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Cohesive ends of 16-3, a temperate phage of Rhizobium meliloti 41, have been identified as 10-base-long,
3'-protruding complementary G/C-rich sequences. ferS and terL encode the two subunits of 76-3 terminase.
Significant homologies were detected among the terminase subunits of phage 16-3 and other phages from

various ecosystems.

The terminase enzyme is part of a large nucleoprotein com-
plex that packages viral DNA into the capsid (4, 16). It has
been well studied in the case of phage \, but quite a few other
members have been identified in different phages and studied
in detail (6). Studying the packaging reaction of new phages
provides the opportunity to identify alternative mechanisms
and can extend our understanding of the packaging process
and the formation and functioning of nucleoprotein complexes
in general. Studies of similar functions in diverse systems are
also required to understand the evolution of complex biologi-
cal machines.

Phage 16-3 is a temperate phage of Rhizobium meliloti 41.
The genetic and physical maps of the phage have been estab-
lished previously (9, 11, 13, 22) and summarized in reference 7.
Genes, proteins, and chromosomal sites for several functions
of the phage have been studied in more detail. These include
(i) the main repressor protein, C, required for establishing and
maintaining lysogeny, and the operator regions where the C
protein binds (8, 10, 25); (ii) the components of the site-
specific recombination system (5, 12, 23, 29, 30); (iii) the immX
regulatory region conferring immunity against homoimmune
phages (7); and (iv) the recently identified /2 gene encoding the
tail fiber protein (26).

Identification of the cohesive ends of phage 16-3. The plas-
mids used during the course of the study are listed in Table 1.
The 96BglII-14EcoRI fragment (Fig. 1) (numbering was based on
the map of restriction sites in reference 13) of phage 16-3 was
subcloned from cosmid pDH31 (11), which contains the region
where the covalently ligated ends of the phage chromosome are
located. The resulting plasmid, pPAG165, was used to determine
the nucleotide sequence of the entire fragment. Nucleotide
sequence determination was performed by the dideoxy chain
termination method (28) with the fimol DNA cycle sequencing
system (Promega). Primer 1, 5'-CACGGCTTCGGCGGCGC
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TGTC-3', and primer 2, 5'-GGCAAGAAGGTCGTGACCTA
TG-3', were designed close to the expected ends, and the isolated
92EcoRI-0s,p, and cos)q-14EcORI fragments from phage
DNA were used as templates for a pair of sequencing reactions
to distinguish between 5’ and 3’ overhangs (Fig. 2). A 10-bp
sequence region existing in pPAG165 was absent from the
sequences of both end-fragments, hence we concluded that the
chromosome of phage 76-3 ended in 10-base-long, 3'-protrud-
ing, single-stranded, complementary sequences (5'-...CCG-
GCGTCGG-3' and 3'-GGCCGCAGCC.. .-5"). The cos se-
quence has high G/C content and shows dyad symmetry. The
symmetry can be recognized in patches within the duplex DNA
flanking the single-stranded ends (Fig. 1).

Identification of genes around the cos region essential for
phage production. Since the coding sequence of a DNA bind-
ing protein and its target site are often found in close proximity
in prokaryotic systems, we expected the terminase genes to be
located in the vicinity of cos. ORF171 and ORF249 on the
right end and ORF154 and ORF525 on the left end of the
phage genome were identified as candidate genes and tested
for terminase function.

To investigate the roles of the different open reading frames
(ORFs), kanamycin (Km) cassette insertional mutagenesis was
applied. We used a modified version of our previously devel-
oped procedure (7) which utilized homologous recombination
for inserting a Km cassette, derived from pCU999 (24), into
the genome of R. meliloti lysogenic for 16-3cti3 prophage. The
1.2-kb Km cassette was usually inserted at desired locations,
but in some cases, due to difficulties in cloning or maintenance
of the clone, small deletions were generated in the target
sequence simultaneously with the insertion of the cassette. The
deletion end points for the relevant plasmids are recorded in
Table 1. Proper insertion of the Km cassette was detected in
each case by PCRs.

Plasmids pPAG201, pPAG185, pPAG169, and pPAG168
were constructed and contained the kanamycin cassette in
ORF249, ORF171, ORF154, and ORF525, respectively. The
plasmids were introduced into the lysogenic strain R. meliloti
41(16-3cti3) by triparental mating. Growth conditions, media,
and conditions for triparental mating have been described pre-
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TABLE 1. Plasmids used in the studies
Plasmid Relevant features Reference
pRK2013 Helper in conjugative transfer of pPBBRIMCS-5 derivative plasmids 15
pCU101 Helper in conjugative transfer of plasmid with pCU1 mob 33
pBBRIMCS-5 Derivative of the broad-host-range cloning vector pPBBRIMCS; Gm'; replicate in Escherichia coli 19
and R. meliloti
pDH31 Cosmid clone, contains the 25-kb 87EcoRI-41EcoRI region of phage 16-3 11
pCU999 Source of kanamycin cassette 24
pCU996) Source of spectinomycin cassette (£2) 2
pSEM155 pSC101 replicon, pCU1 mob, attP, Km" 14
pPAG160 attP was deleted from pSEM155, and the Km cassette was replaced by the spectinomycin cassette, This work
derived from pCU996()
pPAG165 96BglII-14EcoRI fragment (nt 1-5006) cloned in pPAG160 This work
pPAG168 pPAG165 derivative, Km cassette replaced codons 34-81 in ORF525 This work
pPAG169 pPAG165 derivative, Km cassette inserted at codon 59 in ORF154 This work
pPAG185 pPAG165 derivative, Km cassette inserted at codon 56 in ORF171 This work
pPAG201 Similar to pPAG165 but contains the 6-kb 94BamHI-14EcoRI region and the Km cassette This work
replaced codons 60-75 in ORF249
pCS473 pBBRIMCS-5 containing the region from nt 1650-2466 including ORF154 This work
pCS474 pBBRIMCS-5 containing from nt 1823-3984 including ORF525 This work
pCS475 pBBRIMCS-5 containing from nt 1-932 including ORF249 This work

viously (29). Since these plasmids were not able to replicate in
R. meliloti, Km-resistant colonies indicated homologous re-
combination between the plasmid and the prophage either
with one crossover (resulted in the integration of the entire
plasmid into the prophage) or with two crossovers (resulting in
the insertion of the Km cassette into the targeted ORF of the
prophage). Selection for Km-resistant but streptomycin-sensi-
tive (antibiotic resistance of the vector part of the plasmids)
colonies resulted in lysogenic R. meliloti strains with pro-
phages 16-3cti3Km-249, 16-3cti3Km-171, 16-3cti3Km-154, and
16-3cti3Km-525. That is, the prophages contained the Km gene
in ORF249, ORF171, ORF154, and ORF525, respectively.
Primers complementary to the Km gene and to the different
ORFs were used in PCR tests to confirm the structures of the
insertion alleles (data not shown).

Due to the thermoinducible mutation (#3) in the ¢ gene
(required to maintain the lysogenic state) of the prophages,
shifting the temperature from 28 to 37°C resulted in prophage
excision. Overnight cultures of lysogenic R. meliloti strains
were diluted 40-fold in fresh yeast-tryptone broth (YTB) me-
dium and shaken at 28°C until the optical density at 600 nm
reached 0.3 to 0.4. The cells were then resuspended in fresh
YTB medium to an optical density of 600 nm of 0.3. Prophages
were induced by incubating the samples at 37°C for 30 min. To
detect phage yield upon prophage induction, cultures were
further shaken at 28°C for 4 h and then chloroform was added
to kill surviving bacteria. Phage titration of the cell lysates on
the R. meliloti 41 lawn indicated that, in the case of 76-
3cti3Km-171, normal phage burst occurred (1,85 X 10'® PFU/
ml; induction of 16-3cti3 prophage resulted in 2,6 X 10'° PFU/

: : 5
iy w 88 R
= ps s 88
pra
cos
L = l . ! ! ll_’ COSugne  16-3
pr
pDH31
” P2 prt o o i
- * == = I x
= E 9 =0 — E E
3 T8 Pss EE B o3& BT % 8
8 58 85X I5 ox w2 =& 2 3
'I :I ] l ] 11 11 r 11 ] III ] : pPAG'lEs
1 1000 cos 2000 3000 4000 5000

\.\

GCGCTCAGGCTGGGTA CCGGCGTOGG GG
CGCGAGTCCGACCCAT GGC Cgc AGCC CC

AECETIENEE

FIG. 1. Physical map of phage 16-3 surrounding the cos region. The genome of phage /6-3 is indicated by the top bar. Only the phage content

of the cosmid clone pDH31 and plasmid pPAG165 are shown. Numbered restriction sites were published previously (11). *,

indicates that the BglII

site was lost in pPAG165 because of cloning; **, indicates that the Kpnl site, previously placed for the left end-fragment, was found on the right
end-fragment. The sequence of the cos site (nt 1597 to 1606) and its flanking regions are shown on the bottom, letters in italics indicate positions
with a mismatch within the palindrome, the dotted line indicates the axis of dyad symmetry. Location of primers (prl and pr2) used for sequence

determination of the ends of the phage are also shown.
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FIG. 2. Principle used to distinguish between 5’ (A) and 3’ (B) overhangs of the cohesive ends. The sequence of the cohesive ends would appear
in both end-fragment sequences if the phage has 5’ overhangs, while it would appear in neither sequence in the case of 3" protrusion. End-fragment
sequences were compared to the sequence of the covalently closed cos site carried by pPAG165.

ml). No phage productions (<10?) were detected after
induction of prophages 16-3cti3Km-249, 16-3cti3Km-154, and
16-3cti3Km-525. The results indicated that cistrons, repre-
sented by ORF249, ORF154, and ORF525, are vital for phage
growth.

Phage productions were fully regained at the wild-type level
when pCS475, pCS473, and pCS474 were introduced into ly-
sogenic strains R. meliloti 41(16-3cti3Km-249), R. meliloti 41
(16-3cti3Km-154), and R. meliloti 41(16-3cti3Km-525), respec-
tively. Phage titers were determined on both R. meliloti 41 con-
taining the appropriate plasmid (pCS475, pCS473, or pCS474)
and R. meliloti 41 without a plasmid. Complementation was
indicated by high titers that varied between 0.2 X 10" to 2.9 X
10'° PFU/ml in the lawn of bacteria with plasmids, while re-
combination (i.e., the wild-type region from the plasmid re-
placed the Km cassette in the phage genome) was indicated by
low titers between 7.5 X 10* to 1.0 X 10° PFU/ml in the lawn
of R. meliloti without plasmids.

Since the function of all three cistrons could be reestablished
by complementation, we conclude that the insertion of the Km
resistance gene did not disrupt any cis-acting control element
of the cognate genes, and that in each case, the loss of function
was due to the inactivation of the gene product itself.

Functional tests for identification of the terminase genes of
phage 16-3. If ORF249, ORF154, and ORF525 encoded the
subunits of a terminase enzyme, their inactivation would result
in uncut cos sites and failure in packaging of the phage DNA.
Southern hybridization (27, 32) was performed to test the
hypothesis. Samples were collected at various times following
heat induction of the prophages. Total bacterial DNA was
prepared by a method described previously (3). DNA (300 ng)
from each sample, digested overnight with EcoRI, was sepa-
rated on a 0.8% agarose gel. Before loading, samples were kept
at 80°C for 15 min to separate unligated cohesive ends. Filters,
obtained after capillary transfer of DNA from the gels, were
probed by the 1,600-bp-long 98BamHI-6BamHI fragment (nu-
cleotides [nt] 1138 to 2766) overlapping the cos site (440-bp
and 1,160-bp overlaps at the right and left ends, respectively)
(Fig. 3A). DNA was labeled by using a DIG-Chem-Link label-
ing and detection set (Roche). Hybridizations and detections
were carried out by using a DIG nucleic acid detection kit
(Roche). In these conditions, three bands could be detected in
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FIG. 3. Functional test for identification of the terminase genes.
Outline of detecting cos cleavage by Southern hybridization (A). The
probe overlapped the cos site, and hybridized to three fragments,
derived from the EcoRI-digested concatemeric phage DNA. The un-
cut cos fragment (a) was indicated by the intact 92EcoRI-14EcoRI
fragment (8,317 bp), while cos cleavage resulted in two more frag-
ments, the right end-fragment (b) (92EcoRI-cos,qp,¢; 4,915 bp) and left
end-fragment (c) (cos,.q-14EcoRI; 3,402 bp). Detection of cos cleav-
age following prophage induction of lysogenic R. meliloti 41 containing
phage 16-3cti3Km-154 and 16-3cti3Km-525 (B) and 16-3cti3Km-171
and 16-3cti3Km-249 (C). Lane 16-3 contained purified phage DNA
digested with EcoRI, and samples from 76-3cti3 induction served as a
positive control. Elapsed time following prophage induction is indi-
cated in minutes. (Note that fragments a and b, derived from the Km
mutant phage DNAs, migrated slower than the appropriate control
fragments, since they contained the 1.2-kb Km cassette.)
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HK971 HKD 22 MADKRI RSDSSAAAVQANKNAAVDTI DPPSHAGLEKKAEPF WHDNI RSKALDSWTPADLL
16-3 MAKRKARI DSAAEAVRVM’-\K ATPEI EPP&NVPLDEEDL PF F RNVI AEYARS E“BSHQLE
HK9 71 HKD22 AAVEL ANNQLYI| TVLRKDLRKEERI RGEERDEGLI KDLRKQI VELQRTI LAQRRDLQI HS
16-3 LAAN'I.ARTMADLTREQKLLRDEGGVAYSEKGTPVANPRKSI VQM-IASSI LSF RRSLSLHA
HK9 7/ HK022 HATNGESRDQKKRNQNDRDARNT KNEHQDQDDNL| AFPKHG

16-3 RAQAGEARDVAKR- - - - RGAAKEI EGDNPLEDDLLARPD- -

B

HK97 EAVQNTQI VSGAL SREQAAI VFNLAVKMVNLNPKLQEI VHI TPSGKKL| GLPCNVEYKAL SAEGKTTHGLSP| LAl LDET
HK022 EAVANTQl VSGAL SREQAAI VFNLAVKMYNLNPKL QE| VHI TPSGKKL| GLPCNVEYKALSAEGKTTHGLSPI LAl LDET
16-3 EAYQNGRI VSGARSRKQAAEVFNYMKWTEL SKLﬁRI VPSAKM VGLAKNVEYQASSAEAKSAHG(SPI LAl LDEV
HK97 GQVRGPQDDFI DAl TTAQGAHEN- PLLI VI STQAANDADLL S| W DDAVKSKDPHI VCHVYEAPKDADI SKRESWLAANP
HK022 GQVRGPQDDF| DAl TTAQGAHEN- PLLI VI STQAANDADLL S| W DDAVKSKDPHI VCHVYEAPKDADI SKRESWLAANP
16-3 GQI KGPTDDFVEAI ETSQGAYEGRAM.FN STQAATDNDLFSRW DDAETSKDPRI VSI—I YTAPADCEL UDREAWAN’
HK97 AL GTFREEKDMARQAEKAGRMPSFENTFRNLNLNQRVE TVEPF| SRSVWEL CGEMPI NTPR- - KWYAGL DLSARNDLTAL
HK022 AL GTFRSEKDMARQAEKAGRMP SFENTFRNLNLNQRVSTVSPFI SRSVWELCGEMPI NTPR- - KWYAGL DLSARNDLTAL
16-3 ALGVF RSVKDVEDF SLLASRI\PTKEASFRW.FLNQRJ DASAP FVSPA\MRACDAPI VESF DGL PVF GGLDLSEVSDLTSL
HK97 VI AG- - EADDG- VWDVFPFFWI PQKTLEERTKTDRAPY DVW/REGLLRTTPGASVDYSFVVADI AEI | GDFDLTSMAFDR
HKD22 VI AG- - EADDG- VWWDVF PFFWI PQKTLEERTKTDRAPYDVW/REGLLRTTPGASVDYSFVVADI AEI | GDFDLTSI AFDR
16-3 VLMM-‘KESDAGTI WNKPTFW.F’GDALREK}&KADRVPYDVW-IGNGQL ETTPGPTVDYEFVAHHL RGLFDTLDI RKI AFDR
HK97 WRI DOFR- - - - -- - KDADAI GL SLPLVEF GQGF KDMGF AVDT L ESL ML NGRVRHGMHPVL TMCAVNAVVVKDAA GNRKL
HK022 WRI DQFR- » = === v« KDADAI GL SLPLVEF GQGF KDMGP AVDTL ESLMLNGRVRHGNMHP YL TMCAVNAV VWK DAA GNRKL
16-3 WKPW.G(AGFTEEOL DGDAAVFEQF GQGF#SNBPAL RDLESI.I I.NRKI AHGGI-PVLTMCNNNAT\MP DPSGNRKL
HK97 DKSKATGRI DGMVAMT MSVGAAN- - GEVTEQGGDFDDF| FRPLSM

HKD22 DKSKATGRI DGMVAMT MSVGAAN- - GEVTEQGGDFDDFI FRPLSM

16-3 DKG(SRGRI DGAVALAMQAAM&GTYEGASAWSPVDDPNFSI VAG

FIG. 4. Alignment of ORF154 (A) and ORF525 (B) with the highest-scoring protein sequences in the databases. Under the protein sequences,
asterisks represent identical residues, while colons and periods indicate amino acids with similar characteristic (more and less, respectively)

residues at a given position.

samples derived from the control R. meliloti 41(16-3cti3). The
top band was the 92EcoRI-14EcoRI fragment which represent-
ed the covalently closed cos sites derived from the 16-3 con-
catemer DNAs, while the other two bands (92EcoRI-cos,;gp,
and cos,.¢-14EcoRI) derived from cutting of the cos site by
active terminase (Fig. 3B). Southern hybridization of sam-
ples obtained from prophage induction in R. meliloti 41(16-
3cti3Km-249), R. meliloti 41(16-3cti3Km-154), and R. meliloti
41(16-3cti3Km-525) showed only covalently closed cos sites,
indicative of the malfunction of terminase activity. Southern
analyses of samples derived from induction of prophages, con-
taining the kanamycin cassette inserted into ORF171 [i.e.,
R. meliloti 41(16-3cti3Km-171)] indicated wild-type termi-
nase activity since fragments of 92EcoRI-cos and cos.q-
14EcoRI appeared (Fig. 3C).

Bioinformatic analyses of the ORFs. Putative ORFs were
searched against the available databases (nonredundant pro-
tein database) by using BLAST (Basic Local Alignment Search
Tool) available at GenomeNet (Bioinformatics Center, Kyoto
University) (1) in order to establish amino acid sequence ho-

right

mologies. Multiple alignment of sequences were produced with
the ClustalW program with the following parameters: gap open
penalty = 10, gap extension penalty = 0.05, BLOSUM weight
matrix (17, 34).

ORF249 indicates the longest open reading frame, although
the use of alternative start codons (to ATG) would result in
shorter products (ORF215 and ORF197) in the same frame.
Insertion of the Km cassette at codon position 60 (counting
according to ORF249) disrupts even the shortest possible ORF.
To mark the gene we prefer to use ORF249, since homology
with homing endonuclease sequences starts with its first codon
(data not shown). The N-terminal 72 residues of ORF249
showed significant homology to homing endonucleases (32 out
of 72 residues [44%)] were identical with both MobE homing
endonuclease of bacteriophage Aehl and a probable mobile
endonuclease E of phage T4), while the rest of the proteins did
not show any relationship (data not shown). Determination of
the role of the protein encoded by ORF249 requires further
studies. If the protein acts as an endonuclease, it could have a
direct role in DNA cleavage at the cos site, alone or complexed
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with other terminase subunits as a part of the packaging ma-
chinery. It has been shown that lambda phages with an amber
mutation in any head gene or in FI, the gene encoding the
accessory packaging protein gpFI, results in the loss of cos
cutting and phage production (21, 31). The product of ORF249
could therefore be an accessory packaging protein.

Homology of ORF171 to other proteins was based on its 62
C-terminal residues. The closest relatives were holin proteins
of different phages (identity, 32 out of 62 residues [51%];
similarity, 62%) (data not shown). Although ORF171 did not
seem to be essential for cos cleavage and phage production,
there are also alternative translational start sites resulting in
ORF165 or ORF76. Insertion of a Km cassette at codon po-
sition 56 (counting according to ORF171) ruled out the role of
ORF171 and ORF165 but not ORF76. Homologies found with
other known sequences (holin proteins of different phages) fall
into the region of ORF76. We have tested a mutant prophage
in which the Km cassette replaced almost the entire ORF76 (1
to 63 codons deleted). The mutation resulted in no cos cutting
and no phage production (data not shown). Since phage pro-
duction could not be complemented by ORF76 supplemented
in trans, it is likely that the changes disrupted a cis element
involved in cos cutting and/or in phage production.

ORF154 showed high homology only to the small terminase
subunit of phage HK022 and HK97 (Fig. 4A) (identity, 52 out
of 154 residues [34%]; similarity, 53%) and no reasonable
homology was found to other proteins in the database. Align-
ments of ORF525 with its closest relatives are shown on Fig.
4B. The highest homology was found to the terminase large
subunit of phages HK97 and HK022 (identity, 275 out of 525
residues [52%]; similarity, 66%). Residues of the putative
functional motifs (adenine binding, Walker A and B, and motif
III) of the ATPase domains (20) of the HK97 and 16-3 large
terminase subunits are completely identical. Significant homol-
ogy was also found to putative terminase proteins encoded by
regions of phage origin in Bacillus cereus and Streptococcus
pyogenes genomes. Homology found with large subunits of
other terminases, identified in different phages and bacterial
genomes, remained below 20% identity and 30% similarity.

In databanks we have found genes and proteins of various
phages which showed extensive homologies with ORF154 and
ORF525, and from the alignment we concluded that these
ORFs encode the subunits of the terminase enzyme of phage
16-3. The highest homologies were found with the terminase of
phage HK97 and HK022. Indeed these phages also have 10-
bp-long, 3’-protruding cohesive ends (18). However, the se-
quence of the cohesive ends of phage 76-3 and HK phages are
not similar. We renamed ORF154 and ORF525 as genes terS
and ferL, respectively.

Nucleotide sequence accession number. The sequence of the
5,006-bp-long region was deposited in GenBank (accession no.
AJ557020).
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