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Abstract 17 

Although more than 12,000 bacteriophages infecting mycobacteria (or mycobacteriophages) have been 18 

isolated so far, there is a knowledge gap on their structure-function relationships. Here, we have explored 19 

the architecture of host-binding machineries from seven representative mycobacteriophages of the 20 

Siphoviridae family infecting Mycobacterium smegmatis, Mycobacterium abscessus and Mycobacterium 21 

tuberculosis, using AlphaFold2 (AF2). AF2 enables confident structural analyses of large and flexible 22 

biological assemblies resistant to experimental methods, thereby opening new avenues to shed light on 23 

phage structure and function. Our results highlight the modularity and structural diversity of siphophage 24 

host-binding machineries that recognize host-specific receptors at the onset of viral infection. Interestingly, 25 

the studied mycobacteriophages’ host-binding machineries present unique features as compared with those 26 

of phages infecting other Gram-positive actinobacteria. Although they all assemble the classical Dit (Distal 27 

tail), Tal (Tail-associated lysin) and receptor-binding proteins, five of them contain two potential additional 28 

adhesion proteins. Moreover, we have identified brush-like domains formed of multiple polyglycine 29 

helices, which expose hydrophobic residues, as potential receptor-binding domains. These polyglycine-rich 30 

domains, which have been observed in only five native proteins, may be a hallmark of mycobacteriophages’ 31 

host-binding machineries, and more common in nature than expected. Altogether, the unique composition 32 

of mycobacteriophages’ host-binding machineries indicate they might have evolved to bind to the peculiar 33 

mycobacterial cell envelope rich in polysaccharides and mycolic acids. This work provides a rational 34 

framework to efficiently produce recombinant proteins or protein domains and test their host-binding 35 

function, and hence to shed light on molecular mechanisms used by mycobacteriophages to infect their 36 

host.  37 

 38 

Importance 39 

Mycobacteria include both saprophytes, such as the model system Mycobacterium smegmatis, and 40 

pathogens, such as Mycobacterium tuberculosis and Mycobacterium abscessus that are poorly responsive 41 

to antibiotic treatments and pose a global public health problem. Mycobacteriophages have been collected 42 

at a very large scale over the last decade, and they have proven to be valuable tools for mycobacteria genetic 43 

manipulation, rapid diagnostics and infection treatment. Yet, molecular mechanisms used by 44 

mycobacteriophages to infect their host remain poorly understood. Therefore, exploring the structural 45 

diversity of mycobacteriophages’ host-binding machineries is important not only to better understand viral 46 

diversity and bacteriophage-host interactions, but also to rationally develop biotechnological tools. With 47 

the powerful protein structure prediction software AlphaFold2, which was publicly released a year ago, it 48 

is now possible to get structural and functional insights on such challenging assemblies. 49 

 50 
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Introduction 51 

Mycobacteria are members of the Gram-positive Actinobacteria phylum ubiquitously found in terrestrial 52 

and aquatic ecosystems (1, 2). They include both saprophytes, such as the model system Mycobacterium 53 

smegmatis, and pathogens, such as Mycobacterium tuberculosis and Mycobacterium abscessus that are 54 

poorly responsive to antibiotic treatments and pose a global public health problem (3). One of the 55 

distinguishing features of Mycobacteria is their thick, waxy cell wall rich in mycolic acids that gives them 56 

many of their biological properties and acts as a protective barrier against harsh environmental conditions 57 

(4, 5). Viruses that infect mycobacteria, or mycobacteriophages, have been collected at a very large scale 58 

over the last decade thanks to the work of phage hunters enrolled in integrated research-education programs 59 

such as SEA-PHAGES (Science Education Alliance Phage Hunters Advancing Genomics and Evolutionary 60 

Sciences) (6). To date, more than 12, 000 mycobacteriophages have been identified and over 2,000 genomes 61 

have been sequenced, representing more than half of phages and genomic sequences available on 62 

Actinobacteriophages (https://phagesdb.org/, as for September 2022, (7)). Based on their remarkable 63 

genomic diversity, mycobacteriophages are classified into 31 clusters (clusters A-Z and AA-AE), further 64 

divided into subclusters, and 7 singletons (phages with no other close relatives) (8). This substantial 65 

collection of mycobacteriophages is highly valuable to better understand phage diversity and evolution, 66 

phage-host interactions, and to develop phage-based strategies to detect and treat mycobacterial infections 67 

(9–13). Yet, molecular mechanisms of mycobacteriophage infections are poorly understood. In particular, 68 

the architecture of mycobacteriophages’ host-binding machineries and their mode of action to bind to the 69 

host cell surface at the onset of viral infection are not known. 70 

While only one paper reports low-resolution structural data of the host-binding machinery of the M. 71 

abscessus siphophage Araucaria (14), many structural and functional analyses of host-binding machineries 72 

from siphophages infecting other Gram-positive bacteria have revealed molecular bases of their 73 

architecture and function (15–24). These machineries assemble an hexameric ring of the Dit protein (distal 74 

tail protein) bound to the last ring of major tail protein (MTP) and to a trimer of Tal (tail-associated lysin). 75 

Dit proteins are made up of a N-terminal domain, the fold of which is conserved in tail proteins such as 76 

MTP, head-to-tail joining proteins, and Dit of Siphoviridae, Myoviridae and phage tail-like system (23–77 

28), and a C-terminal galectin domain (for an example see Fig. 2 DS6A). The Dit N-terminal domain is 78 

referred to as the belt domain because of its canonical belt loop assembling the ring. Tal proteins are 79 

composed of a N-terminal structural domain of ~350-400 residues, similar to the myophage T4 gp27 protein 80 

(29) (for an example see Fig. 3 Abinghost), that can be followed by a C-terminal extension of 1,000 to 81 

2,000 residues (18, 19, 30). This extension is believed to play a role in cell wall 82 

polysaccharide/peptidoglycan degradation, e.g. the Lactococcus lactis P335 phage TP901-1 (31), or host 83 

binding, e.g. the Bacillus subtilis and Escherichia coli phages SPP1 and T5 (32, 33). This Dit-Tal common 84 
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core may be decorated by receptor-binding proteins (RBP) and other proteins resulting in a variety of host-85 

binding machinery compositions and architectures. Moreover, Dit and Tal can be functionalized with 86 

carbohydrate-binding modules, involved in host cell surface polysaccharide binding, and lysin domains 87 

(16, 18, 19, 34, 35). In particular, the Tal C-terminal extensions of Streptococcus thermophilus and 88 

Oenococcus oeni phages contain one to five carbohydrate-binding modules (CBM). However, even though 89 

siphophages’ host-binding machineries share common structural and functional domains, their 90 

compositional and architectural diversity leads to different host-binding mechanisms. 91 

Since host-binding machineries bind to host-specific cell surface components, we reasoned that those of 92 

mycobacteriophages might differ from those of previously-mentioned phages. Therefore, in order to get 93 

structural insights into mycobacteriophages’ host-binding machineries, we have performed AlphaFold2 94 

(AF2) structure predictions of seven representative siphophages infecting M. smegmatis, M. abscessus and 95 

M. tuberculosis. AF2 overcomes bottlenecks of other structure prediction methods such as HHpred (36) 96 

and I-TASSER (37) that rely on the presence of structural homologs in the Protein Data Bank (PDB), and 97 

produces 3D structures of full-length proteins, multimeric assemblies and protein-protein complexes that 98 

equally well compare with experimental structures when AF2 confidence scores are carefully considered 99 

(38–41). It therefore positions as a powerful technique providing reliable structural information on flexible 100 

and multi-domains proteins that cannot be otherwise analysed using experimental techniques such as X-ray 101 

crystallography and cryo-electron microscopy (18, 19, 30). We have predicted the structures of Dits and 102 

Tals, and of potential RBPs and additional adhesion proteins assembling these machineries. Interestingly, 103 

these mycobacteriophage proteins share common features with those of other Gram-positive-infecting 104 

siphophages, such as the presence of CBMs, and also present unique features. In particular, brush-like 105 

polyglycine-rich domains with surface-exposed hydrophobic residues are present in potential RBPs and/or 106 

additional adhesion proteins, and could be involved in the recognition and binding of the mycobacterial 107 

cell wall. All in all, these mycobacteriophage protein structures confirm the mosaic and versatile nature of 108 

phage host-binding machineries evolved to bind to a specific host and to initiate the viral infection cycle.  109 

 110 

 111 

Results 112 

We have selected seven mycobacteriophages that belong to different genomic clusters, infect different 113 

Mycobacterium species, and assemble host-binding machineries of different composition (Fig. 1A). 114 

Abinghost, Badfish, Butters and Wildcat infect M. smegmatis and belong to different clusters (clusters N 115 

and V for Butters and Wildcat, respectively) and subclusters (subclusters B1 and B3 for Badfish and 116 

Abinghost, respectively). Isca infects M. abscessus and belongs to the Subcluster A3. Araucaria also infects 117 

M. abscessus but it has not been assigned to a cluster yet. Lastly, DS6A infects M. tuberculosis and is a 118 
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singleton. Genes coding for proteins assembling siphophage host-binding machineries are, in most cases, 119 

comprised in sequence between the long tmp (gene coding for the tape measure protein that defines the 120 

length of the tail) and the holin/lysin cassette (42). Genome analyses in between the tmp and the first lysin 121 

of these phages have revealed different compositions of their host-binding machineries (Fig. 1B). Of note, 122 

lysin A and lysin B in Isca correspond to ORFs 9 and 10 upstream the tmp. We have found that three to five 123 

proteins of more than 150 residues assemble mycobacteriophages’ host-binding machineries including Dit, 124 

Tal, potential RBP and potential additional adhesion proteins (Fig. 1A and B). 125 

 126 

Predicted structures of Dits 127 

The Dit size of the seven analysed mycobacteriophages varies from 323 residues for the shortest (DS6A) 128 

to 573 residues for the longest (Butters) (Fig. 1A). The Dit of DS6A is a classical Dit containing only the 129 

belt and galectin domains (Fig. 2). However, the galectin loops are slightly longer than those of Dit from 130 

siphophages infecting the lactic acid bacteria (LAB) L. lactis, S. thermophilus, and O. oeni (18, 19, 23). 131 

Even though the Dit of Abinghost, Araucaria and Badfish are ~150 residues longer than that of DS6A, their 132 

predicted structure show that they are also classical Dits devoid of any CBM insertion. Instead, they possess 133 

two long loops in the belt domain (residues 24-107 in the Abinghost’s Dit, residues 25-76 in the Araucaria 134 

and Badfish’s Dit) and the galectin domain (residues 296-343 in the Abinghost’s, Araucaria’s and Badfish’s 135 

Dits) (Fig. 2). It is worth noting that these flexible loops are likely to adopt conformations different from 136 

those predicted by AF2 (Fig. S1). Moreover, their location at the periphery of the Dit ring indicate that they 137 

may be involved in establishing contacts with other components of the host-binding machinery or with the 138 

host cell surface. Lastly, the Dit of Isca, Butters and Wildcat present an additional domain inserted in the 139 

galectin domain. When submitted to the Dali server, the predicted structure of the Isca’s Dit 110-residue 140 

inserted domain returned a hit with a domain of the myophage T4 gp11 protein found at the interface 141 

between the baseplate and the short tail fibers (Table 1). However, the inserted domain in the longest 142 

Butter’s and Wildcat’s Dits has been identified as a CBM family 66 (CBM66) according to the 143 

Carbohydrate-Active EnZymes database (CAZy) nomenclature (43) (Table 1).  144 

 145 

Predicted structures of Tals 146 

The Tal size of the seven analysed mycobacteriophages varies from 345 residues for the shortest 147 

(Araucaria) to 794 residues for the longest (Wildcat) (Fig. 1A). However, they all assemble bulky trimers 148 

devoid of elongated extensions like those observed in the Tals of some LAB-infecting siphophages (19, 21, 149 

30) (Fig. 3). Abinghost, Araucaria and Badfish possess short Tals of similar size (347-370 residues, Fig. 150 

1A). Although their predicted structures superimpose well onto each other (rmsd of 0.8-1.0 Å on Cα atoms) 151 

and are similar to that of the Tal of Neisseria meningitidis MC58 (Table 1), the Tal of Badfish harbours 152 
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longer N- and C-termini (Fig. 3). Butters, DS6A and Isca possess Tal of medium size (569-599 residues), 153 

yet their predicted structures show that they do not contain extra domains. Instead, they incorporate extra 154 

α-helices at the N- and C-terminal ends, as well as extra loops within the conserved backbone (Fig. 3 and 155 

S1). Lastly, Wildcat has a long, 794-residue Tal that contains an additional N-terminal 237-residue insertion 156 

including a lectin-like domain similar to that of a Trypanosoma sialidase (44) (Table1) a linker, and a long 157 

α-helix connected to the Tal central core (Fig. 3). 158 

 159 

Predicted structures of potential RBPs and additional adhesion proteins 160 

In siphophages infecting Gram-positive bacteria, bona fide RBPs, responsible for irreversible binding 161 

of a phage to host-specific receptors, are usually encoded by the orf adjacent to the tal (42, 45). Yet, the 162 

order of genes coding for components assembling siphophages’ host-binding machineries may vary when 163 

orfs of ancillary proteins are inserted between the tal and rbp (42). Moreover, RBPs typically assemble as 164 

trimers. Based on these criteria, we have identified candidate orfs coding for long RBPs, from 619 residues 165 

in Isca to 855 residues in Wildcat (Fig. 1A), that assemble well-packed trimers (Fig. 4). It should be noted 166 

that, in Butters, we propose the orf20, and not the tal-adjacent orf19, as being the RBP-coding orf. We have 167 

made this choice based on the overall structural similarity between the Butters’s ORF20 predicted trimer 168 

and other phages’ RBP trimers (Fig. 4). In addition to RBPs, all mycobacteriophages, but Araucaria and 169 

Isca, also have potential additional adhesion proteins, which are adjacent to each other or separated by small 170 

ORFs (Fig. 1B). In order to get structural and functional insights into these proteins, we have predicted 171 

their structures as monomers, unless otherwise stated. 172 

Mycobacteriophages’ potential RBPs are elongated, multi-domain proteins. The predicted 173 

structures of trimers of potential RBPs form elongated assemblies from 250 Å for the shortest (Isca) to 450 174 

Å for the longest (Araucaria) (Fig. S1). They are all composed of axial α-helical segments, giving them 175 

their rod shape, with unstructured segments and/or α-helices at their N-terminal end that may be involved 176 

in anchoring the RBPs to the central Dit-Tal core. A variety of globular domains are found at their C-177 

terminal end and in their central region, except for the RBP of Araucaria, DS6A and Isca (Fig. 4). 178 

Araucaria and Isca. Araucaria and Isca possess only one RBP. The predicted structure of Araucaria’s RBP 179 

is composed of a 281-residue α-helical rod, interrupted by a small β-prism (residues 31-56) and followed 180 

by three bulky domains. The first domain (residues 311-487), pointing out from the trimer axis, looks like 181 

a painter’s brush in which a 10-stranded β-sandwich forms the brush handle, and a bundle of 10 left-handed 182 

polyglycine type II (PGII) helices forms the brush hairs (Figs .4, 6 and S2). Interestingly, although PGII 183 

helix-containing domains have rarely been observed in nature (46–50), the C-terminal domain of the 184 

Salmonella phage S16 tail fiber adhesin also contains a brush domain involved in host recognition (51). 185 

Since we have identified brush domains in other mycobacteriophages’ RBPs and additional adhesion 186 
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proteins, they will be analysed altogether in a next section. The Araucaria’ brush domain is followed by a 187 

CBM, similar to a CBM66 from a fructosidase specifically hydrolysing levan (52) (Table 1), which is itself 188 

followed by a lectin domain similar to the N-terminal domain of the Burkholderia cenocepacia superlectin 189 

C (BC2L-C ) with dual carbohydrate specificity (53) (Table 1) (Fig. 4). Interestingly, this tandem of C-190 

terminal CBM and lectin domain is similar to that found in a Klebsellia phage depolymerase that binds to 191 

and degrades host cell surface polysaccharides (54). Of note, the three lectin domains in Araucaria’s RBP 192 

assemble a tight trimer as that of the Klebsiella phage depolymerase, which is critical for the trimer stability 193 

(54). These CBM and lectin domain are likely involved in the recognition of mycobacteria surface 194 

polysaccharides. Although the 240 Å-long Isca’s RBP predicted structure is shorter than that of Araucaria 195 

and devoid of brush domain, it is overall similar to that of Araucaria. It starts with a 39-residue unstructured 196 

stretch followed by α-helical segments, and it is terminated by a CBM and a lectin domain. The CBM also 197 

returned a levanase CBM66 as a significant hit using Dali (Table 1). As for the lectin domain, which also 198 

forms a tightly packed trimer, it returned the BC2L-C lectin from B. cenocepacia as well as the receptor-199 

binding domain of the L. lactis phage 1358 RBP (Table 1) as structural homologs, which is in agreement 200 

with a host-binding function for this protein. 201 

DS6A. DS6A is a singleton, which led to predicted structures with low confidence scores in some regions 202 

(Fig. S1). Therefore, we show only well-folded domains without junctions in between. In particular, a CBM 203 

and a lectin domain assemble the RBP C-terminal end (Fig. 4). The CBM also returned the levanase CBM66 204 

as significant hit, and the lectin domain is similar to that of L. lactis phage 1358 RBD (Table 1). 205 

Abinghost, Badfish, Butters and Wildcat. The RBPs of Abinghost, Badfish, Butters and Wildcat all possess 206 

a central CBM similar to a CBM16 (Table 1). In the Abinghost’s and Badfishs’s RBPs, this CBM is 207 

followed by α-helical segments connected to a second CBM identified by Dali as a levanase CBM66 (Table 208 

1), like that found in the Araucaria’s and Isca’s RBP. However, in the Abinghost’s and Badfish’s RBP, the 209 

C-terminal end is formed by a tightly packed, trimeric knob assembling small domains with a new fold 210 

composed of four -strands and one -helix (Fig. 4). On the other hand, the RBP of Butters is terminated 211 

by a brush domain (residues 486-738), and not by a lectin domain, the overall fold of which differ from 212 

that of the Araucaria RBP’s brush domain. In particular, the handle comprises an 8-stranded, 2-layer β-213 

sandwich, and the hairs, assembling 12 PGII helices, possess short β-sheets packed onto each other at their 214 

tip (Fig. 4 and 6). As for the RBP of Wildcat, the central CBM is followed by -helical segments abutting 215 

to a well-packed trimer of a second CBM at the apex of the RBP. This second CBM shares structural 216 

similarities with a beta-agarase CBM6 (Table 1) (55), and is followed by a brush domain that superimposes 217 

well on that of the Araucaria’s RBP, except that the latter has slightly longer loops at the brush hair tips. 218 

To note, the brush domains are packed against the central α-helices and placed above the second CBMs in 219 

the Wildcat RBP predicted structure. However, since a 12-residue linker connects the second CBM to the 220 
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brush domain (Fig. 4), its intrinsic flexibility may also place the brush domains below the second CBM at 221 

the RBP tip, or in a variety of positions in between being stacked against the helical segments and being 222 

aligned along the trimeric axis, pointing towards the RBP C-terminal end. 223 

Mycobacteriophages’ potential additional adhesion proteins. The predicted structures of 224 

potential additional adhesion proteins contain one or two brush domains, except those of Butters and 225 

Wildcat (Fig. 5). However, the potential RBPs of Butters and Wildcat contain a brush domain, as does the 226 

RBP of Araucaria that has a host-binding machinery devoid of additional adhesion proteins (Fig. 1A). This 227 

indicates that brush domains likely play a role in mycobacteria recognition and binding. 228 

Abinghost, Badfish The predicted structures of Abinghost’s and Badfish’s additional adhesion proteins 229 

(ORF32 and ORF33) are very close to each other (Fig. 5), which was also the case for their RBPs. This is 230 

in agreement with the fact that these phages belong to the same cluster B. Their adhesion protein 1 (ORF32) 231 

starts with a short N-terminal segment and a β-hairpin, which are followed by a tandem of brush domains. 232 

The first N-terminal brush domain comprises an 8-stranded, 2-layer β-sandwich and 8 PGII helices, while 233 

the second C-terminal brush domain comprises a 10-stranded, 3-layer β-sandwich and 9 PGII helices. As 234 

for their adhesion protein 2 (ORF33), they start with a long, poorly predicted N-terminal extension, likely 235 

involved in contacting other components of the host-binding machinery, followed by a β-helix domain 236 

commonly found in phage tail fibers (56), tail spikes (57), and RBP (58) and associated to polysaccharide 237 

binding, and end with a single brush domain similar to that of the Araucaria’s RBP (Fig. 5 and S1). 238 

Butters. The Butter’s adhesion protein 1 (ORF19) is composed of a N-terminal β-stranded knob followed 239 

by a β-barrel, and its C-terminal domain is similar to the B. cenocepacia BC2L-C lectin domain (Table 1), 240 

as it is also the case for the C-terminal lectin domains of Araucaria’s and Isca’s RBPs (Fig. 5). The presence 241 

of this C-terminal lectin domain led us to predict the structure of a trimeric assembly, which shows an 242 

arrangement of the three lectin domains similar to that observed in siphophages’ adhesion proteins (23, 24, 243 

59, 60). As for the Butters’s adhesion protein 2 (ORF22), it is overall similar to that of Abinghost and 244 

Badfish (ORF33). It contains a β-strand-rich N-terminal region and a C-terminal brush domain (Fig. 5). 245 

However, this brush domain superimposes well on the C-terminal brush domain of Abinghost’s and 246 

Badfish’s adhesion protein 1 (ORF32) (rmsd =1.1 Å on Cα atoms). 247 

DS6A The DS6A’s additional adhesion proteins (ORF25 and ORF27) also contain a C-terminal brush 248 

domain, similar to that of Araucaria’s RBP (rmsd 1.1 Å on Cα atoms). As for their N-terminal regions, 249 

while the N-terminal jelly roll of ORF25 is predicted with high confidence, the confidence on the ORF27 250 

N-terminal β-strand-rich predicted structure is weak (Fig. 5 and S1). 251 

Wildcat. Lastly, the predicted structures of the two Wildcat’s additional adhesion proteins show features 252 

that distinguish them from the other mycobacteriophages’ additional adhesion proteins. The adhesion 253 

protein 1 (ORF44) is made up of three domains: the N-terminal domain is a three-stranded β-sheet, the 254 
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central α/β domain has been identified as a penicillin-binding domain/β-lactamase/DD-peptidase structural 255 

homolog using Dali (61) (Table 1), and the two C-terminal domains are jelly-rolls packed one onto the 256 

other (Fig. 5). Canonical catalytic residues of β -lactamase/DD-peptidase are not found in the central 257 

domain, indicating that this protein does not have catalytic activity on host cell surface components. 258 

Interestingly, the second adhesion protein (ORF45) harbours a long, unstructured N-terminal segment 259 

followed by three consecutive domains, each being composed of two packed jelly-rolls, as those observed 260 

in the first adhesion protein (Fig. 5). Such domains have no structural homologs in the PDB. 261 

 262 

Mycobacteriophages’ brush domains present solvent-exposed hydrophobic residues 263 

All mycobacteriophages under study, but Isca, have proteins in their host-binding machineries 264 

containing brush domains. These brush domains are formed of a -sandwich as the brush handle, from 265 

which emerge PGII helices making the brush hairs and accounting for 36% to 47% of glycine residue (Fig. 266 

6). The brush domain in the Araucaria’s RBP is similar to those found in the Abinghost’s and Badfish’s 267 

adhesion protein 2 (ORF33), in both DS6A’s adhesion proteins (ORF25 and ORF27), and in the Wildcat’s 268 

RBP (ORF43). The handle region is composed of a 10-stranded, 3-layer β-sandwich, and the hairs are 269 

formed of ten PGII helices (Fig. 6). Yet, the loops at the brush hair tip are of variable lengths from one 270 

phage to another. Brush domains with a fold different from that described above are present in Butters’s 271 

RBP (ORF20) and adhesion protein 2 (ORF22), and in the Abinghost’s and Badfish’s additional adhesion 272 

proteins 1 (ORF32). Variations occur in the handle, which are formed of a 2-layer β-sandwich as in the 273 

Butters’ RBP and in the Abinghost’s and Badfish’s additional adhesion protein 1 (for the N-terminal brush 274 

domain), and/or in the hairs, which assemble a variable number of PGII helices with different packing. In 275 

these brush domains, variations are also observed at the brush hair tip including small parallel and anti-276 

parallel β-sheets (Fig. 6). These structural variations could reflect the adaptation of phages to their host cell 277 

surface.  278 

A striking feature of these brush domains is the distribution of their bulky hydrophobic residues (Val, 279 

Leu, Ile, Met, Phe, Trp). They are found not only buried within the brush handle, as expected, but also 280 

exposed at the surface of the brush hair (Fig. 6). They often form clusters of 4 to 11 residues at the brush 281 

hair tip (DS6A’s ORF27 and ORF25, respectively), which is the region identified as being the host-binding 282 

domain of the long tail fibers of phages infecting Gram-negative bacteria and determining host specificity 283 

(51, 62, 63). Such solvent-exposed hydrophobic patches are not common in soluble proteins, except in 284 

domains interacting with lipids such as those found in phospholipases or lipases and therefore may be 285 

involved in host recognition. 286 

 287 

Insights into the architecture of whole mycobacteriophages’ host-binding machineries 288 
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In order to gain insights into the assembly of mycobacteriophages’ host-binding machinery, we have 289 

selected in the actinobacteriophage database (phagesdb.org) a good quality negative staining electron 290 

micrograph (nsEM) of Badfish in which the tail distal end exhibits recognizable features. The tail itself is 291 

made of stacked hexamers of the MTP and is terminated by a bulky volume that can ascribed to the stacked 292 

Dit and Tal oligomers that are known to interact together (42). The thin and long extension following the 293 

Dit-Tal core could correspond to a RBP trimer with its C-terminal CBMs accounting for the enlargement 294 

visible at the end of the tail tip (Fig. 7A and B). This implies that the RBP trimer attaches to the Tal trimer 295 

via its N-terminal -helices. To test this hypothesis, we have submitted three Tal monomers and three RBP 296 

monomers (residues 1 to 330 because of memory limitation) to AF2 to predict the structure of the Tal-RBP 297 

interface. Remarkably, the predicted structure of the Tal-RBP complex shows the RBPs’ N-terminal -298 

helices nestled in the Tal trimer internal cavity (Fig. 7B, C and S1). The positively-charged surface of each 299 

RBP N-terminal helix interacts with a 1350-Å2 negatively-charged patch of each Tal monomer (Fig. 7C). 300 

This predicted structure supports a direct interaction between the Badfish’s Tal trimer and a trimer of its 301 

potential RBP. In the nsEM image of Badfish, we cannot identify signals accounting for the two potential 302 

additional adhesion proteins. Yet, it should be noted that negative staining with uranyl acetate can disrupt 303 

the structural integrity of protein complexes. Notably, the RBP of the S. thermophilus phage STP1 has not 304 

been observed in virions by nsEM for a long time, and hence was thought to be absent in this phage, because 305 

of a too high concentration of uranyl acetate (21, 64). 306 

We have also selected in the database a nsEM image of Isca (Fig. 7D), which possesses an RBP but is 307 

devoid of additional adhesion proteins (Fig. 1). Our predicted structures of Isca’s Dit, Tal and RBP match 308 

with the overall architecture of its host-binding machinery observed in virions. The two disks after the last 309 

MTP ring can be ascribed to the Dit and Tal oligomers, and hence, the thin extension terminated by a cone-310 

shaped structure at the tail tip can be ascribed to a RBP trimer (Fig. 7D and E). Yet, in this case, the Tal-311 

RBP interface could not be predicted by AF2, likely because of the long, unstructured N-terminal stretch 312 

of the Isca’s RBP (39 residues). 313 

 314 

Discussion 315 

Deciphering molecular mechanisms used by mycobacteriophages to infect their host is important not 316 

only to better understand viral diversity and evolution, phage-host interactions, but also to develop phage-317 

based biotechnological tools. Our predicted structures of mycobacteriophages’ host-binding machineries 318 

emphasize on the modularity and structural diversity of these macromolecular assemblies that tailed phages 319 

have evolved to adapt to the surface of bacteria present in their ecological niche and hence to enhance their 320 

ability to initiate contacts with potential hosts. Components of mycobacteriophages’ host-binding 321 

machineries variably combine structural and functional domains, including CBMs, lectin domains and β-322 

helices that have also been found in tailed phages infecting Gram-negative or Gram-positive bacteria to 323 
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interact with cell surface polysaccharides. Surprisingly, polyglycine-rich domains, which we named brush 324 

domains based on their peculiar shape, appear to be widespread in mycobacteriophages’ host-binding 325 

machineries and likely play an important role in host binding. Brush domains have rarely been observed in 326 

nature, yet they appear as a versatile scaffold with functions related to protein-protein or protein-ligand 327 

interactions (46, 48–51). The unique example of a viral brush domain is that of the Salmonella phage S16 328 

tail fiber adhesin that initiates host adsorption by binding to the outer membrane protein OmpC and 329 

lipopolysaccharides of the Salmonella cell wall (65). In particular, residues located in highly variable loops 330 

at the brush hair tip were shown to be involved in host binding (51). In mycobacteriophages, these brush 331 

domains present surface-exposed hydrophobic residues, and we therefore propose that they have likely 332 

evolved to interact with lipids of the waxy mycobacterial cell wall in which exceptionally long chain fatty 333 

acids, the mycolic acids, form an outer mycomembrane. Interestingly, these brush domains may be more 334 

common in nature than expected and could be the hallmark of mycobacteriophages. Further AF2 structure 335 

predictions of host-binding machineries of different phages will provide valuable information to better 336 

understand the function and evolution of these brush domains as well as to unveil unprecedented structural 337 

and functional domains. 338 

The mycomembrane is a very unusual feature for bacteria that belong to the Actinobacteria phylum of 339 

Gram-positive (monoderm) bacteria, which raises questions related to the nature of cell receptors 340 

recognized by mycobacteriophages and to their host-binding mechanisms. The mycomembrane inner 341 

leaflet, composed of mycolic acids, is linked to arabinogalactan that is in turn covalently attached to 342 

peptidoglycan, while its outer leaflet is composed of free phospholipids, glycolipids and lipoglycans (66). 343 

The mycomembrane also contains porins and transporters and is covered by a capsule formed of proteins, 344 

polysaccharides and small amounts of lipids (66). Therefore, there is a variety of potential receptors in the 345 

mycobacterial cell wall for phage binding. Yet, our predicted structures indicate that mycobacteriophages 346 

would preferentially use cell surface polysaccharides and lipids rather than proteins to recognize and attach 347 

to their hosts. Indeed, CBM, lectin domains, β-helix domains and brush domains, likely involved in 348 

carbohydrate and lipid binding, are present in mycobacteriophages’ potential RBP and additional adhesion 349 

proteins. This composition is in agreement with the fact that, although there are only few papers reporting 350 

the identification of mycobacteriophages’ receptors, cell wall associated-glycolipids or phospholipids have 351 

been identified as cell surface receptors of the mycobacteriophages D4, D29, I3 and Phlei, the lipid or sugar 352 

moieties of which being important for host binding depending on the phage (67–69). Moreover, the 353 

extended RBPs that certainly plugged to the Tal trimer, like in our Badfish Tal-RBP complex structure 354 

prediction, recall the overall architecture and composition of the CBM-rich Tal C-terminal extension of S. 355 

thermophilus and O. oeni siphophages that bind to cell surface polysaccharides (18, 19). In the Araucaria 356 

low-resolution structure, the long fiber observed at the tail distal end, similar to that of the coliphages 357 
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Lambda and T5, suggested that this mycobacteriophage could bind to proteinaceous receptors (14). The 358 

nsEM image of Isca, which only contains RBP like Araucaria, also shows a single fiber attached to Tal 359 

(Fig. 7D). However, the predicted structures of Araucaria’s and Isca’s RBPs reveal that they encompass 360 

CBM, lectin domains and brush domains at the tip of the RBP trimeric assemblies, which does not support 361 

the possibility of binding to proteins. Mycobacteriophages would therefore be more similar to siphophages 362 

infecting Gram-positive bacteria that generally bind to cell wall polysaccharides like the model L. lactis 363 

phage p2 (70, 71) than siphophages infecting Gram-negative bacteria that irreversibly bind to membrane 364 

proteins like the model E. coli phages Lambda and T5 (72). The presence of multiple host-binding domains, 365 

either within the same protein (the Araucaria’s and Isca’s RBPs for instance), or in different host-binding 366 

proteins (the DS6A’s and Butters’ RBP and additional adhesion proteins for instance), offer the advantage 367 

to achieve strong interactions with the host in spite of low binding affinity of saccharides and lipids through 368 

avidity phenomena, and this could be strengthen with the presence of multiple copies of the additional 369 

adhesion proteins and their possible multimerization. 370 

Mycobacteriophages of the actinobacteriophage database, but the M. tuberculosis phage DS6A, have 371 

been isolated on the non-pathogenic M. smegmatis mc2155, and the host range of only few of them has 372 

been reported (12, 73). There is a correlation between phage clusters and host range, yet 373 

mycobacteriophages have the ability to expand or modify their host range through mutations in tail genes 374 

(73). However, such mutations in the mycobacteriophages Rosebush (phagesdb.org, cluster B2, ORF32, 375 

mutations L297R, W121G, G288D, W293R) and Halo (phagesdb.org, Cluster G, ORF22, mutations 376 

A306V, A604E) do not map to CBM, lectin domain or brush domain identified in our predicted structures 377 

(Fig. S3). Instead, they are found in positions that likely impact the trimeric assembly of these proteins, 378 

thereby changing their ability to interact with mycobacterial cell envelope and modifying host specificity. 379 

Interestingly, the Halo mutant that was isolated for its ability to solely infect M. tuberculosis did acquire 380 

the capacity to bind to M. tuberculosis and was still able to strongly bind, but not infect, M. smegmatis (73). 381 

Generally, host binding is a two-step process that includes the reversible binding of phages that search for 382 

specific receptors, followed by irreversible contacts that anchor the whole host-binding machinery to the 383 

host in a stable conformation allowing genome injection. In this process, the host-binding proteins and cell 384 

receptors mediating the reversible contacts are not necessarily the same as those mediating the irreversible 385 

attachment (74), and we hypothesize that the potential additional adhesion proteins, rich in brush domains, 386 

would be important for reversible contacts with the host while also strengthening the irreversible contact 387 

of the RBP. The observation that the Halo mutant binds both M. tuberculosis and M. smegmatis but only 388 

infects M. tuberculosis and our predicted structure of the ORF22 of the Halo host-binding machinery 389 

indicate that these mutations would rather impact the dynamics of the whole host-binding machineries 390 

leading to the irreversible attachment of phages before DNA ejection than the mere recognition of receptors. 391 



 

 

13 

The function of CBMs, lectin domains, and brush domains identified in mycobacteriophages needs to 392 

be validated experimentally, and our structure predictions provide a rational basis to produce recombinant 393 

proteins or protein domains and perform cell-binding assays. Moreover, structural analyses of whole host-394 

binding machineries in virions alone and bound to the host cell wall will be essential to shed light on their 395 

overall architecture and on molecular mechanisms used by mycobacteriophages to recognize and bind to 396 

their host cell surface. In particular, deciphering the role, at the molecular level, and the dynamics of CBM 397 

insertions in the Dit-Tal core and of the CBM, lectin domains and brush domains in the potential RBP and 398 

additional adhesion proteins throughout host binding, will be important to better understand phage-host 399 

interactions and also offers great perspectives for host-range engineering (17, 63), which may be 400 

instrumental to rationally develop diagnostics tools and phage therapy protocols. 401 

Lastly, our work illustrates the tremendous potential of AF2 to unveil virus structure and biology. AF2 402 

structure predictions can be used to revisit viral genome annotations and to efficiently characterize the 403 

overwhelming number of newly discovered viruses, as exemplified by the human gut phageome (75), and 404 

the ‘viral dark matter’ - viral proteins of unknown function – that can represent up to 75% of phage encoded 405 

proteins. 406 

 407 

 408 

Material and Methods 409 

Phage selection 410 

Seven mycobacteriophages that belong to different clusters and infect different hosts were selected for 411 

analysis in this study. Abinghost (cluster B3), Badfish (cluster B1), Butters (cluster N) and Wildcat (cluster 412 

V) infect M. smegmatis. Araucaria (not classified) and Isca (cluster A3) infect M. abscessus. DS6A is a 413 

singleton that infects M. tuberculosis. The Genbank accession numbers are as follow: Abinghost 414 

(MN444873), Araucaria (AHAS00000000), Badfish (KJ194580), Butters (KC576783), DS6A (JN698994), 415 

Isca (MN586063) and Wildcat (DQ398052). 416 

Protein structure predictions 417 

We used a Github notebook 418 

(https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFold.ipynb#scr419 

ollTo=XUo6foMQxwS2) to perform structure predictions of protein monomers and multimers. Due to 420 

memory limitations, the number of residues for monomer and multimer structure predictions had to be less 421 

than 1400, and we therefore split long sequences into smaller stretches. First, we ran structure predictions 422 

of monomers in order to determine sensible boundaries of stretches that were then submitted for structure 423 

prediction as trimers (Tal, RBP) or hexamers (Dit) to AlphaFold multimer (40). Moreover, we predicted 424 

structures of stretches with overlapping segments to allow assembly of full-length multimers using Coot 425 
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(76). The structure prediction of Badfish Tal-RBP complex was performed by submitting three sequences 426 

of Tal and three sequences of the potential RBP (residues 1-330). The pLDDT values of predicted structure, 427 

stored in the pdb file as B-factors, were plotted using Excel (Fig. S1 and S3).The final predicted protein or 428 

domain structures were submitted to the Dali server (77) to identify the closest structural homologs in the 429 

PDB. Visual representations of the structures were prepared with ChimeraX (78). 430 

 431 
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Table 1. Dali hits of protein and domain predicted structures. 451 

 
Dali hits 

PDB ID Z-score* rmsd (Å)# lali$ 

Abinghost  

Tal (ORF30) 3d37 18.5 4 250/316 

RBP (ORF31) 

CBM16 

CBM66 

 

2zew 

4azz 

 

15 

16.4 

 

2.6 

2.6 

 

140/147 

53/165 

 

Araucaria  

Tal (ORF71) 3d37 18.4 3.8 247/316 

RBP (ORF72) 

CBM66 

lectin 

 

4azz 

2wq4 

 

14.3 

13 

 

2.3 

2.3 

 

131/165 

117/131 

 

Badfish  

Tal (ORF30) 3d37 18 4.2 248/316 

RBP (ORF31) 

CBM16 

CBM66 

 

2zey 

4azz 

 

15.3 

16.4 

 

2.8 

2.6 

 

136/145 

53/165 

 

Butters     

Dit (ORF17) 

CBM66 

 

4azz 

 

15.4 

 

2.8 

 

54/165 

RBP (ORF20) 
CBM16 

 
2zew 

 
14.3 

 
2.6 

 
129/144 

Additional adhesion protein 1 (ORF 19) 

lectin 

 

2wq4 

 

8.9 

 

2.5 

 

109/134 

 

DS6A  

RBP (ORF23) 

CBM66 

lectin 

 

4b1l 

4l92 

 

10 

6.3 

 

3.3 

3.5 

 

126/162 

121/391 

 

Isca  

Dit (ORF27) 

domain of T4 gp11 

 

1el6 

 

5.4 

 

3.2 

 

83/208 

RBP (ORF31) 

CBM66 

lectin 

 

4azz 

2wq4/4l92 

 

15.6 

9/8.9 

 

2.6 

2.7/2.8 

 

154/165 

114/134 ; 124/391 

 

Wildcat  

Dit (ORF39) 

CBM66 

 

4azz 

 

15.9 

 

2.5 

 

51/165 

Tal (ORF40) 1mz5 15.8 2.5 165/622 

RBP (ORF43) 

CBM16 

CBM6 

 

2zew 

2cdo 

 

14.3 

6.3 

 

2.6 

2.4 

 

129/144 

94/138 

Additional adhesion protein 1 (ORF 44) 

penicillin-binding domain 

 

1ei5 

 

29.6 

 

3.5 

 

312/518 

* : the Z-score is a measure of structural similarity 452 
#: root mean square deviation on Cα atoms 453 
$: lali indicates the number of aligned residues in the predicted structure over the total number of residues in the PDB 454 
hit. 455 

 456 
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Figures 457 

 458 

Fig. 1. Diversity of mycobacteriophages analysed in this study. A. Genomic properties (clusters), host 459 

spectrum, and host-binding machinery composition of the seven analysed mycobacteriophages. B. 460 

Schematics of the genomic region coding for proteins assembling host-binding machineries. 461 
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 462 

Fig. 2. Dit predicted structures. Ribbon representations of Dit predicted structures. One rainbow-colored 463 

DS6A Dit monomer is shown for clarity. While the Dit of Abinghost, Araucaria, Badfish and DS6A contain 464 

only the belt and galectin domains, the Dit of Butters, Isca and Wildcat have an extra domain inserted in 465 

the galectin domain. This extra-domain has been identified as a CBM for the Dit of Butters and Wildcat. 466 

The color code is indicated. 467 
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 468 

Fig. 3. Tal predicted structures. Ribbon representations of the Tal predicted structures. One rainbow-469 

colored Abinghost Tal monomer is shown for clarity. The color code is indicated. 470 
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 471 

Fig. 4. Predicted structures of potential RBPs reveal multi-domain assemblies. Ribbon representations 472 

of the RBP predicted structures (the N- and C-termini are indicated.). Trimeric assemblies are colored by 473 

chain. The inset on the left-hand side highlights the brush domain, CBM and lectin domain at the 474 

Araucaria’s RBP C-terminal end (rainbow colored from the N-terminus to the C-terminus). The inset below 475 

the Badfish’s RBP highlights the trimerc knob (rainbow colored) at its C-terminal end. The inset on the 476 

right-hand side highlights the brush domain and CBM, connected by a flexible linker, at the Wildcat’s RBP 477 

C-terminal end (rainbow colored).  478 
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 479 

Fig. 5. Additional adhesion protein predicted structures. Ribbon representations of the additional 480 

adhesion protein predicted structures (rainbow colored from the N-terminus to the C-terminus). 481 
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482 

Fig. 6. Mycobacteriophages’ brush domains present solvent-exposed hydrophobic residues. Ribbon 483 

representations of the brush domains identified in the mycobacteriophages’ RBPs and additional adhesion 484 

proteins. Solvent-exposed and buried hydrophobic residues are shown as spheres. The color code is 485 

indicated. 486 
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 487 

Fig. 7. Architectures of mycobacteriophages’ host-binding machineries. A. nsEM picture of Badfish 488 

(from phagesdb.org) with its host-binding machinery at the tail distal end highlighted in a dotted box. In 489 

the inset, the colored circles indicate the relative position of Dit, Tal and RBP (the color code is indicated). 490 

B. Surface and ribbon representation of the predicted structures of the Badfish’s Dit ring, Tal-RBP(residues 1-491 

330) complex, and full-length RBP trimer. These predicted structures are compatible with the overall 492 

architecture of its host-binding machinery. C. Top. Orthogonal, slabbed views of the Tal-RBP complex 493 

showing three RBP N-terminal helices plugged into the Tal trimer internal cavity. Bottom. A positively-494 

charged surface of one RBP N-terminal helix interacts with a negatively-charged surface of a Tal monomer. 495 

D. nsEM picture of Isca (from phagesdb.org) with its host-binding machinery at the tail distal end 496 

highlighted in a dotted box. In the inset, the colored circles indicate the relative position of Dit, Tal and 497 

RBP (the color code is indicated). E. Surface and ribbon representation of the predicted structures of the 498 

Isca’s Dit, Tal, and RBP. These predicted structures are compatible with the overall architecture of its host-499 

binding machinery.500 
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