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A viral-encoded 120-base pRNA has heen shown to have an essential role in the packaging of bacteriophage #2% DNA.
The finding that both the B'- and 3'-termini of the pRNA are proximate and crucial for biclogical function (C. Zhang, C. Lee,
and P. Guo, 1994, Virology, 201, 77—-85) prompted investigation of the activity of circularly permuted pRNAs (cpRNA) and
of the expandabifity and essentiality of bases extending from the termini. A 117-base pRNA with a deletion of three bases
downstream of the proximal terminus was active in DNA packaging. Concatemeric DNAs containing two tandem pRNA
genes separated by & short or a long loop sequence were constructed. The cpRNAs from these DNA templates were
transcribed in vitro and shown to he active in (2% DNA packaging, with activity comparable to the parental {noncircularly
permuted) pRNA, indicating that neither of the loops tested affected the activity and folding of the cpRNA. As few as four
bases were sufficient 10 serve as o loop for the terminal 180° turn, and a loop as long as 27 bases did not affect the cpRNA
structure and function. Eight cpRNAs were constructed to assess the effect of openings within the wild-type pRNA structure.
Opening of the bulge at residue 38 did not affect ¢cpRNA activity, but opening the bulge at residue 55 greatly reduced it.
Although the sequence of the 5’,3"-terminal loop wasg not important for the folding and activity of the cpRNA, the activities
of cpRNAs with openings at individual buiges or hairpins were different, indicating that each region plays a different role
in pRANA folding and function. Qur results indicate that itis possible to generate active circularly permuted pRNA by assigning
internal sites of the pRNA as new 3’- and 5'-termini. The creation of new variable ends makes the labeling of internal bases

cf the pRNA molecule possible and will facilitate the analysis of pRNA secondary and tertiary structure.

Press, nc.

INTRODUCTION

Common features have been found in the assembly of
~ the dsDNA viruses, including adenovirus, herpesvirus,
poxvirus, bacteriophages T1, T2, T4, Tb, T7, P1, P2, P22,
M, 21, $29, SPO1, SPP1, A and their relatives (For
review see Anderson and Bodley, 1990; Anderson and
Reilly, 1993; Earnshaw and Casjens, 1980; Black, 1989,
Bazinet and King, 1985; Guo, 1994; Guc and Trottier,
1984). Bacteriophage ¢29 of Bacillus subtilis is typical
of dsDNA viruses in that its genome is inserted into a
preformed procapsid during maturation (Bjornsti et al,
1981; Guo et al, 1986, 1993). The viral enceded 120-base
pRNA ("p” for packaging) of 29 has been shown to have
a novel and essential role in the DNA packaging process
of this phage {Guo et af, 1987b). The pRNA is transcribed
from the left end of the ¢29 genome (i.e., the end that is
packaged first) {Guo st 8/, 1987b), binds to procapsids
at the portal vertex (Guo et al, 1987a), the site where
DNA enters the procapsid, and is released from the por-
tal vertex after DNA-packaging is complete. The procap-
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sid binding domain of the pRNA has been identified {Raid
et al, 1994b). Recent evidence has shown that mutagen-
esis of as few as 2 bases at the b’-end can reduce the
pRNA activity 10%fold, and a 4-base mutation at the &'-
end renders the molecule inactive {(Zhang et al, 1994),
The 5'- and the 3’-ends have beep proven to be proxi-
mate and compose one demain crucial for DNA packag-
ing {Zhang et a/, 1994).

Currenily, the exact rote of this pRNA in DNA packag-
ing is unclear. Bacteriophage ¢29 is an ideal systemn to
study such an intriguing molecule due 1o the availability
of an efficient, defined in vitro packaging system (Guo et
al, 1986} as well as a highly sensitive system for the
assay of pRNA activity (Lee and Guo, 1994). The assem-
bly of infectious ¢29 virions in vitro with pratein compo-
nents produced from cloned genes {Guo et 8/, 1991a,b;
Lee and Guo, 1994) and with pRNA transcribed in vitro
(Reid et al. 1994b; Zhang et af, 1994} greatly facilitates
the study of pRNA

A detailed picture of pRNA function invelves the sofu-
tion of its structure and the determination of its specific
interactions. The secondary structure of the pRNA has
been proposed (Bailey et a/, 1980} However, a defined
tertiary structure has not been elucidated, although evi-
dence for a pseudoknot structure has been reported
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TABLE 1
PCR Primers

Size Primer location Primer

nRNA Direction Cligonucleotice {bases) at pRNA name
cpRNA38 Forward 5 2ATTTAGGTGACACTATAGGGATTAAACCCTGATT 3/ 34 38-54 P38
Reverse 5" CAACATACACATGACAA 3’ : 17 37-21 P37

cpRNABS Forward 5" *ATTTAGGTGACACTATAGAGTTCAGCCCACATAC 3' 34 55-71 ’ P55
Reverse 5" AATCAGGGTTTAATCCC 3’ 17 54-38 P54

cpRNA78 Forward 5" SATTTAGGTGACACTATAGATTGGTTGTCAATCAT 3' 34 78-94 P78
Reverse 5" AACAAAGTATGTGGGCT 3' 17 77-61 P77

cpRNAS2 Forward 5" *ATTTAGGTGACACTATAGGTTGTCAATCATGGCA 3 34 82-98 Pgz2
Reverse 5" AATCAACAAAGTATGTG 3° 17 81-65 P81
pRMATG Forward B *TAATACGACTCACTATAGCAATGGT ¥ 25 1-8 P7
Reverse 5' GCAAAGTAGCGTGCACTITTIG 3° 21 117-96 P10
pRNA7/11 Reverse 5 TTAGCAAAGTAGCGTGCACTTITG 37 24 120-96 P11
pRNAS/10 Forward 5" *TAATACGACTCACTATAGGGGTGGTAC 3° 27 1-10 P8
pRNA19/M1 Forward 5 AAAGGAATGGTACGGTACTT 3 20 1-17 P18

? 8Pg promoter.
®T, promoter.

{Reid et a/, 1994b). Pinpointing specific interactions of
this molecule is limited by the abiiity to umiquely label
only the 5'- and 3'-ends with radioactivity or photoaffinity
agents.

Utitizing 5'- 1o 3'-end ligation, Pan et al {1931) were
able to construct circular tRNA which was subsequently
cleaved by limited alkaline hydrolysis tc generate one
random break per molecule. Carrectly folded tRNAs have
been identified by lead-catalyzed cleavage at neutral pH
(Pan et al, 1991). More recently, Nolan et /. (1993) re-
ported the mapping of tRNA binding sites on RNass P
by specific photoaffinity probes of tRNAs with native 5'-
and 3'-ends linked by a syntheatic loop and new termini
in the interior of the native sequence (Nalan et af,, 1993).
The feasibility of constructing circularly permuted RNAs
rests on the close proximity of the native RNA 5'- and
3'-ends. The ¢29 pRNA has such proximal 5'- and 3'-
ends (Zhang et al,, 1994), hence a series of pRNA mole-
cules with circular permutations were constructed. This
repart indicates that biclogically active circularly per-
muted cpRNAs can be produced by in vitro synthesis with
5Ps RNA polymerase and concatemeric DNA substrates.

MATERIALS AND METHODS

Oligonucleotides

Thirteen oligonucleatides were used as PCR primers
to amplify DNA fragments for synthesis of pRNAs in this
study (Table 1). Primer P7 and P8 contain the T; promoter
and primer P38, PbB, P78, and P82 contain the SPg pro-
moter.

Synthesis of mutant pRNAs

Mutant pRNAs were constructed as described pre-
viously (Zhang et al. 1994). Briefly, linear plasmid DNAs

were used as templates to generate PCR DNA fragments
{Guo et af, 1994, Scholz et al, 19985) with primer pairs
P7/P11, P7/P10, P8/P10, and P8/P11 (Table 1), respec-
tively. The purified PCR DNA fragments were used as
templates 1o synthesize pRNA 7/11, 7/10, 8/10, and 8/
11, respectively, by in vitro transcription with T; RNA
polymerase (Milligan et a/, 1987; Rosenberg &f &/, 1987).
The pRNA from PCR template produced with primer pairs
P7 and P11 was called mutant pRNA7/11, and other
pRNAs derived from different primer pairs were named
in a similar fashion. Mutant pRNA7/174 was transcribed
from PCR DNA fragment produced with primer pairg P7/
P174 on pRT71 template (Reid ef al, 1994a), with an
additional digestion of the PCR fragment with Bg/ll before
transcription.

Construction of plasmid cpDNA3A and cpDNAT,

To generate plasmid cpDNAT,, a PCR DNA fragment
was produced with primer pair P7/P11, using linear-
ized plasmid pRT71 as a template. The amplified frag-
ments were separated in 2%-equivalent agarose/syn-
ergel and purified by Qiaex {Qiagen), phospherylated
with T4 pofynucleotide kinase, and subsequently repu-
rified by Qiaex. The PCR fragment was then cloned
into plasmid pRT71. Cloning was achieved by digesting
pRT71 with Bg/ll, converting the sticky ends to blunt
ends by treatment with Mung bean nuclease, and treat-
ing the blunt ends with alkaline phosphatase prior to
ligation. The resuiting plasmid, cpDNAT,, contained
two pRNA genes separated by a T, promoter. Construc-
tion of plasmid cpDNA3A was accomplished with the
same strategy as in the construction of plasmid
cpDNAT,, except the use of primer pair P19/P11 in-
stead of P7/P11. The presence of the tandem pRNA
gene was confirmed by DNA sequencing.
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A. Tandem DNA Template ¢pDNA3A
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FIG. 1. Construction of tandem DNA templates for the synthesis of cpRNAs. Plasmids cpDNA3A (1) and cpDNAT, (1) containing a tandem pRNA
coding sequence were connecled by 3- or 17-nuclectide synthetic loops, respectively. Four forward primers P38, PB5, P78, and P82, which consisted
of a 8P promoter {17-nucleotide) followed by residues 38-54, 55-71, 7894, and 82-98 of the pRNA gene, and four reverse primers complementary
to residues 37-21, 64-38, 77-59, and 81-65 of the pRNA gene were used to generate PCR fragments. The PCR DNA fragments ware directly
used as templates for in vitro transcription with 8P; RNA polymerase. Four ¢cpRNAs, cpRNA3A-38, cpRNA3A-65, cpRNA3A-78, and cpRNA3A-82,
were generated from the DNA template cpDNA3A, Four other cpRNAS, cpRNAT,-38, cpRNAT,-55, cpRNAT-78, and cpRNAT,-82, were synthesized

from the DNA tempiate cpDNAT,.

Synthesis of cpRNAs

Linear plasmids containing cpDNA3A and cpDNAT,
were used as templates for the production of PCR
DNA fragments with primer pairs P38/P37, P55/P54,
P78/P77, and P82/P81 (Table 1}, respectively. The
purified PCR DNA fragments were used as ‘tem-
plates to synthesize cpRNAs by in vitro transcrip-
tion with SPg,RNA polymerase. Circularly permuted
pRNAs, cpRNA3SA-38, cpRNA3A-55, cpRNA3A-78, and
cpRNA3A-82, were derived from the DNA template
cpDNASA (Fig. 1-1} containing the tandem RNA gene
coding for parental pRNA pMbn (Zhang et af, 1894).
Circularly permuted pRNAs, cpRNAT;-38, cpRNAT,-
56, cpRNAT,-78, and cpRNAT,-82, were derived from
the DNA template, cpDNAT, (Fig. 1-11}, centaining the

tandem RNA gene coding for parental pRNAP7/174.
The pRNA from the PCR DNA fragment produced with
primer pairs P38 and P37 on ¢cpDNA3A template was
called cpRNA3A-38, additional pRNAs were named in
a similar manner.

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

The purification of gp16 {Guo ef al, 1386} and DNA-
gp3 (Lee and Guo, 1994) has been described previcusly.
Procapsids were overproduced and purified from Esche-
richia coli with a procedurs derived from previously re-
ported methods {Guo and Moss, 1990; Guo et al
1991a,b).



ROLE OF VIRAL pRNA IN PACKAGING OF BACTERIOPHAGE ¢29 DNA 445

RNA activity assay with the ¢29 assembly system

The construction of the highly sensitive $¢29 assembly
system has been reporied (Lee and Guo, 1994). Briefly,
extracts were prepared from E. co/i HMS174 (DE3Y/plLysS
containing plasmid pAR8.5-9 and pAR11-12-13-14, Over-
night cultures of these bacteria were diluted 1:100 in
LB broth containing 50 pg/ml ampicillin and 25 ug/ml
chioramphenicol. The diluted cultures were grown for 3
hr at 37° and the T, promoter in the plasmids was in-
duced with IPTG at a final concentration of 0.5 mAM. After
incubating for another 3 hr at 37°, the cells were sedi-
mented and resuspended in reaction buffer {10 mM ATP,
6 mM spermidine, 3 mM g-mercaptoethanol, 50 mM
Tris—ClI, pH 7.8, 10 mM MgCl,, and 100 mA4 NaCl) equal
to 1/50 of original culture volume. A single freeze—thaw
step lysed the suspended bacteria, as they contained
lysozyme produced by the plasmid plysS. These lysed
extracts were used for biological assay of phage assem-
bly (see below).

To attach the pRNA to procapsids, 5 ul of purified
procapsids were mixed with 1 ul pRNA (0.15 mg/mi) and
dialyzed on a 0.025-um type VS filter membrane (Milli-
pore Corp.) against TBE (89 mM Tris—HCI, pH 8.3, 89
mM beric acid, 2.5 mM EDTA) for 16 min at ambient
temperature and then against TMS for 30 min at ambient
temperature. To package DNA-gp3, the pRNA-enriched
procapsids were mixed with 3 pl reaction buffer, 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 0.01 M Tris—-Cl, pH
7.5, and 0.04 M KCl for 40 min on ice {Guo et af, 1988).
The final mixture was then incubated for 30 min at ambi-
ent temperature.

The DNAAfilled procapsids were incubated with 18 ul
of extract from £ coli HMS174(DE3)/pLysS containing
plasmid pAR8.5-9 and 20 ul of extract from E. coli
HMS174(DE3})/pLysS containing plasmid pAR11-12-13-
14 for 2 hr at ambignt temperature.

The activity of each RNA reported in this paper was
measured by the number of plague forming units per
milliliter produced when the RNAs were used in the
above assay. No experimental attempt was made to dis-
tinguish each RNAs procapsid binding ability from DNA-
packaging function, etc. The activity is based solely on
the number ot plaques preduced, in comparison to a
control pRNA. RNA molecules which produced fewer
PFU/mI than the control RNA, when used in the plaque
forming assay, were said to have reduced activity.

Computer prediction of pRNA and cpRNA secondary
structure

Secondary structures for the pRNAs and cpRNAS were
predicted by the method of Zuker (1988) with the GCG
program (Wisconsin), and only those structures with the
lowest predicted energy were selected.

RESULTS

Mutagenesis of the 5'/3’ proximal region of the
pRNA

Our previous work demonstrated that the 5'- and 3'-
ends of the pRNA are proximate, and the 5/3’ proximal
region is crucial for ¢29 DNA packaging (Zhang et al,
1994). The pRNA secondary structure prediction reveals
three additional unpaired bases, Ui1s8110A0. €Xtending
from the 3'-end of the paired region {Fig. 2). To construct
circularly permuted pRNAs and design a loop cennecting
the 5'- and the 3'-ends, it was critical to determing if
these three bases beyond the 6°/3" proximal region were
essential for pRNA function.

Mutants pRNA 7/11, 7/10, 8/10, 8/11, and 7/174 were
synthesized by in vitro transcription with T; RNA polymer-
ase and PCR DNA fragments, containing pRNA coding
sequences, as templates. The biological activities of five
mutant pRNAs were tested by a defined in vitro DNA
packaging system {data nct shown} and a highly sensi-
five phage assembly systemn {Lee and Guo, 1994). With
mutant pRNA 7/11, the first base, U,, at the 5"-end was
changed to G,, and the carresponding base at the 3'-
end was changed from A,,; to the complementary base,
C,7 (Fig. 2). Mutation of this base pair at the proximal
regicn resultad in a pRNA with activity similar to cantrol
pRNA7/4 {Fig. 2).

The sequence of pRNA 7/10 was identical to pRNA
7/11 with the exception of the deletion of three bases
extending from the 3'-end of the proxima! region {Fig. 2).
This 117-base pRNA was as active as the positive control
pRNA 7/4 in phage assembly, indicating that the three
bases beyond the proximal region are not essential
(Fig. 2).

Mutations were further introduced into the 5'/3' proxi-
mal region by the construction of pRNA8/11 (120-base)
and pRNA8B/10 (117-base). In comparison to pRNA7/11
and pRNA7/10, three additicnal base mutations, CAA,
1o GGG, were introduced into pRNAB/11 and pRNAS/
10 (Fig. 2). These additional mutations resuited in twec
mutant pRNAs with no detectable activity in phage as-
sembly (Fig. 2), supporting our previous conclusion that
the 3'/5" proximal region is crucial for viral DNA packag-
ing and that the pRNA is highly specific.

Mutant pRNA7/174 was 124 bases in length and idenii-
cal to pRT71 (Reid et 8/, 1994a), which has been shown
to be fully active in viral DNA packaging (Zhang et al,
1994}, except for the change of base G, 10 Cpig. One
additional base mutation at this location resulted in a
mutant pRNA with DNA-packaging activity reduced 10°
fold in comparison to pRNA 7/11 {Figs. 2 and 3), again
supporting our previous conclusion regarding the speci-
ficity of the pRNA and the necessity for the proximal 3'/
5’ ends.
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FIG. 2. The modification, secondary structure, and biological activity of five mutant pRNAs.

Synthesis of cpRNAs active in ¢29 DNA packaging

As mentioned previously in this paper, the activity
of mutant pRNA7/174 was reduced 10%*-fold, and as
reported previously (Zhang et a/,, 1994), mutant pMbn
was fully active in ¢29 DNA packaging. These two
molecules were used as template pRNA genes for the
construction of circularly permuted pRNA and for the
analysis of factors affecting cpRNA activity. The fully
active pMbn was selected for the identification of
cpRNAs with reduced activity, paying particular atten-
tion to bulge or loop structures within the pRNA. The
partially active mutant pRNA7/174 was selected for
testing whether the connecting lcop sequences can
improve the cpRNA activity.

The sequences of DNA tempiates cpDNA3A and

cpDNAT;, containing tandem pRNA coding se-
quences, were confirmed by DNA sequencing hefore
analysis of pRNA activity. Four cpRNAs, cpRNA3A-38,
cpRNA3A-55, cpRNA3A-78, and cpRNA3A-82, were
synthesized by in vitro transcription with SPg RNA
polymerase and PCR fragments from the tandem DNA
template, cpDNA3A (Fig. 1-1), with primer pairs of P38/
P37, PbEb/P54, P78/P77, and P82/P81, respectively.
The size of each of these four cpRNAs was 121 bases,
which included 120 hases from mutant pMbn and ¢ne
additional base A. The additional A, together with the
three nonessential bases U, gA 1A;2 extending from
the 5'/3' proximal region, served as a loop in the
cpRNA, connecting the original 5'- and 3'-ends of
pRNA. Of the four cpRNAs tested, cpRNA3A-38 was
unique in that it possessed full biological activity, as
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FIG. 3. The biological activity and secondary structure of the cpRNAs. The left column shows the cpRNAs from the plasmid cpDNA 3A, and the

right column shows the cpRNAs frem the plasmid cpDNAT;. Each cpRNA pair in the same row as produced with the same primer pair, but with
a different cpDNA template.
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TABLE 2

Activity Assay of cpRNA in ¢2% Assembly
with the Sensitive System

Tadem DNA PFU/ml
template cpRNAS n=27°
CcpDNA-T; cpRNAT,-38 3.4 x 10°
CcpRNAT,;-65 40
cpRNAT,-78 2.8 X 107
cpRNAT,-82 40
cpDNA-3A cpRNA3A-38 35 % 107
cpRNA3AG5 36 % 10
CPRNA3A-78 5 x 10°
coRNA3A-82 37 x 108

n, number of experiments.

compared to the parental pRNA7/174 (Table 2). The
other three cpRNAs had greatly reduced activities,
ranging from an almost 10-fold reduction to 10%fold,
depending upon where the new 5" and 3' termini were
located (Table 2) (Fig. 3). The 5'/3" loop of the cpRNA
in this group consisted of 4 bases. The fact that one
of the cpRNAs, cpRNA3A-38, was as active as its pa-
rental pRNA, pMbn (Fig. 3), indicates that the loop
has na disruptive effect in pRNA activity, and that it
is possible to construct cpRNA with full biological
activity.

Ancther four cpRNAs, cpRNAT.,-38, opRNAT;-55,
cpRNAT>-78, and cpRNAT-82 {Fig. 3), were synthesized
by in vitro transcription with SPs RNA polymerase and
PCR fragments irom the tandem DNA template cpDNAT,
(Fig. 1-1l). These four cpRNAs were transcribed using
DNA templates generated with primar pairs P38/P37,
Po65/P54, P78/P77, and P82/P81 (Table 1), respectively.
The size of each of these four cpRNAs was 135 bases,
which included 118 base pairs of pRNA coding sequence
and 17 base pairs of T, promoter coding sequence, which
was used to create a loop to connect the 5'- and 37-
ends of coRNA. The /3" loop of the cpRNA in this group
was 27 bases long (Fig. 1-ll). The parental pRNA for this
group was pRNA7/174 with the deletion of two nonessen-
tial bases, Ajshya, extending from the 5'/3" proximal
region. Cne of these cpRNAs, cpRNAT;-38, had hiological
activity that was comparable to the parental pRNA {Fig.
3), suggesting that the 27-base locp had no deleterious
effect on the folding or activity of the RNA, The other
three cpRNAs, however, had significantly reduced activi-
ties (Table 2}, ranging from a 10 to a 100-fold reduction,
depending upon where the new 5 and 3’ termini were
focated.

Activity assay of cpRNAs with new termini to assess
the structure and function of pRNA bulges and
hairpins

Bulged nuclectides might play a role in ribozyme func-
tion {Schroeder et a/, 1991). The cpRNAs were designed

S0 as 1o create new termini at different bulges or hairpins
to a58ess the importance of these regions in pRNA struc-
ture and function. The secondary structure of eight
cpRNAs was predicted by the method of Zuker (1989}
(Fig. 3). The group of cpRNAs from the cpDNA3A tem-
plate were predicted to contain a small 5'/3" loop of four
bases. The group of cpRNAs from the cpDNAT; template
were predicted to contain a large 5'/3’ loop of 27 bases.
The predicted secondary structures of the cpRNAs dif-
fered at the sites of the new &' and 3’ termini, as can
be seen, for example, by comparing cpRNA3A-38 and
cpRNAS3A-78. {Fig. 3}. Changing the 5'/3" loop, however,
did not appear to alter the folding of the cpRNAs. For
instance, cpRNA3A-38 has dn identical predicted sec-
ondary structure as cpRNAT;-38, with the exception of
the loop. The similarity and variation in secondary struc-
ture was concomitant with the biclogical activity of the
cpRNAs as described below.

The biological activities of eight different cpRNAS were
assayed with the 29 assembly system (Table 2 and Fig.
4). In the cpDNA3A group, the cpRNA with highast activ-
ity. cPRNA3A-38, was as active as, but not better than,
its parental pRNA pMbn (Fig. 4A). The activity of the
cpRNA3A-b6 was 10°fold lower than that of the
cpRNA3A-38. In this group, the order ot activity, sequen-
tially, from highest to lowest activily, was CpRNA3A-
38 — cpRNA3A-78 — CcpRNA3A-82 — cpRNA3A-55.
Similarly, in the cpDNAT, group, the cpRNA with highest
activity, cpRNAT,-38, was as active as, but not better
than, its parental pRNA P7/174 (Fig. 4B). In this group,
the order of activity, sequentially, from highest to lowest
activity, was cpRNAT;-38 — cpRNAT;-78 — cpRNAT,-82
= CpRNAT;-B5. As can be seen, there is perfect
agreement between the two groups with respect to the
order of activity, indicating that the opening of the bulge
at residue 38 did not affect the pRNA activity, but opening
cf the bulge at residue 55 greatly reduced the pRNA
activity.

DISCUSSION

fn the construction of circularly permuted RNA, the
first consideration is the sequence of the loop con-
necting the 5'- and 3'-ends. We have used A/T rich
sequences for this purpose to reduce the potentiat of
forming alternative secondary structures. The phage
T, promoter was suitable for serving as a connecting
lcop due to its high A/T content and the potential of
DNA strand separation for the binding of transcription
factors during the initiation of mRNA polymerization.
Our results show that for ¢29 cpRNAs, the predicted
folding was not deletericusly affected when either a
loop of 4 or 27 bases was used tc connect the natural
5" and 3' termini. The fact that in each group, the
presence of ane of the cpRNAs vielding a plague titer
as high as its parental pRNA suggests that neither
loop hindered cpRNA activity.
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FIG. 4. Log/log plot of cpRNA activities with plague farming units per miltiliter obtained in the highly sensitive ¢29 assembly assay as a function
of ng/ml cpRNA, In vitro 29 assembly was performed and varying concentrations of cpRNA from the templates of cpDNA3A (A) and cpDNAT; (B),

respectively, were tested.

Although all cpRNAs reported here were active in
$29 DNA packaging, the activity varied with the loca-
tion of new termini. Our results show that the opening
of a bulge at a certain location could change the fold-
ing of the cpRNA and concoemitantly reduce the activ-
ity of the cpRNA. The fact that all cpRNA molecules
vielded plaques when tested in the plague-forming
assay, regardless of the varying reduction in titer, in-
dicates that in the ¢cpRNA population, there was a
certain number of cpRNA molecules with a folding
that was comparable to wild-type pRNA, and a certain
number of cpRNA molecules which were misfolded.
This is not strprising since each RNA molecule can
fold into several forms with variable energy (Cech et
al, 1983; Zuker, 1989). Although the folding with the
lowest energy is the most stable one, the active RNA
molecule is not necessarily the one with the lowest
folding energy (H. L. Weith, personal communica-
tions). Due to the variation of ¢cpRNA activity, it is
necessary to test the biolegical activity of each cpRNA
before the use of these cpRNA for labeling or modifi-
cation in the analysis of pRNA tertiary structure. The
$29 assembly system provides an ideal system for
such an assay of cpRNA activity.

Several cpRNAs were synthesized in order to assess
the effects of the location of the new termini on RNA
activity. Two sets of cpRNAs were constructed, one with
a5'/3' connecting loop of 4 bases, one with & connecting
loop of 27 bases (Fig. 3). Because in each set, there was
one ¢cpRNA molecule which showed an activity that was
comparable to the parental RNA for that set, it was con-
cluded that the 5'/3" lcop, whether 4 or 27 bases long,
had no negative effect on ¢29 pRNA folding or function.

This result seems reasonable since the 5’ and 3’ termini
of the wild-type molecule are proximate {which facilitates
circle formation (Nolan et ai., 1993)) and because the 3’
extended bases, 118-120, of the pRNA are dispensable
(Fig. 2).

Within each set of cpRNAS, it was alsc cbserved that
the activity of each RNA varied drastically depending on
where the new 6’ and 3’ termini were located. For exam-
ple, when an opening was made between bases 37 and
38 of the molecule, the RNA had an activity that was
similar to its parental RNA, indicating that an opening in
the molecule at this site had no disruptive effect on pRNA
activity (Fig. 3). This result may be of concern since
RNase footprinting studies have localized a procapsid
binding region of the pRNA to residues 22—84 (Reid et
al, 1994a), and the opening at residue 38 is within this
binding region. However, RNase V1 footprinting studies
have shown an enhanced cleavage at residues 37-40
of the molecule when the pRNA is bound to the procapsid
(Reid et al, 1994a), indicating that this region of the mole-
cule is éxposed 10 solution and not interacting with the
procapsid.

A second opening was positioned between resi-.
dues 54 and 55, disrupting a bulge and a stem loap
structure, according to the secondary structure pre-
diction (Fig. 3). The cpRNAs with 5'/3" termini at this
location had a greatly reduced activity in the phage
assembly assay. Reid et a/. {1994a) have shown that
residues 51-82 are protected from RNase T1 when
pRNA is bound to procapsids. It was also observed
that pRNAs with mutations in residues 54-5%7 com-
peted poorly with wild-type pRNA for procapsid bind-
ing (Reid et al, 1994b). One explanation for the se-
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verely reduced activity of these cpRNAs may be that
the opening between residues 54 and 55 disrupted
the folding of the molecule so as to lessen its affinity
for procapsid binding.

The last two cpRNAs had openings located in the
stem—loop structure at the bottom of the molecule (as
pictured in Fig. 3). The opening between residues 77
and 78 was located in the stem of the stem loop, and
led to a 10-fold reduction in RNA activity. As can be
seen in Fig. 3, this opening does not alter the second-
ary structure drastically, which may be the reascn
for the RNAs comparatively low reduction in activity.
However, a structural alteration is evident and it is
located in the procapsid-protected region of the pRNA
{Reid et a/, 1994a). Opening at this regicn might affect
the procapsid binding efficiency and might account
for the 10-fold reduction in activity. A fourth 5" and 3’

termini location, positioned between residues 81 and

82, produced RNA with a 100-fold reduction in activity
(Fig. 3). The activity of these RNAs is considerably
lower than the activity of RNAs with openings be-
tween residues 77 and 78 {just four bases away). Re-
cent studies {Reid er a/, 1994¢) have provided eavi-
dence for a pseudoknot structure in the pRNA which
forms by the base-pairing of residues 45, 46, 47, and
48 with residues 85, 84, 83, and 82, respectively. It
was shown that the complementarity of these bases
is critical for pRNA activity, and thus any modification
of the structure at or around this region might cause
the change of pRNA secondary structure that might
affect the procapsid binding activity.

With the synthesis of hiclcgically active ¢29 cpRNA,
the analysis of specific interactions of unigue interna!
bases of the pRNA with components of the ¢29 DNA
packaging complex is now possible. By labeling the
new termini with 8- or 3'-end photoaffinity cross-
linking agents, specific interactions of the modified
bases with protein, DNA, or RNA can be elucidated
{Nolan et a/, 1993). The goal of our research is 10
determine the overall tertiary structure of the ¢?29
pRNA and 1o ascertain the molecule’s specific role in
DNA-packaging.
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