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Single-stranded RNA (ssRNA) bacteriophages of the family Leviviridae infect gram-negative bacteria. They
are restricted to a single host genus. Phage PRRI1 is an exception, having a broad host range due to the
promiscuity of the receptor encoded by the IncP plasmid. Here we report the complete genome sequence of
PRRI1. Three proteins homologous with those of other ssSRNA phages, i.e., maturation, coat, and replicase
proteins, were identified. A fourth protein has a lysis function. Comparison of PRR1 with other members of the
Leviviridae family places PRR1 in the genus Levivirus with some characteristics more similar to those of

members of the genus Allolevivirus.

The discovery of single-stranded RNA (ssRNA) phages
dates back to the early 1960s, when Tim Loeb and Norton
Zinder identified male-specific coliphages in New York sewage
(35). Characterization of these viruses has helped the under-
standing of RNA virus replication, translation, virus assembly,
and protein-RNA interactions. All ssRNA phages that have
been isolated so far are icosahedral (diameter, ~270 nm) and
adsorb to the pili of gram-negative bacteria. These phages
form the family Leviviridae, which has two genera, Levivirus
and Allolevivirus. Leviviruses contain a genome of ~3,500 nu-
cleotides (nt), with genes encoding replicase, coat, and matu-
ration proteins and a protein with lysis function, and phage
MS?2 is representative of leviviruses. Alloleviviruses have a
genome of ~4,200 nt. The prototype virus for this genus is Q,
and the major difference compared to leviviruses is the pres-
ence of an additional read-through gene. The complete ge-
nome sequences of 11 Leviviridae phages have been deposited
in GenBank (http://www.ncbi.nlm.nih.gov; 10 March 2006).
Phages MX1 and SP were not included here, since they are
identical to QB and FI, respectively.

The ssRNA phage PRR1 was isolated in Michigan in the
early 1970s (21). PRRI1 is unique because it adsorbs to a pilus
encoded by broad-host-range incompatibility group P plas-
mids, thus extending the host range of PRR1 to a number of
gram-negative bacteria (22). Herein, the genome sequence of
PRR1, along with comparisons to other ssRNA phages, is
reported.

PRRI1 was propagated in Pseudomonas aeruginosa PAO1
(12). Virus particles were purified as described previously (3)
and concentrated by differential centrifugation. The genomic
RNA was isolated by two successive phenol extractions fol-
lowed by ethanol precipitation. cDNA was generated (nt re-
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gion 30 to 3519) using random hexamers and Thermoscript
reverse transcriptase (Pharmacia), amplified by PCR with
Dynazyme (Finnzymes), and inserted into plasmid pDrive,
which was transferred to Escherichia coli K-12 Ez (QIAGEN).
The termini were captured by rapid amplification of cDNA
ends methodology (25) using terminal transferase (Finnzymes).
Both strands from several overlapping clones were sequenced.
The start codon of the putative lysis protein was changed to
AUG, and the gene (nt region 1780 to 1944) was inserted into
plasmid pJJ2 (20), which was transferred to E. coli BL21(DE3)
pLysS (Novagen).

The genome sequence of PRR1 (3,573 nt) allowed the
identification (BLAST) (2) of four genes (Fig. 1A) orga-
nized similarly to members of the genus Levivirus. The over-
all nt sequence similarity to other ssRNA phage genomes
ranged from 43% to 48%. The unweighted-pair group method
using average linkages (UPGMA) tree of the entire genomes
of sequenced ssRNA phages (Fig. 1B) positions PRR1 and
AP205 outside of the allolevivirus Qf and levivirus MS2
clusters, indicating broad sequence variability among ssRNA
phages.

To confirm the putative lysis gene location, nt region 1780
to 1944 was inserted into an expression vector. Cell lysis
occurred upon induction (Fig. 1C). There are two successive
(6 nt in between) unusual start codons, AUU and GUG, in
the PRR1 lysis gene, which supports the proposed “scanning
model” (1) for the initiation of lysis gene translation. The
lysis protein of PRR1 has one predicted transmembrane
helix (residues 24 to 46).

The clustering of the individual putative PRR1 proteins
(Fig. 2) revealed an intriguing grouping. The maturation pro-
tein was closest to type I leviviruses (MS2), whereas the coat
protein was closer to alloleviviruses (QB and SP). The replicase
and lysis proteins were closest to type II leviviruses (GA).
Conserved regions in the replicase gene reported in other
ssRNA phages (16, 23) also were found in PRR1. Nearly uni-
form-sized coat proteins (Fig. 1A) ranged from 128 amino acids
(aa) in PP7 to 133 aa in Qp, with PRR1 having 132 aa. The



VoL. 80, 2006
1 . . 4215
j—maturation ocoat —feplicase ¢
Qp H :
——1
E. coli read-through
1 . ) 3569
Ms2 El.mﬂuzﬂLm.lma*_Lenumﬁ.e_l i
. -
E. coli lysis
1 ) ) 3573
PRR1 5,_ms'au.ueu.u:u:l_l,"..l:aal|l_,I_r.s=.|;:£u;aaﬁ-_IS
broad host range lysis
1 ; ; 3588
PP7 Erﬂlﬁlulﬂllﬂ.ﬂ_pﬂ.ﬂ*_@hnﬂ.ﬁﬁ_li
; )
P. aeruginosa lysis
1.| i . . 4268
AP205 Ei{.ij_mﬂlu.{:ﬂllm_nﬁﬂ.ﬂ!“_mﬁﬂ_li
Acinetobacter
Genomes
————————— AP205
Fl
NL95
Qp
PP7
GA
l: KU1
_|: Ms2 scale
fr
PRR1 — 01
E 2
c
=1
815
[a]
O 4
05
0 1 2 3 4

time (h) post induction

FIG. 1. (A) Genetic maps of representative sSRNA phages of the
Leviviridae family. The map of AP205 is a correction of that published
in reference 16. The correction is presented in reference 32. (B) An
UPGMA tree showing relationships between ssRNA phages based on
nucleotide sequence comparison of the complete genomes constructed
by ClustalW (30) and PHYLIP (9). Scale, 0.1 units. (C) Induction of
bacteria with (filled circles) and without (open circles) the putative
lysis gene (nt 1780 to 1944). The expression of the lysis gene was
induced with 1 mM IPTG (isopropyl-a-D-thiogalactopyranoside) at a
cell density of 3 X 10® CFU/ml. OD 550 nm, optical density at 550 nm.

protein sequence obtained differed by two residues (V-89 — 1,
and an additional K located at position 116) from that reported
previously (8).

Three-dimensional structures determined for virions Qf
(10), MS2 (31), fr (17), GA (28), and PP7 (29) allowed thread-
ing of the PRR1 coat protein sequence to available structures.
With the exceptions of MS2 and fr, the overall sequence sim-
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FIG. 2. UPGMA trees showing relationships between ssRNA phage
proteins based on amino acid sequence comparisons constructed by
ClustalW (30) and PHYLIP (9).

ilarity between different coat proteins was <30%. Conse-
quently, each coat protein was modeled separately. For the
final analysis, only models derived from the QB, MS2, and PP7
structures were used. Despite the low sequence similarity, the
models (Fig. 3) strongly resembled each other. The B-sheets E,
F, and G (RNA binding region) (10, 13) and the interacting
C-terminal helixes especially were conserved. The greatest dif-
ferences were in the flexible loop regions. Interestingly, the
B-sheets A and B on the modeled PRR1 structures consistently
resembled similarly located MS2 B-sheets, although the coat
protein sequence clustered more closely to those of allolevivi-
ruses (e.g., QB) (Fig. 2).

ssRNA phages regulate vital functions by specific second-
ary and tertiary RNA structures (32). Secondary structure
predictions for the PRR1 genome resulted in ambiguous
results for the 3’ terminus and the coat start regions. How-
ever, interpretable results were obtained with the 5’ termi-
nus and replicase start regions (Fig. 4). The PRR1 5’ ter-
minus (Fig. 4A) resembled that of the inactive conformation
of phage MS2 (11) except for the absence of the “south”
hairpin. Interestingly, a distant sequence (coordinates 1251
to 1269) complementary to the maturation gene Shine-Dal-
garno sequence (SD) was found in PRR1, resembling the
regulation system described for QB (4, 6, 7). If both afore-
mentioned features operate in PRR1, the maturation gene
translation is very tightly controlled.

Unlike in other ssRNA phages, the start codon for the
PRRI replicase gene is located upstream of the predicted
operator hairpin instead of being part of the hairpin (Fig. 4B)
(16) and the SD site is part of an extensive long-range inter-
action designated Min Jou (19). Long-distance interactions in
this region were more extensive in PRR1 than in other ssRNA
viruses. These observations support the proposal that the op-
erator hairpin is not the only element for the primary control
of the replicase gene translation initiation (5, 33). As in the
case for Acinetobacter phage AP205 (16), the operator hairpin
in PRR1 has characteristics of both of the ssRNA phage gen-
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FIG. 3. Three-dimensional models of the PRR1 coat protein. Each model was built separately using the MODELLER program (18). The
structural superpositioning of the models (left) and known structures for QB, PP7, and MS2 coat proteins (right) was performed using the STAMP
algorithm (24), and the results were visualized with the VMD program (14). B-Sheets A and B always are modeled similarly despite the underlying
template structure. The secondary elements are depicted in the MS2 X-ray structure.

era. PRR1 has a bulged nucleotide C in the operator hairpin as
in alloleviviruses, but it is positioned on the “left” side as in
leviviruses. Leviviruses have a 4-nt loop in the operator hair-
pin, while alloleviviruses have a 3-nt loop (16). Pseudomonas
phage PP7 is an exception, with a 6-nt loop (23), as is PRR1,
with its 5-nt loop. Coat protein gene terminator hairpins are
similar in all ssRNA phages studied so far (23). However, the
PRR1 hairpin equivalent differs considerably from the others,

since the coat protein gene stop codon is positioned in the lysis
gene hairpin.

The stem-loop structures of the 3’ untranslated region in
the members of the two Leviviridae genera differ. PRR1
takes an intermediary position between the complex 3’ un-
translated region structures of phage MS2 and the simpler
ones of phages SP, PP7, and AP205 (not shown). Conserved
U1 stem-loops (16) have an invariable UGCUU sequence in
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FIG. 4. (A) Equilibrium RNA structures in the 5" untranslated region of PRR1 and MS2. The MS2 structure was modified from that reported
previously (inactive maturation gene) (34). The PRR1 RNA structure was attained by forcing the long-range interactions to pair (MFOLD) (36).
5', west, east, and south hairpins are indicated. (B) RNA structure around the start of the replicase gene. The model for MS2 has been developed
by phylogenetic sequence comparison, enzymatic and chemical experiments, and comparison of phenotypes of constructed mutants (27). The two
putative start sites for the PRR1 lysis gene are marked with I and II. Numbers in dashed hairpins indicate the number of nucleotides not drawn.
Start and stop codons of the genes and the ribosome-binding sites (SD) are marked in bold. LDI, long-distance interaction; UCS, upstream
complementary sequence. Min Jou (MJ) (19), R32, and VD are long-distance interactions. Structure predictions for PRR1 were generated by the

MFOLD program (36).

the loop, except for that of PP7, in which it is CGCUC.
PRRI1 differed from them with a CGCUU sequence, which
forms a long-range pseudoknot important for replication
regulation (15, 26). In the PRR1 sequence, there was a fully
complementary sequence within the replicase gene (coordi-
nates 2828 to 2832).

PRRI1 is clearly a levivirus, based on its genome organization
(Fig. 1A) and the amino acid sequences of all proteins, but the
coat protein more strongly resembles that of alloleviviruses
than that of leviviruses (Fig. 2). This suggests recombination
between members of alloleviviruses and leviviruses. PRR1 is a

broad-host-range phage that might promote horizontal gene
transfer and recombination between different members of the
Leviviridae family.

Nucleotide sequence accession number. The sequence has
been deposited in GenBank (http://www.ncbi.nlm.nih.gov) un-
der accession number DQ836063.
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