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Bacteriophage CMP1 is a member of the Siphoviridae family that infects specifically the plant-pathogen Clavibacter
michiganensis subsp. michiganensis. The linear double- stranded DNA is terminally redundant and not circularly
permuted. The complete nucleotide sequence of the bacteriophage CMP1 genome consists of 58,652 bp including
the terminal redundant ends of 791 bp. The G+C content of the phage (57%) is significantly lower than that of its host
(72.66%). 74 potential open reading frames were identified and annotated by different bioinformatic tools. Two large
clusters which encode the early and the late functions could be identified which are divergently transcribed. There
are only a few hypothetical gene products with conserved domains and significant similarity to sequences from the
databases. Functional analyses confirmed the activity of four gene products, an endonuclease, an exonuclease, a single-
stranded DNA binding protein and a thymidylate synthase. Partial genomic sequences of CN77, a phage of Clavibacter
michiganensis subsp. nebraskensis, revealed a similar genome structure and significant similarities on the level of deduced
amino acid sequences. An endolysin with peptidase activity has been identified for both phages, which may be good

tools for disease control of tomato plants against Clavibacter infections.

Introduction

The increase of antibiotic resistance in bacterial strains is a topi-
cal problem of great importance in medicine and agriculture.
Bacteriophages are attracting more and more attention as thera-
peutic agents and for the preventatives of bacterial infections."?
There are several advantages for phages in therapy, e.g., phages are
highly specific for their hosts and eliminate only target bacteria,
they are self-replicating and self-limiting and phages are natural
components of the biosphere and thus can be isolated rapidly.*
A lot of different phages or phage enzymes are already used in
medicine or food production, e.g., dairy products and represent
an effective and above all safe alternative to antibiotics.**

Clavibacter michiganensis subsp. michiganensis (Cmm) is
a Gram-positive plant-pathogen that belongs to the family
Microbacteriaceae in the phylum Actinobacteria. This bacte-
rium infects tomato plants and causes bacterial wilt and can-
cer, which is of great importance in agriculture as it provokes
yield losses worldwide. Cmm infects the tomato plants through
wounds at the roots or shoots, invades the xylem and thus
causes a systemic infection of the host.” As there are no resistant
tomato plants nor effective methods for prevention or therapy
of Clavibacter infections, specific phages or lytic enzymes of
phages maybe a good choice for the protection of tomato plants
from Cmm infections.

The bacteriophage CMP1 was first isolated in 1972 from dry
overwintering tomato stems from fields that were heavily infected
with Cmm in summer.”® The authors characterized CMP1 only
partially with the intention to use it as a tool for rapid identifi-
cation of its host Clavibacter michiganensis. The virulent phage
belongs to the family of Siphoviridae because it has an icosahe-
dral head with a diameter of about 68 nm and a long thin, non-
contractile tail with a length of about 245 nm. Until now there
has been no information about genomes, genes and gene prod-
ucts of CMP1 or any other Clavibacter phage.

Results and Discussion

General characteristics of the phage CMP1 genome. For a
future application of phage CMP1 in the protection of tomato
plants from Clavibacter infections the phage should be charac-
terized in more detail which includes the determination of the
genome sequence.'! Knowledge of the genome sequence is neces-
sary e.g., to exclude the presence of genes for toxins, to verify the
absence of a temperate growth cycle and to identify genes encod-
ing highly specific enzymes, which maybe candidates for applica-
tions as transgenes in plant protection against Cmm infections.
After isolation of the DNA from purified CMP1 phages it
was subjected to pulsed field gel electrophoresis. The DNA was
found in a single band corresponding to a length of about 60 kb,
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Figure 1. Time-limited digestion of CMP1 DNA with BAL 31, followed
by complete hydrolysis with Kpnl. Lane 1, \ DNA hydrolyzed with EcoRI
and Hindlll; lane 2-5, CMP1 DNA hydrolyzed with BAL 31 followed by
Kpnl. BAL 31 digestion time: lane 2, 0 min; lane 3, 15 min; lane 4, 30 min;
lane 5, 45 min. 1% agarose gel.

suggesting that the DNA has no protruding cohesive ends which
would result in concatemer formation (data not shown).

In order to identify the ends of the CMP1 genome the CMP1
DNA was subjected to a time-limited BAL 31 digestion (Fig. 1)
followed by a complete hydrolysis with restriction endonuclease
Kpnl. Gel electrophoresis of the DNA fragments revealed a trun-
cation of only two bands. These two bands represent the terminal
Kpnl fragments of the genome of CMP1, with lengths of 3,403 bp
for the left end and 9,389 bp for the right end, respectively. Thus,
all molecules had the same ends and are not circularly permuted.

Assuming that the CMP1 genome has blunt ends and is not
permuted, the DNA was digested with HindIII and ligated with
a Smal/HindIII hydrolyzed vector. After transformation and
analysis of the hybrid plasmids two different inserts could be
identified which represented the terminal HindIII fragments of
the CMP1 genome. Nucleotide sequence determination of these
inserts confirmed the assumption of non-permuted, blunt end
DNA and revealed in addition that the CMP1 DNA has terminal
redundant ends consisting of 791 bp.

Analysis of the genome sequence. For the determination
of the CMP1 genome sequence the inserts from 300 hybrid
plasmids originated from sheared phage DNA (Hydroshear,
GeneMachines) were sequenced from both sites. The single
nucleotide sequences had an average length of about 600 nucleo-
tides. This resulted in an approximately threefold coverage of the
genome size of about 60 kb.

The first assembly of the sequence reads resulted in a circular
map, a consequence of the terminal redundancy of the genome.
With the additional sequence from the cloned genome ends (see
above) the final DNA sequence including the redundant ends
has a length of 58,652 bp with a G+C content of 57% which is
significantly lower than the G+C content of the host chromo-
some (72.66% G+C)."? A lower G+C content of phage genomes
in comparison to that of their hosts is a widespread phenomenon,

for example found for E. coli phages T4 and JS98."
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Open reading frames were determined on the basis of a start
codon (ATG, GTG, TTG), a putative Shine Dalgarno sequence
upstream and a minimum coding capacity of 50 amino acid resi-
dues. In this way 74 putative open reading frames were identified,
60 starting with an ATG, 12 with a GTG and 2 with a TTG start
codon. These orfs cover 88.6% of the sequence. It may be that
some o7fs have been missed due to the cut-off of 50 amino acid
residues. The orfs are organized in two large gene clusters located
on different strands, the 075 on the left arm are transcribed right-
wards and those on the right arm are transcribed to the left (Fig.
2). Between these clusters a relatively strong secondary structure
(-23.2 keal) was predicted, which probably functions as a rho-
independent terminator of transcription.

Analysis of putative gene products. The deduced amino
acid sequences of all orfs were compared with the GenBank
database using PSI-BLAST (Table 1). Table 1 shows the
best matches from searches mainly limited to the group of
Caudovirales. Exceptions are the records where a significantly
higher degree of similarity was found in the complete database
including putative prophages from bacterial genome projects.
As CMP1 is the first sequenced bacteriophage genome of the
genus Clavibacter only weak similarities to other phage protein
sequences could be obtained. Most of the similarities matched
to gene products of mycobacteriophages which are poorly or not
at all characterized.

Gene products from the early region. The amino acid
sequences deduced from the o7fs located in the region between
the right end of the genome and nucleotide 47,235 (orf 74-52)
could not be characterized by bioinformatic analyses due to the
lack of similarities to other gene products of known function.
The putative proteins of this region are very small, thirteen are
less than 100 amino acid residues and nine are between 100 and
200 amino acids in length. We speculate that the right part of
the genome represents the “very early region” and the gene prod-
ucts may play a role in the host shutoff after phage infection.
The genes of the following region (o7f 51-40) are supposed to
code for proteins involved in the DNA metabolism. The deduced
amino acid sequence of o7f51 is the first annotated open read-
ing frame of the cluster possessing significant similarity to an
already described phage protein. The amino acid sequence con-
tains a conserved domain for a P-loop containing nucleoside tri-
phosphate hydrolase and probably can be classified within the
DEAD-like helicases superfamily.”

The upstream reading frames o750 and 07f49 code for two
nucleases, which may play a role in replication and recombination
of the phage genome.'*"7 Gp50 contains a weak HNHc endo-
nuclease domain which is associated with several proteins that
have DNA binding and cutting functions."® The deduced amino
acid sequence of 07/49 revealed a conserved domain of DnaQ-like
exonucleases.”” Exonucleases of this group catalyze the excision of
nucleoside monophosphates from DNA or RNA termini in the
3'-5" direction. Both CMP1 genes were cloned and overexpressed
in E. coli. The purified endonuclease was shown to convert dou-
ble-stranded supercoiled DNA at first to open circular and then
to linear molecules (Fig. 3), whereas the exonuclease degraded
linear double-stranded DNA from the ends (data not shown).
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Figure 2. Schematic genome structure of phage CMP1 with its open reading frames (tr = terminal redundancy). Arrows indicate the transcripional
direction. Proposed functional clusters (early genes of DNA metabolism, late genes for the structural proteins and for lysis) are marked by the same
colour. The stem-loop structure has the structural aspects of a bi-directional rho-independent terminator.

The amino acid sequence of gp48 indicated similarities to a
gene product of a putative prophage in the genome of Sodalis
glossinidius and revealed a characteristic conserved domain for
an Erflike single-strand annealing protein.?® Erf proteins are
engaged in recombination of different phage genomes and in cir-
cularization of a single phage genome with help of the redundant
ends.?!

Gp46 possessed weak similarity to a single-stranded DNA-
binding (Ssb) protein.?? Though no conserved domain was iden-
tified, gp46 shows nevertheless some characteristics of other Ssb
proteins.” Thus, the central tryptophan residue and the con-
served amino acid residues WHR aside, which are involved in
the binding of single-stranded DNA, are represented by residues
75 and 77-79, respectively. The C-terminal half of gp46 is pro-
line and glycine rich and ends with a stretch of acidic amino acid
residues. This characteristic part of Ssb proteins is discussed to
be involved in the interaction with other replication or recom-
bination proteins. To verify the function of gp46, the putative
gene was cloned and expressed in E. coli. Binding of the purified
protein to single-stranded M13 DNA was identified by an elec-
trophoretic mobility shift assay (Fig. 4).

Although most of the proteins in this region seem to have
functions in the metabolism of DNA, no replication protein,
e.g., a primase or a DNA polymerase could be identified in this
region so far.

Two genes were identified outside the region of the early
genes which should also be involved in DNA metabolism. These
are a gene (07/2) encoding a putative HNHc endonuclease
(pfam01844) and a gene (orf7) coding for a flavin-dependent
thymidylate synthase ThyX (cl03630)."%** A similar localiza-
tion of the two genes was found on the genome of bacteriophage
P1201 from Corynebacterium glutamicum.”

For the functional analysis of ThyX the gene was amplified
by PCR and inserted into the expression vector pSCodonl.2.
While E. coli thyA mutants with pSCodon_thyX grown without
thymine showed the phenomenon of a “thymineless death”, the
cell division was normal after induction of the #yX gene with

IPTG (Fig. 5).%%% Thus, the CMP1 ThyX protein was able to
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complement the defective ThyA gene product of E. coli. The
genome of Cmm, the host of CMP1, encodes a thymidylate syn-
thase of the type ThyX with moderate similarity to CMP1 ThyX
(Identities = 111/259 (42%)).

Structural proteins and proteins involved in packaging. In
many phages, the gene cluster encoding structural proteins is pre-
ceded by genes that code for the terminases which are involved in
DNA packaging. Terminases generally have a hetero-multimeric
structure, consisting of a small DNA binding subunit (TerS) and
a large subunit (TerL) with a N-terminal ATPase domain and a
C-terminal endonuclease function.?®%

While a gene product which may represent the small termi-
nase subunit could not be detected, gpll is a candidate for the
large subunit of a terminase. The deduced protein consists of 872
amino acid residues with a calculated molecular weight of 97.8
kDa. The amino acid sequence which exhibits weak similarity
to terminases of other phages, contains two partially conserved
domains: one in the N-terminal half for a homing endonuclease
and one in the C-terminal part for a terminase. The identifica-
tion of a WalkerA (amino acid positions 18-20) and a WalkerB
(amino acid positions 230-235) box indicates the presence of
an ATPase domain in the N-terminal part of gpl1.%° This part
possessed also similarity to several replicative helicases as been
described previously.?®

Since zerL is often localized adjacent to the gene for the portal
protein, it can be speculated that 07f72 may encode the portal
protein. Portal proteins, which have a molecular mass between
40 and 90 kDa, are not well conserved. The putative protein
gp12 has a length of 502 amino acid residues, corresponding to
55 kDa. The most similar protein Xcel_0541 (547 aa, identity
116/392;5 29%) is also annoted as a putative phage portal protein.

Theputative tape measure protein (Tmp) of CMP1 (gp31) which
defines the tail length consists of 1,551 residues and is encoded by
the longest open reading frame of the genome. The protein has a
well conserved core region that is often found in phage tail tape
measure proteins. Assuming a tail length of 1.5 A per amino acid
residue,? the calculated length of the CMP1 tail is considered to be
232 nm, which fits to the size determined by electron microscopy
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Table 1. Analysis of predicted orfs and proteins of phage CMP1

No.

orf Position ofaa Motif Significant matches e-value Similarity Identity Accession No.
01 956-1330 124 putative DNA N deni [ ides phage B40-8] 0.93 20/38 (52%) 13/38 (34%) | YP_002221553
02fmh | 19571692 | 111 | HNH endonuclease (pfamotsas) |t SEIePLCReS [ERCGHS aagrogans DS 455 2007 | 3360 (5% | 2560 40%) | VP 001465508
03 1801-2253 150
04 2250-2744 164 hypothetical protein YS40_078 [Thermus phage phiYS40] 0.23 31/60 (51%) 18/60 (30%) | YP_874091
05 3484-3744 86
06 3753-3977 74
Thymidylate synthase
07 thy 3974-4699 241 | complementing protein gp90 [Mycobacterium phage Catera] 4e-45 139/242 (57%) | 106/242 (43%) | YP_656098
pfam02511)
Lt 4696-5109 | 137 | DUF3310 (pfam11753) p53 [Mycobag;::mh:r?age Phaedrus] fulﬁengﬁtpm S St 6‘:]5;47627((632&;@:) ot 57((;78?{2) x:gg%l oot
09 5113-5457 114 putative gene 52 protein, bacteriophage SPO1 2.4 36/81 (44%) 18/81 (22%) | YP_002300297
10 5556-6203 215 hypothetical protein CMM_2749 [Cmm NCPPB 382] 0,01 23/39 (58%) | 17/39 (43%) | YP_001223494
11terl | 6203-8821 872 g?r;"mz’;gfg'a'?aoggg‘;)m gp206 [Mycobacterium phage Catera] 2e-48 | 188/366 (51%) | 120/366 (35%) | YP_656186
12 8832-10340 502 hypothetical protein Xcel_0541 [Xylanimonas cellulosilytica DSM 15894] 3e-35 | 196/392 (50%) | 116/392 (29%) | ZP_03911328
13 10374-11444 356 hypothetical protein Xcel 0537 [Xylanimonas cellulosilytica DSM 15894] 2e-06 93/197 (47%) | 61/197 (30%) | ZP_03911324
hypothetical protein Oant_2305 [Ochrobactrum anthropi ATCC 49188] - "
14 11444-11800 118 | DUF2190 (pfam09956) :Jgg};ilracterized conserved protein Xcel_0536 [Xylanimonas cellulosilytica DSM 00%232 22//35: ((%i"/z)) ggg; gg‘,: ; \Z(::gg;ﬁgggo
15 11818-12942 374 hypothe(ical pro(e!n Xcel_0535 [Xylanimonas cellulosilytica DSM 15894] 5e-09 150/369 (40%) | 96/369 (26%) | ZP_03911322
hypothetical protein LMA2_gp67 [Pseudomonas phage LMA2] 0,033 37/87 (42%) 25/87 (28%) | YP_002154301
16 13130-13603 157 putative fiber protein [Lactococcus phage blIL77] 4.8 20/52 (38%) 16/52 (30%) | AAL17668
17 13603-14136 177 unknown [Lactococcus phage blL67] 1.6 42/91 (46%) 29/91 (31%) | NP_042318
18 14136-14336 66 gp1.3 [Enterobacteria phage EcoDS1] 4.7 22/39 (56%) 13/39 (33%) | YP_002003747
19 14336-17593 | 1085 | SGNH_hydrolase (cd00229) gp238 [Mycobacterium phage Spud] 2e-22 81/127 (63%) | 63/127 (49%) | YP_002224457
20 17593-19047 484 hypothetical protein MPMin1_gp51 [Microbacterium phage Min1] 5.2 36/80 (45%) 25/80 (31%) | YP_001294811
21 ugp | 19050-19817 255 | GDPD (pfam03009) glycerophosphodiester phosphodiesterase [Bacillus pumilus SAFR-032] 1e-07 59/112 (52%) | 38/112 (33%) | YP_001485440
22 19832-20704 | 290 gp10 [Mycobacterium phage Che9c] 27 25/49 (51%) | 14/49 (28%) | NP_817687
23 20668-21399 | 243 ;?iggkso.oz] domain IEEEE! 0.61 64/152 (42%) | 38/152 (25%) | YP_001734505
24 21399-21833 144 gp40 [Streptomyces phage phiC31] 0.9 49/97 (50%) 28/97 (28%) | NP_047931
25 21830-22303 157 hypothetical protein M102_gp11 [Streptococcus phage M102, phage tail 0.4 27/57 (47%) 17/57 (29%) | YP_002995468
26 22313-22546 77 t ical protein Ib338_phage_22 L illus phage Lb338-1] 1.9 24/54 (44%) 15/54 (27%) | YP_002790701
27 22546-23133 195 DNA transfer protein [Enterobacteria phage HK620] 0.003 44/94 (46%) 30/94 (31%) | NP_112086
28 2314523009 | 254 g?&fﬁ prctenallo-tke domain sonsorved structura protein [Envinia phage phiEaz1-4] 10-05 | 59/113 (52%) | 39/113 (34%) | YP_002456061
29 24161-24670 169 gp197 [Mycobacterium phage Omega] 27 23/43 (53%) 15/43 (34%) | NP_818497
30 24805-25179 124
31 tmp 25228-29883 | 1551 | Tape_meas_TP901 (TIGRO1760) ORFO001 [Staphylococcus phage 2638A] 2e-38 | 208/421 (49%) | 124/421 (29%) | YP_239811.
32 29883-31328 481 gp30 [Mycobacterium phage PLot] 0.004 62/143 (43%) | 45/143 (31%) | YP_655409
33 31319-34057 912 tail fiber protein [Rhodococcus phage RegiPoco6] 0.007 107/235 (45%) | 68/235 (28%) | ADD81001
conserved hypothetical protein [Burkholderia sp. H160] 4e-11 124/282 (43%) | 74/282 (26%) | ZP_03267285
34 34054-34731 225
35 34751-35449 232 hypothetical protein [Lactococcus phage bIL67] 4.2 45/95 (47%) 24/95 (25%) | NP_042320
¢l00813, VanY, D-alanyl-D-alanine
carboxypeptidase
35/ys | 35449-36369 | 306 | CLECT, CLECT: C-type lectin gp8 [Mycobacterium phage Llij] 27 6/81 (44%) | 21/81(25%) |YP_655004
(CTL)/C-type lectin-like (CTLD)
domain
3shol | 8637836704 | 108 |3 IMHLDUR2ISS, gﬂ‘;igrlé_'s) g ?:;ciaolg?rmein e 8e-11 | 601103 (66%) | 46/103 (44%) | YP_001625705
1 TMH, COG5617, Predicted
38 36993-37301 102 | integral membrane protein gp20 [Enterobacteria phage ES18] 3.2 27160 (45%) 18/60 (30%), | YP_224158
[Function unknown]
39 37436-37906 156 gp40 [Mycobacterium phage Che9d] 0.062 47/95 (49%) 30/95 (31%) | NP_818013
37905-37937 terminator -23,2 kcal
40 38616-39152¢c | 178 gp15 [Propionil ium phage PAS] (Minor tail) 0.6 43/97 (44%) | 33/97 (34%) | YP_001285591
4 39145-39546 ¢ | 133 ggg']”ke nuclease domain containing protein [Lactococeus phage 79 15/31 (48%) | 11/31(35%) |YP_002875722
42 39677-39943 ¢ 88 Pas24 [Actinoplanes phage phiAsp2] 0.087 33/70 (47%) 19/70 (27%) | YP_024810
43 39946-40323c | 125 hypothetical protein EpSSL_gp15 [Enterobacteria phage SSL-2009a] 0.36 28/58 (48%) 21/56 (38%) | YP_002720054
44 40325-42625 ¢ | 766 virulence-associated E [Anabaena variabilis ATCC 29413] 3e-05 69/145 (47%) | 36/145 (24%) | YP_323598
45 43000-43362 ¢ | 120 gp76 [Phage phiJLOO1] 27 33/63 (52%) | 22/63 (34%) | YP_224000
46 ssb | 43490-44041 c | 183 | RPA2_OBF_family (cl09930) hypothetical protein pCTX-M3_047 [Citrobacter freundii] 1.7 52/128 (40%) 33/128 (25%) | NP_775006
47 44038-45048 ¢ | 336 gp1 [Streptomyces phage phiC31] 3e-06 | 113/257 (43%) | 60/257 (23%) | NP_047946
48 erf 45240-46127 ¢ | 295 | ERF superfamily gp70 [Mycobacterium phage Cjw1] 6e-06 721171 (42%) | 44/171 (25%) | YP_002014537
49 exo | 46120-46830c | 236 |35EXOc superfamily DNA polymerase Ill [Streptomyces phage mu1/6] 1e-39 138/229 (60%) | 105/229 (45%) | YP_579187
50 end | 46814-47245c | 143 | HNHc superfamily gp250 [Mycobacterium phage Myrna] 2e-13 59/144 (40%) | 48/144 (33%) | YP_002225127
DEAD, Helicase_C P-loop NTPase,
51 hel | 47235-48836 ¢ | 533 | P-loop containing Nucleoside possible DNA helicase [Xanthomonas phage Xp15] 2e-10 160/430 (37%) | 92/430 (21%) | YP_239310
Triphosphate Hydrolases
52 49044-49430c | 128 gp72 [Mycobacterium phage Pukovnik] 1.6 29/70 (41%) 17/70 (24%) | YP_001994889
53 49430-49597 ¢ | 55
54 49590-49910¢c | 106
55 49910-50176 ¢ 88 hypothetical protein KVP40.0160 [Vibrio phage KVP40] 0.63 21/34 (61%) 12/34 (35%) | NP_899406
56 50169-50528 ¢ | 119 hypothetical protein [Lactococcus bacteriophage phi31] 097 | 17/34 (50%) | 13/34 (38%) | CACO4165
57 50540-50959 ¢ | 139 hypothetical protein PAJU2_gp33 [Pseudomonas phage PAJU2] 3.9 19/31 (61%) 12/31 (38%) | YP_002284367
58 51000-51374c | 124 hypothetical protein Lrm1_gp33 [Lactobacillus phage Lrm1] 7.4 27146 (58%) 11/46 (23%) | YP_002117701
59 51371-51574 ¢ 67
60 51567-52139 ¢ | 190 Valyl-tRNA synthetase [Phage cdtl] 1.8 24/51 (47%) | 14/51 (26%) | YP_001272548
61 52292-52756 ¢ | 154 protein ORF028 [P: phage 73] 9.5 34/66 (51%) 23/66 (34%) | YP_001293435
62 52757-52942¢ | 61
63 52939-53331 ¢ | 130 hypolhetical prote!n RUMGNA_01989 [Ruminococcus gnavus ATCC 29149] 0.011 44/96 (45%) 29/96 (30%) | ZP_02041223
hypothetical protein LGPKV5a_gp59 [Lactobacillus phage KC5a] 0.20 30/56 (53%) 19/56 (33%) | YP_529894
64 53345-53644 ¢ 99 gp119 [Listeria phage A511] 0.19 18/28 (64%) 12/28 (42%) | YP_001468499
65 53644-54150¢c | 168 hypothetical protein PSS2_gp058 [Cyanophage PSS2] 0.94 25/53 (47%) 19/53 (35%) | YP_003084202
66 54237-54485 ¢ 82
67 54603-54818 ¢ | 71 partition protein, Enterobacteria phage P1 3.4 22/46 (47%) 16/46 (34%) | AAA32421
68 54919-55203 ¢ 94 hypothetical protein rv5_gp187 [Escherichia phage rv5] 5e-05 22/35 (62%) 18/35 (51%) | YP_002003689
69 55297-55458 ¢ | 53
70 55537- 55863 c | 68
71 55722-56015¢ | 97 hypothetical protein S-PM2p053 [Synechococcus phage S-PM2] 26 28/74 (37%) 16/74 (21%) | YP_195087
72 56091-56924 ¢ | 277 gp2 [Roseobacter phage SIO1] 0.27 43/82 (52%) 22/82 (26%) | NP_064739
73 57067-57318 ¢ | 83
74 57738-57989 ¢ 83
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Figure 3. Activity of gp50 endonuclease on supercoiled plasmid DNA.
The enzyme was purified by Ni-NTA chromatography to near homoge-
neity (a single band in a Coomassie-stained SDS gel). pUC13 DNA was
incubated with Ni-NTA purified endonuclease (about 50 ng) at 30°C in
50 mM Tris-HCI, 100 mM NaCl, 10 mM MgCl,. Lane 1, pUC DNA without
enzyme; lane 2, 10 min; lane 3, 20 min; lane 4, 30 min; lane 5, 60 min
incubation with gp50.

Figure 4. Binding of CMP1 gp46 to single-stranded circular M13mp18
DNA (7249 bases). Gp46 was purified to near homogeneity by Ni-NTA
chromatography. The purified protein had a concentration of about 1.5
mg/ml. M13 DNA was incubated with purified gp46. Reaction condi-
tions were: 10 mM Tris-HCl, pH 7.5, 10 mM MgCl,, 1 mM DTT, 30 min at
room temperature. 1% agarose gel. Lane 1, M13 DNA without gp46; lane
2,0.5 pl gp46; lane 3, 1 wl gp46; lane 4, 2 pl gp46.

TMHMM search predicted four transmembrane helices in the
central part of the protein.’ Variable numbers of transmembrane
helices are found in many TMPs. There is no evidence at the
amino acid level for gp31 to possess a hydrolytic activity against
peptidoglycan which is found for the Tmps of several other
phages especially of Gram-positive hosts.*

Two proteins among the late gene products were identified
which may have enzymatic activity, gpl9, a putative SGNH
hydrolase (¢d00229) and gp21, a putative glycerophosphodi-
ester phosphodiesterase. These enzymes may be components
of the tail involved in adsorption of the phage or/and DNA
injection.

Since only weak similarities to structural proteins could be
detected by comparison of the amino acid sequences to the data-
bases, virion proteins were identified by mass spectrometry after
separation by SDS PAGE (Fig. 6). Proteins from eight bands
could be clearly assigned to proteins of the late region. These
include the tail tape measure protein (gp31, MW 161.6 kDa),
the protein with the SGNH hydrolase motif (gpl9, MW 114.6
kDa, ¢d00229),* putative capsid proteins (gpl2, gpl4, gpl5)
and minor tail proteins (gp28, gp32 and gp33). The most abun-
dant structural protein is gpl5 which suggests that it represents
the major head protein. The amino acid sequence of gpl5 was
analyzed against the database. The best hit was the putative pro-
tein Xcel DRAFT_1821 of Xylanimonas cellulosilytica which con-
tains a Mu-like major head domain supporting the hypothesis
that gpl5 might be the major head protein. The second most
abundant protein is gp28 (MW 26.5 kDa) which may represent
the major tail protein. The protein was identified in two bands,
perhaps due to a post-translational processing.

Gene products involved in lysis of the host. Tailed phages
release their progeny by lysis of the host cell. For this purpose most
phages use a dual lysis system consisting of a holin which forms
the membrane pore for the release of the second protein, an endo-
lysin which degrades the peptidoglycan.®> Protein gp37 consists
of 108 amino acid residues and contains three transmembrane

10 Bacteriophage

regions (amino acid position 10-32, 3961 and 66—88) and thus
can be classified as a class I holin.*® According to its location near
the predicted holin, 07/36 was assumed to be the gene for the
endolysin of CMP1. After comparisons of the deduced amino
acid sequence of gp36 with the MEROPS databank for pepti-
dases similarities to a metallo-peptidase of Myxococcus xanthus
were found. Three metal ligands (His257, Asp264 and His297)
are predicted to form an active site around Glu294 like in the
DD-carboxypeptidase PdcA of Myxococcus xanthus® The gene
0rf36 was cloned and expressed in E. coli. The bacteriolytic activ-
ity of the gene product was assayed with 42 Gram-positive strains
from 17 different genera, nine of them such as Clavibacter from
the group Microbacteriaceae.”® The purified protein lysed specifi-
cally the Clavibacter michiganensis.

Downstream from the lysin and holin genes 0738 encodes
a small protein of 102 amino acid residues with one transmem-
brane region (amino acid position 13-35). Its function is not
clear yet, but it might interact with the holin and therefore play a
role in the structure or regulation of the pore formation. A similar
situation was described for phage Av-1 from Actinomyces naeslun-
di1.¥® Two genes called ho/A and ho/B with one and two trans-
membrane regions, respectively, were identified on the genome.
Each of the gene products were able to complement for a defective
S gene in phage NSam7 to a limited extend, but expression of
both genes together resulted in a higher efficiency of plating than
expression of the single genes.

Comparative genomic analysis. Since we are mainly inter-
ested in hydrolytic enzymes for biocontrol of Cmm infections we
looked for further candidates beside the CMP1 endolysin. For
this purpose the genome of CN77, a phage of Clavibacter michi-
ganensis subsp. nebraskensis was partially sequenced, because
there are no further Cmm phages known.*> Both phages have
a host of the Clavibacter group and are quite similar in mor-
phology, burst size and genome size. Thus, we also assumed
similarities between them in their genome organization and
sequence.
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Figure 5. Complementation of an E. coli thyA mutant by ThyX of CMP1.
Logarithmic cells of E. coli SE1 thyA pSCodon_thyX grown in TBY with
thymine (50 pg/ml) were washed twice and resuspended in TBY with
or without thymine. One half of both cultures was induced with 0.1 mM
IPTG. O.D,,, was measured every hour. Cells grown in TBY without thy-
mine (squares), with thymine (triangles), without IPTG (filled symbols),
with IPTG (open symbols). The complementation assay was repeated
three times with similar results.

Smal restriction fragments of the CN77 genome were cloned
and some of them were sequenced in order to look for similari-
ties on the basis of deduced amino acid sequences. These frag-
ments had a total length of 15.7 kb and an average G+C content
of 62.5%. Although there was no significant similarity on the
nucleotide sequence level, PSI-BLAST analysis of the deduced
amino acid sequences revealed moderate similarities between the
two phages. Homologs of CMP1 gene products gpl1-17, gp20—
21 and the gene products of the lytic cassette have been identi-
fied. The degree of identity between the amino acid sequences of
CMP1 and CN77 ranges from 24-55%. In addition the corre-
sponding orfs, which all belong to the late genes, are arranged in
the same order on both genomes.

During the annotation of a 3.6 kb fragment the possible
lytic cassette of CN77 was identified, which again revealed an
organization similar to that of CMP1 (Fig. 7). This cassette is
preceded by a putative gene, orf1, probably coding for a struc-
tural protein and the region ends with a strong secondary struc-
ture (-18.9 kcal) followed by a change of the transcriptional
direction.

The gene product encoded by the first gene
of the lysis cassette is the endolysin. PSI-BLAST

gp33 (912 aa, MW 99 kDa)
gp19* cleaved product

gp32 (481 aa, MW 50.9 kDa)

gp28 (254 aa, MW 26.5 kDa)

gp14 (118 aa, MW 12.1 kDa)

gp31 (Tmp, 1551 aa, MW 161.6 kDa)
gp19 (SGNH, 1085 aa, MW 114.6 kDa)

gpl2 (portal, 502 aa, MW 55.2 kDa)

gpl5 (major head, 374 aa, MW 40.8 kDa)

analysis predicted a highly conserved domain of
the VanY superfamily of DD-carboxypeptidases
for its deduced amino acid sequence of 290 amino
acid residues and a molecular mass of 31.9 kDa.*
Comparison of the amino acid sequences of the
endolysins from both phages revealed 39/127
(30%) identical amino acid residues and 63/127
(49%) if positive exchanges are included. Although
both enzymes are peptidases, the similarity is
mainly limited to C-terminal binding domain of
the proteins and this degree of shared homology is
not found within the catalytic domain.
Downstream from the endolysin gene the next
orf'encodes the holin, the second essential protein
for host lysis. In contrast to CMP1 the holin gene
of CN77 with a length of 108 amino acid residues
and a calculated molecular mass of 15.9 kDa con-
tains four transmembrane regions (amino acid
position 21-43, 48-70, 86108 and 112-134) and
therefore cannot be classified as a class I or II holin.

A second small orf downstream the holin gene

are indicated by arrows.

Figure 6. SDS-PAGE analysis of structural proteins from CMP1 and CN77. Lane 1, protein
profile of CN77; lane 2, protein profile of CMP1. Proteins identified by Maldi-TOF analysis

encodes a protein of calculated 15.3 kDa (102 aa)
with one transmembrane region (amino acid posi-

tion 15-34) comparable to gp38 of CMP1.

Southern blot hybridization with digoxygenin-labeled
genomic DNA from CMP1 or CN77, respectively, as probes and
both genomic DNAs digested with various restriction endonucle-
ases as targets did not reveal any sequence similarity under strin-
gent conditions or less stringent conditions (68°C and 50°C, data
not shown). Comparison of the SDS-PAGE banding patterns of
structural proteins from CMP1 and CN77 did not reveal pro-
teins of identical molecular weights (Fig. 7).
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The most interesting gene products of the
phages for an application in plant protection against Clavibacter
infections are the endolysins. Therefore, both endolysin genes
were cloned, overexpressed and the gene products were further
characterized.?* Because of their high specificity for the lysis of
Clavibacter subspecies they are good candidates for biocontrol
of Clavibacter infections. Thus, experiments to generate a trans-
genic tomato plant which expresses the endolysin of CMP1 are
in progress.
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Figure 7. Lytic cassettes of Clavibacter michiganensis phages CN77 and CMP1. The numbers below the arrows are the numbers of the orfs found in the
GenBank database. Arrows with identical patterns indicate genes coding for proteins with same functions. Putative transcriptional terminators are

Material and Methods

Purification of phages and phage DNA. Cmm NCPPB3123 was
grown in TBY medium (10 g tryptone, 5 g NaCl, 5 g yeast extract
per liter, pH 7.6) at 26°C. At a culture density of 3—4 x 108 colony
forming units (CFU/ml), 10 mM MgCl, was added to the cul-
ture, which was then infected with phage CMP1 at a multiplicity
of infection of 0.1. After 1 h (adsorption period) an equal vol-
ume of TBY was added and the cultures were incubated at 22°C
under gentle shaking until the lysis was complete (about 48 h).
DPurification of the phages on a CsCl gradient centrifugation fol-
lowed by phenol extraction of the DNA as described previously.*

SDS-PAGE analysis of phage proteins. A sample of 50 pl
phages (5 x 10" /ml), purified by two cycles of ultracentrifuga-
tion on a cesium chloride gradient, was incubated at 98°C for
7 minutes in electrophoretic sample buffer and applied to a
17.5% SDS polyacrylamide gel.** SDS gel electrophoresis was
performed as described with the following modifications: 17.7%
(w/v) polyacrylamide cross-linked with 0.074% (w/v) N,N’-
methylenebisacrylamide was used in 1 mm thick slab gels.”
After electrophoresis proteins were visualized by staining with
Coomassie Brilliant Blue R250 dye.

MALDI-TOF analysis. Coomassie stained proteins were
excised from the gel. The slices were washed in three steps at
room temperature under vigorous shaking in 250 pl 50% ace-
tonitrile (v/v) for 5 min, 250 pl 50% acetonitrile and 50 mM
ammonium bicarbonate for 30 min, 250 wl 50% acetonitrile
and 10 mM ammonium hydrogen for 30 min. Washing solu-
tions were discarded and slices were dehydrated overnight in
a fume hood. For the tryptic digestion of the proteins the gel
slices were reswelled by adding 15 pl trypsin (7 ng/pl) in 10
mM ammonium bicarbonate and incubated for 10 min at room
temperature. After addition of another 20 wl 10 mM ammonium
hydrogen carbonate the samples were incubated overnight at
37°C. MALDI-TOF analysis was done at CEBITEC, University
of Bielefeld, Germany. Analyzed samples had an average sequenc-
ing coverage of approximately 24%.
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Genomic sequencing. To construct a DNA library of CMP1
genomic DNA was mechanically sheared and DNA fragments
were separated by agarose gel electrophoresis. DNA fragments
with a length between 1-4 kb were isolated by gel extraction. The
fragments were ligated into the linearized pSmart vector (Lucigen
via BioCat, 41201-1) and E. co/i XL1 Blue (Agilent Technologies,
200268) was transformed with the resulting library. Plasmid
DNA from about 300 clones was analyzed and DNA inserts
sequenced from both ends. The sequences were assembled and
ambiguous regions were sequenced again via primer walking.
The construction of the library and the sequencing was done by
the IIT Biotech GmbH, University of Bielefeld, Germany.

Determination of the terminal redundant DNA ends.
To determine the absolute ends of the phage DNA two differ-
ent approaches were used. DNA restriction fragments from the
digestion with HindIII were ligated into a HindIIl and Smal
hydrolyzed pUC18 vector and E. coli DH5a (Invitrogen, 18258-
012) was transformed with the resulting hybrid plasmids. In a
second approach, the DNA ends were tagged with a polyA tail
using a terminal transferase system (RACE Kit, Roche, 03 352
621 001). After amplification with primer 5-CAC AGA GTA
TGA GCG AGA-3, an oligo d(T)-anchor primer 5-GAC CAC
GCGTAT CGATGT CGACTT TTT TTT TTT-3" and poly-
merase Pwol the PCR product was inserted into Smal hydrolyzed
pUC18 DNA. The inserts of the hybrid plasmids containing the
ends of the CMP1 genome were sequenced using universal prim-
ers for pUC plasmids (GATC Biotech AG).

Partial digestion with nuclease BAL 31. To show whether
the genome of CMP1 is circularly permuted phage DNA was
partially digested with nuclease BAL 31 as described.“ After a
time-limited digestion with BAL 31 the samples were completely
hydrolyzed with restriction endonuclease Kpnl.

Cloning and expression of CMP1 genes and isolation of gene
products. Genes were amplified by PCR and inserted into the
expression vector pSCodon1.2 (Eurogentec, GE-CCT7-05). This
vector carries a T7 promoter, six his-codons for a C-terminal His-
tag of the proteins and five tRNA genes for rare codons in E. coli.
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After transformation of E. coli SE1 (Eurogentec, GE-CCT7-05;
E. coli B, F', Cm®, ompT; hsdS,, gal, dem, DE3 (lacl, T7 RNA
polymerase under the control of the PlacUV5 promoter) ccdB*)
induction was done by addition of 0.2 mM IPTG and incubation
of the culture for 15 h. Purification of the His-tagged protein was
done by affinity chromatography on Ni-NTA agarose (Qiagen,
30410) under native conditions with a gradient of 20-300 mM

imidazole.

SE1 was isolated as described.?”
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