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Phage AR1 is similar to phage T4 in several essential genes but differs in host range. AR1 infects various
isolates of Escherichia coli O157:H7 but does not infect K-12 strains that are commonly infected by T4. We
report here the determinants that confer this infection specificity. In T-even phages, gp37 and gp38 are
components of the tail fiber that are critical for phage-host interaction. The counterparts in AR1 may be
similarly important and, therefore, were characterized. The AR1 gp37 has a sequence that differs totally from
those of T2 and T4, except for a short stretch at the N terminus. The gp38 sequence, however, has some
conservation between AR1 and T2 but not between AR1 and T4. The sequences that are most closely related
to the AR1 gp37 and gp38 are those of phage Ac3 in the T2 family. To identify the AR1-specific receptor, E. coli
0157:H7 was mutated by TnI0 insertion and selected for an AR1-resistant phenotype. A mutant so obtained
has an insertion occurring at ompC that encodes an outer membrane porin. To confirm the role of OmpC in
the AR1 infection, homologous replacement was used to create an ompC disruption mutant (RM). When RM
was complemented with OmpC originated from an O157:H7 strain, but not from K-12, its AR1 susceptibility
was fully restored. Our results suggest that the host specificity of AR1 is mediated at least in part through the

OmpC molecule.

K-12 strains of Escherichia coli are nonpathogenic and have
been used extensively for biochemical and genetic research (4,
14). Pathogenic E. coli strains are relatively scarce, but they can
cause various types of disease (35, 39). O157:H7 is the princi-
pal serotype of enterohemorrhagic E. coli (EHEC). It can
cause watery diarrhea, hemorrhagic colitis, and hemolytic-ure-
mic syndrome in humans (33). Some distinct features of EHEC
have been defined. Similar to Shigella dysenteriae, EHEC pro-
duces cytotoxins that cause host cell death by inhibiting protein
synthesis (27). Comparable to enteropathogenic E. coli, EHEC
has genes clustered in the pathogenicity island that are impor-
tant for the so-called attaching and effacing lesion (20, 21).
Additional determinants that differentiate O157:H7 from
other E. coli strains include the presence of serologically spe-
cific O and H antigens, the absence of beta-glucuronidase, the
lack of biochemical enzymes for sorbitol fermentation (9, 15,
29), and the presence of an 8-kDa outer membrane protein
that mediates the bacterial adherence to the INT407 cell and
chicken ceca (46).

Genetic variations of O157:H7 strains could also be revealed
by phage typing (1, 2). One coliphage, called AR1, infects E.
coli O157:H7 with high specificity (34) but does not infect
other serotypical strains, including K-12. The morphology and
the nucleotide sequences coding for capsid proteins and alpha-
glucosyltransferase of AR1 are similar to those of phage T4
(44). However, the SegD gene, which is nonessential to the T4
life cycle, is not conservatively observed in the AR1 genome.
Moreover, T4 infects K-12 strains of E. coli, but AR1 does not
cause the same infection. Reciprocally, T4 does not infect the
ARI1-susceptible O157:H7 strains. K-12 strain infection by T4
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is through contact with OmpC (43), an outer membrane porin.
Interestingly, OmpC of the O157:H7 strain varies from that of
the K-12 strains (44). Whether this varied OmpC confers re-
sistance to T4 infection remains unclear.

It is also known that T-even coliphages recognize their cel-
lular receptors with the free ends of their six long tail fibers. In
T4, the distal part of these fibers are trimeric, with a stoichi-
ometry of gp34/gp37/gp36/gp35 of 3:3:3:1 (6). gp38, together
with a second phage protein, gp57, catalyzes the organization
of gp37 but is absent from the phage particle. gp37 is respon-
sible for receptor recognition (24, 42). The situation is different
for the otherwise very closely related phage T2. The C-termi-
nal 130 residues are removed from the T2 gp37 during fiber
assembly, and one copy of gp38, unrelated to that of T4, is
bound to the tip of the tail fibers for receptor recognition (8).

Since AR1 has a peculiar host range, it may have specialized
gp37 and gp38. Hence, we deduced the gene sequences and
characterized the respective proteins. Our results suggest that
the AR1 distal tail fiber is organized in a way similar to that of
phage Ac3 in the T2 family. Furthermore, we used transposon
mutagenesis and gene replacement to generate mutants that
are no longer infected by AR1. Complementation experiments
were carried out with these mutants, and the results suggested
that OmpC contributes to the initial binding of ARI1.

MATERIALS AND METHODS

Bacterial culture and phage preparation. The bacteria, bacteriophages, and
plasmids used in this study are listed in Table 1. Coliphage AR1 was propagated
on E. coli O157:H7 strain 1266 as described previously (34, 44).

Phage DNA isolation. Nucleic acids were extracted from a concentrated phage
solution (1 ml) by adding 10 pg of RNase A (Boehringer Mannheim) and 100 U
of DNase I (Boehringer Mannheim). After incubating at 37°C for 15 min, the
mixture was adjusted to 1% sodium dodecyl sulfate (SDS) and digested with 20
U of proteinase K for 1 h. Thereafter, phenol and chloroform were added to the
mixture to remove proteinaceous materials. The remaining nucleic acids were
extracted according to standard procedures (36).

Protein expression. The product translated from the g37 open reading frame
(ORF) has a mass of about 121 kDa. To ensure its efficient expression in E. coli,
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TABLE 1. Bacterial strains, bacteriophages, and plasmids

Strain, phage, or plasmid

Relevant feature(s)

Source or reference

Strains
JC1569 F'::Tnl0lac*Ts Tc" metBI leu-6 his-1 arg-6 rec acYl xyl-7 mtl-2 gal-6 str-104 tonA2 J. Ou
tsx-IN" sup-E44
HER1266’ Mutant (Lac™) of O157:H7 (HER1266); AR1 sensitive This study
™ Tnl0 mutant of HER1266'; AR1 resistant This study
IM109 F' traD36 lacl A(lacZ)M15 proA™B"/e14~ (McrA™) A(lac-proAB)thi gyrA96 Stratagene
(nNal") endA1 hsdRI17(ry~ my ") relAl supE44 recAl
KM Tnl0 mutant of JM109; T4 resistant This study
Bacteriophages
ARI1 0157:H7-specific coliphage 34
T4 Coliphage ATCC 11303-B4
Plasmids
pBluescript II SK(+) Cloning vector (Amp") Stratagene
pGex-2T Expression vector (Amp") 38
pGexO1570mpC Derived from pGex-2T; expresses GST-OmpC(O) This study
pTac-85 Expression vector (Amp") 19
pTacOmpC(O) Derived from pTac-85; expresses OmpC(O) This study
pTacOmpC(K) Derived from pTac-85; expresses OmpC(K) This study

gp37 was sectioned into fragments for protein expression. DNA (g37) was am-
plified with three different PCR primer pairs: p37N (CCGGATCCTAAAGGC
GGTAGTATTGACG) and p37-2CR (CGGAGGAGTAGTTAAATCGGTTC
CAT), p37M (ATGGATCCGATTTAACTACTCCTCCG) and p37-2R (TCAA
TGTATGCCGACTGCCCC), and p37M’ (CAGGATCCGATATTCTACTAA
TGGAACCG) and p37CR (TTACGGTACCCACGGTCCTGTTACTGCCA).
The resulting fragments, cloned into pQE32 (Qiagen), separately encode the
N-terminal one-third, the middle one-third, and the C-terminal two-thirds of
gp37.

Due to the relatively small size of gp38, the entire g38 gene was PCR amplified
with primers p38 (CCGGATCCATGGCAGTAACAGGACCGTGGG) and
t60R (CGTTATCTTTGAACAAGCGAT), and the PCR product was ligated
with Smal-cut pQE32 to express recombinant gp38.

All these recombinant proteins contain a His tag prior to the N terminus.
However, the expressed proteins formed inclusion bodies, and purification with
a nickel column gave poor yields. Therefore, these fusion proteins were sepa-
rated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and recovered by
electroelution for mouse polyclonal antiserum preparations.

Gel electrophoresis and immunoblotting. The AR1 phage was purified by
centrifugation through a 20% sucrose cushion as previously described (44).
Proteins in an SDS sample buffer were separated by SDS-PAGE and visualized
by staining with Coomassie brilliant blue. Alternatively, the separated proteins
were directly transferred onto a nitrocellulose membrane. The bound proteins
were then sequentially reacted with specific antisera, biotin-labeled secondary
antibodies, and avidin-conjugated horseradish peroxidase. Finally, the mem-
brane was developed with 4-chloro-1-naphthol and H,O, as previously described
(45).

Mutagenesis. E. coli O157:H7 strain HER1266 was mutated with ethyl meth-
anesulfonate (22) and screened for galactosidase-negative mutants whose colo-
nies appeared white on MacConkey plates. One of these /ac mutant isolates,
named HER1266', remained as susceptible to AR1 as the parental strain. It is
referred to as the wild-type strain herein. HER1266" and JC1569 were both
grown at 30°C to an optical density at 600 nm (ODy) of 0.6, and 0.5-ml aliquots
of the cultures were mixed for conjugation. After receiving an additional 1 ml of
Luria broth (LB) the cells were incubated at 30°C for 3 h. The cells were then
plated on M9 minimal agar plates and incubated at 30°C for 48 h. The resulting
colonies were replicated on MacConkey agar plates supplemented with tetracy-
cline (15 pg/ml) and grown at 30°C. Pink colonies were picked up and cultured
in LB containing the same concentration of tetracycline at 42°C for the selection
of mutants with Tn/0 transposition. In a parallel experiment, E. coli JM109, a
K-12 strain, was mutated by the same strategy but with the omission of the ethyl
methanesulfonate mutagenesis.

Isolation of phage-resistant mutants. To select strains resistant to AR1, a
mixture of mutants was grown to an ODg of 0.1 in LB at 37°C. A 1-ml culture
was incubated with AR1 at a multiplicity of infection of 1 PFU/cell. After 15 min
the culture was plated on LB plates containing 15 g of tetracycline per ml. The
outgrowing colonies were confirmed for the ARI1-resistant phenotype by per-
forming both liquid and plaque assays. A T4-resistant JM109 strain was obtained
by a similar strategy.

Southern blotting. Southern hybridization was performed by a standard pro-
cedure (36). DNA was digested with restriction enzymes according to the man-
ufacturers’ recommendations. A 1.3-kb DNA probe containing the IS70 region

of Tn10 was generated by PCR amplification from the F’ plasmid of JC1569 with
primers Sis10 (CTGATGAATCCCCTAATGATTTTG) and Ris10 (CTGAGA
GATCCCCTCATAATTTCC). After confirmation of the PCR product, the
DNA was purified with GeneClean IIT (Bio 101) and labeled with [a-*?P]dCTP
using the Rediprime II system (Amersham). A 1.1-kb ompC probe was prepared
similarly, except that the DNA fragment was PCR amplified from HER1266
using primers OcSend (AAAAGGATCCATGAAAGTTAAAGTACTGTCCC)
and Oc3end (TTAGAACTGGTAAACCAGACCCAG).

Northern analysis. The total bacterial RNA was prepared by using TRI re-
agent (Gibco Life). RNA was precipitated by centrifugation and washed with
75% ethanol. The isolated RNA was separated by electrophoresis in a 0.8%
agarose gel and blotted onto nylon membranes according to the published
procedure (36). Membranes were hybridized with the probes described above.
Autoradiography analyses of both Southern and Northern blots were processed
with a PhosphorImager (Molecular Dynamics).

Mapping the Tnl0-mutated gene. To determine the Tnl0 insertion site, the
IS10 probe-hybridized DNA was eluted and cloned into pBluescript IT SK(+)
(Stratagene). The cloned DNA fragment was confirmed by hybridization with the
IS10 probe and then sequenced manually using the Sequenase 2.0 kit (U.S.
Biochemicals).

Preparation of antiserum against OmpC of E. coli O157:H7. The full-length
ompC gene was amplified from chromosomal DNA of HER1266 with primers
Oc5end and Oc3end. The PCR product was digested with BarmHI and ligated
into the BamHI/Smal-digested pGex-2T (38). The resulting plasmid,
pGexO1570mpC, encodes a full-length OmpC fused to the carboxyl terminus of
glutathione S-transferase (GST). The GST-OmpC fusion protein was extracted
from bacterial inclusion bodies and further purified by elution from SDS-poly-
acrylamide gels. The gel-purified recombinant protein was then used to raise
mouse polyclonal antibodies.

OmpC expression from a plasmid. DNA fragments containing the full-length
ompC were PCR amplified separately from E. coli strains HER1266 and K-12 as
described above. These PCR products were then digested with BamHI and
inserted into BamHI/Nrul-digested pTac-85 (19). The resulting plasmids, encod-
ing the HER1266 and K-12 OmpC molecules, were designated pTacOmpC(O)
and pTacOmpC(K), respectively. Expression of the OmpC proteins on these
plasmids is under the control of an isopropyl-B-p-thiogalactopyranoside (IPTG)-
inducible fac promoter at their respective initiation codons. For easy discussion,
OmpC proteins derived from O157:H7 and K-12 are herein referred to as
OmpC(0O) and OmpC(K), respectively.

Mutating ompC by gene replacement. The ompC gene of HER1266' was
mutated by the gene replacement method previously described (17), with a slight
modification. The tetracycline-resistant (Tc) gene was excised from pBR322 with
Sspl/Mscl digestion. It was then inserted into a unique Nrul site within ompC that
was previously cloned in pZero (44). ompC with the Tc gene insertion was then
subcloned into Smal/Sall-digested pKO3 (17), and the resulting plasmid was
screened from JM109 transformants. The obtained plasmid was then electropo-
rated into HER1266'. Cells were then recovered in 1 ml of SOC (2% Bacto
Tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl,, and 20
mM glucose) for 1 h at 30°C before plating on LB agar containing chloramphen-
icol (10 pg/ml). Incubation was continued at 30°C overnight. A colony was
inoculated into 3 ml of chloramphenicol-containing LB and cultured at 30°C
until the ODg, reached 0.6. The cells were then plated on prewarmed chlor-
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amphenicol-containing LB plates and incubated at 43°C. From these plates, five
colonies were picked up and inoculated into 1 ml of LB. After incubation at 30°C
for 5 h, the cells were plated at 30°C on 5% (wt/vol) sucrose plates. The
outgrowing bacteria were plated in replicates on plates with or without chlor-
amphenicol at 30°C. Replacement mutants (RM) that appeared chlorampheni-
col sensitive due to a loss of the replacement vector were selected.

Phage binding assay. HER1266" was starved in Met- and Cys-deficient RPMI
medium for 1 h and then washed twice with the same medium. The bacterial
pellet was then resuspended in the same medium and adjusted to an ODg, of
1.0. A total of 0.1 ml of AR1 stock and 18 ul of [**S]Met/Cys (14.5 wCi per pl)
were added to 0.3 ml of the bacterial solution. After 5 h of incubation AR1 was
precipitated from the supernatant by polyethylene glycol and purified by centrif-
ugation through a sucrose cushion as described previously (44). This isotope-
labeled AR1 was resuspended in 200 pl of phosphate-buffered saline (PBS).

To assay phage binding, appropriate amounts of phage and bacteria were
mixed in duplicates and incubated at 4°C for 2 h. The bacteria were then pelleted
in a microcentrifuge and washed twice with cold PBS. The relative amount of
AR1 bound on the bacteria was monitored by a liquid scintillation counter
(Wallac). The relative binding efficiency was calculated by referring to those of
HER1266" and the ompC RM as 100 and 0%, respectively.

Nucleotide sequence accession number. The deduced AR1 DNA sequence
encompassing the 3'-end regions of g36, g37, and g38 and the 5’-end majority of
t is available from GenBank under accession no. AF208841.

RESULTS

Putative g37 and g38 of AR1. For T-even phages, there are
two completely different organizations of the distal tail fiber
locus among all the T4-like phages: the T2 and the T4 forms.
gp37 is present in the phage particles of both forms (11, 24),
while gp38 can be found only in the mature phage particle of
the T2 form (25, 32). There are three families that have the tail
fiber organization of the T2 form: T2-like, T6-like, and Ac3-
like sequences (40). The sequences of g37 and g38 vary to
different degrees among these phages, whereas those of g36
and ¢ flanking this locus are quite conserved. This property
permits facile amplification by PCR and sequencing analysis.
Thus, we amplified and sequenced a DNA segment covering
the 3" ends of g36, g37, and g38 and the 5" end of #. As expected,
the g36 and ¢ fragments were found to be highly homologous to
the T4 counterparts. The putative g37 of AR1 has a 3,309-bp
OREF that theoretically encodes a 1,103-residue protein. The
size of this protein is between that of T4 (1,026 residues) and
that of T2 (1,341 residues). Except for the N-terminal region,
the AR1 gp37 totally differs from the gp37 of either T4 or T2
(data not shown). It is believed that gp37 interacts with gp36
through its N-terminal domain (3, 31). Therefore, it is not
surprising that the N-terminal 50 residues are nearly identical
in the known T-even and related phages (40).

The N-terminal homology confirms the assignment of this
3,309-bp ORF as g37 of AR1. However, additional stretches of
sequences that are homologous between gp37 of T4 and that of
T2 are not observed in similar paired comparisons involving
AR1 (data not shown). The AR1 gp37 has an additional
stretch spanning 136 residues near the C terminus that are
homologous (61% identity) to those of T6. More closely re-
lated, the AR1 gp37 has the same length as and a high degree
(76%) of amino acid identity to that of Ac3.

The putative gp38 of AR1 has an ORF encoding 259 amino
acids. The size of the protein is closer to that of T2 (262
residues) than to that of T4 (183 residues). The best alignment
with the AR1 gp38 sequence is obtained with that of phage
Ac3, which gives 69% identity in the entire sequence. Highly
conserved regions are observed in the N-terminal half, the
C-terminal 22 residues, and characteristic oligoglycine
stretches of the protein. The conserved glycine-rich stretches
have been suggested to form omega loops that position the
adhesin sequence on the exterior of gp38 (16). Therefore, the
sequence comparison results from g37 and g38 suggest that
ARLI has a tail fiber organization similar to that of Ac3. It is
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therefore likely that the AR1 gp38 may be present in the
mature phage particle and contribute to its specific binding to
E. coli O157:H7.

Characterization of gp37 and gp38. To confirm the presence
of the putative g37 and g38 products in the AR1 phage parti-
cles, several mouse antisera were generated with recombinant
proteins as immunogens. Three recombinant gp37 fragments
that separately contain the N-terminal portion, the middle
part, and the C-terminal two-thirds of gp37 were generated
and used for animal immunization. The obtained antisera were
then used to react with proteins prepared from the AR1 par-
ticles by Western blotting. A 100-kDa protein, slightly smaller
than the one predicted from the ORF, was detected by all
three antisera (data not shown). This result suggests that either
the intact AR1 gp37 moves electrophoretically faster than ex-
pected or the protein may undergo a C-terminal maturation
processing during the tail fiber assembly, as in the case of T2
(8). To ensure that the product of g38 is present in the phage
particle, the entire g38 ORF was expressed as a recombinant
protein. The recombinant gp38-generated antiserum detected
a 27-kDa protein in the phage lysate (data not shown) in an
analysis similar to that described above. The size of this protein
is consistent with that predicted from the g38 ORF. Therefore,
these protein data were consistent with the results deduced
from DNA sequencing, supporting the idea that AR1 has an
Ac3-like tail fiber structure.

ARI1-resistant mutants obtained by transposon mutagene-
sis. One of the AR1-resistant O157:H7 mutants, named TM,
was selected for further examination. To ensure that Tn/0 had
been inserted into the chromosome of TM, bacterial DNA was
extracted and digested with EcoRV, which is known to make a
total of three cuts in the IS70 sequences of Tni0: two cuts in
ISI0L and one in the slightly different IS/0R. Results from
Southern analysis (Fig. 1A) show that unlike the wild-type
control (lane 1), TM (lane 2) has three DNA fragments hy-
bridized with the ISI0 probe, a fact reflecting the nature of
Tnl0 mutagenesis.

The 0.66-kb fragment was presumably the EcoRV fragment
of ISI0L, whereas the 1.8-kb and the >4.0-kb fragments might
represent the EcoRV fragments containing a portion of IS10
and a flanking sequence. To explore this possibility, the 1.8-kb
EcoRV fragment was cloned and sequenced from both ends,
and the results are summarized in Fig. 1B. This cloned EcoRV
fragment comprises 939 bp from IS70 and 910 bp from ompC.
The gene ompC was apparently disrupted at the 5" end, since
IS10 was placed directly upstream of the 33rd nucleotide of
ompC. Southern blot analysis using a probe derived from the
full-length ompC (data not shown) further confirmed that
ompC in TM was disrupted.

OmpC is an outer membrane porin and serves as a receptor
for bacteriophages Tulb and T4 (24). It may have a similar
function for ARI1. Therefore, we first examined the OmpC
expression in TM at both the RNA and protein levels. Then
we constructed fac promoter-driven expression vectors
pTacOmpC(O) and pTacOmpC(K) to express OmpC of
O157:H7 and K-12 origins (44), respectively. These plasmids
were thereafter used in complementation assays to address
whether the loss of the AR1 susceptibility could be restored by
a plasmid-encoded OmpC.

The expression of ompC-specific mRNAs in bacteria was
analyzed with Northern blotting (Fig. 1C, upper panel). The
ompC probe did not detect any signal from the RNA sample of
TM (lane 2), while a strong signal was observed for a 1.3-kb
RNA isolated from the wild-type control (lane 1). RNA ex-
tracted from TM transformed with pTacOmpC(O) was also
included in the analysis. In the presence of IPTG, ompC-
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FIG. 1. Analysis of an E. coli O157:H7 mutant (TM) created by Tn/0 trans-
position. (A) Southern blot analysis of bacterial chromosomal DNAs that had
been digested with EcoRV and hybridized with an IS70 probe. (B) Schematic
diagram of the sequenced IS/0-containing fragment in TM. The EcoRV frag-
ment of TM (indicated by an arrowhead in panel A) was inserted into EcoRV-cut
pBluescript IT SK(+) and sequenced. The junctions between the insert (open
box) and the vector (thick line) are illustrated, and portions of the cloned
sequence are shown beneath. The EcoRYV restriction sites are underlined. The
sequence in the middle portion illustrates where ompC (capital letters) was
disrupted by the IS0 insertion (lowercase letters). (C) Northern blot analysis of
RNAs isolated from the TM mutant. Total bacterial RNAs were extracted from
different preparations of bacteria. The RNA (10 pg) was electrophoretically
separated on an agarose gel, transferred to a nylon membrane, and hybridized
with ompC (upper panel) and ompA (lower panel) probes, respectively. In this
and the following experiments (Fig. 2), gene expression from the plasmids was
induced with IPTG (1 mM). Wt, wild-type strain.

specific RNA was drastically induced (lane 4) compared to that
without the IPTG addition (lane 3). The absence of ompC-
specific RNA in lanes 2 and 3 did not result from poor RNA
preparations, since the same samples could hybridize to a
probe of ompA (Fig. 1C, lower panel), which encodes a protein
(OmpA) functioning as a receptor for phages K3, Ox2, and M1
(10, 18, 26).

The total bacterial proteins were then analyzed by SDS-
PAGE separation and visualized by Coomassie blue dye stain-
ing. Figure 2A shows a 33-kDa protein band that decreased in
intensity in TM (lane 2) compared to that in the wild-type
strain (lane 1). The intensity of this 33-kDa band was restored
after TM was transformed with pTacOmpC(O) and cultured in
the presence of IPTG (lane 4). The amount of the 33-kDa
protein did not increase significantly when IPTG was omitted
from the culture medium (lane 3). Similarly, expression of
the 33-kDa protein in TM was restored upon receiving
pTacOmpC(K), which encodes OmpC of the K-12 origin
(compare lanes 5 and 6).

OmpF has been known to comigrate with OmpC on SDS-
PAGE gels (5, 37). We performed Western blotting analysis to
ascertain that the changes in cellular OmpC concentration can
be reflected by the fluctuating intensity of the 33-kDa protein
band. OmpC of E. coli O157:H7 and that of the K-12 strain
share 93.5% amino acid identity (44). Polyclonal antibodies
raised against OmpC of E. coli O157:H7 would react with that
of both origins (Fig. 2B). Indeed, the antigen (OmpC) was
present abundantly in the wild-type strain (lane 1) but was
absent from the mutant strain (lane 2). In the presence of
IPTG, both pTacOmpC(O)- and pTacOmpC(K)-transformed
TM mutants expressed OmpC to a high level (lanes 4 and 6).
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In the absence of IPTG, OmpC was not expressed efficiently
(lanes 3 and 5). A small amount of OmpC could still be de-
tected when the blot was developed longer, a result presumably
due to the leakage of the fac promoter (also see Fig. 2B, lane
9).

To examine whether the plasmid-expressed OmpC in TM
could be transported to the membrane as in the wild-type
control, the bacterial membrane fractions were analyzed. Fig-
ure 2C shows the membrane protein patterns of a Coomassie
blue dye-stained SDS-PAGE gel. The intensity of the OmpC/
OmpF band was heavier than that of OmpA, a porin deduced
by the N-terminal microsequencing, in the wild-type strain
(lane 2), whereas OmpA was the dominant band in TM (lane
3). Presumably, the residual 33-kDa band detected in TM
represented the OmpF molecules. The TM transformants with
pTacOmpC(O) (lane 4) or pTacOmpC(K) (lane 5) expressed
OmpC and had a substantial increase in the 33-kDa band
intensity. However, as determined by comparison to the
amount of OmpA in the same preparation, the amount of
OmpC in the outer membrane of the plasmid-transformed
strains had not been fully restored to the level of the wild-type
control.

pTac- pTac- pTac-
OmpC(0)  OmpC(K) OmpC(0)
1 L 1 I
-+ + + + = + + Plasmid
A = = + - + = = + IPTIG
(kDa Wt ™ T T™ TM TM K12 KM KM KM
/| e
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— " -
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Rt | =
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4
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kDa) & . . 4+ + IPTG
66|
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36| e - - =
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29| — = A
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FIG. 2. Protein expression patterns of the wild-type and mutant E. coli
strains. (A) Coomassie blue-stained profiles of the total proteins separated on an
SDS-12% polyacrylamide gel. (B) Western blot analysis of OmpC expressed in
the total bacterial lysates using mouse anti-OmpC antisera. (C) Coomassie blue-
stained protein profiles of the outer membrane fractions. The identity of OmpA
was confirmed by N-terminal microsequencing. Plasmids pTacOmp(O) and
pTacOmp(K) encode OmpC of the O157:H7 origin and that of the K-12 origin,
respectively. OmpC/F labels the band containing both OmpC and OmpF that are
presumably not separated in these gel systems. Wt, wild-type strain.
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FIG. 3. AR1 plaque formation on different preparations of bacteria. The
ART1 phage stock was made on the wild-type O157:H7 strain and diluted in a
10-fold series. The phage solutions were then used to infect various preparations
of bacteria and plated out on LB agar plates for PFU scoring. When transformed
with plasmids, the bacteria were cultivated in the presence of IPTG (1 mM) prior
to mixing with the phage. IPTG (1 mM) was also included in the plates used in
the plaque assay. No plaque formation was observed with bacteria indicated in
columns 2, 3, and 5 through 8. These experiments were repeated three times,
with similar results. Wt, wild-type strain.

Whether the plasmid-expressed OmpC can restore the AR1
susceptibility of TM was then addressed. As shown in Fig. 3, a
stock of phage that gave a titer of 10'° PFU/ml on the wild-type
strain (column 1) gave no PFU on TM (column 2). The infec-
tion titer rose to 2 X 10° PFU/ml after TM was transformed
with pTacOmpC(O) and cultured in the presence of IPTG
(column 4). This recovery in plating efficiency did not occur
with a similarly treated transformant harboring pTacOmpC(K)
(column 3). These facts indicate that OmpC of the O157:H7
origin is essential for AR1 infection. However, providing this
molecule to TM is not sufficient to recover all the lost AR1
plating efficiency.

E. coli K-12 strains are not susceptible to AR1 (44) (Fig. 3,
column 5), and apparently this is due to the differences in
OmpC (column 3). Whether introducing OmpC of the
O157:H7 origin into a K-12 strain can overcome the host
barrier to AR1 was examined. A JM109 mutant named KM
that was generated similarly to TM was used in these experi-
ments. Upon SDS-PAGE and Western blotting analyses (Fig.
2A and B, column 7 and 8), the 33-kDa protein band was
diminished in KM compared to that of the parental K-12
strain. KM transformed with pTacOmpC(O) and cultivated in
the presence of IPTG revived the expression of OmpC, as
evidenced by Coomassie blue staining (Fig. 2A, columns 8
through 10) and Western blotting (Fig. 2B, columns 8 through
10). However, no plaques were produced when AR1 was ap-
plied to the pTacOmpC(O)-transformed KM (Fig. 3, column
7). These results indicated that another factor(s) besides
OmpC contributes to the noninfectivity of the K-12 strains.

ARl1-resistant mutants created by gene replacement. To
precisely mutate bacterial ompC, we generated a homologous
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RM of the O157:H7 strain by replacing the wild-type ompC
with a version that had an insertion of a Tc gene sequence (17).
This mutant was then confirmed by analyzing the ompC frag-
ments by both PCR amplification and Southern blotting. Also
as expected, no expression of OmpC in RM was observed (data
not shown).

RM was then examined for susceptibility to AR1 as de-
scribed above. A stock of AR1 containing 10*° PFU per ml on
the wild-type O157:H7 gave no plaque on RM (Fig. 3, column
8). The ARI plating efficiency was completely restored and
gave 1.3 X 10" PFU per ml when RM was transformed with
pTacOmpC(O) and cultivated in the presence of IPTG (col-
umn 9). Interestingly, RM transformed with pTacOmpC(K)
and cultivated similarly had 6.18 X 10° PFU/ml (column 10).
This result was noticeably different from that observed with
TM transformed with the same pTacOmpC(K) plasmid (com-
pare columns 3 and 10) and supports the notion that TM had
more genes affected than RM did when these mutations were
created.

Binding of ARI1 to different bacteria. To demonstrate the
receptor function of OmpC, an AR1 absorption assay was
performed at 4°C to allow phage binding but not penetration.
AR1 was labeled with [**S]Met and [*°S]Cys and then was
absorbed to different hosts. After incubation and washing, ra-
dioactivity of the phage associating with bacteria was counted
and compared with that absorbed to the wild-type (as 100%)
and the RM (as 0%) strains. Figure 4 shows that RM comple-
mented with OmpC(O) had a slightly higher binding efficiency
(1.5-fold) than the wild-type strain. This result is consistent
with the 1.3-fold increase in the plaque-forming-efficiency as-
say (Fig. 3, columns 1 and 9). On the other hand, the RM
transformant expressing OmpC(K) had a low binding activity
indistinguishable from RM. Therefore, this system is unable to
detect the weak phage-host interaction contributed from
OmpC(K) expressed on RM.

DISCUSSION

ARLI is similar to the T-even phages in morphology, capsid
genes, and genes encoding essential enzymes (44). However,
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FIG. 4. ARI1 binding assay. *S-labeled AR1 phages were incubated at 4°C
for 2 h with different bacteria as indicated. Cells were collected by centrifugation
and washed twice with cold PBS. Bacterium-bound AR1 was then quantitated by
liquid scintillation counting. Counts derived from the wild-type strain and RM
were set as reference points for 100 and 0%, respectively.
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ARTI has a unique host specificity that might be attributed to its
distal tail fiber gp37 and gp38 proteins. We took advantage of
the conserved g36 and ¢ for PCR amplification and analyzed
the g37 and g38 sequences between g36 and ¢. The N-terminal
region of gp37 responsible for interacting with gp36 is struc-
turally conserved with those of the known T-even phages (28,
30). Aside from this region, the structure of the AR1 gp37
diversifies distantly from those of T2 and T4 and is related to
Ac3 and T6. This evolutionary relationship of the distal tail
fiber could be similarly reflected by the gp38 of these phages:
ART1 is homologous to Ac3, T6, and T2, in decreasing order,
and is distant from T4.

The host receptor that interacts with AR1 appears to be
OmpC of the O157:H7 origin. However, additional components
in O157:H7 strains may cooperatively determine the phage
infection efficiency. In TM, the loss of OmpC could be restored
by transformation with either pTacOmp(O) or pTacOmp(K).
However, only transformation with pTacOmpC(O) restored
the sensitivity of TM to AR1. Therefore, OmpC molecules of
the right identity and, perhaps, conformation appeared to be
more important than the amount of OmpC present. Indeed,
OmpC of the O157:H7 origin differs from that of K-12 by
amino acid substitutions at 15 positions, a five-residue dele-
tion, and a four-residue insertion in its total of 366 amino acids
(44). A major varied segment is located between residues 176
and 226 where changes have been reported to affect the infec-
tivity of several phages that use OmpC as the receptor (13, 23,
41). We speculate that the variations within this region of
OmpC may affect, in large measure, the interaction with AR1.
This notion has been further supported by the data from spon-
taneous mutants of E. coli O157:H7 that are resistant to AR1.
Two of these mutants were analyzed for their ompC gene by
PCR and direct sequencing (data not shown). The two isolates
have the same mutations in OmpC: one Gly insertion between
residues Ser,,¢ and Glu,,, and a Phe-to-Val alteration at the
C-terminal residue 363.

In the pTacOmpC(O)-transformed TM, the recovered AR1
plating efficiency is significantly increased compared to that of
TM. Nonetheless, this efficiency represented only a small frac-
tion of that in the wild-type strain. We noticed that OmpC was
not as efficiently translocated into the outer membrane as the
wild-type control (Fig. 2C). The amount of OmpC on the
membrane decreased severalfold, but this could not explain a
5-log loss of plating efficiency. AR1 plating efficiency was com-
pletely restored by transforming RM with the same plasmid.
This observation rules out the possibility that the quantity of
OmpC on the membrane is a detrimental factor to infection
with the phage. We reasoned that TM, generated by Tnl0
insertion, might have an additional gene(s) other than ompC
affected by the transposon mutagenesis. Our preliminary re-
sults with TM have suggested that there is an additional TnZ0
inserted in the ORF of waaJ, a gene that is involved in the
biosynthesis of lipopolysaccharide (LPS) (12). In the absence
of intact LPS, OmpC(O) presented on the bacterial surface
may possibly have a low binding affinity for AR1. A similar
small degree of ARI1 plating efficiency was observed with RM
presenting OmpC(K) (Fig. 3, lane 10). This result also suggests
that a weak AR1-host interaction occurs when OmpC(K) is
presented together with LPS from an O157:H7 strain.

Toyield a maximum ARI1 plating efficiency, the bacteria may
require a cooperative interaction between OmpC and LPS,
and both OmpC and LPS have to originate from the O157:H7
strain. OmpC(O) functions as the phage binding receptor,
whereas the role of O157:H7-specific LPS remains unclear.
One possibility is that O157:H7-specific LPS acts directly to
enhance the phage binding affinity. Alternatively, it may func-
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tion indirectly in assisting outer membrane biogenesis and
folding of the membrane proteins (7). Undoubtedly, more
experiments are needed to clarify this issue. Nonetheless, our
present data demonstrate that AR1 has a variant of the distal
tail fiber locus and that the host bacteria (O157:H7 strains)
have a unique OmpC to serve as the phage receptor. These
lines of information provide an answer to why AR1 specifically
infects a serotype of E. coli (34, 44) that is associated with
hemorrhagic diarrhea.
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