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25 Summary

26 Bacteriophage replication requires specific host-

27 recognition. Some siphophages harbour a large com-

28 plex, the baseplate, at the tip of their non-contractile

29 tail. This baseplate holds receptor binding proteins

30 (RBPs) that can recognize the host cell-wall polysac-

31 charide (CWPS) and specifically attach the phage to

32 its host. While most phages possess a dedicated

33 RBP, the phage J-1 that infects Lactobacillus casei

34 seemed to lack one. They have shown that the phage

35 J-1 distal tail protein (Dit) plays a role in host recogni-

36 tion and that its sequence comprises two inserted

37 modules compared with ‘classical’ Dits. The first

38 insertion is similar to carbohydrate-binding modules

39 (CBMs), whereas the second insertion remains undo-

40 cumented. They determined the structure of the sec-

41 ond insertion and found it also similar to several

42 CBMs. They found that expressed insertion CBM2,

43but not CBM1, binds to L. casei cells and neutralize

44phage attachment to the bacterial cell wall and that

45the isolated and purified CWPS of L. casei BL23 pre-

46vents CBM2 attachment to the host. Electron micros-

47copy single particle reconstruction of the J-1 virion

48baseplate revealed that CBM2 is projected at the

49periphery of Dit to optimally bind the CWPS receptor.

50Taken together, these results identify J-1 evolved Dit

51as the phage RBP.

52Introduction

53Replication of viruses requires a prerequisite specific

54host recognition and infection. The large majority of bac-

55teriophages, viruses that infect bacteria, utilize a tail to

56recognize their host and to inject DNA (tailed phages).

57Among them, Siphoviridae are made of a capsid, con-

58taining the DNA, and a long non-contractile tail attached

59to the capsid by the connector. A recent interest has

60occurred for the tail tip that holds the molecular compo-

61nents recognizing the host (Sciara et al., 2010; Veesler

62et al., 2012; Desmyter et al., 2013; Legrand et al.,

632016). These components can form straight tips or large

64organelles named baseplates, by analogy to the corre-

65sponding part of Myoviridae (Kostyuchenko et al., 2003;

66Taylor et al., 2016). The tip or the baseplate contain a

67protein/s that can recognize a bacterial receptor, either

68a protein, carbohydrate or teichoic acid (TA) moiety on

69the cell surface (Mahony et al., 2016). To date, all struc-

70tural analysis of Siphoviridae tails by bioinformatics

71tools, such as HHpred (Soding et al., 2005), or experi-

72mentally using X-ray diffraction, have reported that an

73hexameric protein named Dit (distal tail protein) is

74attached to the last tail hexamer MTP (major tail protein)

75(Sciara et al., 2010; Veesler et al., 2010; Veesler and

76Cambillau, 2011; Veesler et al., 2012; Flayhan et al.,

772014), while, on its other side, Dit binds to a trimeric

78protein named Tal (tail associated lysin) (Sciara et al.,

792010; Goulet et al., 2011; Veesler and Cambillau, 2011),

80homologous to phage T4 gp27 (Kanamaru et al., 2002;

81Kostyuchenko et al., 2003).
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82 In Lactococcus phages belonging to the 936 and

83 P335 groups peripheral antireceptors or receptor binding

84 proteins (RBPs) are present in the baseplate, in addition

85 to Dit and Tal (Spinelli et al., 2006; Veesler and Cambillau,

86 2011; Spinelli et al., 2014). Regardless of sequence dis-

87 similarity, these structural modules are generally con-

88 served. In recent years, evidence has accumulated to

89 indicate that the bacterial receptor for phages infecting

90 Lactococcus lactis is a cell-wall-polysaccharide (CWPs)

91 carbohydrate moiety (Mahony et al., 2013; Ainsworth

92 et al., 2014; Farenc et al., 2014).

93 Less information is available about the host interaction

94 proteins of lactic acid bacteria phages infecting Lactoba-

95 cillus spp. Bacteriophage J-1 was isolated in 1965 dur-

96 ing a failed fermentation of the Japanese beverage

97 Yakult using the strain Lactobacillus casei ‘Shirota’ (Hino

98 Mai, 1965). Phage J-1 belongs to Siphoviridae and can

99 also infect other Lactobacillus casei/paracasei spp.

100 including several commercial strains (Capra et al.,

101 2006). As early as 1971, it was shown that L-rhamnose

102 was probably part of the phage receptor because this

103 sugar blocked J-1 adsorption to its host L. casei-S1 (L.

104 casei ATCC 27139) (Yokokura, 1971). In 2014, after the

105 sequencing of the J-1 genome, (Dieterle et al., 2014b)

106 we annotated gp16 and gp17 as the baseplate proteins

107 Dit and Tal respectively. The structure of Dit was mod-

108 elled on the crystal structure of other Siphoviridae (Diet-

109 erle et al., 2014a). However, two regions of the C-

110 terminus of Dit could not be modelled using this tem-

111 plate, and one showed sequence similarity to

112 carbohydrate-binding modules (CBMs). GFP-Dit fusions

113 specifically bound to Lactobacillus casei/paracasei cells,

114 and the addition of L-rhamnose inhibited binding.

115 Recombinant Dit efficiently inhibits J-1 adsorption to its

116 host, implicating that this ‘evolved’ Dit protein is involved

117 in host recognition (Dieterle et al., 2014a).

118 Because of its location within the baseplate, only a

119 structural role of inert hub has been assigned to Dit

120 (Veesler et al., 2010). However, recent reports indicate

121 the abundance of Dits of different sizes in phage

122 genomes, from classical-length Dits (� 260–300 amino-

123 acids), resembling those from phages SPP1 (Veesler

124 et al., 2010), TP901-1 (Veesler et al., 2012), p2 (Sciara

125 et al., 2010) or T5 (Flayhan et al., 2014), to those of

126 evolved Dits composed of � 450–700 amino-acids (Diet-

127 erle et al., 2014a; Dieterle et al., 2016; Murphy et al.,

128 2016). Furthermore, a HHpred scan among various

129 siphophage genomes infecting different species con-

130 vinced us that evolved Dits are not a curiosity but are as

131 abundant as the classical Dits. In most cases, HHpred

132 could identify in the evolved Dits the insertions as puta-

133 tive CBMs (manuscript in preparation). However,

134 besides our recent contributions, there is no firm indica-

135 tion to date on the functionality of these modules.

136Considering these observations and our interest for the

137model phage J-1, we embarked in the structural and

138functional analysis of phage J-1 Dit insertions.

139Results

140HHpred (Soding et al., 2005) analysis has proved to be a

141powerful tool to identify protein folds in bacteriophages, as

142they assemble modules that span the phage world. The

143phage J-1 Dit protein (gp16) is 679 residues long, much

144longer than the classical Dit type illustrated in structures

145from phages SPP1 (Veesler et al., 2010) and TP901-1

146(Bebeacua et al., 2010; Veesler et al., 2012). Dit proteins

147are assembled in a hexamer that forms a ring with a

14840 Å internal diameter and projects a C-terminal exten-

149sion out of the ring. This extension has been reported to

150be a galectin-like module (Sciara et al., 2010; Veesler

151et al., 2010; Veesler et al., 2012) or an OB-fold domain

152(Flayhan et al., 2014). In contrast, HHpred analysis indi-

153cates that J-1 Dit exhibits two insertions: one just after

154the N-terminal ring domain and the second within a loop

155of the galectin-like domain (Supporting Information Fig.

156S1), a feature also observed in phage PLE3 Dit (Dieterle

157et al., 2016). We defined this insertion-containing Dit as

158evolved Dit (Dieterle et al., 2016). The first insertion in

159phage J-1 Dit (residues 129–322) was unambiguously

160assigned by HHpred to a carbohydrate-binding domain

161(CBM1), with a probability of � 98% (2XOM, 98.3%;

1621GUI, 98.1%) (Supporting Information Fig. S1). However,

163HHpred did not retrieve a significant hit in the PDB for the

164second insertion (residues 368–612). Based on this anal-

165ysis, J-1 evolved Dit differs from classical Dits by two

166insertions containing putative CBM domains (Fig. F11). We

167therefore identified two domains to clone and express: Dit

168CBM1 between residues 129–322 and the putative

169domain of the second insertion (putative CBM2) between

170residues 368–614 (Table T11). Finally, to evaluate binding to

171Lactobacillus cells, we constructed and expressed GFP-

172CBM1 and mCherry-CBM2 fusions.

173Structure of CBM2

174To confirm the nature of the second insertion, we sub-

175jected it to crystallization assays. The CBM2 structure

176was determined to 1.28 Å resolution (Table T22, Support-

177ing Information Fig. S2), and the amino-acid chain was

178traced between residues 10 and 239 (Fig. F22a).

179The structure of CBM2 consists of 18 b2strands and

180several long stretches and loops (Fig. 2a). The core of

181the structure is a b-sandwich of 2 b-sheets gathering 12

182b-strands: b-strands 2, 17, 8, 13, 14 and 15 for the first

183b-sheet, and b-strands 7, 16, 9, 10, 11 and 12 for the
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184 second. This second b-sheet is concave and is covered

185 by other segments of the module (see below).

186 The N- and C-termini form two antiparallel b-strands

187 (strands 1 and 18) that join the module to the rest of the

188 evolved-Dit. Following b-strand 2, an elongated stretch of

189 � 20 residues crosses the concave face of b-sheet 2, turns

190 at the level of b-strand 12, and continues by two short b-

191 strands 3 and 4. After a turn, b-strand 5 extends antiparallel

192 to b-strand 4 and is followed by � 10 residues that form a

193 large unstructured turn. This turn is followed by b-strand 6,

194 antiparallel to b-strand 3, that abuts to b-strand 7 of b-sheet

195 2. Long loops connect b-strands 7–8 and 15–16 and b-

196 strands 10–11, 12–13 and 16–17 (Fig. 2a).

197 We submitted the crystal structure of this module to the

198 DALI server to retrieve possible similar folds from the PDB

199 (Holm et al., 2008). Several dozen hits were returned with

200 Z values above 15 and r.m.s.d. values between 2.5 and

201 3.2 Å (Supporting Information Fig. S3). All hits were

202 carbohydrate-binding modules, mostly lectins. Of particular

203 interest among the most similar folds are an ERGIC-53

204 lectin (Z 5 16.8; r. m. s. d. 2.5 Å; 3wht, 3whu, 3wnx) and

205 an acidic lectin (Z 5 16.3; r. m. s. d. 2.8 Å; 1fay), as they

206 have been co-crystallized with saccharides (mannotriose

207 and methyl-alpha-D-galactose respectively) (Supporting

208 Information Fig. S4a,b). These results confirmed our

209 hypothesis that the second insertion module could belong

210 to a CBM fold. After the superposition of CBM2 and the

211 acidic lectin (PDB entry 1fay), the galactose bound to the

212 acidic lectin was imported into the CBM2 structure, allow-

213 ing the identification of a putative carbohydrate-binding

214domain (Fig. 2c). The saccharide fits nicely into a cavity

215opposite the N- and C-termini, at the extreme end of the

216b-sheet 2 concave surface. This cavity is delineated in

217part by b-sheet 2 and also by the extended stretch of resi-

218dues and the turn crossing the concave surface (Fig. 2b

219and c). A cavity extension is visible near the galactose

220moiety, that accommodates divalent cations in classical

221lectins; in acidic lectins these cations are Ca11 and

222Mg11. However, the residues that bind divalent cations in

223the acidic lectin (mainly acidic residues or main-chain car-

224bonyls) are absent in CBM2; this portion of the cavity is

225mainly bordered by aromatic or aliphatic residues, often

226present in carbohydrate binding-sites and stacking against

227saccharide’s apolar face. Notably, even though J-1 infec-

228tion is strictly dependent on the presence of Ca11

229(10 mM), CBM2 binding to cells is independent of Ca11

230(see below).

231Looking more closely at the putative carbohydrate bind-

232ing site, we noticed features remarkably consistent with a

233bona fide carbohydrate-binding site (Hudson et al., 2015).

234The galactose stacks ring-to-ring against Phe 216, per-

235pendicular to Trp 73, and is at a good hydrogen-bonding

236distance to Gln 219 NH2, Trp 73 NH and the Asn 45 side-

237chain (Fig. 2c, inset). However, it would be hazardous to

238deduce the exact saccharide specificity of CBM2 from this

239model, as the carbohydrate-binding site may change con-

240formation upon ligand binding. Finally, we performed crys-

241tallization assays with the well-expressed CBM1. However,

242despite our efforts, diffraction did not extend beyond 7 Å,

243and the project was abandoned.

Fig. 1. Topological analysis of J-1
Distal Tail Protein (Dit). Topological
model of J-1 Dit showing the
insertion location of putative CBM1
and CBM2. The hexameric Dit is
displayed and the SPP1 Dit
insertions numbering is given (J-1
numbering is 142 and 367
respectively). In one Dit of the
hexamer, insertions are shown and
rainbow coloured.
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244 CBM1 and CBM2 binding assays to the host

245 To complement our previous results regarding Dit

246 binding (Dieterle et al., 2014a), we performed flow

247 cytometry assays and observed a shift between cells

248alone (Fig. F33a, upper graph) and cells in the presence
249of GFP-Dit (below graph and Fig. 3d). Furthermore,
250anti-Dit antibodies inhibited J-1 adsorption to host
251cells in a concentration-dependent manner (Fig. 3b)
252and completely inhibited phage infection (Fig. 3c),

Table 1. Plasmids and primers used in this study.

Plasmid Region (amino-acids) Primers used (50 to 30)

Plic07–CBM1 129–322 of Dit ED104 CGAGAACCTGTACTTCCAATCAATGAAGACGGCTGACAACATGCC
ED105 GGATCCGTATCCACCTTTACTGTTATTAATCCGCTGGGTTAGGTGACCA

Plic07–CBM2 368–614 of Dit ED106 CGAGAACCTGTACTTCCAATCAATGGGCTCTCCCGATGAGACTG
ED107 GGATCCGTATCCACCTTTACTGTTATTATTTGAAGCGGTTAGGAATATCAT

GFP–CBM1 129–322 of Dit ED86 TAGCAGAATTCACGGCTGACAACATGCCATA
ED87 TGAACGAGCTCCTAAGGTACCGCTGGGTTAGGTGACC

mCherry–CBM2 368–614 of Dit ED96 TAGCAGCTAGCATGGTTTCAAAAGGGGAGG CHERRY
ED97 TGAACGGATCCTTTATATAATTCGTCCATGCCAC
ED98 TAGCAGGATCCCCCGATGAGACTGATGGTT CBM2
ED99 TGAACGAGCTCTTAGTCTTTGAAGCGGTTAGG

GFP–Dit Cterminal 129–614 of Dit ED86 TAGCAGAATTCACGGCTGACAACATGCCATA
ED99 TGAACGAGCTCTTAGTCTTTGAAGCGGTTAGG

GFP–Dit 1–679 of Dit Previous work (23)

Fig. 2. Crystal structure of CBM2 and comparison to other CBMs. a. Ribbon representation of the CBM2 X-ray structure, coloured in rainbow
mode, from blue (N-terminus) to red (C-terminus). b. Surface representation of the model of a complex between CBM2 (green) with a
saccharide in its cavity. The saccharide moiety (a-methyl-d-Galactose) belongs to 1fay that has been superimposed onto CBM2. c. Ribbon
representation of the model of a complex between CBM2 (rainbow mode) and a a-methyl-d-Galactose (stick representation) belonging to 1fay
that has been superimposed onto CBM2. The side-chains of CBM2, putatively contacting the saccharide, are represented as sticks in the
main view and in the inset. Their numbering corresponds to that of the deposited PDB. The numbering corresponding to the full-length Dit is
N412 (N45), W440 (W73), F583 (F216) and Q586 (Q219).
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253 corroborating the involvement of Dit in host recogni-

254 tion. Because a fold is not always related to a func-

255 tion, we analysed the role of CBM1 and CBM2 in J-1

256 adhesion and infection. To this end, we used GFP-

257 CBM1 and mCherry-CBM2 and GFP-Dit C-terminal

258 protein fusions in binding assays (Table 1). Fluores-

259 cent cells can be visualized using fluorescence

260 microscopy when the fusion protein binds to the bac-

261 terial envelope. When L. casei subsp. casei ATCC

262 27139 cells were incubated with GFP-Dit C-terminal,

263 cells appeared bright green (Fig. 3e). Similarly, when

264 incubated with mCherry-CBM2, cells were decorated

265 and appeared bright red (Fig. 3g). Conversely, the

266 GFP-CBM1 fusion did not bind to the bacterial surface

267 (Fig. 3f). To ensure that the failure to bind was not

268 due an incorrect fold of CBM1 in the GFP-CBM1 con-

269 struct, we performed additional binding experiments

270 with CBM1, which is presumably folded properly,

271 because of its ability to crystallize. The cells were first

272 incubated with recombinant CBM1, and detection was

273 performed using an anti-Dit polyclonal antibody and a

274 secondary antibody conjugated with a red fluorophore.

275 The binding of CBM1 to the bacterial surface was not

276 detected, but fluorescent cells were easily visualized

277 when performing a control assay of the technique with

278 CBM2 (Fig.F4 4). In agreement with these results,

279 CBM2, but not CBM1, was able to prevent J-1 adsorp-

280 tion to its host in a competition assay (Fig. 3h). It is

281 notable that CBM2 could not exert the level of

282inhibition of the entire Dit protein as previously

283reported, (Dieterle et al., 2014a) suggesting that,

284indeed, the avidity of Dit with six CBM2 far surpasses

285single-domain affinity.

286CBM1 and CBM2 binding assays to the purified cell wall
287polysaccharide

288Phage J-1 can infect its host strain L. casei subsp.

289casei ATCC 27139 and several other Lactobacillus

290casei/paracasei strains. Since, we and others have

291previously reported that rhamnose inhibits J-1 adsorp-

292tion and Dit binding (Yokokura, 1971; Dieterle et al.,

2932014a), we tested CMB2 binding in the presence of

294this sugar. CBM2 could not decorate L. casei subsp.

295casei ATCC 27139 cells in the presence of rhamnose

296(Supporting Information Fig. S5). Recently, the pres-

297ence and structure of a cell wall polysaccharide frac-

298tion in the model L. casei BL23 strain was described

299and all constituent polysaccharides were rich in rham-

300nose (Vinogradov et al., 2016). J-1 can infect L. casei

301BL23, and its efficiency of plating is similar to its host

302strain L. casei subsp. casei ATCC 27139 (data not

303shown). We repeated the described binding assays

304with Dit and CBM fusions using L. casei BL23 cells in

305the absence and presence of isolated CWPS from the

306same strain. All tested fusion proteins, with the excep-

307tion of GFP-CBM1 (data not shown), decorated these

308bacteria (Fig. F55a and b; left panel); binding was

Table 2. Data collection and refinement statistics.

Data collection CBM2 CsI/NaI CBM2 native

PDB – 5LY8
Source ESRF BM14 Soleil PX1
Wavelength (Å) 1.7712 0.953
Space group P 21 21 21 P 21 21 21

Cell (Å), angles (˚) 48.6, 64.4, 74.5/3 x 90.0 49.0, 63.7, 74.5/3 x 90.0
Resolution limitsa (Å) 50.0–1.97 (2.04–1.97) 34.4–1.28 (1.31–1.28)
Rmerge

a 0.061 (0.212) 0.034 (0.432)
CC1/2 99.9 (98.6) 100.0 (93.2)
Unique reflectionsa 15081 (768) 60896 (4359)
N.ano 13028 (664)
Mean((I)/sd(I))a 31.0 (8.8) 28.7 (3.8)
Completenessa (%) 88.2 (46.5) 99.8 (97.6)
Multiplicitya 13.3 (7.5) 7.0 (5.9)
SigAnoa 1.52 (1.3 at 2.3 Å) –
CCano 65 (56 at 2.3 Å) –
REFINEMENT
Resolutiona (Å) 34.4–1.28 (1.31–1.28)
Number of reflectionsa 60732 (4217)
Number of protein/water/ligand atoms 1923/317/2
Number of test set reflections 3037
Rwork/Rfree

a (%) 0.184/0.198 (0.203/0.217)
r.m.s.d. bonds (Å)/angles (˚) 0.012/1.21
B-wilson/B-average 14.0/20.4
Ramachandran: preferred/allowed/outliers (%) 97.5/2.5/0

a. Numbers in brackets refer to the highest resolution bin.
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309 inhibited in the presence of the CWPS (Fig. 5a and b;

310 right panel). In addition, the CWPS of L. casei BL23

311 inhibited Dit and CBM2 binding to L. casei subsp.

312 casei ATCC 27139 cells (Fig. 5c and d; right panel).

313Electron microscopy structure of the baseplate

314Considering the location of Dit in the genome, its homol-

315ogy to other phage proteins and our previous results,

316(Dieterle et al., 2014a) we expected it to localize to the

Fig. 3. Binding assays of phage J-1 Dit (gp16), CBM1 and CBM2 to the host L. casei subsp. casei ATCC 27139. a. Flow cytometry assays
showing GFP-Dit binding to the host. The panel shows the shift between cells alone (upper graph) and cells in the presence of Dit protein (below
graph), the intensity of fluorescence is plotted against light side scatter. b. Inhibition of the adsorption of phage J-1 to its host using increasing
concentration of anti-Dit antibodies. c. Growth kinetics of the host strain determined by OD600nm for a culture containing 1 3 103 PFU ml21 and the
indicated amounts of anti-Dit antibodies over 18 hours at 37˚C. d–g. Recombinant proteins GFP-Dit (d), GFP-C term (e), GFP-CBM1 (f) and
mCherry-CBM2 (g) were incubated with Lactobacillus casei subsp. casei ATCC 27139. Cells were visualized using phase-contrast microscopy
(right image) and fluorescence microscopy (left image). Magnification 10003. h. Adsorption inhibition was determined when L. casei subsp. casei
ATCC 27139 cell walls were incubated with increasing amounts of CBM1 domain (grey bars) or CBM2 domain (striped bars), followed by
adsorption assays using phage J-1. The error bars represent standard deviations from experiments performed in triplicate.
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317 baseplate at the tip of the phage tail. Transmission elec-

318 tron microscopy (TEM) of the phage incubated with spe-

319 cific primary antibodies was performed. A secondary

320 gold-labelled antibody allowed determination of the loca-

321 tion of Dit at the very tip of the phage tail, with more

322 than one copy per phage particle (Fig.F6 6a and b).

323 Knowing that CBM2 binds to host cells, we wondered

324 about its exact location in the baseplate. To answer this

325 question, we investigated the structure of the phage J-1

326 virion using negative-staining transmission electron

327 microscopy. The baseplate structure was easily recog-

328 nizable at the end of the tail, followed by a long exten-

329 sion of the Tal protein (Fig. 6a). We collected 200

330 images and boxed 865 particles of the baseplate; we

331 then determined the baseplate structure at 20 Å resolu-

332 tion. (Fig. 6c–e). Based on our HHpred analysis, we fit

333 as a block with Chimera (Pettersen et al., 2004) the X-

334 ray structure of Dit and Tal of phage p2 (Sciara et al.,

335 2010), in which the galectin domain extension (‘arm and

336 hand’) was deleted. This ensemble provides the ‘classi-

337 cal’ part of J-1 Dit and the N-terminal (T4 gp27-like)

338 domain of its Tal (Fig. 6c–e, blue). We then calculated

339 the difference in volume between the experimental EM

340 map (without the tail part) and the p2 Dit/Tal model. We

341 identified two series of 6 EM density bulbs that we

342 assigned to both CBM domains. The first group of EM

343 densities, located at the extremity of the galectin

344 domains, could be unequivocally ascribed to CBM2

345 based on its position in the Dit sequence (Fig. 6c–e;

346 green). Notably, this EM density is faint compared with

347 the size of CBM2, most likely due to its mobility. The

348 second group of EM densities is located between the

349galectin domains against the ring domain of Dit (Veesler

350et al., 2010). We assigned this density to CBM1 due to

351its position in the Dit sequence at the junction between

352the Dit ring and the galectin domains (Fig 6c–e; red).

353We placed the two series of CBM1 and CBM2 struc-

354tures manually into the difference EM density using Chi-

355mera (Pettersen et al., 2004). Based on the above

356described hybrid model, we measured the baseplate as

357� 125–210 Å wide and � 110 Å high. Notably, the Tal

358spike extension beyond the 400 first residues (Fig. 6a,

359right) was averaged out due to its flexibility and is, there-

360fore, not visible in the structure aside from a small bulb

361of density at its base.

362Discussion

363We reported earlier that the expressed Dit of phage J-1,

364infecting Lactobacillus casei BL23, was able to bind to

365the host and to prevent infection. Two insertions in two

366positions of the Dit sequence suggested that extra

367domains could be present in J-1 Dit, as compared with

368classical Dits. Sequence comparison and HHpred

369revealed that the first one was related to a carbohydrate

370binding domain (CBM1), while the nature of the second

371one remained unknown. This allowed identification of

372the borders of both domains that were cloned and

373expressed in Escherichia coli. Both were expressed in a

374soluble form and could be isolated as a unique form by

375gel filtration. We then confirmed the nature of the sec-

376ond insertion. To this end, we subjected it to crystalliza-

377tion assays, collected a X-ray data set and determined

Fig. 4. Immunofluorescence
binding assay. Recombinant
CBM1 (upper panels) and CBM2
protein (lower panels) was
challenged with Lactobacillus
casei subsp. casei ATCC 27139,
and binding was detected using a
polyclonal antibody against Dit
and a secondary antibody
conjugated with a red fluorophore.
Cells were visualized using
phase-contrast microscopy (right
image) and fluorescence
microscopy (left image).
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378 the structure to 1.28 Å resolution. This crystal structure

379 allowed to identify the second insertion as a carbohy-

380 drate binding domain, CBM2. Comparison with similar

381 structures in the PDB made it possible to locate the sac-

382 charide binding site.

383 We then constructed and expressed GFP-CBM1 and

384 mCherry-CBM2 fusions of CBM1 and CBM2 domains in

385 view to evaluate their binding to Lactobacillus cells.

386 Rather surprisingly, only CBM2 but not CBM1 was able

387 to bind to the host cells, and prevent J-1 adsorption to

388 its host in a competition assay. The good in vitro behav-

389 iour of CBM1, its ability to crystallize (although diffract-

390 ing at low resolution) and immunofluorescence assay, all

391 suggest that CBM1 is properly folded, but is unable to

392bind to the host. As compared with Dit, CBM2 could not

393exert the same level of inhibition of phage adsorption to

394its host. Indeed, the Dit hexamer with six CBM2 has by

395far a larger affinity than a single-domain (avidity). Our

396previous analysis (Dieterle et al., 2014a) indicates that

397CBM1 is variable among the Lactobacillus phages so

398we cannot discard that this fold could be functional in

399other phage-host systems.

400Interestingly, the structure of the cell wall polysaccha-

401ride (CWPS) covering the Lactobacillus casei BL23 host

402was recently isolated and purified, and its structure

403determined (Vinogradov et al., 2016). We used this puri-

404fied complex polysaccharide to check if the only active

405module, CBM2, could bind to it. To this end, we

Fig. 5. Influence of purified L. casei CWPS on CBMs and phage binding. Repeating unit of the L. casei BL23 cell-wall polysaccharide
(Vinogradov et al., 2016). Components in italic are non-stoichiometrical (above). a–d. Binding of J-1 GFP-Dit (a, c) or mCherry-CBM2 (b, d) to
L casei BL23 (a, b) or L. casei subsp. casei ATCC 27139 (c, d) was evaluated in the absence (left panels) or presence (right panels) of
CWPS from L. casei BL23.
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406 decorated the host cells with mCherry-CBM2 fusion, in

407 the presence or absence of CWPS. CBM2 (and Dit)

408 binding to the L. casei subsp. casei BL23 and L. casei

409 subsp. casei ATCC 27139 cells was inhibited in the

410 presence of CWPS.

411 Finally, we determined the negatively stained electron

412 microscopy structure of the tail tip of phage J-1, assem-

413 bling the MTP, Dit and Tal modules. Using homologous

414 modules of known structures and CBM2, we propose a

415 complete model of the phage J-1 baseplate fit into its

416 EM map. We determined that CBM2 is pointing out of

417 the J-1 baseplate, fully available for efficient interaction

418 with the host CWPS.

419 All in all, our results suggest that Dit CBM2 is a bona

420 fide receptor binding protein of phage J-1. We suggest

421 that such Dit inserted CBM domains – putative receptor

422 binding protein – exist in other species of the sipho-

423 phage world. To support this hypothesis, we recently

424 reported the presence of putative CBMs in Lactobacillus

425 phage PLE3 (Dieterle et al., 2016). Furthermore, in a

426 recent study involving 38 lactococcal phage genomes

427 from the 936 group, 16 Dits showed a length compatible

428 with an evolved Dit type (� 450 residues or more)

429 (Murphy et al., 2016). As an example, we analysed the

430 phage PhiM1127 Dit that has a sequence of 492 resi-

431 dues. This exhibits an insertion between residues 132

432 and 241, and HHpred identifies it to BppA, an accessory

433CBM of lactococcal phage Tuc2009 (Legrand et al.,

4342016) (Fig. F77a). Other examples of insertions in Dit have

435been reported in the lactococcal phage group P335

436(Mahony et al., 2017) (e.g., phage C4143) (Fig. 7b).

437Taken together, the present results of our analysis of

438phage J-1 infecting Lactobacillus casei BL23 clearly

439show that its evolved Dit CBM2 is a functional bona fide

440receptor-binding protein. Considering the abundance of

441long evolved Dits in the siphophage world, this result

442introduces a drastic paradigm shift concerning the Dit

443proteins: evolved Dits should be considered (and investi-

444gated) as ‘active’ proteins toward the host, and not pas-

445sive hubs. They may serve as unique RBPs or as

446associated recognition modules involved in the host

447adhesion process.

448Experimental procedures

449Strains, bacteriophages and growth conditions

450Lactobacillus paracasei subsp. paracasei ATCC 27139 was
451grown in MRS medium (Difco, USA) at 37˚C under static
452conditions. Escherichia coli DH5a was used for cloning,
453and E. coli BL21(DE3) pLysS (Invitrogen, USA) was used
454for protein expression. E. coli strains were grown in LB
455broth or Terrific Broth (Difco, USA) at 37˚C under moderate
456shaking. When appropriate, antibiotics were added at the

Fig. 6. Negative staining electron microscopy single particle reconstruction of J-1 virion baseplate. a. View of phage J-1 virion (left) and its
tail tip with the baseplate boxed in red (right, above) and the baseplate and Tal tip evidenced in blue (right, below). b. Immunolabelling of
virion Dit protein. c. View of tail segments with the baseplate comprising Dit and Tal N-terminus. d. Lateral view of the baseplate with
dimensions. e. Bottom view of the baseplate with dimensions. (c–e) Dit core and Tal are blue; CBM2 is green; and 2xom, a topological model
of CBM1, is red.
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457 following concentrations: kanamycin, 30 mg ml21 (Sigma,
458 USA); chloramphenicol, 34 mg ml21 (Sigma, USA).
459 Lactobacillus phage J-1 was propagated on L. casei
460 subsp. casei ATCC 27139. Bacteriophage stocks were
461 stored at 4˚C in phage buffer (20mM Tris-HCl, 100 mM
462 NaCl and 10 mM MgSO4).

463 Cloning procedures

464 All primers used were salt-free and purchased from Euro-
465 fins MWG Operon. Sequences were amplified from Lacto-
466 bacillus phage J-1 genome using primers detailed in Table
467 1. Sequences were cloned into the pLIC07 vector (kindly
468 provided by BioXtal; unpublished work) or pET28-GFP
469 (Dieterle et al., 2014a) or pET28-mCherry (This work). The
470 pLIC07 vector was designed for ligation-independent clon-
471 ing (Aslanidis and de Jong, 1990) and is a derivative of the
472 pET-28a1 expression vector (Novagen) in which a cassette
473 coding for a 63 His tag, Trx gene and a Tobacco etch virus
474 (TEV) protease-cleavage site followed by the suicide gene
475 sacB. A restriction free protocol (Unger et al., 2010) was
476 used to construct plasmids plic07 CBM1, plic07 CBM2
477 (Table 1).
478 For fluorescence microscopy assays, CBM1, CBM2 and
479 Dit-Cterminal PCR products were digested with EcoRI/SacI
480 (CBM1), BamHI/SacI (CBM2), EcoRI/SacI (Dit Cterminal)
481 and cloned into pET28b GFP or pET28b mCherry. Plas-
482 mids were named GFP-CBM1, mCherry-CBM2, GFP-Dit
483 CTerminal.

484 Protein expression

485 Recombinant plasmids were transformed in E. coli BL21
486 (DE3)pLysS (Novagen) or T7 Express Iq pLysS (New Eng-
487 land Biolabs) strains. Cells were grown at 37˚C in Terrific
488 Broth or minimal medium until the OD600nm reached 0.6,
489 after which protein expression was induced with 1 mM

490IPTG overnight at 17˚C. The cells were harvested by cen-
491trifugation (4000g for 10 min) and the pellet was homoge-
492nized and frozen in lysis buffer [50 mM Tris pH 8.0,
493300 mM NaCl, 10 mM imidazole, 0.1mg ml21 lysozyme,
4941 mM phenylmethylsulfonyl fluoride (PMSF)]. After thawing,
495DNAse I (20 mg ml21) and MgSO4 (1 mM) were added and
496the cells were lysed by sonication. The pellet and soluble
497fractions were separated by centrifugation (16,000g for 30
498min). Purification was performed on an €AKTA FPLC system
499following an immobilized metal ion-affinity chromatography
500using a 5 ml HisTrap Crude (GE Healthcare) Ni21-chelating
501column equilibrated in buffer A (50 mM Tris pH 8.0,
502300 mM NaCl, 10 mM imidazole). The proteins were eluted
503with buffer B (buffer A supplemented with 250 mM imidaz-
504ole). After desalting and when it was necessary, a tev pro-
505tease cleavage was performed (1:20 tev protease: protein)
506and a second Ni21–NTA column chromatography was done
507followed by a preparative HiLoad 16/60 Superdex 75 pg or
508Superose 6 HR16/60 equilibrated in 10 mM HEPES pH 7.5,
509100 mM NaCl or 10 mM HEPES pH 7.5 300 mM NaCl. For
510crystallization trials, the purified domains were concentrated
511by centrifugation in the same buffer as used for size-
512exclusion chromatography using an Amicon 10–100 kDa
513cut-off.

514Immunolabelling

515Purified phage preparation was dialyzed for 20 minutes
516against TGB buffer [200 mM Tris, 500 mM glycine, 1% (vol/
517vol) butanol pH 7.5] using Novagen D-tube TM dialyzer
518MWCO 3.5 kDa. Dialyzed phages were put over a Ni glow
519discharged grid for 20 seconds and then were incubated
520overnight (20˚C) with primary antibody solution (anti-GFP
521Dit), which were diluted 1/2000 in TGB buffer. Afterward,
522the grid was washed in TGB and incubated for 1 hour in a
523dilution 1:40 of the secondary antibody solution (goat
524anti-mouse immunoglobulin G 5 nm Gold conjugate solu-
525tion-Sigma-Aldrich). Then fixation was done using 0.25%

Fig. 7. HHpred plots of lactococcal Distal Tail Proteins. a. Dit protein from phage PhiM1127 belonging to lactococcal group 936 (Murphy
et al., 2016). b. Dit protein from phage C4143 belonging to lactococcal group P335 (Mahony et al., 2017).
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526 (vol/vol) glutaraldehyde for 20 min in phosphate-buffered
527 saline buffer at RT. The grid was washed and blotted five
528 times in filtered dialyzed water. Finally, the samples were
529 stained with 2% phosphotungstic acid (pH 7.0) for about 30
530 sec and were observed using a Tecnai Spirit electron
531 microscope operated at 120 kV and a 2000- by 2000-pixel
532 CCD camera. Antibodies against the recombinant purified
533 GFP-Dit were raised in mice by Hebe Perez in Argentina.

534 Inhibition of adsorption assays and anti-Dit antibody
535 neutralization capacity

536 The inhibition of adsorption assay was done as described
537 before (Dieterle et al., 2014a). In brief, 50 ml of cell walls
538 (100 mg) were incubated with 50 ml of buffer (control),
539 CBM1 or CBM2 at different concentrations at room temper-
540 ature for 20 min. Then, 50 ml of phage was added (1 3 105

541 PFU). The mixture was incubated at 37˚C for 1 h, and cell
542 walls were removed by centrifugation at 3200g for 10 min.
543 The unabsorbed phage in the supernatant was measured
544 using the double agar method.
545 Bacteriophages (1 3 105 PFU) were challenged against
546 anti-Dit antibodies for 20 minutes. Then, 100 ml of L. casei
547 subsp. casei ATCC 27139 (1 3 108CFU) was added. Same
548 protocol as described above was followed. For the liquid
549 assay, bacteriophages (1 3 103 UFP ml21) were incubated
550 with anti-Dit antibodies at different concentrations (dilutions
551 1:200 to 1:3200) for 20 minutes in 20 ml of MRS broth.
552 Then, 1% of an ON cell culture and 10 mM of CaCl2 were
553 added to each sample. Controls without phages and without
554 antibodies were run in parallel.

555 Fluorescence binding assays

556 Cell binding assays using purified CBMs (GFP-CBM1,
557 mCherry-CBM2, GFP-Dit Cterminal) domains and GFP-Dit
558 were carried out as described before (Dieterle et al.,
559 2014a) with some modifications. Briefly, 0.3 ml of exponen-
560 tially growing bacterial cells were centrifuged and resus-
561 pended in 100 ml of modified phage buffer (MPB) (50 mM
562 Tris-HCl, 100 mM NaCl, 0.1% Tween 20, 10 mM CaCl2)
563 and incubated with 2 mg of protein fusions for 20 min at
564 room temperature. Cells were washed three times with
565 phosphate-buffered saline (PBS) buffer, and binding to the
566 bacterial cells was detected by fluorescence microscopy
567 (Axiostar Plus; Carl Zeiss) with a 10033 objective with oil
568 immersion and phase contrast. When binding was tested in
569 the presence of CWPS, GFP-Dit or mCherry-CBM2 was
570 pre-incubated with 300 mg of CWPS for 30 min at room
571 temperature, and the protocol was followed as described
572 above. CWPS were purified as described in Vinogradov
573 et al. (2016). For sugar binding inhibition, same protocol as
574 described in Dieterle et al. (2014a) was followed.

575 Immunofluorescence assays

576 About 0.5 ml of exponentially growing bacterial cells culture
577 of L. casei subsp. casei ATCC 27139 was washed three
578 times with PBS. Cells were resuspended on 50 ml of PBS

579and 3 mg of protein was added (CBM1, CBM2 or negative
580control) and it was incubated for 30 min at room tempera-
581ture. Cells were washed three times with PBS and anti Dit
582antibody (1/200) was added for an hour. Cells were washed
583three times with PBS and a dilution of 1/200 goat anti
584mouse IgG Alexa Fluor-647 (Life Technologies) was added
585for an hour. Cells were washed three times with PBS and
586resuspended in 30 ll of PBS before inspection by fluores-
587cence microscopy.

588Flow cytometry

589Same protocol as described above in fluorescence binding
590assay was used with some modification. After washing the
591cells with MPB, 50 ml of cells were incubated with 2 mg of
592GFP-Dit or without it for 30 min at room temperature. The
593mixture was washed three times with PBS and resus-
594pended in 250 ml of PBS with approximately 1 3 106 cells.
595Cells were analysed by BD FACSAria II flow cytometer to a
596488-nm light source. The bacterial populations first were
597gated based on their SSC and FSC profiles and were rec-
598ognized by sampling a blank PBS solution in parallel and
59910,000 events were recorded in each experiment. Fluores-
600cent and nonfluorescent cells within the gated population
601were discriminated based on fluorescent intensity (GFP-H).
602BD FACSAria software (BD FACSDiva, firmware version
6036.1.3) was used for data acquisition, and FlowJo v10 soft-
604ware was used for subsequent analysis.

605Crystallization and structure determination of the CBM
606modules

607Crystallization of CBM2 was achieved using protein at 8 mg
608ml21 in 0.8–1.2 M sodium citrate as precipitant with 10 mM
609sodium borate at pH 8.9–9.7. A crystal of CBM2 was
610soaked with CsI/NaI and a data set was collected at ESRF
611BM14 beamline (ESRF, Grenoble, France) on a MAR 225
612CCD detector at 100K. Diffraction images were processed
613and scaled with the HKL2000 (Denzo and Scalepack) pack-
614age (Otwinowski, 1993). A dataset of 360˚ was collected on
615a single CsI/NaI crystal derivative at 1.7712 Å X-ray wave-
616length up to 1.7 Å resolution (Table 2). The heavy atom
617substructure was obtained with the SHELXC/D/E (Shel-
618drick, 2008)software suite using the HKL2MAP graphical
619interface (Pape and Schneider, 2004). This substructure
620was subsequently refined and used for phases calculation
621with Phenix AutoSol package (Adams et al., 2010). Phases
622improvement and extension by density modification, pro-
623duced readily interpretable maps that allowed building the
624whole CBM2 model. Inspection of electron density maps
625and model adjustment and rebuilding were performed using
626COOT (Emsley et al., 2010) alternating with autoBUSTER
627model refinements (Blanc et al., 2004). A 1.28 Å resolution
628native dataset was then collected at Proxima 1 beamline
629(Soleil, France) on a DECTRIS Quantum 6 detector at
630100K. Diffraction images were processed and scaled with
631the XDS/XSCALE package (Kabsch, 2010) (Table 2). The
632CsI/NaI derivative model was used for molecular replace-
633ment with Molrep (Vagin and Teplyakov, 2010). The model
634was corrected manually using COOT (Emsley et al., 2010)
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635 alternating with autoBUSTER refinements (Blanc et al.,
636 2004) (Table 2). The atomic coordinates and structure fac-
637 tors have been deposited in the Protein Data Bank, www.
638 pdb.org (PDB ID code 5LY8).

639 Electron microscopy negative straining structures of the
640 virion’s baseplate

641 About 6 ml of a purified J-1 virus (1010 PFU ml21) were
642 deposited onto a glow-discharged carbon-coated grid and
643 incubated for one minute. Sample excess was blotted off,
644 rinsed twice with water and stained with 10 ll of 1% uranyl
645 acetate for 30 sec. Micrographs (200) were recorded on a
646 2K 3 2K FEI Eagle CCD camera using a Tecnai Spirit elec-
647 tron microscope operated at 120 kV and a magnification of
648 110,0003 (resulting in a pixel size of 4.83 Å/pixel). The
649 three-dimensional reconstruction was produced using a sin-
650 gle particle procedure and the XMIPP software package
651 (Sorzano et al., 2004). A total of 865 particles were man-
652 ually boxed around the baseplate and subjected to maxi-
653 mum likelihood (ML) classification and alignment
654 implemented in Xmipp (Scheres et al., 2008), imposing a 6-
655 fold symmetry. The initial volume was determined using a
656 random sample consensus (RANSAC) approach (De la
657 Rosa-Trevin et al., 2013) with three 2D classes (Supporting
658 Information Fig. S6a). The resolution of the final volume
659 was estimated at 20 Å using the Fourier Shell Correlation
660 0.5 criterion (Supporting Information Fig. S6b). The EM
661 map reported in this article has been deposited in the
662 EMDataBank database, www.emdatabank.org (accession
663 number EMD-4150).
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