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Abstract

Bacteriophages use receptor-binding proteins (RBPs) to adhere to bacterial hosts.
Understanding the structure of these RBPs can provide insights into their target interactions.
Tail fibers, a prominent type of RBP, are typically elongated, flexible, and trimeric proteins,
making it challenging to obtain high-resolution experimental data of their full-length structures.
Recent advancements in deep learning-based protein structure prediction, such as AlphaFold2-
multimer (AF2M) and ESMfold, allow for the generation of high-confidence predicted models
of complete tail fibers. In this paper, we introduce RBPseg, a method that combines monomeric
ESMfold predictions with a novel sigmoid distance pair (sDp) protein segmentation technique.
This method segments the tail fiber sequences into smaller fractions, preserving domain
boundaries. These segments are then predicted in parallel using AF2M and assembled into a
full fiber model. We demonstrate that RBPseg significantly improves AF2M v2.3.2 in terms
of model confidence, running time, and memory usage. To validate our approach, we used
single-particle cryo-electron microscopy to analyze five tail fibers from three phages of the
BASEL collection. Additionally, we conducted a structural classification of 67 fibers and their
domains, which identified 16 well-defined tail fiber classes and 89 domains. Our findings
suggest the existence of modular fibers as well as fibers with different sequences and shared
structure, indicating possible sequence convergence, divergence, and domain swapping. We
further demonstrate that these structural classes account for at least 24% of the known tail fiber
universe.

Keywords: Tail Fiber; Phage; Structure Prediction; Domain identification; Cryo-EM.
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1. Introduction

Bacteriophages are the best-characterized viruses targeting microbes, however, our structural
understanding of their receptor-binding proteins (RBPs) remains limited'?. RBPs play a crucial
role in identification and attachment to host receptors, including outer membrane proteins
(Omp), exopolysaccharides and flagella’™. RBPs are frequently classified into two major
groups, tail fibers and spikes. In matured virions, these proteins usually form long homo-
trimeric complexes, and attach N-terminally to the tail, most often the baseplate, neck or to
other fiber-like proteins and adaptors. Tail spikes and tail fibers differ mostly on their modes
of action. Conventionally, RBPs are classified as spikes if they present a depolymerase
activity®s,

RBPs are known to be modular, and have domains that are hypothesized to be
exchangeable between different phage species through horizontal gene transfer®!!. Often,
RBPs have an N-terminal part that is sequence and structurally conserved and that binds to the

12-14

phage baseplate'='%, and a C-terminal tip that functions either to identify and adhere to the host
receptor', or that connects to other RBPs, forming a complex host receptor detection
apparatus!®, For instance, phage T4 has two tail fiber sets: a short tail fiber (STF) formed by
gp12, responsible for pseudo-irreversible binding to a secondary receptor (lipopolysaccharides,
LPS), and a long tail fiber (LTF) formed by gp34, gp35, gp36 and gp37, which adheres to
Omp!’. Siphoviridae phages, such as T5 and lambda'®!°, and some Podoviridae phages®,
exhibit lateral tail fibers, and a central tail fiber that is connected to the baseplate hub protein.
Recent biotechnological studies demonstrated the possibility of creating chimeric RBPs
to target novel hosts by segmenting the fibers in precise hotspots?'2, keeping their oligomeric

state stable. As RBPs are responsible for specific interactions with the hosts, a broad

understanding of RBP types and functions plays a critical role in medical applications of
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phages, such as engineered phage therapy?. Insight into their structural organization advances
this knowledge.

Currently, the experimental methods modelling complexes face limitations, especially
when working with elongated and flexible RBPs. Obtaining high-resolution maps using single-
phage cryo-electron microscopy is challenging due to conformational variability. For similar
reasons, obtaining a good quality crystal of a full fiber is an obstacle for structural elucidation
by X-ray crystallography. Nevertheless, recent advancements in computational protein
structure prediction, such as AlphaFold**, ESMfold* and AlphaFold-multimer (AF2M)?¢ have
made it feasible to generate reliable models for proteins and protein complexes.

Modeling large protein complexes using standard AF2M pipelines still faces
computational limitations, mostly due to hardware and memory issues, resulting in models with
large low-confidence regions, clashes, and long computing times. Strategies to address the
challenge of building large complex models using AF2 were previously proposed?’-?®. But
current methods were not specifically designed for elongated fiber-like structures.

%29 where human

Previous studies have used AF2M to predict the structure of RBPs
expert information was used to manually segment the sequences into smaller pieces, model the
pieces individually, and assemble the fractions into a final model. However, an automated and
systematic way of determining the location and number of segmentation points is lacking.

Here, we propose a novel pipeline, RBPseg, that defines major domains and
segmentation hotspots based on tail fiber primary structure using ESMfold and a novel sigmoid
distance pair function. RBPseg then predicts tail fiber fractions in parallel using AF2M and
assembles full fiber models. This systematic approach overcomes computational limitations,
improves performance, and yields more reliable models for large tail fibers. Overall, our

approach provides a robust solution for predicting, classifying, and characterizing phage tail

fibers, offering insights into their structural properties and potential functional roles.
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We implemented RBPseg for a selected range of model phages and classified the
predicted RBPs based on structural similarity and domain specificity. These models represent
24% of the known tail fiber universe and provide as valuable information for analyzing the

phage toolbox for host attachment by identifying structurally related domains.
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91 11. Methods

92 II.1 Sigmoid distance pair function (sDp).
93  The sigmoid distance pair function (sDp) is used to segment a protein structure model into
94  smaller fractions. Given a pair of residues in the model (A and B, where A # B), we define the

95  sDp function as follows:

+ -1
l1+exp<—DpA pB)l , ifd>0

96 sDp(pa, pp, dap) = d2,

1, ifd=0
97 (1)
98 Where p, and pg are the normalized pLDDT of residues A and B from the ESMfold or

99  AF model, ranging from 0 to 1, and d is the Cq-distance of the residue pair, multiplied by the
100  pair distance constant (D) assumed to be 1 A2 The sDp is a continuous and differentiable
101  function for d > 0. For computational purposes, if d is equal to zero, we define the sDp as equal
102  to one. Hence, this function is restricted to the interval of (0.5,1).

103 I1.2 Fraction module and pseudo-domain identification.

104 In a protein model with predicted per-residue LDDT, two residues will be considered part of
105 the same pseudo-domain if they are in proximity (low dyg) and share similar pLDDT values.
106  This assumption allows us to use the sDp to identify possible domains in a protein prediction
107  model, independent of the Predicted Aligned Error (PAE) matrix.

108 Given a protein structure model containing the pLDDT values in the B-factor column,
109  we calculate an all-against-all sDp matrix. This matrix undergoes dimensionality reduction
110  using UMAP?, creating a 2D-latice representation of the 3D structure. Clustering methods (k-
111 means or HDBSCAN?!, the latter was used for this study) are used to identify neighboring
112 residues and pseudo-domain interfaces. The number of clusters is self-optimized by calculating

113 the silhouette score® for different k (by default with a maximum k of 10).

114 II.3 Sequence segmentation
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115  After defining the fraction borders, two consecutive domain sequences are stored in a fraction
116 file, ensuring at least one domain overlap in two consecutive FASTA files. A minimum cut-off
117  of 50 residues per monomeric sequence is required for each FASTA file. If a domain has fewer
118  than 50 residues, the subsequent domain is appended to the file until the sequence reaches a
119  minimum of 50 residues. This precaution is taken to mitigate the risk of low confidence
120  predictions associated with very short peptides.

121 I1.4 ESMfold and AlphaFold2-multimer models.

122 The monomeric models for the fibers are generated using a standard installation of ESMfold-
123 vl, with maximum token per batch of 1024, 4 recycles and chunk-size of 32. AlphaFold-
124  multimer v2.3.1 (AF2M) is used to predict models of protein fractions with full MSA search,
125  and three recycling cycles without a relaxation step. Same conditions were applied for the
126  models of whole fibers (without segmentation). All predictions were run on an NVIDIA
127  HGX™ A100.

128 I.5 Assembling of tail fiber models.

129  Two consecutive fiber fractions models are superimposed based on their overlapping region.
130  The residue pair with the minimal per-residue RMSD is selected as the joint point. The inter-
131 model chain pair is assigned by minimizing the peptide bond length. To prevent poor
132 assignments due to inadequate superposition, an additional restriction imposes that the new
133 peptide bonds should not cross into the inner space between chains, which is defined by a
134  sphere centered inside the triangle formed by the trimer of the next C-alpha residues in the
135  sequence. The sphere radius is equivalent to 1/3 of the triangle height. This process is done for
136  all generated fraction models, and the pair with optimal RMSD is selected for merging.

137  Subsequently, the merged model undergoes Amber relaxation.

138 11.6 Selection of BASEL Collection Tail fibers.
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139  The genomes of all phages in Maffei et al.*>3 were accessed through their GenBank ID, and their
140  proteome was collected at UniProtKB3*. Fibers were selected based on the consensus of
141  PhaNNs?* and PhageRBPdetect®®. A threshold of 8 was used to select positive predictions of
142 PhaNNs. The selected sequences were clustered hierarchically based on sequence identity
143  retrieved from ClustalQ?"3® (default parameters). 67 sequences were randomly selected,

144  respecting the proportions of each major group, and relabeled as RBP_{index}.

145 I1.7 Structural and sequence-based comparison and clustering of tail

146 fibers.

147  The RBPseg models for all analyzed fibers were clustered based on their pair inter-model TM
148  scores®. US-align*® (fast-mode) was employed to run all-against-all protein pairs. Utilizing the
149  TM-score, we generated a quasi-symmetric squared structural identity matrix. On this matrix,
150  clusters were calculated using the spectral clustering method. The optimal number of clusters
151  was estimated to maximize the Silhouette score (Sil) and the minimal inner cluster TM-score
152  (icTM), and to minimize the maximum cluster size (CS) and the standard deviation (std) of
153  icTM. This was done by calculating the normalized structural clustering similarity metric (SM)

154  for each cluster number (n) as follow:

15t e N [1 < < min (icTM) + Sil ))]‘1

B orm exp max(CS) - std(icTM)
156 (2)
157 We model the normalized predicted SM (pSM) given n as an exponential decay

158  function:
n
159 pSM(n) = N, - exp (— ;) +C

160 (3)
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161 The second order derivative of pSM provides the deacceleration decay, which
162  converges to zero in the limit n — oo. The optimal n was selected for each case imposing:
163 pSM"(n,,) = & where e << 1.

164 The phylogenetic tree was constructed using a ClustalQ) alignment and implementing

165 ETE Toolkit v3.1.3%!. The sequence classes were generated by applying MMseqs2** with a

166  minimal sequence identity of 0.4 and coverage of 0.5.
167 I1.8 Fiber domain search and classification.

168  The models for the fibers were divided into domains by applying the sDp approach. Residues
169  that were not classified in a cluster were automatically appointed to the cluster of the nearest
170  residue. The individual domains underwent structural comparisons, first all-against-all, with
171  the same approach as described in I1.7, subsequently all-against RCSB-PDB*} (RCSB.org date:
172 2023-01-12) by implementing Foldseek**. The full fiber sequences were analyzed on InterPro

173  against all databases #4647,

174 I1.9 Comparison of structural classes with known tail fibers and tail fiber

175 atlas.

176  Sequences of annotated fibers were found on UniProtKB3*. We filtered the results containing
177  ("tail fiber" or "tail fibre") AND (length: [300 TO 3000]) AND (organism name:phage) NOT
178  chaperone. An MSA and an HMM profile was created for each structural fiber class, excluding
179  TCS5 and TC17. Hmmsearch was implemented to search for sequence homologs against the
180  UniProt selected sequences. The tail fiber atlas was created by implementing ipysigma-v0.24.0
181 %9,

182 II.10 Statistical analysis.

183  To test the effect of segmentation of the fibers on the precision of the AF2M predictions, we

184  used a Mann—Whitney U test on the per-residue pLDDT distributions of RBPseg results and
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185  AF2M. The null hypothesis is that for randomly selected values of the pLDDT populations, the
186  probability of pLDDTrppseg being greater than pLDDTarom is the same as for the opposite
187  (pLDDTrgpseg lower than pLDDTaram). We further compared the mean total pLDDT per model
188  using a t-test for the means of the two independent datasets, with the null hypothesis being that
189 they were equal. Both tests were mono-caudal, and the null hypothesis was rejected for p-value
190 < 0.01. The calculations were made by implementing SciPy.stats v1.11.4°!, and p-values were
191  calculated with an asymptotic approximation. The same tests and conditions were applied for
192  the benchmark metrics (running time, MaxRSS, mean MSA coverage).

193 I1.11 Phage purification.

194 The BASEL phages were propagated and purified using standard phage purification
195  protocols®®. E. coli MG1655 ARM was used as a host. A primary stock of the phage was
196  prepared using a double layer agar method (soft layer: 0.6% LB agar; hard layer: 1% LB agar).
197 A small batch lysate (50 mL) was prepared by growing the host until ODsoo of 0.2 in LB media
198  supplemented with 20 mM MgSO4 and 5 mM CaCl,. The primary stock of the phage was
199  incubated with the host in a MOI < 1 for 4-5 hours until ODgoo dropped below 0.1. Next, 1:100
200  (v:v) chloroform was added for 15 minutes. The supernatant was used to infect 1 L of host in
201  similar conditions as before. After lysis, 5 pg/mL of DNase 1 and RNase A were added for 1
202  hour, followed by incubation with 30 g/L NaCl and 75 g/L PEG 8000 overnight at 4 °C. The
203  precipitated phage was pelleted at 15,000 x g for 60 minutes and resuspended in 5 mL of SM
204  buffer (100 mM NaCl, 8mM MgCl, 50 mM Tris-HCI pH 7.5). Chloroform was added at a ratio
205 of 1:1 (v:v), and the sample was inverted until it became homogeneous and centrifuged at 6,000
206  x g for 15 minutes. The supernatant was loaded onto an OptiPrep™(Sigma-Aldrich) gradient
207  (50%-10%) and was centrifuged at 150,000 x G for 18 h. Fractions of each gradient containing
208  the phage (between 0.5 to 1 mL) were diluted to 5 mL and were ultracentrifuged 72,000 x G

209 for 1 hours. The phage pellet was resuspended in 100 uL of SM buffer. The phages were further
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210  purified and concentrated by pelleting at 20,000 x G for 45 minutes and resuspension in 50 pL
211 of SM bufter.

212 I1.13 Cryo-electron microscopy data collection.

213 Phage samples were applied to R2/2 grids (Bas49 and Bas54 on Quantifoil and Bas36 on
214  UltrAuFoil grids) with 2 nm continuous carbon layer and vitrified in liquid ethane cooled by
215  liquid nitrogen, using a Vitrobot Mark IV robot. Individual datasets were collected on a Thermo
216  Scientific Krios G2 with a Falcon 41 Direct Electron Detector and Selectris X Imaging filter at
217  adose of 40 e/A? and a pixel size of 1.2 A.

218 II.14 Cryo-electron microscopy data processing.

219  All cryo-EM data was processed using CryoSPARC v4.5.1°2 and ChimeraX v1.6.133. All
220 phages datasets were preprocessed similarly: Movies were patch motion corrected (default
221  parameters) and the contrast transfer function (CTF) was estimated (patch CTF estimation with
222 default parameters), followed by discarding micrographs with worse resolution than 15 A and
223 outliers on ice thickness, yielding 5663, 6591, and 5142 movies for Bas36, 54, and 49
224  respectively. Baseplates were picked using the blob picker tool. Particles were extracted with
225  a box size of 750 px and Fourier cropped to 300 px. 2D classification was applied to obtain
226  projections of the baseplate, that was further used for template picking. New picks were
227  extracted with box size of 750 px and Fourier cropped to 300 px. 2D classification was used to
228  discard “junk” classes, followed by ab-initio and heterogeneous refinement to select only
229  baseplates. Homogenous refinements were used to obtain models of phage baseplates and
230 masks were created around on of the fiber sets for each phage. Subsequent iterations of local
231 refinements, 3D classification, recentering, and CTF refinements around the regions of interest
232 led to the final maps of the Bas36 LTF proximal region and fiber networks of Bas49 and 54.

233 Model to map fit was evaluated using comprehensive cryo-EM validation in PHENIX>*

234 (v 1.21), using a resolution cut-off (local resolution in the fiber area) of 9.5 A.

10
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235 III. Results and discussion.

236 III.1 RBPseg workflow

237 RBPseg is an implementation of two protein structure prediction approaches, ESMfold and
238  AF2M, to handle large fiber-like multimeric structures (Fig. 1a, Supplementary Fig. 1).
239  Specifically, RBPseg was designed to improve predictability of full quaternary structure of
240 phage tail fibers and spikes. Overall, RBPseg uses tertiary structural information (pseudo-
241  domains), obtained from an ESMfold model, to automatically fragment protein sequences
242 while preserving key features of the fiber. The fractions are defined by calculating the sigmoid
243 distance pair (sDp) matrix and performing unsupervised clustering. FASTA files are created
244  containing two or more consecutive fractions, with a one pseudo-domain overlap in two
245  sequential files. The models for the protein fractions are predicted using AF2M, without
246  relaxation and with three recycling steps. Models for all fractions are superimposed based on
247  their overlaps, and the pairs with the smallest RMSD are sequentially merged into a full fiber

248  model, respecting the correct chain connectivity, and the final model is amber relaxed®>-®.

11
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250 Fig. 1 — RBPseg workflow increases confidence of AlphaFold2 models. a) The RBPseg
251  pipeline starts by inputting an ESMfold prediction (i) of the monomeric RBP. The Fraction
252 module first applies the sDp approach to find possible domains in the structure (ii) and the
253  sequence of these domains are arranged in consecutive pairs to create fractions (iii). The
254  fraction sequences are modeled as trimers by AF2M (iv.). These resulting modules are input
255 into the Merge module, that (v.) superimposes the overlap domains, (vi.) pairs and connects
256  the chains, and (vii.) runs an amber relaxation. (b-e¢) Benchmarking of RBPseg against regular
257  AlphaFold-multimer v2.3.1. b) Per-model mean pLDDT comparison between AF2M and
258 RBPseg, with individual dots colored by sequence length. ¢) The density distribution of per-
259  residue pLDDT of RBPseg and AF2M. d) Running time (minutes) of each component in the
260 RBPseg pipeline. From left to right: Monomeric-ESMFold prediction, sDp module, AF2M
261  prediction of single fraction (AF2M-seg), merging and relax module, RBPseg, and running
262  time of AF2M prediction of the full fiber sequence (AF2M-only). ¢) Maximum RSS (Resident
263  Set Size) of RBPseg against AF2M. f) Per-residue mean MSA coverage of RBPseg fractions
264  compared to AF2M, showing that the MSA coverage is significantly larger for RBPseg
265  fractions. Statistical significance is indicated by a one-tailed Mann—Whitney U test (**p <0.01,
266  ***p <0.001).

12
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267
268 II1.2 RBPseg improves AlphaFold2-multimer v2.3 for prediction of tail
269 fibers.

270  We benchmarked the RBPseg pipeline and AF2M-v2.3 using selected tail fibers of well-studied
271  phages®. Initially, 432 sequences were identified as RBPs and tail fibers (Supplementary Fig
272  2a), from which we performed a sequence-based hierarchical clustering, that subdivided the
273  fibers into four major groups (Supplementary Fig 2b-d). We then randomly selected
274  representatives from each group, respecting their relative abundance, totaling 67 sequences
275  (Supplementary Fig 2e). We ran RBPseg and AF2M-v2.3 for all sequences.

276 The performance comparison demonstrates that the RBPseg workflow improves AF2M
277 in terms of model confidence, running time and memory usage (Fig. 1b-f). The models
278  generated with RBPseg show higher mean-pLDDT scores, especially for longer sequences, and
279  significantly higher mean per-residue pLDDT (Fig. 1b and c¢). Moreover, we verify a
280  significant decrease in total running time (Fig. 1d). A full tail fiber model was acquired in 6.24
281  hours on average, using RBPseg workflow, whereas AF2M had a mean running time of 11.56
282  hours, with a significantly higher distribution (Mann-Whitney U test, p-value of 0.2x1071%).
283  Furthermore, the modelling of fractions by RBPseg used significantly lower peaks of memory
284  usage (maximum Resident Set Size) than AF2M (Fig. 1e). These results suggest that AF2M
285  alone is more memory-intensive than RBPseg, which tries to improve computational efficiency
286 by segmenting the sequences. The shorter sequences in the fractions also led to improved per-
287  residue MSA coverage (Fig. 1f), indicating a better signal-to-noise ratio for the overall MSA,
288  which is reflected in the higher accuracy of RBPseg models.

289 To further validate the RBPseg models, bacteriophages Escherichia phage Paracelsus
290 (Bas36), Escherichia phage MaxTheCat (Bas54) and Escherichia phage EmilHeitz (Bas49)

291 were purified in high titer and cryo-EM datasets were collected on them. After local
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292  refinements, we obtained low-resolution (7.3~9.5 A, Supplementary Table 1) maps from five
293  distinct tail fibers (Fig. 3). We modelled and fitted the predicted models into the maps and
294  obtained high cross-correlation for all of them (Supplementary Fig. 4a-b). Notably, the real
295  curvature of the fibers could not be modelled, which resulted in badly fitted regions and low
296  cross-correlation. The cross-correlation increased when the pseudo-domains of the models

297  were fitted, demonstrating that the RBPseg models preserved the domain organization.

298 III.2 The Sigmoid distance pair function is a general method to identify

299 protein pseudo-domains given a protein prediction model.

300 To test the general applicability of the sDp approach for identifying protein regions, we used a
301 dataset of a thousand randomly selected protein models from the AlphaFold database’” for E.
302 coli (Supplementary Fig. 3). We confirmed that the all-against-all residue pair sDp matrix
303 exhibits a strong negative Pearson correlation with the predicted aligned error (PAE). We
304  calculated the pair distance constant (D) that maximizes the correlation between sDp and PAE
305 by fitting a 4th order polynomial, as 9.87 A2. At this value, we estimated a correlation of -0.71
306 (Supplementary Fig. 3c-d). The sDp-PAE correlation is dependent on sequence length and is
307  reduced for structures with low mean PAE (Supplementary Fig. 3f-g), as sDp is a metric that
308 preserves the spatial distribution of pairs independent of PAE.

309 We also evaluated the impact of different sDp calculation methods. In the first
310 modification, the exponential term was divided by the absolute Euclidean distance of the
311  residue pairs instead of the square distance. In the second modification, we used the product of
312 the pair pLDDT values instead of the sum. In both cases, a strong correlation with PAE
313  persisted when 0.1 < D < 1 A (or A?). The most significant change was observed when
314  performing dimensionality reduction (UMAP) on the resulting matrices. For all sDp models,
315 we observed a 2D lattice projection of the 3D model that preserved the overall structural

316  organization, which was not found for the PAE (Supplementary Fig. 3). For the purposes of
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317  this study, no significant differences were observed when applying the different sDp variants,

318  although they might result in slightly different pseudo-domain organization.

319
320 II1.3 The BASEL phages have sixteen well-defined tail fiber structural
321 classes, with shared modules.

322 We further analyzed the dataset that was used to benchmark the RBPseg method by
323  investigating the sequence and structural similarities between the different fibers. At sequence
324  level, we identified 24 unique clusters using mmseq2, with 8 singletons (Supplementary
325 Table 2).

326 To assess structural similarity, we performed a TM alignment of all-versus-all tail fiber
327  models (Fig. 2, Supplementary Fig. 5-6), removing four outliers: two poorly aligned models
328 and two sequence singletons likely misidentified as fibers. The resulting TM matrix was
329  spectrally clustered into 18 classes (TCO-TC17). The optimal number of clusters was
330  determined using the predicted similarity metric (pSM, Supplementary Fig. 7. To distinguish
331 true classes from randomly assigned classes, we calculated the mean TM score (<TM>, Fig.
332 2b) for all TC and tested if they were greater than a randomly assigned class average (single
333  tail t-test, p-value < 0.01). This resulted in the exclusion of two classes (TC5 and TC17;
334  Supplementary Fig. 6a-b). The mean inner TM score within the well-defined classes was
335  0.59, whereas TC5 and TC17 had mean scores of 0.27, and 0.28, respectively (Fig. 2b).

336 Interestingly, even though TCS was excluded based on TM score criteria, we observed
337  some similarities among their members. TC5 consists of two elongated tail fibers (RBP_55 and
338 RBP 22), characterized by large coiled-coil domains, a B-sandwich-rich N-terminal region
339  which is common in central tail fibers, and a B-helix at the C-terminus (Supplementary Fig.
340 6a). Despite these structural similarities, the fibers belong to different viral subfamilies

341  (Tempevirinae and Vequintavirinae) and sequence subfamilies. TC17 is composed of four
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342 poorly grouped fibers: two share structural and sequence similarities with TCO/seq9 (Fig. 2¢),
343  one is classified as seq14, and one is a singleton (Supplementary Fig. 6b).

344 To better annotate and understand potential functions and distribution of each region
345  within the classes, we applied the sDp approach to all models, generating 702 pseudo-domain
346  structures, including all TC classes. We then spectrally clustered all the pseudo-domains with
347 more than 20, and less than 400 residues. These filtered domains were grouped into 88
348  structural classes (D-classes, Supplementary Fig. 8a-c, Fig. 2d). Notably, 52 pseudo-domains
349  were not assigned to any class. A total of 41 D-classes had an inner mean TM score above 0.7
350 (Fig. 2d).

351 Function annotation for each D-class was performed by running Foldseek and Interpro
352  (Supplementary Fig. 9; Supplementary Table 3). We identified a total of 117 unique PDB
353  matches with high confidence (alignment TM score > 0.8) for all TC, and 109 matches when
354  excluding bad classes, including 41 shared matches between different TCs. The number of
355  unique matches increases to 2484 at alignment TM score > 0.6. The InterPro analysis retrieved
356 32 unique signature accessions with high confidence (e-value > 10e-5). No annotation was

357  found for TCS.

358 II1.5 Overview of the Sixteen Tail Fiber Scaffolds.

359 We next analyzed the sixteen tail fiber scaffolds to obtain insight into their functional
360 differences. TCO is a gp34-like'¢ class (Fig. 2e, Fig. 3a), and it was subdivided into 11 pseudo-
361 domains, each fitting the cryo-EM map for Bas36 proximal LTF. This domain organization is
362 identical to the previously classified regions (P1-5), with region P1 and P2 being subdivided
363 into 4 pseudo-domains each (Supplementary Fig. 9). TCO has three regions (two copies of
364 D19 and D38) that share structural homology of with T4’s short tail fiber.

365 TC11, TC13, and TC14 are also present in Straboviridae phages (Fig. 2e). TC11 is a

366 homolog of T4’s gp36 and TC14 is a homolog of gp37. TC13 has a novel fiber architecture,
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367 not present in bacteriophage T4. The gp37 homologs in the dataset lack the well-characterized
368 needle domain of phage T4 in their C-termini. Instead, they have a peptidase S74-like domain
369  with a triple—B-helix fold, which aids oligomerization and is known to self-cleave®. Such a
370 fold is present in Salmonella Phage S16%. This C-terminal domain is common across several
371 tail fiber classes (TC7, TC12, TC13, TC14, and TC15) and is found in other phage subfamilies,
372  including Markadamsvirinae, Vequintavirinae, and Queuovirinae.

373 TC6 comprises fibers with a T4-like needle-shaped receptor-binding tip, all belonging
374  to the Ounavirinae subfamily. They are connected to an N-terminal rod by a T4 baseplate
375  protein gpl0-like C-terminal domain.

376 TCI is a short tail fiber present in Vequintavirinae phages. We found a density
377  corresponding to this fiber in both V5 purified phages (Fig. 3b). This fiber resembles the phage
378  Mu tail fiber in its C-terminal region, which probably indicates that they require a special tail
379  fiber assembly protein to oligomerize and possibly interacts with exopolysaccharides®®®!. The
380 same C-terminal homology is also present in a member of TC16 (RBP_50). Interestingly, the
381 D53 region showed Foldseek matches with the P2 central spike gpV® , which has a different
382  B-helical region not present in Phage Mu fibers and RBP_50.

383 TC2 are structural homologs of the T7 gp12 nozzle proteins!®, which form a hexameric

384  complex, and were misclassified as tail fibers.
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386  Fig.2—The BASEL collection RBP classes. a) Summary of the RBP selection process. (i) 432
387 RBPs were selected among 248 genomes by taking the consensus between PhaNNs and
388 phageRBPdetect. (ii) These RBPs were hierarchically clustered and a total of 67 RBPs were
389  chosen as representatives. (iii) The RBPs structure were predicted using the RBPseg workflow.
390 (iv) The resulting models were classified based on structural similarity. b) The mean TM score
391  value for each TC and a randomly assigned class (r). In cyan, a horizontal line represents the
392  average value of r with an interval of 3 standard deviations of the mean. In red, a horizontal
393  line indicates TM=0.4. c) Unrooted phylogenetic tree based on sequence for the selected 67
394  RBPs, terminal nodes colored based on the TCs, as in (b). d) A heatmap showing the presence
395 of 41 well-defined pseudo-domains (<TM> > 0.7) in different TC classes. The side bar
396 represents the number of pseudo-domains. €) Representatives for each TC class colored based
397  on (b) and grouped according to their phage family, subfamily or genus.

398
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399 TC3, TC4, and TC9 form a larger group of tail needle fibers. The C-terminal region of
400 this type of scaffold is found in phage A and TS5 on their tail tip attachment protein J. The N-
401  terminal fold of these fibers is structurally related to the T5 baseplate hub protein'®. This region
402  is followed by a coiled-coil domain of varying lengths: Short in TC3 and TC4, and elongated
403  in TC9, which may include Laminin I and helix-rich Mycoplasma domains. All fibers in these
404  classes have a B-helical C-terminal domain, some of which with homology to fibronectins. TC4
405 and TC9 often present a B-sandwich C-terminal head (pseudo-domain D69), that has structural
406  homology with lectins and GOLD domains.

407 TC7 consists of three fibers (RBP_13, RBP 33, and RBP 60) from three different
408  sequence classes. Although the mean TM score of this class is greater than 0.4, RBP_60 is an
409  outlier (Fig. 3b, Supplementary Fig. 9¢). RBP_60 features a gp37 needle domain but has a
410 completely different C-terminal part compared to TC6. The other TC7 fibers share a similar
411  global architecture, with a coiled-coil N-terminal region and a C-terminal peptidase S74
412  domain. However, they share only 25.7% sequence identity.

413 TCS8 is found in Vequintavirinae phages and was present in both Bas49 and Bas54 (Fig.
414  3c). These fibers can be divided into three pseudo-domains: an N-terminal c-helical bundle
415 (D15), two consecutive B-helices (D32) and a C-terminal head (D31). The region D15 could
416  not be fitted in the cryo-EM map, which could mean that it adopts a different conformation
417  when attached to the virion, or it is cleaved during virion assembly. D31 seemed to be
418  connected to another density, for which no fiber could be fitted. This indicates that D31 can be
419 an adaptor for a tail tip adhesin, or for a longer tail fiber complex as in T4 LTF.
420  (Supplementary Fig. 4).

421 TCI12 consists of several subdomains that appear to be permutable, insertable, or
422  replaceable (Supplementary Fig. 9d). RBP 10 shares the same domain order as RBP_ 11 and

423  RBP_57, except for a single replacement at the C-terminus. This replacement was confirmed
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424 by cryo-EM (Fig. 3d). RBP_11 and 57 have a peptidase S74 domain (D21) at their C-terminus,
425  whereas RBP 10 has a lectin-like head (D69). This can indicate that Escherichia phage
426  MaxTheCat uses a gp38-like adhesin for binding whereas Escherichia phage EmilHeitz uses
427  the D69 region. As expected, the cryo-EM map of RBP_11 neither shows any density for the
428  peptidase domain, nor any density for an adhesin protein (Supplementary Fig. 4). RBP 49 is
429  the only TC12 member from a different sequence class, and it has a distinct N-terminal region,
430 anelongated coiled-coil with a carboxypeptidase hit at its ends, that shares structural homology
431  with Vibrio phage XM1 collar protein (7KJK). This indicates that RBP 49 can be located
432  towards the neck region of its phage. RBP_49 lacks one copy of D42, the D7 pseudo-domains,
433  and a non-classified region found between D7 and D42 in the other members of TC12. On
434  Bas49 and Bas54, these pseudo-domains are in the interaction region with the other baseplate
435  fibers (Supplementary Fig 4.), thus their absence in RBP_49 might be related to the location
436  of the fiber.

437 TC16 has three fibers with elongated coiled-coil regions. Two fibers (RBP 52 and
438 RBP_50) share a similar T7 N-terminal adaptor (D66), and a B-helical terminus followed by
439  different types of receptor heads (T7-like, and Mu-like). The B-helical pseudo-domain D25
440 found in RBP_50 is a well spread motif also found on TC12, TC13 and TC14.

441 Most D-classes preserved their relative positions in different RBPs, but we identified
442  five mobile pseudo-domains (D7, D11, D40, D42, and D73; Supplementary Fig. 10a, b). Four
443  of these were previously classified: D7 is a "Pyocin knob," and D11, D40 and D73 are present
444  in the distal region of T4’s gp34. However, D42 represents a novel domain. We confirmed the
445  existence of D42 in Bas54 and Bas49 (Fig. 4d). HMM profiles of D7 and D42 retrieved tail
446  fibers belonging to six and four different TCs, respectively, and they can be found in diverse
447  phage subfamilies (Supplementary Fig. 10c,d). While the function of these highly abundant

448  domains remains to be determined, their location within modular fibers—particularly in fibers

20


https://doi.org/10.1101/2024.10.28.620165
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.28.620165; this version posted October 28, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

449  with varying N-terminal regions, such as in different TC12 members—suggests that the gene

450 encoding these domains may facilitate the lateral transfer of N-terminal domains.

Tail Spike TSP1/Gp66 receptor binding N-terminal domain Pyocin Knob1 and Knob2

= Long-tail fiber proximal subunit, C-terminal (P3, P4, P5) = Concanavalin A-like lectins/glucanases
— Chaperone of endosialidase (Peptidase S74) —  Tfibmu C-terminal domain
451 — Tfibmu a-helical and B-sheet motifs — Phage P2 tail spike domain

452  Fig. 3 — RBPseg domains fitted into local refined cryo-EM maps. a) Cryo-EM map of matured
453  Escherichia phage Paracelsus proximal LTF (RBP39-TC0, EMD-51870) overlapping sDp
454  pseudo-domains for RBP39 model. b,c) Composite cryo-EM maps of Escherichia phage
455  MaxTheCat of baseplate and distal fiber region (EMD-51869), with overlapping pseudo-
456  domains of RBP04 (TC1, b) and RBP65 (TCS, c). d) Composite cryo-EM maps of Escherichia
457  phage MaxTheCat (top, EMD-51869) and Escherichia phage EmilHeitz (bottom, EMD-51868)
458  of baseplate wedge and distal fiber region. Pseudo-domain regions colored based on sequence
459  (Interpro hits with e-value < 107) or structural homologs (Foldseek hits with alntmscore > 0.6).
460  Skyblue represents pseudo-domains with no siginificant hits.

461 [11.6 The new TC describes 24% of the tail fiber atlas.
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462  To verify the representability of our structural classes, we selected 16,345 annotated fiber
463  sequences from UniProtKB. An initial query for ‘tail fiber’ yielded over 64,000 results. We
464  filtered these by selecting only Caudoviricetes proteins with lengths between 300 and 3,000
465  residues and excluded those with 'chaperone' in their names. We then created HMM profiles
466  from our 16 TC classes and ran these against the selected fibers (Fig. 4). The same procedure

467  was applied to the sequence classes.

468 From the structural classes, we found a total of 6,739 high-confident matches (E-value
469 < 10'9), corresponding to 4,417 unique proteins, which represents 24.0% of the total targets
470  (Fig. 4b,c). Using the sequence clusters, we recovered 23.0% of the total targets. This partial
471  coverage was expected, as our dataset primarily consisted of E. coli phages and our structural
472  classes did not include common RBPs such as depolymerases. Moreover, there can still be
473  sequence-diverse fibers with conserved structure that were not detected by the HMM profiles.
474  Similar analysis against the RBP set from the BASEL collection retrieved 95% of the
475  sequences. This value was expected to be lower than 100%, as we excluded the TC5 and TC17

476  from the search (Fig. 4b).

477 Notably, most retrived sequences from UniprotKB belonged to TCO fibers (Fig. 4d-e),
478  and the Straboviridae subfamily. This apparent abundance could also be due to a natural
479  unbalance in the dataset towards the most well-studied phages, such as T4. A great number of

480 fiber hits for all classes belonged to phages that are as of yet unclassified.
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482  Fig. 4 — The partial phage tail fiber atlas. a) Network connecting the TC with phage family or
483  subfamily. Node size is proportional to number of proteins retrieve for each label. In turquoise:
484  phage classification; in dark gray: phage name. b) Venn-diagram representing the total
485  HMMsearch hits of all TC (light blue) and sequence classes (dark blue) against all annotated
486  phage tail fibers in UniProtKB (gray). c,d) Histogram of total (skyblue) and unique
487  (hashed/dark blue) targets retrieved for each TC against the BASEL collection tail fibers (c)
488 and the UniProtKB tail fiber search (d). e) Heatmap of distribution of TC classes among
489  different phage families and subfamilies.
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490
491

492 IV. Conclusions

493  This study presents a generalized method for predicting tail fiber structures, and a novel way
494  of classifying these predictions. This approach allows us to not only explore the diversity of
495  the known tail fiber universe but can also be used to hint at possible evolutionary paths taken
496 by those viruses. We established a robust pipeline to model, classify, and analyze the structure
497  of those protein complexes. This pipeline was validated on three well-studied phages by using
498  single-particle cryo-EM. We found 15 structural classes representing 24% of the known tail
499 fiber universe. Our methodology and findings set the stage for the development of a complete
500 tail fiber atlas, offering valuable insights into bacteriophage diversity and evolution.
501  Furthermore, it might suggest strategies for tail fiber modification in phage applications in
502  biotechnology and biomedicine.
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680  Supplementary Materials

681  Supplementary Figure 1. RBPseg workflow in detail, step-by-step demonstrating the
682  architecture of RBPseg using TC14 fiber as example. A FASTA file is input to ESMfold, which
683  generates a monomeric model. This model is fractioned in the sDp module. Fraction FASTA
684 files are modeled using AF2M, merged and relaxed.

685

686  Supplementary Figure 2. Selection of tail fiber representatives. a) Plot showing the consensus
687  between PhANNs and PhageRBPdetect (orange). PRANNS fibers were selected as positive tail
688  fiber when metric was greater than 8. PhageRBPdetect positive fibers, but PAANNs negative
689 fibers are shown in yellow. b) Sequence identity matrix of all double positive fibers. c-d)
690 Hierarchical clustering of tail fibers based on sequence identity shows for major groups. e)
691  Sequence identity matrix of 67 selected fibers.

692

693  Supplementary Figure 3. Generality of sDp and its variants. (a) Comparison of PAE and sDp
694  variants for the largest protein in the AlphaFold E. coli database (AF-P76347). The first row
695  displays heatmaps of the PAE (left) and sDp all-against-all matrices (right). The second row
696  shows a 2D UMAP projection of these matrices, colored by domain clusters identified using
697 HDBSCAN with a minimum cluster distance of 40. (b) Structure of AF-P76347, colored
698 according to domain organization. (¢) Plot showing the absolute correlation between sDp
699  variants and PAE for AF-P76347 across different Pair Distance Constants (D). (d) Pearson
700  correlation between sDp variants and PAE for 1,000 randomly selected representatives from
701  the Alphafold E. coli database, plotted against different values of D. A 4th-degree polynomial
702  fit indicates a maximum (highlighted in yellow) at D = 9.87, with a correlation of -0.71. The
703  fit yields R-squared = 0.9988, RMSE = 0.0047, and MAE = 0.0040. (e-f) Distribution of
704  individual correlations depending on sequence length and mean PAE at D = 10. The p-values
705  represent the results of a one-tailed Mann-Whitney U test. (g) Set of random representatives
706  from the dataset. The first row shows sDp matrices, the second row shows PAE matrices, the
707  third row presents sDp x PAE correlations, the fourth row depicts AF models colored by
708  domain organization, and the fifth row displays UMAP projections of sDp matrices colored by
709  protein regions.

710

711 Supplementary Figure 4. Map-model cross-correlation for all experimented validated
712 TC versus residue number, and Bas54 refined maps. (a) The cross-correlation values plotted
713 against the residue number for all experimentally validated TCs. The red line indicates the
714 threshold at y = 0.5. The cross-correlation of the map against the full RBPseg model is shown
715 in 'sky blue' (dash-dot line), while the cross-correlation against pseudo-domains, calculated
716  using the sDp approach, is depicted in 'green' (dashed line). (b) Box plot showing the cross-
717  correlation values for each comparison. *** denotes a p-value <0.001 from a Z-test comparing
718  full RBPseg models with individual pseudo-domains, while 'ns' indicates comparisons that are
719 notstatistically significant. (c) Refined Bas54 composite homogeneous and local refined mapes
720 maps (EMD-51869, contour levels: 1.4 and 0.8) with superimposed pseudo-domains for
721  RBP04, RBPI11, and RBP65. Scale bar represents 10 nm. (d) Missing N-terminal region of
722  RBP65, which is present in all members of TC8 (EMD-51869, contour levels: 2.0). (e) C-
723 terminal region of RBPI1. In ‘green,” the Pfam-annotated chaperone of endosialidase is
724 highlighted, while in ‘sky blue,’ the coiled-coil C-terminus is shown. Both regions are absent
725  in the mature phage (EMD-51869, contour levels: 0.2).

726

727  Supplementary Figure 5. The TC classes and its members (part 1) colored based on sequence
728  conservation. The sequence conservation of each TC class and its members is depicted, with
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729  coloring based on the degree of conservation. Sequence conservation was calculated using the
730  multiple sequence alignment (MSA) of each TC class, highlighting regions of high (1) and low
731  (-3) conservation across the members.

732

733 Supplementary Figure 6. The TC classes and its members (part 2). Analysis of classes TCS,
734  TC17, TC7, TCI12. (a) and (b) TCS5 and TC17 exhibited low interclass mean TM scores and
735 low sequence conservation, with proteins colored based on sequence conservation. (c)
736 Members of TC7 are colored based on sequence conservation. RBP 13 and RBP_33 share
737  common domains: D21 and D42 (with different copy numbers). RBP_60 shows no structural
738  or sequence similarity with other class members and was likely misclassified; it shares a needle
739  domain with TC6. (d) A detailed analysis of the modular class TC12, with proteins colored
740  based on sequence conservation. Three members share the same N-terminal adaptor, while
741  RBP 49 has a different N-terminal, lacks D7 domains, and contains one less copy of D42.
742

743  Supplementary Figure 7. Clustering criteria for TCs. a) TM matrix all-against-all, color scale
744  represents the mean TM score between both fibers. b) Inner cluster mean TM score (TM, blue),
745  standard deviation of icTM (sTM, green), maximum size of the clusters divided by 100
746  (yellow), Silhouette score (red) against the cluster number (#clusters). The dots represent the
747  average of 10 independent runs for each cluster number. c¢) Structural clustering similarity
748 metric (SM blue dots), and predicted exponential decay fit (pSM, red) against #clusters. d)
749  Double derivative of SM and pSM (pSM'"). Green line represents number of clusters = 18
750 (pSM" < 0.001).

751

752  Supplementary Figure 8. Clustering criteria for pseudo-domains and classes metrics. (a)
753  Distribution of pseudo-domain sizes after applying the sDp approach with spectral clustering,
754  using an expected domain size of 120 residues. Segments smaller than 20 residues or larger
755  than 400 residues were excluded from the classification. (b) SM and pSM scores for the pseudo-
756  domain classification. (c) Left: The mean TM-score for each pseudo-domain class (D classes),
757  with reference lines indicating important thresholds—‘sky blue’ dashed line represents the
758 random class mean TM-score, ‘red’ dashed line marks a TM-score of 0.4, and the ‘black’
759  dashed line represents the overall average mean TM-score. Center: The relative position of
760  each pseudo-domain within the original RBP, calculated as the last residue number of each
761  pseudo-domain divided by the C-terminal residue of the full-length RBP. Right: The length (in
762 residues) of each pseudo-domain.

763

764  Supplementary Figure 9. Domain annotations of various RBPs across different TCs using
765  InterPro (functional annotation) and Foldseek (PDB structure matches). The full-length RBP
766  sequences are represented in 'purple' (solid line), indicating the entire protein. InterPro
767  annotations were retrieved for the full-length RBP sequences and filtered with an e-value
768  threshold of < le-5 to highlight functionally relevant domains. These functional domains are
769  depicted along the RBP sequences with color-coded segments. Foldseek analysis identifies
770  structural matches from PDB entries, with two levels of alignment confidence: high-confidence
771  alignments (TM-score > 0.8) are shown in 'dark blue' (solid line), while moderate-confidence
772 alignments (TM-score > 0.6) are indicated in 'light blue' (dashed line). The sDp-estimated
773  pseudo-domains, which provide an approximation of possible domain boundaries within the
774  RBPs, are shown in 'sky blue' (solid line).

775

776  Supplementary Figure 10. Mobile Pseudo-Domains. (a) Mean relative positions of all
777  pseudo-domains with a mean TM-score > 0.6. Pseudo-domains found in different TC classes
778  are highlighted in green. The mean relative position is calculated as the average of the relative
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position ((first _residue + last residue) / (2 * RBP_length)) across all members of the same D-
class. Error bars represent the standard deviation of the sample. (b) Overlap of all models
belonging to the same D-class with a standard deviation in the mean position > 0.1. Annotations
are based on sequence or structural matches (InterPro or Foldseek). The tail fiber atlas focuses
on the analysis of mobile pseudo-domains (D7 in panel (c¢) and D42 in panel (d)), which are
found in at least 4 TC classes.

Supplementary Table 1. RBPseg and AF2M comparisons.

Supplementary Table 2. Cryo-EM data collection

Supplementary Table 3. TC classes.

Supplementary Table 4. D-classes and domain annotations.
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