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Pseudomonas aeruginosa phage EL is a dsDNA phage related to the giant
$KZ-like Myoviridae. The EL genome sequence comprises 211,215 bp and
has 201 predicted open reading frames (ORFs). The EL genome does not
share DNA sequence homology with other viruses and micro-organisms
sequenced to date. However, one-third of the predicted EL gene products
(gps) shares similarity (Blast alignments of 17-55% amino acid identity)
with $KZ proteins. Comparative EL and $KZ genomics reveals that these
giant phages are an example of substantially diverged genetic mosaics.
Based on the position of similar EL and ¢$KZ predicted gene products, five
genome regions can be delineated in EL, four of which are relatively
conserved between EL and ¢KZ. Region 1V, a 17.7 kb genome region with
28 predicted ORFs, is unique to EL. Fourteen EL ORFs have been assigned a
putative function based on protein similarity. Assigned proteins are
involved in DNA replication and nucleotide metabolism (NAD™-
dependent DNA ligase, ribonuclease HI, helicase, thymidylate kinase),
host lysis and particle structure. EL-gp146 is the first chaperonin GroEL
sequence identified in a viral genome. Besides a putative transposase, EL
harbours predicted mobile endonucleases related to H-N-H and
LAGLIDADG homing endonucleases associated with group I intron and
intein intervening sequences.

© 2005 Elsevier Ltd. All rights reserved.
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The dsDNA-tailed bacteriophages represent
numerically the largest, most widespread and
probably the oldest group of bacterial viruses.'
They constitute the order of the Caudovirales and
comprise three families: Myoviridae, Siphoviridae
and Podoviridae. Myoviridae phages have a
contractile tail sheath and they represent about
25% of tailed phages.” Bacteriophage T4 of
Escherichia coli is the best-characterized representa-
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tive of the Myoviridae family.>* The T4-like phages
infect a broad range of different bacteria and can be
subdivided into four groups that are increasingly
distant from phage T4: the T-evens, the pseudo -T-
evens, the schizo-T-evens and the exo-T-evens.” The
phage T4-like genomes appear to be mosaics
containing a large and fixed group of essential
genes and a variable set of non-essential genes.
The most conserved genes are involved in virion
morphology and DNA replication. The non-
essential genes are probably important for the
adaptatlon of these phages to their particular
lifestyle.

¢KZ is a giant Myoviridae phage that eff1c1ent1y
infects many Pseudomonas aeruginosa strains.® ¢KZ
has a linear, circularly permuted and terminally
redundant, A+T-rich (63.2%) genome and a
circular genomic map. DNA sequence analysis of
the ¢KZ genome revealed a 280,334 bp sequence

0022-2836/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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with 306 predicted ORFs organized into clusters.” In
all, 10% of the predicted $pKZ proteins exhibit
similarity (Blastp>111 bits) to proteins of known
function from diverse organisms. Most of the
conserved gene products are involved in nucleotide
metabolism. Neither a viral DNA polymerase nor
ssDNA-binding protein were identified based on
amino acid similarity, suggesting a novel or host-
dependent replication machinery. Limited simi-
larity at the protein level to other Myoviridae
phage, including phage T4, classifies $KZ as an
evolutionary distinctive branch within this family.
Other giant phages of the $KZ-type (e.g. Lin21, NN,
PTB80, EL and RU) that infect P. aeruginosa have
been isolated.® Restriction analysis and DNA
hybridization showed a profound difference in
genomic background among the ¢KZ-like phages,
grouping them into three species: Lin68, ¢KZ (a.o.
$KZ, Lin21, NN and PTB80) and EL (EL and RU).”
Phages belonging to the same species are closely
related and share significant DNA similarity,
whereas ¢KZ and EL phages lack similarity at the
DNA level.

¢KZ-like phages may be valuable in phage therapy
or may provide antimicrobial Eroteins that help to
combat Pseudomonas infections,” since this bacterium
has emerged as a major problematic opportunistic
human pathogen due to its resistance to antibiotics.

Bacteriophage EL was isolated from natural
sources® and grows to small irregular plaques on
P. aeruginosa PAOL. Phage particles are composed of
a large icosahedral capsid of ~140 nm in diameter
and a long contractile tail of ~200 nm (Figure 1).
They appear morphologically similar to $KZ phage
particles, of which the three-dimensional head

Figure 1. Electron micrograph of the large bacterio-
phage EL and the smaller phage T4 particles negatively
stained (0.75% (w/v) uranyl formate, pH 4.5). The EL tail
is 200 nm long and the icosahedral capsid is 140 nm in
diameter. An EL phage with a contracted tail (indicated
with an arrow) is shown in the upper inset. The scale bar
represents 100 nm. Phages were propagated and purified
as described.”

structure was determined recently by cryo-electron
microscopy.'’ Overall phenotypic characteristics of
the ¢$KZ-like phages and significant differences
observed between both ¢KZ and EL triggered
genome sequencing of EL to allow a more in-
depth comparison of both giant phages. DNA
sequence analysis of phages from both species
provides information on their evolutionary
relationships, and insight into their genome struc-
ture and conserved proteins.

Genome sequence analysis

A collection of 1525 sequence reads assembled
into a circular DNA sequence of 211,215bp
(Figure 2). The average G+C content of the EL
genome is 49.3%, which is significantly higher than
the average G+ C content of $KZ (36.8%), but lower
than the G+ C content of the host genome, which is
65%. In silico restriction analysis revealed that Pstl,
Notl and Spel do not cut the EL genome sequence,
while Notl, Pstl, Sacl, Smal, Xhol and Xmalll
recognition sites are absent from the ¢$KZ genome.
The elimination of restriction recognition sites in EL
compared to ¢KZ is probably associated with the
presence of host endonucleases and adaptation to
different natural hosts.""

To obtain an objective prediction of putative
phage regulatory sequences, the entire genome
sequence was scanned using PHIRE (v 1.00).'?
This analysis revealed a conserved consensus
sequence (WTTTYAAACCTACATTATY) preceding
an ORF at nine locations throughout the genome.
These sequences (all in clockwise direction) are
putative phage EL promoters. Analysis of the
intergenic re%ions by the EMBOSS program
“einverted”'" revealed 46 stem-loop sequences,
between 8bp and 22bp long, followed by an
A+U-rich sequence. Many of these putative rho-
independent terminator sequences are located at
the end of transcriptional blocks. PHIRE analysis
did not reveal any conserved stem-loop sequences
in the EL genome sequence, a hallmark feature for
$®KZ.7'* The positions of putative promotor and
rho-independent terminator sequences are
indicated in Figure 2.

A total of 201 ORFs of at least 150 bp length were
predicted (Figure 2). The majority of the ORFs
(85.6%) are oriented clockwise on the genomic map.
The genome is tightly organized (92.4% coding
sequences) with small intergenic sequences (from
1bp to 650 bp) and minor overlapping ORFs (48
ORFs have an overlap between 4 bp and 56 bp). All
coding triplets are used. In line with the high G+C
content of its predicted ORFs (66.6%), P. aeruginosa
makes greater use of codons with G or C in the third
position, whereas EL (49.3% G+C) also signifi-
cantly uses codons with U or A in the third position.
In general, codon preference is less marked in EL.
Though the G+ C content of EL differs from that of
P. aeruginosa, only a single tRNA gene for the Thr
codon ACG is predicted in the EL genome, while
other phages like $KZ,~ phage T4 and KVP40"
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Figure 2. Circular representation of the EL genome map. The outer numbered circle represents the EL ORFs, which are
numbered clockwise. EL gene products sharing similarity with $KZ gene products (indicated in the inner circle) are
coloured according to the level of similarity based on bit scores (grey (<40), blue (40-50), green (50-80), purple (80-200)
and red (>200)). Pfam*’-hits and similarity to other proteins (and putative functions) are mentioned in the outer circle.
Level of similarity is indicated by coloured dots based on the bit scores. Putative promoters are indicated as green flags,
stem-loop structures (putative terminators) as black lollipops. The grey circle segments and numbers indicate the major
genome regions delineated in EL based on relatedness to $KZ. The broken grey line indicates a genome region with
protein similarity to $KZ gene products but with a different genomic localization. Genome sequencing was performed
as described” with minor modifications. A total of 256 clones were sequenced. Assembly was done by Sequencher
version 4.1 software (Gene Codes Corporation) into 63 contigs. The contigs were extended by primer walking with 16-
mer oligonucleotide primers on pure EL DNA until all contigs assembled into a single sequence. A total of 1525 sequence
reads, with length varying from 400 to 800 nucleotides yielded over 780 kb, resulting in almost fourfold redundancy for
the entire genome. Putative ORFs (>150 bp) were predicted with GeneMarkS*" and Glimmer 2.0 (probed on the
P. aeruginosa genome)42 programs. Additional information based on codon usage, overlapping genes and presence of a
Shine-Dalgarno ribosome-binding sequence in front of the initiation codon (AUG, GUG or UUG) were taken into
account in the final ORF prediction. The STORM program® was used to combine protein analyses of BLAST,* Pfam™*’
and ProtParam (part of the ExPasy suite*’) on the batch file of protein sequences. Additionally, conserved domains were
searched for in the Conserved Domain Database (CDD).*® tRNA genes were searched by the tRNAscan-SE program47
and FAS-tRNA.**
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provide six, eight and 30 tRNAs, respectively. The  delineated (Figure 3(a)). Syntenic genome segments
relative frequency of the ACG codon for threonine  are present in ORF regions I (EL-gp1-85), III
is higher in EL than it is in the host genome, but this ~ (EL-gp103-124) and V (EL-gp153-201), encoding
observation is also made with other sets of codons. ~ gene products similar to the ¢KZ ORF regions
The $KZ tRNAs are localized in a 6700 bp region = $KZ-gp25-123, $KZ-gp129-165 and ¢$KZ-gpl46-
between ¢KZ-gp293 and ¢$KZ-gp302, a region 203, respectively. Within blocks of similar ¢$KZ

largely absent from EL. and EL ORFs, gene order can be identical or

reversed, while additional insertions/deletions are
Comparative analysis of EL and ¢ KZ open observed (Figure 3(b)). A region of consecutive
reading frames related EL and ¢KZ gene products, interrupted by

putative mobile elements EL-gp37 transposase and
While EL and ¢KZ lack similarity at the DNA  ¢$KZ-gp72 H-N-H endonuclease is shown.
level, one-third of the predicted EL proteins show  Although not all EL gene products indicated in
similarity (Blastp) to $KZ proteins. The EL genome  Figure 3(b) share amino acid similarity with their
roughly encodes proteins similar to $KZ-gpl0 to  $KZ counterparts, ORF position and size suggest a
¢KZ-gp203. With the exception of EL-gp95 (similar  related origin. EL-gp39 and EL-gp40 harbour intein
to $KZ-gp297), EL is devoid of gene products  sequences (discussed below). The order of genes
similar to $KZ-gp204-306, corresponding to 24% of ~ encoding similar proteins could be reversed, as is
the larger pKZ genome. The extent of similarity and  the case for EL-gp5-gp11, compared to $KZ-gp30-
the genomic position of similar proteins in both  gp25. EL-gp113 (247 residues), gpl14 (1184 resi-
genomes allows insight into their evolutionary  dues) and gpl15 (1193 residues) share notable
relatedness. Based on the position of similar  similarity and are probably the result of gene
proteins, five major EL genome regions can be  duplications.

(a)
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Figure 3. (a) Schematic comparison of the EL and ¢KZ genomes. Regions with blocks of proteins sharing amino acid
similarity are indicated in dark grey. The genome regions marked in light grey contain genes of which the $KZ and EL
gene products share amino acid similarity, but with extensively reshuffled gene order between both phages. Genome
regions marked as dotted boxes are unique to either phage. Based on the occurrence of similar gene products, five
different genome regions in EL are marked. (b) Schematic alignment of corresponding EL and ¢KZ genome regions
encoding EL-gp30-gp40. Gene products sharing similarity are marked, based on bit score values (open boxes (40),
hatched (40-50), crosshatched (50-80), grey (80-200)). A transposase sequence is located between EL-gp35 and EL-gp38,
and absent between the $KZ counterparts, $KZ-gp70 and $KZ-gp71. The EL-gp38 amino acid sequence is a fusion of
®KZ-gp71 and $pKZ-gp73 protein sequences. No ¢KZ-gp72 counterpart, encoding a putative H-N-H endonuclease is
present in this EL genome region. $KZ-gp73 en $KZ-gp74 share similarity with microbial RNA polymerases.
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OREF region IV (EL-gp125-152) is unique to EL
and encodes gene products related to bacterial
proteins, e.g. NAD"-dependent DNA ligase. ORF
region II (EL-gp86-102) encodes four gene products
displaying sequence similarity to $¢KZ-gp10, gp13,
gp14, gp297, located at a different position on the
$KZ genome map.

Structural and lytic proteins

Previous analysis of the N-terminal protein
sequence after SDS-PAGE separation of proteins of
the phage particle identified EL-gp78 as the major
capsid protein.® Comparison of the predicted
EL-gp78 protein sequence and the N-terminal
sequence (Gly-Phe-Ser-Met- Gln -Asp-Phe) deter-
mined by Edman degradation® indicates cleavage
of the first 120 N-terminal residues in the final coat
protein. In mature $KZ particles, the major coat
protein gplZO lacks the first 163 amino acid
residues.” Protein similarity between EL-gp78 and
$KZ-gp120 is confined to the mature protein region
(Blastp alignment) and shows 19% identical
residues, which is low compared to the level of
homology between major virion proteins of T4-like
phages.'® Examination by electron microscopy,
however, does not suggest differences in head
structure between $KZ and EL. Moreover, recent
determination of the three-dimensional structure of
the $KZ head by cryo-electron microscopy'® shows
that the shape and size of the hexamers is similar to
the hexameric building blocks of the bacteriophages
T4, ¢$29, P22 and HK97. Post-translational pro-
teolysis in transition from the procapsid to the
mature capsid is essential for the morphogenesis of
many bacteriophages and has been studied exten-
sively for bacteriophage T4."” It is interesting to note
that both EL and $KZ major protein precursors are
cleaved after a Glu residue, which is also the
conserved residue in the proteolytlc cleavage site
of phage T4 head proteins."” The only EL gene
product with a predicted protease activity is
EL-gp15 (182 residues), related to the peptidase
subunit of ATP-dependent protease HsIVU
(CleQg family. According to a recent classifi-
cation, ® members of this family have thus far not
been associated with prohead maturation proteases.

Besides protein similarity of the major head
proteins, EL proteins gp58 (364 residues), gp156
(1046 residues) and gpl83 (2543 residues) are
similar to the ¢KZ structural proteins gp89 (387
residues), gpl146 (1093 residues) and gp181 (2237
residues), respectively (Figure 2). No ¢KZ-gp145
homolog, the second predominant protein in the
$KZ particle is present in EL. The mentioned ¢KZ
proteins were identified as structural proteins after
SDS-PAGE separation of phage particle proteins
and N-terminal sequencing.” EL-gp156 (1046 resi-
dues) and its $KZ counterpart, $KZ-gp146 (1093
residues) contain collagen-type sequence repeats
(Gly-X-Y), which have been reported in genes
encodm% structural components of bacteriophage
virions.” The most conserved region (~700-815) in

gp156 contains a (Gly-X-Y)s,o repeat and shares
similarity with amino acid sequences in putative
tail fiber proteins and proteins involved in host
recognition of a.o. bacteriophage 933W*° and
Streptococcus thermophilus bacteriophage DT2.*!

Protein similarity between EL-gp183 (2543
residues) and ¢$KZ structural protein gp181 (2237
residues) is confined to residues 447-1907 of EL
and residues 419-1777 of ¢KZ. Both proteins
contain a lytic domain responsible for local
degradation of the peptidoglycan layer during
infection. Activity of both lytic domains, which
lack amino acid similarity, was demonstrated
experimentally (Y. Briers, personal communi-
cation). The presence of unrelated lytic domains in
¢KZ-gp181 and EL-gp183 provides evidence for
domain swapping in the evolution of these
structural components. Lytic activity was also
demonstrated for EL-gp188 (Y. Briers, personal
communication). Based on its activity, size and
the presence of a peptidoglycan (PG)-binding-1
(Pfam PF01471) and transglycosylase SLT domain
(Pfam PF01464), EL-gp188 is assigned as an
endolysin, involved in phage-induced degradation
of the cell envelope upon release from the host.
In contrast to the $KZ lytic proteins, EL lytic
domains (in gpl83 and gpl88) do not share
sequence similarity. No putative holin gene
meeting the characteristics presented by Wang
et al.? could be identified directly up- or down
stream of both the $KZ and the EL endolysin gene.
Possibly, the holin gene has a separate genomlc
locus as with the lysis components of phage T4.*
Based on their size and the presence of at least one
TM domain, several EL gene products are candidate
holins.

Based on in silico similarity searches, four
additional EL proteins (¢EL-gp113, gpl14, gpll5
and gpll17) are likely structural proteins. The
C-terminal region of EL-gp117 shows amino acid
sequence homology to the C-terminal region of
predicted baseplate (assembly) proteins and to the
N-terminal region of distal tail fiber proteins of
various phages (and bacteria). EL-gp113, gp114 and
gp115 are related to ¢KZ-gp131, which contains an
amino acid sequence region homologous to
Salmonella phage Felix01 and Streptococcus
pneumoniae phage EJ-1 putative tail fiber proteins.

Gene products involved in nucleotide
metabolism

Several viruses, among Wthh phage T4 and the
related Vibriophage KVP40," duplicate several host
pyrimidine biosynthesis functions. This duplication
appears to enhance growth as judged by muta-
genesis experiments.”> With the exception of
EL-gp201, a putative thymidylate kinase (EC
2.7.49, ATP.dTMP phosphotransferase), no such
enzymes are predicted in the EL genome. Thus,
phage EL appears more dependent on host
enzymes for dNTP synthesis compared to
¢KZ, which possesses additional genes
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for dihydrofolate reductase, deoxycytidine
triphosphate deaminase, thymidylate synthase
and r1bonuc1e031de -diphosphate reductase o and
subunits.” Most of these $pKZ genes are located in
the $KZ-gp204-306 genome region, absent from the
EL genome (Figure 3(a)).

Gene products involved in DNA replication and
transcription

Few EL proteins display similarity to proteins
involved in DNA replication, recombination and
repair. EL-gp166 (940 residues) shares a C-terminal
helicase_C domain with P. aeruginosa DNA helicase
and is related to the $KZ-gp203 putative DNA
helicase. In contrast to the large $¢KZ-gp155 (482
residues) putative RNase HI, EL-gp124 (163
residues) is strongly related to P. aeruginosa PAO1
ribonuclease HI (148 residues). Based on amino acid
sequence similarity there is no evidence for the
presence of a phage-encoded DNA polymerase of
the known DNA polymerase families. Virulent

phages usually possess their own DNA polymer-
ase. Failure to identify a DNA polymerase in both
¢KZ and EL giant phages may imply either that yet
another polymerase family exists or that the phages
rely on the host replication machinery.

The EL genome encodes proteins sharing amino
acid similarity with ¢KZ-gp73, gp74 and gpl78,
similar to microbial RNA polymerases. Strikingly,
the genome regions of EL-gp38/gp39 and their
¢KZ-gp73/gp74 counterparts are somehow
reshuffled and interrupted by different putative
mobile elements (Figure 3(b)). $KZ-gp178 (1451
residues) occurs as two smaller proteins gpl86
(1067 residues) and gp187 (357 residues) in EL.

Homing endonucleases

Besides a putative transposase, EL harbours
putative homing endonuclease sequences that are
commonly associated with phage genomes. At least
15 phage T4 genes belong to two of the four
structural families of homing endonucleases

(@)
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EL-gp011 I e 1088 aa
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Figure 4. Intein sequences in phage EL. (a) Schematic representation of the presence of intein sequences in EL ORFs.
Amino acid similarity to the Snf2 intein sequence and between ¢KZ and EL sequences is marked based on bit score
values (hatched (40-50), crosshatched (50-80), grey (80-200), black (>200 bits)). (b) Local alignment of the EL intein
sequences (—1 and +1 amino acid residues are included) and inteins in Mycobacterium intracellulare (Min),
Mycobacterium avium (Mav), Clostridium thermocellum (Cth), Mycobacteriophage Omega (Momega), Mycobacteriophage
CJW1 (Mcjw1), Deinococcus radiodurans (Dra). The consensus line represents conserved residues (marked in grey) present
in at least five of the ten sequences included in the multiple alignment. Residues conserved in the ten sequences are
highlighted in the alignment and consensus. Different intein blocks and LAGLIDADG motifs are indicated as described

by Perler et al.*
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defined by the conserved sequences GIY-YIG,
LAGLIDADG, H-N-H and His-Cys.’ Six predicted
proteins, EL-gp1l, gp25, gp39, gp40, gpl66 and
gpl85, contain sequences related to H-N-H and
LAGLIDADG homing endonucleases associated
with group I intron and intein intervening
sequences (IVS).** EL-gp25 and EL-gp185 share
the H-N-H motif with $KZ proteins gp56, gp72,
gpl79 and gp269 and other putative H-N-H
homing endonucleases in various bacteria and
phages. Based on protein similarity, two putative
DNA-binding domains can be delineated in
¢EL-gp25. These nuclease-associated modular
DNA-binding domains (NUMODs) are structurally
independent domains and appear in single or
tandem repeats in homing endonucleases.”> The
first NUMOD1 domain in gp25 contains the
conserved Asp, Phe and Ala residues.

An internal region in EL-gp11, EL-gp39, EL-gp40
and EL-gpl66 aligns with the Deinococcus
radiodurans Snf2 Ala-type intein sequence,
containing two conserved LAGLIDADG homing
endonuclease motifs.** In EL-gp11, EL-gp39 and
EL-gp166, the intein-like sequences clearly inter-
rupt proteins similar to the corresponding ¢$KZ
proteins gp25, gp74 and gp203 lacking the intein
(Figure 4(a)). Increased size of the EL ORFs
compared to the respective ¢KZ ORFs is in line
with the presence of the intein-like intervening
sequence. Several conserved intein motifs (blocks
A-H) can be delineated (Figure 4(b)). Smaller
EL-gp40 and EL-gpl66 intein-like sequences are
less conserved in blocks C, D and E, the blocks that
are associated with endonuclease activity. The
conserved dipeptide His-Asn is present at the C
terminus of the putative intein sequences, followed
by a Ser or Thr residue. These intein-like sequences
could still be mobile and functionally excised or
may represent intein remnants. These types of
intervening sequences are most frequently
located in enzymes that interact with DNA,
although they also occur in metabolic enzymes.*®
The LAGLIDADG-type endonucleases in putative
EL-gp39 and EL-gp166 inteins interrupt sequences
similar to ¢KZ proteins with putative RNA
polymerase (¢KZ-gp74) and helicase ($¢KZ-gp203)
function, respectively.

ORFs unique to EL

Ten non-pKZ-related gene products (gpl5, gp37,
gp100, gp122, gpl125, gpl46, gpl52, gpl57, gpl63,
gp188) exhibit similarity (Blastp, bit score >40) to
(putative) proteins from bacterial or phage origin.
Only one gene product (gpl26) exhibits low
similarity to a phage T4 gene product (putative
57B protein, Swiss-Prot entry P04533) of unknown
function. Pfam and CDD searches for conserved
domains provide strong evidence for the presence
of transposase, NAD *-dependent DNA ligase, and
GroEL chaperonin activities in gp37, gpl122 and
gp146, respectively. Other, however less conserved,
motifs and protein domains suggest involvement of

defined gene products: (1) in nucleic acid binding
(DHHA1 in gp125, Arc in gpl63, NUMODI1 in
gp25); (2) in protein—protein interaction (Kelch in
gp153 and gpl55, BRCT in gpl122); (3) in ATP-
binding (Helicase_C in gp166) and (4) in various
enzymatic reactions (e.g. acetyltransferase in gp137
and gp152, Lipase_GDSL in gp158).

EL-§p122 is strongly related to the bacterial
NAD™-dependent DNA ligases and not to the
typical phage ATP-dependent enzymes. It contains
the conserved catalytic Lys114 residue that
covalently binds the adenylate group from NAD™
in the KXDG motif.”’ The EL-gp122 C-terminal
region partially aligns with a C-terminal breast
cancer suppressor protein, carboxy-terminal
(BRCT) type II domain, which is found in many
DNA damage repair and cell, cycle checkpoint
proteins.”® One of the few other known viral
NAD " -dependent DNA ligases is coded by phage
T5 and is built up from two distinct subunits, A
and B, both sharing similarity with corresponding
EL-gp122 protein domains.

EL-gp146 (558 residues) is the first chaperonin
GroEL ortholog identified in a phage genome.
GroEL (Hsp60) proteins together with their cocha-
peronin GroES constitute a chaperone machine
essential for the correct folding of many proteins.
The mechanism of chaperonin-mediated poly-
peptide folding involves the interaction of GroEL
with non-native polypeptide, subsequent GroES
association, ATP hydrolysis, and release of the
native protein. Recent analysis of chaperone net-
works in bacteria showed that GroEL is the only
chaperone that can be encountered in all bacterial
species under study® (except Mycoplasma). It has
been shown that host GroEL is the only host
chaperone that is known to be required for phage
T4 growth.*® In phage T4 and phage RB49, GroES
function is substituted by 3Ehage—encoded cochaper-
onins gp31*' and CocO,* respectively. Gp31 and
CocO are functional orthologs (34% identical), but
lack similarity to host GroES. A typical GroElocus,
where GroES is followed by GroEL seems to be
disturbed in phage EL. No GroES function could be
identified in EL based on sequence similarity
analysis. Alignment of the EL GroEL sequence
with E. coli and P. aeruginosa GroEL sequences (data
not shown) reveals conservation of most residues
involved in ATP/ADP and Mg2+ binding,%/34
which, in general, are the best conserved residues.®®
With the exception of two residues (Asn262,
GIn267), residues presumably involved in substrate
binding have a conserved hydrophobic/aromatic
character.’*?® Preliminary EM and ultracentrifuga-
tion data suggest a heptamer-like and 14-mer
structure, respectively (V.V.M. et al., unpublished
observations). EL GroEL does not complement
E. coli host defective GroEL44 chaperonin. This
was concluded from the lack of phage T4 and
lambda phage growth on E. coli cells with GroEL44
instead of host GroEL* and carrying the plasmid
with EL GroEL under inducing conditions (data not
shown). We interpret this as inability of phage
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T4-gp31 or E.coli GroES (necessary for lambda
growth) to interact with EL GroEL.

EL-gp37 shares protein similarity with IS605
family transposase B, a protein widespread
throughout bacterial species. Transposase B is
one of the two ORF products on type IS605
(IS606, 1S607, 15608) insertion sequence elements,
but also occurs as an integral part of a single
protein element encoded on, for example, 1S891
in Cyanobacter Anabaena sp.”® There is extensive
relatedness to the virulence factor GipA of E. coli
and the prophage Gifsy-1 putative virulence
protein of S. typhimurium.* Similarity to these
virulence factors indicates that the transposase
functionality should be investigated thoroughly
prior to application of EL in phage therapy. The
EL putative transposase, however, is not related
to transposases of temperate P. aeruginosa phages
D3112 and B3.

Conserved domain searches indicate the
presence of transposase_2 (residues 8-289) and
transposase_35 (residues 301-374) domains.
The latter contains four conserved -cysteine
residues suggestive of DNA-binding as a zinc
finger domain.

In summary, current genome sequence analysis
of EL provides additional evidence for its
classification as a ¢KZ-like Myoviridae. Both
giant phages differ profoundly from other Myo-
viridae representatives. Genome sequence anal-
ysis revealed that about one-third of the
predicted gene products of EL share similarity
with ¢KZ. Comparison of the genome localiz-
ation of ORFs encoding similar EL and ¢KZ gene
products reveals blocks of conserved gene func-
tion in large genome regions. Probably, these
ORFs encode essential proteins in the phage life-
cycle. Besides, both EL and ¢$KZ also contain
unique genome regions, of 17.7kb and 67 kb,
respectively, encoding different proteins. It is
important to understand what the role of these
unique regions is, and how these large pieces of
DNA have been inserted in the phage genomes.
As in other phages, both EL and ¢$KZ genomes
are quite permissive for the accommodation of
homing endonucleases. As for ¢KZ phage, we
were not able to identify a DNA polymerase in
the EL genome, and other proteins assisting DNA
replication, including single-stranded DNA-bind-
ing proteins. Either they possess a completely
distinct replication machinery or they make use
of the host replication system. To understand
quantitatively the origin and evolution of these
giant phages, a substantially larger set of
complete genome sequences of ¢KZ-related
phages is needed.

Nucleotide sequence accession humber

The phage EL genome sequence has been
deposited in GenBank under accession no.
AJ697969.
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