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ABSTRACT

Relatively little is known about the phages that infect agriculturally important nitrogen-fixing rhizobial bacteria. Here we report
the genome and cryo-electron microscopy structure of the Sinorhizobium meliloti-infecting T4 superfamily phage ®M9. This
phage and its close relative Rhizobium phage vB_RleM_P10VF define a new group of T4 superfamily phages. These phages are
distinctly different from the recently characterized cyanophage-like S. meliloti phages of the ®M12 group. Structurally, ®PM9
has a T=16 capsid formed from repeating units of an extended gp23-like subunit that assemble through interactions between
one subunit and the adjacent E-loop insertion domain. Though genetically very distant from the cyanophages, the ®M9 capsid
closely resembles that of the T4 superfamily cyanophage Syn9. ®M9 also has the same T=16 capsid architecture as the very dis-
tant phage SPO1 and the herpesviruses. Despite their overall lack of similarity at the genomic and structural levels, ®M9 and S.
meliloti phage ®M12 have a small number of open reading frames in common that appear to encode structural proteins involved
in interaction with the host and which may have been acquired by horizontal transfer. These proteins are predicted to encode tail
baseplate proteins, tail fibers, tail fiber assembly proteins, and glycanases that cleave host exopolysaccharide.

IMPORTANCE
Despite recent advances in the phylogenetic and structural characterization of bacteriophages, only a small number of phages of
plant-symbiotic nitrogen-fixing soil bacteria have been studied at the molecular level. The effects of phage predation upon bene-

ficial bacteria that promote plant growth remain poorly characterized. First steps in understanding these soil bacterium-phage
dynamics are genetic, molecular, and structural characterizations of these groups of phages. The T4 superfamily phages are
among the most complex phages; they have large genomes packaged within an icosahedral head and a long, contractile tail
through which the DNA is delivered to host cells. This phylogenetic and structural study of S. meliloti-infecting T4 superfamily
phage ®M9 provides new insight into the diversity of this family. The comparison of structure-related genes in both ®M9 and S.
meliloti-infecting T4 superfamily phage ®M12, which comes from a completely different lineage of these phages, allows the

identification of host infection-related factors.

hizobia are among the most important bacteria found in soils

because of the specific nitrogen-fixing partnerships they form
with host legume plants (1). Despite the fundamental importance
of these bacteria to agriculture, phages of nitrogen-fixing rhizobia
and other soil bacteria are not yet well characterized compared
with phages of enteric bacteria or phages of cyanobacteria. The
relatively small number of complete genomes of phages that infect
rhizobia (see Table S1 in the supplemental material) suggests that
this field of study has only scratched the surface. Many of the most
virulent known phages of rhizobia have been isolated from com-
mercial plant growth-promoting inocula (2), which suggests that
our limited knowledge of these phages is detrimental to agricul-
tural productivity. One of these virulent phages from alfalfa host
plant inoculum is the Sinorhizobium meliloti myovirus PM9 (2).
Here we present the 149,218-bp genome of myovirus ®M9 and its
T=16 capsid structure at 8 A resolution.

Myoviruses are double-stranded DNA (dsDNA) phages with
long, contractile tails, and T4 is the prototypical myovirus (3). In
recent years, the incredible diversity of the T4 superfamily of
phages has become apparent. In addition to T4 and its close rela-
tives that infect enteric bacteria (4), several other groups of T4
superfamily phages that have a core set of genes in common (4)
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have been identified. These include T4-like phages of cyanobacte-
ria (5); the “Viuna-like” phages, of which Salmonella phage Vil is
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FIG 1 Whole-genome alignment generated in Mauve (24) showing synteny between ®M9 and Rhizobium phage P10VF. Each block of synteny between the two
phages is rendered in a different color. Two regions of ®M9 that lack synteny with P10VF are labeled. The first of these regions, containing ORFs M9_136 to

MO9_145, is shown in greater detail in Fig. 4A.

the prototype (6); the Campylobacter-infecting T4-like phages (7);
the cyanophage-like T4 superfamily phages of alphaproteobacte-
ria (8-10); and the Far-T4 phage clades that have been identified
through metagenomics but whose hosts remain unknown (11).

Despite the diversity of the T4 superfamily, the members of this
group largely retain a vertically transmitted common core set of
genes such as the T4 gp23-like major capsid protein and the T4
gp20-like portal protein (4, 5, 12), with accessory genome com-
ponents acquired by lateral gene transfer from the host bacterial
genome (13) or from other phages (14). The assembly of phage
capsids with different icosahedral architectures from the largely
conserved HK97-like capsid protein subunits depends upon sub-
tle differences in protein sequence and subunit assembly (15).

Our analysis of DNA sequences from ®M9 and observation of
its morphology by cryogenic transmission electron microscopy
(EM) indicate that it is a myovirus related to phage T4. Further,
our genome analysis of ®M9 demonstrates that it is a member of
a completely new group of T4 superfamily phages. On the basis of
our structural analysis, we have found that the ®M9 capsid has a
T=16 architecture, the same as that of unrelated cyanophage Syn9
(16). By comparing the core genes of ®M9 with those of S. meliloti
phage ®M12 (10), we have shown that, despite having a host in
common, these phages are not closely related. However, a small
number of noncore genes are common to ®M9 and ®M12 and
are located in a cluster of structural genes. On the basis of the
conservation of these predicted structural genes across these di-
verse phage lineages, we propose four groups of “rhizophage con-
served proteins.”

MATERIALS AND METHODS

Bacterial strains, phage isolates, and growth conditions. S. meliloti 1021
(17) was grown at 30°C in LBMC medium (18) or tryptone yeast medium
(0.5% tryptone, 0.3% yeast extract, 10 mM CaCl,) supplemented with 500
pg/ml streptomycin. Optimal production of ®M9 virions was obtained
by inoculating 10 pl of crude phage preparation into 25 ml of S. meliloti
1021 at an optical density at 600 nm (ODy,) of 0.1 to 0.2. The infected
culture was incubated at 30°C overnight or until lysis was apparent, at
which point it was centrifuged at 3,800 X g for 30 min to remove cellular
debris. The supernatant was extracted twice with chloroform (2). The
phage lysate was stored over 1/5 volume of chloroform at 4°C until further
purification. Phage titers were monitored by plaque assay (2).

Phage purification for genomic DNA sequencing. Chloroform-ex-
tracted phage ®M9 was concentrated and washed in an Amicon concen-
trator (Millipore, Billerica, MA) with a 50-kDa molecular mass cutoff.
Concentrated phages were suspended in 10 ml of buffer EX from the Large
Construct kit (Qiagen, Valencia, CA) and treated twice with DNase by
using 1 U (80 pg) of ATP-dependent exonuclease (Qiagen) to remove S.
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meliloti genomic DNA. Prior to capsid lysis, the ATP was removed to
inactivate the exonuclease by washing in an Amicon concentrator with a
50-kDa molecular mass cutoff. Phages were lysed at 65°C for 1 h in
phage buffer with 0.5 M EDTA, 0.5% SDS, and 25 mg/ml proteinase K.
Phage DNA was isolated by standard methods (19). After resuspen-
sion, phage DNA was treated with 1 mg of RNase A (Qiagen).

Illumina sequencing of the ®M9 genome and genome assembly.
Two separate M9 DNA samples, each from a plaque-purified phage
sample, were sheared to an ~800-bp average size with a Diagenode Bio-
ruptor. Indexed libraries were constructed with an NEBNext Ultra DNA
Library Prep kit for Illumina (NEB, Ipswich, MA) in accordance with the
manufacturer’s instructions. For each library, 1 ug of DNA was end re-
paired and ligated to NEBNext adapters. Fragments of ~800 bp were
isolated by electrophoresis on Bio-Rad Low Range Ultra Agarose and
amplified for 8 to 10 cycles with NEB High-Fidelity 2X master mix and
NEBNext multiplex oligonucleotides. Library size distribution was mea-
sured on an Agilent Bioanalyzer high-sensitivity chip, and quantity
was determined with the KAPA Biosystems Library Quantification kit.
Paired-end 300-base sequence reads were generated on an Illumina
MiSeq with a 600-cycle MiSeq v3 Reagent kit. Genome assembly from
MiSeq reads was performed with Lasergene SeqMan Pro v. 11.2.1.25
(DNAStar, Madison, WI).

OREF prediction and analysis. Open reading frames (ORFs) were pre-
dicted with GeneMark.hmm for prokaryotes (version 2) (20), MyRast
(21), and the NCBI ORF Finder (22). The genome was searched for tRNA
sequences with tRNAScan-SE (23).

Construction of genomic alignments, amino acid sequence align-
ments, and phylogenetic trees. The alignment of the ®M9 (GenBank
accession no. KP881232) and P10VF (GenBank accession no. NC_025429)
genomes shown in Fig. 1 was performed with the Mauve (24) plugin in
Geneious (25).

For the phylogenetic trees, a MUSCLE multiple amino acid sequence
alignment was performed on a 179-amino-acid internal fragment of the
DMO9 gp20 portal protein sequence and the 104 other sequences shown in
Table S2 in the supplemental material with Geneious (25, 26). The max-
imum number of iterations selected was eight, with the anchor optimiza-
tion option. The trees from iterations 1 and 2 were not retained. The
distance measure for iteration 1 was kmer6_6, and that for subsequent
iterations was pctid_kimura. The clustering method used for all iterations
was UPGMB (which is based on a combination of both the unweighted-
pair group method using average linkages and neighbor joining). Un-
rooted PhyML trees were constructed from the MUSCLE alignments with
the PhyML plugin within Geneious (27, 28). PhyML was performed with
the LG amino acid substitution matrix (29) with the proportion of invari-
able sites fixed and four substitution rate categories. The fast nearest-
neighbor interchange tree topology search (30) was used, and 100 boot-
straps were performed.

All other protein alignment and percent identity comparisons were
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performed with whole protein sequences (see Tables S3, S4, and S6 in the
supplemental material) and the MUSCLE parameters described above.

Structural modeling of conserved ORFs. PHYRE was used for com-
parison of ORFs based on structural prediction of primary amino acid
sequence (31). For the comparison of T4 gp33 with ®M9 ORFs, each ORF
of unknown function in the ®M9 genome was threaded onto the gp33
crystal structure (3TBI chain A) (K. A. Twist, E. A. Campbell, S. A. Darst,
E.P. Geiduschek, A. Hochschild, and P. Deighan, unpublished data, 2011)
by using PHYRE (31), and no highly probable matches were found (data
not shown).

Phage purification for cryo-EM. Phage was prepared by inoculating
1 ml of crude phage preparation into 700 ml of S. meliloti 1021 in a
stirred flask at an ODy,, of 0.1 to 0.2. Lysate was cleared by centrifugation
at 8,000 X g. Phage was collected first by filtration on a 0.45-pm mixed
cellulose ester filter (GE Healthcare, Pittsburgh, PA), followed by a poly-
ethersulfone filter with a 10-kDa cutoff (Pall, Port Washington, NY). The
retentate from each filter was chloroform extracted. Phages were further
purified via a two-step centrifugation procedure. Samples (suspended in
10 mM phosphate buffer, pH 7, 5 mM MgSO,) were layered onto a con-
tinuous density gradient of 10 to 50% OptiPrep density gradient medium
(Sigma-Aldrich) in gradient buffer (20 mM Tris-HCI, pH 7, 100 mM KClI,
5 mM MgSO,) and centrifuged at 200,000 X g for 2 h. The peak fraction,
as determined by phage titers (2), at approximately 40% OptiPrep, was
then diluted in gradient buffer to approximately 20% OptiPrep, layered
onto a discontinuous gradient of 35 and 50% OptiPrep, and centrifuged at
200,000 X g for 3 h. Purified phage was collected at the interface between
the 35 and 50% OptiPrep layers. Gradient medium was removed by buffer
exchanging the sample on a GE PD MiniTrap G25 column into OptiPrep-
free gradient buffer, and the presence of phage was confirmed by EM of
samples negatively stained with 1% uranyl formate.

Cryo-EM sample preparation and data collection. Phages concen-
trated to approximately 3 X 10'° PFU/ml were applied to glow-dis-
charged EM grids (Quantifoil 2/2). Grids were quickly blotted with filter
paper and plunged into liquid ethane with a Vitrobot (FEI, Hillsboro, OR)
at a chamber temperature of 4°C and 100% relative humidity.

Data collection was performed with a Titan Krios transmission
electron microscope (FEI) equipped with a DE20 direct electron de-
tector (Direct Electron, San Diego, CA). Phages were imaged at a nom-
inal magnification of X22,500, a defocus range of —3.5 to —1.0 pm,
and an electron dose of 60 e "/A? via the Leginon automation package
(32-34). Each field was imaged as 20 individual frames (each 3 e "/A?),
which were processed with DE image-processing software (Direct
Electron, San Diego, CA) to correct for drift and compensate for radi-
ation damage (35, 36).

Image processing and three-dimensional (3D) reconstruction. Early
processing tasks were performed within the Appion package (37). A hand-
picked initial data set of 903 particles was aligned, classified, and averaged
with EMAN and XMIPP with the “starticos” EMAN module to calculate
an initial model (37, 38). The resulting model was then used as a template
to automatically pick 6,741 packed viral capsids through the FindEM
module (39). Defocus estimation for contrast transfer function correction
was performed with the Ace2 and CTFFind functions in Appion (40, 41).

The capsid single-particle data set was initially aligned, classified,
and reconstructed with the Relion package (42), followed by Frealign
(43). After 46 rounds of refinement in Frealign, the icosahedral recon-
struction has a resolution of 7.53 A at a Fourier shell correlation (FSC)
of 0.143 and a resolution of 8.97 A at an FSC of 0.5 (see Fig. S1 in the
supplemental material). The final map was sharpened by applying a B
factor of —610.88, as calculated by EM-BFACTOR (44). Densities cor-
responding to individual gp23 subunits were segmented with the Seg-
ger extension of UCSF Chimera (45, 46). Local resolution estimation
was prepared with the two half-maps from the final stage of Frealign
refinement via ResMap (47).

Modeling of gp23 structure. Six initial models of atomic coordi-
nates were created with the S. meliloti phage ®M9 gp23 protein sequence
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and the I-TASSER and RaptorX structure prediction packages (48, 49).
These six models were then compared to the nonicosahedrally averaged
capsid map, and the best-matching domains were selected from among
these six models and combined. This model was then further refined
against the cryo-EM map manually in Coot (50). The final model was
produced by molecular dynamics flexible fitting with VMD and NAMD
(51-53).

Nucleotide sequence accession numbers. The S. meliloti phage ®M9
genome has been deposited in GenBank (http://www.ncbi.nlm.nih.gov
/nuccore) under accession no. KP881232, and the cryo-EM reconstruc-
tion has been deposited in the online Electron Microscopy Data Bank
(http://www.ebi.ac.uk/pdbe/emdb/) under accession no. EMD-3036.

RESULTS

A phylogenetic tree based on the gp20 portal protein suggests that
®M9 and P10VF define a new group of T4 superfamily phages.
OM9 has a 149,218-bp dsDNA genome predicted to encode 271
ORFs. The genome is very similar to the sequenced but unpublished
genome of Rhizobium leguminosarum phage vB_RleM_P10VF
(P10OVF here; GenBank accession no. NC_025429) (54). Figure 1
shows the blocks of genomic synteny common to ®M9 and
P10VF and the gaps between those blocks. To further elucidate the
position of ®M9 in a broad phylogenetic context, we have exam-
ined diverse members of the T4 superfamily, including close rel-
atives of T4 (4), cyanophages (5), the “Viuna-like” phages (6), and
Campylobacter phages (7). The PhyML consensus tree of gp20
portal proteins supports the assessment that ®M9 and P10VF are
very closely related (Fig. 2; see Table S2 in the supplemental ma-
terial for sequences). Furthermore, the gp20 protein of ®M9 is
more similar to that of Stenotrophomonas phage Smp14 and those
of Campylobacter phage types Cp220/Cpt10 and Cp81/CPX than
to those of the cyanophages or the T-even phages. However, the
overall lack of genomic synteny between ®M9 and Campylobacter
phage Cp220 (data not shown) suggests that ®M9 and P10VF
define a new group of T4 superfamily phages distinct from the
Campylobacter phages.

DM9 T4 core proteins are poorly conserved compared with
those of other T4 superfamily phages. PM9 lacks some of the
large blocks of synteny (Fig. 3) that S. meliloti phage ®M12 has in
common with other T4 superfamily phages (10). However, the
order of the T4 core genes is strikingly conserved between M9
and P10VF in most regions (Fig. 3). Despite this overall conserva-
tion, the gene contents of these two phages are quite different in
the regions outside the blocks of synteny. Unusual for T4 super-
family phages but not unique is the absence of any predicted tRNA
genes in the ®M9 genome. Additionally, there are no primary
amino acid sequence homologs in the ®M9 genome correspond-
ing to gp33, the essential late transcription accessory factor of
phage T4, nor were any candidates identified by structural mod-
eling. The ®M9 genome also lacks a homolog for another member
of the T4 core set of genes, the translational repressor encoded by
the regA gene (55).

Almost all of the ®M9 core proteins are quite similar to their
homologs in P10VF (Table 1; see Table S3 in the supplemental
material for accession numbers and references), but overall, the
percent identity of the ®M9 and P10VF core proteins to those of
other T4 superfamily phages, including Campylobacter phage
Cp220, is low (Table 1) compared with the percent identity of
PM12 core proteins to those of the cyanophages (10). This sug-
gests that M9 and P10VF are more distant from any previously
sequenced T4 superfamily phages than ®M12 is from the cya-
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(see Table S2 in the supplemental material). The bootstrap percentage for each branch is shown, and the bar indicates branch distance.

nophages. Notably, M9 has only three of the ORFs defined as the
“cyanophage core” gene set by Sullivan et al. (5) (Table 2, top). It
has seven of the ORFs defined as the “noncyanophage core” gene
set (Table 2, middle) and an additional five less commonly con-
served T4 ORFs (Table 2, bottom). Another unusual feature that
®M9 has in common with only P10VF is a gp5 baseplate hub
protein that is split into two separate proteins (Table 1). The PM9
gp5.2 N terminus has the N-terminal gp27-binding OB domain of

10948 jvi.asm.org

Journal of Virology

T4 gp5 (56). The M9 gp5.1 C-terminal region has the B-helix-
containing domain of T4 gp5 (56).

Comparisons and structural modeling of conserved ®M9
and ®M12 ORFs. There are only 14 ORFs (Table 3) conserved
between ®M9 and S. meliloti phage ®M12 that are neither part of
the T4 core gene set nor classed as genes that encode homing
endonucleases (see Tables S4 and S5 in the supplemental material
for accession numbers). Six of these 14 ORFs are located in a
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FIG 3 Global ORF cluster synteny of ®M9 with selected T4 superfamily phages, showing T4 core protein ORFs. Also shown are Rhizobium phage P10VE, S.
meliloti phage ®M12, Caulobacter phage Cr30, and phage T4. The genomes have been positioned so that the sequence begins with the reverse complement of the

gp41 ORF, which encodes a DNA primase/helicase.

cluster of phage baseplate and neck structural protein ORFs (Fig.
4A). One of the ORFs in this cluster, PM9_121, is predicted to
encode a glycanase/laminarinase that is 60.6% identical to its
®M12 homolog (10) and 21.3% identical to the exopolysaccha-
ride-cleaving ExsH glycanase produced by the host bacterium S.
meliloti 1021 (57). Other conserved ORFs in this region (Fig. 4A)
are predicted by primary sequence comparisons or by structural
modeling to encode structural proteins. These can be organized
into distinct groups (Fig. 4B to E; see Discussion).

Tail. ®M9 has a 125-nm-long contractile tail with visible stri-
ations due to the helical repeat of the gp18/gp19 subunits (Fig. 5).
The neck that attaches the tail to the capsid is simple, with no large
protrusions or densities. The baseplate is also simple and bell
shaped with protruding, sparse irregular tail fibers that are visible
in both cryogenic and negatively stained images (Fig. 5).

Structure of ®M9 capsid. PM9 is an icosahedral, T4-like bac-
teriophage with a DNA-filled capsid and a long, contractile tail
(Fig. 5A). Six thousand seven hundred forty-one particles were
excised from 2,184 motion- and dose-corrected images and
aligned to show a smooth, thin-shelled virion with small, unob-
trusive turrets at the 5-fold vertices and a radius of about 56 nm
(Fig. 6). At 7.5 to 9.0 A resolution, judged by 3D mapping of the
local resolution (47) (Fig. 7A) and the 0.5/0.143 ESC criteria (see
Fig. S1 in the supplemental material), the shape of the 16-mer
asymmetric unit is readily identifiable (Fig. 7B and C), where 15 of
the monomers make up 2.5 hexamers (Fig. 8). The 16th monomer
is distinct, one subunit of the pentamer (Fig. 8). No gp24-like
molecule is encoded in the genome, so this distinct subunit is
likely made of gp23 but in a 5-fold, not 6-fold, symmetric envi-
ronment; however, extra density at the tip of each pentamer sug-
gests that an additional helical protein factor caps the turrets
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(Fig. 8, left inset). Likewise, extra density in the center of the hex-
amer that does not appear to be 6-fold symmetric may be due to an
additional protein factor(s) (Fig. 8, right inset).

Modeling of the T=16 coat assembly. M9 ORF ®M9_100
was easily identified as the T4 gp23 homolog on the basis of the
predicted amino acid sequence, with 26.6% identity and varying
most significantly at amino acids 125 to 180, which comprise the
E-loop insertion domain. Structurally, the E-loop density varies
the most from gp24 of phage T4 (Protein Data Bank code 1YUE)
because it is smaller and positioned in an elongated way to accom-
modate the T=16 symmetry (Fig. 7).

DISCUSSION

Genome and phylogeny. Our sequence data indicate that M9 is
part of a new group (along with phages ®M10, PM14 [K. M.
Jones, unpublished results], and P10VF [54]) of S. meliloti T4
superfamily phages. The ®M9 group is distinct from the ®PM12
group (10), which also includes S. meliloti phages PM7, DM 19 (2)
(GenBank accession no. KR052480 and KR052481, respectively)
(Jones, unpublished), and ®N3 (GenBank accession no.
KR052482) (58). Phages of the ®M9 and ®M12 groups interact
with the S. meliloti host cell surface by different mechanisms.
Phages of the ®M9 group are dependent upon the presence of an
outer membrane lipopolysaccharide containing a complete core
oligosaccharide (59, 60). In contrast, phages of the ®M12 group
are dependent upon the outer membrane protein encoded by
ropAl for infection of S. meliloti (60).

There are significant gaps in the data available for phylogenetic
comparison of T4 superfamily phages of alphaproteobacteria.
Currently, the only T4 superfamily phages that infect alphapro-
teobacteria to have been completely sequenced are M9, P10VF,
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TABLE 1 MUSCLE multiple alignment percent identity scores of full-length amino acid sequences of ®M9 T4-like phage universal core proteins
and nearly universal core proteins with other T4 superfamily phages”

Gene Function P10VF| ®M12| Cr30 | HTVC| Syn9 [S-SM2 |KVP40| T4 |®W-14]| LIME | Vil |CP220
product 008M stone1
gp41 DNA primase-helicase g g 27.0 8 275 | 25.2 | 24.7 | 21.9
UvsX Recombination protein 4.0 22.7 | 23.6 | 25.3 9 4 9.0 0 9.0 o
gp53 Baseplate wedge DI 13.9 | 149 0 8.0 13.6 0 14.2 6.8 e
gp48 Baseplate tail tube cap 69 4 : 4.6 4 10.5 11.0 9.2 6 10.8 | 11.8 4.0
u:gg or | Glutaredoxin 0.0 4 0 13.2 | 185 L - -
”:ﬂi or | Ribonucleotide reductase subunit A 0 - 14.7 6 0 6.9 16.4 i/ N 11.6
”:gg or |Ribonucleotide reductase subunit B 8.0 — 12.3 | 129 4 g 4 4 4 12.6
gp61 DNA primase 25.0 8 6.9 22.0 M 23.1 B 25.7 | 14.2
gp26 Baseplate hub 4 N 19.8 £ 17.2 | 20.3 | 18.8 0 ‘M 19.2
gp51 Baseplate hub assembly catalyst 4 6.4 9 9 B 3.9 13.8 J— — 6.3
gp32 ssDNA binding protein 4 0 4| 19.0 | 16.4 [ 18.8 | 193 | 17.3
gp17 Terminase, large subunit 8.9 6.8 6 0 4 32.2 279 | 223 | 223 | 21.8
gp5.1 Baseplate hub + tail lysozyme, 64 7.2 0 8.6 X 7% 0 0 X : 8.6 6.0
C terminus 4.8
UvsW Helicase 63.4 9.6 8 0.6 6 29.3 0 S| 241° | 28.2 | 23.1
gp16 Terminase, small subunit 4 6.6 8.9 0 4 14.5 3 14.4 | 147 | 13.0 J—
gp25 Baseplate wedge 68 8 0.9 : 16.8 | 13.7 | 19.8 20.6 | 17.3
gp6 Baseplate wedge 69.9 6.9 O 22.5 6 20.2 | 191 4 23.7 8 8.9
gp7 Baseplate wedge initiator 0.4 8 : 1.9 2.4 6 - 4.0 3.4 e
gp4 Head completion protein 69.9 4 31.6 6.9 48.6 4 4 8.9 323 | 329 | 324 | 243
gp18 Tail sheath monomer 68.9 18.6 0 : 18.6 | 16.7 | 17.9 9.9 g 17
8.9
gp19 Tail tube monomer 0.0 2 196 | 17.0 M 19.0 | 185 | 18.9
4 8 8 11.8 0.9 14.7
13.5
gp20 Portal vertex protein ‘3 28.6 9.8 | : : g 276 | 25.7 | 25.8 | 21.6
gp21 Prohead core scaffold/protease 69 30.5 | 29.3 4 I8 26.3 | 28.6 0 23.8
gp22 Scaffold prohead core protein 43.0 1.5 | 124 | 121 4.4 4.0 10.6 8 11.0 6 6
gp23 Precursor of major head subunit 87.9 4 8 I 27.6 | 26.6 26.1 | 264 | 23.6
gp3 Head proximal tip of tail tube N 14.2 | 155 | 159 | 154 9 16.8 4.6 8.9 8.9
UvsY Recombination, repair, ssDNA binding 5 9.0 6 6 9 19.0 | 18.4 0 19.9 17.2 -
gp5.2 Basepl'ate hub + tail lysozyme, 4 0.4 0.4 9 9.6 8.6 : 5.3 8 Xl 105
N terminus 4
gp13 Neck protein 6 4 4 19.0 [ 19.6 | 20.1 19.9 | 16.9
gp14 Neck protein 66 g 9.9 8 16.2 | 11.0 9 14.2 | 16.6 8.0 -
gp15 Proximal tail sheath stabilization 8 8 9.9 14.2 | 171 g 13.8 | 14.2 | 13.3
gp8 Baseplate wedge 9.4 6 6.8 . 8.9 8.5 - 6.5 6.0 9.6
DexA Exonuclease A - 0.6 9 6.8 9.9 - 0.9 -
Td Thymidylate synthase 40 6.4 - | 118 | 9.8 9.9 | 49 13.9 4 10.2
gp43 DNA polymerase : 9 : 3 0.0 0 6 24.0 | 25.0 | 22.9° | 23.9 | 23.2
gp62 Clamp loader subunit 6 4 0 16.5 | 17.0 | 154 | 20.0 155
gp44 Clamp loader subunit 63.9 9.6 27.9 8 0 g 28.7 | 26.6 4 29.3 | 279
gp45 Sliding clamp DNA polymerase 61.0 XM 17.7 0.6 0 9.6 JEN 142 | 16.7 | 16.3 | 15.1
accessory
_gp46 Recombination endonuclease subunit 8.8 6 6 6 19.7 4 218 | 182 | 195 —
gp47 Recombination endonuclease subunit |t 15.7 | 12.9 6 9 8.8 12.3 0 13.5 8 4.9 5.1
gp55 Sigma factor for late transcription 64.4 0.6 8.9 4.8 6.9 | 17.7 | 180 | 154 | 16.7 8.9 10.4
Absent in ®M9, present in ®M12
gp33 Late promoter transcription factor = + + + + + + + + + + -
RegA [Translational repressor/early genes --e- + + + + + + + + + + --e-

Best match to ®M9 protein wm—=3p Poorest match
“ Only core proteins found in S. meliloti phage ®M9 or ®M12 were included in this analysis. See Table S3 in the supplemental material for sequences and accession numbers.
¥ Sequences for which two ORFs separated by an intron have been unified.
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TABLE 2 MUSCLE multiple alignment percent identity scores of full-length amino acid sequences of ®M9 “T4-like cyanophage core” proteins and

“T4-like non-cyanophage core” proteins with other T4 superfamily phages®

Cyanophage core
Gene product’ [Function CP220
[PhoH; T4-GC |P starvation-inducible
322 protein
gp27-like® Virion structural 15.6
T4-GC 15 protein
VriC” Predicted structural 2 20.5 226 226
protein
Absent in ®M9, present in ®M12
T4-GC 313 Hypothetical protein - - + + + + + e - ——— | —m—-
M12 262
T4-GC 321 Hypothetical protein ———- ———- + + + + + mmmm | - ———- ———- ———- ———-
M12 265
Noncyanophage core
Gene product’ |Function ®M9 [P10VF|®M12 Cr30 |HTVC |Syn9| S- |KVP40y T4 | ®W-14| LIME | Vil | CP220
008M SM2 stone1
gp54 Baseplate tail tube M9_049 6 NN [ 8 9 0.6 J— 4.0 8 6
T4-GC 1621 initiator
T4-GC 1642 Putative dCMP B 61.8 9 — = [ e
deaminase
T4-GC 870 RNaseH ribonuclease |M9 115§ 8 6 el B 0 ---n o o
gp10 Baseplate wedge B 62.9 I - 8.9 I ---- - - el
T4-GCs 1596, |subunit and tail pin
2377, 2022
gp30 ATP-dependent DNA M9_226 6 el B g 0 - 157
T4-GC 1627 ligase
gp52 T4 topoisomerase |l ¥ 63.0 f mmmm | e | e 4 6.0 0.9 6
T4-GC 1684 medium subunit
gp60+gp39 T4 topoisomerase Il MO_270 K ---- | ---- e el 8 g 9 0
T4-GC 1464 large+small subunit 9
Absent in ®M9, present in ®M12
59 T4-GC 3 |DNA helicase loader --u- P + + + + + + + o + + --un
ﬁrac.ﬂ Conserved hypothetical| - [ + + e = - + + - [ e
T4-GCs 1542, |protein
2121
Additional conserved T4-like phage ORFs present in M9
Gene product” |[Function ®M9 |P10VF
gp2 DNA end-protector 24.2
protein
DenV T4 endonuclease V 336 414 376
gp30.3 Conserved 56.3 36.1
bacteriophage protein
pfam08010
Dam DNA adenine
methylase
MotB.2 Conserved
b bacteriophage protein

@ Only core proteins found in S. meliloti phage ®M9 or ®M12 were included in this analysis. See Table S3 in the supplemental material for sequences and accession numbers. See

Table 1 for the color code legend.
b T4-GC, T4 gene cluster.
¢ Proteins for which the ®M12 homolog was detected in the proteome (10).

OM12/PM7/PM19, PN3, “Candidatus Pelagibacter” phage
HTVC008M (8), and Caulobacter phage Cr30 (9). (Sphingomonas
phage PAU was previously considered part of this group, but its
host bacterium, Sphingomonas paucimobilis strain HER 1398, has
been reclassified as a member of the Bacteroidetes phylum [61]).
Despite the dearth of genomic information, it is clear that there are
at least two distinct groups of these phages: the more cyanophage-
like ®PM12/®M7/PM19, ON3, HTVC008M, and Cr30 and the
more Campylobacter phage-like PM9 and P10VF. However, ®PM9
and P10VF are distant enough from the Campylobacter phages
that they define a new group of T4 superfamily phages. The precise
position of ®M9 and P10VF relative to the Campylobacter phages
or the Viuna-like phages cannot be determined on the basis of the
phage sequences that are currently available.

November 2015 Volume 89 Number 21
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In contrast to M9, PM12 (10) is more closely related to the
T4 superfamily cyanophages than to other T4 superfamily phages.
The position of S. meliloti phage PM12 in the tree in Fig. 2 is
different from its position in the gp20 tree we previously presented
(10). This is due to the inclusion of the gp20 sequence from Cau-
lobacter phage Cr30 in this study and the omission of the se-
quences of most uncultured phages. The tree presented in Fig. 2
suggests a close relationship between ®M12 and Cr30 (discussed
more thoroughly by Ely et al. [9]). A PhyML tree constructed
without Caulobacter phage Cr30 but otherwise with the same pa-
rameters as the tree in Fig. 2 produced a tree in which the positions
of both ®M 12 and “Candidatus Pelagibacter” phage HTVC008M
were altered with respect to the cyanophages (see Fig. S2 in the
supplemental material). This suggests that the inclusion of Cau-
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TABLE 3 ®M9 predicted proteins with homologs in phage ®M 12

% Identity Similar to ORFs in other
OM9 ORF  Predicted function or domain Other ®M9 ORF  P10VF dM12¢ Cr30  phages of rhizobia
M9_035 ATPase 47.0 (PI0VF_146) 18.4 (M12_456)
M9_038 Hypothetical protein 43.5 (M12_363)
M9_121 Putative glycanase/laminarinase 60.6 " (M12_182)
M9_136 Predicted tail fiber protein 19.9 (M9_134) 30.2 (P10VF_049),17.9  18.8 " (M12_124) +
(P1OVF_051)

M9_137 Predicted tail fiber assembly protein ~ 36.6 (M9_138) 17.3 (M12_122) +
M9_138 Predicted tail fiber assembly protein ~ 36.6 (M9_137) 17.9 (M12_122) +
M9_141 Hypothetical protein 45.2 (M12_431)
M9_149 Predicted glycoprotein 36.9 (P10VF_039) 22.7 (M12_410) +
M9_176 5" nucleotidase, deoxy (pyrimidine), 38.2 (P10VF_004) 38.8 (M12_197) 21.7 +

cytosolic type C protein (NT5C)
M9_179 Hypothetical protein 30.9 (P10VF_252) 31.2 (M12_173)
M9_210 Hypothetical protein 58.6 (P10VF_233) 27.1 (M12_384)
M9_213 Hypothetical protein, DUF3820 8.1 (M9_216) 49.2 (P10VF_231) 46.0 (M12_381) +

superfamily
M9_216 Hypothetical protein 8.1 (M9_213) 18.8 (P10VF_231) 10.4 (M12_381) +
M9_264 Hypothetical protein 26.8 (M12_235) +

“ Not including T4 core proteins or homing endonucleases. See Table S4 in the supplemental material for sequence accession numbers.

b Proteins for which the ®M12 homolog was detected in the proteome (10).

¢ Homologs of all ORFs are found in ®M7 (GenBank accession no. KR052480) and ®M19 (GenBank accession no. KR052481). Homologs of all ORFs except M9_210 are found in

®N3 (GenBank accession no. KR052482).

lobacter phage Cr30 supplies important information that clarifies
the relatedness of the phages on this branch of the tree.

One of the most surprising features of the ®M9 and P10VF
genomes is the lack of a homolog for T4 gp33, which encodes the
late transcription accessory factor that acts in concert with gp55 to
fully activate transcription instead of a bacterial RNA polymerase
sigma factor (62, 63). In phage T4, the sigma70 domain 4-like
activity of gp33 is essential for complete activation of late tran-
scription and for production of phage particles (64, 65). Compar-
isons of predicted structures of all ®M9 ORFs with the gp33 crys-
tal structure failed to identify any proteins with clear structural
similarity to gp33 (data not shown). ®M9 gp55 may function with
an accessory factor with a structure very different from that of
gp33. Another possibility is that ®M9 gp55 participates in basal
transcription, as it also does in phage T4 (65), but that it does not
partner with another protein to function as a complete sigma fac-
tor analog. Unusual for phages, both the ®M9 and P10VF ge-
nomes have an ORF (®M9_087 and P10VF_093) predicted to
encode a canonical RpoE stress response sigma factor (COG1595)
(66—-68). The alignments shown in Fig. S3 in the supplemental
material demonstrate that ®M9_087 and P10VF_093 are much
more similar to RpoE sigma factors of alphaproteobacteria than to
sigma factors found in other phages (see Table S6 in the supple-
mental material for GenBank accession numbers and references).
These phage RpoE proteins encoded by ®M9 and P10VF are can-
didates for late transcription sigma factors that might function in
place of gp55/gp33.

The ®M9 genome also lacks a homolog for another member of
the T4 core set of genes, the translational repressor encoded by the
regA gene (55). Although RegA is not essential for the production
of T4 phage particles (12), the absence of regA in ®M9 and P10VF
is unusual for T4 superfamily phages. In contrast, PM9 does have
members of the T4 core gene set that are missing from S. meliloti
phage ®M12: the dexA gene, encoding exonuclease A, and the nrd
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genes, encoding the two subunits of a class I oxygen-dependent
ribonucleotide reductase (Table 1).

Conserved structural gene clusters allow the prediction of
“rhizophage-conserved ORF groups.” Beyond the T4-like phage
core genes, there are very few ORFs that are common to ®M9 and
$M12, despite their common host. In spite of these differences,
there is strong conservation of a small number of genes predicted
to encode phage structural proteins or proteins involved in infec-
tion-related functions. Given that our phylogenetic analysis sug-
gests that ®M9 and ®MI12 derive from very different lineages
within the T4 superfamily, the most likely scenario is that these
ORFs have been acquired by horizontal gene transfer events.
These ORFs are also conserved in ®M9-like S. meliloti phages
$M10 and PM14 (Jones, unpublished), in PM12-like phages
®OM7 (GenBank accession no. KR052480) and ®M19 (GenBank
accession no. KR052481), and with one exception (Table 3), in
N3 (GenBank accession no. KR052482). Although this is a lim-
ited number of phage genomes, the conservation of these ORFs
across the sequenced members of two very diverse S. meliloti-
infecting T4 superfamily lineages suggests that these ORFs may be
critical for the successful infection of S. meliloti. For example, the
strong conservation of the glycanase that is encoded in both M9
and ®M12 with the host exopolysaccharide-cleaving glycanase
ExsH suggests the fundamental importance of this enzymatic
function in phage-host interactions. ExsH cleaves the S. meliloti
exopolysaccharide succinoglycan that is required to establish a
symbiosis with its host plant (69). ExsH-like glycanases are found
in many bacteria but very few phages. The ®M12 homolog of this
ORF is abundant in the ®M12 proteome (10). If these glycanases
are, like ExsH, able to cleave the S. meliloti exopolysaccharide suc-
cinoglycan, they might help these phages gain access to the S.
meliloti cell surface.

Six of the 14 noncore ORFs that are common to ®M9 and
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A) 61% identical to M12_182_| ®M9 69157bp—95749bp 633bp/cm
M9_ 120 M9 121 M9_132
5 e | SRR N ol o o v o e R
M9 M9
M9_134 M9_135 M9_136 137 138

collagen-like

M9_141

thetical
No homology to P10VF in this region ygr%teei‘:nl;a
36% identical | pyE2943

[ 45% identical to M12_431| toM12.410 | Do

Mo_149 —2
A NS4 o 150

ig%ig%um phage vB_RleM _P10VF 40142bp—17328bp PIOVE_052

F'"°mlgmmlgpﬂllgpﬂlﬁlgvﬁllﬂl oo | N -

P10VF_051 P10VF_050 P10VF_049 P10VF_048

10VF_
| 1

collagen-like

- >
P10VF_038,

hypothetical P10VF_039 P10VF_037
proteins DUF2943family

L;p25" | | gp6* | | gp7* | | gp8#

M12  M12
| gp13 ||gp14 || gp15* |—>
16

®M12 71306bp—47570bp
gp53

M12_144*

M12_129* 123* 122

ap
structural similarity to phage MS2 capsid protein
and to T4SS outer membrane complex
B) Rhizophage-conserved ORF group 1; proposed C) Rhizophage-conserved ORF group 2;
baseplate structural protein VrIC predicted structural collagen-like proteins

66% identical

> 0
51% identical amino P10VF_048
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FIG 4 (A) Detailed synteny in the neck/baseplate/tail region of the genomes of ®M9, Rhizobium phage PI0VF, and ®M12. ORFs filled in black do not have
homologs in either of the other two genomes. ORFs filled in white in ®M9 and P10VF encode hypothetical proteins conserved at the same position in P10VF.
The genomes are oriented in the same direction with respect to baseplate protein gp27. All three genomes have baseplate proteins gp5 and gp8 and neck proteins
gpl3, gpl4, and gp15 shaded in gray. (Asterisks next to ®M12 ORF names mean that these proteins were detected in the ®M12 proteome [10].) There is nearly
complete synteny between ®M9 and P10VF, except for the absence from P10VF of the region from the middle of ®M9_136 to the beginning of the gIf gene
(encodes UDP-galactopyranose mutase) and the absence from P10VF of the glycanase encoded by ®M9_121. Four ®M9 ORFs in the region shown lack
homologs in P10VF but have homologs in ®M12, i.e., PM9_121 (glycanase), PM9_141, and PM9_137, and PM9_138, which are partial duplicates of one
another. (B) Rhizophage-conserved ORF group 1. Shown are the predicted VrlC proteins from the three phage genomes with regions of homology in red and gaps
in white. VrlC is one of the more abundant proteins in the ®M12 proteome (10). (C) Rhizophage-conserved ORF group 2, which is structurally similar to
collagen (31) and consists of one ®PM9 ORF and two P10VF ORFs. Regions of homology are solid green. The two nearly adjacent P10VF ORFs may have arisen
from a gene duplication (see panel A). (D) Rhizophage group 3, predicted tail fiber assembly proteins, is composed of two very similar adjacent ORFs in ®M9,
a homolog in ®M12, and ORFs from five other phages of rhizobia (not pictured) (see the text and Table S4 in the supplemental material). (E) Rhizophage
predicted tail fiber proteins, group 4. PM12_124 is the third most abundant protein in the ®M12 proteome and is predicted to encode a T4 gp12-like/short-tail
fiber/phage tail collar protein. ®M9_136 shows 13% identity with ®M12_124 in its central domain and has a C-terminal domain that is 37% identical to
Sinorhizobium phage PBC5 protein 14 (GenBank accession no. NC_003324.1) and an N-terminal domain that is 56% identical to phage PIOVE_049. ORFs
OM9_136 and P10VF_049 are =36% identical in their first 130 amino acids to ®M9_134 and PI0VF_051, which are structurally similar to B. subtilis short-tailed
phage neck appendage proteins (75, 76). These ORFs may have arisen from gene duplication events in the ®M9 and P10VF genomes or in a common progenitor
strain.
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FIG 5 ®M09 tail and baseplate. (A) Cryogenic image of a full-tailed ®M9 capsid. (B) Individual negatively stained tail base plates show irregular and sparse

protruding tail fibers.

®M12 are located in the cluster of phage baseplate and neck struc-
tural protein ORFs shown in Fig. 4A.

On the basis of the clustering of these ORFs, comparisons of
the ORFs with other phages that infect rhizobia, and our previous
analysis of the PM 12 proteome (10), we have now proposed a set
of four groups of rhizophage-conserved, predicted structural pro-
teins. We hypothesize that proteins in these groups encode base-
plate proteins, tail fibers, and tail fiber assembly proteins.

Group 1 contains the VrlC ORF (Fig. 4B), which, in ®M12,
encodes one of the most abundant proteins in the proteome (10),
suggesting that it is a structural protein. VrlC is found in the T4-
like cyanophages (5), the Viuna-like phages (6) of enteric bacteria,
and in many phages of Gram-positive bacteria (70) but not in T4
or its closest relatives (12). The function of VrlC has not yet been
established, but the Listeria phage A511 VrlC homolog has been
immunolocalized to that phage’s baseplate (70). The correlation
between the presence of vrIC in a phage genome and that phage
having a large, double-ringed baseplate structure has led to the
hypothesis that the VrlC protein is responsible for forming these
structures (70).

Group 2 rhizophage-conserved ORFs are structurally similar
to type I collagen (structure template 1YGV chain A) (31). This
group consists of PM9_135, P10VF_050, and P10VF_048 (Fig. 4A
and C). Collagen-like motifs in tail fiber proteins have been de-
scribed in several phages (71-73), supporting our hypothesis that
the group 2 ORFs encode tail fibers in ®M9 and P10VF.

Group 3 ORFs have similarity to a family of phage tail fiber

.
40 48 56nm
FIG 6 Overall ®M9 topology. The capsid is colored radially.
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assembly proteins (pfam02413) (14). This rhizophage group con-
sists of two adjacent, very similar ®M9 ORFs, ®M9_137 and
dM9_138;an ORF from ®PM12, PM12_122 (Fig. 4A and D; Table
3); and ORFs from several other rhizophages (listed in Table S4 in
the supplemental material but not pictured in Fig. 4). There is no
group 3 ORF in phage P10VF.

The interrelationships among the group 4 ORFs are complex,
and these ORFs may be examples of phage tail fiber ORFs that
have developed a mosaic composition (74) because of domain
swapping. PM9_136 appears to be a very complex mosaic of se-
quences from other rhizophages. It has a central domain that is
13% identical to ORF ®M12_124 (Fig. 4A and E), which is pre-
dicted to encode a T4 gp12-like/short-tail fiber/phage tail collar
protein, the third most abundant protein in the ®M12 proteome
(10). Other domains of ®M9_136 appear to have come from

FIG 7 The ®M9 capsid monomer. (A) One subunit from the asymmetric
unit, colored by local resolution calculated by ResMap (47). (B) The modeled
structure fits the density well, showing a variable E-loop insertion that accom-
modates the T=16 symmetry. (C) The side view of the coat protein demon-
strates the elongated structure.
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FIG 8 ®M9’s T=16 asymmetric unit. All 16 unique HK97-like subunits fit
together to make the tightly packed capsid. The structural elements of the
T=16 capsid include a monomer from the pentameric cap (purple), two full
hexamers (green and yellow), and half a hexamer (orange) (colors are as in
reference 16). ®PM9’s reduced E-loop insertion domain reaches over to an
adjacent monomer to make the hexameric repeat. Tight interactions at the 2-
and 3-fold symmetry axes complete the asymmetric unit. (Left inset) Addi-
tional density appearing a-helical in nature forms the turret at the pentamer.
(Right inset) Additional density at the center of the hexamer appears to break
the 6-fold symmetry.

other rhizophages. It has a C-terminal domain that is 37% iden-
tical to Sinorhizobium phage PBC5 protein 14 (GenBank accession
no. NC_003324.1), and its N-terminal domain is 56% identical to
phage P10VF ORF P10VF_049 (Fig. 4E).

Adding further complexity to group 4 is the fact that PM9_136
and P10VF_049, as well as ORFs ®M9_134 and P10VF_051, are
36% identical in their first 130 amino acids (Fig. 4E). ®M9_134
and P10VF_051 are structurally similar to the “neck appendage”
protein found in Bacillus subtilis short-tailed phage GA-1 (struc-
ture template 3GUD chain B) (75, 76), which acts as a receptor-
binding tail fiber protein (77). The genomic context for these
ORFs in the ®M9 and P10VF genomes (Fig. 4A) shows that they
may have been formed by gene duplication events in these phages
or in a common progenitor strain.

In the ®M9, P10VF, and ®M12 genomes, the group 4 ORFs
are close to the ORF encoding VrIC. In Listeria phage A511, the
host cell receptor-binding tail fiber protein gp108 is also located
nearly adjacent to VrlC and immunolocalization assays suggest
that A511 gp108 is directly bound to VrlC in the A511 phage
particle (70). On the basis of genomic context, primary sequence,
and structural comparisons, we hypothesize that ®M9_136 and
OM9_134, PM12_124, and P1I0VF_049 and P10VF_051 encode
tail fibers in their respective genomes. If this is the case, it could
mean that both ®M9 and P10VF have multiple tail fibers. Simul-
taneously displaying multiple receptor-binding tail fiber proteins
and thereby increasing the phage host range has been observed in
the Escherichia coli myovirus phi92 (78).

Another ORF in this ®M9 cluster of phage baseplate and neck
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structural protein ORFs that is conserved in ®M12 is PM9_141,
which has an alpha-helical coiled-coil structure similar to that of
the T4 fibritin neck-whisker protein (structure template 10X3
chain A) (79), although it is much smaller than T4 fibiritin. This
OREF is 45% identical to the ®M12 ORF ®M12_431 but has no
clear homolog in P10VF. Part of the role of the neck whiskers is to
interact with the long tail fibers of T4-like phages and control their
assembly and retraction (79), but not all myoviruses have collar
whiskers (78). It has not yet been possible to determine from our
structural analysis if ®M9 or ®M12 has neck whiskers.

Overall ®M9 morphology and T=16 capsid. PM9 isa T=16
contractile bacteriophage with a long tail that shows the striations
of the helically twisting subunits (Fig. 5). The neck, which joins a
5-fold of the icosahedral capsid and the tail, has a simple architec-
ture, whereas the smooth plate at the base of the tail (Fig. 5A) is
quite different from the other known T=16 phage of cyanobacte-
ria, Syn9, whose baseplate is strikingly bushy (16). In raw images,
however, the fibers appear to be sparsely distributed on the surface
of the plate (Fig. 5) and are also structurally quite different from
those of S. meliloti phage ®M12 (80) and the well-studied T4
enteric bacteriophage (81).

PM9 is a T=16 phage like Syn9, formed by a single T4 gp23-
like capsid protein (Fig. 6 and 7). In contrast, the well-studied
T=16 herpesvirus capsid is made from multiple peptides, includ-
ing an asymmetric trimeric assembly that spans its 3-fold symme-
try axis (82). The gp23 homologs from ®M9 and Syn9 show
31.7% sequence identity, and their capsids are virtually superim-
posable at similar resolutions. ®M9’s 149,218-bp-long genome is
somewhat shorter than Syn9’s 177,300-bp-long genome. In this
way, ®M9 is less efficient than Syn9 in preparing a capsid that
maximizes the subunit number for the enclosed volume, unlike its
cousin ®M12, whose T=19 capsid is particularly tightly packed
and efficient at maximizing its internal volume (80). Nonetheless,
the shared T number and similar genome size suggests that PM9
could have also evolved from the same T=13 capsid progenitor as
Syn9, T4, and T5 (16).

Subunit interactions in T=16 capsids. The common fold for
T4-like phage coat proteins is defined by the first instance of its
structural determination, gp5 in the HK97 virus (gp23/24 in T4)
(83, 84). Its structural core is L shaped, where the stem of the L is
made from the peripheral (P) domain and the arm is composed of
the axial (A) domain (Fig. 8C) (84). Individual isotypes are made
unique by insertion (I) domains and extended (E) loops, which
determine the surface texture, symmetry, and size of any capsid
(15). ®M09 has a fairly smooth surface (Fig. 6), not unlike that of
PM12 (80) but quite distinct from that of T4 (85), which has an
extended E-loop insertion domain, in contrast to the minimal
domain in ®M12 and the slightly bigger but still minimal E-loop
insertion in ®M9.

The capsid protein from the monomers excised from ®M9’s
hexamers is extended relative to that from its pentamers, which
echoes T4’s gp24 protein (86). The stretched fold stems from a
core structural feature that define how the T=16 capsid assem-
bles; the central 3-sheet from the P domain is longer than it is in
T4 gp24. Specifically, in ®M9, the central § strand is made of
amino acids 402 to 420, whereas in T4 it is made from amino acids
370 to 384 (Fig. 7B). Consequently, a2 protrudes from the central
core and a3 runs straight through the center of the molecule to
give it the extended conformation (Fig. 7C). At 7.5 to 9.0 A reso-
lution, a-helical density is clearly visible, so these secondary struc-
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tural elements are reliably mapped; indeed, these regions of the
map represent the highest resolution (Fig. 7A). In T4, the corre-
sponding central a-helix bends at Met206, compressing the struc-
ture and allowing it to form the pentamer (86). The capsid result-
ing from ®M9’s extended capsid protein is thin, without
significant surface features, but expansive (Fig. 6B).

The pentamer density exhibits the same conformation and
2-fold symmetry interactions with its neighboring hexamer as the
hexamers do with one another (Fig. 8). There is additional non-
gp23 density at the tip of the penton, consisting of five small helical
bundles each of which protrudes from a different asymmetric unit
(Fig. 7B, left inset). There is also extra density at the center of the
hexamers that breaks the pseudo-6-fold symmetry within the
asymmetric unit, which is unenforced in the capsid map (Fig. 5C
and 7B, right inset). This extra density appears 2-fold symmetric,
perhaps formed by a dimer of an accessory protein(s) (Fig. 7B,
right inset).

Conclusions. PM9, along with Rhizobium phage P10VF, de-
fines a new group of T4 superfamily phages. It is not closely related
to any previously characterized T4-like phage groups. The closest
relationship appears to be with the T4-like Campylobacter phages.
Despite the genetic novelty of PM9, its gp23-like capsid subunits
assemble to form a T=16 capsid like that previously observed in
the phages Syn9 and SPO1 and the herpesviruses. Assembly into
this common capsid form occurs despite the large phylogenetic
distance between these groups of viruses. Both the genome and
structure of ®M9 show surprising new ways in which the basic
building blocks of T4 superfamily phages can be assembled.
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