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Time-resolved DNA release from an O-antigen-specific
Salmonella bacteriophage with a contractile tail

Received for publication, February 28,2019, and in revised form, June 11,2019 Published, Papers in Press, June 12,2019, DOI 10.1074/jbc.RA119.008133
Nina K. Broeker, Yvette Roske®, Angelo Valleriani', Mareike S. Stephan®, Dorothee Andres*, Joachim Koetz!,

Udo Heinemann®**, and ©® Stefanie Barbirz*'

From the *Department of Physikalische Biochemie and'Kolloidchemie, Universitcit Potsdam, Karl-Liebknecht-Strasse 24-25, 14476
Potsdam, Germany, the SMax-Delbriick-Centrum fiir Molekulare Medizin, Robert-R6ssle-Strasse 10, 13125 Berlin, Germany, the
Max Planck Institute of Colloids and Interfaces, Am Miihlenberg 1, 14476 Potsdam, Germany, and the **Institut fiir Chemie und

Biochemie, Freie Universitdt, Takustrasse 6, 14195 Berlin, Germany

Edited by Charles E. Samuel

Myoviruses, bacteriophages with T4-like architecture, must
contract their tails prior to DNA release. However, quantitative
kinetic data on myovirus particle opening are lacking, although
they are promising tools in bacteriophage-based antimicrobial
strategies directed against Gram-negative hosts. For the first
time, we show time-resolved DNA ejection from a bacterio-
phage with a contractile tail, the multi-O-antigen—specific Sal-
monella myovirus Det7. DNA release from Det7 was triggered
by lipopolysaccharide (LPS) O-antigen receptors and notably
slower than in noncontractile-tailed siphoviruses. Det7 showed
two individual kinetic steps for tail contraction and particle
opening. Our in vitro studies showed that highly specialized tail-
spike proteins (TSPs) are necessary to attach the particle to LPS.
A P22-like TSP confers specificity for the Salmonella Typhimu-
rium O-antigen. Moreover, crystal structure analysis at 1.63 A
resolution confirmed that Det7 recognized the Salmonella Ana-
tum O-antigen via an €15-like TSP, DettilonTSP. DNA ejection
triggered by LPS from either host showed similar velocities, so
particle opening is thus a process independent of O-antigen
composition and the recognizing TSP. In Det7, at permissive
temperatures TSPs mediate O-antigen cleavage and couple cell
surface binding with DNA ejection, but no irreversible adsorp-
tion occurred at low temperatures. This finding was in contrast
to short-tailed Salmonella podoviruses, illustrating that tailed
phages use common particle-opening mechanisms but have spe-
cialized into different infection niches.

Tailed dsDNA bacteriophages constitute one of the largest
phage groups described so far (1). These viral particles are
assemblies of icosahedral capsids containing the genome, a por-
tal complex and a tail machine that provides effective means for
host cell surface recognition and subsequent DNA transmis-
sion into the cytosol, thereby overcoming all bacterial outer
protective layers. In some phages, their tails may additionally
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contain glycan-specific tailspike proteins (TSPs),> often
endoglycosidases, to mediate initial bacterial surface contacts
(Fig. 1). It has thus been proposed that tailed phages have
evolved to deliver much larger genomes to their hosts than
nontailed phages (2). A wealth of biochemical and microscopy
in vitro studies has addressed the function of bacteriophage
tails as sophisticated molecular machines that exist in three
different architectures (Fig. 1) (3-9).

Bacteriophages of the class Myoviridae possess contractile
tail systems (7, 10 —13). For myovirus T4, the full genome trans-
fer process has been reported to take place on a time scale
between 30 s and several minutes in vivo (7, 10). Siphoviridae
with long, noncontractile tails also transfer their genome within
minutes (e.g the Escherichia coli phages A (5) or T5 (14) or the
Bacillus subtilis phage SPP1 (15). The process is slower in Podo-
viridae with short, noncontractile tails like E. coli phage T7 or
B. subtilis phage ¢29, taking 10-30 min (16, 17).

In all tailed phages, genome internalization in vivo requires a
cell membrane proton motive force, although its detailed func-
tional relationships with DNA transfer are still debated (6, 7,
15). Moreover, protein assemblies and RNA polymerases of
viral or host origin were found to interact with DNA in vivo
during translocation, pulling the genome inside the cell (6, 18,
19). However, these data cannot resolve single molecular steps
of genome internalization and do not link kinetics of DNA
transfer to cell wall architecture and tail morphology (15, 20).

In vitro, EM has shown the initial structural rearrangements
in the E. coli myovirus T4 baseplate tail leading to contraction
(11, 21). Initial surface contacts by T4 long tail fibers to outer
membrane proteins (Omps) or lipopolysaccharide (LPS) are
followed by a dome-to-star transition of the baseplate (22). This
exposes the short tail fibers for irreversible cell surface attach-
ment, and, eventually, the bound phage contracts its sheath (11,
21). Similar mechanisms have been proposed for phages infect-
ing Gram-positive hosts, emphasizing that these structural
rearrangements are universally conserved in contractile injec-
tion systems irrespective of host cell wall composition (11, 23,
24). Following contraction, T4 phages do not yet release their
DNA but need an additional signal from the membrane to start

2 The abbreviations used are: TSP, tailspike protein; Omp, outer membrane
protein; LPS, lipopolysaccharide; pfu, plague-forming protein; aa, amino
acid(s).
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Figure 1. Schematic structures of the three morphology types found in
tailed bacteriophages (2, 13, 19, 43). A, podovirus with short, noncontrac-
tile tail. B, siphovirus with long, noncontractile tail. C, mature myovirus with
long, contractile tail, the subject of this work. D, myovirus after tail contraction
during DNA release. Representation of viral particles is oversimplified (i.e.
symbols for building blocks like capsids, tails, and baseplates correspond to
multimeric protein assemblies). Other features like head-to-tail adaptors or
long tail fibers have been omitted for clarity. Different TSP types may occur,
represented by ellipsoids (red) or triangles (blue), respectively. However,
phages without TSPs or a larger number of TSPs are also commonly found
(43). Each individual TSP type is assembled to the baseplate in six copies, but
only two copies are shown for clarity.

genome transfer (25). However, the nature of this putative less
specific membrane trigger has so far not been described. EM
analyses of T4 bound to E. coli cells captured later steps where
the tail tube is inserted into the membrane, building a protein
channel for translocation of the genome into the cytoplasm (7).

In vitro studies with noncontractile-tailed bacteriophages
have shown that contact with isolated protein or LPS mem-
brane receptors is sufficient to initiate conformational changes
in the tail apparatus and in the portal complex leading to open-
ing of the phage particle and release of its DNA contents (20,
26-28). The DNA ejection time courses obtained in these
experiments suggest that particle-opening kinetics in vitro
depend on tail morphology. DNA ejection kinetics of long-
tailed Siphoviridae A, SPP1, and T5 occurred within seconds,
faster than genome translocation in vivo, and are driven by the
osmotic pressure inside the capsid (29, 30). In contrast, Podo-
viridae P22 and T7 completed their DNA ejection only after 90
min, more slowly than in vivo (20, 26). For each of these
noncontractile tail architectures, DNA release kinetics were
characterized by a single rate-limiting step (14, 27). Given
the structural conservation of bacteriophage tail compo-
nents, this points to conserved conformational rearrange-
ment steps within a given tail architecture.

In this work, we describe interactions of Salmonella myovi-
rus Det7 with its purified LPS receptors in vitro. Det7 is a con-
tractile-tailed Viunalikevirus with a 157-kbp dsDNA genome
forming small clear plaques on Salmonella Typhimurium (31,
32). We have analyzed genome release from Det7 upon
receptor contact in vitro. For the first time in a bacterio-
phage with a contractile tail machine, we show the kinetics of
this process that has so far neither been quantified for T4 nor
for any other myovirus. In contrast to the typical, single-step
DNA ejection mechanism found in noncontractile-tailed
phages, we describe an additional kinetic step for genome
release in the myovirus Det7, associated with its contractile
tail machine.
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Results

Myovirus Det7 has an €15-like TSP and recognizes serogroup E
Salmonella

In O-antigen—specific phages, TSPs enzymatically modify
the LPS O-antigen part as an essential step to start genome
release (33-36). The Det7 genome encodes for four TSPs
(gp206-209). gp207 (designated Det7TSP) has been character-
ized earlier and is highly homologous to the TSPs found in
siphovirus 9NA and podovirus P22, infecting S. Typhimurium
(27, 31). However, the function of the other three TSPs (gp206,
-208, and -209) encoded by Det7 has not been described. The
first 150 residues of gp207 were proposed to serve as adaptor
domains, binding the TSP to the phage tail apparatus (31), a
feature often found for N-terminal residues in phage TSPs (37).
All four TSPs in Det7 share these 150 homologous residues
at their N termini (Fig. S1). In gp206 and gp208, these parts
are preceded by two additional N-terminal, nonhomologous
extensions of 250 and 80 amino acids, respectively. Det7’s
TSPs hence have three different putative N-terminal tail
adaptor domains.

The larger C-terminal TSP parts following the N-terminal
tail adaptor domains are responsible for host recognition (33).
We found that gp208 is homologous to the TSP of podovirus
€15, infecting Salmonella Anatum (serogroup E1) (e15TSP,
33% identity over 798 residues; Fig. S1) and thus designated it as
“DettilonTSP” (38). We therefore tested Det7’s host specificity
and found that it formed plaques on S. Anatum (Table 1). Addi-
tionally, it could infect S. Typhimurium or Salmonella Enterit-
idis. This is in contrast to €15, P22, and 9NA, which only con-
tain a single TSP type and accordingly showed a more restricted
host range (Table 1) (27, 38).

Det7 contains the S. Anatum-specific Dettilon tailspike
endorhamnosidase

To further analyze how Det7 broadens its host range by
employing different TSPs, we cloned and purified a C-terminal
fragment of DettilonTSP (DettilonTSPAN, residues 252—798).
DettilonTSP was enzymatically active on purified S. Anatum
LPS preparations, where it reduced the number of long O-an-
tigen chains on LPS while shorter chains accumulated (Fig. 2A4).
DettilonTSP enzymatically produced oligosaccharides from
S. Anatum O-polysaccharide. Oligosaccharides contained dif-
ferent numbers of O-antigen repeat units and were separated
by size-exclusion chromatography (Fig. 2B). We obtained par-
tially O-acetylated tri-, hexa-, and nonasaccharides, as shown
by MALDI MS (Table S1). Their masses corresponded to the
reported S. Anatum serogroup E1 O-antigen repeat composi-
tion (—3)-a-D-Galp-(1—6)-B-D-Manp-(1—4)-a-L-rhamnose-
(1—) (39) (Table S1). From this product analysis, we conclude
that DettilonTSP is an endorhamnosidase, hydrolyzing the
a-1,3-glycosidic bond between rhamnose and galactose in the
S. Anatum O-polysaccharide.

To confirm that the mature Det7 phage particle assembly
contains different TSP types, we propagated Det7 either on its
S. Anatum or S. Typhimurium hosts and tested its plaque-
forming capacity on both hosts (Fig. 34). Det7 retained its host
range irrespective of the propagating strain. We conclude that
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Table 1
Plaque-forming assay of O-antigen-specific bacteriophages Det7, P22, and 9NA
Strain Serogroup Myovirus Det7* Podovirus P22* Siphovirus 9NA“
S. Typhimurium (DB7136) B +++ +++ +++
S. Heidelberg O4 (13-00586) ++ — +
S. Typhimurium O4 (13-01225) ++ - -
S. Typhimurium 04,5 (06-01900) ++ ++ —
S. Enteritidis O9 D1 +++ +++ +
S. Anatum 03,10 (13-00188) E ++ - -

S. Typhimurium AWaalL (DB7155)
S. Typhimurium AWaaJ (DB7155)
S. Typhimurium AWaaKL (DB7155)
S. Typhimurium ALPS(DB7155)

None -

“ Infectivity measured according to number of plaque-forming units. +++,5 X 10* to 5 X 10'% ++, 1 X 10'° to 4.9 X 10"; +, =1 X 10'% —, not infectious.
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Figure 2. Enzymatic activity of DettilonTSP (gp208) of myovirus Det7 on
the S. Anatum O-antigen. A, 150 ng of LPS before (lane 1) and after (lane 2)
overnight incubation with DettilonTSP were analyzed on 15% polyacryl-
amide gels with LPS-specific fluorescence staining. B, size-exclusion chroma-
tography of digestion products after incubation of O-polysaccharide with
DettilonTSP. Labeled peaks contain oligosaccharides corresponding to 1-3
repeat units (RU) of the S. Anatum O-antigen as confirmed by MS (Table S1).

both TSP types are simultaneously present in Det7; host spec-
ificity is thus not a transient feature of the phage acquired dur-
ing growth, as also shown for other phages containing multiple
TSPs (40).

Det7 is an O-antigen-specific myovirus

To show that LPS is the Det7 host receptor, we added LPS
from S. Typhimurium or S. Anatum to Det7 prior to plating.
Both host LPS types decreased the number of Det7 plaque-
forming units (pfu) (Fig. 3A4). In negative stain EM, Det7 parti-
cles incubated with LPS of either serotype had capsids appear-
ing dark in the negative stain, pointing to DNA-emptied capsids
(Fig. 3, B-D). These particles had contracted tails and were
bound to tubular LPS filament structures. Salmonella rough
mutants lacking O-antigen were not infected by phage Det7,
P22, or 9NA (Table 1), confirming that myovirus Det7 infec-
tivity depended on the presence of O-antigen. This is in con-
trast to other broadly specific Salmonella myoviruses that
are able to penetrate outer membranes in the absence of
O-antigen or even most of the LPS core saccharides (41).
Myovirus Det7 hence belongs to the group of O-antigen—
specific phages (36).

Crystal structure of Dettilon tailspike protein

From the infectivity and inactivation assays, we hypothesized
that myovirus Det7 has broadened its host range to S. Anatum
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Figure 3. A, blocking myovirus Det7 with LPS. Det7 was incubated with 25 ug
ml~" purified LPS of S. Typhimurium (DB7155) or S. Anatum at 37 °C for 120
min as indicated. Infective particles were quantified as pfu on either S. Typhi-
murium (blue, left) or S. Anatum (green, right) host bacteria. Error bars, S.D.
values from three independent experiments. B-D, transmission EM images of
phage Det7 before (B) and after LPS incubation with 10 wg ml~" LPS of S.
Typhimurium or S. Anatum (C and D). 10" pfu mI~" Det7 particles were
stained with 1% (w/v) uranyl acetate and viewed on carbon-covered grids.
Bars, 100 nm.

because it is equipped with the €15-like DettilonTSP. We crys-
tallized DettilonTSP lacking the N-terminal head-binding
domain (DettilonTSPAN, residues 252—798) and obtained a
structural model of the trimer at 1.63 A resolution (Fig. 44 and
Table S2). Each DettilonTSPAN subunit is composed of an
N-terminal a-B-a neck (aa 252-283) forming a helix bundle
in the trimer, followed by a B-B-« transition (aa 284-317)
into the 13 rungs containing B-helix (aa 318 -667), which
shows insertions of several large loops and two short helices
(Fig. 4B). A B-sandwich domain (aa 668 -798) is located at
the C terminus. It contains 11 antiparallel S-strands forming
two B-sheets with short insertions (Fig. S2). Dettilon TSPAN
showed overall structural similarity to diverse polysaccha-
ride-binding proteins that contain parallel -helix folds (Fig.
S3) (42).

DettilonTSPAN in complex with hexasaccharide, at 2.1 A
resolution, shows a binding cleft of 22 A in length and 13-15 A
in width. It is located in the lower region of the central -helix

J. Biol. Chem. (2019) 294(31) 11751-11761 11753
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Figure 4. X-ray crystal structure of bacteriophage Det7 DettilonTSP (gp208), residues 252-798. A, trimeric assembly with chains highlighted in different
colors shown from top to bottom as N-terminal, side, and C-terminal views, respectively. B, structure of a single chain in the asymmetric unit with rungs of the
B-helix numbered (R7-R13). The 2F, — F_ density (gray mesh) for an S. Anatum O-antigen hexasaccharide is contoured at 1. Inset, hexasaccharide with the
structure (—3)-a-D-Galp-(1—6)-a-D-Manp-(1—4)-B-L-Rhap-(1—), (green sticks) and contacting side chains (pink sticks). Water molecules mediating hexasac-
charide binding are shown as cyan spheres, and hydrogen bonds are shown as dashed black lines. C, hexasaccharide binding to surface-immobilized
DettilonTSP at 20 °C. The isothermal curve was fitted to data from surface plasmon resonance equilibrium signals (cf. Fig. S5) and resulted in K, = 0.97 = 0.09
mwm for S. Anatum hexasaccharide. Error bars, S.D. values from three independent experiments.

involving rungs 9-13 and is sufficient to accommodate two
O-antigen repeat units (Fig. 4B and Figs. S4 and S5). The nonre-
ducing end repeat unit forms a partly water-mediated hydrogen
bond network between galactose and mannose residues, the
carbonyl oxygen of Leu-536 and the side chains of Asn-529,
Arg-530, Asp-533, Trp-565, and Glu-561. Only one hydro-
gen-bond interaction to Glu-561 is found for the following
rhamnose. The second repeat unit is fixed via galactose,
hydrogen-bonding to the Glu-561, Asn-562, and Thr-630 side
chains and the carbonyl oxygen of Leu-601. A single aromatic
stacking interaction is found for the following mannose with
Tyr-653. The reducing end rhamnose forms three hydrogen
bonds with the backbone atoms of Gly-625, Ala-627, and
Ala-651.

S. Anatum O-antigen hexasaccharide fragments bound to
surface-immobilized DettilonTSP with a dissociation constant
of 1 mm when monitored with surface plasmon resonance (Fig.
4C and Fig. S6). This overall low hexasaccharide affinity is in
agreement with a rather loose and hydrogen bond— dominated
interaction network in a preformed rigid binding site. Mul-
tispecific myoviruses typically contain multiple TSPs (43). In

11754 J Biol. Chem. (2019) 294(31) 11751-11761

the Det7 baseplate assembly, multiple TSPs with three low-
affinity binding sites each can act in concerted O-antigen
binding. This provides a multivalent and thus high-affinity
S. Anatum adsorption platform.

LPS from either S. Anatum or S. Typhimurium triggers DNA
ejection from bacteriophage Det7

We incubated bacteriophage Det7 with LPS from S. Anatum
and S. Typhimurium in the presence of the DNA-specific dye
Yo-Pro and observed an increasing fluorescence signal that
could be decreased by the addition of DNase (Fig. 54 and Fig.
S7). This indicates that Det7 ejected its DNA upon LPS contact.
Particle opening was specifically triggered by LPS only, whereas
signal increase was not observed with polysaccharide alone nor
with lipid A lacking the O-antigen part, nor with smooth LPS
from an unrelated E. coli nonhost strain (Fig. S7). Full DNA
release was observed at temperatures between 38 and 40 °C,
whereas the amount of DNA liberated decreased at higher or
lower temperatures (Fig. 5B and Fig. S8).

We varied the LPS concentration and found that at 37 °C, an
absolute LPS amount of 200 ug was sufficient to quantitatively

SASBMB
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Figure 5. In vitro LPS-triggered DNA ejection from phage Det7. 8 X 10° pfu

mixed with 67 ug ml~" LPS in the presence of a fluorescent DNA-binding dye.

A, fluorescence signal obtained at 37 °Cwith S. Typhimurium LPS (white circles, mean values of three independent experiments with error bars representing the
S.D.), with 10 nm purified Det7TSP added after 2 min (white diamonds), with DNase added after 6000 s (black squares), with S. Anatum LPS (black triangles), with
S. Typhimurium LPS lacking O-antigen (white triangles). B, fluorescence signals obtained in the presence of S. Typhimurium LPS at different temperatures:
31.5 °C (white circles), 32 °C (black circles), 33 °C (inverted white triangles), 34 °C (black triangles), 36 °C (black squares), 37 °C (white squares), 38 °C (white dia-
monds), 39 °C (black diamonds), and 40 °C (white triangles). C, Arrhenius plots of rate constants obtained from fits of kinetic traces to a set of two consecutive
first-order processes yielded activation barriers k; = 19.2 kcal mol™" (white circles) and k, = 26.8 kcal mol~" (black triangles). For curves determining the
maximum receptor-saturating LPS concentration, see Fig. S8. For validation of the fitting procedure, see the supporting Methods.

trigger opening of all phage particles present in the cuvette
(2.4 X 10° pfu). Here, the DNA-specific signal reached after
about 100 min was comparable with the signal obtained after
the same number of phage particles were treated with protein-
ase K, confirming that all particles had quantitatively released
their DNA into the solution upon LPS contact (Fig. S9).

We therefore conclude that LPS is sufficient to elicit
DNA release from myovirus Det7. Using either S. Anatum or
S. Typhimurium host cell LPS resulted in similar DNA ejection
velocities and yields (i.e. kinetics were independent of O-anti-
gen composition). Moreover, to trigger DNA ejection from
Det7, long O-antigen chains on the LPS were necessary. When
the O-antigen part of LPS preparations from S. Typhimurium
or S. Anatum was cleaved off with the respective specific TSP
(Det7TSP for S. Typhimurium or DettilonTSP for S. Anatum) 2
min after initiation of ejection, the yield of ejected phage DNA
decreased significantly, indicating that TSPs had deprived the
mixture of functional O-antigen receptors (Fig. 54 and Fig. S7).

DNA ejection from Det7 was monitored in the presence of
different LPS amounts, with velocities not further increasing
above 50 ug ml ', defining the saturating LPS concentration
for all measurements (Fig. S9). As a result, we consider receptor
binding as a fast, pseudo-first-order step, as it has been previ-
ously shown for DNA ejection from phages with short or long
noncontractile tails (14, 27, 28). In these podo- or siphoviruses,
in vitro particle opening could then be described as a single,
first-order process. In contrast, DNA release from myovirus
Det7 showed an initial lag phase. Kinetic analysis used a
two-step process, A — B — C, describing two conforma-
tional transitions with rates k; and k, during Det7 particle
opening for time courses measured at different tempera-
tures. Models with more kinetic steps or with a pre-equilib-
rium step were excluded using the Akaike information crite-
rion (see supporting Methods).

The two conformational transitions found in the myovirus
Det7 particle upon DNA release have Arrhenius activation

SASBMB

energies of 19.2 and 26.8 kcal mol !, respectively, a range
typically observed during phage particle opening (Fig. 5, B
and C and Table S3). DNA release kinetics from Det7 were
observed independently from the type of host receptor used
to trigger in vitro DNA ejection (i.e. either S. Typhimurium
or S. Anatum LPS), further emphasizing that we monitored
rearrangements in the Det7 tail apparatus rather than recep-
tor adsorption.

O-antigen cleavage and particle opening are coupled
processes in myovirus Det7 but not in podovirus P22

At temperatures below 31 °C, only about 20% of the phages
ejected their DNA, at 25 °C DNA ejection ceased completely
(Fig. S8). To analyze whether Det7 remained ejection-compe-
tent in the presence of its receptor at temperatures nonpermis-
sive for particle opening, we heated LPS/phage mixtures after
different times of pre-incubation at 25 °C (Fig. 6A). Tempera-
ture increase to 37 °C, after 2 min, yielded about 20% of ejected
particles, whereas heating after 17 min failed to elicit DNA ejec-
tion. The same result was obtained with a 3-fold increased LPS
concentration.

However, when phage/LPS mixtures were pre-incubated
at 25 °C and heated to 37 °C together with the addition of
new LPS receptor, all Det7 particles ejected their DNA (Fig.
6A). This is in contrast to short, noncontractile-tailed podo-
virus P22 that also ejected DNA without the addition of new
LPS. P22 still readily ejected its DNA after pre-incubation at
25 °C for more than 15 min with the same S. Typhimurium
LPS as Det7 (Fig. 6B). Velocities of O-antigen cleavage were
similar for Det7TSP and P22TSP (Fig. S10). We therefore
conclude that bacteriophage Det7 with a contractile tail
needs a permissive temperature and an intact O-antigen receptor
for particle opening. Det7 cannot irreversibly adsorb to LPS
at low temperatures, in contrast to O-antigen—specific
podoviruses (28).

J. Biol. Chem. (2019) 294(31) 11751-11761 11755
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Figure 6. In vitro DNA ejection of myovirus Det7 and podovirus P22 after
pre-incubation with LPS receptor at nonpermissive temperature. Fluo-
rescence was monitored in the presence of S. Typhimurium LPS at 25 °C. Mix-
tures were heated to 37 °C after different waiting times. A, 8 X 10° Det7 pfu
mixed with 67 ug ml~" LPS and heated after 2 min (green circles), 17 min
(white squares),and 30 min plus the addition of new LPS receptor (67 ugml ")
(cyan triangles). B, 7.2 X 10° P22 pfu mixed with 10 ug ml~" LPS at 25 °C (white
triangles) or with heating after 17 min (black circles). For comparison, ejection
at 37 °Ciis shown for both phages (white circles).

Discussion
Det7 is a multi-O-antigen-specific myovirus

Upon initial cell encounter bacteriophages are in contact
with a variety of bacterial envelope structures (44). This has
created diverse niches for bacteriophages in which they exploit
chemically highly diverse surface matrices to initiate cell entry
with different degrees of specialization in their tails (45, 46).
Bacteriophage Det7 uses a set of different TSP enzymes to bind
and enzymatically cleave LPS receptors on different hosts. As is
typical for O-antigen—specific phages, also in Det7, a TSP-me-
diated LPS enzymatic cleavage and adsorption step is essential
for infection (26, 36). As a consequence, Det7 cannot use rough
bacterial strains as hosts and is unable to open its particle upon
challenge with O-antigen— deficient LPS.

Details of the Det7 baseplate structure are so far unknown,
but it is conceivable that myoviruses can arrange their different
TSP adhesion tools very specifically in their tails to be func-
tional in guiding particle orientation. This has been shown for
example in bacteriophage G7C, which has evolved a complex
baseplate hub to accommodate different TSPs (47). In Det7,
each of the four different TSPs has a distinct N-terminal
adapter sequence (Fig. S1). This suggests a unique position for
each TSP in the Det7 baseplate to expand the phage’s host
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range. In this way, all TSPs in Det7 could play similar roles in
particle opening, each providing an individual O-antigen spec-
ificity. It is thus conceivable that the other two, so far unchar-
acterized, TSPs (gp206 and gp209) encoded in the Det7 genome
further broaden the host range (32). This host-targeting strat-
egy has also been exploited in biotechnology to guide specific-
ities of phage-derived antimicrobials like pyocins by equipping
them with an appropriate TSP (48).

Occurrence of surface-binding fibers or spikes with different
specificities within the same phage particle has been described
in all tail morphologies (40, 49, 50). Here, the extended base-
plate architecture of myoviruses usually allows for accommo-
dating the largest numbers of different TSPs (43, 47, 51). TSPs
are usually enzymes and serve to destroy the extracellular
matrix (i.e. capsules or biofilms) to uncover parts of the bacte-
rial cell surface serving as phage receptors (52). When less spe-
cialized phages are equipped with TSPs, their action may be
nonessential for infection, enabling these phages to attack hosts
without O-antigen. For example, podovirus SP6 or myovirus
$92 possess multiple TSPs to cleave capsules or O-antigen but
also can grow on rough strains (40, 43).

By contrast, bacteriophage Det7 needs cleavage of the O-an-
tigen receptor for infection and is unable to interact with other
cell wall features that become exposed in rough strains. This is
in contrast, for example, to myovirus S16, which infects a broad
Salmonella host range and, like T4, uses long tail fibers to rec-
ognize Omps (22,41). Det7 is hence a multi-O-antigen—specific
phage that has acquired different TSPs for different host cell
O-antigen receptors and does not rely on Omp receptors for
particle opening in vitro.

Opening kinetics of bacteriophage particles observed in vitro
point to general, tail architecture- dependent mechanisms

Studying the function of the bacteriophage tail molecular
machine in vitro with EM or biochemical methods cannot cap-
ture the full in vivo process of genome transfer. Conformational
rearrangements within the tail that occur upon host binding
address the whole phage particle assembly, ultimately leading
to DNA release, but many single steps of this process are so far
not understood. For example, in Det7, information is lacking on
the molecular rearrangements in its portal complex, linking the
capsid to the tail. We do not know whether mature Det7 parti-
cles have a closed portal as found in phage P22 or whether DNA
already protrudes into the tail as in T5, where ejection of the
tape measure protein regulates DNA egress (8, 53).

Analysis of DNA release as a consequence of conformational
rearrangements in the phage particle, however, might elucidate
some crucial steps during early phage infection at the Gram-
negative outer membrane. [ vitro, this bacteriophage particle-
opening process has been studied in short-tailed (Podoviridae)
and long noncontractile-tailed (Siphoviridae) systems (20,
26 -28, 54-56). In general, DNA ejection in vitro was more
rapid in siphoviruses than in podoviruses. However, the type of
receptor used to trigger DNA release did not influence the in
vitro ejection velocity when comparing phages with similar tail
structures. For example, genome release occurred on similar
time scales in siphoviruses using Omp receptors compared
with a siphovirus using an LPS receptor.
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Complete ejection from all Det7 particles in our setup was
reached at LPS amounts approximately equivalent to 5 X 10'°
bacterial cells. At the given phage particle number, this would
correspond to a multiplicity of infection of only 0.16 (i.e. the
infection of only one of eight cells). This illustrates that pure
LPS molecules in solution, usually forming multilamellar aggre-
gates, apparently only in part mimic an intact bacterial mem-
brane (57). However, studying the myovirus Det7 molecular
machine under these conditions in vitro showed that the phage
particles opened and ejected their DNA upon contact with the
pure, protein-free LPS. Importantly, this bulk experiment
revealed a defined kinetic profile for Det7 DNA release distinct
from those found for phages with other tail architectures, pro-
viding the first quantitative kinetic study of DNA release via a
contractile tail system.

Det7 DNA ejection in vitro occurs more slowly than in Sipho-
viridae but on a time scale similar to that seen in the Podoviri-
dae. However, whereas all noncontractile-tailed phages in
the given experimental setups under manual mixing regimes
showed single first-order processes, for the myovirus Det7, two
kinetic steps became visible. Clearly, both steps are related to
conformational rearrangements in the tail and not to receptor
binding, because different LPS preparations with different
O-antigen compositions elicited similar DNA ejection veloci-
ties. In contrast, the DNA ejection itself is assumed to be fast
due to densely packaged and pressurized DNA in the capsid and
cannot be resolved in the experiment (14).

In vitro experiments on particle opening showed that in all
cases studied so far with podo- or siphoviruses, the numbers of
kinetic steps resolved as well as the velocities of DNA release
were found to be highly similar in phages of the same tail mor-
phology. We therefore propose that the relatively slow two-step
time course observed in Det7 is typical for in vitro opening of a
contractile-tailed particle. In support of this hypothesis is early
work from the 1950s analyzing phage T4 mixtures with Shigella
sonnei “lipocarbohydrate” (58). Release of T4 capsid contents,
measured as viscosity increase over time, appeared two-step-
like and reached saturation at similar velocities as now found
for myovirus Det7.

Connection of receptor adsorption with particle opening

We have analyzed Det7 at saturating LPS receptor concen-
trations (Fig. S9) and consider all kinetic steps during DNA
release associated with tail conformational rearrangements,
occurring after a fast and irreversible LPS adsorption step. For
noncontractile tail systems, it has been argued that the main
barrier to DNA release is conformational changes that open the
portal (27, 56) (Table S3). Accordingly, lower barriers were
found for siphovirus SPP1 or A, where the portal channel is
already filled with DNA (59, 60). In vitro DNA ejection of Det7
has two activation barriers. The larger one is similar to those
found in SPP1 or A and thus might be linked to a step liberating
DNA to proceed through the Det7 tail. In myoviruses, DNA
release must be preceded by tail sheath contraction, but this
contraction alone does not yet liberate DNA from the capsid
(11, 21, 23-25).

In fact, the kinetic profile of Det7 myovirus DNA ejection
showed a second step with a significant barrier. We propose
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that this faster kinetic step is related to tail contraction, a step
absent in sipho- and podoviruses. To substantiate this hypoth-
esis, it will be necessary to define the opening state of the portal
within the mature Det7 head-tail assembly and to experimen-
tally assign the observed kinetic barriers to specific conforma-
tional changes leading to contraction in the Det7 tail.

The yield of ejected Det7 DNA decreased stepwise with
decreasing temperatures. This points to a complex mixture of
populations both of phage particles and LPS receptors. Mobility
of DNA inside the capsid is strongly dependent on temperature
and ionic strength, leading to different populations of DNA-
ejecting particles, as described for phage A (61). Moreover, a
gel-liquid crystalline transition midpoint of 37 °C in S. Typhi-
murium LPS indicates a homogeneous LPS state only above this
temperature (62). Accordingly, we observed a notable deviation
of the rates determined at 36 and 37 °C for the fast kinetic step
from linear Arrhenius behavior, whereas the slow step was not
affected by the LPS phase transition (cf. Fig. 4C).

This observation might be in favor of a mechanism with a fast
step that involves LPS interaction of the phage particle and a
slower rearrangement step in the tail independent of LPS. LPS
interaction could thus induce tail contraction, followed in a
second step by DNA release. For podovirus P22, it has been
proposed that after LPS adsorption, a mechanical signal may
trigger particle opening and that the protruding tail needle
gp26 might act as sensor contacting the rigid lipid A part (27).
So far, we lack detailed structural descriptions of the baseplate
to suggest a similar model for myovirus Det7 that might involve
an LPS contact step initiating tail contraction.

Temperature shift experiments did not show irreversible
Det7 adsorption onto its LPS receptor at low temperatures. In
contrast, podovirus P22 could irreversibly stick to LPS at 25 °C
and readily release its DNA upon heating. This means that in
myovirus Det7, surface attachment is coupled to all following
opening steps. Presumably, a rapid and consecutive process of
TSP O-antigen binding, enzymatic cleavage, dissociation, and
rebinding is necessary here, because diffusion free energy alone
would not effectively position the Det7 particle near the bacte-
rial surface. However, only in close proximity to the membrane,
conformational rearrangements in the tail should start that
ultimately lead to DNA ejection. In the same way, TSP enzymes
in podovirus SP6 were suggested to supply the driving forces for
its membrane orientation (63).

It has been proposed earlier that temperature-controlled
phage infection is adapted to the bacterial life cycle (64). Myo-
virus Det7 with a lytic life style may be adapted to hosts with fast
replication rates at 37 °C, whereas it might be advantageous to
remain mobile and infection-competent at low temperatures
and replication rates. In contrast, podoviruses like P22 or
HK620 may have adapted to remain bound to suitable hosts
even at low temperatures due to their temperate life style (28).
Here, bacteria might regulate phage adsorption by varying the
length of O-antigen chains at different temperatures, although
this was not found for the Salmonella strains analyzed in this
work (65).

In conclusion, the analysis of Salmonella phage Det7 genome
release illustrates that we are only beginning to explore the
diverse functional niches of bacteriophage infection mecha-
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nisms populated by generalist and specialist phages. Myovirus
Det7 starts a concerted set of reorganization steps in the parti-
cle upon contact with its LPS O-antigen receptor, ultimately
leading to DNA release. Understanding the kinetics of this pro-
cess will be important for timing EM snapshots to analyze all
tail rearrangements leading to particle opening in contractile
tail systems. Det7 uses highly specialized TSPs to adsorb to
smooth LPS-covered bacterial surfaces. This strategy can be
seen as a unique infection control point, where a universal myo-
virus particle-opening mechanism is coupled to a specific trig-
ger. Det7 exploits hosts with an O-antigen at permissive tem-
perature only and might thus be part of a more complex
community of bacteriophages that cooperatively act on their
hosts but use different infection strategies.

Experimental procedures
Materials

Salmonella enterica strains were obtained from the National
Reference Centre for Salmonellae and other Enterics (Robert
Koch Institute, Wernigerode, Germany). Salmonella rough
mutants (41) were kindly provided by Prof. Martin Loessner
(Swiss Federal Institute of Technology Zurich, Switzerland).
Lipopolysaccharides were prepared according to published
procedures from cells grown at 37 °C (66, 67). O-antigen chain
length distributions did not change for LPS grown at lower
temperatures (Fig. S11). Polysaccharides and oligosaccharides
were obtained by methods described previously (68). The
Pro-Q® Emerald 300 Glycoprotein Gel and Blot Stain Kit and
Yo-Pro®-1 Iodide (491/509) were purchased from Thermo
Fisher Scientific Life Technologies GmbH (Darmstadt, Ger-
many). Phage Det7 was propagated at 37 °C, its Salmonella host
physiological growth temperature, and purified as described
(26, 31). Phage concentrations are given in pfu. All TSPs used
were N-terminally shortened (TSPAN) and lacked the capsid
adaptor domains. Standard buffer in all experiments was 50 mm
Tris-HCI, pH 7.6, 4 mm MgCI, if not stated otherwise.

DettilonTSP cloning, purification, and oligosaccharide binding

DNA fragments encoding amino acids 253-781 of DettilonTSP
were amplified from guanidinium hydrochloride—treated
phage lysate with primers 5'-GGCCCTCCATATGTTAAGA-
GGTGAGTTAAATAATGAAGGGGTA and 5'-CCGCTCG-
AGTTAGTTAAAATCAACAAAACCTTTTAATATAAAC-
GATG and cloned into expression vector pET23a (Novagen,
Madison, W1I) using Ndel and Xhol restriction sites. Proteins
were expressed in E. coli BL21(DE3) and purified using stan-
dard protocols (35). Binding of S. Anatum O-antigen hexasac-
charide fragments was analyzed on an SR7500DC surface
plasmon resonance spectrometer (Reichert, Buffalo NY). Det-
tilon TSP was immobilized on a carboxymethyldextran surface
(CMD200D, Xantec Bioanalytics, Diisseldorf, Germany) with
standard amine-coupling procedures (69), and oligosaccha-
rides were injected for 2.5 min at 25 ul min~" at 20 °C in 50 mm
sodium phosphate buffer, pH 7. A one-site independent bind-
ing isotherm was fitted to the equilibrium plateau signals (Fig.
S5).
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Crystallization, diffraction data collection, and structure
determination

200 nl of 10 mg m1 ™" Dettilon TSP were mixed with an equal
volume of reservoir solution containing 1 M (native crystals) or
0.85 M (crystals for hexasaccharide soaks) succinate, pH 7.0, 0.1
M HEPES, pH 7.0, 1% (w/v) PEG methyl ether 2000 and crystal-
lized with sitting-drop vapor diffusion. For heavy-atom deriva-
tives, protein solutions contained 3 mm mercury(II) chloride or
3 mMm ammonium tetrachloroplatinate(II). Crystals (140 X 50 X
40 wm) appeared within 2—-3 days at 20 °C and were flash-fro-
zen in liquid nitrogen with the addition of 20% glycerol as cryo-
protectant. Prior to freezing, native crystals were soaked for 30
min in precipitant solution containing 5 mm S. Anatum O-an-
tigen hexasaccharide.

Diffraction data were recorded at BL14.1 at BESSY II (Helm-
holtz-Zentrum Berlin), processed, and scaled using XDSapp
(70) to obtain native (1.63 A), Hg (1.65 A), Pt (1.97 A), and
hexasaccharide complex (2.1 A) data sets (Table S2). Phases for
ligand-free model building and refinement were obtained from
two heavy-atom derivative data sets using Phenix (71) and from
molecular replacement with Phaser (72) for the ligand complex
using the native data set. Structures were manually built using
Coot (73) and refined using Phenix with resulting R, 1/Ree
values of 15.8%/18.8% and 18.4%/21.4%, respectively (Table
S2). The final coordinates were deposited in the Protein Data
Bank with accession numbers 6F7D and 6F7K. Figures were
generated with PyMOL (version 2.0, Schrodinger, LLC, New
York).

Bacteriophage Det7 DNA ejection experiments

DNA ejection from Det7 was monitored as described (26).
Briefly, 8 X 10° pfu ml~! Det7 were mixed with LPS from
S. Typhimurium or S. Anatum at different concentrations in
the presence of 1.1 uM Yo-Pro®-1 Iodide, and fluorescence
increase was monitored over time. Eventually, DNase I (10 ug
ml~') was added as a control for DNA accessibility at the end of
an ejection time course. 100 data points were recorded in each
measurement; for clarity, figures display fewer points. Kinetic
data were fitted to Equation 1 with MatLab using the routine
Isqnonlin. The routine nlparci computed 95% confidence inter-
vals of the parameters (MatLab script available on request). See
supporting Methods and Table S4 for kinetic model discrimi-
nation with the Akaike information criterion and all fitting
results.

ke kit ke k!
> (Eq. 1)
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