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A sensitive and efficient system for the functional assay of antisense cligonucleotidas {oligos) was developed based on
an in vitro viral assembly system. A 120-base RNA (pRNA), which indispensably participates in bacteriophage 29 DNA
packaging, was the target for antisense action. Antisense oligos bound to pRNA, as revealed by a slower electrophoretic
mobility of pRNA/oligo complexes in comparison with native pRNA. Infectious viruses were assembled in vitro with synthetic
pRNA and DNA, as well as with viral proteins produced from cloned genes. Up to 107 pilague-forming units per millititer
were obtained in the absence of antisense oligos, while as few as zero plagues were detected in the presence of certain
antisense ofigos. A 1-base mismatch greatly influenced the inhibitory effect of the antisense oligos, but this 1-based
mismatch was not impartant when the mismatch was placed at the end of the oligo. Five oligos did not bind pRNA or inhibit
the assembly of the virlon, suggesting that the RNA sequences complementary to these oligos are nonessential or buried
internally in the RNA. Viral assembly was strongly inhibited by antisense aligos P15 and P10, targeting either the 5’- or the
3'-end of the pRNA, respectively. Viral assembly was also strongly inhibited by oligo P8, targeting an internal region, residues
75-91, of pRNA. Oligo P86 inhibited DNA packaging activity by blocking the binding of pRNA to the procapsid, while P10
and P15 inhibited DNA packaging activity but did not bleck the binding of pRNA to the procapsid, suggesting that in addition
to the reported interral domain for procapsid binding, pRNA contains another domain at the paired 5'/3"-ends with a yet

to be defined role in DNA translocation,

INTRODUCTION

Bacteriophage ¢29 of Baciilus subtilis packages its
genomic DNA into a preformed procapsid (Bjornsti et al.,
1981; Guo et af, 1986) with the aid of a DNA packaging
ATPase, gp16 (Guo et al, 1987c). Purified procapsids,
assembled from cloned gene products, are active for
DNA packaging in vitro (Guo et af, 1991; Lee and Guo,
1994: Guo and Trottier, 1994}, A 120-base RNA molecule
(pRNA, “p" for packaging) encoded by the 29 genome
has a novel and indispensabie role in viral DNA packag-
ing (Guo et al, 1987a, b). The pRNA attaches to the portal
vertex (connector) of the procapsid in the presence of
Mg?* and leaves the portal vertex in the presence of
EDTA. The pRNA-free procapsid is inactive in DNA pack-
aging but becomes active following incubation with the
purified pRNA (Guo ef al, 1987a, b; Wichitwechkarn et
al, 1989). In addition to phylogenetic analysis, which has
proposed the secondary structure of pRNA (Bailey et af,
1990), our recent study with mutant pRNAs has impli-
cated that the 5'- and the 3'-ends of the pRNA are paired,
and the paired ends, excluding the 3-base overhang at
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3'-end (residues 118-120}, were crucial for the packag-
ing of $29 DNA (Zhang et al, 1994, 1995). The pRNA
has also been shown, by RNA footprinting, to contain a
procapsid binding domain localized at residues 22
through 84 (Reid et al, 1994a, b).

Involvement of a nonprotein factor, such as pRNA, in
viral DNA packaging provides a new insight into RNA/
protein or RNA/DNA interactions and exiends previously
shown RNA functions. Studies of the interactions invelv-
ing this pRNA molecuie are likely to provide a model for
a catalytic RNA molecule acting on DNA. Involvement of
RNA in DNA packaging has been demaonstrated in the
phage M¢p23 chimeric systern (Denate and Carrascosa,
1991) and Mu-like phage D108 (Burns ef a/, 1990} and
speculated in poxvirus {(Parsons and Pickup, 1990) and
adenovirus {Hatfield and Hearing, 1994). A novel and very
efficient antiviral strategy has been developed with the
use of mutant pRNA to confer intracellar immunization
(Trottier et al, 1995). If involvement of such pRNAs in
viral genome encapsidation is a general phenomenon,
then RNA can be a potenlial 1arget for antiviral drug de-
sign. Consequently, the antisense oligonucleotide (oligo)
would be a subject for investigation.

A series of oligos were used in an inhibition assay
to define the functional demains of the pRNA in DNA
packaging. These oligos were complementary to either
the paired 5’- or 3'-ends ar the internal regions of three
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TABLE 1

QOligonucleotides

Oligo Sense (+) or Size Location

names Sequences antisense (—) (hases) on pRNA
P2 5" GGC ACT TTT GCC ATG ATT 3' — 18 106-89
P3 5 TTG CCATGA TTG ACA AC 3’ - 17 99-83
P4 5' TTA TCA AAG TAG CGT GCA C 3' - 19 120-102
P& 5" ATT GAC AAC CAA TCA AC 3’ - 17 91-75
Pg 5 TTA CCC CAG TAG CGT GC 3’ - 17 120-104
P10 5" GCA AAG TAG CGT GCACTT TTG 3' - 21 117-97
P11 5" TTA GCA AAG TAG CGT GCACTTTIG 3’ — 24 120~-97
P13 5" AAA GTA GCG TGC ACT TT 37 - 17 115—~99
P15 5" AAG TAC CGT ACC ATT GA 3’ — 17 17-1
P17 5’ CAA CAT ACA CAT GAG AA 3 - 17 37-21
P19 5" AAC AAA GTA TGT GGG CT 37 - 17 Y7-61
Pz1 P AAT CAG GGT TTA ATC CC 3 - 17 54-38
pz3 5" AAT CAA CAA AGT ATG TG 3/ - 17 81-65
P7 5" TAA TAC GAC TCA CTATAG CAATGG T 3 + 25 1-8
F8 5" TAA TAC GAC TCA CTA TAG GGG TGG TAC 3 + 27 =10

pRNAs that are different in primary seguence and vari-
able in predicted secondary structure yet similar in bic-
logical activity. Using such oligas in conjunction with a
pRNA binding assay allowed further characterization of
the functicnal domains of pRNA. These studies eluci-
dated the mechanism by which viral assembly was inhib-
ited, whether by inhibiting RNA procapsid binding or by
inhibiting the RNA's invelvement in DNA translocation,

MATERIALS AND METHODS
Qligos

Qligos P4, PS, P10, P11, and P13 were complementary
10 the 3"-end of the pRNA, P15 was complementary to
the 5'-end of the pRNA, and all cthers were complemen-
tary to internaf sequences of the pRNA. In addition to the
T7 promoter sequence, oligos P7 and P8 contained 8
and 7 bases, respectively, sense to the b5-end of the
pRNA, thus serving as negative controls (Table 1).

In vitro transcription of pRNAs with T7 RNA
polymerase

Mutant pRNAs were constructed as described pre-
viously (Zhang et al,, 1994}, Briefly, linear plasmid DNAs
were used as templates 10 generate DNA fragments with
primer pairs P7/P4, P7/P10, and P7/P11 (Table 1) from
PCR, respectively. The purified PCR DNA fragments were
used as templates to synthesize pRNAs 7/4, 7/10, and
7/11, respectively, by in vitro transcription with T7 RNA
polymerase. The pRNA from the PCR DNA template pro-
duced with primer pairs #7 and P4 was called pRNA 7/
4, and other pRNAs derived from different primer pairs
were named in a similar fashion.

3H-tabeled pRNA 7/11 was synthesized and purified

with procedures similar to those for preparation of unla-
beled pRNA 7/11, except for the addition of PHJUTP to
the in vitro transcription mixture.

Purification of the recombinant procapsid, DNA-gp3,
and gp16

The purification of gp16 (Guo ef al, 1986) and DNA-
gp3 {Lee and Guo, 1994) has been described previously.
Procapsids were overproduced and purified from E£sche-
richia coli with a procedure derived from previously re-
ported metheds (Gue and Moss, 1990; Gue et al., 1991).

Functional assay for antisense oligos with the ¢29
assembly system

The construction of the highly sensitive $29 assembly
system has been reported (Lee and Guo, 1994). To assay
the effect of an oligo on phage assembly, 1 ul pRNA (4
pM oor 0.16 pg/ull was mixed with 1 gl of oligos (100
uM) and dialyzed on a 0.025-um type VS filter membrane
{Millipore Corp.) against TBE {88 mM Tris—~HCI, pH 8.3,
83 mM boric acid, 2.5 mM EDTA) for 15 min at ambient
temperature. To attach the pRNA/oligo complex 1o pro-
capsids, 5 ul of purified procapsids was mixed with the
pRNAJ/olige complex for additional 15 min under the
same conditions and then against TMS (50 mA Tris—
HCI, pH 7.8, 10 mM MgCl:, and 100 mM NaCl) for 30
min at ambient tamperature. To package DNA-gp3, the
pRNA-enriched procapsids were mixed with 3 ul reaction
buffer (10 mM ATP, 6 mM spermidine, 3 mM B-mercapto-
ethanol, 50 mM Tris—HCI, pH 7.8, 10 mM MgCl,, and
100 mM NaCl), DNA-gp3 that had been dialyzed against
TMS for 40 min at ambient temperature, and DNA-gp3
packaging protein gp16 that had been dialyzed against
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0.01 M Tris=Cl, pH 7.5, and 0.04 M KCI for 40 min on
ice (Guo et af, 1986). The final mixture was then incu-
bated for 30 min at ambient temperature.

To convert the DNAHfilled capsids into an infectious
phage {Lee and Guo, 19854, b), the DNA-filled procapsids
were incubated with 18 ul of gp8.5-9 extract from E. coli
HMS174 (DE3)/pLysS containing plasmid pAR8.6-9 and
20 ul of gp11-12-13-14 extract from £. coli HMS174 (DE3)/
pLysS containing plasmid pAR11-12-13-14 for 2 hrat am-
bient temperature.

Assay for the binding of oligos to pRNAs

Oligos P4, P10, and P11 were end-labeled with [y-
*PJATP by T4 polynucleotide kinase and purified by
MERmaid {Ric 101). A binding assay was performed with
both unlabeled oligos and *P-labeled oligos.

With the uniabeled oligos, 2 ul pRNA 7/4, pRNA 7/10,
and pRNA 7/11 (2.5 M or 100 ng/ul} was mixed with 3
pl oligos (100 uM) P2, P3, P4, P6, P10, P11, P13, P15,
and P19, respectively, in 15 pi of TMS buffer at room
temperature for 1¢ min. The samples were loaded 10 a
12% native polyacrylamide gel. The gel was stained with
ethidium bremide and photographed.

To test for pRNA-oligo interaction, 2 pl of ¥P-labeled
oligo P4, P10, or P11 (100 pM) was incubated with 1 ul
of pRNA 7/4, 7/10, or 7/11 (3.7 pM) in 15 ul of TMS buffer
at room temperature for 10 min and loaded onto a 10%
native polyacrylamide gel. The gel was autoradio-
graphed.

Assay for the binding of pRNA to procapsids

®H-labeled pRNA 7/11 was used in the procapsid bind-
ing assay in the presence or absence of oligo P8, P11,
or P15. Two microfiters of PHIpRNA 7/11 (3.7 uM) was
mixed with 3 ul of oligo P8, P11, or P15 (100 uM), respec-
tively, and dialyzed on a 0.025-um type V8 filter mem-
brane {Millipcre Corp.) against TBE butfer for 10 min.
Purified procapsid from E. co/f HM3174 (DE3) harbaring
plasmid pAR7-8-10/Nde was added to the mixture of [*H]-
pRNA 7/11 and P8, P11, or P15, After further dialysis
against TBE for 15 min the membranes containing the
mixture of procapsid, PHIpRNA, and P8, P11, or P15 were
then transierred to TMS buffer for 30 min. The reaction
mixture was brought up to a final volume of 100 ul with
TMS and loaded onto a 5—20% sucrose gradient and
then centrifuged in a SW55 rotor at 35,000 rpm for 30 min.
Fractions were collected from the bottom and counted in
a fB-scintillation counter.

Computer prediction of pRNA secondary structure

Both GCG {Genetics Computer Group, Wisconsin) and
GenaWorks (IntelliGenetics, Inc.} programs were used
for RNA and DNA analysis (Devereaux et af, 1984, Glyn-
jas, 1991, Guo et al, 1987c). Secondary structures of

pRNAs were predicted by the method of Zuker (1989)
with the GCG program, and only those structures with
the lowest predicted enargy were selected.

RESULTS
The system for the assay of antisense nucleotides

The entire system consisted of: (a)} recombinant pro-
capsids overproduced in and purified from £ cofi; (b)
purified ¢29 genomic DNA-gp3; (c) purified gp186, which
is a DNA-packaging ATPase; {d) pRNA that was tran-
scribed in vitro with T7 RNA pclymerase; (e) tail proteins
cverproduced in and purified from E. coli; () extracts
cantaining the coexpressed lower collar protein gpl1,
appendage protein gp12, and morphogenic factor gp13;
and {g) reaction buffer containing ATP and Mg?".

To assay the effect of oligos on phage assembly, pRNA
was mixed with individual oligos and dialyzed. The
pRNA/oligo complexes were incubated with purified pro-
capsids. The pRNA-enriched procapsids were then
mixed with purified DNA~gp3, the DNA packaging protein
gp186, and reaction buffer containing ATF 1o package the
$29 genome into the procapsid. The DNA-filled procap-
sids were subsequently converted into infectious virion
after the addition of the neck {gp11 and gp12} and tail
(gp9) proteins and morphogenic factor gp13. Typically,
107 plaque-forming units {pfu)/ml were obtained in the
absence of an antisense oligo (Table 2).

Sequence and secondary structure of the target
pRNAs

Three pRNAs (Fig. 1) pRNAs 7/4, 7/10, and 7/11, were
transcribed in vitro with T7 RNA polymerase on DNA
templates synthesized with PCR primer pairs P7/P4, P7/
P10, and P7/P11, respectively (Zhang et af, 1995). Mutant
pRNAs 7/4 and 7/11 were 120 bases, and pRNA 7/10
was 117 bases, having a deletion of the 3 overhanging
bases at the 3"-end, U,15A,15A:20. In all three pRNAs, the
first base U, at the 5'-end was changed to G, due ¢
the requirement for transcription initiation with T7 RNA
polymerase (Rosenberg et &/, 1987). In pRNAs 7/10 and
7/11, the base A;y; at the 37-end was changed to Cyy7 in
order to maintain the secondary structure of the pRNA
(Reid et al, 1994b; Zhang et &/, 1994). The secandary
structure of pRNAs 7/10 and 7/11 was identical with wild-
type pRNA as predicted by computer felding (Zuker,
1989). In pRNA 7/4, the first base U, at the 6’-end was
changed to G, as described above, while base A7 at
the 3'-end was not modified, resulting in 2 unpaired
bases that change the pRNA secondary structure. Never-
theless, all three pRNAs were biologically as active as
wild-type pRNA in ¢29 DNA packaging and viral assem-
bly as reported previcusly (Zhang et al, 1994, 1995).
These three pRNAs were chosen in this study due to their
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TABLE 2

Inhibition of Viral Assembly by Oligomers

Sense (+) or

Oligomer Antisense {(—) pRNA7/4 pRNAY/10 PRNA7/11
None - 6 x 108 a7 % 108 2.4 % 10°
Pz - o} 4 % 10° 1.1 % 10°
P3 - 0 1.14 x 10° 25 X 10°
P4 - o 296 X 10° 5% 10*
P& — 0 0 C
P - 7 X 108 6.8 x 10° 1.88 x 10°
P10 - 0 0 0
P11 — 29 x 10° 0 0
£13 - 1.88 X 10° 4,26 % 108 1.7 X 10°
P15 - ] 0 0
P17 - 7 x 10° 49 % 10° i.2 x 108
P13 - 3.9 x 10° 42 % 10° 5.8 x 10°
P21 - 8 > 108 2,8 % 108 2 x 10°
P23 - 6.9 x 10° 2.45 % 108 2.1 X108
P7 + 45 x 108 a1 % 10f 2.4 % 108
P8 + 44 x 10° 28 108 7.8 X 108

difference in sequences, variation In computer predicted
secondary structure, and similarity in DNA packaging
activity.

Strong inhibition of viral assembly by oligos targeting
either the 5'- or 3’-ends of the pRNA

It has been previously reported that the 5’- and 3'-
ends of the 120-base viral pRNA are paired, and the
paired ends are crucial for the packaging of bacterie-
phage ¢29 DNA (Zhang et a/, 1994). However, the 3
overhanging bases at the 3'-end are not essential for
pRNA activity (Zhang et a/, 1995). To study the inhibitory
effect of antisense oligos on viral assembly, 15 oligos
were investigated with pRNAs 7/4, 7/10, and 7/11 as
targets (Table 1). The sequence of pRNA 7/10 was identi-
cal with that of pRNA 7/11 with the exception of a 3-
base deletion extending from the 3"-end of the proximate
region {Fig. 1}, and pRNA 7/4 was similar to pRNA 7/11,
although residue A,,; is replaced by C,; in pRNA
7/11 {Fig. 1). Six of the 15 oligos were complementary
(antisense) to the paired 5'/3"-ends. Oligo P15 targeted
the 5-end and the others (P4, P9, P1Q, P11, and P13}
targetaed the 3"-end (Fig. 1). Sense oliges P7 and P8 were
used as controls. Five of the 6 oligos exhibited a strong
inhibitory effect on viral assembly (Table 2). Cligos P10
and P15 completely inhibited the biological activity of all
three pRNAs. P15 contains 17 bases complementary 10
residues 1 through 17 at the 5'-end cf the pRNAs. P10
contains 21 bases complementary to the 3'-end of the
pRNAs, trom residues 96 to 117. P11 and P4 did not
inhibit the activity of all the pRNAs (see below). Oligae P9
containg 17 bases complementary to residues 104-120
and has a 4-base mismatch at residues 114—117 {Table

2). P8 did not inhibit viral assembly, possibly due to this
4-hase mismatch. An interesting finding is that, even with
perfect complementation, P13 had a very weak inhibitory
effect on viral assembly. This oligo complemented the
3'-end of the pRNA at residues 99—115, only 2 bases
away from the essential 3'-end residue 117.

Influence on inhibitory effect by 1-base mismatch of
the antisense oligos

Oliga P11 biocked the activity of pRNAs 7/10 and 7/
11 completely, while cnly partially blocking the activity
of pRNA 7/4 (Table 2). Oligo P4, a 19-mer oligo perfectly
complementary to the 3'-end of pRNA 7/4 irom residues
101 to 120, blocked the activity of pRNA 7/4 completely,
while partially inhibiting the activities of pRNAs 7/10 and
7/11 {Table 2). It ig important 10 note thal there is a 1-
base alteration between pRNAs 7/4 and 7/11, i.e., residue
117 in pRNA 7/11 was a C while in pRNA 7/4 residue
117 is an A, P11 was perfectly complementary to the 3'-
end of pRNA 7/11, while being complementary to pRNA
7/4 with one mismatch. P4 was complementary to the
37-end of pRNA 7/4, while complementary 1o pRNA 7/11
with one mismatch. These results suggest that a 1-base
mismatch could affect the inhibitory effect of antisense
oliges on pRNA activity. However, this t-base mismatch
was not important when the mismatch was placed at the
end of the 21-base oligo. This was demonstrated with
the 21-base olige P10, which inhibited pRNA 7/4 com-
pletely even with a 1-base mismatch at the far 3’-end of
the targeted region (rasidue 117 in pRNA 7/4 was "A”
instead of “C").

Inhibition of viral assembly by oligos targeting
internal regions of the pRNA

Otigo P6, which was complementary to pRNA residues
75 through 91, completely inhibited the activity of three
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FIG. 1. The secondary structure of three pRNAs and the sequence location of 15 antisense oligos. The arrow toward the 3'-end represents a

sense strand and vice versa.

different pRNAs (Table 2). Oligo P18, which paired to
pRNA residues 61 to 77, partially inhibited the activity
of three pRNAs. Oligos P17, P21, and P23, which were
complementary to pRNA residues 21 to 37, 38 to b4, and
65 to 81, respectively, did not affect the biological activity
of the three pRNAS.

Oligos P2 and P3 were complementary to the three
pRNAs from residues 83 to 106 and from 83 to 99, respec-
tively {Table 1), and both oligos inhibited the activity of
pRNA 7/4 compietely. However, P2 did not affect the
biclogical activity of pRNAs 7/10 and 7/11, while P3 par-
tially inhibited the activities of pRNAs 7/10 and 7/11 (Ta-
ble 2). The secondary structure of pRNAs 7/10 and 7/11
differed from that of pRNA 7/4 in that the 5'- and 3'-ends
were unpaired in pRNA 7/4 {(Fig. 1). The unpaired base

at the 5'- and 3"-ends might play a role in the inhibitory
effect of oligos P2 and P3.

Binding of antisense oligos to pRNA

To confirm the binding of oligos to pRNA, *P-labeiled
oligos P4, P10, and P11 were mixed with unlabeled
pRNAs 7/4, 7/10, and 7/11 and loaded to a 12% native
pclyacrylamide gel (Fig. 2A). With UV shadowing or ethid-
ium bromide staining, a slower migration band was ob-
served for each sample when both the pRNA and the
oligo were present {Fig. 2B, lanes 4, 7, and 10). On the
autoradiogram, only the slower migration band was ob-
served when both the pRNA and the cligo were present
(Fig. 2A, lanes 4, 7, and 10). This band was not observed
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FIG. 2. Binding of oligo to pRNA. (A} Autoradiogram of a 10% native
polyacrylamide gel showing the binding of **P-labeled antisense oligos
to pRNA. Lane 1, [®*P]pRNA (124 basaes); lanes 2, 5, and 8, **P-oligo
P4, P10, and P11, respectively, alone; lanes 3, 6, and 9, unlaheled
pRNAs 7/4, 7/10, and 7/11, respectively, alone; lanes 4, 7, and 10,
mixture of individual unlabeled pRNAs with *P-labeled cligos. The
upper thick arrow indicates the bands of pRNA **P-oligo complexes.
The lower thin arrow indicates the bands of pRNA alone. (B) The same
gel as in A but slained with ethidium bromide. The upper thick and
jower thin arrows also indicate the bands described in A

when pRNA (Fig. 2, lanes 3, 6, and 9) or *P-oligos were
loaded alone (Fig. 2, lanes 2, 5, and 8), indicating that the
slower migration bands were the pRNA/cligo complexes.
These results demonstrated that ¥P-labeled oligos P4,
P11, and P10 bound 1o pRNAs. However, with pRNA 7/
10 as a substrate, it was found that oligos P89, P17, P13,
P21, and P23 did not bind to pRNA, white P13 bound to
pRNA weakly (data not shown).

pRNAs 7/4, 7/10, and 7/11 were mixed with unlabeled
cligos in TMS buffer and loaded to a 12% native polyacryl-
amide gel (Fig. 3). With ethidium bromide staining, slow
migration bands were observed for those oligas that par-
tiafly (P2, P3, P4, P11, and P13) or completely (P6, P10,
and P15) inhibited the pRNA function {Table 2). The re-
sults indicated that the mebility of pRNAs, on a native

polyacrylamide gel, was altered when the pRNA was
mixed with an antisense oligo.

Although all three oligos blocked DNA packaging
activity, internal oligo P8 blocked the binding of pRNA
1o the procapsid while terminal oligos P11 and P15
did not

The activity of pRNA 7/11 was tested with the highly
sensitive system (Lee and Guc, 1994) and shown to be
functional in $29 DNA packaging. A titer of 3.7 X 10°
pfu/ml was obtained whean [*HJpRNA 7/11 was used. Viral
assembly in vitro was completely inhibited by oligo P11,
and the inhibitory effect was shown to be at the DNA
packaging step (data not shown). Procapsid binding
assays were further performed to understand the mecha-

| pRNAT/10
PIS | PLI] PIL] PIO | P&

pRNA7/11
FI3 | PLI ] Pio | Ps P

2 3 4 5 6 7T & 9 10

FIG. 3. Nondenatural polyacrylamide gel {12%) analysis of the confor-
mation change of pRNAs bound with antisense oligos. Individuat cligos
were incubated with pRNA 7/10 (upper panel), pRNA 7/4 {middle panel),
and pRNA 7/11 {lower panel) and subjected to electrophoresis. One
additional band with a slower migration rate was visible with cenain
samples.
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FIG. 4. Effect of antisense oligos on the binding of pRNA to procapsids assayed by sucrose gradient. Sedimentation was from right to left. {A)
[PHIpRNA 7/11 mixed with {open square) and without (closed diamond) the presence of procapsid. The [PHIpRNA 7/11 alone remained near the top
of the gradient, while the *HipRNA/procapsid complaxes centered at fraction 26. {B) [*H]pRNA 7/11 mixed with procapsid in the presence {closed
diamond) and absence (open square} of oligo P8. The peak around fraction 26 was absent when P8 was present. (C) [*H]pRNA 7/11 mixed with
procapsid in the presence (open square) and absence {closed diamend) of oligo P15. The peak around fraction 26 was visible either in the presence
or in the absence of P15. (D} PHIpRNA 7/11 mixed with procapsid in the presence (closed diamond) and absence (open square) of olige P11, The
peak around fraction 26 was visible either in the presence or in the absence of P15.

nism of inhibition. In this assay, *H-labeled pRNA 7/11
was incubated with purified procapsids in the presence
or absence of oligos. The mixture was then subjected tc
sucrose gradient sedimentation (Fig. 4). The PH]pRNA
bound 1o procapsids and the pRNA/procapsid complexes
migrated to fractions 24 t¢ 28 in the gradient, while the
PHIpRNA 7/11 alone remained near the top of the gradi-
ent (Fig. 4A). With the addition of oligo P& to the procap-
sid/[*H)pRNA mixture, the pRNA/procapsid complexes at
fractions 24 to 28 were not detected (Fig. 4B), indicating
that P6 blocked the binding of pRNA to the procapsid.
Conversely, when oligo P15 (Fig. 4C) or P11 {Fig. 4D)
was added to the procapsid/PH]pRNA mixture, the
pRNA/procapsid complexes at fractions 24 to 28 were
not affected, suggesting that P11 or P15 did not block
the binding of pRNA to the procapsid but inhibited other

functions related to the packaging of DNA. These results
strongly indicate that the pRNA contained two domains:
an internal domain that is involved in procapsid binding
and a paired 5'- and 3'-proximal damain that is involved
in DNA packaging.

DISCUSSION

The mobility of pRNA, on a native polyacrylamide gel,
was altered when the pRNA was mixed with an antisense
oligo. The binding of an oligo to pRNA resulted in the
formation of a pRNA/oligo complex with a slower migra-
tion rate in native polyacrylamide gels and is therefore
detected by a band shift (Fig. 3 and see above). As men-
tioned above, oligos P6, P10, P11, and P15 completely
inhibited the activity of pRNA 7/10, while oligos P4 and
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P13 caused partial inhibition. A proncunced band shift
was clearly detected when pRNA 7/1C was mixed with
Pe, P10, P11, or P16 {Fig. 3, upper panel, lanes 1, 3, 4,
and 5). In the absence of an oligo, or in the presence of
P4 and P13, band shifting was detected but was not as
significant as that produced by P8, P10, P11, or P15 (Fig.
3, upper panel, lanes 2, 6, and 7). Oligo sequence lengths
(17 to 24 bases) were only 14 to 20% of the length of the
pRNAs. The substantial change of migration rate due to
the addition of a small oligo is specuiated to be due to
a conformational change of pRNA by oligo binding. In
addition, alignment of bands showed that different mobil-
ity existed in the same pRNA bound by different cligos.
This suggested that antisense cligos targeting different
residues of the pRNA may cause different conformationat
changes and thus differ in migration rate.

Using antisense cligos in conjunction with a pRNA
binding assay and a highly sensitive viral assembly
assay allowed further characterization of the functional
dornains of pRNAs. i1 was shown that while some anti-
sense oligos completely inhibited pRNA activity, other
antisense oligos had partial or no inhibitory effect (Table
2). Such a range of inhibitory effects on pRNA activity is
speculated to be due te the binding of antisense cligos
to proposed essential or nonessential domains of
pRNAs. Our results suggest that the pRNA contains at
least two domains: an internal procapsid binding domain
and a paired &"- and 3'-proximal domain involved in DNA
packaging. It has been shown, by RNA footprinting and
mutagenesis studies, that the pRNA contains a procapsid
binding region at nuclectides 22—-84 (Reid et al., 1994b).
Our results showed that oligo P&, targeting residues 74
through 91, inhibits prohead binding and therefore inhib-
its DNA packaging, although oligos P17, P21, and P23,
targeting residues 21—37, 38—54, and 65-81, respec-
tively, did not inhibit DNA packaging.

inhibition of DNA packaging by the various antisense
oligos provides valuable information on the structure/
function of pRNA. Oligos P9, P17, P19, P21, and P23 did
not bind white P13 partially bound to pRNA 7/10. The
resuits of binding were correlated to those of the inhibi-
tion assay presented in Table 2. The lack of hinding and
inhibiticn suggests the possibility that the pRNA se-
guences complementary to these oligos are buried inter-
nally in the RNA. it further suggests that antisense oliges
could be used to probe RNA tertiary structure,

In summary, we have constructed a system that is
highly efficient and sensitive for the assay of antisense
oligos. This system will be very useful for those who
are interested in investigating the effect of the chemical
modification of RNA related 1o antisense RNA stability
and binding affinity. For example, chemically modified
bases can be incorporated into P8, P11, and P15, Their
inhibitory effect could be analyzed by the titration of

plagues produced from this /n witro viral assembly
system,
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