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ABSTRACT
Human immunodeficiency virus-I (HIV- 1) leader RNA, which contains double-

stranded regions due to inverted repeats, was shown to activate the dsRNA-dependent
enzymes associated with the interferon system. HIV-1 leader RNA produced in vitro
using SP6 RNA polymerase was characterized using probes for antisense and sense-
strand RNA. The RNA preparation was free from significant levels of antisense RNA.
HIV- 1 leader RNA was shown to activate dsRNA-dependent protein kinase in a cell-
free system from interferon-treated HeLa cells. Affinity resins, consisting of HIV- 1
leader RNA covalently attached to cellulose, immobilized and activated dsRNA-depen-
dent protein kinase and 2-5A-synthetase. HIV- 1 leader RNA, therefore, may be a
contributing factor in the mechanism by which interferon inhibits HIV replication.

INTRODUCTION
The 5' or leader region of HIV- 1 mRNA contains two adjacent stem-loop

structures with 17 and 23 imperfectly matched base-pairs (1). The leader RNA is
present on all of the HIV- 1 mRNA species (2) and is likely to be a critical element
in the regulation of translation during infection. It is, therefore, important to
identify and characterize host proteins which interact with the leader RNA. Here we

have identified two such host proteins, dsRNA-dependent protein kinase and 2-5A-

synthetase, which not only bind HIV-1 leader RNA but are enzymatically activated in
the process. Significantly, these proteins have been implicated in the antiviral
mechanisms of interferons (3, 4). In the former pathway, dsRNA induces the

autophosphorylation of an interferon-regulated protein kinase. The phosphorylated
kinase is capable of phosphorylating exogenous substrates (5). In particular, the

kinase will phosphorylate the alpha subunit of protein synthesis initiation factor,
eIF-2, thus inhibiting the normal recycling mechanism for eIF-2 (reviewed in ref. 6).
These events lead to an inhibition of viral and cellular protein synthesis. The 2-5A-
system also inhibits protein synthesis but through a separate mechanism (3, 4).
Three types of enzymatic activities are involved: (i) 2-5A-synthetases which are

interferon-inducible, dsRNA-dependent enzymes producing 2-5A [p.(A2'p).A; x - 2 or

3, n > 2] and pyrophosphate from ATP; (ii) 2',5'-phosphodiesterase which degrades 2-
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5A from the 2',3'-termini; and (iii) 2-5A-dependent RNase which is activated by 2-5A

to cleave single-stranded RNA on the 3'-side of UpNp sequences. The 2-5A-pathway,

therefore, inhibits virus replication by bringing about the degradation of viral and

cellular RNA. Results presented suggest that the dsRNA-dependent mechanisms have

the potential to limit HIV-1 replication.

MATERIALS AND METHODS
PreDaration of HIV-1 leader RNA.

The plasmid, pSP6HIV+l (1) containing the HIV-1 leader sequence (nucleotides +1
to +232) downstream of an SP6 promoter was linearized after HIV- I nucleotide +232
using XhoI. The linear DNA was purified first by centrifugation in cesium chloride
gradients containing ethidium bromide (7) and then through three successive 1% low-
melting agarose gels (Sea Plaque, FMC) (7) to remove trace levels of uncut DNA.
RNA was synthesized using the linear pSP6HIV+l DNA and SP6 RNA polymerase
(Promega) as described by Melton et al. (8). The plasmid DNA was then digested
with RQI DNase (Promega) and the RNA was isolated by phenol-chloroform extraction
and ethanol precipitation (7). The RNA preparation was purified by centrifugation in
a 5-20% sucrose gradient of 5.0 ml containing 10 mM HEPES, pH 7.5, 0.1 M NaCI,
and I mM EDTA at 40,000g for 12h at 150C. About I ml of the top portion of the
gradient containing the leader RNA was removed and layered on 10% sucrose in the
same buffer and centrifuged at 106,000g for 24h at 1 50C. About 400 ul from the
bottom of tube containing the leader RNA was collected and the RNA was twice
precipitated in ethanol, washed with 70% ethanol, and dissolved in 10 mM HEPES, pH
7.5, 0.1 M NaCl, and 1 mM EDTA.
Northern Blots.

Electrophoresis of the RNA (about 0.7 ug RNA per lane) was on denaturing,
glyoxal/1.8% agarose gels according to McMasters and Carmichael (9) with modifica-
tions described previously (10). To prepare probes for sense and antisense RNA, the
plasmid pSP6HIV+l was cleaved with NheI and XhoI. The double digest produced a
473 base-pair fragment containing the entire 232 base-pair HIV- 1 sequence and an
upstream region; this fragment was subcloned in Ml3mpl8 and M13mpl9 after the
vectors were each digested with both SalI and XbaI. The resulting recombinant
single-stranded M13 DNAs contained complementary strands of HIV-I leader DNA.
Probes of 32P-labeled recombinant M13 DNA (4 to 6 X 107 counts/min/ug of DNA)
were prepared using M13 hybridization primer (New England Biolab, cat. no. 1202)
according to Hu and Messing (11). Transfer of RNA to nitrocellulose, 0.45 um, or
NYTRAN, 0.2 um, (both from Schleicher and Schuell), pre-hybridization, hybridization,
and washing of the filter (4 changes in 2 x SSC/0.1% SDS for 15 min at 500C) was
according to Williams and Mason (12).
PreDaration of affinity resins.

Covalent linkage of poly(I):poly(C), poly(U) (Pharmacia), or HIV- 1 leader RNA to
cellulose was by a modification (10) of the method of Wells et al. (13). The amount
of HIV- I leader RNA linked to cellulose was determined by adding trace levels of
32P-labeled HIV- I leader RNA, prepared using [alpha-32P]UTP, to the unlabeled RNA
preparation and then monitoring the bound radioactivity.
Assay of dsRNA-deDendent Drotein kinase in solution.

HeLa cells were cultured, treated with 100 units/ml of human alpha interferon
(1.2 X 108 units/mg of protein, Interferon Sciences) for 16 h, harvested, and
postmitochondrial supernatants (75 ug of protein per assay) were prepared as
described previously (10). Assays were with 1.0 uCi of [gamma-32P]ATP for 15 min
at 300C as described (10) except there was 1.0 mM magnesium chloride and 1.0 mM
manganese chloride (14) in the assays. Proteins were separated on 10% polyacryl-
amide/ SDS gels. Dried gels were used for autoradiography.

970



Nucleic Acids Research

Assay of dsRNA-deoendent mrotein kinase immobilized on affinity resins.
The affinity resins were incubated with postmitochondrial supernatant of

interferon-treated or control HeLa cells (80 ug of protein/ 20 ul) on ice for 1 h, and
then washed and incubated in the presence of 2 uCi of [gamma-32P]ATP in a final
volume of 40 ul for 30 min at 300C as described previously (10) except there was 1.0
mM of magnesium chloride and 1.0 mM manganese chloride (14). Each assay was
adjusted to contain the same amount cellulose. Some assays were in presence of
added purified eIF-2 (0.5 ug/assay, a generous gift of Dr. Brian Safer, N.I.H.).
Assay of 2-5A svnthetase.

Assays for 2-5A-synthetase activity were performed as described by Silverman
and Krause (10) except the adsorption of 2-5A-synthetase to the resins was at 0°C
for lh and the incubations with 4 mM ATP for 2-5A synthesis were at 300C for 15
min in a final volume of 60 ul. 2-5A-synthetase activity was from cell extract of
interferon-treated HeLa cells (120 ug of protein per assay). 2-5A-synthetase was
adsorbed to various amounts of RNA attached to cellulose or to an equivalent volume
of linker-cellulose. Levels of 2-5A synthesized were determined using a modification
(10) of the radiobinding assay of Knight et al. (15).

RESULTS

Synthesis and characterization of HIV- I leader RNA oroduced from plasmid
DSP6HIV+l

HIV- 1 leader RNA was produced from plasmid, pSP6HIV+I, which contains a

sequence from the HIV- 1 LTR located 3' to an SP6 promoter (1). RNA synthesized

from this plasmid by SP6 RNA polymerase contained HIV- 1 nucleotides +1 to +232;

this RNA was purified (Materials and Methods) to remove components of the SP6

transcription system. It was critical to exclude the presence of antisense RNA

because such aberrant transcripts could anneal to the sense strand and produce a

dsRNA. DNA fragments containing the entire HIV- 1 leader sequence from pSP6HIV+l
were subcloned into M13 vectors in order to produce probes for sense and antisense

RNA. The northern blot of HIV- 1 leader RNA using complementary strand probes is

shown in Fig. 1. The absence of significant levels of antisense RNA (lane 1) was

consistent with the fact that XhoI, the enzyme used to linearize the plasmid, does

not produce 3' protruding ends. Hybridization to RNA blotted on Nytran, instead of

nitrocellulose, did produce a band with antisense probe at the position of the HIV- I

leader RNA with less than 1% of the intensity of that produced with sense strand

probe amongst a very high nonspecific background (data not shown). This was

almost certainly due to complementary sequences in the inverted repeats of HIV- 1

leader RNA and not to antisense RNA.

HIV- I leader RNA activates dsRNA-deoendent orotein kinase in a cell-free system

The purified HIV- 1 leader RNA and poly(I):poly(C) were compared for their ability
to induce autophosphorylation of the dsRNA-dependent protein kinase in a cell-free

systems (Fig. 2). Addition of poly(I):poly(C) (lanes 2 to 6) or HIV- I leader RNA

(lanes 8 to 12) to the cell-free system from interferon-treated HeLa cells resulted in
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Fig. 1. Northern blot analysis of HIV- I leader RNA using comDlementarv strand
probes, RNA on nitrocellulose was reacted with either probe for antisense RNA (lane
1, from HIV-1 DNA cloned in M13mpl8) or with probe for sense RNA (lane 2, from
HIV-1 DNA cloned in M13mpl9). The position of HIV-1 leader RNA is indicated
(arrow).

a dose-dependent activation of dsRNA-dependent kinase. The levels of phosphoryla-

tion were determined by excising the kinase bands from the dried gel and measuring
the radioactivity (data not shown). The minimum concentrations of RNA resulting in
activation of the kinase were 0.1 ug/ml for poly(I):poly(C) (lane 2) and 1.0 ug/ml

for HIV-1 leader RNA (lane 9). Maximum activation of the kinase was obtained with

1.0 ug/ml of poly(I):poly(C) (lane 3) and 5.0 ug/ml of HIV- I leader RNA (lane 12).

The level of kinase activity in the control cell extract (lanes 13 and 14) with

poly(I):poly(C) and HIV- I leader RNA was 2.9-fold and 2.0-fold less, respectively,
than was obtained using extract of interferon-treated cells. For reasons unknown,

the basal level of the protein kinase in the control cells was unusually high.
HIV- I leader RNA-cellulose is an activating affinity resin for dsRNA-deoendent

Drotein kinase
Affinity resins were synthesized to study the binding and activation of the

dsRNA-dependent enzymes by HIV- 1 leader RNA. Either HIV- 1 leader RNA, poly(I):
poly(C), or poly(U) were covalently attached at their 3' termini through a caproic
acid-derivative linker to finely-divided cellulose (13). A mock cellulose preparation

contained the linker without RNA (subsequently, "linker-cellulose"). The various
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Fig. 2. Activation of dsRNA-deDendent Drotein kinase by HIV- 1 leader RNA or by
Dolv(ftDolv(C). Activation of dsRNA-dependent protein kinase was using the in
solution assay (Materials and Methods). The cell extracts were from control or
interferon-treated HeLa cells as indicated. The concentrations of HIV- 1 leader RNA
or poly(I):poly(C) and the positions of the molecular weight markers (in kdal) and of
the protein kinase (arrow) are all indicated in the figure.

resins were preincubated with extracts of interferon-treated or control HeLa cells

and then, after extensive washing, these were incubated in the presence of [gamma-

32P]ATP (Fig. 3). The autoradiogram of the gel revealed significant levels of the

interferon-regulated kinase were immobilized and activated on resins containing

either poly(I):poly(C) (Fig. 3, lanes 3 to 7) or HIV-1 leader RNA (lanes 8 to 12). In

contrast, little or no kinase was detected using either linker-cellulose or poly(U)-

cellulose (Fig. 3, lanes 1 and 2, respectively). Determination of the radioactivity in

the excised kinase bands from the dried gel shown in Fig. 3 indicated that poly-

(I):poly(C)-cellulose was about 8- to 10-times as active as HIV- 1 leader RNA-cell-

ulose. Induction of kinase by interferon was also demonstrated using the affinity

resins (Fig. 3, lanes 13 to 16). When purified eIF-2 was added to these kinase

reactions, both poly(I):poly(C) and HIV- 1 leader RNA activated the kinase to phos-

phorylate the alpha subunit of eIF-2 (see lower arrow, Fig. 3).

2-5A svnthetase was immobilized and activated on HIV-1 leader RNA-cellulose.

The ability of HIV- 1 leader RNA to stimulate 2-5A-synthetase activity was

similarly investigated. The affinity resins were first incubated with extracts of

interferon-treated HeLa cells to allow binding of 2-5A-synthetase and then they were
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Fig. 3. Assay of dsRNA-denendent protein kinase immQbilized on affinity resins.
Activation of dsRNA-dependent protein kinase immobilized on various affinity resin
was as described (Materials and Methods). The concentration of poly(U), HIV- I
leader RNA, or poly(I):poly(C) linked to cellulose is indicated as is the presence of
added eIF-2. Cell extracts were from either control or interferon-treated HeLa cells
as indicated. The positions of the molecular weight markers (in kdal) and of the
kinase (upper arrow) and eIF-2 alpha (lower arrow) are shown.

washed to remove contaminating proteins. 2-5A synthesis was performed by incubat-

ing in the presence of ATP and magnesium. The 2-5A levels were determined using

a highly specific radiobinding assay (15). Although HIV-1 leader RNA-cellulose bound

and activated 2-5A-synthetase it did so at a low efficiency compared to poly-
(I):poly(C) (Table 1). Nevertheless, there was an exponential increase in 2-5A

synthesis with increasing levels of HIV- 1 leader RNA (Table 1). As a result, the

level of 2-SA produced using 50 ug per ml of HIV-1 leader RNA was 19% of that

obtained using the same concentration of poly(I):poly(C). Furthermore, because 2-5A-

dependent RNase is activated by subnanomolar levels of 2-5A even low levels of 2-5A

synthetase activation could be significant. There were only trace levels of 2-5A

synthesized in the incubations containing either linker-cellulose or poly(U)-cellulose
(Table 1).

DISCUSSION
The current pandemic of AIDS has stimulated intense investigation into mechan-

isms for controlling the replication of HIV. The interferons are a family of broad
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spectrum antivirals (16) of potential use in the control of HIV infection. In several

studies human interferons showed various levels of inhibition of HIV replication in

infected cells in culture (17-21). Additional reports demonstrated synergistic

inhibition of HIV replication by interferons used with azidothymidine (22), phos-

phonoformate (23), tumor necrosis factor-alpha (24), and granulocyte-macrophage

colony-stimulating factor (25). Studies with patients indicated that interferon showed

promise in the treatment of AIDS or AIDS-related conditions. Notably, interferons

have been shown to have some activity against Kaposi's sarcoma associated with

AIDS (26-29).

Here we have presented data indicating a possible mechanism for inhibition of

HIV- 1 replication in the interferon-treated cell. A computer analysis (RNAFOLD) of

the structure of the first 200 bases of different isolates of HIV- 1 and HIV-2

indicated extensive secondary structure and, therefore, a potential to activate

dsRNA-dependent enzymes (data not shown). Activation of the dsRNA-dependent

pathways could augment effects of interferon on the maturation and release of virus

from infected cells (30). Because there are basal levels of the dsRNA-dependent

protein kinase and 2-5A-synthetases in most if not all mammalian cells, HIV- 1 leader

RNA may also contribute to the virus-carrier state. For instance, suppression of HIV
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Table 1. Binding and induction of 2-5A-synthetase activity by
HIV-1 leader RNA-cellulose and poly(I):poly(C)-cellulose.

RESIN RNA bound 2-5A synthesized
(ug per ml) (nM)

Linker-cellulose 0 0.41

Poly(U)-cellulose 50.0 0.36

Poly(I):poly(C)-
cellulose: 0.07 76.0

0.2 250
0.6 750
1.8 1,950
5.0 3,353

15.0 4,525
50.0 8,225

HIV-1 leader RNA-
cellulose: 0.07 2.0

0.2 2.5
0.6 5.4
1.8 11.5
5.0 24.9

15.0 169
50.0 1,578
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replication could be achieved by a localized activation of the dsRNA-dependent

antiviral pathways as proposed by Baglioni and coworkers (31, 32). Significantly, a

recent report (33) indicated that translational inhibition mediated by HIV- 1 leader

RNA was relieved by mutations which disrupted its secondary structure. In that

study, the inhibition was correlated with 5'-terminal cap accessibility. However,

decreased stability of an mRNA species containing the leader structure (33) was at

least consistent with activation of the 2-5A system.

There are additional indications that the dsRNA-dependent pathways could have

importance in the control of replication of HIV. For instance, interferon-treated

human T cells were reported to show high levels of 2-5A synthetase and 2-5A-

dependent RNase (34). In addition, many patients with AIDS have an acid-labile form

of interferon alpha in their serum (35) and elevated levels of 2-5A synthetase in

their peripheral blood mononuclear cells (36, 37).
Viral or host factors with affinity for HIV leader RNA, perhaps the product of

the jL gene (1, 38), could prevent the activation of the kinase and synthetase
resulting in production of virus. In this respect there are precedents for viral-

mediated repression of both the 2-5A system (39, 40) and the protein kinase pathway

(5, 41-46). Therefore, it may be necessary to interfere with viral or host factors to

obtain activation of the antiviral pathways in infected cells. Analysis of the 2-5A-

and protein kinase systems in interferon-treated, HIV- 1 infected cells (in progress)

will reveal whether there is activation or repression of these pathways in intact

cells.
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