66, in-
dicating that a large fraction of it is present in the con-
formation shown in Figure 5A, with the apical loop
located between nt 63 and 70 and with no bulge. Pos-
sibly the wild-type apical stem is in equilibrium be-
tween the isomers shown in Figure 5A and B.

In contrast to the limited scope of the cleavages elic-
ited by these apical stem deletions, the substitutions in
the central domain tetranucleotide stem resulted in nu-
merous changes at the sites of mutation and through-
out the central domain (Fig. 4), reflecting the complex
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tertiary structure of this region. Despite these pertur-
bations, there was no evidence of drastic rearrange-
ments in the secondary structure; for example, stem 7,
the longest stem in the central domain, was not dis-
rupted by the mutations. Therefore, we have illustrated
the digestion patterns for each mutant RNA by super-
imposing the cleavage sites on the secondary structure
model for the wild-type central domain (Fig. 6). Sev-
eral general conclusions can be drawn that are exem-
plified most clearly by mutants in sets 1 and 2, whereas
the changes in set 3 are more subtle.

All six of the single mutations (L1, L2, L3, R1, R2,
and R3) caused increased sensitivity to single-strand-

123456789

specific nucleases at the site of mutation and, in some
cases, also at adjacent sites. Less predictably, increased
cleavage on the opposite side of stem 4 was not gen-
erally observed. Furthermore, in the double mutants
(L1-R1, L2-R2, and L.3-R3), the sensitivity of stem 4 to
single-strand-specific nucleases often remained high
despite the compensating nature of the mutations and
the partial restoration of function documented above.
These observations do not, on the face of it, confirm the
proposed stem 4 pairing. Changes elsewhere in the
central domain provide indirect support for the stem 4
pairing scheme, however. The most pronounced of
these distant changes were inloop 8 and loop 10, which
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responded in a coordinated fashion to mutations in
stem 4 (Figs. 4, 6). The sensitivity of nucleotides in both
of these loops to single-strand-specific nucleases was
increased by mutations in the L series, and decreased
by mutations in the R series. In the double mutants
(L-R series), nucleotides in loop 8 and 10 displayed a
sensitivity intermediate between that of the L and R
mutants, resembling quite closely the wild-type pattern
and intensity of cleavage. Changes in nuclease sensitiv-
ity in other parts of the central domain (stem 3, stem 7,
and loop 9), both with single-strand-specific and struc-
ture-specific enzymes, were relatively minor, implying
that the concerted changes in loops 8 and 10 are prob-

ably attributable to tertiary structure alterations conse-
quent upon the mutations in stem 4. Presumably the
minor changes visible in stem 7, loop 9, and elsewhere
are also contingent on the conformational changes due
to disruption of stem 4 (see below).

Central domain structure

Several observations suggested that stem 4 and other
parts of the central domain are mutually interdepen-
dent elements of tertiary structure. First, compared to
other loops in the molecule (such as loop 2 and the api-
cal loop), ostensibly single-stranded nucleotides in
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loops 8 and 10 are relatively insensitive to digestion  cleavage in the central domain (including stem 4, loop 8,
with single-strand-specific enzymes (Figs. 4, 5A). Sec-  and loop 10) by single-strand-specific nucleases is sup-
ond, as mentioned above, their sensitivity to single-  pressed when digestion is conducted in the presence
strand-specific nucleases is increased by mutations in ~ of Mg** (Clarke & Mathews, 1995, and data not shown),
the GGGU sequence, reduced by mutations in the implying the existence of a Mg“—dependﬂnt higher-
ACCC sequence, and returned toward normal in the  order structure in the central domain.

compensating mutants. This coupling suggests that Based on these observations, we generated a three-
pairing of loops 8 and 10 or steric hindrance due toa  dimensional model in which loops 8 and 10 are spa-
stem 4-dependent tertiary structure may be involved.  tially adjacent and form a pseudoknot as a result of the
Third, there are anomalous cleavages in the central do-  folding and twisting of stem 7 (Fig. 7). The existence
main that can signify the existence of tertiary structure  of stem 4 is essential for the approximation of loops 8
(Puglisi et al., 1988). These include examples of aber-  and 10, and it probably also strengthens the structure
rant specificity (as listed in Fig. 4) and nucleotides that  through base-specific interactions with loop 8. Loop 8
are recognized by nuclease V,, as well as single-strand-  contains the sequence ACC (nt 103-105), which is ca-
specific enzymes (such as U115 in loop 9). Finally,  pable of pairing with the sequence GGU (nt 124-126)
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FIGURE 7. Madel showing possible tertiary structure in the central
domain of Ad2 VA RNA;, Watson-Crick base pairing is indicated,
Nucleotides are marked along the backbone (drawn from a wire
mudel) and subregions are identified. Stipphng indicates nucleotides
protected by PRR (Clarke & Mathews, 1995), Point mutations at the
circled nucleotides are deleterious o function { Rabman et al,, 1995).
AS, apical stem; TS, terminal stem,

in loop 10 to form a pseudoknot; such pairing could ac-
count for the relative resistance of these nucleotides to
cleavage in the wild-type molecule. Analogous pairings
are possible in other VA RN As (Ma & Mathews, 1996),
Furthermore, the nucleotides GCC (nt 106-108), at the
3" end of loop 8, are positioned close to stem 4 and
might be engaged in tertiary interactions with the du-
plexed nucleotides of stem 4. Nucleotides that interact
with PKR (Clarke & Mathews, 1995) occupy a region
on one surface of the model (shaded, Fig. 7).
Nuclease sensitivity analysis of the three sets of mu-
tant RNAs supports many features of the model. First,
most of the alterations in nuclease sensitivity caused by
the mutations are increases or decreases in the inten-
sity of cleavage at nucleotides that are sensitive to nu-
cleases in wild-type VA RNA. In other words, there are
few new cleavage sites, consistent with the view that
the general structure of VA RNA is quite robust and
preserved in the mutants. Second, the changes in
cleavage intensity are usually more profound on the 3’
(right) side of VA RNA (loops 8, 9, and 10) than on its
5’ (left) side, irrespective of the mutation site. This is

Y. Ma and M.B. Mathews

in keeping with the overall features of the model be-
cause the 3’ side is exposed at the surface of the mol-
ecule. Third, many of the detailed changes in sensitivity
inloops 8and 10, and to some extent in loop 9, i::ro%ht
about by mutations in stem 4, indicate that these ele-
ments are mutually bound and in close proximity to
one another. For example, the increased cleavage of
both loops 8 and 10 that accompanies disruption of
stem 4 in mutants L1 and L2 can be explained by the
tertiary structure opening up and causing the two
loops to separate.

Such structural deformations presumably lead to a
functionally inadequate central domain. In the com-
pensating mutants L1-R1 and L2-R2, the wild-type
structure is largely, but not completely restored, and
function returns concomitantly, Evidently, the pairing
in stem 4 is not fully reconstituted, pms:blv because
the nucleotide Lhc’lnhl-_'b alter tertiary interactions with
loop 8 nucleotides that are needed to stabilize the struc-
ture. The set 3 mutants present an apparent anomaly
in that their function is severely compromised, yet they
display the least disturbance of structure. Mutants L3
and R3 exhibit cleavages in loops 8 and 10 that are sim-
ilar in nature to those observed in sets 1 and 2, al-
though they are less extreme in degree. Possibly these
mutations do not disrupt stem 4 completely because
only one nucleotide is altered. However, the single nu-
cleotide mutations may disrupt tertiary interactions
that are required for function, and different interactions
may be formed instead. For example, the two remain-
ing G:C pairs (nt 37:122 and 38:121) in the mutated
stem 4 of R3 and L3 are capable of interacting with
C104 and C105 in loop 8 through base triples. 1.3-R3 ap-
pears to form a structure somewhat different from that
of L1-R1 and L.2-R2, as signified by increased cleavages
in loop 10 (at G125 and U126), Possibly the GCC se-
quence in loop 8 interacts with stem 4, explaining why
L3-R3 is slightly less active than the other two compen-
sating mutants.

DISCUSSION

Phylogenetic analysis of the VA RNAs of human ad-
enoviruses indicated that two mutually complementary
tetranucleotides, GGGU and ACCC, in the central do-
main are nearly invariant (Ma & Mathews, 1993, 1996).
In only two viruses is one of the sequences changed,
and in these cases ACCC is replaced by ACCU, which
is still able to pair with GGGU, This conservation in it-
self suggests that the tetranucleotides play an impor-
tant role and probably pair with one another, The
nearly absolute sequence conservation might reflect
constraints imposed by higher-order RNA structure or
by RNA-protein interactions, but no base-specific in-
teractions with PKR have been observed (Clarke &
Mathews, 1995). To examine the significance of the
totranucieohdes, we made three sets of mutations to
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disrupt and restore the potential base pairing, and de-
termined their effects on structure and function.

In two independent assays, both of which depend
on the VA RNA-PKR interaction, mutation of the tetra-
nucleotides abrogated VA RNA function in vivo,
whereas compensating changes partially restored func-
tion. Similar behavior was observed for one set of mu-
tants in a PKR binding assay (Clarke & Mathews,
1995). These results imply that the two tetranucleotides
pair and form a stem. However, the partial nature of
the compensation indicates that pairing is necessary
but not sufficient for function, a finding that is consis-
tent with the very high degree of sequence conservation
in the tetranucleotides. To understand the molecular
basis of the functional compensation, we probed the
structure of the mutant RNAs with nucleases. Al-
though nuclease sensitivity changes provided little di-
rect support for the pairing of the GGGU and ACCC
tetranucleotides, they suggested the existence of this
pairing indirectly, through coordinated changes of nu-
clease sensitivity within the central domain, These
findings led to a model in which the tetranucleotides
contribute to the structure of the central domain not
only by forming a double-stranded stem, but also by
interacting with nucleotides in adjacent loops.

Pairing of the conserved tetranucleotides

The fact that single mutations in the tetranucleotides
abolished VA RNA function and compensating mu-
tants restored function to a substantial extent consti-
tutes strong evidence tor the pairing of the GGGU and
ACCC sequences. This conclusion is supported by the
coordinated changes in sensitivity of loops 8 and 10 in
response to mutations in stem 4, However, in the cen-
tral domain, the relationship of the two regions is not
as straightforward as in the simple two-strand inter-
action in the apical stem (Mellits et al., 1992). Mutations
in either one of the two tetranucleotides resulted in in-
creased digestion at the site of mutation, but did not
greatly increase the sensitivity of the opposing tetra-
nucleotides to single-strand-specific nucleases, nor did
introduction of a compensating mutation greatly reduce
the nuclease sensitivity of the first mutant sequence.
Although unexpected, these findings are explicable in
terms of the network of interactions that frames the
central domain (see below).

Nevertheless, we also considered a number of addi-
tional factors that might contribute to the difficulty of
detecting the reformation of stem 4 by probing the mu-
tant RNAs. One concern was that the mutant nucleo-
tides might engage in alternative base pairing schemes
that compete with the wild-type stem structure. How-
ever, it is unlikely that all of the mutants would have
formed stable alternative structures, especially because
attention was paid to this contingency in designing the
mutants; furthermore, little evidence for the formation
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of other structures was obtained bv nuclease sensitiv-
ity analysis. A second possibility was that the duplexes
formed by the compensating mutations might be in-
trinsically less stable than the wild-tvpe GGGU:ACCC
pair. By -.alcuialmn this is indeed the case for L1-R1
and L2-R2, which have theoretical free energies of —6.1
and —4.1 kcalimol and could therefore be expected to
be less stable than the wild-type tetranucleotide pair
(—7.9 kecal/mol). However, this parameter cannot ac-
count for the properties of L3-R3, which has a calcu-
lated free energy very similar to that of the wild-type
pair (—=8.0 kcal/mol). A third possibility, which is
harder to evaluate, is that the nuclease sensitivity anal-
vsis conducted might not fully represent the structure
of the RNA in vivo. Even though the ionic conditions
used were close to physiological (except for RNase U,
which requires acidic pH), RNA structure is influenced
by RNA-binding proteins and other factors that are dif-
ficult to duplicate in vitro. In this connection, we note
that PKR is able to enforce a native conformation upon
the central domain in the absence of Mg”* (Clarke &
Mathews, 1995); by analogy, the enzyme may be able
to compensate, at least partially, for suboptimal pair-
ing in stem 4, In other words, the stem 4 structures of
the double mutants may pair more effectively in the
presence of PKR than in its absence. Although the data
do not exclude the possibility that the tetranucleotide
pair GGGU:ACCC is important per se, for example,
because it is recognized by PKR or other proteins in the
cell, they clearly establish it as a key element in the VA
RNA tertiary structure.

A complex structure in the central domain

In the central domain model, illustrated in Figure 7,
stem 4 and other parts of the central domain are mu-
tually interdependent elements of an intricate tertiary
structure. The 5" strand forms one side of a more or less
continuous duplex axis, whereas the serpentine 3’
strand adopts an ampersand-like conformation (viewed
upside down from the representation in Fig. 7). In so
doing, the 3’ strand makes a number of turns and con-
tacts that are reflected in its nuclease sensitivity pat-
tern. For example, nt U115 is cut by nuclease V, as
well as by RNases T, and Be, whereas its neighbors
are only recognized by single-strand-specific nucleases.
Anomalous behavior is also displayed by nt A95,
which is expected to pair with U113, but is weakly cut
by RNase U,. These two nucleotides are located at the
twist junction between stem 7 and the main axis of VA
RNA, and their unusual sensitivity to nucleases may
be due to the kink that results from the bending or to
a base triple with U115, as in HIV-1 TAR RNA (Puglisi
et al, 1992). Triple hydrogen bonds are found in
tRINAs as part of their l.-shaped tertiary structure {Kim,
1978). It is notable that A95 and U96 were identified as
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important nucleotides by mutagenesis (Rahman et al.,
1995),

In the three-dimensional model, loop 8 is in intimate
contact with loop 10, and is also brought close to loop
2. This juxtaposition offers an explanation for observa-
tions made with mutant/s3a (Pe’ery etal., 1993). Substi-
tution of nt 103- 109 in loop 8 reduced VA RN A function
and concomitantly reduced nuclease sensitivity in loop
2. Because these loops are adjacent in the model of Fig-
ure 7, it is possible that the substituted nucleotides in-
teract with nucleotides in loop 2. Consistent with this
interpretation, a point mutation at A132, near loop 2,
caused widespread alterations in VA RNA structure
and also affected function severely (Rahman et al,
1995),

Strikingly, the regions of VA RNA that are protected
by 'KR trom attack by nucleases and chemicals, which
are scattered through the central domain in the second-
ary structure representation (Clarke & Mathews, 1993),
lie on the same surface in the three-dimensional model
(Fig. 7). Asin the Ul RNA-UTA protein complex (Jes-
sen etal., 1991), PKR appears to cover one face of VA
RNA. The protected regions include one helical turn at
the base of the apical stem, part of both sides of stem 7,
which are on one surface, loop 9, the two 3'-terminal
residues of the ACCC sequence, and loop 10. Several
of the same nucleotides were shown to be important
for VA RNA function in vitro in a study of point mu-
tations covering the 3" side of the central domain {Rah-
man et al,, 1995), Mutation of the ACCC sequence, and
of other nucleotides shown circled in Figure 7, reduced
the ability of VA RNA to block PKR activation, whereas
mutation of the remaining nucleotides between nt 88
and 137 had little or no effect. Few changes in nucle-
ase sensitivity were observed (Rahman et al., 1995), but
the significance of this finding is unclear because it ap-
pears that the RNA structure was probed in the ab-
sence of Mg, which is known to play a key role in
central domain folding (Clarke & Mathews, 1995).

Contribution of the stems

The proposed three-dimensional structure (Fig. 7) em-
phasizes the role of the stems in forming an almost
continuous axis for the VA RNA molecule. The lower
part of the apical stem is important for VA RNA func-
tion (Mellits et al., 1992): its duplex nature is probably
necessary to allow the folding of stem 7 toward stem 4.
Stem 4 is also important for function: in this case, both
structure and sequence are critical. This short stem ap-
pears to be responsible for the maintenance of a com-
pact tertiary structure in which loop 8, loop 10, and
stem 4 interact in concert, probably with the involve-
ment of Mg*', The details of the interactions are not
yet known, but possibly the apical stem and stem 4 act
as clamps, cooperating to facilitate the twisting of the
central domain that enables the pseudoknot to form.

Y. Ma and M. B. Mathews

Mutations that disrupt pairing in stem 3 and at the top
of the terminal stem are also deleterious (Furtado et al.,
1989; Ghadge et al., 1994; Rahman et al., 1995), sug-
gesting that these stems also contribute to VA RNA
function, whereas mutations that perfect the base pair-
ing were permissible (Chadge et al., 1994).

In the apical stem, at least eight base pairs proximal
to the central domain are needed tor ethicient binding
to PKR in vitro and for function in vivo, although se-
quence changes are tolerated (Mellits & Mathews,
1988; Mellits et al., 1990a, 1992: Clarke et al., 1994;
Ghadge etal., 1994). On the other hand, the distal part
of the apical stem seems less critical. Mutations A2d12
and dI'l have no impact on the nuclease sensitivity in
the central domain, and stem 4 mutations do not affect
the apical stem, suggesting that these regions are, to
some extent, independent of one another. It may not
be comncidental that the apical stem of many VA RNAs
has a discontinuity about 6-7 bp above the central do-
main, separating a stably paired region from a region
that is variable in size and in duplex character (Ma &
Mathews, 1996), In Ad2 VA RNA,, there is evidence
for more than one wild-type structure above this point
(Fig. 6B). Possibly this distal region subserves an ad-
ditional function, related to the anomalous behavior of
dllin a PKR binding assay (Mellits et al., 1990a; Clarke
etal,, 1994) and in the functional assays reported here.
Both the dI331 rescue and CAT expression assays re-
flect the regulation of PKR activation by VA RNA, but
a secondary effect on mRNA stability has been re-
ported in cotranstection (Strijker et al., 1989; Svensson
& Akusjarvi, 1990). This action could be important in
the CAT expression assavs and it might require a struc-
ture in the distal part of the apical stem that is present
in wild-tvpe VA RNA and A2d12, but not in dl1, An-
other possibility is that a viral product that is present
in dl331-infected cells, but not in uninfected cells, is re-
quired for dl'l function: VA RNAj has been considered
as a candidate in this regard, but cotransfection of the
VA RNAj, gene failed to cooperate with di'1 in CAT ex-
pression enhancement assavs (data not shown). It re-
mains possible that another viral product in dI331
makes dl1 functional in the cell, possibly by altering its
apical stem structure.

Inhibition of PKR

The mutational study of the conserved tetranucleotides
has yielded insights into the tertiary structure of the
central domain. This domain is essential for VA RNA
function and, together with the base of the apical stem,
constitutes the binding site for PKR. The only known
function for VA RNA is to block PKR activation, which
is accomplished by binding to the enzyme’s RNA bind-
ing domain. All attempts to date to distinguish the VA
RNA binding site from the site for dsRNA binding
have been unsuccessful (Green & Mathews, 1992;
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McCormack et al., 1992; Green et al., 1995). These ob-
servations pose a question: what is the purpose of the
elaborate central domain structure?

This question is especially pointed in light of the fact
that perfectly duplexed dsRNA molecules of a size that
are too short to activate PKR (i.e., <30 bp) are also able
to bind to the enzyvme and block its activation (Minks
et al., 1979: Manche et al., 1992). Furthermore, VA
RNA itself contains two stems in this size range, which
could fulfill the inhibitory function. Mutants that are
disrupted in the central domain but maintain intact api-
cal and terminal stems retain the ability to bind PKR
and inhibit its activation in vitro. The concentrations re-
quired for inhibition by such mutant VA RNAs are
higher than for wild-type VA RNA,, however, and are
comparable to the concentration required for inhibition
by dsRNA of 23 bp (Manche et al., 1992; Mellits et al.,
1992; Pe’ery et al., 1993; Clarke et al., 1994; Ghadge
et al., 1994). Careful examination of the kinetics of in-
hlbmnn implies that short duplexes inhibit by simple
competition, whereas the central domain interacts with
the enzyme in such a way as to specifically prevent its
activation even at low VA RNA concentration. Presum-
ably, the role of VA RNA cannot be subserved by a sim-
ple duplex or hairpin molecule because it would be
unstable in the cell or toxic at the relatively high con-
centration required. The special structure of the central
domain may make VA RNA very compact and stable,
protecting it from cellular enzymes that could modity,
degrade, or unwind it.

In addition to its role in inhibiting PKR activation,
the central domain contributes to PKR binding (Ghadge
et al., 1991; Clarke et al., 1994), These propertics are
closely linked, but the behavior of some mutants sug-

gests that they may be separable (Pe'ery et al., 1993;
Llarke etal., 1994). It they are separable, a mechanism
could be envisaged in which interactions of the central
domain with PKR positively obstruct the enzyme's
function, perhaps by masking some functional groups:
in this case, it should be possible to find PKR mutants
that affect dsRNA and VA RNA binding differentially.
Alternatively, the interference could be more passive,
for example, by preventing a conformational change in
PKR that can be induced by dsRNA binding and is es-
sential for activation. The bent shape of the VA RNA
model, which is angled at the central domain in a fash-
ion reminiscent of the tRNA L-shape or the 55 RNA
“lollipop” (Kim et al., 1974; Van Ryk & Nazar, 1992),
makes this second hypothesis an attractive one, but
both views would be compatible with the unique struc-
ture of the central domam.

MATERIALS AND METHODS

Cells, viruses, and plasmids

Maonolaver cultures of human 293 cells (Graham et al., 1977)
and Hela cells (ATCC CCL 2) were grown in Dulbecco's
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modified Fagle medium with 10% calf serum, and 100 pg of
streptomycin and penicillin per milliliter as described (Ma &
Mathews, 1993). Mutant virus Ad3di331 (Thimmappayactal.,
1982) and wild-type adenovirus type 2 were grown in FHel.a
cells, The plasmids pAd2VAL which expresses Ad2 VA
RNA,; under its natural pol I promoter, and pSI'6VAb,

which expresses an antisense RNA probe for Ad2 VA RNA,
under the control of the 5P6 promoter, were described pre-

viously ( Ma & Mathews, 1993), The plasmid pT7VA, which
expresses Ad2 VA RNA, under the control of the phage T7
promoter, was described by Mellits et al. (1990b). Mutant
pA2dI2 (Fowlkes & Shenk, 1980) was a gift of Dr. Tom
Shenk. Mutant pMHVAdI1 was constructed by Mellits and
Mathews (1988). Plasmids producing A2dI12 and dll RNAs
under the control of the T7 promoter were constructed by
Mellits et al. (1990b, 1992}

Mutagenesis of the VA RNA gene

Site-directed mutagenesis was performed following the
method of Kunkel (Kunkel, 1985; Kunkel et al., 1987) to gen-
erate mutations in pT7VA and pAd2VAL Oligonucleotides (5’
o 3) CCATGATAGACTTGCGAA, CCATGATATTCTTGC
GAA, and CCATCGATAGCCTTGCGAA were used to make
mutants L1, 1.2, and L3, respectively, and uligumu'lentidcs
CACACCTGTOTTCGACAL, CACACCTGAATTCGACAC,
and CACACCTOGCTTCGACAC were used to make mu-
tants R1, R2, and R3, respectively, To generate mulants L1-
R1, 1.2-R2, 1.3-R3, and L1-R2, the appropriate L and R
mutations were combined by isolating a Kpn 1-BamH | frag-
ment containing the L mutations from pT7VA, or a Sal |
BamH I fragment containing the L mutation from pAd2VAL
and imserting the isolated fragment in the same position in
the R mutant clones

Synthesis and end labeling of VA RNA

Transcription in vitro with T7 RNA polymerase was con-
ducted as described previously (Mellits et al., 1990b, 1992).
RNA was isolated by passing through Sephadex G-50 (me-
dium) spin columns (Sambrook et al., 1989) twice, in STE
buffer (0,15 M NaCl, 10 mM Tris-HCI, 1 mM EDTA, pH 7.4).
RNA was labeled at its 5" end with |- P ATP (ICN Radio-
chemicals, Inc.) or at its 3" end with |2P’]-pCp (ICN Radio-
chemicals, Inc.) as described (England & Uhlenbeck, 1978;
Clarke & Mathews, 1995). Labeled RNA was resolved in a 3%
sequencing gel and eluted from the excised gel slice by mix-
ing for 2 h at room temperature with 300 gl STE in the pres-
ence of 30 ug calf liver tRNA and 30 ul. Tris-saturated phenol.

Secondary structure analysis

Nuclease sensitivity analysis was conducted as described pre-
viously (Ma & Mathews, 1993; Clarke & Mathews, 1995).
RNA was synthesized from the T7 constructs by 17 RNA
polymerase, labeled at either its 5 or 3 end, and digested un-
der conditions in which < 10% of the molecules were cut. The
nucleases used were RNase T,, U, Bacillus cereus (Bc), and
T, which cleave single-stranded regions at specific sites (G,
A, pyrimidine, or any nucleotide, respectively), and nucle-
ase V,, which cleaves in regions of base paired and stacked
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nicleotides. For RNase T,, Be, Ta, and V,, the reaction con-
ditions were 50 mM Tris-HCI, pH 7.5, 2 mM MgCl,, and
150 mM KC1. RNase U, digests were conducted in 50 mM
citric acid-potassium citrate buffer, pH 5.0, and 2 mM
MgCl.. For markers, RNA was treated with RNase T, at
68 °C or with alkali as described previously (Mellits &
Mathews, 1988).

Translation rescue assay

The dl331 rescue assay (Larsson et al., 1986) was performed
as described by Mellits and Mathews (1988). Human 293 cells,
which had been passaged less than 10 times, were grown to
about 60% confluency in 6-cm dishes. The cells were trans-
fected with 5 g of a plasmid construct containing a VA RNA
gene and infected with Ad5dI331 at 24-h posttransfection
(hpt). At 48 hpt, the cells were labeled for 1 h with *5.
methionine (ICN Radiochemicals, Inc.) and 5% of the cyto-
plasmic extract was analyzed by electrophoresis in a 15%
polyacrvlamide/SDS gel. For northern blot analysis, RNA
equivalent to 2-3% of the cells in a plate was resolved in a
1% agarose gel. The blot was probed with RNA complemen-
tary to the 5" half of Ad2 VA RNA,, labeled in transcription
reaction with SP6 RNA polymerase, and purified through a
5% sequencing gel. Hybridization was performed as de-
scribed previously (Ma & Mathews, 1993).

CAT expression enhancement assay

Human 293 cells were transfected with 6 pg of the chloram-
phenicol acetyltransferase (CAT) expression plasmid pSCAT-
6.5 (Svensson & Akusjarvi, 1990), together with 7.5 ug of
pAd2VAIL and labeled with S-methionine as described
previously (Ma & Mathews, 1993). A fraction (25%) of the
cells was lysed in 0.25 M Tris, pH 8.0, buffer and assayed for
CAT activity using [ *C] chloramphenicol (3,000 mCi/mmol;
ICN Radiochemicals, Inc.) (Gorman et al., 1982). Acetylated
chloramphenicol was separated by thin-layer chromatogra-
phy and CAT activity was quantified using an AMBIS Radio-
isotope scanning system II. The other fraction (75%) of the
cells was lysed in A buffer (0.14 M NaCl, 15 mM MgCl,, and
0.5% Nonidet P-40) and 20% of this extract was kept for
northern blot assay. From the remaining extract, equal radio-
active counts were assayed for CAT protein synthesis by im-
munoprecipitation as described previously (Ma & Mathews,
1993). The labeled CAT protein was quantified with a Fuji bio-
imaging analyzer.
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