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Abstract

Bacteriophages recognize their host cells with the help of tail fiber and tailspike proteins that bind, cleave, or
modify certain structures on the cell surface. The spectrum of ligands to which the tail fibers and tailspikes can
bind is the primary determinant of the host range. Bacteriophages with multiple tailspike/tail fibers are thought
to have a wider host range than their less endowed relatives but the function of these proteins remains poorly
understood. Here, we describe the structure, function, and substrate specificity of three tailspike proteins of
bacteriophage CBA120—TSP2, TSP3 and TSP4 (orf211 through orf213, respectively). We show that
tailspikes TSP2, TSP3 and TSP4 are hydrolases that digest the 0157, O77, and O78 Escherichia coli O-
antigens, respectively. We demonstrate that recognition of the E. coli O157:H7 host by CBA120 involves
binding to and digesting the O157 O-antigen by TSP2. We report the crystal structure of TSP2 in complex with
a repeating unit of the 0157 O-antigen. We demonstrate that according to the specificity of its tailspikes TSP2,
TSP3, and TSP4, CBA120 can infect E. coli 0157, O77, and O78, respectively. We also show that CBA120
infects Salmonella enterica serovar Minnesota, and this host range expansion is likely due to the function of
TSP1. Finally, we describe the assembly pathway and the architecture of the TSP1-TSP2-TSP3-TSP4
branched complex in CBA120 and its related Vil-like phages.

© 2019 Elsevier Ltd. All rights reserved.

tail that forms the outer leaflet of the cell membrane

Introduction , _
(such structures are called lipopolysaccharides, or

Infection of a bacterium by a bacteriophage begins
with binding of the phage patrticle to the cell surface
[1,2]. Most known bacteriophages utilize surface
polysaccharides as receptors [3]. In gram-negative
bacteria, the latter can be covalently linked to a lipid
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LPSs) or can be attached to the outer membrane or
LPS non-covalently (these sugars are called capsu-
lar polysaccharides). The external moiety of LPS is
called the O-specific polysaccharide (OPS) or O-
antigen. It is a staggeringly diverse set of
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carbohydrate structures that can be linear or
branched, can be short or long, can contain common
sugar monomers (e.g., glucose, galactose or N-
acetylglucosamine), or more exotic sugars (e.g., B-D-
threo-pentose or 6-deoxy-L-talose). These mono-
mers can be linked in a great variety of ways [4,5].

Bacteriophages recognize cell surface polysac-
charides with the help of tail fibers (TFs) or tailspike
proteins (TSPs) [1,2,6—8]. TFs and TSPs emanate
from the tail of the phage particle, a special organelle
through which the phage genome and proteins are
translocated from the phage capsid into the cell
[9-12]. Thus, binding of TFs and TSPs to host cell
surface structures sets the phage particle onto the
path of irreversible attachment and genome injection
[13]. Unlike TFs, TSPs are shorter and stockier and
carry domains that are assumed to have enzymatic
activity, although the actual activity is known for only
a handful of TSPs [8,14-23]. Production of phage
progeny depends on a multitude of factors, and the
host cell can block the infection through a number of
mechanisms after the phage patrticle has attached to
the cell surface [24—29]. Nevertheless, the spectrum
of ligands to which TFs and TSPs can bind is the
primary determinant of bacteriophage's host range
[30,31].

T4, P2, Mu, and other “model system” bacterio-
phages carry at most two types of TFs on their
virions [32]. Members of the Viunalike genus to
which phage CBA120 belongs are equipped with
multiple TSPs and TFs [33]. These proteins are
thought to form a branched structure in which each
branch is formed by a single TSP or TF and the
entire complex is attached to the baseplate via a
fibrous protein [33]. The CBA120 TSP-TF cluster of
genes contains a putative TF gene 215 (orf215), four
TSP genes (orf210—orf213, further named TSP1-
TSP4, respectively) that show similarity to each
other and to other phage tailspikes [33,34], and a
large TF or TSP gene (orf209) whose orthologs are
found in large gram-positive SPO1-like bacterio-
phages where they participate in host cell binding
[35,36]. Despite such an array of putative receptor-
binding proteins, CBA120 is currently known to infect
only Escherichia coli strains with 0157 and O78 O-
antigens [34].

The structure of TSP1 of CBA120 has been
recently solved by x-ray crystallography [37]. De-
spite possessing a pectate lyase-like 3-helix that is
known to bind to and cleave polysaccharides [14],
this protein did not show any enzymatic activity
toward the O157:H7 E. coli O-antigen and did not
bind to O157:H7 E. coli cells. TSP1 was reported to
bind to non-O157:H7 E. coli strains ATCC 35218
(unknown serotype) and, somewhat surprisingly, to
DH5a (K-12) [37] that CBA120 does not infect [34].

In this study, we describe x-ray crystal structures
and enzymatic activities of TSP2, TSP3, and TSP4
of CBA120. We determined the structures of their O-

antigen substrates and digestion products. We also
report the crystal structure of TSP2 in complex with
the repeating unit of the 0157 O-antigen. We show
that treatment of O157:H7 E. coli cells with TSP2
makes them resistant to CBA120 infection. Finally,
we show that TSP1, TSP2, TSP3, and TSP4 form a
branched hand-shaped complex in vitro. Its in vitro
assembly is ordered as follows: a complex of TSP2
and TSP4 must form first, and either TSP1 or TSP3
can then bind to it independently from each other.
Bioinformatics and the predicted structure of TSP
complexes in other phages show that TSP4 is likely
responsible for attachment of this complex to the
CBA120 baseplate.

Results

CBA120 TSP2 and TSP4 contain a T4 gp10-like
module

Bioinformatic analysis (Fig. 1) predicts the domain
organization of the four TSP proteins of CBA120 with
high confidence [38—40]. Upstream and adjacent to
the common B-helical domain, which is located
roughly in the middle of the protein, all four TSPs
carry a module of two similar tandem domains
(although there is only one copy of such domain in
TSP2) first described in the structure of CBA120
TSP1 [37]. They will be referred to as TD1 and TD2
further in the text. TSP2 and TSP4 are larger than
the other two proteins because they contain a phage
T4 gp10-like module upstream of the TSP1-like
domains. T4 gp10 is a multivalent, letter X-shaped
protein that consists of four domains D1, D2, D3, and
D4 (residues 1-155, 156-251, 252-395, and 396—
602, respectively) that will be referred to as XD1,
XD2, XD3, and XD4 further in the text [41]. T4 gp10
is responsible for attachment of the TF network
containing gp11 and gp12 to the T4 baseplate. Gp11
and gp12 bind to domains XD2 and XD3 of gp10,
respectively. Residues 1-160 of CBA120 TSP2
match XD2 and XD3 domains with a probability of
79% (E-value of 0.00016), and residues 82—165 of
TSP4 match XD1, XD2, and XD3 with a probability of
98% (E-value of 1.3 x 10~°) in HHpred analysis (Fig.

1).

Domain organization of CBA120 TSPs is typical
for phage TSPs

To facilitate crystallization, the gp10-like and TD1-
like domains of TSP2 and the gp10-like module of
TSP4 were removed. The resulting mutants (called
TSP2AN and TSP4AN, respectively), full-length
TSP3, and their Se-methionine derivatives could
then be crystallized. The single anomalous diffrac-
tion technique was used to obtain the phase
information for the three crystal structures [42].
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Fig. 1. Bioinformatic analysis of CBA120 TF/TSP genes and proteins. (A) The organization and location of TF/TSP
genes in the CBA120 genome. (B) The domain architecture of TSP1, TSP2, TSP3, and TSP4 proteins. The two N-terminal
tandem domains of TSP1 (TD1 and TD2) and their orthologs in all proteins are colored tangerine and cornflower blue. The
lime rectangle is a B-helical domain. The C-terminal domain is colored cyan. The gp10-like domains XD1, XD2, and XD3
are colored in different shades of orange. The domain borders (in residue numbers) are shown above each protein.
Calculated pKa's of TD1-like domains are shown below each protein with purple-colored underlined labels. The dashed
arrow connects the most positively and most negatively charged domains that could interact based on complex formation
experiments. (C) The domain architecture of two TSPs of the podophage G7C (gp63.1 and gp66). The color and labeling

schemes as in panel B.

The structures of the three proteins are similar with
the large B-helical domain as their main feature (Fig.
2). In agreement with the bioinformatic analysis, the
N-terminal modules consisting of TD1 and TD2
domains of TSP1, TSP3, and TSP4AN have nearly
identical Ca traces and can be superimposed with a
root mean square deviation (RMSD) of 0.5-0.6 A

(depending on the pair) for the whole 160 residues in
the alignment (Fig. 3). Unlike the other two proteins,
TSP1 carries a large positively charged patch on its
surface (Fig. 4) and contains a buried Zn ion on the
threefold axis [37]. It is coordinated by the side
chains of three symmetry-related His25 that ema-
nate from the C-terminal part of the first a-helix of the
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Fig. 2. Crystal structures of CBA120 TSP proteins TSP1-TSP4. Panels A, B, C, and D present side views of TSP1,
TSP2AN, TSP3, and TSP4AN, respectively. Panels E, F, G, and H present a central slice (orthogonal to the 3-fold) through
the C-terminal domain of the TSP protein shown in the panel immediately above. In each trimer, one chain is colored
according to the domain organization of TSP1. TD1 and TD2 domains are colored blue and red, respectively. The catalytic
B-helical domain is colored green, and the C-terminal domain is colored cyan. The missing N-terminal modules of TSP2 (B)
and TSP4 (D) are represented in a schematic form according the bioinformatic prediction. XD1, XD2, and XD3 stand for T4
gp10-like domains (see Fig. 1). TD1 is tandem domain 1, a homolog of which is found at the N-terminus of TSP1.

TD1 domain. The corresponding residues in TSP3
and TSP4AN are Asn24 and Val351, respectively.
Poly- and oligosaccharide substrates bind to
cavities and groves on the surfaces of other TSPs
[15]. In all four CBA120 TSPs, such features are
found on the interface between the neighboring
polypeptide chains (Fig. 4). Furthermore, the active

sites are usually particularly strongly negatively
charged and the central cavity in all the four
CBA120 TSPs displays this property. Hydrolases
are known to utilize carboxylic groups of two
aspartic or glutamic acid side chains for catalysis
[43]. These groups are usually between 5and 10 A
apart [43]. The interchain cavities of all four TSPs
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Fig. 3. Structure and similarity of the N- and C-terminal domains to other domains. (A) Superposition of the N-terminal
domains TD1 and TD2 of TSP1, TSP3, and TSP4AN. These domains share a high sequence identity and superimpose
with an RMSD of 0.5-0.6 A (depending on the pair). (B) Superposition of the TSP2 C-terminal domain onto the putative
carbohydrate binding protein (BACOVA_03559) from B. ovatus (PDB: 4dga) and onto the heptameric SAP-like pentraxin
from L. polyphemus (PDB: 3flp). The DALI Z-scores of the two superpositions are 13.4 and 13.1, respectively, whereas the
RMSDs are the same at 3.5 A. The structure-based sequence identities of the two superpositions are 13% and 9%,
respectively. (C and D) Two views of the superposition of the TSP4 C-terminal domain onto the carbohydrate-binding
modules CBM61 (PDB: 2xom) and CBM4-2 (PDB: 2y6l). The DALI Z-scores of two superpositions are 15.6 and 15.3,
respectively, and the RMSDs are 2.3 and 2.1 A. The CBM4-2 (orange-colored sugar) binding pocket is located near the
interchain interface of TSP4. The substrate-binding pocket of CBM61 (cyan-colored sugar) is on the outer surface, facing
away from the interchain interface. A CBM4-2-like binding pocket would lead the oligosaccharide directly into the active
site cavity of TSP4.

TSP4 870-1036 M 2xom M 2y6l

contain such residues at appropriate distances, different (Fig. 2). In other TSP proteins, such
suggesting that all four TSPs could be hydrolases. domains were proposed to play a role in the
Indeed, a crystal structure of CBA120 TSP3 has  trimerization and folding of the protein or in binding
been recently reported and its active site is located to surface polysaccharides [20,21]. In the four
in the interchain negatively charged cavity shownin ~ CBA120 TSP proteins, a large part of the C-
Fig. 4C [44]. terminal domain solvent-exposed surface is buried

The C-terminal domains of the four TSP proteins in the trimeric interface (Table 1). However, the role
are predominantly -structural, but their folds are = of these domains in trimerization is uncertain
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Fig. 4. The distribution of electrostatic potential on the molecular surface of CBA120 TSP proteins. (A—D) Side views of
TSP1, TSP2AN, TSP3, and TSP4AN, respectively. All four TSPs feature a prominent negatively charged cavity
(semitransparent cyan rectangle) on the interface of two adjacent chains. The cavity is part of a grove on the surface of the
protein (semitransparent cyan lines extending from the cyan rectangle). (E and F) End-on views of the surfaces of TSP1
and TSP3 (their N-terminal domains) that interact with other TSPs in the TSP1-TSP2-TSP3-TSP4 complex.

because their predicted free energy of dissociation is
small and negative (i.e., dissociation is a favorable
process in solution) (Table 1) [45]. For comparison,
the predicted free energy of dissociation of the P22
tailspike C-terminal domain (PDB code 1TSP,
residues 545—666), which is known to be required
for trimerization [46], has a large positive value of
115.7 kcal/mol.

DALI search [47] for structures similar to these
domains identified several sugar-binding proteins
except for the C-terminal domain of TSP3. Remark-
ably, a domain with a similar fold is found upstream of
the B-helix domain in the gp42 TSP of Acinetobacter
phage vb_AbaP_AS12 (DALI Z-score of 3.7, RMSD of
1.9 A with 40 Ca atoms in alignment, 10% sequence
identity) and in the gp49 TSP of Acinetobacter phage
Fri1 (DALI Zscore of 3.3, RMSD of 2.1 A with 40 Ca
atoms in alignment, 13% sequence identity). The C-
terminal domain of TSP2 is a good match (DALI Z-

score of 13.1 and an RMSD of 3.5 A) to the SAP-like
pentraxin from Limulus polyphemus (Protein Data
Bank code 1qtj) [48] and to the putative carbohydrate
binding protein BACOVA_03559 from Bacteroides
ovatus ATCC 8483 (PDB code 4dqa) (Fig. 3B). The
C-terminal domain of TSP4 is a very good match (Z-

Table 1. PISA analysis of C-terminal domains of TSP1,
TSP2, TSP3, and TSP4

C-terminal domain ~ Surface  Buried  Buried ~ AG¥®
(residue numbers) area (A%) area (A%) area (%) (kcal/mol)

TSP1 (585-769) 20,841.4 33350 16.0 -2.0
TSP2 (680-921) 26,957.6 2299.5 85 -2.0
TSP3 (576-627) 8665.2 26314 304 -1.3
TSP4 (870-1036) 20,5235 26212 128 -9.1




3724 Structure and function of phage CBA120 tailspikes

(a) TSP1_S-TSP2-TSP3_H-TSP4 co-expression (b) TSP1_S-TSP2-TSP3_H-TSP4 P

500 — 500 TSP4 '

TSP4 e :

400 TSPz D= <1160 400 1 Tsp2 === . <1160
o300 TsP1s < 66.2 - TSP1_S |- 4 &= < 662
2 - (R 2 TSP3_H !

E200 TSP3_H ' <4450  Eyy ** =~ 450

100 A r‘ - <4 350 100 < 350

f‘!.) 5 10 15 20 25 0 5 10 15 20 25
ml mi

(C) TSP1_S-TSP2-TSP4 (d) TSP1_S-TSP2-TSP4 plus
2001 TSP3_H
* k%
600 .
500 ** TSP4\_! < 116.0 150
TSP2 =
400 TSP1_S" 4662 o
2 ! ! < 100:
Eho <450
200 * 50
100 4350
0 0
5 10 15 20 25 0 5

ml

(e) TSP2-TSP3_H-TSP4 * wx ( ) TSP2-TSP3_H-TSP4 plus *
. i 1% TSP1_S TSP4 < 116.0
TSP4 4 = = -
400 TSP2 _h 116.0
* —— — < 662
=00 TSP3_H

4450

mAU

<350

Fig. 5. Analysis of the assembly of the TSP1-TSP2-TSP3-TSP4 complex. Each panel shows a Superose 6 size-
exclusion chromatogram and SDS-PAGE analysis of the two fractions labeled with a single (*) and double (**) asterisk.
The composition of the high-molecular-weight, single-asterisk fraction is then analyzed with negative-staining electron
microscopy and shown in four representative images. The scale bar is 16 nm. The numbers next to the SDS-PAGE
correspond to the position of molecular weight standards. (A) Co-expression of C-terminally Strep-tagged TSP1
(TSP1_S), untagged TSP2, C-terminally His-tagged TSP3 (TSP_H), and untagged TSP4. (B) A complex of TSP1_S,
TSP2, TSP3_H, and TSP4 can be purified from mixed lysates in which the four proteins were expressed separately. (C)
TSP1_S, TSP2, and TSP4 form a complex. (D) Adding TSP3_H to the TSP1_S-TSP2-TSP4 results ina TSP1_S-TSP2-
TSP3_H-TSP4 complex. (E) TSP2, TSP3_H, and TSP4 form a complex. (F) Adding TSP1_S to the TSP2-TSP3_H-
TSP4 results in a TSP1_S-TSP2-TSP3_H-TSP4 complex.

score of 15.6 and an RMSD of 2.1 A) to the domains of CBA120 TSP1, TSP2, and TSP4 are likely
carbohydrate binding domain (CBM) 61 and to  to participate in binding to cell surface oligo- and poly-
CBM4-2 (Fig. 3C, 3D) [49]. Hence, the C-terminal  saccharides. The C-terminal domain of TSP3 can also
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promote binding of TSP3 to cell surface sugars, but its
exact function remains to be determined.

TSP1, TSP2, TSP3, and TSP4 form a complex
and its assembly pathway is ordered

A branched, brush-like structure of unknown
composition emanates from the baseplate of
CBA120 [33,34]. We expressed TSP1, TSP2,
TSP3, and TSP4 separately or as a contiguous
cluster and found that the four proteins form a
complex that could be purified to homogeneity by
affinity and size exclusion chromatography (Fig. 5).
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The four components of this complex are present in
equimolar amounts. When imaged in an electron
microscope, the complex resembled the structure
emanating from the CBA120 baseplate. We, there-
fore, conclude that TSP1, TSP2, TSP3, and TSP4
are responsible for forming this branched, brush-like
structure in the CBA120 phage patrticle.

To delineate the assembly pathway of the TSP1-
TSP2-TSP3-TSP4 complex, we expressed and
purified His- or Strep-tagged TSPs in various
combinations. The following information was taken
into account in the placement of affinity tags: (1) the
C-termini of TSP2 and TSP4 could not be tagged as
they were either partially or completely buried in the
structure (Fig. 2); (2) unlike TSP2, TSP4 has a
conserved N-terminal extension beyond the T4
gp10-like region, an organization that is similar to
G7C gp66 TSP that is known to interact with the
virion and thus was deemed to be amenable for
tagging [8] (Fig. 1); and (3) the rest of the N-terminal
domains were left unmodified because N-terminal
domains or peptides attach TSPs and TFs to the
virion or to each other in other systems [8,41,50,51].

Complex formation analysis of the two shorter
TSPs (TSP1 and TSP3) initially gave a false positive
because TSP15"P pound to HisTrap resin despite
lacking a His-tag and co-eluted from the resin
together with TSP3"*S. However, no high molecular
complex could be detected in the subsequent size
exclusion chromatography step after untagged
TSP2 or TSP4 was added to this “complex” (Fig.
S1). To the contrary, the two longer TSPs (TSP2 and
TSP4) formed a real complex. Either His-tag or a

Fig. 6. TSP2 and TSP4 form a complex. Each panel
shows a Superose 6 size-exclusion chromatogram and
SDS-PAGE analysis of the two fractions labeled with a
single (*) and double (**) asterisk. The composition of the
high-molecular-weight, single-asterisk fraction is then
analyzed with negative-staining electron microscopy and
shown in four representative images. The scale bar is
16 nm. The numbers next to the SDS-PAGE correspond to
the position of molecular weight standards. (A) TSP2 and
N-terminally His-tagged TSP4 (H_TSP4) form a complex
with an equimolar ratio of components. The complex
contains two trimers of TSP2 and TSP4 each, which
dimerize via their N-terminal domains. (B) Introduction of
an additional domain (SlyD) to the N-terminus of TSP4
(H_SlyD-TSP4) interferes with the (TSP2-TSP4):(TSP2—
TSP4) complex formation and a proper assembly inter-
mediate TSP2-H_SlyD_TSP4 can be seen in EM. This
complex carries an additional density (white arrow) likely
corresponding to the SlyD domain. A (TSP2-
H_SlyD_TSP4): (TSP2-H_SlyD_TSP4) complex can
also be detected in this fraction. (C) The His-SlyD-tag
does not interfere with the formation of a complex
containing all four TSPs. A TSP1-TSP2-TSP3-
H_SlyD_TSP4 complex can be purified by independent
expression of the components and lysate mixing and then
visualized in EM.
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Table 2. Complexes of TSP proteins

Components of mixed lysates or co-expressed Complex Figure panel
TSP1  TSPiSt®  Tgp2  TSPafs  TSpP3  TSP4  HisTgp4  HisSDTgpy forms?
v v v v Yes 5A, 5B, 5D, 5F
v v v v Yes 6C
v v No Not shown?®
v v Yes 6A
v v Yes 6B
v v v No S1A
v v v No S1B
v v v Yes 5C
v v v Yes 5E

2 See the subsequent step shown in Fig. S1A and S1B.

His-tag-SlyD expression/folding enhancer leader at
the N-terminus of TSP4 (MSTSP4 or HisSYPTSP4)
could be used to purify a TSP2-TSP4 complex in
which TSP2 was tagless (Fig. 6A and 6B).

To test whether the attachment of the shorter
TSPs to the TSP2-TSP4 complex is coordinated or
independent, TSP15P TSP2, TSP3S, and TSP4
were expressed separately. The TSP15"P TSP2,
and TSP4 cell lysates were combined, purified using
a Strep-affinity resin and subjected to size exclusion
chromatography. The three proteins formed a
complex (Fig. 5C, Table 2). Addition of TSP3*®
(which was purified separately with the help of a
HisTrap resin) to the TSP1S"P_TSP2-TSP4 com-
plex resulted in a complex containing all four of the
proteins in equimolar amounts (Fig. 5D). The
procedure was then repeated with first mixing
TSP2, TSP3" and TSP4 lysates, purifying the
TSP2-TSP3Ms_TSP4 complex using a HisTrap
resin and size exclusion chromatography (Fig. 5E,
Table 2), and then adding TSP1°"P, which was
purified separately on a Strep-affinity resin. A
complex of all four of the TSPs could again be
detected (Fig. 5F). The results of the complex
formation studies are summarized in Table 2 and
Fig. 7A.

TSP2 degrades the 0157 OPS, binds to E. coli
0157:H7, and blocks CBA120 infection

To identify the role of each of the four CBA120
TSPs in binding and attachment to an O157 E. coli
host, we subjected them to several assays. The
ability of each of the four TSPs to cleave and digest
0157 LPS that was purified from E. coliNCTC 12900
(O157:H7) was examined with the help of sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) (Fig. 8A). TSP2AN digested this LPS
down to small oligosaccharides, whereas TSP4AN
also showed some, albeit very weak, activity (Fig.
8A).

The four CBA120 TSPs were then tested for
binding to live E. coli NCTC 12900. To eliminate

possible interference from improperly folded or
hydrophobic N-terminal domains, the TSP con-
structs that were previously employed in the
crystallographic analysis (Fig. 2) were used. Of the
four TSPs, TSP2AN was the only protein that
showed any type of binding in this assay. This
interaction was transient, and the protein dissociated
from the cells within less than a minute (Fig. 8B, 8C).
TSP1, TSP3, and TSP4AN did not bind (Fig. S2).

TSP1 was reported to bind to non-O157:H7 E. coli
strains ATCC 35218 and DH5a [37], which CBA120
does not infect ([34] and our own data). This binding
was detected with the help of the immunodot blot
assay. However, the same study stated that no
interaction between fluorescently labeled TSP1 and
DH5a could be observed in fluorescence microsco-
py. We did not detect binding of TSP1 to our DH5a
strain (Fig. S2D). It is possible that our assay and
fluorescence microscopy are significantly less sen-
sitive than the immunodot blot assay and cannot
detect very short-lived, transient interactions.

The effect of the modification of the cell surface by
each of the four TSPs on the ability of CBA120 to
infect its O157 host was evaluated with the help the
soft agar overlay assay. E. coliNCTC 12900 cells (in
soft agar) were mixed CBA120 and one of the
following proteins—TSP2AN, TSP4AN, bovine
serum albumin (BSA; negative control 1), or TSP3
(negative control 2) and plated on agar plates. The
concentrations of the cells and the phage were
chosen such that the uninhibited infection assay
would yield about 200 plaques per plate (Fig. 8D,
8E). TSP2AN fully blocked the infection, BSA and
TSP3 had no effect, and TSP4AN had a small but
statistically significant inhibitory effect.

TSP2 binds the substrate in a cavity on the
interface of two adjacent polypeptide chains

To identify the substrate-binding site on the
surface of TSP2AN, it was co-crystallized with the
0157 O-antigen. A well-resolved electron density of
a ligand was located in a negatively charged pocket
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on the interface of two adjacent chains (Fig. 9), correlation coefficient of 0.93 (calculated in the real
consistent with the electrostatic potential distribution space [52]). The substrate-binding pocket of
discussed earlier (Fig. 4). In the process of crystal-  TSP2AN was not unusual and contained aromatic
lization, the O-antigen was digested to the tetra-  residues W539 and F483, hydrophobic L445, and
saccharide repeating unit found in the NMR analysis  polar Q426 (Fig. 9B), the types of residues often
(see below, Oligosaccharide 1, Fig. 10A). The  found in other sugar-binding sites [53,54].

atomic structure of the Glc-GalNAc-Rha4dNAc-Fuc The role of the two aspartic acids D506 and D571
tetrasaccharide fit the electron density with a  located in the vicinity of the terminal fucose in the
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catalysis was tested by mutagenesis. The D571A
mutant was insoluble. The D571N mutant expressed
in the soluble form but was so unstable that its
activity could not be assayed. The D506A mutant
expressed well and was soluble and stable. It bound
to O157 E. coli similar to the wild-type protein. It
cleaved the 0157 O-antigen, and the pattern of the
cleavage products on SDS-PAGE was identical to
that of the wild type. Interestingly, point mutations in
other residues of the substrate binding site—K536A,
Q570A, and Y623F (Fig. 9B)—did not affect binding
of TSP2 to O157 E. coli or cleavage of O157 O-
antigen. Although these experiments failed to
identify the catalytic site, they suggest that the actual
substrate binding site spans more than one Gic-
GalNAc-Rha4NAc-Fuc tetrasaccharide unit. Indeed,
the cavity that binds the Glc-GalNAc-Rha4NAc-Fuc
unit is a part of a large grove on the surface of the
protein (Fig. 4B) that can accommodate the (Glc-
GalNAc-Rha4NAc-Fuc), polymer, the actual sub-
strate of TSP2.

CBA120 infects Salmonella enterica serovar
Minnesota, E. coli 077, and E. coli 078

Putative substrates of TSP1, TSP3, and TSP4
and, as a consequence, additional hosts of CBA120
were identified with the help of bioinformatic analysis
that took into account a previous finding demon-
strating that prophage TSP sequences correlate
very well with the O-antigens of the cells that harbor
them [55] (see Supplemental Information), This
analysis suggested that TSP1 targets a surface
polysaccharide of S. enterica serovar Minnesota or
Citrobacter freundii and that the substrates of TSP3
and TSP4 are O77-like and O78 antigens,
respectively.

Indeed, we found that CBA120 can infect S.
enterica serovar Minnesota and E. coli O77 and
078 strains (Table 3). The titer of CBA120 on S.
enterica serovar Minnesota and E. coli O78:H™ was

similar to that on O157:H7 (NCTC 12900) to which it
might have adapted due to the prior propagation.
The plaques were of normal morphology. A slightly
reduced titer with pinpoint plaques was observed on
lawns of E. coli O77 strains (Table 3).

To further validate the derivation of the CBA120
host range from bioinformatic analysis, we examined
the host range of phage S117 [56], a close relative of
CBA120 with two very similar TSPs. Namely, S117
and CBA120 TSP1 sequences are 93% identical
over their entire lengths (GenBank accession codes
AXC40875.1 and YP_004957864.1, respectively),
and the TSP2 proteins are 99% identical (GenBank
codes AXC40876.1 and YP_004957865.1, respec-
tively). We reasoned that these TSPs should allow
S117 to infect S. enterica serovar Minnesota and E.
coli0157. Indeed, S117 infected the two S. enterica
serovar Minnesota strains listed in Table 3 with
CBA120-like titers (2.00E + 10 pfu/ml and 3.00E +10
pfu/mlon S.123286 and S.119883, respectively) and
gave small clear plaques. The titer of S117 on E. coli
0157 was 1.00E +9 pfu/ml or 50 fold lower than that
of CBA120, and the plaques were pinpoint.

The other two TSPs of S117—TSP3 and TSP4
(GenBank codes AXC40877.1 and AXC40878.1,
respectively)—are similar to their CBA120 counter-
parts (GenBank YP_004957866.1 and
YP_004957867.1, respectively) only in their N-
terminal domains. Namely, residues 1-165 of the
TSP3 proteins of the two phages are 95% identical
and residues 1-486 of the TSP4 proteins of CBA120
and S117 are 97% identical. The rest of the TSPs
(the putative catalytic B-helical and C-terminal
domains) are different. S117 did not infect any of
the O77 or O78 strains tested.

TSP2, TSP3, and TSP4 cleave 0157, O77 and
078 O-antigens, respectively

To fully understand how TSPs cleave O-antigens,
we determined the structure of O-antigen digestion

Fig. 7. The assembly pathway and the structure of the TSP complex in CBA120 and other Viunalike viruses. (A) A
schematic representation of the complex formation process. TSP2 and TSP4 have to interact first to become capable of
binding of either of the two smaller TSPs. Binding of TSP1 or TSP3 to the TSP2-TSP4 complex is independent from each
other and is not ordered. (B) An electron micrograph of CBA120. (C) A schematic representation of bacteriophage CBA120
derived from earlier EM images [33] and cryo-EM reconstruction (Sergey Nazarov's PhD Thesis, DOI: https://doi.org/10.
5075/epfl-thesis-6507). (D) The structure of the gp10—gp11—gp12 complex in the molecular surface representation
extracted from the atomic model of the T4 baseplate [41]. The four domains comprising gp10 are labeled XD1, XD2, XD3,
and XD4. Only a small N-terminal part of the gp12 fiber (colored tan) is shown for clarity. (E) A model of the architecture of
the CBA120 TSP1-TSP2-TSP3-TSP4 complex. TSP2 and TSP4 contain T4 gp10-like domains (XD1, XD2, XD3) that are
either responsible for attachment of the entire gp10—gp11—gp12 complex to the baseplate (XD1) or for forming off-axis
sites for binding trimeric gp11 and gp12 proteins (XD2 and XD3). The charge complementarity of the TSP1 N-terminal TD1
domain and the XD3 domain of TSP4 is shown with plus and minus symbols. The following viruses have a similar gene
cluster and orthologous domains in their four tailspikes: Vil, SFP10, ®SH19, phiSboM-AG3, Det7, ECML-4, Maynard,
Marshall, vB_SalM_SJ2, vB_SalM_SJ3, and S117. TSP1 in vB_SalM_SJ3 consists of domains TD1 and TD2 only (the
rest is absent). (F) The TSP cluster of Phaxl phage consists of three TSPs (TSP3 is missing). Each of the Phaxl TSPs
contains a predicted enzymatic domain. (G) LIMEStone1 phage contains only one TSP (TSP1) with a putative enzymatic
domain. TSP1 is attached to a complex comprising the N-terminal parts of TSP2 and TSP4. No gp10-like domains are
predicted in TSP2.



Structure and function of phage CBA120 tailspikes 3729

(a) 30 minutes Overnight (b)
9D MIX (2] WAIT © PeueTceus
Q 3 > (1)
S o dofaded
L EEEEELEE
! por 7 * TSP M E. coli
116.0 » —— | # Phosphorylase B @ 15000 g
e
66.2 P — "ﬁ—-l‘”
450 > - ‘ * # o ANALYSE SUPERNATANTS IN SDS-PAGE
35.0 > e
= (c)
250 » 2 -1 time 0 01 1 2 4 8 min
Pl
18.4 »
14.4 »

(d) (e) 25 I L |
@ nousaw

© roorrace @  PaTE 0.049
B E. coli NCTC12900
* X=. BSA
. . TSP28N

. TSP3

.! - TSP4AN

@ Phage

COUNT PLAQUES
o a 0.002

0.5
0.022

108, PFU/mI
° -~ &

CBA120 CBA120+ CBA120 + CBA120+ CBA120 +
BSA TSP2AN TSP3 TSP4AN

Fig. 8. Interaction of TSP proteins with the purified O157 LPS and the cell surface of E. coli. 0157:H7. (A) Cleavage of
0157 LPS by CBA120 TSP proteins. The cleavage was stopped by the addition of the Laemmli SDS buffer upon
incubation with the corresponding TSP protein for 30 min and overnight and assayed by silver-stained SDS PAGE. The
magenta arrow points to possible products of 0157 O-antigen degradation by TSP4AN. (B) Schematic of the TSP-cell
binding assay. (C) Binding of TSP2AN to E. coliO157:H7 assayed as described in panel B and visualized with Coomassie-
stained SDS-PAGE. The binding is transient and TSP2 is released into the solution within 1 min. Phosphorylase B (the
arrow labeled “Ph B”) was used as a negative-binding and gel-loading control. The bacterial flagellin (the arrow labeled “F”)
detached from the cell surface during the assay. A control experiment without any added proteins also resulted in in the
release of the flagellin and OmpC (confirmed by mass spectrometry). (D) A schematic of the assay that tests inhibition of
CBA120 infection by TSPs. (E) Titers of CBA120 in the presence of TSP2AN, TSP3, TSP4AN, and bovine serum albumin
(BSA) measured using a soft agar overlay assay. The error bars represent the standard deviation of plaque count in three
(n = 3) independent experiments. TSP2AN completely inhibits plaque formation. TSP4AN shows a statistically significant
reduction of plague formation. The p-values are calculated for the Student's two-tail #test with unequal variance.

reaction products by two-dimensional Nuclear Mag-  of TSP1 toward its S. enterica serovar Minnesota O-

netic Resonance (NMR) spectroscopy and high-
resolution electrospray ionization mass spectrome-
try (HR-ESI-MS). The 0157 O-antigen was purified
from E. coliNCTC 12900 (O157:H7), the same strain
that was previously used in all other assays and
crystallographic analysis. O77 and O78 antigens
were available to us, and their structures were
determined in earlier studies [57-60]. The activity

antigen substrate was not analyzed.

NMR showed that TSP2, TSP3, and TSP4 are
hydrolases supporting the assumption that their
active sites are likely to be negatively charged (Fig.
10). TSP2AN cleaved the O157 O-antigen down to
its repeating unit—a Glc-GalNAc-Rha4NAc-Fuc
tetrasaccharide (called Oligosaccharide 1) with an
L-fucose residue at its reducing end. Details of the
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Fig. 9. Structure of TSP2AN with a repeating tetrasaccharide unit of the O157 O-antigen bound to it. (A) The location of
the binding site in the TSP2AN structure. (B) A detailed view of the active site. Side chains of residues that participate in
substrate binding are shown in the stick representation. The putative catalytic residues are labeled with red labels. The
contour level of the 2F, — F; electron density map of the O157 O-antigen repeating tetrasaccharide unit is one standard
deviation above the mean. (C and D) The structure and electron density map (contoured at in panel B) of the O157 O-
antigen repeating tetrasaccharide unit are shown in two different orientations. (E) The chemical structure of the bound

0157 O-antigen repeating tetrasaccharide unit.

NMR and MS analyses are given in the Supplemen-
tal Information. TSP3 cleaved the O77 O-antigen
down to a dimer of the repeating tetrasaccharide
unit, with a mannose at the reducing end (Oligosac-
charide 4, Fig. 10B). TSP4 cleaved the O78 O-
antigen down to its tetrasaccharide repeating unit
(Oligosaccharide 5) with a GIcNAc residue at the
reducing end (Fig. 10C). Interestingly, TSP4AN also
cleaved the 0157 O-antigen down to a mixture of
oligomers (including the monomer) of Oligosaccha-
ride 1 (Oligosaccharides 2 and 3). The relative ratio
of the tetrasaccharide monomer/dimer/trimer/higher

oligomers was ~2/1/2/5. This was in agreement with
its inhibitory function during infection and its weak
digestion activity that could be detected in the SDS-
PAGE analysis (Fig. 8).

The structure of Oligosaccharides 1 through 5
(Fig. 10) was confirmed by negative ion mode HR
ESI MS (Supplemental Information). For TSP2 and
the O157 substrate, a [M-H] ™ ion peak was detected
with an m/z value of 715.28. It matched the
calculated molecular mass of Oligosaccharide 1
(716.28 Da). For the TSP3 and O77 substrate, an
[M-H]™ ion peak at m/z of 1395.48 matched the
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Fig. 10. Structures of the E. coli 0157, O77, and 078 O-antigens and the products of digestion of these
polysaccharides by CBA120 TSPs. (A) O157 OPS, the intact 0157 O-antigen. Oligosaccharide 1 (the repeating unit of
0157 O-antigen) is the product of its digestion by TSP2AN. TSP4AN digested the O-antigen down to Oligosaccharide 1,
Oligosaccharide 2 (n = 1, a dimer of the repeating unit), Oligosaccharide 3 (n = 2, a trimer of the repeating unit), and larger
oligosaccharides. (B) The O77 OPS and the product of its digestion by TSP3 (Oligosaccharide 4, a dimer of the repeating
unit). (C) The O78 OPS and the product of its digestion by TSP4AN (Oligosaccharide 5).

calculated molecular mass of Oligosaccharide 4
(1396.49 Da), For TSP4 and the O78 substrate, an
[M-H]™ ion peak at m/z of 747.27 matched the
calculated molecular mass of Oligosaccharide 5
(748.27 Da). For TSP4 and O157 substrate, [M-H]~
ion peaks at m/z of 1413.55 and 2111.82 corre-
sponded to a dimeric and trimeric form of Oligosac-
charide 1-Oligosaccharide 2 (1414.56 Da) and
Oligosaccharide 3 (2112.83 Da), as expected.

Discussion

Inter-chain substrate-binding sites are common
in TSPs

TSP2 binds its substrate and has its putative
active site at the interface between two polypeptide
chains. The putative substrate binding site in the
other three CBA120 TSPs is also in a grove between
the subunits (Figs. 2 and 4). Phage TSPs are likely to
have evolved from monomeric -helical proteins in
which the active site is in a crevice on the face of the
B-helix [15]. Many of the phage tailspikes studied
earlier (e.g., in phage P22, Det7, or HK620) had the
active site on the face of the p-helix [14,16,18]. Our
work and more recent studies of Sf6 and ®AB6
TSPs [17,22] show that an interchain active site is

not uncommon. In these TSPs, the active site
“migrated” from the intra-chain to an inter-chain
one [15]. TSPs that possess two different active sites
on the same molecule (intra- and inter-chain) could
exist. Such a TSP would be able to recognize and
digest or modify at least two different substrates.

T4 gp10 module is key to forming the branched
TF/TSP structure

Beta-helical domains are widespread in phage
TSPs and their occurrence in CBA120 is not
surprising. More interesting is the repeat utilization
of the phage T4 gp10-like module in the TSP2 and
TSP4 tailspike proteins of CBA120 and in gp66 of
phage G7C (Fig. 1) [8]. Similar to the T4 baseplate
structure, where the gp10 module mediates off-axis
attachment of two trimeric proteins gp11 and gp12 to
the baseplate (Fig. 7D), this module is likely to be
responsible for side or off-axis attachment of
CBA120 and G7C TSPs giving the complex a
branched appearance.

G7C gp66 contains two gp10-like domains, XD2
and XD3, but most likely only one of them is utilized
because gp66 forms a 1:1 complex with gp63.1. In
CBA120 TSPs, the situation is more complicated.
Both longer CBA120 TSPs (TSP2 and TSP4)
contain XD2 and XD3 domains each of which can
potentially attach a trimeric tailspike (Figs. 1 and 7E).
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Table 3. CBA120 host range agrees with experimentally confirmed specificity of its TSPs

Species Database code Full Group Titer Plague morphology TSP/O-antigen
or strain ID serotype (pfu/ml) (size and turbidity) and notes specificity
S. enterica Minnesota  JEO17942 4.00E+10 Normal clear TSP1/S. enterica
S.123286 O-antigen (putative)
S. enterica Minnesota  JEO1874 4.00E+10 Normal clear
$.119883
E. coli NCTC 12900°  O157:H7 5.00E+10 Normal clear TSP2 (TSP4)/0157
E. coli C344-80° O77:H45 ETECH 1.00E+08 Pinpoint TSP3/077
E. coli C348-80 O77:H45 ETEC 1.00E+08 Pinpoint
E. coli C1106-98 O77:H9 A/EEC® - No single plaques
(clear lysis spot in up to
10-fold dilutions)
E. coli C252-02 O77:H18 A/EEC 1.00E+08 Pinpoint
E. coli C710-09 O77:H34 EAggEC' 1.00E+08 Pinpoint
E. coli JEOB32 0789 3.00E+09 Small TSP4/078
E. coli C493-88 O78:H10 ETEC - No single plaques
(clear lysis spot in up to
1000-fold dilutions)
E. coli C497-88 O78:H10 ETEC 8.00E+08 Normal very turbid
E. coli C2209-99 O78:H" ETEC 3.00E+10 Normal clear
E. coli C882-10 0O78:H2 EAggeEC  5.00E+09 Small
E. coli C843-12 O78:H11 ETEC - No single plaques

(clear lysis spot in up to
1000-fold dilutions)

2 Codes starting with JEO designate strains from John E. Olsen's database (Department of Veterinary and Animal Sciences, University

of Copenhagen).

P NTCT stands for The National Collection of Type Cultures (Public Health England).
¢ Codes starting with C designate strains from Flemming Scheutz's database (Department of Bacteria, Parasites and Fungi, Statens

Serum Institute).
9 Enterotoxigenic E. coli.
¢ Attaching and effacing E. coli.
 Enteroaggregative E. coli.
9 The H component of the serotype is unknown.

However, we showed that neither of them interacts
with either of the shorter tailspikes, so no G7C-like
tailspike pair of a (long TSP)-(short TSP) is formed.
Instead, TSP2 and TSP4 must interact first to
become competent for binding of any of the short
TSPs (Table 2). The off-axis binding site in both
longer TSPs is clearly dependent on the presence of
the other long TSP. A chain or domain swapping
event takes place within XD2 and XD3 in T4 gp10
[41]. Itis possible that some form of interdigitation or
chain swapping occurs when TSP2 and TSP4
interact to form the off-axis binding sites for TSP1
and TSP3. This type of interaction might make the
assembly sequential and could reduce the amount of
incorrectly assembled intermediates.

Interestingly, a gp10-like module is likely utilized in
the TSP complex of K1E, K1-5, and SP6-like phages
[31,61-64]. These phages carry two TSPs that are
attached to two different sites on the adaptor protein
gp37 [51]. HHpred suggests that the C-terminal part
of gp37 (residues 160—316) has a structure similar to
domains XD2 and XD3 [39]. Despite a low sequence
identity (14%) and only 77.3% probability (as
calculated by HHpred), the spatial arrangement of
the attachment sites and the overall structure of the
adaptor-tailspike complex of these phages matches
those of the gp10—gp11—gp12 complex supporting
the tentative bioinformatic prediction.

TSP1 likely interacts with the gp10_D3 domain
of TSP4

The N-terminal TD1 domains of CBA120 TSP1 and
G7C gp63.1 display similar positively charged
patches on their surfaces that are most likely involved
in complex formation (off-axis attachment to the
longer TSPs) (Fig. 4) [8]. The calculated pKa values
[65] of CBA120 TSP1 and G7C gp63.1 are 6.71 and
9.63, respectively (Fig. 1B and C). Their most likely
partners are the XD3 domain of CBA120 TSP4 with a
pKa of 3.73 and the XD2 domain of gp66 of G7C with
a pKa of 3.89, respectively (Fig. 1B and C).
Furthermore, the positively charged N-terminal do-
mains of CBA120 TSP1 and G7C gp63.1 contain a
buried Zn ion situated on the threefold axis [37].
Conservation of the surface properties and the buried
Zn ion in the TSPs of two unrelated phages is rather
remarkable, considering that neither the charge nor
the Zn ion are conserved in CBA120 TSP3 despite
the latter being more similar to TSP1 (70%/82%
sequence identity/similarity) than gp63.1 is to TSP1
(70%/78% sequence identity/similarity) in terms of
their amino acid sequence within this region (the first
166 residues). It is therefore possible that the charge
and the buried Zn ion are a recurring theme in the
assembly of branched TSPs in other G7C-like and
Viunalike phages.
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TSP4 attaches the TSP1-TSP2-TSP3-TSP4
complex to the baseplate

Bioinformatics and the experimental work de-
scribed above make it possible to explain the
organization of TSPs in CBA120 and other Viunalike
phages (Fig. 7E, F, and G). The TSP gene cluster of
CBA120 where each of the four TSPs contains a
predicted enzymatic domain is common among
CBA120 relatives (Fig. 7E). However, there are a
number of phages that contain only three or even
one TSP with a predicted enzymatic domain (e.g.,
LIMEstone 1 with its only ‘full-fledged’ TSP1) (Fig.
7G). TSP3 is missing in several phages, suggesting
that it is dispensable for the assembly and function of
the TSP complex (Fig. 7F). The N-terminal part of
TSP2 appears to be universally conserved, even in
phages with a single putatively enzymatically active
TSP, suggesting that in the CBA120-like TSP
complex, the TSP2-TSP4 interaction is required to
form an off-axis binding site for TSP1 attachment.

The most conserved part of the TSP cluster is the N-
terminal part of TSP4, which contains gp10-like
domains XD1, XD2, and XD3, and an additional 80-
residue extension upstream of the XD1 domain (Figs.
1 and 7E). The latter is likely to be responsible for the
attachment of the entire cluster to the baseplate (Fig.
7D and E). TSP4 can be considered to be a direct
ortholog of T4 gp10 in which the XD4 domain is
missing in some phages or is replaced with an
enzymatically active module (e.g., with a $-helix and
C-terminal sugar-binding domain as in CBA120) (Fig.
7D and E). This supposition makes the organization of
the TSP1-TSP2-TSP3-TSP4 complex in Viunalike
phages analogous to that of the gp10-gp11—gp12 TF
network in T4 because in the T4 baseplate gp12 and
gp11 interact with domains XD2 and XD3 of gp10 and
the whole complex is attached to the baseplate via the
N-terminal domain XD1 of gp10 (Fig. 7E).

Materials and Methods

Cloning

Clontech HiFi DNA polymerase and the primer
pairs listed in Table S1 were used to amplify TSP
genes directly from a pure CBA120 phage sample
(without DNA purification). The amplified fragments
were cloned into the commercial (Novagen) and
homemade vectors (pTSL, Genbank: KU314761
[41] and pEEVa2, a pTSL derivative, Genbank:
MK533800), depending on the requirement of the
experiment. To increase the yield of protein for
crystallization, TSP1, TSP2AN, and TSP4AN carried
a folding and expression enhancer SlyD tag at their
N-termini. The tag was separated from the protein by
a tobacco etch virus (TEV) protease cleavage site.

Protein expression and purification for crystal-
lization

The TSPs were all expressed in E. coli B834 and
purified to homogeneity prior to crystallization accord-
ing to the same purification protocol. Briefly, the LB
medium was inoculated with an overnight culture or
fresh cells from an LB-agar plate. The culture was
grown in an orbital shaker-incubator at 37 °C and
200 rpm until its optical density at 600 nm reached a
value of about 0.6 to 0.8. The culture was cooled on ice
prior to addition of isopropyl p-d-1-thiogalactopyrano-
side (IPTG) to a final concentration of 1 mM to induce
protein expression. The culture was then incubated in
an orbital shaker-incubator at 18 °C and 200 rpm
overnight. The cells were harvested by centrifugation
(15 min at 5000g) and resuspended in lysis buffer
[20 mM Tris—HCI (pH 8.0), 150 mM NaCl] or in buffer
IMAC A (which had the same composition but also
contained 20 mM imidazole), depending on whether
the sample was intended for metal-affinity purification.
The cell suspension was lysed by sonication (the
temperature was maintained below 10 °C during the
lysis), and the cell debris was separated from the
soluble fraction by centrifugation (35,0009 for 20 min).

The overexpressed proteins were affinity purified
using either 5 ml or 10 ml HisTrap HP columns (GE
Healthcare) or a 5-ml StrepTrap HP column (GE
Healthcare) depending on the expression volume and
affinity tag. The proteins were eluted from the HisTrap
resin with a step gradient of imidazole in Buffer IMAC A.
The final concentration of imidazole was 250 mM. The
loading and equilibration buffer for the StrepTrap
chromatography was 50 mM Tris—HCI (pH 8.0),
150 mM NaCl, and the elution buffer contained 5 mM
desthiobiothin. The eluted protein was dialyzed against
a5 mMTris—HCI (pH 8.0) buffer overnightat4 °C. This
step was different for proteins that carried expression
tags that needed to be removed (e.qg., for crystallization
of TSP1, TSP2AN, and TSP4AN). The TEV protease
was added directly to the dialysis bag (the TEV:protein
ratio was 1:50), and the mixture was dialyzed overnight
at room temperature in the following buffer: 1 mM DTT,
0.5 mM EDTA, and 5 mM Tris—HCI (pH 8.0). The
proteins were further purified by ion-exchange chro-
matography (MonoQ 10/100 GL; GE Healthcare) with a
linearly increasing concentration of NaCl [Buffer A:
20 mM Tris—HCI (pH 8.0); Buffer B: 1 M NaCl, 20 mM
Tris—HCI (pH 8.0)]. The final purification step was size
exclusion chromatography (Superdex 200 16/60
HiLoad; GE Healthcare) in 10 mM Tris—HCI (pH 8.0)
and 150 mM NaCl buffer. For crystallization, the
proteins were concentrated to 1020 mg/ml in the gel
filtration buffer and stored at 4 °C.

Selenomethionine proteins were expressed by
following a standard SelenoMet Medium (Molecular
dimensions Limited) protein production protocol and
purified following the procedure developed for the
native protein.
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Protein crystallization and data collection

For each protein, more than 1000 unique crystal-
lization conditions (Jena Biosciences) were
screened using Mosquito robot (TTP Labtech) and
MRC2 plates. Individual hits were further optimized
by a hanging drop method in 24-well plates.
TSP2AN-0O157 O-antigen complex was obtained
by co-crystallization of TSP2AN and highly purified
0157 LPS. TSP2AN was concentrated to high
concentration (37 mg/ml) and incubated with 1%
0157 LPS at 37 °C for 60 min prior to drop setting.
Crystallization conditions are listed in Table S2.

Diffraction data were collected at the PXI and PXII
beamlines at the Swiss Light Source (SLS PSI,
Villigen, Switzerland, Table S2). The data sets were
integrated with XDS [66,67]. The crystallographic
phases were calculated from the single anomalous
diffraction (SAD) experiment [42] using Shelx [68]
and HKL2MAP [69] or using molecular replacement
in Phaser [70]. The electron density maps were
improved by Parrot, and an initial model was build
either by Arp/Warp [71] or Buccaneer [72]. Struc-
tures were refined in the reciprocal space using
Refmac5 [73] from the CCP4 suite [74] or Phenix_-
Refine [75] from the PHENIX suite [76] for later
refinement steps in iteration with real space refine-
ment in COOT [77].

Isolation of 0157 LPS (O-antigen plus the lipid
tail)

A hot aqueous phenol extraction procedure was
used to isolate the LPSs [78,79]. An overnight cell
culture was pelleted by centrifugation (4500 g, 15 min
at 20 °C), resuspended in 1/25th of the initial cell
culture volume of lysis buffer [50 mM Tris—HCI
(pH 8.0), 100 mM NaCl] and lysed by ultrasonic
sonication. Lysozyme, DNase |, and RNase A were
added to this mixture to standard recommended
concentrations, and the sample was incubated at
37 °C for 60 min. Proteinase K was then added, and
the sample was incubated for 60 min at65 °C firstand
then overnight at 37 °C. The sample was mixed with
two volumes of aqueous phenol, vigorously stirred,
and incubated at 70 °C for 30 min. The sample was
cooled down, transferred into a dialysis bag (Visking
Dialysis Tubing, Type 36/32, Serva) without separat-
ing it into water-soluble and phenol fractions, and
dialyzed against tap water until the phenol smell was
gone. The insoluble fraction was separated by
centrifugation (15,000 g, 20 min at4 °C). The soluble
fraction was combined with 10 volumes of 96%
ethanol, NaCl was added to a final concentration of
0.5 M, and the mixture was incubated at —20 °C
overnight. The LPS was pelleted by centrifugation at
15,000gfor20 minat4 °C and dissolved in water, and
the ethanol-NaCl precipitation procedure was repeat-
ed once again with the addition of 10 volumes of

ethanol and NaCl to a final concentration 0.5 M. The
precipitated LPS was dissolved in 1 ml of distilled
water and dialyzed against distilled water overnight.
The purified LPS was lyophilized.

Degradation of the 0157 LPS with TSPs for SDS-
PAGE analysis

The following procedure was used to perform
degradation of the O157 LPS by TSPs and to
analyze the degradation products with the help of
SDS-PAGE. Lyophilized O157 LPS was first dis-
solved in water to obtain a solution with a concen-
tration of 20 mg/ml. The reaction mixture had the
following composition: (1) the buffer used in protein
size exclusion chromatography [10 mM Tris—HCI
(pH 8.0), 150 mM NacCl], (2) the lyophilized LPS at
2 mg/ml and (3) the protein at 5 pg/ml. The mixture
was incubated at 37 °C for 30 min or overnight. The
reaction was stopped by the addition of Laemmli
buffer that was followed by incubation at 95 °C for
5 min. LPS (15 pg) was loaded onto the SDS-PAGE.
The digestion products were visualized by silver
staining (Thermo Fisher Scientific) of 15% SDS-
PAGE.

Purification of O157 O-antigen and digestion
with TSPs for NMR experiments

The O-antigen was separated from the lipid by
boiling LPS samples (~ 100 mg each) with aqueous
2% acetic acid (4 mL, 100 °C, 2 h). The precipitated
fraction was removed by centrifugation (12,000 g,
20 min). The supernatant was fractionated by size
exclusion chromatography on Sephadex G-50 gel
(GE Healthcare) in aqueous 0.1% acetic acid. The
elution was monitored with a UV detector (Waters,
USA) at a wavelength of 206 nm, and the high-
molecular-mass species was selected for further
analysis. Fractions containing O157 O-antigen were
pooled together and lyophilized.

Purified O-antigen samples were dissolved in
50 ml Tris—HCI (pH 8.0) to a final concentration of
1 mg/ml. A TSP protein was added to this solution to
a final concentration of 0.1 mg/ml, and the mixture
was incubated overnight at 37 °C. The protein was
denatured by incubation at 95 °C for 10 min and
cooled to room temperature. The proteins were
further digested with proteinase K (100 pg/ml) at
65 °C for 60 min. The O-antigen degradation prod-
ucts were fractionated by size exclusion chromatog-
raphy on Sephadex G-25 gel in aqueous 0.1% acetic
acid.

NMR spectroscopy
Lyophilized O-antigen samples were dissolved in

99.9% D0, re-lyophilized, and dissolved in 99.95%
D,O. The NMR analysis was performed using a
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Bruker Avance Il 600 MHz spectrometer. The O157
spectra were recorded at 30 °C, whereas the O77
and O78 were analyzed at 40 °C. Sodium 3-
trimethylsilylpropanoate-2,2,3,3-d, (dy 0, 8¢ —1.6)
was used for calibration. Two-dimensional 'H,'H
correlation spectroscopy (COSY), "H,'H total corre-
lation spectroscopy (TOCSY), and "H,"'3C hetero-
nuclear single-quantum coherence (HSQC)
spectroscopy experiments were performed using
standard Bruker software. The Bruker TopSpin 2.1
program was used to acquire and process the NMR
data. A spin-lock time of 100 ms and a mixing time of
150 ms were used in the TOCSY and two-
dimensional Rotating-frame nuclear Overhauser
effect spectroscopy (ROESY) experiments, respec-
tively. A 60-ms delay was used for evolution of long-
range couplings to optimize 'H,'3C heteronuclear
multiple-bond correlation (HMBC) experiments for
coupling constant Jy ¢ 8 Hz.

HR ESI mass spectrometry

HR ESI mass spectrometry was performed in the
negative ion mode using a maXis instrument (Bruker
Daltonics). Oligosaccharide samples (~0.05 mg/ml)
were dissolved in a 1:1 (v/v) water—acetonitrile
mixture and injected with a syringe at a flow rate of
3 pl/min. The capillary entrance voltage was set at
3 kV and the shield voltage at —500 V. Nitrogen was
used as the drying gas, and the interface tempera-
ture was set at 180 °C. The internal calibration was
performed with ESI Calibrant Solution (Agilent).

TSP binding assay

NCTC 12900 O157:H7 E. coli were grown to an
optical density of about 1.0 at 600 nm. A 6-ml
fraction of this cell culture was pelleted by centrifu-
gation (50009, 5 min at 4 °C) and resuspended in
200 pl of 20 mM Tris—HCI (pH 8.0) and 150 mM
NaCl buffer, which contained a TSP and rabbit
muscle phosphorylase P (the loading and negative
binding control protein, Sigma) each at a concentra-
tion of 0.05 mg/ml. The mixture was moved to 37 °C,
and at different time points, the cells were pelleted
down by centrifugation (20,000g for 30 s at room
temperature) and a 30 pl sample of supernatant was
drawn (Fig. 3). These samples were analyzed by 8%
SDS-PAGE and Coomassie stain. A 6% gel was
used for TSP3.

CBA120-TSP infection inhibition assay

Bacteriophage CBA120 was produced and puri-
fied according to the published procedure [34]. The
phage titer was determined by a dilution series and
a titer of 2.5 x 10® PFU/ml was chosen for the
competition experiment. E. coli O157:H7 (NCTC
12900) were grown at 37 °C to an OD600 nm of 0.3

and placed on ice to slow down further growth. A
TSP or BSA at 0.5 mg/ml [in 20 mM Tris—HCI
(pH 8.0), 150 mM NaCl] was added to 100 pl of
this cell suspension to a final concentration of
0.5 mg/ml, and the mixture was incubated at 37C
for 20 min. This suspension (the entire volume)
was then mixed with 10 pl of phage stock and 5 ml
of top agar (that was kept at 42 °C). This
mixture was then poured onto an agar plate and
incubated overnight at 37 °C. The number of
plaques was recorded. The experiment was
performed in triplicate, and a Student's t-test was
then used to evaluate the statistical outcome
(Fig. 8D and E).

TSP complex formation and negative staining
electron microscopy

For complex formation studies, the TSPs were
expressed individually or co-expressed in B21 star
cells (Thermo Scientific). The protein expression
was carried out in 50 ml of LB as described above.
The cells were harvested by centrifugation (5000g
for 10 min at 4 °C). The cell pellet was resuspended
in 5ml of Buffer W [50 mM Tris—HCI (pH 8.0),
150 mM NaCl] and lysed by ultrasonic sonication.
In case of co-expression, TSP complexes were
purified by His- or Strep-tag affinity chromatography
(1 ml HisTrap HP or StrepTrap HP column, GE
Healthcare) followed by size exclusion chromatog-
raphy (Superose 6 10/300 GL GE Healthcare). In
case of separate expression of TSPs, cleared cell
lysates of individually expressed TSPs were mixed
in equal ratios (v/v) and dialyzed overnight into
Buffer W at room temperature. The mixture was
clarified by centrifugation, and TSP complexes were
purified by affinity and size exclusion chromatogra-
phy. In case of sequential complex formation, the
lysate of a new TSP was mixed with the purified
subcomplex, the solution was incubated overnight,
and the new complex was then purified by affinity
and size exclusion chromatography.

The concentration of the purified complexes was
adjusted to approximately 0.02 mg/ml and applied to
200 mesh copper grids with carbon support film
(Electron Microscopy Sciences). The sample was
stained with freshly made 2% uranyl acetate and
imaged on a JEOL 1400 microscope.

Host range studies

Phage infectivity against the S. enterica serovar
Minnesota and E. coli O77 and O78 strains listed in
Table 3 was determined using a procedure similar to
the one published previously [56]. Namely, 10-fold
serial dilutions (up to 10~) of the phage stocks in SM
buffer [0.1 M NaCl, 8 mM MgSQ,4.7H,O, 50 mM
Tris—HCI (pH 7.5)] were prepared. An overnight
culture of strains (100 pl) grown in LB medium at
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37 °C was mixed with 4 ml of molten overlay agar
(LB medium with 0.6% agar), spread on 9 cm LA (LB
with 1.2% agar) plates, and spotted with three drops
(10 pl) of each phage dilution previously prepared.
Following incubation overnight at 37 °C, plaques
were counted and plaque-forming units per milliliter
(pfu/ml) were calculated for each strain. Two
independent replicates of the experiments were
performed.

Accession numbers

Protein structures and associated diffraction data
have been deposited to the Protein Data Bank under
the following accession numbers: TSP2AN, 5W6P;
TSP2AN with O157, 5W6S; TSP3, 5W6F; TSP4AN,
5W6H.
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