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Adsorption protein of filamentous bacteriophage ¢Xo from
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Abstract. ¢Xo, Xf, ¢Lf, 6Xv, and Cf are filamentous bacteriophages isolated in Taiwan. Both ¢Xo and Xf specifi-
cally infect Xanthomonas oryzae pv. oryzae, and ¢Lf, oXv, and Cf specifically infect X. campestris pv. campestris,
X. campestris pv. vesicatoria, and X. campestris pv. citri, respectively. In this study, the $Xo gene I11 (glll) encod-
ing the adsorption protein (plll) was cloned by probing with the oLf glll. Sequence analysis revealed that the ¢$Xo
glll is 1,023-nt long and able to encode a pre-protein of 340 aa (35,337 Da), with structural features typical of
filamentous phage adsorption proteins: an N-terminal signal sequence (18 aa), a central region (90 aa) containing 38
glycine, 29 aspartic acid and 19 histidine residues, and a C-terminal membrane-anchoring domain (17 aa). The ¢Xo
plll purified from the phage particles migrated as a 42-kDa band in SDS-polyacrylamide gel, which is substantially
larger than that deduced from the nucl ectide sequence, presumably due to the presence of the long stretch of charged
residues in the central region. The ¢Xo plll could cross-react with the antiserum specific to oLf plll, which also
cross-reacts with ¢Xv plll. Like the situationsin ¢Lf and ¢Xv, the pllls of ¢Lf and ¢Xo are also interchangeable.
The glll and the flanking regions of ¢Lf, dXv and ¢Xo are highly homologous and similar in size, but $Xo has a
genome (7.6 kb) larger than that of ¢Lf (6.0 kb) and ¢Xv (6.4 kb), suggesting that ¢Xo is able to accommodate more
genes and/or have longer intergenic regions in the remaining part of the genome. Difference in sizes between the pllis
indicates that ¢Xo and Xf, which has a predicted pre-plll of 488 aa (51,036 Da), are distinct phages.
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Introduction

Several members of Xanthomonas, a genus of gram-
negative phytopathogenic bacteria, are known to carry fila-
mentous phages, e.g., ¢Lf, ¢Xv and Cf specifically
infecting X. campestris, X. vesicatoria and X. citri,
respectively, and Xf and ¢Xo both infecting X. oryzae (Dai
etal., 1980; Kuo et al., 1969; Linet al., 1994; Tseng et al.,
1990). Among them, al isolated in Taiwan, the nucleotide
sequence has been determined for the ¢Lf and Cf genomes
(Kuo et al., 1991; Wen, 1992), whereas the amino acid se-
guence has been described in an abstract for the Xf gene
111 coding for the adsorption protein (pl1l) (Yang and Yang,
1998), although the sequence was not yet available in the
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database. Like other filamentous phages, they possess a
circular single-stranded DNA (ssDNA) genome, produce
replicative form (RF) during DNA replication, and propa-
gate without lysis of the host cells (Dai et al., 1980; Kuo
etal., 1969; Linetal., 1994; Model and Russel, 1988; Tseng
et al., 1990). Several interesting properties of these
Xanthomonas phages have also been noticed, including:
i) they hold restrictive host specificity, each phage being
ableto infect only its own host; however, they can propa-
gate in the non-host Xanthomonas cells upon
electroporation with RF or ssDNA, and the el ectroporated
cells are capable of releasing authentic phage particles (Lin
et al., 1994; Yang and Yang, 1997) indicating that host
specificity is determined by the early steps of infection, i.
e., adsorption and/or penetration, and ii) the genomes of
Cf (7.8kb), Xf (7.4 kb), and $X0 (7.6 kb) are similar in size,
but substantially larger than that of ¢Lf (6.0 kb) and ¢Xv
(6.4Kkb) (Kuoetd., 1991; Lineta., 1994; Wen, 1992; Yang
and Yang, 1998). Although Xf and ¢Xo infect the same
host, comparative study of these two phages has not been
performed.

In filamentous phages, such as the best studied Ff ph-
ages (the closely related M 13, f1 and fd), a phage particle
contains about 2,700 copies of the major coat protein
(pV11) and three to five copies each of the four minor coat
proteins (plll, pVI, pVII and pl X), with plll and pVI lo-
cated at one end and pVII and pIX located at the other
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(Model and Russel, 1988). plll (adsorption protein) medi-
ates phage adsorption to pilus (receptor recognition) and
is necessary for phage uncoating and DNA penetration
into the host cell (Endemann et al., 1992; Endemann and
Model, 1995; Stengele et al., 1990), which also requiresthe
function of host proteins TolQ, R and A (Levengood and
Webster, 1989; Sun and Webster, 1987; Webster, 1991). In
Xanthomonas filamentous phages, adsorption and pen-
etration have not been studied in detail. It was only re-
cently that we reported the purification of ¢Lf and ¢Xv
pllls and the sequences for the corresponding genes
(gllls) and demonstrated that they determine host speci-
ficity (Liuetal., 1998; Linet a., 1999). In addition, inter-
changeability has been demonstrated between the pllis of
oLf and ¢Xv and between the pllls of Cf and Xf, which
resulted in the change of host specificity (Liu et al., 1998;
Linetal., 1999; Yang and Yang, 1997). In this study, we
purified the pl1l from ¢Xo phage particles and cloned and
sequenced the corresponding gene. Western blotting
demonstrated that the purified ¢Xo plll could cross-react
with the antiserum specific to oLf plll. Sequence analysis
revealed that the ¢Xo plll possessed structural features
typical of filamentous phage pllls. The ¢Xo pre-plll was
similar to that of the ¢Lf and ¢Xv both in size and amino
acid sequence, but 148 amino acid residues smaller than
that of the Xf pre-plll.

M aterials and M ethods

Bacterial Strains, Plasmids and Cultivation Con-
ditions

Xanthomonas campestris pv. campestris strain P20H
(Yang et al., 1988) and X. oryzae pv. oryzae strain X021
(Lin et al., 1994) were the hosts of ¢Lf and ¢$Xo,
respectively, and were used separately for phage propa-
gation and as the indicator cellsin plaque assay. Escheri-
chia coli strain DH5« was used for gene cloning, and
strain JM101 was the host for propagating M13
derivatives. LB broth and L agar (Miller, 1972) were the
mediafor growing Xanthomonas (28°C) and E. coli (37°C).
Plasmid pRKG3 (Liu et al., 1998) was constructed previ-
oudly by cloning the ¢Lf glll, withinaPCR-amplified 1,147-
bp fragment, into the broad-host-range vector pRK415
(Keen et al., 1988), which contained the RK2 origin. To
select for plasmids, the media were supplemented with
antibiotics, ampicilin (50 pg/ml), kanamycin (50 pg/ml), or
tetracycline (15 pg/ml).

Phage and DNA Techniques

Phages were propagated and purified as described by
Linetal. (1999). Double-layer bioassay (Eisenstark, 1967)
was performed to determine phage titers. A spot test
(Tseng et al., 1990) was carried out to verify phage
sensitivity. Restriction endonucleases, T4 ligase and other
enzymes were purchased from New England BioL abs and
used in accordance with the instructions supplied. Prepa-
ration of plasmid and RF DNA, gene cloning, preparation
of ¥2P-labeled probes, Southern hybridization, and trans-
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formation of E. coli were performed as described by
Sambrook et al. (1989). Xanthomonas strains were trans-
formed by electroporation (Wang and Tseng, 1992).

Sequence Analysis

Signal sequence and membrane anchoring domain were
predicted with the PSORT program (Nakai and Kanehisa,
1991). Hydropathy plot was done by the program of Kyte
and Doolittle (1982). Sequence of both strands was de-
termined by the dideoxy chain termination method of
Sanger et a. (1977).

Protein Techniques

The ¢Xo plll was purified with afast protein liquid chro-
matography (FPLC) system as described for purification
of the oLf plll (Liueta., 1998). Protein was separated by
SDS-polyacrylamide gel electrophoresis (Laemmli, 1970).
Western blotting was performed as described by
Sambrook et al. (1989), using the antiserum prepared by
immunizing arabbit with the FPLC-purified ¢Lf plll (Liu et
a., 1998).

Nucleotide Sequence

The nucleotide sequence reported here has been regis-
tered in GenBank under accession number AF162859.

Results and Discussion

Cloning and Sequencing of the ¢Xo Gene 111

To clone the ¢Xo glll, we used several restriction en-
donucleases to cut the $Xo RF DNA, and the glll-con-
taining fragments were probed with the labeled pRKG3
containing the oLf glll (Liu et al., 1998). The smallest frag-
ment showing a hybridization signal wasthe 1.4-kb HindlI1-
Kpnl fragment. The position of this fragment was near
the middle of the restriction map of the linearized ¢Xo RF
DNA (Figure1). The Hindll1-Kpnl fragment was subcloned
into M13mp18 and mp19, and then the nucleotide se-
quence on both strands was determined. This fragment
contained 1,386 bp with a G+C content of 56.5%, similar
to that of the ¢Lf genome (Wen, 1992), but deviating from
that of the X. oryzae chromosome (64.6%) (Bradbury,
1984). Theglll-coding region spanned for 1,023 nt, start-
ing with GTG at nt 146 and terminating with TGA at nt
1,168. Eleven nt upstream from the predicted translation
initiation codon was a possible ribosome-binding site, 5'-
AAGG-3', which was complementary to the 3'-end of the
X. campestris pv. campestris 16S rRNA (Lin and Tseng,
1997; Figure 2A). Thisglll was able to encode a polypep-
tide of 340 aawith a predicted molecular weight of 35,337,
asize similar to that of the ¢Lf pre-plll (333 aa, 32,857)
and the oXv pre-pll1 (328 aa, 31,937 Da), but much smaller
than that of the Xf pre-plll (488 aa, 51,036 Da) (Yang and
Yang, 1998).

Previously, nucleotide sequence analysis has shown
that the upstream flanking regions of oLf glll and 6Xv glll
are highly homologous, with an identity of 93% (Linet d.,
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1999). With aHindlll site at their left ends, they are 145
nt in length containing the C-terminal 5 codons (16 nt) of
the major coat protein gene (gVI11) and the 129-bp gVIlI/
glll intergenic region. Within these intergenic regions are
the inverted repeats, resembling a transcription termina-
tor for the upstream cistron (gVI11) and the g1l promoter
(Linetal., 1999). Theglll upstream region of ¢Xo glll
was also 145-nt long, which shared 93% and 95% identity
with the upstream regions of ¢Lf and ¢Xv gllls, respec-
tively (Figure 2A). Consequently, sequences identical to
the 16-nt C-terminus of gVIll and the putative transcrip-
tional terminator present in the corresponding regions of
oLf and oXv were al found in the upstream region of ¢Xo
glll (Figure 2A). Thenucleotide G at 74 nt upstream from
the ¢Lf glll was identified as the transcriptional start site
(Linetal., 1999). Based on analogy, the same nucleotide
G at 74 nt upstream from the ¢Xo glll start codon was
predicted to be the transcriptional start site (Lin et al., 1999;
Figure 2A).

The ¢Lf glll is followed by gVI, the gene coding for
one of the minor coat proteins, after an intergenic region
of 42 nt; it initiates with GTG situated 4 nt downstream
from apossible ribosome binding site (Liu et a., 1997). In
oXv, glll isalso followed by gV, with alarger intergenic
region of 129 nt (Wang, W.-H. and Tseng, Y.-H., unpub-
lished results). In the downstream flanking sequence of
oXo glll (218 nt), which possessed 86.7% identity to the
corresponding region of ¢Lf, there was an incomplete
open reading frame of 59 codons (Figure 2C). Its deduced
amino acid sequence possessed 80.2% identity to that of
the ¢Lf gVI, athough it was 40 nt instead of 42 nt behind
glll and initiated with ATG instead of GTG. These results
indicated that, in gl11 and the flanking regions, ¢Xo had a
genome organization identical to that of ¢Lf and 6Xv,
gVII-glll-gVI (Lin et a., 1999; Wang, W. -H. and Tseng
Y .-H., unpublished results).

The size of the X0 RF DNA (7.6 kb) is similar to that
of Xf (7.4 kb) and Cf (7.8 kb), but 1.6 kb and 1.2 kb larger
than that of oLf and ¢Xv, respectively (Kuo et al., 1991;
Lin et al., 1994; Wen, 1992; Yang and Yang, 1998).
However, the gllls and the flanking regions of the ¢Lf,
oXv and X o are similar in length and contain the anal o-
gous genes, gVIII-glll-gVl. Therefore, it seems safeto pre-
dict that $Xo0 may accommodate more genes than ¢Lf and
®Xo do or have larger intergenic regionsin the remaining
part of the X0 genome. In contrast, differences were no-
ticed between the ¢Xo glll and the gllls of Cf and Xf: i)
no homology was found between the $Xo glll and any
open reading frame from the complete sequence of the Cf
genome (Kuo et a., 1991), and ii) the $Xo glll was 444 nt
lessthan the Xf glll (Yang and Yang, 1998). These differ-
ences suggest 0Xo to be phylogenetically closer to ¢Lf
and ¢Xv than to Cf, and that ¢} o and Xf, although in-
fecting the same host, are distinct phages.

Amino Acid Sequence Analysis of the ¢Xo plll

The deduced amino acid sequence of the ¢Xo pre-plli
shared 52% and 60% identities with that of the ¢Lf pre-
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Figure 1. Restriction map of the $}Xo RF DNA and the posi-
tion of gene Ill. The 7.6-kb, double-stranded, circular DNA
molecule is linearized at the unique Smal site. The position of
gene 11, within the 1,386-bp Hindll1-Kpnl fragment, isindicated
by an arrow.
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Figure2. (A) Alignment of the ¢Xo glll upstream region with
that of the ¢Lf and ¢Xv. Shown are the left-most region of 163
nt from the sequenced HindlI1-Kpnl fragment, including the C-
terminus of gVIIl (16 nt), the intergenic region (145 nt), and the
N-terminus of glll (18 nt). Identical nucleotides are shadowed.
The inverted arrows indicate the sequences having the potential
to form a stem-loop structure resembling the transcription
terminator. +1 is the transcription start site G determined for
oLf glll (Linetal., 1999). RBS stands for the predicted ribo-
some-binding site, the Shine-Dalgarno sequence. (B) Alignment
of the deduced amino acid sequences of the ¢Xo, ¢Lf and $pXv
pllls. Spaces are introduced for optimal alignments. Identical
amino acid residues are shadowed. Vertical arrows indicate the
computer-predicted sites for signal peptidase cleavage. The gly-
cine-rich regions are blocked. (C) Alignment of the ¢Xo glll
downstream region with that of the ¢Lf. The end of glll and
the start of gVI are shown.
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plll and ¢Xv pre-plll, respectively. The highest degree
of identity was found in the C-terminal 100 aa, about 90.5
% among the three pre-pllls. In contrast, only 21.8% and
22.9% identity to the pre-pllls of ¢oLf and ¢Xv,
respectively, were found in the N-terminal 100 aa. Com-
puter analysis of the ¢Xo pre-plll predicted an 18-residue
signal sequence in the N-terminus and a membrane-anchor-
ageregion of 17 residuesin the C-terminus. Inthe central
region was a 90-aa sequence rich in glycine, aspartic acid,
and histidine (Figure 2B). These are structural features
typical of filamentous phage pllls (Brosset al., 1988; Davis
et a., 1985; Endemann and Model, 1995; Hillet al., 1991,
Stengele et al., 1990). It isworth noting that similar to the
situation in nucleotide sequence comparison, no homol-
ogy was found between the ¢Xo pre-plll and the amino
acid sequence deduced from the complete sequence of the
Cf genome (Kuo et d., 1991).

The N-terminal 18 aa of the deduced ¢Xo pre-plll was
highly hydrophobic; it had an arginine at position 3 which
was followed by 11 hydrophobic residues and ended with
an alanine (Figure 2B). This primary structure in the N-
terminus of a protein molecule is typical of asignal se-
guence (Pugsley, 1993). After cleavage between Ala-18
and Ala-19, a mature protein with aMW of 33,158 would
be produced. In the ¢Lf and 6Xv pre-pllls, signal se-
guences have also been predicted. These sequences are
different from one another in amino acid composition but
similar in properties of the residues (Figure 2B).

The oLf plll and ¢Xv plll each possesses aregion rich
in glycine and aspartic acid (Wen and Tseng, 1996; Lin et
al., 1999). The ¢Lf protein hasthe amino acid residues re-
peating as GD (7 times) and GGGD (11 times), whereasthe
OXVv protein possesses the repeats appearing as GD (11
times), GGSD (5 times), and GGGD (4 times). Asshownin
Figure 2B, the central region in the deduced ¢Xo plll was
90-aa long, containing 38 glycine, 29 aspartic acid, and 19
histidine residues. They were clustered mainly as GD,
GDGH and GDDH, repeating for 2, 12 and 7 times,
respectively, between aa 156-245 (Figure 2B). Thisregion
was longer than the corresponding regions of ¢Lf plll (70
residues) and oXv plll (75 residues) (Lin et al., 1999; Wen
and Tseng, 1996). Comparison of the three central regions
in amino acid composition indicated that the ¢Lf plll con-
tains only glycine and aspartic acid, whereas in addition
to these amino acids, the ¢Xv protein contains serine (5
residues) and the ¢Xo protein contains histidine. Align-
ment of the three plllsrevealed that the insertion of three
consecutive GDDHs caused the ¢Xo central region to be
longer than the corresponding regions in the other pllls
(Figure 2B). In hydropathy plot, the glycine-rich region
of the oXo plll isstrongly hydrophilic, similar to the prop-
erty of the glycin-rich regionsin the ¢Lf and ¢Xv pllis but
alittle stronger in hydrophilicity (Figure 3). Thisiscon-
sistent with the higher content of the charged amino acid
residues in the ¢Xo plll central region than in the other
plils.

The predicted membrane-embedding domain at C-termi-
nus was 17-residue long spanning aa 315 to 331 in the de-
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duced ¢Xo pre-plll (Figure 2B). A similar domain hasalso
been predicted for ¢Lf plll (aa 308 to 324) and ¢Xv plli|
(aa 303 to 319) (Lin et al., 1999; Figure 2B), presumably
required for anchoring the pll1 proteinsinto the inner mem-
brane of host cell. Within these domains, ¢Lf and ¢Xv
have the same sequence, and only one amino acid resi-
due was found to be different in the Xo plll (Figure 2B).

The pllls of Ff and IKe possess a very low degree of
overal homology (15%), with the highest homol ogy (43%)
being found in the regions required for penetration and
the non-homol ogous regions being essential for receptor
recognition to recognize and bind specifically to their re-
spective receptor pilus. Therefore, in these two phages,
one plll can not replace the functionally analogous pro-
tein of the other phage (Bross et al., 1988; Endemann et
a., 1992; Endemann et a., 1993). In contrast to these cases,
the deduced pllls of ¢Lf, dXv, and X0 possess a high
degree of identity. In addition, the three pllls are inter-
changeable (Liu et a., 1998; Lin et al., 1999; see below).
These findings suggest that these three phages share the
same sequence information required for assembling the pll|

Average Hydropathy

Average Hydropathy

©

Average Hydropathy

Residue Position

Figure 3. Hydropathy plots for the deduced pllls of $Xo (A),
oLf (B) and ¢Xv (C). A window of 21 amino acids was used
with the hydrophobicity scales of Kyte and Doolittle (1982).
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into phage particles. The required sequence information
in plll is most likely located in the C-terminus of the
polypeptide, since the highest degree of identity is con-
centrated in this region. On the other hand, to hold re-
strictive host specificity, specific sequences must be
required for receptor recognition and binding. Thus, with
alow degree of homology, the N-terminal regions of ca.
100 aa of the three Xanthomonas phage pll1s are the most
probable candidates for the receptor recognition.

Purification and Western Blot Analysis of pllls

The ¢Xo plll was purified from the viral particles by
two passages through the gel filtration column (Suprose
12) in fast protein liquid chromatography (FPLC) as de-
scribed for the purification of the oLf and ¢Xv pllls (Liu
etal., 1998; Linet a., 1999). The same peak patterns as
those in the purification of the ¢oLf and ¢Xv pllls were
observed, and the ¢Xo plll was recovered from the sec-
ond peak from the second chromatography (data not
shown). In SDS-PAGE, asingle band with a molecular
mass of ca. 42 kDa was visualized upon staining the pro-
teins with Coomassie brilliant blue (data not shown). This
size was substantially larger than the value calculated for
the mature X o plll (322 residues, 33,158 Da), deduced
from the nucleotide sequence determined in this study.
Running in the same gel, the oLf and 6Xv pllls exhibited
the same mobility corresponding to amolecular size of ca.
36 kDa, which is dlightly larger than the sizes deduced for
the mature pllis of oLf (311 aa, 30,497 Da) and ¢Xv (304
aa, 29,463 Da) (Lin et al., 1999; Figure 4). A similar dis-
crepancy has also been observed in Ff phages, in which
the mature plll (424 aa) with a calculated MW of 42,675
exhibits amobility corresponding to sizes of 59-70 kDain
SDS-PAGE (Endemann and Model, 1995; Goldsmith and
Konigsherg, 1977; Woolford et al., 1977). Several expla-
nations have been proposed, one of which attributes the
discrepancy to the presence of unusual clustering of gly-
cine and serine in the protein molecule (Endemann and
Model, 1995; Woolford et al., 1977). This proposal seems
to explain the discrepancy observed in pllls of the
Xanthomonas phages. In addition, the stronger effect on
the discrepancy observed in ¢Xo plll than in the pllls of
oLf and ¢Xv, presumably due to the presence of three
more GDDH repeats, may give further support to this
proposal.

It has been shown that the antiserum specific to ¢Lf
plll can cross-react with the oXv plll (Linet a., 1999). In
this study, the purified ¢Xo plll was electrophoresed in
SDS-polyacrylamide gel, then transferred onto a nylon
membrane and subjected to Western blot analysis using
the same antiserum, with the pllis of ¢Lf and ¢Xv asthe
controls. Asshown in Figure 4, each of the pllls had the
same mobility in the SDS-polyacrylamide gel as that de-
scribed above, and the anti-oLf plll serum was able to
cross-react with ¢Xo plll. These results indicate that a
high degree of identity in amino acid sequence is shared
not only between ¢Lf and ¢Xv pllls, but also between
oLf and pXo pllls.

197
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Figure 4. Western blot analysis of the pllis from ¢Lf, $Xo and
oXv. Theplllswere purified by FPLC, subjected to SDS-poly-
acrylamide gel electrophoresis, transferred onto nylon membrane
and reacted with the antiserum raised against the FPL C-puri-
fied oLf plll.

Interchangeability of pllls

We have previously demonstrated that the ¢Xv and
oLf plllsareinterchangeable (Liu et al., 1998; Lin et al.,
1999). In this study, we electroporated the $Xo RF DNA
into X. campestris pv. campestris strain P20H carrying
pRKG3, aplasmid containing cloned ¢Lf glll. Theresults
showed that the culture supernatant contained a mixture
of authentic $Xo, which could infect X021, and achimeric
phage which could infect P20H. These results indicated
that the pllIs of oLf and ¢pXo are aso interchangeable.
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