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The nucleotide sequence of a bacteriocin-encoding plasmid isolateKfetsiella pneumoniae
(pKlebB-K17/80) has been determined. The encoded klebicin B protein is similar in sequence to the
DNase pyocins and colicins, suggesting that klebicin B functions as a nonspecific endonuclease. The
klebicin gene cluster, as well as the plasmid backbone, is a chimera, with regions similar to those of
pore-former colicins, nuclease pyocins and colicins as well as noncolicinogenic plasmids. Similarities
between pKlebB plasmid maintenance functions and those of the colicin E1 plasmid suggest that
pKlebB is a member of the ColE1 plasmid replication family.2001 Academic Press
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Bacteriocins are the most abundant and dions that result in novel immunity phenotypes
verse of the microbial defense systems. They gireviewed in Riley, 1998).
produced by all major groups of Bacteria and Two questions arise from studies of colicin
Archaea (Riley, 1998) (Dykes, 1995; Torreevolution. First, why do the two families of col-
blancaet al, 1989), are often produced at verycins experience such different evolutionary
high frequencies within a population, and exforces, as described above? Second, are the p:
hibit extraordinary levels of protein diversityterns of sequence divergence observedBor
(Riley, 1998; Tageet al, 1976). InEscherichia coli plasmid-encoded colicins representative of
coli, bacteriocins are exclusively encoded obhacteriocin evolution? We provide an evolution-
plasmid replicons. ary investigation of a bacteriocin plasmid iso-

The colicins ofE. colihave served as a modelated from Klebsiella pneumoniaghat sheds
system for investigating the evolutionary mechight on both of these issues.
anisms involved in bacteriocin diversification The bacteriocin plasmid pKlebB-K17/80
(Riley, 1993a, 1993b, 1998; Riley and Gordor{pKlebB) was isolated frorK. pneumoniaand
1995; Pilslet al, 1999; Tan and Riley, 1995,identified as a non-self-transmissible plasmid
1997; Braunet al, 1994; Rooset al, 1989). encoding a bacteriocin-like killing phenotype
Phylogenetic studies distinguish two major collJames, 1988). James further localized the bac
icin families, the pore-former and nuclease coteriocin gene cluster using a combination of
icins (Riley, 1998). These two families appear teubcloning and transposon mutagenesis. Fror
differ in their modes of diversification. Therestriction site analysis and mapping studies
pore-former colicins, which kill by forming James noted several structural and organize
channels in the cytoplasmic membrane, aretianal similarities between the bacteriocin gene
relatively ancient family that has diversified pricluster of klebicin B and those of the E-colicins
marily through the action of recombination (reef E. col..
viewed in Riley, 1998). The nuclease colicins We report here the nucleotide sequence of th
are a more recent family of proteins that kill byentire pKlebB plasmid. The location of the bac-
nonspecific digestion of DNA or specific cleavteriocin gene cluster was inferred from DNA
age of RNA (Jamest al, 1991). The nucleaseand protein sequence comparisons with all char
colicins investigated have diversified primarilyacterized bacteriocins. These comparisons sug
through positive selection acting on point mutegest that klebicin B functions as a DNase bacte
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riocin. Further, the klebicin B plasmid is showrter for Biological Information and the BLAST
to be a chimera, composed of regions similar {@ltschul et al, 1990) network service was em-
those of several members of the colicin plasmigloyed to search for similar sequences in the
family of E coli, the chromosomally encodeddatabase.
nuclease pyocins dPsuedomonas aeruginosa Nucleotide and protein sequence alignments
and several additional ColE1-like plasmids isowere made with the Clustal-W algorithm of the
lated fromKlebsiella oxytoceand K. pneumo- LASERGENE program (DNASTAR Inc.,
niae The klebicin B plasmid provides one of thel 999). Gene trees were inferred using neighbor-
first indications that recombinational diversifijoining and maximum likelihood and parsimony
cation is not restricted to the pore-former bactelgorithms (Saitou and Nei, 1987; Swofford,
riocins. 1993). Heuristic searches were used. Gaps wer
not treated as characters in any analysis. All
MATERIALS AND METHODS methods produced a single, congruent tree for
each gene, with the exception of the maximum
parsimony applied to the nuclease region tree.
Richard James kindly provided the plasmidin that case, two trees were found and a consen
pRJ180. This plasmid was constructed by irsus tree was compiled. Figures 2 and 3 represern
serting pKlebB-K17/80 into thélindlll site of gene trees inferred with a maximum likelihood
pUC19 (James, 1988). model. Figures 4 and 7 report gene trees in-
ferred with a maximum parsimony model. Con-
fidence in the inferred tree topologies was as-
pRJ180 was transformed into competerdessed by application of a bootstrap, with 1000
DH5a E. coli cells (Life Technologies Inc., replications (Felsenstein, 1985).
Gaithersburg, MD) using standard methods, and
ampicillin-resistant colonies were selected on RESULTS AND DISCUSSION
LB agar containing ampicillin (50ug/ml) . )
(Ausubel et al, 1992). Cells were grown Klebicin B Plasmid
overnight in 5 ml of LB broth containing ampi- The entire pKlebB-K17/80 DNA sequence
cillin (50 wg/ml) at 37°C, and plasmid DNA was determined. The plasmid is 5258 base pairs
was isolated using a QIlAprep kit (Qiagenand encodes seven recognizable functions. Fig-
Chatsworth, CA). ure 1 illustrates the organization of the pKlebB
Approximately 300 ng of plasmid DNA wasplasmid and Table 1 provides the position of
used for cycle sequencing according to the preach predicted function.
tocol of the ABI PRISM Dye Terminator Cycle o
Sequencing Ready Reaction Kit (Perkin-Elmepacteriocin Gene Cluster
Palo Alto, CA). Primers were designed to anneal Three bacteriocin-related genes (klebicin, im-
to the pUC19 vector and were employed to initimunity, and lysis) were detected as a cluster
ate DNA sequencing. Additional primers werdFig. 1). The three genes are oriented in the
constructed at approximately 250- to 300-bp irsame direction, a pattern typical for nuclease
tervals. Primer locations and sequences atelicin gene clusters.
available upon request. The nucleotide sequenceThe klebicin B lysis gene is 156 bp and en-
of the plasmid pKlebB-K17/80 is available fromcodes a protein of 51 amino acids with an esti-
GeneBank (Accession No. AF156893). mated molecular weight of 5 kDa (Fig. 1 and
Table 1). Lysis proteins are involved in the re-
lease of bacteriocin from the producing cell. All
DNA sequence data were assembled and exharacterized lysis genes were aligned and the
ited with DNASTAR programs (DNASTAR gene tree inferred is shown in Fig. 2. The
Inc., Madison, WI). The nucleotide and proteirklebicin B lysis gene is most similar to the lysis
sequences were submitted to the National Cegenes of colicin gene clusters A and S4, two
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Hindlll

pKlebB-K17/80

5.26 kb

BamHI

FIG. 1. Physical and genetic map of pKlebB-k17/80. The arrows represent functional regions detected by DNA and
tein sequence comparisons and the inferred direction of gene expression. The origin of replication is indicated by a v
line, labeled Ori. Several restriction endonuclease sites are indicated.

TABLE 1

Nucleotide Positions of Inferred Functional Regions of
pKlebB-K17/80

Gene Location (bp)
Klebicin 1628-3925
Immunity 3927-4184
Lysis 4292-4447
RNA | 4601-4496
RNA Il 4494-5001
Ori 5002

Rom 5181-105
Excll 105-506

members of the colicin pore-former family iso-
lated from Citrobacter freundii (A) (Morlon,
1983) ancE. coli(S4) (Pilslet al, 1999). Levels

of lysis protein sequence identity are 61 and
62% between klebicin B and colicins A and S4,
respectively.

The lysis and immunity genes are separate
by 107 bp (Fig. 1). This region is most similar to
the corresponding region of the colicin A and S4
gene clusters, with 50 and 41% DNA sequence
identity, respectively. The '3flanking region
(110 bp) of the klebicin B lysis gene is also most
similar to the corresponding region of the col-
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icin A and S4 gene clusters, with 89 and 92%ith all characterized immunity proteins reveal
DNA sequence identity, respectively. low levels of sequence similarity, save for those
The klebicin B immunity gene is 258 bp andssociated with the family of DNase colicins of
encodes a protein of 85 amino acids with an e&- coli (E2, E7—E9) and the pyocins Bf aeru-
timated molecular weight of 9.6 kDa. A singleginosa(S1, S2, and AP41).
bp separates the ®nd of the immunity gene Immunity gene sequences were aligned for
from the 3 end of the klebicin gene (Fig. 1). Im-this subset of sequences and the inferred gen
munity proteins interact with the C-terminal retree is provided in Fig. 3. The klebicin B immu-
gion of their corresponding bacteriocin proteingjity gene is most similar to the pyocin immunity
conferring immunity to the host cell or otheigenes. The topology of this tree is not well sup-
cells encoding the same bacteriocin. Sequengerted by bootstrap analysis, implying that these
comparisons of the klebicin B immunity proteinmmunity protein sequences are too divergent to

ColE2 lys

ColE5 lys
ColE3 lys

ColE9 lys

ColE8 lys

ColE7 lys

ColE4 lys
KlebB lys

ColE6 lys ColS4 lys

ColD lys
ColA lys
ColN lys

ColE1 lys

ColDF13 lys

Col10 lys

ColU lys

ColK lys ColY lys

Col5 lys

FIG. 2. A maximum likelihood network inferred for lysis DNA sequences. Bootstrap values above 80% are indicated
the appropriate branches.
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PyoS1 imm

PyoS2 imm

100
KlebB imm

ColE2 imm

ColE8 imm

ColE7 imm
ColE9 imm

PyoAP41 imm

FIG. 3. A maximum likelihood network inferred for immunity DNA sequences. Bootstrap values above 70% are indice
on the appropriate branches.

allow precise reconstruction of their ancestral The klebicin B bacteriocin gene is predicted
relationships. The klebicin B immunity proteinto be 2298 bp and encodes a protein of 76!
is most similar to the immunity proteins of py-amino acids. The estimated molecular weight of
ocins S1 and S2 with 57% protein sequendéebicin B is 79.7 kDa, which agrees with that
identity. It is slightly less similar to the immu-reported by James (1988). Bacteriocin protein:
nity proteins of colicins E2 and E7—-E9, with 56¢ontain at least four functional domains: cell
52, 51, and 52% sequence identity, respectivelurface receptor recognition, translocation
The klebicin B immunity protein shows no deacross the cell membrane, cell killing, and im-
tectable similarity to colicins A and S4. munity protein binding (reviewed in James
As noted above, the regiont® the immunity al., 1996). In colicins, these functions are or-
gene is most similar in sequence to the corrdered as follows: translocation functions are
sponding region of the colicin A and S4 gen®und in the N-terminal portion of the protein,
clusters. This region could not be aligned beeceptor recognition comprises the middle of
tween klebicin B and the nuclease pyocins dhe protein, and the killing domain and immu-
colicins. nity binding region are located in the carboxy-
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terminal (C-terminal) region (Jamest al, ure 4 provides a gene tree inferred for the C-ter-
1996). minal regions of the DNase bacteriocins.
A BLAST search reveals similarity with otherKlebicin B is intermediate in position between
bacteriocin proteins restricted to the C-termindhe DNase colicins and pyocins.
half of the klebicin B protein. The most similar The DNA sequence immediately fo the
bacteriocins with respect to this region are thidebicin B bacteriocin gene encodes a set of reg-
DNase colicins (E2, E7-E9) and pyocins (Sllatory elements. All colicin gene clusters
S2, and AP41). Levels of protein sequence idewhose regulatory regions have been sequence
tity with the final 132 amino acid residues otontain as’® promoter, a LexA binding site, and
klebicin B range from 43 (S1) to 29% (E9). Figa Shine-Dalgarno box (Fig. 5). The klebicin B

ColE9

ColE2
98
ColE7
100
KlebB
100
PyoAP41
100

PyoS1

PyoS2

FIG. 4. A maximum parsimony network inferred for the C-terminal half of the nuclease colicins, pyocins, and klebicin
Bootstrap values above 80% are indicated on the appropriate branches.
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FIG. 5. An alignment of the regulatory regions of bacteriocin gene clusters annotated to show identified regulatory m
Sequences are from ColE1 (Tomizawaal, 1977), ColE2 (Colet al, 1985), ColE3 (Masaki and Ohta, 1985), ColE6
(Akutsuet al, 1989), ColE7 (Soongt al, 1992), Col10 (Pilsl and Braun, 1995a), Col5 (Pilsl and Braun, 1995b), ColS
(Pilslet al, 1999), ColB (Schramret al, 1987), ColU (Smajst al, 1997), CoIN (Pugsley, 1987), ColY (Riley, 2000), ColK
(Kuhar and Zgur-Bertok, 1999), ColA (Morlat al, 1983), and KlebB (this work). Asterisks designate 10 unit intervals.

gene cluster contains all of these common elaew box. The LexA binding site is actually
ments and shares high levels of sequence simmemposed of two overlapping binding sites,
larity throughout this control region with thosewith the exception of colicin gene clusters for la
associated with the characterized colicin gerand Ib (Mankovichet al, 1986), which have a
clusterso’® promoter sequences of colicin gensingle site.

clusters are highly conserved; in fact, th85 The colicin A gene cluster shows significant
sequences exactly match the consensus seviation from the typical colicin regulatory re-
guence. All colicin gene clusters contain a LexAjion relative to the majority of other colicin gene
binding site 3—4 bases downstream of the Priblusters. The colicin A gene cluster has an inser
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tion of about 60 bp located between the double There is no detectable sequence similarity be-
LexA binding site and the Shine-Dalgarno boxween the N-terminal region of klebicin B and
The colicin A gene cluster regulatory regiorthose of any other bacteriocin proteins, suggest-
also lacks the highly conserved thymine-rich réng that klebicin B has unique receptor recogni-
gion of unknown function found just down-tion and translocation systems.
stream of the LexA binding site (at nucleotide ) ) ,
positions 87—100, Fig. 5). Klebicin B Plasmid Maintenance Functions
Overall, the klebicin B gene cluster regula- BLAST searches reveal several regions that
tory region most closely resembles that of colre involved in pKlebB maintenance, such as
icin A. It contains a slightly larger insert-{2 replication control and mobilization. These
bp), it lacks the thymine-rich region conserveélunctions were inferred from sequence similar-
in all other colicin regulatory regions (Fig. 5)jty with the corresponding regions of several
and it shares the highest degree of sequermmicin plasmids, including pCol A (Zverev and
identity (69%) with the Col A gene cluster reguKhmel, 1985), pCol E1 (Chaet al, 1985),

latory region. pClo DF13 (Nijkampet al, 1986), pCol Y
. - , (Riley et al, 2000) and pBERT fror8almonella
Klebicin B Killing Function bertii (Haneset al, unpublished), and nonbacte-

The DNase killing domain is containedriocin plasmids fronKlebsiellaandSalmonella,
within a short stretch (132 aa) of the C-termind{. pneumoniag@lasmid pJHCMW!I (Denet al,
regions of DNase colicins and pyocins (Jaetes 1997), K. oxytocapNBL63 (Wu, 1999) and
al.,, 1991; Sancet al, 1990). An alignment of pTKHIl (Wu, 1999), and Salmonella ty-
this killing domain among all nuclease colicinsphimurium cryptic plasmid pIMVSI (Astill,
pyocins, and klebicin B reveals that the DNasE993).
and RNase colicins share little detectable se-pKlebB appears to replicate in the same way
guence similarity. Five residues (amino acid pas ColE1 (Chaet al, 1985). This form of repli-
sitions 10, 44, 101, 125, and 126; Fig. 6) amation is mediated by chromosomally encoded
shared by all nuclease colicins and an additionaifoteins, and the frequency of initiation of repli-
four residues (amino acid positions 47, 52, 88ation is regulated by two plasmid-derived tran-
and 97; Fig. 6) are shared by all but one membseripts, an RNA primer, RNA I, and a modulat-
of the entire nuclease group. In contrast, 3ng antisense RNA, RNA |, encoded upstream
residues are shared by all DNase colicins, pgf the point of initiation of DNA synthesis
ocins and klebicin B and an additional 2@Polisky, 1988). Some plasmids using this type
residues are shared by all but one member of tbereplicon also encode a small protein (Rom or
DNase group. The RNase colicins are most sirRop) involved in the modulation of the initiation
ilar in this region, sharing all but 21 of the 132rocess (Mikiewicz, 1997).
residues. The antisense RNA | and RNA Il region of

Klebicin B is identical to the consensus sepKlebB (Fig. 1 and Table 1), although similar to
guence of the DNase killing domain at all but all ColE1-type plasmids, is most closely related
of the 44 sites shared by other members of the the corresponding region of pPJHCMWI (iso-
DNase group (Fig. 6). Such high levels of sdated fromK. pneumoniag pIMVSI (isolated
guence similarity argue that klebicin B is dom S. typhimuriurjy and p15A (isolated from
member of the nonspecific endonuclease fark- col)). The inferred secondary structure of
ily of nuclease bacteriocins. A gene tree inRNA | from pKlebB has the three hairpin loops
ferred for the nuclease region clearly distineharacteristic of ColE1-type plasmids (typically
guishes the RNase and DNase bacteriocidssignated’| II’, and III') (Tomizawa and Itoh,
(Fig. 7) and reveals that klebicin B clusterd981). Most mutations, which result in altered
within the DNase branch of this tree and shar@scompatibility, are located in loops and II
greater similarity with the nuclease pyocins ofDavison, 1984). The RNA | sequences from
P. aeruginosa p15A (Selzer, 1983), pJHCMWI, and pIMVSI
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PyoS1

PyoS2 PyoAP41

ColE3

ColE6

ColE8

ColE2

FIG. 7. A maximum parsimony network inferred for the C-terminal 132 amino acids of the nuclease colicins, pyocins,
klebicin B. Bootstrap values above 60% are indicated on the appropriate branches.

are all more similar to each other (2-5 substitu- The pKlebB Rom protein (Fig. 1 and Table
tions in the region containing secondary strud) is most similar to the Rom protein encoded
ture) than they are to pKlebB (10-12 substitsy plasmid pNBL63 isolated frold. oxytoca
tions and two insertions in the same region). THehese two Rom proteins differ at only two
majority of sequence variations between thgtes. Mikiewiczet al. (1997) proposed that a
KlebB sequence and the other RNA | sequenctmily of Rom proteins existed, based upon the
occurs in loops’land II' (one insertion and 6—8 sequence similarity observed among three
substitutions). Since pJHCMW!I and p15A areharacterized Rom proteins. Additional Rom
compatible (Deryet al, 1997) and differ by 5 proteins have been described and a comparisol
substitutions, only one of which is in loop it of these proteins firmly establishes the exis-
is reasonable to assume that pKlebB would hence of this protein family (Riley, data not
compatible with the other three plasmids. shown).
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A region similar in sequence to the exclusiofunctions, also based on sequence comparisol
region of ColEl is also detected in pKlebBappears to be the product of recombinatior
BLAST searches reveal that the encoded Exelents that have joinedka pneumoniadRNA |
protein is most similar to that found in pNBL63and RNA Il region (most similar to pJHCMW]I)
The Excl proteins of pKlebB and pNBL63 areand aK. oxytocaRom and Excl region (most
quite similar to each other and highly divergergimilar to pNBL63). Although this region bears
from the corresponding protein in ColE1, wittthe signature ColE1-like replication functions,
95% sequence identity between pKlebB an@vels of sequence similarity suggest that it is &
pNBL63 and 27% sequence identity betweeklebsiellaspecific plasmid backbone.
pKlebB and ColEl. In ColE1l this region en- Recombination has been implicated in the ori-
codes two proteins (Excl and Exc2), which amgin and evolution of numerous native plasmids.
involved in a form of plasmid incompatibility Indeed, it has been argued that plasmids ar
known as entry exclusion (Chat al, 1985). merely shuttle vectors that serve to transpor
The mechanism of incompatibility involves thegenes from one chromosomal background to an
inhibition of conjugal transfer of a plasmid intoother. Thus, it was surprising to find a class of
a host cell. A second Exc protein was not dglasmids, the nuclease colicin plasmid&ooli,

tected in either pKlebB or pNBL63. in which recombination appears to have playec
o little or no role in their origin and diversification
Recombination in pKlebB (Riley, 1993a). In fact, nuclease colicins and theit

pKlebB is a chimeric plasmid. Figure 8 illus-plasmids were shown to diversify primarily
trates the regions of pKlebB that differ in sethrough the action of positive selection on muta-
quence origin. Based upon DNA and protein sé&ons that result in novel immunity functions (re-
guence comparisons, we deduce that thvewed in Riley, 1998). pKlebB is the first exam-
bacteriocin gene cluster is the product of at legsfe of a plasmid-encoded nuclease bacteriocit
three recombination events that have joined aiginating from multiple recombination events.
pore-former type of Sregulatory region and It is possible that a two-step process is in-
lysis gene (most similar to colicin A), a DNasevolved in nuclease bacteriocin plasmid evolu-
type of bacteriocin and immunity region (mostion. Recombination may serve in the creation
similar to pyocin S1 and colicin E9), and a reef novel plasmids that combine bacteriocin
ceptor recognition and translocation region dfinctions from multiple ancestries, such that ap-
unknown origin. The plasmid “backbone,’propriate receptor recognition functions are
which is composed of plasmid maintenanceombined with existing killing and immunity

pKlebB-K17/80
RNAI

Rom  Eycl1, Klebicin Immunity Lysis Rom
DR o B | AN N E b )
Key
pNBL63
Col A
Pyo S1/ColE9

B

pJHCMWI

FIG. 8. The chimeric nature of the pKlebB sequence is indicated by alternate shadings. The key indicates the probat
cestry of each region.
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functions and these are coupled with a replicon (1985). Nucleotide Sequence and Gene Organization of
that can survive in a particular chromosomal ColE1 DNA*.J. Biol. Chem260(15), 8925-8935.

. . Cole, S. T., Saint-Joanis, B., and Pugsley, A. P. (1985). Mol-
baCkground' Those recombinants that SUI’VI\fé ecular characterisation of the colicin E2 operon and

may then experience the force of strong posi- jgenification of its productsMol. Gen. Genet198,
tive, diversifying selection detected for the nu-  465-472.

clease colicins as they subsequently diversifavison, J. (1984). Mechanism of control of DNA replica-
within that species. tion and incompatibility in ColE1-type plasmids—A

- . L review.Gene28, 1-15.
A prediction of this two-step hypothesis ISDery, K. J., Chavideh, R., Waters, V., Chamorro, R., Tol-

that nuclease bacteriocins within a species will “masky, L., and Tolmasky, M. (1997). Characterization

be closely related and show the pattern of se- qf th_e replication an_d mobilization regions of the_mul-

quence divergence typical of diversifying selec- tlraejlcsrt\?\r/]\ff PI';';:Z'E,O',': 97p;§gmgg!aleo 1%'8‘27‘:25

. e . i , 97— s i:10. .
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