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Nearly complete structure of bacteriophage
DT57C reveals architecture of head-to-tail
interface and lateral tail fibers

Rafael Ayala 1,6, Andrey V. Moiseenko 2,6, Ting-Hua Chen 1,6,
Eugene E. Kulikov2,3, Alla K. Golomidova3, Philipp S. Orekhov 4,
Maya A. Street 1, Olga S. Sokolova 2,4 , Andrey V. Letarov 2,3 &
Matthias Wolf 1,5

The T5 family of viruses are tailed bacteriophages characterized by a long non-
contractile tail. The bacteriophage DT57C is closely related to the paradigmal
T5 phage, though it recognizes a different receptor (BtuB) and features highly
divergent lateral tail fibers (LTF). Considerable portions of T5-like phages
remain structurally uncharacterized. Here, we present the structure of DT57C
determined by cryo-EM, and an atomic model of the virus, which was further
explored using all-atom molecular dynamics simulations. The structure
revealed a unique way of LTF attachment assisted by a dodecameric collar
protein LtfC, and an unusual composition of the phage neck constructed of
three protein rings. The tape measure protein (TMP) is organized within the
tail tube in a three-stranded parallel α-helical coiled coil which makes direct
contactwith the genomicDNA. The presence of theC-terminal fragment of the
TMP that remains within the tail tip suggests that the tail tip complex returns
to its original state after DNA ejection. Our results provide a complete atomic
structure of a T5-like phage, provide insights into the process of DNA ejection
as well as a structural basis for the design of engineered phages and future
mechanistic studies.

Uncontrolled use of antibiotics in medicine, animal rearing and agri-
culture over more than half a century has contributed to the emer-
gence and world-wide spread of multidrug-resistant strains of
pathogenic bacteria that threaten the efficacy of current antibacterial
therapies1. Therefore, the development of alternative technologies
which can replace or complement antibiotics is paramount. One pro-
mising strategy is the biological control of pathogen populations using
bacteriophage-based preparations2,3. To enable phage therapy by

design, directed modification of well-characterized phage strains
(phage platforms) active against groups of microorganisms of interest
has been attempted by methods of genetic engineering and synthetic
biology4. A key aspect of this strategy is the need for comprehensive
study of bacteriophages including structure-guided phage
engineering5.

Most bacteriophages harnessed to combat infections so far
belong to the group of tailed phages. Tailed bacteriophages are
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classified Caudoviricetes6, representing themost prolific virus group in
the biosphere and, more generally, the most abundant and diverse life
formonEarth7,8. ThehallmarkofCaudoviricetes is thepresenceof a tail,
responsible for attachment to the host cell and for paving the way for
injecting the viral genomic DNA through multiple layers of bacterial
cell wall. Themode of action of themolecularmachinery of the tail has
been revealed for the contractile systems9,10, but it is much less
understood in podoviruses and siphoviruses, which do not use a
contractile tail. Siphovirus T5 is a virulent phage that infects Escher-
ichia coli and was included in the archetypical T-series of model E. coli
phages11. While the structure of most of the tail tip of T5 was recently
solved12, it did not resolve the detailed structure of its lateral tail fibers
(LTFs). Furthermore, the architecture of the connection between the
tail and the capsid remains unknown.

Bacteriophage DT57C is closely related to phage T5, with most of
its structural proteins having direct analogs in both viruses (Table 1).
However, DT57C has been shown to possess a different allelic type of
themain receptor-binding protein Hrs (pb5), recognizing BtuB instead
of the FhuA receptor. This phage infects several E. coli strains with
complex O antigens of the О22 and O81 types13. The genetic and
mutagenesis data indicate that the LTFs of this virus have a branched
organization comprising two proteins, LtfA and LtfB, with LtfA con-
nected to the phage tail while LtfB is attached via LtfA (in contrast to
the single Ltf protein in the phage T5). These LTFs are essential for
phage viability in conjunction with O antigen-producing strains, but
not for the rough host strains such as E. coli C60013,14. Interestingly,
although LtfA and LtfB proteins are very distant from T5 Ltf by their
amino acid sequences, the N-terminal moiety of LtfA is closely related
to the N-terminus of the phage T5 Ltf protein. DT57C phage LtfC
protein, which is essential for LTF attachment, is identical to its T5
homolog. These observations indicate that the joint between the LTFs
and the body of the tail is conserved between DT57C and T5 (and
among T5-related phages in general). The bulk of the virion core
(capsid, tail shaft and tail tip) proteins of DT57C are closely related
(sequence identity 85-100%), and therefore the structural insights for
these components may be extended to the paradigmal T5
bacteriophage.

Here, we aimed to determine the molecular architecture of the
different regions of the T5-like phage DT57C, and to obtain additional
functional insights by further examining the structures through all-
atom molecular dynamics simulations, which have been recently
revealed insights into the mechanisms through which biological
macromolecules perform their functions15–20. We present a composite
mapdetermined by electron cryo-microscopy (cryo-EM) at resolutions
ranging between 2.9 Å to 4.9 Å of the entire T5-like phage particle
DT57C, and atomicmodels comprising its core structural proteins. Our
reconstructions revealed an atypical way of attachment of the lateral
tail fibers to the tail tip, and the structure of the head-to-tail interface
(neck) assembled in three protein rings, instead of four as observed for
several other phages21,22. Furthermore, we could separate the particle
population into pre-ejection (capsid filled with DNA) and post-ejection
(empty capsid after DNA release) states and to reconstruct the related
states of the portal complex and the tail tip individually at resolutions
sufficient to build atomicmodels of each state, gaining insight into the
conformational changes leading to DNA release.

Results
Capsid
A combination of strategies aimed at reconstructing different parts of
the virus by single particle cryo-EM resulted in a nearly complete
atomic model of the DT57C virion (Fig. 1). Facilitated by the icosahe-
dral symmetry of the capsid, it was reconstructed at 2.9 Å resolution.
Although one of the vertices of the capsid is occupied by the portal
complex, icosahedral symmetry was applied to maximize resolution.
Consistent with structures of the closely related T5 phage23, the T = 13

icosahedral capsid of mature DT57C was composed of two proteins,
the major capsid protein (MCP) and the head decorating protein
(DCP), and it had a diameter of 930 nm (Supplementary Fig. 1a). Our
high-resolutionmap led to an atomicmodel with improved geometry.
The asymmetric unit comprises 13 copies of the MCP lacking the
Δ-domain (the first 160 N-terminal residues, which is cleaved during
the maturation process of the capsid). While one of them is located at
an icosahedral vertex and contributes to the formation of pentamers,
the remaining 12 form two consecutive proximal and distal hexamers
(Supplementary Fig. 1b).

We observed clear additional map features located at the center
of each hexamer, corresponding to the decorationprotein. TheDCPof
DT57C is closely related to the pb10 protein of T5, with the main dif-
ference being the insertion of an additional, divergent Ig-like domain
between the N-terminal capsid-binding domain and the C-terminal Ig-
like domain. The strongest part of the electron potential map was
found at the binding pocket in the center of each hexamer, corre-
sponding to the N-terminal domain. Ig-like domains can emerge at
lower contour level (Supplementary Fig. 2). Interestingly, while the
N-terminal domain was not resolved well enough to build an atomic
model, it displayed local pseudo-2-fold symmetry (Supplementary
Fig. 2). This suggests that the DCP may bind in preferred orientations.
To further investigate the binding mode of the DCP to the MCP hex-
amers, we calculated the Coulombic electrostatic potential of the two
MCP hexamers of the asymmetric unit (Supplementary Fig. 3). The
center of both hexamers, located below the map feature correspond-
ing to the N-terminal domain of DCP, was predicted to be highly
negatively charged. Indeed, the sequence of the N-terminal domain of
the DCP contains multiple positively charged residues, forming a
cluster at positions 50-55 (RKVWKK). Based on the highly negative
electrostatic potential at the center of both hexamers, it is likely that
the DCP binds to it through such positively charged regions.

Capsid-tail interface
The reconstruction of the capsid-tail interface, here referred to as the
neck region, reached a resolution of 3.4 Å and revealed the presence of
three proteins that enable the transition from capsid to the tail tube.
The portal protein (PrtP) forms a dodecameric ring, which replaces
one of the MCP pentamers of the capsid. The PrtP ring interacts
directly with a ring of head completion protein (HCP), also dodeca-
meric. The interface is completed by a hexameric ring of tail comple-
tion protein (TCP), which connects to the first trimeric ring of tail tube
protein (TTP) (Fig. 2). Additionally, we observed a strong density
emerging from the interior of the capsid through the portal lumen,
corresponding to DNA (Fig. 2).

The PrtP is organized in three structural domains (Supplementary
Fig. 4a). Domain DI is the largest central domain, which mediates
capsid attachment. However, symmetry mismatches between the
capsid and the neck prevented us from obtaining a well-resolved map
within the region of direct interaction between PrtP and the sur-
rounding MCP hexamers. The domain DII interacts with the HCP, and
DIII creates the capsid-proximal part of the inner pore through which
the DNA exits from the capsid (Fig. 2).

The HCP comprises two domains (Supplementary Fig. 4b), DI and
DII. DI consists mostly of alpha helices and participates in one of the
interfaces between PrtP and HCP. It also contains a β-hairpin (138-149)
facing the inner lumen of the tube. DII is a small β-barrel, which
mediates another interaction area with the PrtP. Two specific interface
areas are therefore established between PrtP andHCP (Supplementary
Fig. 5). The first one involves an α-helix from PrtP DII (216-230), which
interacts with the HCP small β-barrel. The second one consists of a
loop from PrtP DII (215-211) contacting one of the α-helices from HCP
DI (158-167).

Finally, the TCP is structured as a single compact domain (Sup-
plementary Fig. 4c), with a β-sheet facing the lumen of the tube. The

Article https://doi.org/10.1038/s41467-023-43824-9

Nature Communications |         (2023) 14:8205 2



Ta
b
le

1
|C

o
m
p
ar
is
o
n
o
f
st
ru
ct
ur
al

p
ro
te
in
s
in

b
ac

te
ri
o
p
h
ag

e
D
T5

7C
an

d
b
ac

te
ri
o
p
h
ag

e
T5

sy
st
em

s

Fu
n
ct
io
n
(s
yn

o
n
ym

)
Fu

n
ct
io
n
al

n
am

e
P
ro
te
in

b
an

d
(p
b
)

D
T5

7C
g
en

e
p
ro
d
uc

t
(N

C
_0

27
3
5
6
)

T5
h
o
m
o
lo
g
(N

C
_0

0
5
8
5
9
)

D
eg

re
e
o
f
D
T5

7C
-T
5
id
en

-
ti
ty
/s
im

ila
ri
ty

M
at
ch

in
g
re
g
io
n
s

M
ai
n
ca

p
si
d
p
ro
te
in

M
C
P

p
b
8

g
p
12
1

g
p
14
9

9
5%

/
9
7%

H
9
7-
lik

e
M
C
P
fo
ld

(6
1-
4
4
2)

H
ea

d
d
ec

o
ra
tin

g
p
ro
te
in

D
C
P

p
b
10

g
p
12
3

g
p
15
1

6
2%

/
6
3%

H
ex

on
-b
in
d
in
g
(1
–
6
4
);
Ig
-l
ik
e
(6
5-
14
2)

Po
rt
al

p
ro
te
in

Pr
tP

p
b
7

g
p
12
4

g
p
15
2

9
8
%

/
9
9
%

W
in
g
(1
-1
75

,2
8
9
-3
26

);
S
te
m

(1
76

-1
9
9
,2

56
-2
8
8
);
C
lip

(2
0
0
-2
55

);
C
ro
w
n
(3
27

-3
78

)

H
ea

d
co

m
p
le
tio

n
p
ro
te
in

H
C
P

–
g
p
12
0

g
p
14
8

9
7%

/
9
9
%

D
I(
1-
4
3,

11
2-
17
0
);
D
II
(4
4
-1
11
)

Ta
il
co

m
p
le
tio

n
p
ro
te
in

TC
P

–
g
p
11
9

g
p
14
7

9
3%

/
9
8
%

D
I(
2-
15
5)

Ta
il
tu
b
e
p
ro
te
in
(m

ai
n
ta
il
p
ro
te
in
)

TT
P

p
b
6

g
p
11
7

g
p
14
5

8
5%

/
9
2%

D
I(
3-
37

3)
,I
g
-l
ik
e
(3
76

-4
6
8
)

Ta
p
e
m
ea

su
re

p
ro
te
in

TM
P

p
b
2

g
p
11
3

g
p
14
0

6
7%

/
78

%
C
-t
er
m
in
al

co
ile

d
-c
oi
l(
11
9
2-
12
27

)

Ta
il
tip

m
id
d
le

p
ro
te
in

(t
ip

m
id
d
le

p
ro
te
in
)

TT
M
P

–
g
p
11
6

g
p
14
4

72
%

/
8
5%

D
I(
1-
71
,1
0
0
-1
25

,1
34

-1
6
4
);
D
II
(8
5-
9
9
,1
26

-1
33

,
16
5-
19
7)

D
is
ta
lt
ai
lp

ro
te
in

D
it

p
b
9

g
p
11
2

g
p
13
9

8
2%

/
9
1%

D
I(
8
5-
9
9
,1
26

-1
33

,1
6
5-
29

7)
;D

II
(3
34

-3
78

)

Ta
il
tip

hu
b
p
ro
te
in

TT
H
P

p
b
3

g
p
11
1

g
p
13
8

8
4
%

/
9
3%

D
I(
1-
16
3,

55
0
-5
9
0
,6

58
-7
11
);
D
II
(1
6
4
-5
4
9
,5

9
1-
6
57

,
71
2-
73

6
);
Ig
-l
ik
e
D
III

(7
3
7-
9
4
9
)

C
en

tr
al

ta
il
fi
b
er

p
ro
te
in

(s
tr
ai
g
h
t
fi
b
er
)

C
FP

p
b
4

g
p
11
0

g
p
13
7

77
%

/
8
7%

Ig
-l
ik
e
D
I(
1-
32

6
);
D
II
(3
27

-4
6
1)
;D

III
(4
6
2-
6
8
5)

R
ec

ep
to
r
b
in
d
in
g
p
ro
te
in

R
B
P

p
b
5

g
p
12
8

g
p
15
7

31
%

/
4
3%

-

La
te
ra
lt
ai
lfi

b
er

p
ro
te
in

A
Lt
fA

(p
b
1
in

T5
on

ly
)

g
p
10

8
,L

tf
A

g
p
13
3,

Lt
fa

22
%

/
35

%
-

La
te
ra
lt
ai
lfi

b
er

p
ro
te
in

B
Lt
fB

–
g
p
10

7
–

–
-

La
te
ra
lt
ai
lfi

b
er

as
se

m
b
ly

p
ro
te
in

Lt
fC

–
g
p
10

9
g
p
13
5,

13
6

b
75

%
/
8
8
%

D
I(
1-
14
0
)

a O
nl
y
th
e
N
-t
er
m
in
al

fr
ag

m
en

t
of

th
e
Lt
fA

p
ro
te
in

in
p
ha

g
e
D
T5

7C
is
ho

m
ol
og

ou
s
to

th
e
Lt
f
of

p
ha

g
e
T5

.
b
O
ur

se
q
ue

nc
e
of

D
T5

7C
su

g
g
es

ts
a
fr
am

e
sh

ift
er
ro
r
in

th
e
ho

m
ol
og

re
ad

in
g
fr
am

e
of

th
e
Lt
fC

T5
g
en

om
e
se

q
ue

nc
e
(G

en
B
an

k
R
ef
ID

27
77

6
4
1)
.

Article https://doi.org/10.1038/s41467-023-43824-9

Nature Communications |         (2023) 14:8205 3



interaction between the TCPhexameric ring and theHCPdodecameric
ring is mediated by DI of two adjacent HCP monomers, which contact
the top part of a single TCP monomer (Supplementary Fig. 6). Each
TCPmonomer inserts wedge-like into the surrounding cleft formed by
the DI from HCP monomers, with the interaction surface involving a
large number of charged residues from both partners.

The TCP hexameric ring therefore acts as an adapter to transition
between the neck area with C12 symmetry (composed by PrtP and
HCP) and the tail tube with C3 symmetry. Even though the resolution
of the neck reconstruction at the TCP-TTP interface was not high
enough to allow de novomodel building of the first TTP ring, we could
dock an atomic model of the TTP ring built based on our helical tail
tube reconstruction, thus identifying the interaction interfaces
between TCP and the first TTP ring (Supplementary Fig. 7).

At the HCP-TCP interface level, there is a steep reduction in the
diameter of the density attributed to theDNA (Fig. 2b), suggesting that
DNA is locked in the PrtP-HCP lumen through interactions with the DI
of the HCP ring even before attachment of the tail to packed viral
heads. Indeed, the DI of HCP possesses flexible β-hairpins which could
potentially flip inside the pore, partially occluding it. To check this
hypothesis,weperformedamoleculardynamics simulation of theHCP
ring alone, which revealed that the β-hairpins of the DI of HCP are
prone to large-scale fluctuations resulting in conformations partially
occluding the central pore (Fig. 2d, Supplementary Movie 1, Supple-
mentary Fig. 8). This is in accordance with the fact that packed heads
must be in a closed state to prevent ejection of theDNA24. Additionally,
the electrostatic potential inside the channel of the portal complex

(Fig. 2e) shows negative values along the entire inner space of the
channel. The negative potential reaches a minimum at the level of the
HCP-TCP interface. Since the negatively charged DNA should experi-
ence significant repulsive force when passing through this region of
the portal complex, the dynamic nature of the HCP DI β-hairpins may
contribute towards preventing premature DNA release.

Theβ-hairpins ofHCPdid not undergo any significantfluctuations
in the simulation containing TCP in complex with HCP, indicating that
the former can hinder pore closure as required to establish a con-
tinuous channel from head to tail tip upon insertion of the tail into
packed heads (Fig. 2d). A detailed examination of both HCP simula-
tions revealed that both observed conformations for the β-hairpins of
HCP are stabilized through ionic bridges between highly conserved
residues of HCP (K140with D135 or E145, respectively for the open and
closed pore conformations) (Supplementary Figs. 9 and 10, Supple-
mentary Movie 2). Moreover, the presence of the TCP ring further
stabilizes the open conformation due to formation of an alternative
ionic contact between E145 of HCP and K41 of TCP (Supplemen-
tary Fig. 11).

The DNA density is immediately followed by additional density,
which was assigned to the TMP N-terminus (colored brown in Fig. 2b,
Supplementary Fig. 12a). While the exact interface between the TMP
N-termini and the DNA could not be fully resolved, the contact
between them was clearly apparent. Furthermore, our cryo-EM map
resolved the secondary structureof theN-terminal part of the TMP as a
trimeric α-helical coiled-coil.

Tail tube
The tail of DT57C is composed of 40 stacked rings of tail tube protein
(TTP) (Supplementary Fig. 13), with each ring containing three sub-
units. In addition to analysis of individual particles by cryo-EM, the
number of rings composing the tail was verified by electron cryo-
tomography (Supplementary Movie 3). The tail has helical symmetry
and 3-fold rotational symmetry, with a rise 41.8 Å and twist 39.5°. The
TTP shares 85%amino acid sequence identitywith theT5pb6protein21,
which is composed of a tail tube domain and the protruding Ig-like
decoration domain (Fig. 3). While the local resolution of our recon-
struction at the flexible Ig-like domains was too low for de novomodel
building, a predicted structure fitted the molecular envelope well. The
tail shaft structure of DT57C is nearly identical to a previously pub-
lished T5 tail tube structure21.

To better address tail flexibility and curvature of the segments, we
performed asymmetrical reconstruction without imposition of any
symmetry (Fig. 3d), which clearly revealed the presence of TMP inside
the tail.

Tail tip complex
The tail tip complex has overall C3 symmetry, and its core is composed
of five different proteins organized in three layers: lateral tail fiber
proteinC (LtfC), lateral tailfiber proteinA (LtfA), tail tipmiddleprotein
(TTMP), distal tail protein (Dit) and tail tip hub protein (TTHP) (Fig. 4).

The first layer directly interacts with the last TTP ring and is
composed of an inner trimeric ring of TTMP surrounded by a dode-
cameric ring of LtfC (Fig. 4). TTMP has a compact structure composed
mostly of β-sandwiches arranged in two subdomains separated by an
α-helix (Supplementary Fig. 14a). It bears considerable similarity to the
fold of the TTP, differing mostly in the loops and helices linking the
core β-sandwiches, which suggests a potential common evolutionary
origin for the two proteins. Interactions between the last TTP ring and
TTMPare established through two long protruding β-hairpins of the of
TTP which contact the top of TTMP monomers (Supplemen-
tary Fig. 15).

The inner trimeric TTMP ring is surrounded by an outer ring
composed of 12 LtfCmonomers. LtfC adopts a compact, single-domain
structure composed mostly of β-sheets (Supplementary Fig. 14b), with

Fig. 1 | Architecture of the DT57Cbacteriophage. a Iso-electron potential surface
of a composite cryo-EM map of the entire virion. Six individually symmetrized
focused maps (containing capsid, portal, distal neck, tail, tail tip and straight fiber
regions) were reconstructed at resolutions between 2.9–4.9 Å and combined into a
composite map (see Supplementary Information and Methods). The normalized
(average density 0, standard deviation 1) composite map was contoured at 3.0σ
above average. b Refined atomic model of the entire phage DT57C in ribbon
representation. A total of 12 gene products are distinguished by colors which are
consistently used throughout the manuscript. The scale bar represents a length
of 1000Å.
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each TTMPmonomer contactedby four copies of LtfC (Supplementary
Fig. 16). A cavity remains between the TTMP and the part of the LtfC
ring distal to the tail tube, into which LtfA is inserted. LtfA is char-
acterized by the presence of a long α-helix, which starts at residue T40
and acts as a trimerization domain. The trimeric bundle of α-helices,
contributed by three different copies of LtfA, protrude radially out-
wards from the tail tip complex (Fig. 5, Supplementary Fig. 14c).

The N-terminal region of LtfA preceding the α-helical part adopts
a structure characterized by two β-strands connected by flexible lin-
kers. The specific arrangement of the β-strands and its connectors
varies between the three different LtfA polypeptide chains contribut-
ing to each LtfA trimer (Supplementary Fig. 14c). The N-terminal por-
tions of LtfA form a lasso-like structure filling the groove between the
LtfC and TTMP rings, such that each LtfA copy extends in opposite
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direction as observed from the outer end of the helical bundle (Fig. 5).
The capsid-distal LtfA contacts the capsid-proximal LtfA from an
adjacent LtfA trimer, enabling the formation of a closed ring. The
β-strands of all LtfA copies interact with the LtfC ring by augmenting
their β-sheets of the latter to eight- or nine-stranded sheets by
donating one or two strands from LtfA (Fig. 5, Supplementary Fig. 17).

To study the overall stability of this complex, we performed an
equilibrium molecular dynamics (MD) simulation of the TTMP tail
protein ring along with the adjacent LtfA-LtfC ring. The simulation was
run for 1 μs and it revealed that the LtfA/LtfC/TTMP backbone devia-
tions did not exceed 5 Å (mean value 4.3 Å over the last 500 ns)
throughout the simulation (Supplementary Fig. 8). Nonetheless, we
detected partial unfastening of one LtfA trimer involving two LtfA
monomers out of three, with their proximal LtfC extending outwards
from the central TTMP moiety by up to 20Å (Supplementary Fig. 18,
Supplementary Movie 4). Such conformational change could be
involved in the mechanism for opening a channel for the ejection of
DNA upon host recognition. The results of these simulations provide
indirect evidence that the regions of LtfA, which appear in the initial
model as extended, largely preserve their secondary structure. More-
over, these regions tend to expandwhen neighboring residues are also
adopting the β-sheet conformation (Fig. 5d, Supplementary Fig. 19).
Remarkably, the initially unstructured N-terminal fragments of LtfA
monomers turned into β-sheets in the simulation, which allowed them
to form a strand-to-strand contact between the neighboring trimers,
apparently stabilizing the entire LtfA ring.

Although only the N-terminalmoiety of the LtfA protein is present
in our reconstruction, no other robust feature of the electron potential
map that could correspond to the LtfB protein was found in associa-
tion with the core part of the virion. This supports the previous con-
clusion that the LtfB protein is attached via LtfA forming a branched
LTF that markedly distinguishes DT57C from T513. However, when the
tail tip map was rendered at a low contour level (Supplementary
Fig. 20) we observed weak densities corresponding to three fibers
attached to the tail tip, potentially corresponding to LtfB. This
arrangement is compatible with a complex LTF morphology of the
DT57C phage studied previously13.

The loops of the two long β-hairpins of TTMP extend tailward and
contact the next ring, composed of six copies of Dit. The interaction,
reminiscent of that established between TTP and TTMP, is such that
each long TTMP loop contacts a Dit monomer, enabling the transition
between the trimeric TTMP ring and the hexameric Dit ring (Supple-
mentary Fig. 21).

Finally, a trimer of TTHPcloses the tail tip complex (Fig. 4). It is the
largest protein of the tail tip, comprising three main domains (Sup-
plementary Fig. 14e). The capsid-proximal domain, DI, shares struc-
tural similarity with the TTP and TTMP. The Dit contacts DI of TTMP
through the stacking of two β-hairpins onto the β-sandwiches of TTMP
(Supplementary Fig. 22). DII of TTMP encloses a cavity where addi-
tional density was found, which we assigned to the C-terminus of the
TMP. Finally, DIII comprises two fibronectin type III subdomains,which
serve as connection sites for the central tail fiber protein (CFP).

To obtain a reconstruction of the CFP region, we re-extracted
particles after shifting the center of the reconstruction towards the

capsid-distal region of the tail tip complex and performed a refine-
ment with local angular searches. Even though the resulting recon-
struction did not allow de novo building of the CFP protein due to
the high flexibility of the region, it accommodated well a predicted
structural model (see Methods section). The CFP trimer is con-
nected to the TTHP with its own fibronectin domains. Being sepa-
rated at the proximal part, the CFP monomers merge together as
they extend away from the core of the tail tip complex, forming a
straight fiber with high β-strand content in a 3-fold symmetric
arrangement (Supplementary Fig. 23).

The cavity enclosedby theTTHPalso contained additional density
for a small α-helical coiled coil region (Fig. 4, Supplementary Fig. 12b),
which was assigned as the C-terminal part of the TMP based on its
location within the lumen of the tail tube tip, the fact that this region is
predicted α-helical, and a close fit to the AlphaFold model.

Comparison of pre- and post-ejection states
Using 2D classification, we identified a smaller population of phages
(~20% of all particles), where their DNA had been ejected. Following a
similar methodology as for the intact phages (representing the pre-
ejection state), we obtained reconstructions of the different parts of
these empty phages (corresponding to the post-ejection state). We
then compared the reconstructions of both states to gain insights into
the changes triggered by the ejection of the geneticmaterial. The neck
reconstructions showed no significant differences between the two
states other than the expected absence of DNA and TMP from the
lumen of the neck and tail tube (Fig. 6a). The helical parameters of the
tail tubes from both states were identical, in accordance with previous
observations on the T5 phage25.

The reconstructions of the tail tip complex did not reveal any
significant difference in the conformation of their proteins either.
However, interestingly, we found the C-terminal region of the TMP to
remain enclosed in the tail tip surrounded by TTHP after TMPandDNA
ejection (Fig. 6b). This suggests that the C-terminal part of TMP is
proteolytically cleaved during the assembly of the viral particles. Pro-
teolytic processing of TMP during phage assembly has indeed been
demonstrated at one of the cleavage sites in proximity to its
C-terminus26. As described previously, this retained C-terminal TMP
fragment adopts a clearly resolved triple-stranded parallel α-helical
coiled coil motif within the channel of the TTHP (Fig. 6b, Supple-
mentary Fig. 12b).

To further confirm that empty phages indeed correspond to a
post-ejection state where both the DNA and the bulk of the TMP had
been properly ejected through the tail, we compared tomograms of
virions in three different states: empty virions with an intact capsid,
filled virions with an intact capsid and empty virions with a broken
capsid (Supplementary Fig. 24). The tomograms revealed that nearly
all empty virions have an intact capsid. Furthermore, empty virions
with intact capsids did not contain any TMP density inside the tail tube
lumen. Filled capsids, on the other hand, displayed a filled tube with
density corresponding to the TMP. Finally, while a virion with a broken
capsid did not contain DNA due to it being released through the
breakagepoint of the capsid, it displayed a solid tail tube similar to that
observed in filled virions, indicating that the TMP was still present in

Fig. 2 | Structure of the DT57C bacteriophage head-to-tail interface. aOverview
of the head-to-tail interface (neck). The neck comprises three proteins: PrtP (pink),
HCP (gray) and TCP (green). PrtP is directly embedded in the capsid and forms a
dodecameric ring which is inserted onto a second dodecameric ring formed by
HCP. The TCP hexameric ring acts as an adapter between the dodecameric sym-
metry of the HCP layer and the trimeric symmetry of the tail tube. DNA density is
observed until the end of the HCP layer, where it is immediately followed by the
N-terminal part of the TMP. b Area of transition betweenDNA and TMP N-terminus
at the level of the interface between HCP and TCP. The transition (observed in
unmaskedmaps) can be clearly observed as a sudden change in the diameter of the

central density. c Residues of HCP in close proximity to DNA include multiple
threonines, which are known to interact frequently with the DNA backbone. d Top,
cross-section of the HCP ring in the open (left) and occluded (right) states during
the molecular dynamics simulation of HCP only, with β-hairpins facing the portal
lumen. Bottom, evolution of the minimum pore diameter during the molecular
dynamics simulations of HCP only (red) and HCP + TCP (blue). e Electrostatic
potential (ESP) profile inside the portal complex (left) and ESPmappedon theouter
and inner surfaces of theportal complex (right). Clippingplane, gray. The scale bars
represent lengths of 150Å (a) 30Å (b) and 10Å (c). Source data for (d, e) are
provided as a Source Data file.
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Fig. 4 | Structure of the DT57Cbacteriophage tail tip.The first layer of the tail tip
complex comprises a trimeric ring of TTMP (light yellow), which directly interacts
with the last TTP ring (cyan) and is enclosed by an outer LtfC dodecameric ring
(maroon). A lasso-like ring composed by nine copies of LtfA (bright green, dim
green and orange) is enclosed between the TTMP and LtfC rings. The TTMP ring is

stacked on top of a hexameric Dit ring (dark yellow), which is followed by a trimer
of TTHP (blue). TTHP seals the tail tip, and contains the C-terminal portion of TMP
(brown),which is resolvedas a coiled-coil helical structure. The scalebar represents
a length of 150Å.

Fig. 3 | Structure of the tail tube. a Domain architecture of a TTP monomer.
b Trimeric ring of TTP. c Tail tube segment with seven trimeric rings of TTP.
Trimeric rings stack on top of each other, forming a helical tube with rise 41.84Å
and twist −39.51°. d Asymmetric reconstruction of the tail tube. The asymmetric
reconstruction clearly revealed the presence of the TMP inside the tail tube. We
could not detect any obvious interactions between the inner wall of the tail tube

and the TMP in this asymmetric reconstruction of 40nm long curved segments,
suggesting that the TMP may be held in place through non-periodic interactions
with the inner walls of the tail tube in addition to contacts established at its C- and
N-terminal sections. The scale bars represent lengths of 60Å (a) 150Å (b, c) and
100Å (d).
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the tail tube in spite of DNA being released through alternative
channels.

Discussion
Cryo-EM has enabled high-resolution structural analysis of viruses at
near-native conditions. However,many of the studies performed so far
have been limited to specific well-ordered parts, such as the icosahe-
dral capsid or straight helical tails, missing regions especially in the
case of viruses that contain large, flexible components or parts with
multiple levels of symmetry9,27–29. In the present work, we have applied
a set of focalized strategies to reconstruct the different regions of
complete viral particles while overcoming the challenges imposed by
symmetry mismatches and the high tail flexibility of siphoviruses.
Assembling the resulting reconstructions into a composite map
enabled of the complete virion of the T5-like bacteriophage DT57C by
single particle cryo-EM while separating their biological states (Fig. 1).

A unique featureofDT57C is themodeof attachment of the lateral
tail fibers to its tail tip. To our knowledge, in all currently available
phage structures, the components of the receptor-recognition devices
are attached to their baseplates in myoviruses and siphoviruses, or to
the head-to-tail interface proteins in podoviruses, via joint-like inter-
faces formed by globular protein domains. For example, so are shaped
the interface of the long and short tail fibers in T49,30, the fibers of the
Listeria phage A51128, Lactococcus siphoviruses TP901-131 and p232,
Escherichia podoviruses P2233 and T734 and in many other
bacteriophages.

In DT57C, we found that LTF attachment is mediated by the
dodecameric LtfC ring surrounding the TTMP (Figs. 4 and 5). The
groove formed between the LtfC and TTMP subunits accommodates
the polypeptide chains of the LtfA protein that donate their β-strands
to the β-sheets of the LtfC subunits (Fig. 5b). The LtfA N-terminal
moieties form a lasso-like structure within the groove formed by the

Fig. 5 | Long tail-fiber connection site. The tail tip reconstruction shows the
detailed structure and interaction interfaces of two of the long tail-fiber (Ltf) pro-
teins, LtfC and LtfA. a The N-terminal domains of each LtfA trimer are placed in the
pocket enclosed by four LtfC subunits, with the rest of the trimer pointing radially
outwards from the tail tip, and forming a three-helix coiled coil. b Each of the LtfA
monomers is connected to the LtfC assembly in a unique way by augmenting the

edges of LtfC β-sheets with two short β-strands. c The N-termini of all three LtfA
trimers intertwine and form a lasso-like ring located at the cleft between the LtfC
and TTMP rings. dMolecular dynamics simulation indicates that LtfA-LtfC β-sheets
are stable over the simulation time of 1μs and can form inter-chain strand-to-strand
contacts. The scale bars represent lengths of 150Å (a) 100Å (b) and 110Å (c).
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LtfC subunits (Fig. 5c). Such deep entanglement of 12 LtfC chains and
nine LtfA chains into the common structure would make LTF attach-
ment very robust and exclude the possibility of an incomplete LTF
number. Three N-terminal fragments from each of the LtfA chains that
are identical by their amino acid sequence adopt different conforma-
tions upon entering the LtfC ring. Another example of different con-
formation adopted by identical polypeptide chains was previously
reported for the baseplate protein gp10 in bacteriophage T49.

Although only the N-terminalmoiety of the LtfA protein is present
in our reconstruction, no other robust electron density that could
correspond to the LtfB protein was found in association with the core
part of the virion. This finding indirectly confirms the previously drawn
conclusion that the LtfB protein was attached via LtfA, forming a
branched LTF that markedly distinguishes DT57C from T513. However,
when the tail tip map was rendered at a low contour level (Supple-
mentary Fig. 20), we observed weak protrusions corresponding to
three fibers attached to the tail tip. We interpret thesemap features as
LtfB trimers thatmay be folded back and interactingwith the tail tip by
their C-terminal ends. This arrangement is compatible with a complex
LTF morphology of the DT57C phage studied previously13. The biolo-
gical significance of such an interaction is not clear. However, the
folded back LtfB should not be able to interact with the receptor (O81
type O antigen)13. If the interaction of LtfB with the tail tip were
modulated by any environmental cues such as chemical signals, pH
value, ionic strength or temperature, a simple environmental sensor
may be present in the DT57C virion to control phage infectivity on the
host strains recognized by LtfB. Similar environmental sensors based
on the interaction of the lateral tail fibers with the core part of the tail
and whiskers have been described in T4 and some related
bacteriophages35.

To gain insights into the mechanism of DNA ejection in DT57C,
we compared the reconstructions of each region from full and
empty viruses, representing pre- and post-ejection states of DNA. In
the majority of bacteriophages studied so far21,22 the head-to-tail
interface is composed of four proteins: the PrtP, two rings of the
HCP and at least one TCP. The distal HCP of the Bacillus subtilis
SPP1 siphovirus was shown to act as the DNA stopper, blocking the
phage neck channel by a protruding β-sheet. This element rotates to
open a tunnel for DNA release and then closes back up36. This DNA
gatekeeper function was suggested also for the gp15 bacteriophage
T4 HCP37. The neck of DT57C differs by two major features. First,
instead of comprising four protein rings, DT57C has only three.
Second, we found that the neck tunnel at the HCP-TCP interface is
open in the pre-ejection DNA state and remains open after DNA

release. In the pre-ejection state, additional density is present in the
upper part of the neck tunnel, which contacts the TMP N-terminal
moiety (Fig. 2). The HCP of DT57C contains similar β-sheet hairpins
(Fig. 2) as the gatekeeper protein of SPP136. Our molecular dynamics
analysis suggests that these hairpins are flexible enough to partially
occlude the channel (Fig. 2d). Additionally, the inner surface of the
lumen possesses a strong negative charge (Fig. 2e), which may hold
the DNA in place until ejection.

The presence of the TMP in the tail tube may also help prevent
DNA ejection. Upon opening of the tail tip, both TMP (with the
exception of its C-terminus) and DNA are ejected. This is evident from
the empty tails in our reconstructions and tomograms of the post-
ejection state (Fig. 6, Supplementary Fig. 24). It is currently unclear
what drives this process: if it is simply the packing pressureof theDNA,
or if a small pulling force on the TMP triggers DNA ejection, which
would then be sustained by the packing pressure.

The capsid of T5 and other tailed phages are filled with DNA prior
to tail attachment23,24,38. We hypothesize that the HCP ring initially
adopts a closed conformation and its transition to the open con-
formation is triggered by the binding of pre-assembled tails through
the TCP, which becomes intertwined with the HCP to act as an adapter
between theC12 andC3 symmetries observed in the PrtP/HCP andTTP
rings, respectively. However, despite such a transition to anopen state,
our cryo-EM map suggests that the DNA does not penetrate beyond
the HCP ring in the pre-ejection state.

We identified the TMP as an α-helical trimer by resolving its sec-
ondary structural elements in two key locations: at the head-proximal
(N-terminal) end of the TMP, and at the distal (C-terminal) end, which
retained a proteolytically cleaved TMP fragment in the empty particles
as part of the tail tip complex (Fig. 6, Supplementary Fig. 12b). Thus,
the overall TMP organization within the tail tube of the phage DT57C
can be described as a three-stranded parallel coiled coil, with α-helical
secondary structure at least at its N- and C-termini (in accordancewith
secondary structure prediction). The asymmetric reconstruction of a
tail tube segment also revealed the presence of the TMP inside the tail
tube. We could not detect any obvious interactions between the inner
wall of the tail tube and the TMP in this asymmetric reconstruction of
40 nm long curved segments, suggesting that the TMPmay be held in
place through non-periodic interactions with the inner walls of the tail
tube in addition to contacts established at its C- and N-terminal
sections.

The C-terminal TMP fragment obstructing the tail tip channel
must undergo significant conformational changes to be temporarily
displaced and allow the passage of the bulk of the TMP followed by

Fig. 6 | Comparison of the pre- and post-ejection states. Reconstructions of the
pre-ejection state are shown in gray, while those of the post-ejection state are
shown in yellow. a Neck (portal interface) density map. Densities for the tape
measure protein (TMP) N-terminus and DNA are absent in the reconstruction of

post-ejection phages.bTail tipdensitymap. The TMPC-terminus density is present
in both states, but the density in the channel is not visible in phages after ejection.
The scale bars represent lengths of 150Å (a) and 100Å (b).
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DNA during the ejection process. After the DNA is released, the TTHP
and C-terminal TMP fragment return to their original conformation.
This is supported by the fact that in the tail tip complex of T5, three
copies of the C-terminal fragment of TMP are also present in the
receptor-bound state, where the channel for DNA ejection is open12.
Interestingly, the presence of a trimeric C-terminal fragment of the
TMP has also been detected for other siphoviruses, including phages
80α39 (PDB code 6V8I) and λ40 (PDB code 8IYK). While multiple
sequence alignment did not reveal any conserved motif between the
TMP C-terminal fragments of DT57C, λ and 80α, the three of them
adopt similar structures consisting of a small, trimeric α-helical coiled-
coil (Supplementary Fig. 25). The presence of a common fold suggests
a conserved function for this region of the TMP, possibly related to the
penetration of the bacterial membrane. The DNA release in the T5
phage has been shown to be bi-phasic41 and this feature is likely con-
served in the closely related phage DT57C. However, no other obvious
clamp that may temporarily stop the DNA release was identified in the
tail structure. We therefore speculate that the fact that the tail tip
opening is initially blocked by the TMP fragmentmay be related to the
mechanism arresting the DNA internalization upon insertion of the
left-end ~9 kbp fragment in vivo41,42.

In conclusion, we have reconstructed a Siphovirus virion at close
to atomiс resolution, andpresent atomicmodels comprisingnearly the
entire bacteriophage. All-atom molecular dynamics simulations have
enabled us to gain additional insights about biological function from
the experimentally determined structures. In spite of limitations, such
as the attainable timescale and the lack of a possibility to perform a
simulation on the atomic model of the entire phage as a whole, our
findings set a solid benchmark for future studies to further explore
mechanistic and functional aspects of the process of infection by T5-
like phages.

Methods
Phage generation and purification
Bacteriophages were propagated in a culture of Escherichia coli 4 s
sensitive strain13. The overnight culture was used to inoculate
300ml of LB medium in 1 L Erlenmeyer flasks, incubated at 37 °C
under constant agitation (140 rpm) until OD595 reached 0.3. Phage
suspension was added at MOI ~ 10 and cultivation continued for 3 h
until visible bacterial lysis, then 0.1% (v/v) chloroform was added to
complete lysis. The raw lysate was cleared by high-speed cen-
trifugation (Beckman JA-10 rotor, 15000 × g for 15min at 4 °C), filter
sterilized (0.22 μm PES syringe filter) and pelleted by ultra-
centrifugation (Beckman 45Ti angle rotor, 75000 × g for 1 h at
20 °C). Phage pellet was resuspended in SM phage buffer (MgSO4

8mM, NaCl 100mM, Tris-HCl 50mM, pH 7.5), 300 µL of pelleted
phage was loaded on top of sucrose step gradient (20-30-40-50-60%
(w/v) sucrose in Tris-HCl 50mM (pH 7.2), NaCl 50mM, each step ca.
800 µL) in Beckman 5mL ultracentrifuge tubes. The gradients were
run in Beckman SW50.1 rotor for 1 h at 75000 × g. Opalescent phage
band corresponding to 40-50% sucrose step boundary was collected
after removal of top gradient layers containing contaminations
(empty and broken phage particles, membrane residues). After an
overnight dialysis in Serva dialysis tubing (cut-off 15 kDa) against 1 L
of SM phage buffer (the buffer was changed once after 12 h) at 4 °C
under constant agitation, phage preparation was strongly opales-
cent and contained no visible precipitate. It was further con-
centrated by pelleting phage on a cushion of 1,1,2-trichloro-1,2,2-
trifluoroethane (CFC-113) in Beckman SW50.1 bucket rotor for 1 h at
75000 × g. A strongly opalescent but not viscous phage concentrate
was collected at the water-organic liquid phase interface and stored
at 4 °C. This preparation was used for cryo-EM directly. CFC-113 was
used as a liquid dampener (1.56 g/mL density, nontoxic, nearly
immiscible with water) preventing phage particles from aggregation
and breakage under strong centrifugal force.

Electron microscopy grid preparation
Cryo-EM samples were prepared by depositing 3μL of purified phage
solution onto Quantifoil R2/1 gold grids previously plasma cleaned
with a 20%hydrogen, 80%oxygen plasma using aGatanSolarus (Gatan
Inc, USA) for 30 s. Samples were then blotted at 4 °C and 100%
humidity with a FEI Vitrobot Mark IV (waiting time 30 s, blotting time
8 s, blotting force 0) before flash-freezing in liquid ethane-
propane (50:50).

Data collection
A set of 34,852 movies were collected on a Titan Krios cryo electron
microscope (Thermo Fisher Scientific (TFS)) operating at an accel-
eration voltage of 300 kV. Images were recorded semi-automatically
with EPU software (TFS) with a Falcon 3EC direct electron detector
(TFS) in linear mode at a nominal magnification of 78,000, resulting in
apixel size of 1.4Å/pixel. Adefocus range from−0.7μmto−2.0μmwas
applied. The total dose of 67 e − /Å2 was fractionated evenly over 39
frames.

Additionally, 9 tomograms were collected using the same micro-
scope and detector. Tilt series were collected from −60° to 60° with a
tilt increment of 2°, target defocus between −4 and −8 μm, a pixel size
of 2.2 Å/pixel, and using a dose-symmetric collection scheme43.

Image processing
Movies were imported into cryoSPARC and subjected to patchmotion
correction followed by patch CTF correction. Tail segment particles
were picked using cryoSPARC’s filament tracer in template-free mode
with minimum and maximum filament diameters of 80Å and 100Å
respectively, and a separation between segments of 1.5 diameters. A
total of 7.5million particleswere extractedwith a box size of 240 × 240
pixels. The particles were then 2D-classified to remove false positives
and noisy particles. The remaining good particles were then separated
into two groups, corresponding to tail segments from phage capsids
filled with DNA (full) and without DNA (empty). The particles in each
group were further selected based on being assigned to 2D classes
corresponding to straight tail segments, and were then used to gen-
erate initial ab initio 3D models.

To obtain the tail reconstructions, the tail segments of eachgroup
were subjected to a heterogeneous 3D refinement with four classes,
using as starting models the previously generated ab initio models.
Then, the particles corresponding to the class reaching the highest
resolution in each case were used to perform a 3D refinement with
C3 symmetry against the corresponding model. The resulting maps
were inspected to measure helical parameters (rise 41.84 Å, twist
39.51°) for each of the reconstructions. After performing local motion
correction and CTF refinement, these helical parameters were
imposed in a helical refinement with C3 symmetry, for each of the two
sets of particles, with auto tuning of helical parameters enabled.

For reconstructions of the core part of the tail tip, the following
WALC (Walking ALignment and Classification) procedure was applied
separately to the full and empty segments. Iterative cycles of helical
reconstruction, shifting of the resulting map along the Z-axis and re-
extractionofparticleswith the shift in 3Dcoordinateswereperformed,
together with 2D classification after each re-extraction. Particles
showing features corresponding to the tail tip were selected fromeach
2D classification round. A total of ten iterations with both positive and
negative Z-axis shifts were performed, each iteration resulting in a shift
of 160Å along the tail. After pooling the tail tip complex particles
obtained from each WALC round (without combining particles corre-
sponding to full and empty phages), duplicates were removed with a
proximity threshold of 300Å. The resulting sets of particles were re-
extracted with a box size of 400× 400 pixels and used to generate ab
initio 3Dmodels. The full and empty sets of particles were then refined
against the corresponding ab initio model while applying
C3 symmetry. Particles were then subjected to localmotion correction
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and local CTF refinement. For the empty particles, the resulting
polished particles were used to perform a final local 3D refinement
with C3 symmetry and a mask excluding the pb3 rings. For the full
particles, a heterogeneous 3D refinement with three classes was per-
formed. The particles corresponding to the class that reached the
highest resolution were selected for final local 3D refinement with
C3 symmetry and a mask excluding the pb3 rings. Further local
focused refinements were performed using masks covering either the
LtfC or pb3 areas, and the resulting maps were combined with phe-
nix.combine_focused_maps to obtain a composite map of the core of
the tail tip region.

To obtain reconstructions of the distal region of the tail tip, the
particles used for the reconstructions of the core region of the tail tip
(both for full and empty states) were shifted by 250Å along the Z-axis
towards the distal end of the tail and re-extracted with a box size of
400× 400 pixels. The re-extracted particles were then used to gen-
erate 3D reconstructions of the distal endwithout alignment, using the
poses from the refinements that yielded the reconstructions of the
core tail tip. The resulting reconstructions were used as starting
models to perform a final round of local 3D refinement.

Separately, capsid particles were picked using cryoSPARC’s
template-free blob picker. A total of 5 million particles were extracted
with a box size of 900 × 900 pixels. After performing 2D-classification
to remove false positives and noisy particles, the remaining good
particles were separated into full and empty capsids and used to
generate ab initio 3D models.

The capsids of each group were then refined against the corre-
sponding ab initio 3D model with either C5 or icosahedral symmetry.
After performing local motion correction and CTF refinement fol-
lowed by an additional round of refinement, the reconstructions
obtained with icosahedral symmetry were used to build an atomic
model of the capsid. The C5 reconstructions displayed weak density
for the tail connected to the capsid at both of the two vertices aligned
with the symmetry axis. To extract particles of the neck region of the
phage, multiple rounds of 3D classification into four classes were
performed with a mask covering the emerging tail density at either of
the two vertices. In each round, particles corresponding to the classes
with tail density were selected and carried forward to the next round,
until all classes showed strong tail density. Particle coordinates were
then re-centered at the coordinates of the corresponding vertex and
re-extracted with a box size of 300 × 300 pixels. Both sets of neck
region particles (corresponding to full and empty phages) were then
merged with particles showing features of the neck region obtained
during the previously described WALC procedure, and duplicate par-
ticles were removed using a proximity threshold of 400Å.

The neck particles in each of the two groups were then refined
against the model of the capsid with an attached tail obtained during
3D classifications using C6 symmetry. A focused mask excluding the
capsid region and the tail tube was created and used in another round
of refinement with local angular searches and C12 symmetry. Particles
were then subjected to local motion correction and CTF refinement
and used to perform a final round of refinement with the same mask
and C12 symmetry.

The C12-symmetrized map was subjected to symmetry relaxation
to reveal the C6 and C3 parts of the density. We were unable to carry
out this procedure in a typical way because the particles were aligning
to the strong C12 density of portal and head completion proteins,
leaving the C6 and C3 parts of the density smeared. To solve this issue
the binned particles aligned to the C12 map were exported to RELION
and the symmetry was relaxed as described below. First, the Class3D
procedure into four classes with C12 symmetry and no angular sear-
ches let us separate the subset of particles that were correctly aligned
to the C12 axis from damaged and misaligned particles. Then, the
masked Class 3D job was run with the mask covering only the TTP

rings. This job used local searches, C3 symmetry and symmetry
relaxation option set to C4, which allowed to get C3-symmetrized
reference density for the pb6 part of the volume. This reference den-
sity and the subset of good particles aligned to C12 symmetry were
used in one round of Class3D with two classes, C3 symmetry,
C4 symmetry relaxation and local searches with 0.5 degrees range.
This allowed us to correctly align particles to the C3 axis and get a low-
resolution reference with C12, C6 and C3 regions resolved. Finally, the
Refine3D jobwith themask excluding the capsid density produced the
map with 5.6 Å resolution which served as reference for the final
refinements. A further focused refinement from the C3-symmetrized
map was performed by local non-uniform refinement using a cylind-
rical mask including only the tail tube inner channel, to obtain an
improved reconstruction of the TMP N-terminus.

For reconstructions of asymmetric, bent segments of the tail tube,
tail segments were picked without template from motion-corrected
frame sums in cisTEM44. After initial 2D classification to remove non-
tail images, the remaining 431,751 particles were aligned by global
search against a 3D reference consisting of an artificially generated
bent feature-less cylinder, without applying any symmetry. The
resulting initial reconstruction was then iteratively refined by 3D local
angular and shifts refinement. Finally, the data set was split into three
3D classes, separating filled and empty tails, as well as a class con-
taining junk particles. Each class was then further refined by including
CTF refinement.

Example micrographs and 2D classes can be found in Supple-
mentary Fig. 26. A summary of the processingworkflow is presented in
Supplementary Fig. 27. Local resolution maps and FSC curves for all
maps are shown in Supplementary Fig. 28.

For tomograms, all movies of each tilt series were first subjected
to motion correction with MotionCor245. Then, tilt series were aligned
with AreTomo46 using a binning factor of 4. Finally, after performing
initial CTF estimation with CTFPLOTTER47, 3D CTF correction was
applied to the reconstructed tomograms with novaCTF48. The number
of rings comprising the tail tube of DT57C was determined from the
tomograms by measuring the length of the tail from portal of the
capsid to the beginning of the tail tip complex, then subtracting the
length from the portal to the first TTP ring (determined accurately
from the reconstruction of the neck) and dividing by the height of a
single TTP ring.

Model building
Initial models for the tail tip and tail proteins were obtained with
Alphafold249 orModelAngelo50. Themodels were filtered by IDDTwith
phenix.process_predicted model and fitted into the corresponding
density maps. The fitted models were manually inspected and cor-
rected for missing loops and secondary structure elements. The
missing parts located in the low SNR map regions were manually
modeled with polyalanine to trace the backbone. The map was boxed
around the traced models. The boxed maps along with Alphafold2
models were used as an input for phenix.dock_and_rebuild. This
approach allowed accurate docking of initial models while avoiding
symmetry conflicts and possible model misplacements. Initial models
for the LtfA N-terminal parts were built manually with Coot using the
sidechain densities as guides for sequence alignment.

Each of the proteinmodels was individually refined against the tail
tip density mapwith phenix.real_space_refine, except for LtfC and LtfA
which were refined as a C3 asymmetric subunit containing four copies
of LtfC and three copies of LtfA, and pb4, for which only the fragment
containing residues 1-325. The refined models were assembled into
one file and the inter-chain secondary structure restraints were
manually checked with phenix GUI tool. The focused maps along with
the half-maps were combined with phenix.combine_maps, using the
model file as a reference.
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Finally, phenix.real_space_refine was performed with secondary
structure, Ramachandran restraints and NCS constraints. Several
rounds ofmanual fixing with ISOLDE51 were performed. The validation
statistics are presented in Supplementary Table 1. Regions of each
structural protein present in the built models are presented in Sup-
plementary Table 2.

Molecular dynamics simulations
The three systems formolecular dynamics simulations consistedof the
TTMP tail protein ring along with the adjacent outermost LtfA-LtfC
ring (1) and the HCP ring with (2) or without (3) TCP. The protein
complexes were placed in a rectangular simulation box (with dimen-
sions of 181 × 179 × 81Å/148× 148 × 94Å/148 × 148 × 130Å, respec-
tively) such that theminimaldistancebetween theperiodic imageswas
not shorter than 2.4 nm (i.e., twice the cut-off for van der Waals
interactions) and solvated with water. The Na+/Cl- ions were added
such that 0.15M ionic strength was achieved under the condition of
total electroneutrality (total of 368/236, 233/185, and 364/256 Na + /Cl-
ions added).

The starting models obtained in this way (containing a total of
255,193/200,302/278,225 atoms, respectively) were subjected to the
standard CHARMM-GUI52 minimization and equilibration protocol as
follows. Steepest gradient descent minimization (5,000 steps, max-
imum force field cut-off 1,000 kJ/mol/nm, Supplementary Fig. 29) was
followed by a series of short equilibration simulations (up to 1 ns), with
a set of two first equilibration simulations in the canonical NVT (con-
stant volume and temperature) ensemble followed by four equilibra-
tion simulations in isothermal-isobaric NPT (constant pressure and
temperature) ensemble using the Berendsen thermostat and barostat
(τT = 1.0ps−1, τP = 5.0 ps−1) with the harmonic restraints on the protein
atoms gradually released. Theproduction simulationswere run for 1μs
each. We performed two extra replicate simulations for each produc-
tion simulation with random velocities drawn from Maxwell’s dis-
tribution. They resulted in an additional simulation time of 1 μs for the
HCP system and 0.66 μs for the HCP + TCP and LtfA-LtfC systems.
These replicate simulations consistently agreed with the original
simulations, as shown in Supplementary Figs. 8 and 30–34. Cα-atoms
of the super-helical C-terminal fragments of LtfA (residues 43-52) and
the C-terminal region of HCP (residues 47-108) were constrained
during the production simulations by means of harmonic potentials
(1000 kJ/mol/nm2) to prevent overall drifting of the complexes and
optimize the simulation box size as a result. The convergence of the
production simulations was justified based on root mean square
deviations of the backbone atoms (the mean RMSD values calculated
for the last 500 ns of each MD trajectory are 4.3, 2.3, and 2.2 Å for the
three simulated systems, respectively, Supplementary Fig. 8).

Temperature and pressure were set to 303.15 K and 1 bar and
controlled by means of the V-rescale thermostat and the
Parrinello–Rahman barostat with coupling time constants of 1.0 ps−1

and 5 ps−1, respectively. All MD simulations were carried out in GRO-
MACS version 2020.353. A time step of 1 fs was used at the early steps of
equilibration, followedby2 fs for the final steps and for the production
simulation. The covalent bonds to hydrogens were constrained using
the LINear Constraint Solver (LINCS) algorithm54. The Verlet cutoff
scheme and particle mesh Ewald (PME) were used to treat nonbonded
interactions. The CHARMM36m force field55 was used for the proteins
with the TIP3P water model, as one of the most advanced and widely
used force fields for biomolecular simulations presently available56.

Secondary structure analysis was performed using the DSSP
implementation in MDTraj 1.9.757. The ProDy 2.4.0 toolkit was used to
perform principal component analysis58. The electrostatic potential
was calculated using the APBS server59 with the default settings and an
ionic strength of 0.15M. The HOLE 2.0 program was used to estimate
the inner pore diameter of the HCP ring60.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The atomic models generated in this study have been deposited in the
Protein Data Bank (PDB) under accession codes 8HQZ (baseplate),
8HRG (helical tail tube), 8HRE (straight tail fibers), 8HQO (neck) and
8HO3 (capsid). Electron density maps have been deposited in the
Electron Microscopy Data Bank (EMDB) under accession codes 34955
(baseplate), 34972 (helical tail tube), 34973 (curved tail segment),
34968 (straight tail fibers), 34952 (neck) and 34920 (capsid). Tomo-
grams have been deposited in the EMDB under accession codes 37518,
37519, 37521, 37531, 37534, 37536, 37539, 37543 and 37544. Initial
structures formolecular dynamics simulations alongwith the resulting
trajectories have been deposited in Zenodo with identifier 8343960.
The structures of the C-terminal fragment of the TMP of other phages
are available at the PDB under accession codes 6V8I (80α) and 8IYK
(λ). Source data are provided with this paper.
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