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ABSTRACT

Bdellovibrio bacteriovorus is an endobiotic bacterial predator that encodes multiple enzymes
related to known peptidoglycan (PG) modifiers, which are necessary for predation to occur.

Additionally, a plethora of cryptic proteins are expressed and upregulated during predation.

It has been shown that L,D-transpeptidases (LDTs) are required for bdelloplast formation and
stabilisation. These LDTs cluster in six groups in B. bacteriovorus HD100, nevertheless, no further

LDT information has been previously described.

Here we have determined and analysed the structures of LDTs Bd0566, Bd1075, Bd3334 and
Bd3741, showing that even though they share a structurally conserved catalytic domain, they
have acquired accessory domains and motifs characteristic to each LDT group. Moreover, we
have integrated these novel structures with the previously solved structures of Bd0553, Bd0886
and Bd1402, generating a panel of seven LDTs representing the six groups of B. bacteriovorus
HD100, allowing us to propose possible roles and the structural determinants defining the

transferase/crosslinking or hydrolytic activities of each group.

Further, we report the structure of two predatory NIpC/P60 amidohydrolases/peptidases,
Bd0601 and Bd1177. We have determined that Bd0601 is a DUF1460 amidohydrolase, wherein
the PG stem peptide binding groove is blocked by a tyrosine residue, suggesting the need of a
conformational rearrangement for substrate binding. On the other hand, we have determined
that Bd1177 is a bilobular NIpC/P60, wherein the active site is located in the interface between
the catalytic N-terminal domain and a novel C-terminal regulatory domain, suggesting that

Bd1177 fluctuates to an open conformation upon substrate binding.

Finally, we have determined the crystallographic structure of the cryptic secreted protein
Bd0675, depicting a novel fold. The solved structure depicts a prominent central acidic and
aromatic groove delimited by a conserved disulphide-stabilised loop, suggesting that this protein
has ligand binding functions. Based on the solved structure we have tested different candidate
ligands; however further experiments are required to propose a function for Bd0675. In addition,
due to its novelty, Bd0675 was used as target for multiple structure predicting algorithms in

CASP14.
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CHAPTER 1

1. INTRODUCTION

1.1. Predatory relationships in bacteria: obligation and attack strategies

Prey-predator relationship dynamics are crucial components of the thermodynamic flow of
ecosystem networks [1]. Predation as an ecological interaction is intuitively related with
eukaryotic multicellular organisms, while prokaryotes as bacteria are usually considered as only
primary nutrient producers and recyclers by means of their degradative and saprophytic
metabolism [2], [3]. However, since prokaryotes have colonised the planet for almost four billion
years, emergence of prokaryotic and bacterial predatory relationships during their evolution is
not surprising. Predatory Archaea and bacteria are proposed to be a selective factor for bacterial
cell shape and size for both prey and predator. Furthermore, bacterial predators can be found
practically in every environment, including open ocean, soils, plant roots, depositions and even

harsher environments as highly contaminated soils and water or extreme weather [3].

Predatory bacteria can be taxonomically divided into nonobligate (or facultative) and obligate
predators [3], [4]. Moreover, predators can be further classified according to their predation
strategies: i) group or “wolfpack” attack, in which a cluster of predators secrete hydrolytic factors
and metabolites to degrade prey, ii) epibiotic predation, wherein predators attach themselves to
the cell envelope whilst consuming the prey content from the outside, and iii) endobiotic
predation, in which cells penetrate the periplasm or cytoplasm of the prey to metabolise the

prey cell content.

The best characterised facultative predators are the saprophytes belonging to the Myxococcales,
particularly, Myxococcus xanthus, which exhibits a “wolfpack” strategy of predation [5]. It has
been suggested that the secretion of hydrolytic enzymes or lysing factors by a quorum of
predatory bacteria confers M. xanthus a wide range of prey options, and even by direct contact
with prey [3], [5], [6]. However, in this wolfpack strategy the whole quorum of predators is
benefited instead of only the cells producing lytic factors, which is proposed to not be sustainable
in prey-limiting conditions and is hypothesised to be maintained only by nonobligate predators
[7]. Other less characterised facultative predators include unclassified bacteria from the

Lysobacter and Cytophaga genera, also exhibiting a “wolfpack” predation strategy [8].



On the other hand, obligate predators’ cell replication is metabolically linked with predation and
thus, is mandatory for cell cycle progression. At present, the Bdellovibrio and like organisms (here
onwards, BALOs) are the best characterised obligate predators, comprising mainly 6-
proteobacteria and some a-proteobacteria such as Micavibrio spp [3]. In general, BALOs have a
narrower prey scope than facultative predators, predating on other Gram-negative bacteria by
means of either an epibiotic or endobiotic attack strategy [9], [10]. BALOs as Micavibrio spp.,
Vampirovibrio chlorellavorus and Bdellovibrio exovorus deploy an epibiotic predatory strategy
[11], [12]. However, most BALOs, including most Bdellovibrio, Bacteriovorax, Hallobacteriovorax

and Peridibacter species, use an endobiotic attack mechanism [4], [9].

To date, the best characterised endobiotic predator corresponds to Bdellovibrio bacteriovorus,
which has received attention due to its potential use as a pathogen controlling agent [13], [14],

[15].
1.2. Bdellovibrio bacteriovorus as a model of endobiotic predation

Bdellovibrio bacteriovorus, specifically strain HD100, was first isolated in 1962 and sequenced in
2004 [16], [17]. This organism is a ubiquitously found predatory Gram-negative Oligoflexia which

predates on other Gram-negative bacteria [18].

To succeed as a micro-predator in aquatic and terrestrial niches, B. bacteriovorus has developed
a complex lifecycle consisting of seven key stages: (A) location of the prey and initiation of the
attack phase (AP), (B) attachment to- and entry of prey, (C) invasion of periplasm, (D) bdelloplast
formation, (E) filamentous growth inside the bdelloplast, (F) exhaustion of bdelloplast resources
and septation, and (G) bdelloplast lysis and release of progeny (Figure 1) [18]-[20]. It is worth
noting that certain B. bacteriovorus strains can switch between a host dependent and a host

independent (HI) lifestyle (H).
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Figure 1: Bdellovibrio bacteriovorus life cycle. Summary of the life stages of B. bacteriovorus, consisting
of (A) location of the prey, (B) attachment, (C) penetration of the outer membrane and periplasm
colonisation, (D) formation of the bdelloplast, (E) filamentous growth inside the bdelloplast by
degrading and metabolising prey components, (F) septation, (G) lysis and exit of progeny from
bdelloplast. (H) Certain strains can grow separately or simultaneously as a biofilm, independently from
a host (HI growth).

B. bacteriovorus differentially expresses genes at each stage with functions including, but not
restricted to, chemosensory, motility, hydrolytic and metabolic activities [21]. Nevertheless, the
molecular mechanisms underlying each phase of the cycle and switch between host-dependent
(HD), and HlI lifestyles require further characterisation. For instance, it is known that in strain
HD100, loss of function or deletion mutations in the gene bd0108, which encodes an intrinsically
disordered protein, are related with producing the HI lifestyle phenotype due to its possible

regulatory effect on the protrusion/retraction of the invasion type IV pilus [22], [23].

Prey encounter has been proposed to be achieved, at least partially, by chemotactic responses
towards amino acids and high concentrations of bacteria, independent to their identity (prey or
not prey), as demonstrated by Straley et al. (1977 and 1979) [24], [25]. Nevertheless, swimming-
compromised mutants have been proven to retain their predation competence, therefore,
mechanical interaction between prey and predator does not completely account for prey

invasion mechanisms [26].



The commitment of B. bacteriovorus to initiate the predatory cycle has been linked to the second
messenger cyclic-di-GMP (cdg), which has also been observed to regulate change in lifestyle in
non-predatory bacteria, promoting motility, biofilm formation, virulence, among other events
[27]-[29]. Specifically, the GGDEF motif-domain containing enzyme DgcB (Diguanylate Cyclase B)
has been proposed as a master regulator of predation in B. bacteriovorus. Meek et al. (2019)
have solved the crystallographic structure of DgcB, revealing an asymmetric dimer composed of
a GGDEF-motif domain fused to a sensory fork head-associated (FHA) domain, wherein the
activity of the enzyme is triggered by phosphorylation of a conserved threonine residue in the
disordered N-terminal tail of the FHA domain [30]. This regulatory phosphorylation is proposed

to be carried-out by the kinase Bd3148, is fused to DgcB in other species [30].

Regarding the molecular mechanisms by which the predator attaches to- and penetrates the
outer membrane of the prey, these are still to be determined. Nonetheless, there is evidence
indicating that protein synthesis is required for prey invasion, even in highly viscous
environments or by motility-compromised mutant predators, suggesting that adhesion

dedicated proteins, among other factors, participate in this process [31], [32].

Moreover, by tracking the incorporation of fluorescently labelled D-amino acid derivatives, it has
been observed that B. bacteriovorus opens a pore-like structure at the contact point between
the prey and predator’s outer membranes. The predator is proposed then to squeeze through
the pore by using type IV pili, the entry pore being sealed afterwards by the nested predator,
initiating the bdelloplast formation stage [33], [34].This stage requires glycanase and peptidase
activities, with subsequent modification of the peptidoglycan (PG) cell wall of the prey, which are

described in detail below [19], [33].

The bdelloplast is a rounded-up structure formed 30-45 minutes after the beginning of the AP,
comprising the infected prey and the B. bacteriovorus settled in the periplasmic niche, which
now has proceeded to metabolise the contents of said structure to support its own filamentous
growth and concomitant division [18], [19]. This structure allows the predator to grow by utilising
the prey’s metabolites and macromolecules in an efficient manner, avoiding their leakage and
consequent competition with other predators, having a role in supporting and protecting the

predator during this stage of B. bacteriovorus’ life cycle.

In fact, for periplasm invasion and colonisation, the predator must not only adapt to physical and

chemical changes with respect to the planktonic environment but also the bdelloplast structure
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formed upon invasion must be osmotically stable to sustain Bdellovibrio’s growth inside the
invaded cell. In this regard, it has been determined that formation and stability of the bdelloplast
is mainly achieved by modification of the PG wall structure of the invaded prey by several gene

products produced during the predator’s attack [33], [35], [36].

The first three described modifications of the prey cell wall key for niche formation and
maintenance were identified by Thomashow and Rittenberg (1978): i) endopeptidase activities
hydrolysing stem peptide crosslinks [37], ii) deacetylase activities acting specifically on prey cell
wall, differentiating prey and predator’s cell wall [38], and (iii) replacement of the cell wall- OM
crosslink mediated by the Braun lipoprotein by the acylation of PG with long chain fatty acids,

mainly palmitic acid and oleic acid [39].

Transcriptomic analysis of B. bacteriovorus strain HD100 revealed the upregulation of at least
240 genes during predation (30 minutes after initiating the attack phase) respect to the Hl strain
[21]. Approximately 10% of upregulated protein coding genes have putative PG modifying
activities, including predicted 3-4 and 3-3 stem peptide crosslinking enzymes (referred as D,D-
and L,D-Transpeptidases, from here onwards DDTs and LDTs, respectively), endo- and
carboxypeptidases and amidases, among other hydrolytic activities (see Figure 2) [21].
Moreover, it is worth noting that only 35% of the upregulated transcriptome (or predatosome)
has a demonstrated or putative function, whereas the role of the remaining 65% of genes are

cryptic and require further examination.
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Figure 2: Distribution of upregulated genes in B. bacteriovorus during predation. Percentage of
upregulated genes during Bdellovibrio predation. Around 10% of the total overexpressed genes are
related with PG modification, whereas about 65% of the genes encode hypothetical proteins without
predicted functions.

Evidently, one of the main targets of B. bacteriovorus, in particular during the early stages of
predation, corresponds to prey PG cell wall. Thus, obtaining molecular insight about the PG cell
wall modification processes is key for understanding B. bacteriovorus life cycle at the microscopic

level.

1.3. Peptidoglycan: synthesis and modification in Gram negative bacteria

1.3.1. Synthesis of the PG cell wall precursor Lipid Il

Peptidoglycan is a complex polymer present in both Gram-positive and Gram-negative bacteria,
consisting of repeating disaccharide subunits of N-acetylglucosamine (GIcNAc) and N-
acetylmuramic acid (MurNAc), wherein the disaccharide is further modified at the D-lactate
group in MurNAc C; with a three to five amino acid long oligopeptides constituted by D- and L-
amino acids, which crosslink the different PG units forming a dynamic mesh structure in the

periplasm [40]—[43] (Figure 3).
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Figure 3: Peptidoglycan structure. PG is a f1-4 glycan polymer formed by "n” alternating units of
MurNAc (green) and GIcNAc (blue) sugars, wherein the D-lactate radical at position C3 of the MurNAc
ring is substituted with a three to five amino acid long stem peptide (red).

In Gram-negative bacteria, the PG precursors are synthesised in the cytoplasm by the enzymes
of the Mur pathway. Specifically, a UDP activated precursor of N-acetylglucosamine (UDP-
GIcNACc) is converted to UDP- N-acetylmuramic acid (UDP-MurNAc) in the cytoplasm by addition
and subsequent reduction of a phosphoenolpyruvate (PEP) group at Cs, catalysed by the
transferase and dehydrogenase MurA and MurB, respectively [44], [45] (Figure 4).The UDP-
MurNAc Cs oxypropanoic (D-lactate) radical is then modified by the addition of an L-Alanine (L-
Ala) residue catalysed by the ATP-dependent MurC [46], [47].

The L-Ala modified UDP-MurNAc is then extended by the sequential peptide bond condensation
of y-D-Glutamate (D-Glu), meso-diaminopimelate (meso-2,6-diaminoheptanedioate, here
onwards mDAP), and a D-Ala/D-Ala dimer, catalysed by the MurD-F ATP-dependent amino acid
ligases, forming a pentapeptide commonly referred as stem peptide [48]-[50] (Figure 4). In Gram

positive bacteria, the mDAP at position 3 is usually replaced by a L-lysine residue [51].
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Figure 4: UDP-MurNAc-Stem peptide biosynthesis. The UDP-MurNAc-Stem peptide precursor is
synthesised in the cytoplasm by the Mur pathway enzymes. MurA and MurB catalyse the conversion of
UDP-GIcNAc into UDP-MurNAc, adding a carboxy radical substituting position Cs of the MurNAc ring.
Finally, the amino acids L-Ala, y-D-Glu, mDAP y (D-Ala); are added to the active carboxy group by MurC-
F ligases, forming the PG stem peptide precursor UDP-MurNAc-Stem peptide.

In the next step of the pathway, the UDP-MurNAc-pentapeptide precursor is attached to a Css
isoprenyl pyrophosphate lipid carrier on the cytoplasmic side of the inner membrane leaflet via
a pyrophosphate linkage formed by releasing UMP, the reaction catalysed by the
glycosyltransferase MraY, forming a molecule named Lipid | [52]. Later, the glycosyltransferase
MurG forms a B-1,4 glycosidic bond between Lipid | and GIcNAc to form a Css-PP activated-
GIcNAc-B-1,4-MurNAc-pentapeptide molecule named Lipid Il [53] (Figure 5). Lipid Il is
transported across the inner membrane, from the cytoplasm to the periplasm, by the Mur)

flippase and added to a nascent PG chain in the periplasm [54], [55].
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Figure 5: Synthesis of Lipid Il PG precursor. The UDP-MurNAc-stem peptide molecule is linked to the cytoplasmic side of the inner membrane by the
condensation of a pyrophosphate bond with a Css- undecaprenyl carrier, catalysed by MraY, forming the Lipid | molecule. Finally, MurG links UDP-GIcNAc
to Lipid I, producing the Lipid I, which will be flipped across the inner membrane to the periplasm for its incorporation into the PG sacculus.



1.3.2. Lipid Il insertion into the PG cell wall: PG synthases

Once in the periplasm, the peptide-disaccharide portion of Lipid Il is assimilated into the pre-
existent PG sacculus by transglycosylation, forming a new B-1,4-GIcNAc-MurNAc linkage. This
step is achieved by the elimination of the pyrophosphate lipid carrier, which is subsequently
hydrolysed and recycled to the cytoplasmic side of the inner membrane [40], [56]. The nascent
PG chain is incorporated into the cell wall mesh by crosslinking of stem peptides between PG
chains using the terminal D-Ala of the accepting stem peptide as leaving group.The de novo
transglycosylation and crosslinking of Lipid Il is catalysed by the PG synthases, commonly
referred as Penicillin Binding Proteins (PBPs) for being firstly identified due to their inactivation
by B-lactams [41], [56], [57]. PBPs are monotopic membrane glycosyltransferases (GTases,
EC:2.4.1.129) and/or TPases (EC:3.4.16.4) and are divided into three categories: i) class A,
corresponding to bifunctional GTases-TPases, ii) class B, comprising monofunctional TPases, and
iii) monofunctional GTases (Figure 6A). E. coli has three class A PBPs (PBP1a, PBP1b and PBP1c),
two class B PBPs (PBP2 and PBP3, which participate in cell elongation or division, respectively)

and one monofunctional GTase (MtgA) [56], [57].
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Figure 6: PBP classes and TPase active site. A) Membrane associated PG synthases or PBPs are divided
in i) class A, comprising bifunctional GTase-TPase enzymes, ii) class B, consisting of monofunctional
TPases and iii) monofunctional GTases (mGT). One representative protein structure per class is depicted
(PBP1b of E. coli, PDB ID: 3VMA; PBP2 of E. coli, PDB ID: 6G9F; and mGT of S. aureus, PDB ID: 3HZS). The
GTase domain is presented in blue, the TPase domain in orange and transmembrane portion (TM) in
cyan. Additionally, PBP1b possess an accessory UB2H domain (in yellow), with activity regulation
function. B) D,D-TPase reaction. The PBP TPase crosslinks the fourth amino acid (D-Ala) of the acyl donor
molecule with the mDAP at third position in the acyl acceptor by the elimination of the terminal D-Ala
in the acyl donor stem peptide.
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The transglycosylation is the first incorporation reaction to occur, in which Lipid Il utilises the C4
hydroxyl group of the GIcNAc sugar ring as a nucleophile and the lipid pyrophosphate carrier at
position C; of the MurNAc of another Lipid Il as leaving group, elongating a pre-existent PG chain

by two GIcNAc-MurNAc units.

Then, for the major biosynthetic PG synthases, PBPs of class A, the elongated PG chain is then
displaced to the TPase potion of the PBP for it to be crosslinked to an adjacent PG chain in the
periplasm, as proposed based on the PBP1b crystal structure and evidence supporting that only

polymerised glycan chains undergo crosslinking [58].

The TPase domain of the PBPs corresponds to a serine transpeptidase that catalyses the
crosslinking reaction between the mDAP in the third position of the donor stem peptide and the
D-Ala in the fourth position of the acceptor stem peptide using the D-Ala in the fifth position of
the acceptor stem peptide as a leaving group [42], [58], [59] (Figure 6B). Due the resulting bond

possessing a D,D-linkage stereochemistry, PBPs are alternatively denominated DDTs.

The catalytic domain of the DDT is formed by two subdomains, wherein the active site sits in the
interface channel between them, defining an acyl donor and acyl acceptor binding site [41], [58].
The first subdomain comprises a five stranded B-sheet bounded by three a-helices arranged in
an orthogonal bundle, whereas the second subdomain is mainly composed by a-helices. The
active site possesses the signature motif SXXK, wherein the Ser residue acts as the nucleophile

group while K is proposed to act as the general base [41], [57], [58].

DDTs follow a ping-pong mechanism in which the catalytic serine is deprotonated by the general
base and attacks the carbonyl amide of the D-Ala at position four, displacing the D-Ala at position
five by an addition-elimination mechanism. The bound acyl-enzyme intermediate is finally
attacked by the e-amino group of the mDAP of the acceptor peptide, releasing the D,D-
crosslinked product [58]. Alternatively, a carboxypeptidation reaction, catalysed by D,D-
carboxypeptidases (D,D-CPases) occurs via a water molecule acting as a Lewis base instead of a
second PG molecule, hydrolysing the acyl-enzyme intermediate and generating a PG
tetrapeptide product [59]. PG tetrapeptides may also be used as substrates for D,D-

transpeptidation as depicted in Figure 6B.

In E. coli, the PG cell wall remains connected to the inner membrane via the multiprotein

complexes in charge of PG synthesis during division (the divisome, associated with PBP1b and
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PBP3) and elongation (elongasome, associated with PBP1a and PBP2). During cell grow and
division, PBPs interact with specific activating proteins such as LpoA (elongasome) and LpoB
(divisome), and the Tol-Pal outer membrane constricting complex [40], [56]. It has also been
proven that class B PBPs (bPBPs) act in complex with shape, elongation, division, and sporulation
(SEDS)-family glycosyltransferase proteins, as shown for the Thermus thermophilus RodA-PBP2

SEDS-bPBP complex, which participates in PG synthesis sustaining cell growth [60].
1.3.3. PG cell wall modifications: L,D-TPases

While 3-4 crosslinking and hydrolysis by PBPs is the most studied type of PG modification, 3-3
crosslinks have been reported in different model organisms, formed between the mDAP of a
tetrapeptide PG chain and the mDAP of a tripeptide PG chain, using the D-Ala at position four of

the donor as leaving group (Figure 7A) [61], [62], [63].
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Figure 7: L,D-TPase crosslinking reaction and domain structure. A) 3-3 crosslinks catalysed by LDTs. The
mDAP of the acyl acceptor is transferred to the mDAP of the acyl donor using the terminal D-Ala of the
donor as leaving group. B) The YkuD LDT from B. subtilis (PDB ID: 1Y7M) is depicted in ribbon and surface
representations, wherein the catalytic dyad C139-H123 has a 4.0 A distance between the thiol of C139
and the N &2 of H123. Coulombic surface potential scale from basic (+10 Kcal/mol) to acidic (-10 Kcal/mol)
is indicated.

The enzymes catalysing the condensation of 3-3 crosslinks were firstly characterised in
Enterococcus faecium as part of a B-lactam resistance machinery and defined as LDTs [64]. Since
this group of enzymes are insensitive to non-carbapenem B-lactams, they have been more
thoroughly studied in organisms of clinical relevance, such as multidrug resistant bacteria strains,
i.e. Mycobacterium tuberculosis, Klebsiella pneumoniae, Bacillus subtilis and Helicobacter pylori,

among others [62], [65]—[68].



At present, the solved structures for the LDTs share a common catalytic core denominated YkuD-
like LDT domain. The LDT domain is composed by a basic eight strand B-barrel capped by an a-
helix (Figure 7B) [69]. The active site of the LDT comprises a conserved cysteine acting as a
nucleophile and a histidine as a general base, that may be further polarised by a third residue,

usually an aspartate group. The ping-pong mechanism followed by LDTs is similar to the one of

the DDTs as shown in Figure 8.
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Figure 8: L,D-Transpeptidases (LDTs) catalytic mechanism. LDTs catalyse the crosslinking of two PG stem tetrapeptides (D-Ala in magenta and mDAP in
yellow) by a ping-pong mechanism. The catalytic cysteine is deprotonated by a conserved histidine to be a competent nucleophile (step 1). The sulfhydryl
anion attacks the carbonyl of the amide bond between D-Ala and mDAP (step 2), generating tetrahedral intermediate (step 3) which is converted into an
acyl-enzyme intermediate by the elimination of the terminal D-Ala (step 4). A second PG tetrapeptide molecule enters the active site at step 5, wherein the
g-amine of the mDAP residue is activated by the histidine and attacks the acyl-enzyme bond, forming a second tetrahedral intermediate (step 6). Finally, the
tetrahedral intermediate uses the enzyme as leaving group and the acid-base state of the cysteine and histidine are recovered and the 3-3 crosslinked PG
molecule released (step 7). It is worth noting that for L,D-CPases at step 5, a water molecule could be used as a Lewis base instead of a second PG molecule,
generating a PG tripeptide as product of the reaction.
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As with the PBPs, the first PG tetrapeptide enters the acyl donor site, wherein the catalytic
cysteine is deprotonated by a conserved histidine acting as a general base (step 1). The
nucleophilic cysteine anion then attacks the peptidyl carbonyl group of the mDAP residue of the
tetrapeptide (step 2), forming a tetrahedral oxyanion intermediate (step 3). This first
intermediate is resolved by eliminating the D-Ala of the tetrapeptide, recovering the
deprotonated state of the active site histidine (step 3), forming an acyl-enzyme intermediate
(step 4). Next, the second PG tetrapeptide enters the active site, wherein the catalytic histidine
deprotonates the e-amino of the mDAP of the tetrapeptide which attacks the carbonyl sulphide
group (step 5) and generates a new tetrahedral intermediate (step 6). This final intermediate is
resolved by releasing the enzyme (step 6), generating a final PG tetrapeptide-tripeptide 3-4
crosslinked product (step 7). Analogously to D,D-CPases, at step 5, a water molecule may act as
a Lewis base following a similar mechanism, realising a PG-tripeptide as product of the reaction.

This alternative trimming reaction is catalysed by enzymes denominated L,D-CPases [70].

Functionally, enzymes with 3-3 PG crosslinking activity are related with specialised cell wall
growing mechanisms. In Agrobacterium tumefaciens, the LDT Atu0845 localises at the growing
tip of the cell, co-localising with the pole organising protein PopZ, whereas PodJ accumulates at
the old pole of the cell [71]. Additionally, LDTs are responsible of thickening the new cell

compartments during unipolar polar growth [72].

LDTs are also part of Mycobacteria cell growth machinery, wherein the mature cell wall exhibits
mostly 3-3 crosslinks [73]. M. tuberculosis encodes five LDT paralogues (Ldtmi-mes), where Ldtme
and Ldtwmr; have been proposed to be part of the elongasome along with the DDTs PonAl and

PonA2 [74].

Loss of Ldtmi and Ldtwme, in M. tuberculosis has been shown to result in shorter and less rigid cells
[74], [75]. Further, these two LDTs are required for maintenance of infection, immune system
evasion and antibiotic resistance [76], [77]. Additionally, loss of Ldtuts, which has a nonredundant

function with Ldtm, has been proven to compromise M. tuberculosis cell wall integrity [75].

The structures of Ldtme, Ldtme, Ldtmes and Ldtmss have been experimentally determined (PDB ID:
4JMN, 6RLG, 6D4K and 4Z7A, respectively) [75], [78]-[80]. These enzymes comprise a catalytic
YkuD-like domain and one or two bacterial immunoglobulin-like beta sandwich domains (Blg-like

domain) (Figure 9).
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Figure 9: Structure of M. tuberculosis LDTs. M. tuberculosis encodes five LDT paralogues, comprising
one or two Blg N-terminal domains (in teal) and the C-terminal YkuD-like domain (in orange). Ldtmt2 and
Ldtmts comprise an additional N-terminal Blg domain in a different orientation and an extended C-
terminal subdomain (ex-CTSD, in white). Ldtmt1, Ldtmi2, Ldtmes and Ldtms PDB IDs are 4JMN, 6RLG, 6D4K
and 4Z7A, respectively.

The four structures share a structurally similar YkuD-like catalytic core and active site. Ldtmr and
Ldtmis contain an additional N-terminal Blg domain and an extended C-terminal subdomain (ex-
CTSD). Nonetheless, Ldtm; and Ldtuis ex-CTSDs modify the relative orientation of the Blg domain
closest to the YkuD-like domain when compared to Ldtumu and Ldtws [75], [79]. Moreover,
orientation differences of the active site residues between LdtMt2 and LdtMt5 and amino acid
composition of the ex-CTSD are hypothesised to affect substrate specificity and/or interactions

with other proteins [75].

From a virulence perspective, in Salmonella enterica serovar Typhi, the secretion of the typhoid
toxin is limited to 3-3 crosslinked cell wall sites [81]. The translocation across the bacterial

envelope of the typhoid toxin requires the 3-3- crosslinking activity of YcbB and the localised
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activity of the N-acetyl muramidase TtsA, which cleaves the B1,4-glycosidic bonds between

MurNAc and GIcNAc only on 3-3 crosslinked PG molecules.

In E. faecium and E. coli, 3-3 crosslinks confer B-lactam resistance via a mechanism involving the
production of the alarmone (p)ppGpp in response to the inactivation of PBPs [82]. Under these
conditions, it is proposed that YcbB (LdtF) forms a transient complex with the inactivated PBP1b
DDT and the CPase PBP5. PBP1b elongates a new PG pentapeptide chain by its still active GT
domain while PBP5 generates a PG tetrapeptide that acts as substrate for YcbB [82], [83]. As a
result, the PBP inactivated route of cell wall synthesis is bypassed by producing a PG sacculus

enriched in 3-3 crosslinks.

Additionally in E. coli, three LDTs, YcfS, YbiS and ErfK, crosslink the PG cell wall to the outer
membrane (OM) via the Braun lipoprotein or Lpp1 [61], [84]. The Lpp1 attachment of the PG cell
wall has been implicated in maintaining envelope integrity, where Alpp or non-cross linkable
Lppl mutants display a membrane blebbing phenotype, increased susceptibility to toxic or
membrane destabilising agents and release of periplasmic content to the external environment
[85]—[89]. Furthermore, Lpp1 variants with increased lengths have been shown to result in the
impairment of the OM-IM stress sensor system RcsF-lgaA, blocking the activation of the

Regulation of Capsule Synthesis (Rcs) stress response system [90].

Lppl is membrane-linked protein synthesised as a preprolipoprotein and is 57 residues long in
its processed state [85], [91]. The prepro-Lppl comprises an N-terminal type Il signal peptide
containing a LXXC lipobox, wherein the cysteine residue is modified for anchoring LPP to the
inner leaflet of the OM [85]. The cysteine of the lipobox is first diacylated by a lipoprotein glycerol
transferase (Lgt), and then the signal peptide is cleaved by a lipoprotein signal peptidase (Lsp) up
to the modified cysteine, residue that is finally N-acylated by an apolipoprotein N-acyltransferase

(Lpn), generating a triacylated membrane-anchored Lpp1.

The OM-bound Lpp1 forms an acidic a-helical trimeric bundle, wherein the g-amine of the C-
terminal lysine of part of the Lpp1 population is crosslinked to the mDAP of a PG tripeptide [92],
[93]. The terminal lysine is part of a highly conserved KYRK motif, corresponding to the only
significantly basic region of the protein, and is essential for efficient attachment of the PG
sacculus to Lppl. It has been shown that the KYRK motif of Lppl forms an unstructured loop
wherein polarity altering mutations in any of the residues produce a diminished PG-Lppl

crosslinking phenotype [89]. Interestingly, B. bacteriovorus HD100 does not encode any
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recognizable Lppl homologue, thus membrane integrity might be maintained by sacculus

attachment via other factors.
1.3.4. PG cell wall hydrolytic modifications: transglycosylases, EPases, CPases and amidases

PG cell wall shape is further sculpted by hydrolytic activities required for polarised cell growth
and division, among other processes. These enzymes were originally denominated autolysins,
currently Cell Wall Hydrolases (CWHSs), and are responsible for hydrolysing glycosidic bonds in
the glycan chain of the cell wall (transglycosylases), crosslinks between PG molecules and

detaching stem peptides from the glycan chain (peptidases and amidases, respectively) [94].
1.3.4.1. Transglycosylases

Transglycosylases are often referred as cell wall or PG glycosidases (CWGs or PPGs, EC 3.2.1) and
catalyse the hydrolysis of the B1,4-glycosidic bonds between two sugar units, releasing the
corresponding hemiacetals or hemiketals [95], [96]. The CWGs can be divided respect to their

catalytic domains into two broad categories: i) N-acetylglucosaminidases and ii) lysozymes.

N-acetylglucosaminidases hydrolyse the glycosidic bonds between N-acetyl-B-D-glucosamine
and the adjacent saccharide by means of an acid-base mechanism [97], catalysed by either an
aspartate-histidine or glutamate-aspartate catalytic dyad for GHF-3 or GHF-73 CWG, respectively
[98], [99]. On the other hand, lysozymes or N-acetylmuramidases cleave the $1,4-glycosidic bond
generating either a reducing open MurNAc or a cyclic 1,6-anhydromuramic acid (anhMurNAc)
and are characterised by one of three domains in bacteria: GHF-22, GHF-24, and GHF-25 [94],
[100].

1.3.4.2. Cell wall peptidases: EPases, CPases and amidases

Cell wall peptidases (CWPs, EC 3.4) hydrolyse bonds between amino acids of the PG stem peptide
[96], and are divided in three groups: i) EPases, cleaving peptide bonds between amino acids
within the stem peptide, including crosslinks between two PG molecules, ii) CPases, cleaving and
consequently releasing the C-terminal amino acid of the stem peptide and iii) amidohydrolases
or amidases, which hydrolyse the MurNAc-stem peptide bond, separating the glucan and peptide

portion of the PG substrate [94].

EPases and CPases can be further classified in LD or DD CWPs depending on the chirality of the

target bond, mirroring LDTs and DDTs [56]. In fact, several TPases have also CPase or EPase
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activity, wherein the reaction mechanism proceeds analogously to TPases, except that the

second substrate is a water molecule instead of a second PG molecule.

Currently, ten CWPs signature domains have been reported, with four of these being the most
specifically implicated in Bdellovibrio endobiotic predators. These domains correspond to the
Cysteine Histidine-dependent Amidohydrolases/Peptidases (CHAP), New lipoprotein C/Protein
of 60-kD (NIpC/P60) and the D,D- and L,D-TPase domains (Figure 10) [94].

Firstly, CHAP domains consist of approximately 120 amino acids folded into a papain-like fold of
alpha/beta/alpha topology, having cysteine amidase or peptidase activity, as illustrated by the
structure of the CHAP domain of LysGH15 from Staphylococcus phage G15 (PDB ID: 40LK, Figure
10A) [101]-[103]. Of the three above individualised domains, CHAPs are by far the less studied
group, however, its presence has been usually detected in multi-modular CWH, alongside
multiple PG binding motifs (as SH3b and LysM domains) and other amidase or peptidase domains
[104]-[107]. The crystal structure of a handful of CHAP domains have been solved and deposited
in the PDB, depicting a structural calcium (ll) ion coordinated in an hexahedral geometry,
suggested to be responsible for stability and activity of the CHAP enzyme, modulating the

conformational change of the protein from a closed to an open state [103], [108], [109].

Figure 10: Structure of cell wall peptidases (CWPs) CHAP and NIpC/P60 domains. A) CHAP domain
structure of LysGH15 from Staphylococcus phage G15 (PDB ID: 40LK). a-helices are coloured blue while
B-strands are coloured red. The CHAP domain adopts a papain-like fold with a catalytic dyad formed by
a cysteine and a histidine in the active site. A structural calcium (Il) ion coordinated with a hexahedral
geometry is coloured in green. B) NIpC/P60 domain structure of the PG hydrolase SagA from
Enterococcus faecium (PDB ID: 6B8C). a-helices are coloured blue while B-strands are coloured red. The
domain adopts a papain-like fold as CHAP domains; however, no calcium ion is required for structural
stability of the protein. The active site of the domain with a catalytic triad formed by a cysteine and two
histidines in the active site.
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CHAP domains have been implicated in cell lysis processes and have been more thoroughly
studied for their antimicrobial potential. For instance, the LysK endolysin produced by the
staphylococcal phage K has been biochemically characterised, determining that even though the
enzyme contains both a CHAP and an amidase domain, a CHAP only truncation harbours most of
the enzymatic activity [108] [110]. On the other hand, the CHAP domain of Cse of Streptococcus
thermophilus has been implicated in cell separation by hydrolysing the mature septa due to its

endopeptidase activity [111].

Secondly, NIpC/P60 domains structural features are illustrated in Figure 10B, depicting the
solved structure of the catalytic domain of the PG hydrolase SagA from Enterococcus faecium
(PDB ID: 6B8C) [112]. This domain also adopts a papain-like fold and is, in consequence,
sometimes grouped with the CHAP domain despite both types of domain to differ largely in
aminoacidic sequence and absence of structural metal ions stabilising the domain fold [94]. For
this group of enzymes, it is postulated that the active site is formed by a catalytic triad formed
by a cysteine and two histidine residues, wherein the catalytic domain shifts from a closed to an
open conformation is regulated by a loop capping the active site of the enzyme [107], [112],

[113].

NIpC/P60 domains are more widespread than CHAP domains, however in bacteria and phage
they have been connected with PG hydrolysis. In mycobacteria, the NIpC/P60 endopeptidase
RipA is involved in cytokinesis, being responsible for septa hydrolysis [114]. Additionally,
endopeptidases LytA and LytB are responsible for the positioning of the septum and consequent

cell division in Lactobacillus plantarum [115].

In summary, the PG cell wall dynamic is highly regulated by a plethora of enzymatic activities,
which modify its structure depending on the multiple factors as the environment and cell cycle

stage

1.4. PG modifying enzymes in B. bacteriovorus and their connection with predation

1.4.1. DDTs Bd0816 and Bd3459 in the predatory life cycle and self-protection mechanisms

Two homologous genes, bd0816 and bd3459, have been identified to be upregulated 15 minutes
after the start of the invasion process, corresponding to the attachment and invasion stage of

the predatory cycle [35].
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A double in-frame deletion mutant predator strain Abd0816Abd3459 shows almost no
bdelloplast rounding and slowed-down invasion [35]. The double in-frame deletion strain
displays a greater number of multiple invasions into one cell, suggesting that invasion rate and

bdelloplast rounding are linked to single invasions of B. bacteriovorus into E. coli.

These genes encode PBP4 homologues with D,D-CPase and D,D-EPase activities, against PG

tetrapeptide derivatives, wherein the nucleophilic attack is performed by the catalytic S70 [35].

As shown in Figure 11A, Bd3459 (PDB ID: 3V39) is organised in three domains: a DDT catalytic
domain (in orange), domain Il (in grey) and domain lll (in teal). The re-entrant domain lll is unique
to Bd3459 and has been implicated in the adaptation of this enzyme to predation, allowing for
the active site to be more accessible compared to PBP4 and in consequence, highly reactive

towards the prey cell wall.
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Figure 11: Structure of the DDT Bd3459 and immunity complex between Bd3459 and Bd3460. A)
Ribbon diagram of Bd3459 structure (PDB ID: 3V39). The Bd3459 crystallographic structure depicts a
DDT catalytic domain (in orange), domain Il (in grey) and domain Ill (in teal). The catalytic S70 is
highlighted in the structure. B) Bd3459-Bd3460 immunity complex (PDB ID: 5CEC). Bd3460 is an ankyrin
domain containing protein (in blue) that blocks the active site of Bd3459 (in red), protecting B.
bacteriovorus from cell lysis. This complex is secreted to the prey’s periplasm, where it dissociates,
releasing the Bd3459 EPase and CPase activity. A similar immunity complex is formed between Bd0816
and Bd3460 (PDB ID: 5CER). C) Surface representation of the immunity complex between Bd3459 (in
red) and Bd3460 (in blue).

Considering its high reactivity, it has been proven that Bd3459 is expressed alongside an ankyrin
domain containing protein, Bd3460 (PDB ID: 5CEA), which acts as an immunity protein, blocking

access to the Bd3459 active site and protecting the predator from self-rounding ( PDB ID: 5CEC,
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Figure 11B and C) [36]. This protein complex is also formed between Bd0816 and Bd3460 (PDB
ID: 5CER).

The ankyrin-mediated protection is proposed to involve the retention of Bd3460 in B.
bacteriovorus’ periplasm and the selective secretion of Bd0816/Bd3459 to prey mediated by an
unknown mechanism, which is hypothesised to be related to the induced fit of Bd3460 upon

complex formation [36].
1.4.2. Deacetylation and prey exit mechanisms

Further modifications are carried out during predation in order to differentiate the otherwise
similar PG cell walls from prey and predator. As firstly observed by Thomashow and Rittenberg
(1979), and precisely identified by Lambert and Lerner et al. (2016), B. bacteriovorus produces
two prey-targeted GIcNAc deacetylases, Bd0468 and Bd3279 of the CE-4 group [38], [116].
Particularly, Bd3279 presents an accessory N-terminal domain (NTD) capping the active site of
the enzyme located in the C-terminal domain (CTD), a feature only observed in B. bacteriovorus

and closely related predators (Figure 12A).
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Figure 12: Structure of PG deacetylase Bd3279 and the deacetylation-specific lysozyme Bd0314. A)
Ribbon representation of Bd3279 structure (PDB ID: 5JP6). The fold depicts an NTD lid domain (in yellow)
partially covering the access to the catalytic CTD (TIM barrel, a-helices in blue and B-strands in red).
Active site residues D177, H227 and Y280 are shown coordinating a Zn (Il) on (in grey). B) Ribbon (left,
coloured by secondary structure, a-helices in blue and B-strands in red) and electrostatic surface charge
model (right) of the DslA Bd0314 (PDB ID: 6TAB). The catalytic dyad E143/E154 defines a substrate
binding cleft, wherein residues M150 and Y228 limit the access to deacetylated PG by steric blockage.

It has been observed that double deletion mutants Abd0428Abd3279 do not have a predation-

compromising phenotype, however, leave bacterial-shaped prey cell ghosts after exit, indicating
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that late-acting enzymes involved in predation recognise the deacetylation of prey cell wall

specifically [116].

One of the enzymes that has been demonstrated to require such modification of its substrate is
the deacetylation-specific lysozyme A (DslA) Bd0314, which is deployed by B. bacteriovorus as an
“exit” enzyme at the end of the predatory cycle [117]. This hypothesis is supported by time-lapse
fluorescent experiments showing that Abd0314 predators have an overall delay in exit time at
the end of the cycle and that exogenous addition of Bd0314 produces premature bdelloplast

lysis.

The crystallographic structure of Bd0314 depicts a conservation of the general architecture of
the enzyme, enabling its grouping with lysozymes, with a proposed inverting mechanism of
hydrolysis, utilising residues E143 and E154 as the catalytic dyad of Bd0314, which differs from
the Glu-Asp dyad of the currently characterised lysozymes (Figure 12B). The specificity of the
enzyme is proposed to arise from the steric blockage of acetylated GIcNAc rings ¢ and e by
residues Y228 and M150, limiting the substrate cleft only to deacetylated GIcNAc-MurNAc

polymers [117].
1.4.3. LDTs and their role during predation

To this date, the Bd3459, Bd0816-Bd3460 mechanism of prey cell wall modification is the most
thoroughly characterised at the molecular level. Nonetheless, as demonstrated by Lambert et al.
(2011), transcriptomic studies reveal that a large number of other genes related with PG cell wall
modification are upregulated in B. bacteriovorus predation, wherein a considerable proportion

corresponds to evolutionary divergent LDTs (Table 1) [21].
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Table 1: Upregulated PG related genes in B. bacteriovorus predation. Relative upregulation position in
the predatosome of each protein and their predicted function or domains are listed.

Relative upregulation position  Protein name Predicted function or domains

5 Bd3176 LDT

11 Bd1176 LDT

13 Bd3459 DDT

14 Bd0601 DUF1460 NIpC/P60 amidase
15 Bd0553 LDT

16 Bd0816 DDT

29 Bd2480 Predicted CHAP protein
30 Bd0602 Ankyrin domain protein
35 Bd0603 Undetermined

40 Bd1358 LDT

49 Bd2940 LDT

67 Bd3460 Ankyrin immunity protein

B. bacteriovorus HD100 encodes 19 putative LDT genes related to predation, each comprising
the YkuD-like LDT core domain and diversified with additional putative or cryptic domains. Based
on these additional domains and sequence conservation, B. bacteriovorus’ LDTs are classified in

six groups (Figure 13).
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Figure 13: Classification of B. bacteriovorus LDTs based on domain diversification. B. bacteriovorus’
encodes 19 LDTs that can be divided in six groups based on sequence diversification and domain
acquisition, all sharing a similar LDT YkuD catalytic core. Cryptic domains are indicated with “X”. Group
1 is related to E. coli LdtF (DpaA or YafK) and is formed by Bd0553, Bd1763 and Bd2061 comprising a
predicted N-terminal coiled-coil (CC) domain. Group 2 is related to the PG-Lppl E. coli crosslinkers
ErfK/Ybis possess two cryptic domains and is formed by Bd3012, Bd3176, Bd3639 and Bd3741. Group 3
is conserved only in B. bacteriovorus and comprises an N-terminal SH3b domain and a cryptic C-terminal
domain, including Bd0886 and Bd1176. Group 4 is related to E. coli YcbB and comprises two accessory
domains: a cryptic N-terminal scaffolding domain and a PGBD; this group includes Bd0566, Bd1181,
Bd1358 and Bd2908. Group 5 is unique for B. bacteriovorus with a cryptic domain that may be located
at the N-terminus for Bd0782, Bd1402 and Bd3334 or at the C-terminus for Bd2940 and Bd3093. Group

6 comprised only by Bd1075 whose sequence is related to H. pylori Csd6 and is characterised by a C-
terminal NTF2-like domain.
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Group 1 comprises LDTs Bd0553, Bd1763 and Bd2061 which sequences are distantly related to
LdtF (DpaA or YafK) E. coli carboxypeptidase, which has been shown to hydrolyse the Lpp1-PG
crosslink [118]. These LDTs are predicted to possess a N-terminal coiled-coil (CC) domain
followed by the YkuD LDT catalytic domain. The CC domain might contribute to its localisation

by association with other CC domain containing proteins in the prey’s periplasm [119]-[121]

Group 2 formed by Bd3012, Bd3176, Bd3639 and Bd3741 are related to the Lpp1-PG crosslinkers
ErfK/Ybis of E. coli and are predicted to incorporate two cryptic domains specific for B.

bacteriovorus [89].

Group 3 is exclusive for B. bacteriovorus and comprises the LDTs Bd0886 and Bd1176. These two
enzymes incorporate an N-terminal SH3b domain and a cryptic C-terminal domain. In
intracellular pathogens, SH3b domains have been associated with protein oligomerisation via
interaction with other SH3b domains, either promoting invasion by interacting with SH3 cell
receptors or supporting intracellular survival by modulating specific signalling pathways [122].
However, in the context of PG modifying enzymes, it has been determined that for the
lysostaphin from Staphylococcus simulans and the Listeria phage endolysin, among other CWHs,
SH3b domains function as PG binding motifs, participating in substrate recognition and

channelling, determining the specificity of each enzyme [123], [124].

Bd0886 and Bd1176 have been proven to be relevant for bdelloplast integrity [33]. It has been
noted that even though a double knock-out B. bacteriovorus strain Abd0886Abd1176 still forms
a rounded bdelloplast, shows less incorporation of the fluorescent alanine analogue FDAA and is
more susceptible to osmotic shock compared to a wild-type predator, suggesting that Bd0886

and Bd1176 participate in stabilising and maintaining the bdelloplast structure [33].

Group 4 containing Bd0566, Bd1181, Bd1358 and Bd2908 is related to the E. coli 3-3 PG
crosslinker YcbB. These enzymes comprise three domains: 1) an N-terminal putative scaffolding
domain, 2) a putative PG binding domain (PGBD) and 3) the LDT catalytic domain [64], [83]. The
structure of the E. coli YcbB is presented in Figure 14 (PDB ID: 6NTW).
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Figure 14: E. coli YchB structure and domain organisation. Ribbon representation of YcbB
crystallographic structure (PDB ID: 6NTW). The YcbB structure is re-entrant and is formed by a
scaffolding domain (in brown), a PG binding domain (PGBD, in yellow) and the catalytic LDT domain (in
orange).

The YcbB structure was solved in a Meropenem acylated form (catalytic residue C528) and
possesses a discontinuous arrange of domains or re-entrant topology. The scaffolding domain (in
brown) has been demonstrated to bind to the PBP PG synthesis machinery under increased
alarmone (p)ppGpp concentrations caused by B-lactam stress, as described in section 1.3.3 [64],
[83]. The PGBD (in yellow) is hypothesised to direct the second PG substrate towards the acyl
acceptor site of the LDT domain (in orange), which is supported by results showing that a APGBD
YcbB variant does not rescue a B-lactam sensitive E. coli strain, in contrast to the wild type
enzyme [83]. Additionally, the LDT catalytic domain of YcbB possesses a flexible capping

subdomain that defines the acyl donor and acceptor binding pockets in the active site.

Group 5 of exclusive B. bacteriovorus’ LDTs comprises a YkuD2-like catalytic domain with an
additional N-terminal or C-terminal cryptic domain for Bd0782, Bd1402 and Bd3334, or Bd2940
and Bd3093, respectively.
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Finally, group 6 is composed only by Bd1075, which has been shown to participate in defining
the cell shape of B. bacteriovorus, and in consequence may impact predation and bdelloplast
morphology [125]. Bd1075 is evolutionarily related to H. pylori Csd6, which has been implicated

as a cell-shape determination, wherein Csd6 structure is shown in Figure 15 (PDB ID: 4XZZ) [68].

Figure 15: H. pylori Csd6 structure. Ribbon representation of Csd6 crystallographic structure (PDB ID:
4XZZ). The overall Csd6 structure is formed by three domains: a dimerization domain (in grey), the YkuD
LDT catalytic domain (in orange) and the NTF2-like domain (in red).

Csd6 has been shown to regulate H. pylori cell shape by acting as a carboxypeptidase. The C-
terminal nuclear transport factor 2-like domain (NTF2) is proposed to bind pseudaminic acid,

participating in the deglycosylation of flagellin FlaA.

The implications of the LDT superfamily specialisation and their specific role in the predatory life
cycle of B. bacteriovorus is, therefore, one of the main focuses of this work. The exact task of
each group of enzymes and their unique domains in the modification of the PG cell wall, or if
certain groups of LDTs are of more importance depending on the prey to be invaded is also a
subject of discussion. Current information regarding the predation scope of B. bacteriovorus
shows that most prey’s share a similar PG stem peptide chemistry, wherein position 3 is occupied
by a mDAP residue [126], [127]. Interestingly, spirochetes are resistant to B. bacteriovorus

predation, and coincidentally substitute the mDAP at position 3 in the stem peptide for an L-
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ornithine residue, however the available evidence does not allow to correlate this substitution

with predation resistance.
1.4.4. Predatory NIpC/P60 and CHAP amidohydrolases and peptidases

Upon analysing the B. bacteriovorus predatosome, the genes contained in the bd0601-bd0602-
bd0603 operon (from hereon, bd0601-0603 operon) are among the most upregulated genes
during predation, with respect to the host independent B. bacteriovorus mutant strain (Table 1)

[21].

The bd0601-0603 operon encodes three proteins containing N-terminal signal peptides (SP):
Bd0601 which is a NIpC/P60 amidase (Secl SP), Bd0602 which is an ankyrin domain containing
protein, and the cryptic protein Bd0603 (both Bd0602 and Bd0603 containing lipobox SPs)
(Figure 16).
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= Bd0601: CHAP/DUF1460 domain protein
=== Bd0602: Ankyrin domain protein
=== Bd0603: Cryptic protein

Figure 16: bd0601-0603 operon organisation and protein products. The bd0601-0603 operon (in
arrows) encodes three periplasmic proteins (in blocks): Bd0601 (red), a NIpC/P60 protein of the
DUF1460 sub-family with possible amidase/peptidase activity; Bd0602 (blue), an ankyrin domain
containing protein; and Bd0603 (green), a cryptic protein with no hypothesised function. SP indicates a
signal peptide and DUF stands for Domain of Unknown function

Bd0601 is a 33 kD NIpC/P60 domain protein from the sub-family of the DUF1460 domains, which
are proposed to have amidohydrolase and peptidase activity, conferred by a catalytic triad of a
cysteine and two histidine residues [113]. The related crystal structure of the DUF1460 domain
of the Bacteroides uniformis AmiA is presented in Figure 17 (PDB ID: 4H4J).
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Figure 17: DUF1460 structure. The conserved core structure of a NIpC/P60 domain of the DUF1460 sub-
family is presented (PDB ID: 4H4J). The NIpC/P60 domain depicts a papain-like alpha/beta/alpha
topology (in red) with the conserved cysteine (C63) and two histidine residues (H212 and H227)
indicated in the centre of the protein. Three DUF1460 specific insertions are highlighted in the structure
(in green, blue and magenta), forming a pocket to accommodate the disaccharide portion of the PG
substrate.

As reported by Xu et al. (2014) [113], compared to the reported structure of the NIpC/P60 cell
wall hydrolase from Clostridium difficile (PDB ID: 4HPE), the DUF1460 structure possess three
accessory insertions (in green, magenta and blue) surrounding the central papain fold (in red),
forming a substrate binding pocket adjacent to the active site. Specifically, the C. difficile
NIpC/P60 is a y-D-Glu-mDAP endopeptidase that hydrolyses a bond within the PG stem peptide
to avoid compromising the integrity of the PG cell wall [128], whereas the crystallised DUF1460
proved to hydrolyse the amide bond linking the stem peptide to the polyglycan portion of the
PG substrate. Nonetheless, Bd0601 shares 29% sequence similarity to AmiA, showing multiple
insertions and deletions in the DUF1460 putative domain, implying that this enzyme may have

evolved specifically for predation [113].

Additionally, the bd0601-0603 operon also encodes a putative ankyrin domain protein, Bd0602.
Ankyrin motifs, consisting of a Helix-Turn-Helix (HTH) motif wherein the two helices are arranged
in an antiparallel manner, projecting a loop perpendicularly to form a hairpin-like structure,
which along with the surface of the “concave” portion of the helices are responsible for the
ankyrin binding to its partner(s) [129]. It is possible to propose that Bd0602 could act as an
immunity protein for Bd0601, protecting the predator from the amidase activity proposed for
DUF1460 proteins, similarly to the Bd3460 immunity protein and Bd3459/Bd0816 PBP

endopeptidase [36].
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Besides the NIpC/P60 amidases, structurally related CHAP amidases are also upregulated in the
predatosome with respect to a HI B. bacteriovorus mutant strain. The putative CHAP amidase
Bd2480, and its homologue Bd1177, has been identified as part of the predatosome in spite of
retaining a poor sequence similarity with the canonical CHAP domains due to going through
several permutations and evolutionary specialisations, and possibly the acquisition of novel

uncharacterised domains [94], [130].

Therefore, one of the aims of the present work is to contribute to the understanding of the
NIpC/P60 and CHAP domain amidohydrolases, including their regulation by possible ankyrin

mediated self-protection mechanisms.
1.5. Cryptic proteins as part of the B. bacteriovorus predation arsenal

As shown in Figure 2, over 50% of the B. bacteriovorus predatosome gene products are
annotated as hypothetical proteins with no putative domains, obscuring the thorough

understanding of the predatory life cycle [21].

Alongside Bd0603, which is part of the bd0601-0603 operon, and the poorly conserved CHAP
domain proteins Bd2480 and Bd1177, other cryptic proteins are hypothetically secreted inside

the prey, including the 36" most upregulated gene bd0675.

The gene bd0675 encodes a 14 kD secreted protein with four conserved cysteines and no
(identifiable) predicted domain. Proteins similar to Bd0675 are found in different B.
bacteriovorus strains and in other predators such as Halobacteriovorax spp [131], but no
information regarding their function is available. Therefore, structural approaches are expected

to aid in the clarification of Bd0675 function in B. bacteriovorus predation.
1.6. Research aims

The general aim of this work is to structurally characterise PG modifying enzymes deployed by B.

bacteriovorus during predation.

Firstly, this will be focused on the structural determination of novel LDTs from groups 2 and 4-6,
which in combination with previously solved LDTs of group 1, 3 and 5 will allow discussing about
their role during B. bacteriovorus lifecycle. Furthermore, structural data covering the full
repertoire of B. bacteriovorus LDTs will be used for stablishing relationships regarding their

evolution and enzymatic specificity.
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Secondly, structural studies will be directed on two putative NIpC/P60 proteins: the putative
DUF1460 amidohydrolase Bd0601, and the evolutionary divergent putative NIpC/P60 Bd1177.
Bd0601 structural studies will be centred on the possible predatory adaptations suffered by this
enzyme encoded by the upregulated operon bd0601-bd0603. On the other hand, Bd1177
structural data will be used to determine the novel aspects defining this possible novel family of

CWPs.

Finally, this thesis will attempt to assign a biological function to the cryptic protein Bd0675 using
the information provided by its three-dimensional structure, which is expected to adopt a

previously uncharacterised fold.
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CHAPTER 2

2. MATERIALS AND METHODS

2.1. General methods

2.1.1. Molecular cloning

The list of the protein constructs reported in this research is shown in Table 2, indicating protein
constructs cloned during this thesis and constructs previously cloned and kindly provided by Dr.

lan Cadby.

Table 2: Attribution of protein constructs used in this thesis. Expression vectors used are indicated.
Previously cloned LDTs were kindly provided by Dr. lan Cadby.

Protein construct Expression vector Attribution
Bd0553 pET28a(+) Provided by Dr. lan Cadby
Bd0566 pET41c(+) This thesis
Bd0886 pET28a(+) Provided by Dr. lan Cadby
Bd1075 pET41c(+) Provided by Dr. lan Cadby
Bd1402 pET41c(+) Provided by Dr. lan Cadby
Bd3334 pET28a(+) Provided by Dr. lan Cadby
Bd3741-MBP pET28a(+) This thesis
Bd0601-0603, codon optimised pET21d(+) This thesis. Gene synthesis (Genescript©)
Bd0601, codon optimised pET28a(+) This thesis
Bd1177 pET28a(+) This thesis
Bd1177 C86A pET28a(+) This thesis
Bd1177 C86A/Y124C/Y508C pET28a(+) This thesis
Bd0675 pET28a(+) This thesis

The genes of interest were cloned in E. coli expression vectors by a restriction free (RF) cloning

approach [132], using the http://www.rf-cloning.org/ online tool for primer design. Briefly,

primers to amplify each target gene from B. bacteriovorus strain HD100 genomic DNA were

designed comprising a flanking region complimentary to the desired destination plasmid.

Thus, in a first PCR reaction, a PCR product consisting of the target gene flanked by the
destination plasmid complimentary regions is generated. Later, the PCR product is purified and
used in a second PCR reaction as a unique megaprimer inserting the target gene in the designated
position in the destination plasmid. Finally, the original methylated plasmid is eliminated by Dpnl
digestion, transformed into calcium-competent XL10 gold cells, and plated in LB-agar plates

supplemented with 60 pg/mL of the corresponding selection antibiotic.

The primers designed and used in this thesis for RF cloning and the destination vectors are listed

in Table 3. The nucleotide sequence for each gene was retrieved from
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http://xbase.warwick.ac.uk/ database and primers were desired considering the amino acid

sequence of the mature exported proteins, thus removing the signal peptide (SP) coding

sequence of the gene.

Table 3: Primer list for RF cloning of the different protein constructs into each expression vector. Fw:
Forward primer, Rv: Reverse primer, Tm: melting temperature and Ta: annealing temperature.

Protein construct Destination Fw (5’-3’) Fw Rv (5’-3’) Rv Ta/°C
Vector Tm/°C Tm/°C

Bd0566 pET28a(+) AATTTTGTTTA 56 GCCGCTGCTG 63 55
C-terminal Hiss tag ACTTTAAGAAG TGATGATGAT

GAGATATACCA GATGATGCCA

TGCAGAATTCA GGCACCCAGT

AAGGACTACTT CTTAAC

GGTC
Bd0601 C94A pET28a(+) GGCAGCAGCC 63 CGCGCGGCAC 73 60
N-terminal Hise tag ATCATCATCAT CAGGCCGCTG

CATCACACGCA CTTTAAAGGC

ATCGCACAAAG CGCCCACAAA

ATC
Bd0675 pET28a(+) AAGGAGATAT 61 CGCGCGGCAC 73 55
N-terminal Hise tag ACCATGCATCA CAGGCCGCTG

TCATCATCATC CTTTAGAACT

ACGGTGGCAA GGCAAGTCGT

TGACTTTGTGA GG

G
Bd0675 pET28a(+) AATTTTGTTTA 56 GCCGCTGCTG 63 55
C-terminal Hiss tag ACTTTAAGAAG TGATGATGAT

GAGATATACCA GATGATGGAA

TGGGTGGCAA CTGGCAAGTC

TGACTTTGTGA GTGGA

G
Bd1177 pET28a(+) GGCAGCAGCC 63 CGCGCGGCAC 73 57
N-terminal Hise tag ATCATCATCAT CAGGCCGCTG

CATCACCAGAC CTTTATCTCAG

GGCTTCCAAAG GGAATTCAGC

CA AAACG
Bd3741 pET28a(+)-MBP  AGGATCCCTCA 59 GTCTTCTAGA 61 55
N-terminal GTACAGGCTG AGGTTCTTTAA
Hiss-MBP-TEV CCAATCCCGCT GTAATCTGTC
cleavable tag CTGAACTTGA AGTATTAATAT

TCCTCTACGAT
AACGATT

Each target gene was amplified in the first round PCR using a Phusion high-fidelity DNA

polymerase (APExBIO®©, cat# K1031) in a 50 pl reaction mixture consisting of 1X Phusion HF

Buffer, 0.2 mM dNTPs, 0.5 uM of each primer, 0.4 ng of HD100 genomic DNA stock and 0.02 U/puL

of enzyme. The amplification conditions were: i) an initial denaturation of 98 °C for 30 seconds;
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ii) 30 cycles of denaturation, annealing and extension of 98 °C for 15 second, 55-60 °C (target
dependent, Ta as listed in Table 3) for 15 seconds and 72 °C for 30 seconds per Kb of target gene,

respectively; and iii) a final extension of 72 °C for 5 minutes.

The quality of the amplification was assessed by running 5 pL of PCR product mixed with 1 pL of
6X DNA loading buffer (30% glycerol and 0.25% bromophenol blue in 1X TAE buffer) in 1%
agarose gels prepared and run in 1X TAE buffer (1 mM EDTA, 40 mM Tris and 20 mM acetic acid)
and visualised with SafeView Nucleic Acid Stain® (NBS Biologicals™, cat#f NBS-SV1) according to
the manufacturer guidelines. Single band PCR products were purified using the QlAquick PCR

Purification Kit (QIAGEN®©, cat# 28104) according to the manufacturer instructions.

Subsequently, the second round PCR was carried out in a 20 pL reaction mixture with the same
components and concentrations as the first round but replacing primers and HD100 DNA
template with the first-round product and destination vector in an insert: plasmid molar ratio of
20. In general, for inserts of approximately 1 kb, 220 ng of insert and 60 ng of a plasmid of 5-6 kb
were used. The amplification programme consisted in i) an initial denaturation of 98 °C for 30
seconds; ii) 15 cycles of denaturation and extension of 98 °C for 15 seconds and 72 °C for 30
seconds per kb of final construct (insert plus plasmid); and iii) a final extension of 72 °C for 5

minutes. This second PCR does not comprise an annealing step.

To digest the parental unmethylated plasmid DNA, 2 U of Dpnl (1 pL of a 2 U/uL stock, NEBO,
cat# R0176S) were added to the PCR amplification product and incubated at 37°C for three hours.
Afterward, 10 pl of the digestion product were incubated on ice with 100 uL of XL10 gold chemo
competent cells for 30 minutes, heat-shocked at 42 °C for 50 seconds, incubated on ice again for
5 minutes and recovered in 1 mL of LB broth for 2 hours at 37 °C with constant agitation. The
recovered cells were pelleted at 11000 x g for 1 minute, resuspended in 100 uL of supernatant,

plated in LB plates with the corresponding selection antibiotic and incubated overnight at 37°C.

Positive colonies were screened by PCR using T7 sequencing primers (T7 Forward: 5’
TAATACGACTCACTATAGGG 3’ and T7 reverse: 5 GCTAGTTATTGCTCAGCGG 3’) and resuspending
each colony, after replicating each clone in a LB-antibiotic plate, in a 10 pl reaction mixture
consisting of 1X MyTagq™ Red Mix (2X stock mix, Bioline©, cat# BIO-25043) and 0.4 uM of each
T7 primer. The PCR programme consisted of i) an initial denaturation of 95 °C for 5 minutes; ii)

denaturation, annealing and extension of 95 °C for 15 seconds, 55 °C for 15 seconds and 72 °C
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for 30 seconds per Kb, respectively; and iii) final extension of 72 °C for 5 minutes. The 10 uL of

each PCR products were analysed on 1% agarose gels.

Finally, positive clones were inoculated in 5 mL of LB-antibiotic and grown overnight at 37 °C and
constant agitation for plasmid purification using the GenElute™ Plasmid Miniprep Kit (Sigma®,
cat# PLN350) according to the manufacturer’s indications and confirmed by sequencing in

SourceBioscience©.

Successfully cloned gene constructs were finally transformed into calcium competent BL21-
CodonPlus (DE3)-RIPL expression strain (from here onwards BL21-RIPL strain, Agilent
Technologies©, cat# 230280) as indicated for the XL10 gold strain.

2.1.2. Site-directed mutagenesis

Point mutation for the Bd1177 C86A construct were introduced by adapting the Q5 site-directed

mutagenesis kit guidelines (Q5-SDM, NEBO, cat# E0554S).

Briefly, template DNA was amplified using the mutagenesis primers designed using the NEBO

online tool (available at https://nebasechanger.neb.com/) in a 25 pL PCR reaction mix consisting

of 1X Q5 PCR mix, 0.5 uM of each primer and 10 ng of template DNA. The PCR amplification
conditions were as follow: initial denaturation at 98 °C for one minute; followed by 25 cycles of
denaturation at 98 °C for 30 seconds, 30 seconds of primer annealing at a target dependent
temperature and a 72 °C extension step for five minutes (30 seconds per kb of the DNA
template); and a three-minute final extension step at 72 °C. DNA amplification was corroborated

by visualising 5 uL of PCR product in 1% agarose gels.

A T4 kinase/ T4 ligase/ Dpnl (KLD) reaction was performed for assembling the mutagenized PCR
product and digestion of the parental wild-type DNA. The 10 pL KDL reaction mixture consisted
of 1 pL of site directed mutagenesis product, 1X of T4 ligase buffer (NEB©O, cat#M0202S), 300 U
of T4 ligase (1 pL of a 400 U/pL stock, NEBO, cat#M0202S), 7.5 U of T4 polynucleotide kinase
(0.75 pL of a 10 U/uL stock, NEBO, cat# M0201S) and 10 U of Dpnl (0.5 puL of a 20 U/uL stock,
NEBO, cat#R0176S). The reaction mixture was incubated at room temperature for one hour and
transformed in XL10 gold chemo competent cells and plated on the corresponding antibiotic.
Procedures for transformation, selection, PCR screening and sequencing of positive clones are

indicated in section 2.1.1.

37


https://nebasechanger.neb.com/

The engineered Y124C/Y508C disulphide bond mutation was introduced in the Bd1177 C86A
construct by RF-cloning as indicated in section 2.1.1, designing the Y124C and Y508C mutations

in the forward and reverse primer, respectively.

The mutagenesis primers for the Bd1177 C86A and Bd1177 C86A/Y124C/Y508C are listed in
Table 4.

Table 4: Primer list for site-directed mutagenesis. Fw: Forward primer, Rv: Reverse primer, Tm: melting
temperature and Ta: annealing temperature.

Protein mutant Fw (5’-3") Fw Tm/°C Rv (5’-3’) RvTm/°C Ta/°C
Bd1177 C86A GTTTGCCGATGCTG 72 AGCCGCAGATCCGC 75 72
CGGATCTGCCTTAC CGGA
TATCTGCGC
Bd1177 GGGATCTGAAAACA 56 CAGTGAATAATCCA 61 55
C86A/Y124C/Y508C AAGACCCTCGCTGT TGCGGGCGTCACAG
TCCAAATTCGGCAA CGACGCTCCCACTG
TGC

2.1.3. Recombinant protein expression in native conditions

Each BL21-RIPL E. coli strain containing the corresponding gene in an expression plasmid was
inoculated in 10 mL of LB media supplemented with 60 pg/mL of antibiotic and grown overnight
at 37 °C and 180 rpm constant agitation. The next day, the 10 mL of overnight cultures were
inoculated in 1 L of expression media, in 2.5 L baffled flasks, supplemented with 60 ug/mL of

antibiotic and grown at 37 °C and 180 rpm of constant agitation until ODgg= 0.6-0.8.

Depending on the protein, two types of media and inductions were used: i) Terrific Broth (TB)
media composed by 2.4% yeast extract, 1.2% tryptone, 54 mM K;HPQO,, 16.2 mM KH»PO,4 and
0.4% glycerol; in this case after reaching an ODggo of 0.6-0.8, the cultures were induced with 0.5
mM of IPTG at 18°C overnight, and ii) Autoinduction (Al) media comprising 0.5% yeast extract,
1% tryptone, 25.4 mM Na;HPO,, 25 mM KH,P0O,, 50.5 mM NH.Cl and 2.5 mL of trace metal
mixture per litre of media, wherein the trace metal mixture consists in 130 mM Na;EDTAe2H0,
80 mM ZnSO4¢7H,0, 180 mM H3BO3, 30 mM MnCl,#4H,0, 7 mM CoCl,*6H,0, 6 mM CuSO4*5H,0
and 0.8 mM (NH4)s(M0703)4#4H,0). For autoinduction, media was supplemented with either
Sugar Mix A (0.19% lactose and 0.37% glycerol, final concentration in media) or Sugar Mix N
(0.05% glucose, 0.2% lactose and 0.5% glycerol, final concentration in media) from the start of

the cell growth. The expression conditions for each protein are summarised in Table 5.
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Table 5: Expression of the proteins crystallised in this thesis. Each protein construct, with the indicated
tags and position in the protein sequence, was tested for expression in Al and TB media. *Bd0675 proved
to be toxic when expressed in native conditions and was expressed in inclusion bodies for subsequent

purification and refolding.

Protein Purification tag Expression media Inducer Induction condition
Bd0566 C-terminal Hise-tag Al Sugar Mix N 18 °C overnight
Bd0601 C94A C-terminal Hise-tag Al Sugar Mix A 18 °C overnight
Bd0675* N-terminal Hise-tag 8 IPTG 37 °C, four hours
Bd1075 C-terminal Hise-tag Al Sugar Mix N 18 °C overnight
Bd1177 N-terminal Hiss-tag 8 IPTG 18 °C overnight
Bd1177 C86A N-terminal Hise-tag TB IPTG 18 °C overnight
Bd1177 N-terminal Hise-tag TB IPTG 18 °C overnight
C86A/Y124C/Y508C Al
Bd3334 N-terminal Hise-tag Al Sugar Mix N 18 °C overnight
Bd3741 N-terminal  Hise- Sugar Mix N 18 °C overnight

MBP TEV cleavable

tag

After starting the induction, the cultures were incubated overnight at 18 °C and 180 rpm of
constant agitation. The induced cultures were harvested the next day by centrifugation in a JLA-
8.1000 rotor at 4,000 rpm (3,060 x g) for 20 minutes. The supernatants were then discarded and
each pellet coming from 1L of culture were scraped into 50 mL conical centrifuge tubes and

stored at -80 °C until required.
2.1.4. Recombinant protein expression in inclusion bodies

Poorly folded or highly toxic proteins (see Table 5) were expressed as inclusion bodies. Briefly,
10 mL of LB-antibiotic overnight grown cultures were inoculated in 1L of TB media and grown at
37 °C and 180 rpm of constant agitation until ODeg reached 0.6-0.8. The cultures were then
induced with 1.0 mM IPTG for four hours at 37 °C and 180 rpm of constant agitation to cause the
formation of inclusion bodies. The induced cultures were then harvested and stored as indicated

for expression of native recombinant proteins.
2.1.5. Protein purification in native conditions by IMAC Nickel chromatography

Each stored pellet was thawed at room temperature and resuspended up to a final volume of
35-40 mL with pH 8.0 lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl and 20 mM imidazole). For
proteins with an isoelectric point (pl) between 7 and 8, and therefore predicted to be less soluble
in pH 8.0 lysis buffer, were lysed in a modified lysis buffer consisting of 50 mM sodium phosphate

buffer pH 6.8, 300 mM NaCl and 20 mM imidazole. Cells were then disrupted by sonication using
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a Fisher Scientific™ Model 505 Sonic dismembrator, using six pulses of 45 seconds at 40%
amplitude, with 1.5 minutes of rest on ice between pulses. Cell debris was then removed by
centrifugation at 20,000 rpm (48,400 x g) for 1 hour in a JA25.50 rotor. The supernatant was
loaded into a 5 ml HisTrap® FF column (GE Healthcare life science™), pre equilibrated with five
column volumes (CV) of lysis buffer, at a flowrate of 1 mL per minute. The column was then
washed with 20 CV of lysis buffer to remove contaminants and later eluted with a 20 CV imidazole
gradient between lysis buffer and elution buffer (50 mM Tris pH 8.0, or 500 mM sodium
phosphate buffer pH 6.8, 300 mM NaCl and 500 mM imidazole) on an AKTA™ Pure system
operated by the Unicorn® software, monitoring elution by UV absorption at 280 nm, collecting 3

mL fractions.

Fractions were analysed by 15% SDS-PAGE to assess purity, pooled, and dialysed overnight at 4°C
against 2 L of buffer (protein dependent) in a 12-14 kD or 3.5 kD MWCO dialysis tubing
(Spectrum™ Spectra/Por™, cat#10142634) and concentrated for Size Exclusion Chromatography
(SEC) purification. The dialysis buffers for each protein are the same as the buffers employed for

SEC and are protein dependent, as detailed in Table 6.

40



Table 6: Protein theoretical molecular weight (Mw), isoelectric point (pl) and molar extinction coefficient
() considering all the cysteine pairs as oxidised, calculated for each protein sequence using the
https://web.expasy.org/protparam/ online tool. The dialysis and final stabilisation buffer for each protein
is also specified.

Protein Mw/Da pl ge/Micm Purification strategy Dialysis/ SEC buffer
1

Bd0566 56,079.53  9.25 101,425 1) Nickel affinity, 2) SEC 25 mM sodium citrate
buffer pH 6.0, 200 mM
NaCl and 2.5% glycerol

Bd0601 C94A 32,332.91 8.97 37,360 1) Nickel affinity, 2) SEC 15 mM HEPES-NaOH
pH 7.5, 200 mM NacCl
Bd0675 14,673.40 5.02 9,190 1) Nickel affinity and 25 mM HEPES-NaOH
refolding on column, 2) pH 7.5, 200 mM NacCl,
SEC 2.5% glycerol
Bd1075 36,154.90 8.93 52,830 1) Nickel affinity, 2) SEC 25 mM sodium citrate

buffer pH 6.0, 200 mM
NaCl and 3.5 mM B-

mercaptoethanol
Bd1177 59,218.67 8.07 88,615 1) Nickel affinity, 2) SEC 15 mM MES-NaOH pH
6.0 and 200 mM NacCl
Bd1177 C86A 59,186.61 8.10 88,615 1) Nickel affinity, 2) SEC 15 mM MES-NaOH pH
6.0 and 200 mM NacCl
Bd1177 59,066.54 8.04 85,760 1) Nickel affinity, 2) SEC 15 mM MES-NaOH pH
C86A/Y124C/Y50 6.0 and 200 mM Nacl
8C
Bd3334 26,874.21 9.45 39,435 1) Nickel affinity, 2) SEC 20 mM Tricine pH 8.0
and 200 mM NacCl
Bd3741 25,351.66 9.75 26,360 1) MBP affinity, 2) TEV 25 mM HEPES-NaOH
(mBP tag cleavagein1.5MNaCl,3) pH 7.5, 1.5 M NaCl,
removed) SEC in 1.5 M NaCl, 4) 2.5% glycerol (steps 2
Desalting by dialysis and 3)

25 mM HEPES-NaOH
pH 7.5, 200 mM NacCl,
2.5% glycerol (step 4)

2.1.6. Protein purification from inclusion bodies by IMAC Nickel chromatography and

refolding on-column

Thawed pellets were resuspended to a final volume of 35-40 mL of denaturant lysis buffer (6M
Gdn-HCI, 100 mM Tris pH 8.0, 300 mM NaCl, 10 mM imidazole and 3.5 mM B-mercaptoethanol)
and left tumbling overnight at room temperature to disaggregate the inclusion bodies. The next
day, resuspended pellets were sonicated using 8 pulses of 45 seconds at 40% amplitude, with 1.5

minutes of rest on ice between pulses.

Cell debris was removed by centrifugation at 20,000 rpm (48,400 x g) for 1 hour in a JA25.50

rotor, and the supernatant was loaded into a 5 mL HisTrap® FF column (GE Healthcare life
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science™), pre equilibrated with 5 CV of denaturant lysis buffer, at a flowrate of 1 mL per minute.

The column was washed with 10 CV of lysis buffer to remove contaminants.

To refold the protein, the column was washed with 10 CV of lysis buffer with decreasing
concentrations of urea and B-mercaptoethanol as follows: 4 M urea and 3 mM of B-
mercaptoethanol, 2 M urea and 1 mM B-mercaptoethanol, 1 M urea and no B-mercaptoethanaol,
and lysis buffer without urea or B-mercaptoethanol. The refolded protein was eluted with 5 CV
of native lysis buffer supplemented with 500 mM imidazole. The eluted protein was finally
dialysed and concentrated for loading in a SEC column for purification of the protein in the

correct conformation, as indicated for natively purified proteins.
2.1.7. Protein purification in native conditions by MBP-Trap® chromatography

MBP fusion proteins were purified using an MBP-Trap® FF 5 mL column (GE Healthcare life
science™). In summary, the bacterial pellets were lysed as indicated for native proteins, in a lysis
buffer chosen depending on the isoelectric point (pl) of the target protein (see Table 6). The
lysates were then loaded in the column and washed with 20 CV of the specific lysis buffer. The
target protein was then eluted with 5 CV of lysis buffer supplemented with 10 mM maltose in 1
CV fractions. The protein containing fractions (determined by absorbance at 280 nm, A,s0) were
analysed by SDS-PAGE, pooled, supplemented with 3 mM of B-mercaptoethanol and mixed with
TEV protease in a mass ration of 1:100 (TEV: fusion protein). The TEV cleavage reactions were
incubated overnight at 4 °C and constant agitation. To separate the MBP and the un-cleaved MBP

tagged protein from the successfully cleaved one by SEC.

For Bd3741, the TEV cleavage reaction and subsequent SEC was carried out with in high salt
buffer (25 mM HEPES-NaOH pH 7.5, 1.5 M NaCl, 2.5% glycerol and 3 mM B-mercaptoethanol) to

separate the cleaved protein from the MBP.
2.1.8. Additional purification of proteins by Size Exclusion Chromatography (SEC)

All proteins were further purified by SEC at room temperature to eliminate contaminant
proteins, separate solubility fusion tags and to get rid of soluble aggregates of the protein.
Depending on molecular weight differences between the target proteins and contaminants,
either a Superdex® 75 26/600 or Superdex® 200 16/600 column (GE healthcare life science™)
was used for SEC purification, both connected to an AKTA™ Pure system and operated by the

Unicorn® software.
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The columns were equilibrated with 1.2 CV of filtered and degassed buffer (see Table 6), after
which the samples were loaded and eluted at a 2 mL/min flow rate and collected into 3 mL
fractions after the void volume has passed. The collected fractions corresponding to the correct

peak were then analysed by SDS-PAGE, pooled and concentrated.
2.1.9. Protein concentration, quantification, and storage

Protein concentration was calculated by measuring A.so absorbance in a DeNovix™ DS-11 FX
nanodrop, using the theoretical molecular weight and molar extinction coefficient (&) calculated
from the aminoacidic sequence of each protein using the online tool

https://web.expasy.org/protparam/ (see Table 6).

Proteins were concentrated after dialysis in Vivaspin 15R, 10,000 (cat# VS15RH02) or 5,000 (cat#
VS15RH12) MWCO ultrafiltration centrifuge (Sartorius©) units at 3,500 x g at 4 °C up to a volume
between 2-3 mL for SEC. The final purified proteins were then concentrated by the same method
up to a concentration of 15-35 mg/mL (protein dependent) and aliquoted in 200 pL aliquots.
Unless otherwise indicated, protein aliquots were flash frozen with liquid nitrogen and stored at

-80°C until needed.

For Bd0566, protein aliquots required the supplementation of 5% ethylene glycol as

cryoprotectant to be stored frozen at -80°C and avoid precipitation after thawing.

In the case of Bd0675, protein aliquots were concentrated to 35 mg/mL. It has been noted that
this protein reversibly precipitates at 4 °C or lower temperatures and thus is best stored at room

temperature.
2.1.10. Protein crystallisation screening and optimisation

Proteins were screened for crystallisation conditions at different protein concentrations at 18 °C
by the sitting drop method using a Mosquito® LV crystal automatic nanolitre handler, each drop
consisting of 0.5 pL of protein solution and 0.5 uL of crystal screen solution, or manually by the
sitting drop method using 2 uL of protein sample and 2 pL of crystallisation solution in 96 well
sitting drop trays (cat# MD15-XPT-40, Molecular Dimensions™). The screenings with positive

crystallisation conditions are detailed for each protein individually.

Optimisation for the crystallisation conditions were carried out, if required, either by hanging

drop customised screen optimisation in 24 well cell culture plates using a 2 uL: 2 pL protein
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solution: crystallisation solution ratio and/or microseed matrix screening (MMS) in 96 well sitting
drop trays (cat#t MD15-XPT-40, Molecular Dimensions™) using a 1.5 pL:0.5 pL: 1 pL of protein

solution: protein seed: crystallisation solution ratio.

For the MMS crystallisation protocol, the seed was prepared by selecting suboptimal crystals
from a positive condition (usually needles or spherolites) and transferred along with their mother
liguor to a 1.5 mL microcentrifuge tube and crushed with a 2.381 mm microseeding glass beads
(Molecular Dimensions®, cat# MD2-14) in a total volume of 60 pL solution of mother liquor, flash
frozen with liquid nitrogen and stored at -80 °C until needed. For crystal seeding, the seed

solution was tested for dilutions 1:10 or 1:100 volume times in mother liquor.

For native crystal collection, each positive crystallisation condition mother liquor was replaced
with crystallisation solution supplemented with a final concentration of 20-30% of
cryoprotectant if required. For proteins lacking a reported evolutionarily related protein
structure, a heavy metal phasing strategy was adopted, wherein the crystallisation solution was
supplemented with the cryoprotectant plus 10 mM of K;PtCls and incubated for one hour at 18
°C, prior to crystal collection. For compliance of platinum-derived chemicals handling, these

concentrated stocks were prepared by Dr. Andrew Lovering.
2.1.11. X-ray diffraction data collection and analysis

Crystallographic data was collected on 103 and 104 Beamlines at Diamond Light Source (Oxford,
United Kingdom). All data for native crystals were collected in routine data collection procedures:
103 (3600 images, 0.1° Q Oscillations, 100% transmission, 0.05 s exposure, optimal beamline
wavelength of 0.9762 A) and 104 (3600 images, 0.1° Q Oscillations, 100% transmission, 0.05 s
exposure, 0.9763 A wavelength). The resolution was initially limited between 2.0-2.5 A and
posteriorly adjusted depending on the quality of the diffraction observed during the initial crystal
screening. The diffraction data was auto processed by the ISPyB automated pipelines Xia2-3dii,
Xia2-dials and Autoproc, and the datasets with best resolution and statistical parameters

(completeness and minimal radiation damage) were selected for structure solving.

For heavy metal phasing experiments, data was collected on the 103 and 104 Beamlines at
Diamond Light Source in the following conditions: i) for I03 3600 images, 0.1° Q Oscillations, 25
or 40% transmission, 0.05 s exposure and wavelength at the platinum absorption edge of 0.8900

A with an initial resolution limited to 2.5 A and adjusted to 2.0 A, and ii) for |04 3600 images, 0.1°
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Q Oscillations, 17.34% transmission, 0.05 s exposure and wavelength at the platinum absorption
edge of 0.91188 A with an initial resolution limited to 2.0 A and adjusted to 1.5 A. The datasets
autoprocessed by the Xia2-dials, Xia2-3dii and Autoproc ISPyB automated pipelines exhibiting
anomalous signal correlation coefficients (CCanom) values of 0.3 or more for the inner shell (over

5 A of resolution) were selected for experimental phasing.

Data quality was assessed by analysing parameters as completeness (number of collected
reflections against number of theoretically possible reflections for the given crystal symmetry),
multiplicity (average number of measurements per symmetrically unique reflection), Rmeas and
<I>/ol (which estimate dispersion of unique or merged intensities, respectively) and CCy;,
(correlation between intensity estimates from half datasets and reflects the signal/noise ratio of
the collected data) [133]. Representative electron density map views (2Fo-Fo, 0= 1.50) for each

solved structure are shown in the Appendix | section.
2.1.12. Structure similarity search

Solved structures were submitted to the Dali server (http://ekhidna2.biocenter.helsinki.fi/dali/)

for comparison with structures deposited in the PDB. Protein hits with a Z score of over 6 were
considered and further analysed using UCSF Chimera and ChimeraX by comparing secondary

structure, residue conservation and electrostatic surface analysis [134], [135].
2.1.13. Peptidoglycan docking modelling

Based on the evolutionary conservation of sequence and protein structures, PG binding was
modelled by molecular docking using the AutoDock Vina software and HADDOCK server,

independently [136], [137].

For AutoDock Vina (version 1.1.2), target protein and ligand coordinates are converted to PDBQT
files with AutoDock Tools (version 1.5.4). AutoDock tools was additionally used to define polar
hydrogens for protein structure and ligand files, setting the rotatable bonds in the PG ligands and
defining the search box size for the protein receptor, which is centred in enzyme putative active
sites. For initial docking protocols, all the amide bonds in the PG ligands were considered
rotatable. Docking models were then run in AutoDock Vina considering each protein as a fixed
structure while the ligand is rotated and translated to overlap the geometric centre of the ligand

with the predicted pocket centres of the enzyme. Finally, refined models are selected based on
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the most favourable binding affinity energy and RMSD calculated relative to the lowest energy

model.

The HADDOCK2.2 easy interface approach was used by defining catalytic residues and
evolutionary conserved residues of the enzyme as the ‘active’ residues for docking. Standard
parameters were used by calculating 1,000 structures, of which 200 were further refined in water

using 2,500 steps at 300 °K followed by 600 cooling steps.

2.2. LDTs
2.2.1. Bd0566

2.2.1.1. Crystallisation and cryoprotection

Crystallisation conditions for Bd0566 were screened at 15 mg/mL protein concentration using
the JCSG-plus™, BCS™, ProPlex™ and MIDAS-plus™ (Molecular Dimensions©, cat#t MD1-37,
MD1-104, MD1-38 and MD1-106, respectively). The first condition found with 2.45 A diffracting
crystals corresponded to MIDAS-plus™ B1 (0.1 M sodium formate and 20% Sokalan® CP 45) which
were cryoprotected with 20% ethylene glycol. The second 2.22 A crystals were found after the
2.45 A dataset in ProPlex™ F12 (0.1M NaeHEPES pH 7.0 and 1.5 M (NH4),SO4), which was

cryoprotected with 20% ethylene glycol prior to collection.
2.2.1.2. Data collection and structure solving

For the first Bd0566 dataset, diffraction data was collected on the 104 beamline under the

previously described conditions for native collection.

The 2.45 A dataset autoprocessed by the Xia2-3diii automated ISPyB pipeline was solved by
Molecular Replacement (MR) in the P65 spacegroup using the reported structure for E. coli YcbB
(PDB ID: 6NTW) as search model, which has an overall sequence identity of 28% with Bd0566
[138].

For solving the structure, the YcbB structure model was manually split in two fragments
corresponding to two of the three reported domains of the protein: i) the LDT domain (6NTW
Fragment 1) comprising residues 155-371, while omitting regions 172-175, 209-277 and 350-354,
and ii) the PGBD domain (6NTW Fragment 2) from residues 214-266 and 315-366. A remaining
alpha only region of 6NTW (denominated Fragment 3, spanning between residues 376-575) was

not employed for MR. Fragments 1 and 2 were then used as search models in a tandem MR
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search strategy with Phenix Phaser [139], searching first for a single copy of Fragment 1 (TFZ=
12.3 and LLG= 247.559), followed by searching a single copy of Fragment 2 (TFZ= 7.8 and LLG=
161.234), finding a single copy of the assembled molecule in the asymmetric unit. The obtained
model was then refined by Phenix Refine employing Fragments 1, 2 and 3 as rigid bodies for the
tracing of the scaffolding domain to be defined. Finally, the refined MR model was subjected to
15 cycles of auto building by Phenix Autobuild. A capping subdomain, as defined for YcbB,
spanning from residue 295 to 355 was not traced by Phenix and had to be manually built in

WinCoot and subjected to multiple cycles of building and refinement [140].

In the case of the 2.22 A dataset, diffraction data was collected at the 103 beamline under native
conditions as previously indicated. For data solving, the resulting 2.45 A structure of Bd0566 was
used for MR and automated building in Phenix for the 2.22 A dataset in the spacegroup 1222,
finding two copies of Bd0566 in the asymmetric unit (TFZ= 117.1, LLG= 20,104). The capping
subdomain was not automatically traced by Phenix Autobuild and was also manually built and

refined for this dataset using WinCoot and Phenix Refine, respectively.

2.2.2. Bd1075

2.2.2.1. Crystallisation and cryoprotection

Crystallisation conditions for Bd1075 were screened with the JCSG-plus™, BCS™ and MIDAS-
plus™ (Molecular Dimensions©, cat# MD1-37, MD1-104 and MD1-106, respectively) at 25
mg/mL of protein concentration. Crystals were obtained in the BCS™ H8 condition (0.1M Tris pH
7.8,0.1 M NaBr, 0.1M KSCN, 25% PEG Smear Broad) and cryoprotected with 25% ethylene glycol

prior to collection.
2.2.2.2. Data collection and structure solving

Native datasets were collected at the 103 beamline under conditions stated in section 2.1.11,
autoprocessed by the Xia2-dials ISPyB automated pipeline at a maximum resolution of 1.55 A.
Nevertheless, attempts to solve the crystallographic structure of Bd1075 by MR were
unsuccessful. Therefore, anomalous datasets at the bromide edge were collected for the same

crystal, taking advantage of the co-crystallised halide.

Briefly, data was collected on the 103 beamline, collecting 3600 images at 0.1° Q Oscillations,
100% transmission, 0.04 s exposure and wavelength of 0.9100 A with an initial resolution limited

to 2.0 A and adjusted to 1.7 A. The dataset autoprocessed by the Xia2-3dii ISPyB automated
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pipeline exhibiting an overall and outer shell anomalous CC values of 0.3 was selected for
experimental phasing. The Bromide-phasing dataset was solved using CRANK2 on the CCP4
online software suite, with parameters set to default [141]. The Bd1075 bromide phased
structure was solved in the P2; spacegroup, finding two copies of the enzyme in the asymmetric
unit (ASU) (TFZ= 152.6, LLG= 31,852). Loops were manually built on WinCoot, and the resulting
model was used for MR solution of the native dataset, which was subjected to multiple cycles of

building and refinement via WinCoot and Phenix refine, respectively.

2.2.3. Bd3334

2.2.3.1. Crystallisation and cryoprotection

Bd3334 was screened for crystallisation at 30 mg/mL using the JCSG-plus™ and BCS™ screens
(Molecular Dimensions©, cat# MD1-37 and MD1-104, respectively). Crystals were obtained in
JCSG-plus™ condition B2 (20% PEG 3350 and 0.2 M NaSCN) and cryoprotected with mother liquor

supplemented with 25% ethylene glycol prior to crystal collection.
2.2.3.2. Data collection and structure solving

Native datasets were collected at the 103 beamline as described in 2.1.11. The collected dataset

was autoprocessed by the Xia2-3dii ISPyB pipeline up to a maximum resolution of 1.70 A.

The Bd3334 dataset was solved by MR in the P212,2; spacegroup by using the crystallographic
structure of Bd1402 as search model (single Bd1402 chain, residues 125-163 and 170-264),
finding a single copy of Bd3334 in the ASU (TFZ= 22.0, LLG= 354.896). The MR solution was auto
built using Phenix Autobuild and subjected to multiple cycles of building and refinement in

WinCoot and Phenix refine, respectively.

2.2.4. Bd3741

2.2.4.1. Crystallisation and cryoprotection

Crystallisation conditions for Bd3741 were screened with the JCSG-plus™, BCS™, ProPlex™ and
MIDAS-plus™ (Molecular Dimensions©, cat# MD1-37, MD1-104, MD1-38 and MD1-106,
respectively) at 10, 15, 20 and 35 mg/mL of protein concentration, obtaining isomorphous
crystals in 45 of the 96 conditions of the BCS™ screen. Crystals were then cryoprotected with

mother liquor supplemented with 30% of glycerol (for native data collection) or alternatively
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phased with 10 mM K;PtCls and 30% glycerol and incubated for one hour at 18 °C prior to crystal

collection.
2.2.4.2. Data collection and structure solving

Platinum-derived experimental phasing of the Bd3741 structure (PtSAD, platinum Single-
wavelength Anomalous Diffraction dataset) was undertaken at the 103 beamline under

conditions indicated in section 2.1.11.

A platinum derivative dataset was collected for crystals obtained in condition D8 of BCS™ screen
(0.1 M MES pH 6.2, 15% PEG Smear Broad, 0.15 M CaCl,#2H,0 and 5% glycerol) and
autoprocessed by the Xia2-dials ISPyB automated pipeline at a maximum resolution of 1.91 A.
This dataset was solved using the Autosol programme of the Phenix suite, defining dispersion
coefficient (f') and absorption coefficient (f”) values of -7.012 and 12.06, respectively (estimated

from http://www.bmsc.washington.edu/scatter/AS form.html, applicable for all other phasing

atoms), searching initially for seven platinum sites. The Bd3741 platinum-derivatized structure
was then solved in the P2; spacegroup and subjected to five cycles of automated building in
Phenix Autobuild. Finally, loops were manually built in WinCoot before the structure was used

as a MR model for solving the native dataset.

The Autoproc autoprocessed native dataset for Bd3741 was collected for crystals grown in BCS™
screen condition C12 (0.1 M PIPES pH 7.0, 22.5% PEG Smear Medium, 0.1 M CaCl,#2H,0 and 0.1
M MgCl,#6H,0). This dataset was solved by MR using Phenix Phaser, employing the PtSAD
determined structure as search model. The Bd3741 native structure was solved at a maximum
resolution of 1.80 A in the P23 spacegroup, finding one copy of the protein in the asymmetric
unit (TFZ= 85.5, LLG=11,211). Finally, loops were manually built in WinCoot, and the model was

refined via successive cycles of Phenix Refine.
2.2.4.3. Phylogenetic analysis of LDTs

For the dendrogram analysis of LDTs, protein sequences were aligned using the MEGA11®
software with the Clustal Omega algorithm. The aligned sequences were grouped using the

Neighbor-Joining algorithm with 500 iterations for the generation of each dendrogram.
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2.3. PG amidohydrolases
2.3.1. Bd0601 C94A

2.3.1.1. Crystallisation and cryoprotection

Bd0601 C94A was concentrated to 35 mg/mL and screened for crystallisation conditions,
obtaining crystals in MIDAS-Plus™ and Morpheus™ commercial screens (Molecular
Dimensions©, cat#f MD1-106 and MD1-46, respectively). Two crystal forms were obtained for
Bd0601 C94A, MIDAS-Plus™ condition G3 (40 % glycerol ethoxylate) and Morpheus™ condition
F10 (Buffer system 3 pH 8.5, 0.12 M monosaccharides and 30% ethylene glycol- PEG 8000

precipitant mix). No cryoprotection was required prior to crystal collection.
2.3.1.2. Data collection and structure solving

Native datasets for BA0O601 C94A were collected at the I03 beamline as described in 2.1.11. The
MIDAS-Plus™ G3 dataset was autoprocessed by the Xia2-Multiplex pipeline to a maximum
resolution of 3.95 A, by merging two independent data collection experiments. This first
collected dataset was solved by MR in the P2; spacegroup, using the Legionella pneumophila
LPG0564 hypothetical protein (PDB ID: 2IM9, residues 75-89, 118-210 and 217-341) as a search
model, finding two copies of the enzyme in the ASU (TFZ=12.0, LLG= 141.107). The MR solution
was subjected to automated building via Phenix Autobuild, and multiple cycles of manual

building via WinCoot and refinement with Phenix refine.

The Morpheus™ F10 dataset was autoprocessed by the Autoproc ISPyB pipeline to a maximum
resolution of 2.05 A. This dataset was solved in the P2; spacegroup by MR using the
abovementioned Bd0601 C94A model structure (TFZ= 55.3, LLG= 3,977). The obtained solution
was finally subjected to multiple cycles of manual building and refinement using WinCoot and

Phenix refine, respectively.

2.3.2. Bd1177 and Bd1177 C86A/Y124C/Y508C

2.3.2.1. Crystallisation and cryoprotection

Bd1177 (referred as Bd1177 proteolyzed C-terminus, after crystallographic data solving) was
screened for crystallisation conditions at concentrations of 10, 15 and 20 mg/mL at 18 °C. Crystals
were obtained in the JCSG-plus™, BCS™ and ProPlex™ commercial screens (Molecular
Dimensions©, cat# MD1-37, MD1-104 and MD1-38, respectively). Crystals obtained at 20 mg/mL
in condition F1 of the ProPlex™ commercial screen (0.1M NaeHEPES pH 7.0 and 20% PEG 8000)
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were cryoprotected with mother liquor supplemented with 30% glycerol and harvested for
native data collection. For structure determination, crystals were soaked in cryoprotective
mother liquor supplemented with 10 mM K,PtCl, for one hour at 18 °C before harvesting the

crystals.

Bd1177 C86A/Y124C/Y508C catalytically null and disulphide-locked mutant were screened for
crystallisation conditions at 15 and 20 mg/mL concentrations at 18 °C. Crystals were obtained
only in condition A7 of the JCSG-plus™ commercial screen (Molecular Dimensions®©, catf MD1-
37) containing 0.1M CHES pH 9.5 and 20% PEG 8000. Crystals were cryoprotected with mother

liqguor supplemented with 30% glycerol and harvested for data collection.
2.3.2.2. Data collection and structure solving

Native and platinum phased crystals were diffracted at the 104 beamline under the respective

conditions indicated in section 2.1.11 and processed by the ISPyB Xia2-3dii automated pipeline.

For Bd1177 platinum derivatised crystals, PtSAD data was solved using the programme Autosol
of the Phenix suite, defining f and f’ values of -7.030 and 12.08, respectively, at a beam
wavelength of 0.8900 A, and initially searching for seven anomalous atom sites in the unit cell.
The final platinum phased model was solved in the P432,2 spacegroup finding one copy of
Bd1177 C-terminus fragment the ASU. Furthermore, the obtained model was subjected to three
automated building cycles in Phenix Autobuild. Loops and disulphide bonds were then built
manually using WinCoot, and the model was further refined using Phenix Refine. The PtSAD
model was used for MR solving of the native Bd1177 dataset at a maximum resolution 1.70 A in
the same crystallisation condition (TFZ= 49.8, LLG= 16,870), and further refined using Phenix

Refine.

Bd1177 C86A/Y124C/Y508C triple mutant native datasets were collected at a beam wavelength
of 0.9795 A with parameters as indicated in section 2.1.11. Diffraction data was autoprocessed
by the Xia2-3dii automated pipeline and solved by molecular replacement at 2.2 A resolution in
the P1 spacegroup with four copies of the protein in the ASU, using the Bd1177 C-terminus
fragment as search model (TFZ= 31.8, LLG= 11,353). The MR model and initial electron density
map were subjected to ten cycles of automated building and refinement in Phenix Autobuild.

This model was then further manually built in WinCoot and refined using Phenix Refine.
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2.4. Bd0675 cryptic protein

2.4.1. Crystallisation and cryoprotection

Crystallisation conditions for Bd0675 were screened in JCSG-plus™, BCS™, ProPlex™ and MIDAS-
plus™ (Molecular Dimensions©, cat# MD1-37, MD1-104, MD1-38 and MD1-106, respectively) at
10, 15 and 20 mg/mL of protein concentration with no positive results. One condition with
crystalline needles was found at 35 mg/mL in ProPlex™ H9 (0.1 M Imidazole pH 7.0 and 50%
MPD). Based on this observation, Bd0675 was re-screened at 35 mg/mL in the Jena Biosciences©
MPD and MPD/alcohol-based screens JBScreen Classic 7 and JBScreen Classic 8 (cat# CS-107L
and CS-108L, respectively), obtaining needles and microcrystals in conditions D6 (50% MPD) for
JBScreen Classic 7, and Al (50% MPD, 15% ethanol and 10 mM sodium acetate) and A4 (55%
MPD) for JBScreen Classic 8.

For optimisation, Bd0675 needles of condition JBScreen Classic 7 D6 were crushed as indicated
for the MMS screening protocol (section 2.1.10) and used as seeds in 1:10 and 1:100 dilutions in
the rescreening of Bd0675 in JBScreen Classic 7 and 8 screens. Crystals were obtained in most
screening conditions for both 1:10 and 1:100 seed dilutions, which consisted mainly of conditions

with > 30% MPD and thus did not require cryoprotection.

Additionally, since no model with significant sequence similarity to Bd0675 has been deposited
in the Protein Data Bank (PDB), crystals were soaked in mother liquor supplemented with 10 mM

K2PtCl, for one hour at 18°C prior to crystal collection.
2.4.2. Data collection and structure solving

Native and platinum phased crystals were diffracted at the 104 beamline under the respective

conditions indicated in section 2.1.11.

The platinum phasing dataset was collected for crystals grown in JBScreen 7 condition D5 (47%
MPD and 2% tert-butanol) using a 1:10 seed dilution and diffracted at a resolution of 1.64 A and

autoprocessed by the ISPyB Xia2-dials automated pipeline.

For data solving, PtSAD data were solved using the programme Autosol of the Phenix suite,
defining f and f” values of -7.251 and 10.79, respectively, at a beam wavelength of 0.91188 A,
and initially searching for seven anomalous atom sites in the unit cell. The final platinum phased

model was solved in the C222; spacegroup finding one copy of the protein in the asymmetric
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unit. Furthermore, the obtained model was subjected to three automated building cycles in
Phenix Autobuild. Loops and disulphide bonds were then built manually using WinCoot, and the

model was further refined using Phenix.

Finally, the PtSAD obtained model was used for MR solution of the native dataset of Bd0675, at
a maximum resolution 1.50 A in the same crystallisation condition. The collected data was
processed by the ISPyB Xia2-3dii automated pipeline and solved in the C222; spacegroup using
Phenix Phaser by searching for one copy of Bd0675 in the asymmetric unit (TFZ= 51.7 and LLG=
10,692). Loops, disulphide bonds and ligands were then manually built in WinCoot and finally

refined via successive Phenix Refine cycles.

2.4.3. Bd0675 electrophoretic mobility shift assay (EMSA) for non-specific ssDNA binding

determination

For testing the possible single-stranded DNA (ssDNA) binding function of Bd0675, oligo dT
nucleotides of 15, 25, 35, 45 and 55 nucleotides were synthesised by Sigma-Aldrich© and
assayed by EMSA.

Briefly, 0 to 100 uM of Bd0675 were incubated with 100 ng of each ssDNA oligo probe in a buffer
comprising 50 mM Tris pH 8.0, 100 mM NaCl and 5 mM of MgCl, and incubated at room
temperature for one hour. Samples were then supplemented to a final glycerol concentration of
5% and loaded on 15% acrylamide-TAE gels, run at 60 V constant for 15 minutes and
subsequently at 120 V until complete resolution of the DNA ladder. Finally, gels were stained
with SafeView Nucleic Acid Stain® (NBS Biologicals™, cat# NBS-SV1) and visualised for

electrophoretic mobility shift of the oligo probes.
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CHAPTER 3

3. STRUCTURAL CHARACTERISATION OF B. bacteriovorus L,D-TRANSPEPTIDASES

3.1.Introduction
3.1.1. LDTs with possible transpeptidase or hydrolytic activity are present in B.

bacteriovorus strain HD100

LDTs (EC 2.3.2.B14) catalyse stem peptide crosslinking, D-Ala exchange with other non-
canonical D-amino acids (NCDAAs) or cell wall attachment to the outer membrane (OM),
whereas L,D-endopeptidases (EC 3.4.19.11) and L,D-carboxypeptidases (EC 3.4.17.13)
hydrolyse PG stem peptides [61], [69], [84], [82], [111], [131], [132]. These three types of
enzymes are predicted to share a similar catalytic YkuD-like domain (PF03734) consisting

of an eight-stranded B-barrel fold with a conserved Cys-His catalytic dyad [144].

Recently, a subgroup of YkuD-like domains has been re-classified as YkuD2 (PF13645).
YkuD domains bear the catalytic cysteine-centred signature motif (S/T)XGCdR¢, whereas
YkuD2 domains vary to SXGCXAd. In this regard, it has been proposed that the change of
an arginine residue two positions after the catalytic cysteine for an alanine residue defines
if the YkuD-like domain of the enzyme will act as a crosslinker/NCDAA exchanger or as a
peptidase, respectively [118], [142]. This has been proven for LdtF (DpaA, formerly known
as YafK), which is the only E. coli LDT with peptidase activity, hydrolysing the Lpp1-PG
crosslink [84], [118], [142].

Of the 19 putative LDTs encoded by B. bacteriovorus strain HD100, only LDTs from group
5 are officially classified as YkuD2-like enzymes and thus are hypothesised to be
hydrolases. Further, LDTs from group 1 also possess the activity-defining alanine residue
while still classified as YkuD and could be suggested to act as hydrolases. Interestingly, the
group 6 LDT, Bd1075, showcases a valine residue in the respective position. Bd1075 has
been shown to exhibit carboxypeptidase activity is further discussed in sections 3.2.4.4
and 3.2.4.5 [125]. In contrast, LDTs of groups 2-4 possess a highly conserved arginine
residue in the YkuD-like motif, suggesting that these enzymes act as LDTs and/or NCDAA

exchangers.

Previous unpublished work of our group includes the determination of the

crystallographic structures of Bd0553 (group 1), Bd0886 (group 3) and Bd1402 (group 5)
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by Dr. lan Cadby, which will be presented in the next introductory sections. Preliminary

data also suggests that these three putative LDTs localise at the bdelloplast (unpublished).

This previous work along with the structural results obtained in this thesis described in
this chapter will be contrasted in Chapter 4 to analyse the diversification of the LDT family

in B. bacteriovorus and their possible roles in predation.
3.1.2. B. bacteriovorus LDT group 1: LdtF (DpaA/YafK)-like putative LDTs

Group 1 of B. bacteriovorus HD100 comprises the LdtF-like LDTs Bd0553, Bd1763 and
Bd2061. The structure of Bd0553 has been determined at a maximum resolution of 2.7 A

and is depicted in Figure 18.

Catalytic
domain

Helix-rich
domain

Figure 18: Bd0553 crystallographic structure and electrostatic surface potential. A) Cartoon
representation of the 2.7 A structure of Bd0553 coloured by secondary structure (a-helices in
blue, B-strands in red). Bd0553 adopts a YkuD capped B-barrel fold. Catalytic cysteine C174 is
shown in yellow sphere representation. B) Topology diagram of Bd0553. Two distinct domains
are identifiable in the structure: the helix-rich domain (corresponding to the initially predicted
coiled-coil domain) comprising alpha helices al and a2, and the YkuD-like LDT domain formed
by alpha helix a5 and beta strands B1-8. Catalytic cysteine C174 is highlighted in yellow. The
helix-rich domain is connected to the YkuD-like domain by the C32-C198 disulphide bond. C)
Electrostatic surface potential of Bd0553 in a scale of +10 to -10 Kcal/mol in 90° angles apart
dispositions. The catalytic C174 location is indicated. The putative substrate binding pocket of is
limited by the basic alpha helix a4 and by an acidic patch formed by beta strands p4-6.
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The Bd0553 solved structure traces 174 of the 183 residues of the mature protein
(residues 21-204, respectively). Bd0553 displays the archetypical YkuD-like LDT capped B-
barrel fold formed by alpha helix a5 and beta strands B1-8, wherein the catalytic cysteine
C174 is located in the putative substrate binding cleft delimited by alpha helices a3 and
a4, and beta strand 37 (Figure 18B).

In addition to the LDT catalytic core, Bd0553 possess a domain comprising residues 35-55
(including helices al and a2) which was predicted to form a coiled-coil fold based on its
amino acid sequence. Interestingly, this portion of the structure does not adopt a coiled-
coil domain fold, wherein the two four residues-long helices al and a2 are connected by
an eight residues-long loop. Thus, this domain has been renamed as the helix-rich domain.
The overall Bd0553 structure appears to be further stabilised by the disulphide bond
formed between C32 and C198.

The electrostatic surface potential representation of Bd0553 is depicted in Figure 18C in
two 90° apart dispositions. The Bd0553 putative substrate binding cleft (centred on
residue C174) is delimited by the basic helix a4, which might participate in substrate
binding, particularly, the stem peptide portion of the PG substrate, and by the acidic patch
formed by beta strands 34-6.

Analysis of the predicted substrate binding site of Bd0553 shows a solvent-exposed
pocket with the conserved catalytic dyad C174-H150, wherein the thiol group of C174 is
located at 3.9 A distance to N2 of H150 (Figure 19A). The imidazole ring of H150 is
positioned by the 2.8 A hydrogen bonding interaction between its N®* and the backbone

carboxylate group of G151.
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Figure 19: Bd0553 active site and substrate binding residues. A) Bd0553 active site. The
catalytic dyad C174-H150 is located in a pocket formed between alpha helix a4 and beta strand
B7. The imidazole ring of H150 is positioned by its interaction with the backbone carboxylate
group of G151. B) Bd0553 proposed substrate binding residues. Residues in proximity to the
C174-H150 catalytic dyad are shown. Residue A176 is part of the SXGCXAd motif and has been
proposed as the defining feature of LDTs with peptidase activity. Residues H166, K158 and W170
are part of a structural insertion additional to the YkuD-like conserved core and are exclusive to
group 1 of B. bacteriovorus’ LDTs.

As illustrated in Figure 19B, aside from the catalytic dyad, Bd0553 substrate pocket
potentially comprises residue K158 from alpha helix a4, M148 from beta strand 7, H166
and a hydrophobic pocket formed by residues F119, W170 and A176. Furthermore, A176
corresponds to the conserved alanine residue of the SXGCXA¢ motif proposed to define
YkuD-like folds with peptidase activity [118], [142]. In fact, unpublished enzyme activity
data of our group suggests that Bd0553 has carboxypeptidase and endopeptidase activity

on PG stem peptides.
3.1.3. B. bacteriovorus LDT group 3: B. bacteriovorus’ unique SH3b-LDTs

Group 3 of putative LDTs comprises Bd0886 and Bd1176, which are exclusive to B.
bacteriovorus, and are predicted to possess a N-terminal SH3b domain. The
crystallographic structure of Bd0886 has been determined at a maximum resolution of

2.39 A and is depicted in Figure 20A.
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Figure 20: Bd0886 crystallographic structure, dimerization, active site, and surface
representation. A) Cartoon representation of Bd0886 overall crystallographic structure. Bd0886
structure comprises a N-terminal SH3b domain (residues 39-121, in green) and the YkuD-like
LDT domain (residues 131-193 and 250-323, in orange). Structural features unique for Bd0886
are shown in grey. Catalytic residue C301 is shown in yellow sphere representation. Active site
access is proposed to be regulated by the region named “lid”. B) Bd0886 possible homodimer
structure (chain 1 in grey, chain 2 in white). Bd0886 forms a homodimer in the ASU wherein
residues 478-486, which are predicted to be disordered in the three-dimensional structure, form
an antiparallel B-sheet-like structure between both Bd0886 monomers (in purple and yellow for
chains A and B, respectively). C) Bd0886 active site. The active site of Bd0886 comprises the
conserved catalytic dyad C301-H269 (3.9A distance), with the carboxylate of the G270 backbone
orienting and polarising the imidazole ring of H269 (2.7A distance). Sidechains of residues
oriented towards the catalytic dyad are shown in stick representation (E190, K253, W267 and
R303). Residue R303 corresponds to the arginine residue of the (S/T)XGCdRP motif, proposed
to be the residue defining LDTs with crosslinking or NCDAA-exchanging activity. D) Surface
overview of Bd0886. Catalytic C301 and proposed “lid” are indicated. Surfaces of SH3b (in green)
and LDT domains (in orange) are shown.

Bd0886 crystallographic structure depicts a homodimer in the ASU wherein chain A traces
449 of the 456 residues of the mature protein (residues 30-486), whereas chain B traces
361 residues (residues 125-486). Bd0886 chain B lacks traceable electron density for the
SH3b domain, suggesting it is highly mobile in the crystal lattice or has been proteolyzed

during the crystallisation process.

Bd0886 structure comprises a N-terminal SH3b domain (residues 39-121, in green), the

YkuD-like LDT domain (residues 131-193 and 250-323, in orange) and unique structural
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insertions (residues 194-249 and 324-486, in grey). The SH3b domain of Bd0886 is
connected to the YkuD-like domain by a ten residues-long linker, forming a cleft between
the SH3b domain and the Bd0886 putative substrate binding site, suggesting that the
SH3b domain participates in substrate recognition and binding, as observed in S. simulans

lysostaphin, S. aureus endolysins and Listeria phage endolysin, among others [122]-[124].

In the ASU, Bd0886 forms a tail-to-tail dimer mediated by residues 478-486 (Figure 20B,
chain A in grey, chain B in white). These residues are part of the unique structural features
of Bd0886 and are predicted to be disordered in the three-dimensional structure.
Nevertheless, these residues form an antiparallel B-sheet like structure between each
Bd0886 monomer (in purple for chain A and yellow for chain B, respectively), which could

suggest that such crystallographic dimer is thermodynamically favourable.

Bd0886 active site is shown in Figure 20C, including the archetypical catalytic dyad C301-
H269. The imidazole ring of H269 is oriented and polarised by its hydrogen bonding
interaction with the backbone carbonyl group of G270. Residues oriented towards
Bd0886 catalytic residues are highlighted, including E190, K253, W267 and R303, the
latter being the conserved arginine of the proposed LDT crosslinkers and/or NCDAA-
exchangers motif (S/T)XGChR¢ [118], [142]. Interestingly, as shown in Figure 20D,
catalytic C301 is not solvent accessible due to the presence of a loop region defined as

the active site “lid” (residues 280-299).
3.1.4. B. bacteriovorus LDT group 5: B. bacteriovorus’ unique LDTs

Group 5 of LDTs is likewise unique to B. bacteriovorus, comprising Bd0782, Bd1402,
Bd2940, Bd3093 and Bd3334. These LDTs are predicted YkuD2-like LDTs with the
proposed hydrolytic motif SXGCXAd. The crystallographic structure of Bd1402 has been

determined at a maximum resolution of 2.35A and is depicted in Figure 21A.
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Figure 21: Bd1402 structure, dimerization, active site, and surface depiction. A) Cartoon
representation of Bd1402 three-dimensional structure. Bd1402 structure comprises an N-
terminal active site lid (residues 23-40, in red), a dimerization helical domain (residues 63-104,
in pink) and the C-terminal YkuD2-like LDT domain (residues 108-248, in orange). The active site
lid region is connected to the dimerization helix by a 21 residues-long linker not traceable in the
experimental electron density map. Catalytic C222 is highlighted in yellow sphere
representation. B) Bd1402 dimer representation. Chain A (in grey) and B (in white) associate via
the amphipathic helix comprising residues 65 to 75 (in purple and yellow for chain A and B,
respectively). Catalytic C222 and active site lid are highlighted in yellow and red, respectively. C)
Bd1402 active site visualisation. The catalytic dyad of Bd1402 comprises residues C222 and
H204, within a 3.9A distance between the thiol group and the imidazole ring. H204 is oriented
by its 2.8A hydrogen bonding interaction with the G205 backbone carbonyl group. Residues
S$183, V202, Y208, W220 and A224 of the YkuD2-like LDT domain and D34 from the active site
lid are proposed to be relevant for activity. Residue A224 corresponds to the hydrolytic LDT
defining position in the SXGCXAd motif. D) Surface representation of Bd1402. YkuD2-like LDT
domain of Bd1402 is shown in orange and the active site lid in red. Access to the active site
appears to be blocked by the N-terminal active site lid of Bd1402.

Bd1402 three-dimensional structure traces residues 23-40 and 63-248 of the mature
protein (residues 20-248). The Bd1402 fold comprises a N-terminal proposed active site
lid (residues 23-40, in red) which is connected by a non-traceable 21 residues-long
predicted loop to a helical dimerization domain (residues 63-104, in pink), and the YkuD2-

like domain (residues 108-248, in orange).

As shown in Figure 21B, Bd1402 forms a dimer in the ASU. The dimeric state of Bd1402

has been observed in solution as per shown by preliminary gel filtration chromatography
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experiments (unpublished data). Based on the crystallographic data, the dimer forms via
the amphipathic helix spanning from residue 65 to 75 (in purple and yellow for chains A

and B, respectively).

Bd1402 active site comprises the catalytic dyad C222-H204 at 3.9A distance, wherein the
imidazole ring is oriented and polarised by its hydrogen bonding interaction with the
backbone carbonyl group of G205 (Figure 21C). Residues potentially participating in
catalysis are highlighted, comprising S183, V202, Y208, W220 and A224 wherein the latter
alanine residue is part of the proposed YkuD2-like hydrolytic motif SXGCXAd. Additionally,
the active site lid residue D34 is shown to be oriented towards the active site and might
participate in substrate selection. In fact, as shown in Figure 21D, the active site access is
blocked by the proposed active site lid, and therefore its displacement is probably

required for enzymatic activity.

Thus, to complete a panel of representative B. bacteriovorus LDTs, additional
representative LDTs for each group have been crystallised and their structures
determined. A summary of the LDTs tested for soluble expression, crystallisation and the

respective structure attribution is shown in Table 7.

Table 7: Summary of LDTs tested for soluble expression, crystallisation and the corresponding
structure attribution. S=soluble, |=insoluble, - =not applicable.

LDT Solubility  Crystallised  Structure attribution

Bd0553 S Yes Dr. lan Cadby
Bd3012 | - -
Bd3176 | - -
Bd3741 S Yes This thesis
Bd0886 S Yes Dr. lan Cadby
Bd0566 S Yes This thesis
Bd1181 S No This thesis
Bd1358 | - -
Bd2908 | - -
Bd0782 S No This thesis
Bd1402 S Yes Dr. lan Cadby
Bd2940 | - -
Bd3093 | - -
Bd3334 S Yes This thesis
Bd1075 S Yes This thesis

The structures of Bd3741 (group 2), Bd0566 (group 4), Bd3334 (group 5) and Bd1075

(group 6) are presented and analysed in this chapter.
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3.2.Results
3.2.1. Group 2: Bd3741

3.2.1.1. Bd3741 expression, purification, and crystallisation

The ErfK/Ybis-like group of LDTs comprises proteins Bd3176 and Bd3741, that are
insoluble when recombinantly expressed in E. coli. As an alternative, both proteins have
been cloned as N-tagged MBP fusions, obtaining soluble protein for Bd3176 and Bd3741
expressed using Al media. However, after TEV overnight cleavage at 4°C of the MBP tag,
only Bd3741 remained in solution and properly folded according to its SEC profiles and
was further pursued for crystallisation and structure determination (Figure 22A and 22B

for purification and gel filtration profiles, respectively).

B Bd3741-MBP TEV cleavage

1400

1200 1 Bd3741+MBP

MBP
1000 -
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mAU

4001 Bd3741

200

-200 T T T T
0 10 20 30 40
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Figure 22: Bd3741-MBP purification. A) Bd3741-MBP was purified by maltose affinity
chromatography and cleaved overnight by TEV digestion at 4°C. The cleaved samples were
loaded onto a Superdex® 75 10/300 GL column to separate the MBP and Bd3741. B) Three peaks
were observed in SEC that were analysed by SDS-PAGE, corresponding each to i) cleaved Bd3741
attached to the MBP, ii) MBP only and iii) Bd3741 only.

The Bd3741 SEC profile depicts three peaks corresponding to MBP only, Bd3741 only and
Bd3741 cleaved but still associated to MBP (Figure 22B). The cleaved MBP and Bd3741
have been better separated by increasing the concentration of NaCl from 0.2 to 1.5 M
during the SEC run and later dialysed against a final buffer comprised of 25 mM HEPES pH
7.5, 200 mM NaCl and 2.5 % glycerol.

Bd3741 was screened for crystallisation conditions at 10, 15, 20 and 35 mg/mL. Crystals

were obtained in 46 of the 96 conditions of the BCS™ screen only at 35 mg/mL of
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concentration, as shown in Figure 23, corresponding to condition A2 of the BCS™ screen
(0.1 M phosphate/citrate pH 5.5 and 30% PEG smear low). All crystals had the same

morphology and similar sizes across the screen.

Figure 23: Bd3741 crystals. Bd3741 was concentrated to 35 mg/mL in a final buffer comprising
25 mM citrate pH 6.0, 200 mM NaCl and 2.5% glycerol and crystallised in the BCS™ screen
(Molecular dimensions), obtaining isomorphous crystal in 46 of the 96 conditions.
Representative crystals obtained in condition A2 of the BCS™ screen (0.1 M phosphate/citrate
pH 5.5 and 30% PEG smear low).

3.2.1.2. Bd3741 data collection and structure solving

Diffraction experiments were carried out at the |04 beamline as indicated in section 2.1.9,
collecting the platinum phased and native Bd3741 datasets for crystallisation conditions
D8 (0.1 M MES pH 6.2, 15% PEG Smear Broad, 0.15 M CaCl,#2H,0 and 5% glycerol) and
C12 (0.1 M PIPES pH 7.0, 22.5% PEG Smear Medium, 0.1 M CaCl,#2H,0 and 0.1 M

MgCl,#6H,0) of the BCS™ screen, respectively.

Diffraction data was autoprocessed by the automated pipelines Xias2-dials for the PtSAD
experiment and Autoproc for Bd3741 native crystals and used for structure solving.
Specifically, the PtSAD dataset was solved using the programme Autosol of the Phenix
suite and after one round of Autobuild, this model was used for MR solving of the native
dataset using Phasing-MR. Statistical results for data collection, phasing and refinement

are shown in Table 8.
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Table 8: Data collection, phasing, and refinement statistics for Bd3741. Statistics for PtSAD and
native Bd3741 crystallographic data are shown.

Bd3741 PtSAD Bd3741 Native

Data Collection
Resolution range (A) 54.59-1.91 66.81-1.80
Space group P23 P23
Cell dimensions

a, b, c(A) 94.56, 94.56, 94.56 94.55, 94.55, 94.55

a,6v(°) 90, 90, 90 90, 90, 90
Total reflections 606045 (4996) 1022670 (97989)
Unique reflections 21854 (945) 26422 (2635)
Completeness (%) 98.60 (84.50) 99.97 (100.00)
Redundancy 27.7 (5.3) 38.7 (37.2)
<I>/ol 14.5 (0.3) 45.27 (3.23)
Rmeas 0.129 (2.793) 0.06118 (0.3024)
CCi2 1.00 (0.60) 1(0.971)
CCanom 0.8 (-0.1)
Refinement
Maximum resolution (A) 1.80
Number of reflections used 26420 (2635)
Number of reflections for Rfree 1244 (131)
Rwork 0.1893
Réfree 0.2088
RMSD

Bonds (A) 0.012

Angles (°) 1.25
Number of non-hydrogen
atoms

Protein 1720

Ligand/ion 26

Water 198
B-factors

Protein 34.38

Ligand/ion 42.34

Water 38.89
Ramachandran favoured (%) 97.13
Ramachandran allowed (%) 2.87
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 6.08

*Values in parenthesis correspond to the highest-resolution shell

Eleven platinum sites were found for the PtSAD dataset, with a figure of merit (FOM) of
0.35. The density modified contour map for the heavy atom sites (2Fo-Fo, 0= 1.50) is shown

in Figure 24.
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Figure 24: Heavy atom sites of the Bd3741 PtSAD dataset. Eleven heavy atom sites were found
for the PtSAD Bd3741 dataset (white). The density modified map (2Fo-Fo, 0=1.50) is shown (blue
mesh).

3.2.1.3.Bd3741 overall structure and domains

The crystallographic structure of Bd3741 is depicted in Figure 25A, covering 211 of the
223 residues of the mature protein sequence (excluding the 22 residues of the signal
peptide, mature proteins residues numbered 23 to 246). Besides A23, residues 105 to 116
are missing from the model, which are presumably part of a flexible loop of the Bd3741
LDT catalytic domain. As depicted in Figure 25B, Bd3741 possesses the characteristic
YkuD-like catalytic core described for most LDTs, which is formed by eight B-strands
organised in a funnel-like B-barrel that is capped by an a-helix. The catalytic dyad formed
by H165 and C190 is located on the outer side of the barrel forming a putative substrate

binding groove. B-strand 6 works as a hinge connecting both sides of the LDT B-barrel.
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Figure 25: Bd3741 crystallographic structure, topological organisation, and surface coulombic
potential. A) Bd3741 cartoon representation structure, wherein B-strands are coloured in red
and a-helices in blue. N and C-terminal. The catalytic C190 is highlighted in yellow. A loop
spanning from residue 105 to 116 is not traceable in the electron density map (represented with
dashed lines). B) Topological and domain organisation of Bd3741, listing a-helices in blue from
1to5andB-strandsinred from 1to 12. The catalytic C190 is highlighted in yellow in the diagram.
Bd3741 is defined by two structural domains: the catalytic LDT domain, comprising the central
B-funnel and the active site which is capped by a subdomain formed by a-helix 1 and a loop
absent in the electron density; and a cryptic domain of unknown function. C) 180° angles apart
views of Bd3741 coulombic potential surface representation from +10 to -10 Kcal/mol (blue to
red, respectively).

In addition to the signature LDT catalytic core domain, two additional regions are
distinguishable in the Bd3741 structure. First, a possible capping subdomain formed by
the 11 residues of the missing flexible loop (residues 105 to 116) connecting B-strands 4
and 5, along with a-helix 1, which may interact with the aforementioned missing loop. As

similarly presumed for Bd0566, this capping subdomain may determine substrate binding
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and specificity for each particular LDT group. This hypothesis is supported by noticing that
the positively charged a-helix 1, even though traceable in the electron density map, is less
defined than the rest of the structure, suggesting a certain degree of flexibility of this
portion of the protein. Moreover, the average B-factor values of the protein are around
20 A? for most of the structure but as high as 140 A? for a-helix 1 (Figure 26), and thus
would form part of a hypothetical flexible capping subdomain might participate in

substrate selection.

A

B-factor (A2) B-factor (A2)
20 80 140 20 80 140

Figure 26: B-factor colouring of Bd3741. B-factor colouring from 20 to 140 A2 (cyan to magenta,
respectively) of the ribbon (A) and surface (B) representations of Bd3741. B-factor analysis
suggests that less defined electron density for Bd3741 is localised towards the capping
subdomain (a-helix 1, B-strands 4 and 5 and the missing capping loop) and loops flanking the
substrate binding cleft, suggestive of a conformational change in these elements upon substrate
binding.

Secondly, a cryptic domain unique to Bd3741 is present in the structure. This
unprecedented domain is formed by B-strands 10 and 11 connected by a triangular loop
forming a hook-like structure, as shown in Figure 25A. The B-strands of this triangular

hook region are positioned by its interaction with the two short a-helices 2 and 3.

As seen in the topological diagram in Figure 25B, the folding of Bd3741 probably is highly
cooperative due to its re-entrant nature. In fact, the structural elements of each domain
are spread discontinuously along the sequence: a-helix 1 (residues 24 to 33), most of the

LDT catalytic core (residues 88 to 208) and B-strand 12 (residues 239 to 244) which closes
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the funnel-like B-barrel of the catalytic domain; and a-helices 2 and 3 (residues 49 to 61)
and B-strands 10 and 11 along with the triangular hook (residues 210 to 237) forming the
cryptic domain. This topological arrangement suggests that catalysis and the unknown

function of the cryptic domain are intrinsically linked.

Finally, inspection of coulombic surface charge of Bd3741 reveals that the protein surface
is mostly positively charged favouring interaction of the enzyme with the negatively
charged stem peptides of the PG cell wall, in accordance with what has been reported for

most LDTs (Figure 25C).
3.2.1.4. Bd3741 catalytic domain and active site

The core of the catalytic domain of Bd3741 comprised the LDT B-funnel wherein residues
of the catalytic dyad are localised in the loop connecting a-helix 4 with B-strand 9 for C190

and in B-strand 8 for H165 (Figure 27A).

Capping
subdomain

Figure 27: Bd3741 active site organisation. A) Bd3741 catalytic dyad comprises residues H165
and C190 which act as general base and nucleophile, respectively. The N2 of the H142 is
positioned at 3.8 A from the sulphur atom of C190 while the imidazole ring is further positioned
by the interaction between N8 of H165 with the backbone carbonyl of Q166 at 2.8 A of distance.
The secondary structure elements present in the active site are indicated. B) Top view of the
surface representation of the Bd3741 active site. The surface of sidechains of the C190 (in
yellow) and H165 (in blue) are located towards the acyl donor binding site (PG cell wall binding
site), separated from the acyl acceptor site by the proposed capping subdomain.

In the crystalline structure, the N2 of H165 is positioned 3.8 A from the sulphur atom of
C190, polarising the residue for it to be a competent nucleophile. The polarised state of
the imidazole ring of H165 is then stabilised by the backbone carboxyl group of Q166,
which is situated at 2.8 A from the N°! of H165. As observed for Bd0566, the distance
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between H165 and C190 is greater than the 2.5-3.5 A range typical for hydrogen bonding,

and therefore C190 is possibly re-oriented upon substrate binding.

Bd3741 is part of the predatory LDTs grouped as ErfK/Ybis related enzymes. In E. coli, the
ErfK/Ybis LDTs are involved in anchoring the PG cell wall to the outer membrane by
crosslinking the terminal lysine of the Braun lipoprotein (Lpp1) to the mDAP of the stem
tetrapeptide by using the D-Ala at position 4 of the stem peptide as leaving group [61],
[84]. Thus, the PG tetrapeptide acts as acyl donor while the Braun lipoprotein acts as acyl
acceptor during catalysis, yielding a PG tripeptide crosslinked to the C-terminal of Lpp1 as

product.

Surface analysis of Bd3741 defines two sites for ligand binding (Figure 27B). First, a donor
site which is hypothesised to be occupied by the PG tetrapeptide, is defined by the
common features previously reported by LDTs, including the catalytic dyad C190-H165
and the oxyanion hole formed by the backbone nitrogen of A163 and C190 that potentially
stabilised the oxycarbanion tetrahedral intermediate previous to the acyl-enzyme

intermediate formation.

Based on the exposed amino acid sidechains on the LDT substrate binding cleft, possible
substrate binding residues are highlighted in Figure 28. Considering the orientation of
C190, residues R135, H137, Y141, S143, M150, A153, F155 and E158 are proposed to be
part of the acyl donor site of Bd3741. On the other hand, S146, F148, P168, L171, 5188
and R192 are located on what is putatively assigned as the acyl acceptor site of the LDTs.
Residue R192 is conserved for the (S/T)XGCpRd motif, suggesting that Bd3741 is part of
the YkuD-like LDT crosslinkers/NCDAA exchangers [118], [142].
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Figure 28: Bd3741 substrate binding residue identification. Residues in proximity to the C190-
H165 catalytic dyad are shown in stick representation. R135, H137, Y141, S143, M150, A153,
F155 and E158 are proposed to be part of the acyl donor site whereas S146, F148, P168, L171,
S$188 and R192 are located on what is putatively assigned as the acyl acceptor site. Residue R192
is part of the (S/T)XGCdR crosslinker/exchanging defining motif.

To probe the conservation of the proposed substrate binding residues of Bd3741, the
structure was superimposed with the available AlphaFold2 in silico model of E. coli ErfK
(pLDDT=93.5) [61], [89], [145]. Superimposition was limited to the LDT catalytic core due

to Erfk and Bd3741 possessing accessory divergent domains with an RMSD of 0.88 A
(Figure 29A).

Figure 29: Structural conservation of Bd3741 active site. A) Bd3741 and E. coli ErfK structural
comparison. Bd3741 crystal structure (in red) and an ErfK AlphaFold2 model (in blue) were
superimposed with an overall RMSD of 0.88A for the YkuD-like domains of each protein. B)
Conserved active site residues between Bd3741 (in red) and ErfK (in blue) are shown in stick
representation.
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The architecture of the LDT catalytic core is unsurprisingly conserved between both
proteins, however, the re-entrant topology of the domain is unique to Bd3741. Both LDT
cores show possible capping regions, however in different positions and with different
secondary structure contents. For the ErfKk model, the capping portion of the domain is a
a-helix loop connecting the B-strands corresponding to 6 and 7 (in Bd3741 coordinates)

of the LDT core, in contrast to the B-strand loop connecting B-strands 3 and 6 in Bd3741.

Comparison of the active site sidechains between ErfK and Bd3741 reveals a similar
arrangement of the catalytic dyad between both proteins (see Figure 29B). Nevertheless,
of the proposed Bd3741 substrate binding residues only R135, H137, F148, M150, A153,
F155, P168 and R192 are conserved in ErfK, which suggests that they are critical in

substrate binding either at the acyl donor or acceptor sites.
3.2.1.5. Bd3741 cryptic triangular hook insertion

Bd3741 depicts a triangular hook insertion between residues 209 and 238. As shown in
Figure 30A, the three-dimensional disposition of the triangular loop is maintained by
hydrogen bonding between conserved residues within the loop and by hydrophobic
interactions with other secondary structure elements of the putative cryptic domain.
Particularly, residue L216 of the loop interacts with L59 of the a-helix 3 while Y58 of a-
helix 3 interacts with both P223 and Y225 of the triangular loop, forming a hydrophobic
patch. On the other hand, the three-dimensional geometry of the loop is maintained by
intra-loop interaction between residues Q227-N228, P223-Y225-V231 and D217-R219.
Further, residues G221 and G229 are located in the curvatures in the corners of the loop,

allowing it to acquire the angles to form a triangular geometry.
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Figure 30: Triangular loop of Bd3741 cryptic domain. A) The main feature of the Bd3741 cryptic
domain corresponds to a triangular hook spanning from residues 209 to 238. Sidechains of
residues responsible for positioning the loop and maintaining the triangular geometry are
indicated. B) Triangular loop of Ypr118w (residues 339-366) and residues possibly involved in
adopting this fold are shown. This domain has been shown to participate in the dimerization of
Ypr1l18w.

To propose a function for this domain, similar structures to Bd3741 were searched in the
PDB using the Dali server, finding LDTs of different organisms. Even though most of the
significant matches share the central LDT core domain with Bd3741, none of the found

structure showed any of the accessory features of this protein (data not shown).

Remarkably, the methylthioribose-1-phosphate isomerase from S. cerevisiae Yprl118w
(PDB ID: 1W2W) adopts a similar fold between residues 339 and 366. The triangular
conformation of the loop is possibly achieved by the interaction of residues N346, E348,
N349, E356, N355 and E359, in addition to the location of residues G350 and G358 in the
corners of the loop, similarly to Bd3741 (Figure 30B). This region of the enzyme is
unrelated by sequence to Bd3741 and has been shown to participate in the formation of
the Ypr118w homodimer structure [146]. Nonetheless, the monomeric state of Bd3741
suggests a repurposing of this structural feature. Therefore, additional experiments are
required to address the function of this cryptic domain and how it specifies the activity of

this group of LDTs.

3.2.2. Group 4: Bd0566
3.2.2.1. Bd0566 purification and crystallisation

Bd0566 mature protein sequence (residues 22-505, omitting the 21 residues signal
peptide sequence) was fused to a C-terminal Hisec-tag, expressed in Al media, and purified

by nickel IMAC followed by SEC on a Superdex® 75 26/60 column (Figure 31A), as
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indicated in Materials and Methods. Bd0566 was concentrated to 20 mg/mL by centrifugal
ultrafiltration in a final buffer comprised by 25 mM tri-sodium citrate pH 6.0, 200 mM
NaCl and 2% glycerol. From the SEC profile, BA0566 is monomeric in solution (Figure 31B)
and requires the supplementation of 5% ethylene glycol as cryoprotectant to be stored

frozen at -80°C and avoid precipitation after thawing.

Elution Volume/ml.

Figure 31: Bd0566 purification. Bd0566 was expressed in Al media and purified by nickel IMAC
and SEC. A) 15% SDS-PAGE of the purified Bd0566. First and second wash contain 20 mM and
50 mM of imidazole, respectively. B) SEC profile of Bd0566 showing a monomeric peak for the
protein. The run was performed at room temperature and flow rate of 2 mL/minute in a buffer
composed by 25 mM tri-sodium citrate pH 6.0, 200 mM NaCl and 2% glycerol. The protein was
concentrated to 20 mg/mL and supplemented with 5% ethylene glycol before storage at -80°C.

Bd0566 was screened for crystallisation conditions obtaining the best diffracting crystals
in the Proplex® and MidasPlus® suites (Molecular Dimensions©). Specifically, crystals
used for data collection were grown in MidasPlus® B1 (0.1 M sodium formate and 20%
Sokalan® CP 45) and Proplex® condition F12 (0.1 M NaeHEPES pH 7.0 and 1.5 M
(NH4),S04), obtaining a 2.45 and 2.22 A datasets, respectively (Figure 32A and 32B,

respectively).
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Figure 32: Crystal and diffraction pattern for the two Bd0566 datasets. A) Crystal and

diffraction pattern obtained at a resolution of 2.45 A; the spacegroup for this dataset is P6s. B)
Crystal and diffraction pattern for the 2.22 A dataset; the spacegroup for this dataset is | 222.

3.2.2.2. Bd0566 data collection and structure solving

Data was autoprocessed by the Xia2-3dii automated ISPyB pipeline for both datasets and
solved by Molecular Replacement (MR) using the reported structure for the E. coli YcbB

(PDB ID: 6NTW) [83], which has an overall sequence identity of 28% with Bd0566.

The first dataset obtained for Bd0566 was the 2.45 A resolution form and was solved by
using a two fragments ensemble of E. coli YcbB. The final crystallographic structure traced

481 of the 483 residues of the mature protein (residues 24 to 505).

The resulting 2.45 A structure for Bd0566 was used for MR solving of the 2.22 A dataset
inthe 1 222 spacegroup and built in Phenix Autobuild, finding two copies of Bd0566 in the
ASU. The subdomain comprising residues 316-376 was manually built, obtaining an
equivalent solved structure for both datasets. Statistics for data collection and refinement

are shown in Table 9.

Considering the higher resolution of the second Bd0566 crystal form, subsequent

structural analysis will refer to this crystallographic structure of the protein.
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Table 9: Data collection, phasing, and refinement statistics for Bd0566. Statistics for data
collection and refinement of Bd0566 crystal forms 1 and 2, obtained at 2.45 and 2.22 A,

respectively.

Bd0566 crystal form 1

Bd0566 crystal form 2

Data Collection
Resolution range (A)
Space group
Cell dimensions

a, b, c(A)

a6 v()
Total reflections
Unique reflections
Completeness (%)
Redundancy
<I>/ol
Rmeas
Rpim
CCi2

Refinement

Maximum resolution (A)
Number of reflections used
Number of reflections for Rfree

Rwork

Rfree

RMSD
Bonds (A)
Angles (°)

Number of non-hydrogen

atoms
Protein
Ligand/ion
Water

B-factors
Protein
Ligand/ion
Water

Ramachandran favoured (%)
Ramachandran allowed (%)
Ramachandran outliers (%)

Rotamer outliers (%)

38.07 - 2.45
P 65

157.17, 157.17, 56.65
90, 90, 120
861163 (84568)
43652 (4338)
98.29 (99.88)
19.7 (19.5)
12.00 (1.36)
0.1245 (3.975)
0.02834 (0.8978)
0.998 (0.757)

2.45
42960 (4333)
2166 (184)
0.1821
0.2147

0.0086
0.956

3967
16
34

82.20
84.84
65.16
96.06
3.94
0.00
0.00

93.56-2.22
1222

110.4, 150.0, 187.1

90, 90, 90

998204 (87663)

75983 (7287)
99.05 (93.75)
13.1(12.0)
8.19 (3.52)
0.7102 (10.96)
0.205 (3.408)
0.831(0.34)

2.22
75532 (7063)
3777 (338)
0.1874
0.2239

0.010
1.07

7937
80
431

41.96
55.88
42.56
98.24
1.76
0.00
0.57

*Values in parenthesis correspond to the highest-resolution shell

3.2.2.3. Bd0566 overall structure and domains

Bd0566 crystallographic structure grossly resembles the overall fold of the E. coli YcbB

(PDB ID: 6NTW), composed of three domains: a helical scaffolding domain, a putative PG

binding domain (PGBD) and the catalytic domain or LDT domain, as shown in Figure 33A

and B.
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Figure 33: Bd0566 structure and coulombic surface potential. A) Cartoon depiction of the
crystallographic structure of Bd0566. a-helix are depicted in blue, and B-strands are in red.
Catalytic cysteine C422 is highlighted in yellow B) Topology diagram of Bd0566. Domains and
the capping subdomain are indicated, a-helix and B-strands numbered from 1-17 and 1-12,
respectively. The catalytic C422 is highlighted in yellow. C) Coulombic surface potential of
Bd0566 in a scale of +10 to -10 Kcal/mol in 90° angles apart dispositions.

Bd0566 topology is re-entrant, wherein the scaffolding domain spans between residues
22-157, 237-253 and 496-505, whereas the PGBD and the LDT are independent and

comprised by residues 177-234 and 261-475, respectively.

The scaffolding domain of Bd0566 is formed by nine a-helices with fold that differs from
the ten a-helices of the YcbB scaffolding domain [83]. The core of the scaffolding domain
is a three a-helical bundle formed by helices 2-4 which is stabilised by hydrophobic
interactions with a-helix 1 and the perpendicular arrangement of a-helices 5 and 6. The

scaffolding domain core is covered by the disulphide-stabilised crossed helices 7 and 11,
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and by the re-entrant a-helix 17. The disulphide bond between helices 7 and 11 is formed
by residues C155 and C237, respectively (which replaces the C229-Q354 pair present in

YcbB), connecting this domain with the PGBD.

The PGBD displays a structure of a closed three helical bundle with a left-handed twist
motif that is conserved in a variety of PG modifying proteins, mainly amidases and phage
autolysins, as well as for YcbB. This domain differs from the lysine PG binding motifs
(LysM) present in many structurally characterised bacterial LDTs which is formed by two
antiparallel B-strands connected by two or more short a-helices, or to the open B-barrel
fold of bacterial SH3b domains, which have been proved to bind PG by the stem peptide
portion of the molecule [123], [124].

Finally, the LDT catalytic domain of Bd0566 displays the archetypical B-barrel architecture
capped by two consecutive a-helices, wherein the active site is exposed to the solvent
and located on the side of the core B-barrel. Additionally, Bd0566 possesses an accessory
capping subdomain that could participate in substrate selection. This capping subdomain
is formed by a-helices 12 and 13 and B-strands 6 and 7, which are interconnected by long
loops of around 15 residues, defining a cleft between the B-barrel core architecture and
the capping region where catalysis occurs. Additionally, B-strands 11 and 12 form a B-
hairpin connecting the catalytic domain of the enzyme with the re-entrant helix 17 of the

scaffolding domain and helices 7 and 11.

Coulombic surface potential analysis of the Bd0566 surface depicts a mostly positive
surface potential distribution, which is in accordance with PG binding proteins and LDTs
in particular, suggestive of an extensive interaction of the protein with the mostly
negatively charged PG cell wall stem peptides (Figure 33C). However, this surface
potential distribution is negative in the capping subdomain of Bd0566 in contrast to the
positively charged capping subdomain of YcbB, which suggests that the substrate

specificity and/or recognition mechanisms of both enzymes differ.
3.2.2.4. Bd0566 catalytic domain and active site

The catalytic core domain of the enzyme adopts the signature YkuD-like transpeptidase
core, wherein the B-strands of the central barrel are curved forming a funnel-like structure
which is further capped by two a-helices (Figure 34A) [83], [144]. Specifically, B-strands 1
and 2 interact with the B-hairpin formed by strands 11 and 12, while B-strands 5, 8 and 9

77



form part of the substrate binding cleft in the active site. Both sides of the central barrel
are connected by B-strands 3 and 4, which may transmit conformational changes between

the active site and the rest of the protein.

Figure 34: Bd0566 catalytic domain and active site. A) The LDT catalytic domain of Bd0566
(residues 261 to 475) are depicted in ribbon representation and coloured by Jones’ rainbow,
highlighting sidechains of the catalytic residues HO3 and C422, located in the binding cleft
defined by the core of the domain and the capping subdomain. B) Zoom-in of the active site of
Bd0566. The nucleophilic residue C422 is at a distance of 4.6 A of the N2 of H403. The N%! of
H403 is at hydrogen bonding distance of 2.5 A from the carbonyl backbone of D404, stabilising
and position H403 to act as general base.

The Bd0566 substrate binding cleft sits in the interface between the side of the barrel
formed by B-strands 5, 8 and 9 and a-helix 12 of the capping subdomain. The active site
of the protein displays an archetypical catalytic LDT dyad formed by the general base H403
and the nucleophile C422, catalysing the ping-pong 3-3 PG crosslinking reaction (Figure
34B). More precisely, the N2 of H03, which is positioned at 4.6 A from the thiol group of
C422, polarises the sulfhydryl group of C422 for it to be a competent nucleophile. The
polarising imidazole ring of H403 is positioned and stabilised by hydrogen bonding of the
N®! of H403 with the backbone carboxyl of D404 at 2.5 A distance. It is worth noting that
the H403-C422 distance is longer than the standard hydrogen bond length of 1.5-2.5 A
and therefore, for deprotonation of C422 to occur, the active site must rearrange upon

substrate binding in the acyl donor site, probably by repositioning of the C422 sidechain.

Bd0566 active site is flanked by a capping subdomain spanning from residues 316 to 376,
formed by a-helices 12 and 13 and B-strands 6 and 7, which is proposed to participate in

substrate selection. Specifically, a-helices 12 and 13 are perpendicularly arranged and
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sandwiched against an antiparallel B-sheet formed by B-strands 6 and 7 (Figure 35A). The
capping subdomain of Bd0566 divides the substrate binding cleft in two sites: the acyl
donor site and the acyl acceptor site. Both sites of the substrate binding cleft are
communicated by a polar channel formed by the interaction between the capping
subdomain and the catalytic LDT core. This interaction is mainly comprised by the 2.7 A
hydrogen bonding interaction between residues E323 of the capping subdomain and R296

of the rest of the catalytic domain (Figure 35B).
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Figure 35: Bd0566 substrate binding sites and catalytic domain interactions. A) 90° angles apart
surface views of the Bd0566 substrate binding sites. The catalytic dyad H403 and C422
sidechains are oriented towards the acyl donor site of the enzyme. The capping subdomain
separates the acyl donor and acceptor sites. B) The capping subdomain interacts with the rest
of the LDT catalytic core by hydrogen bonding interactions between the highlighted residues.
Interactions of Bd0566 with PG and/or with other molecules may affect the conformation of the
capping subdomain and in consequence, determine substrate selection and binding.
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Even though the capping subdomain closes the substrate binding cleft, average B-factor
analysis of the Bd0566 surface reveals that highest uncertainty values (coloured in scale
from cyan to magenta, from 30 to 120 A respectively) are localised towards the capping
subdomain of Bd0566, with values tending to 120 A? (Figure 36). These values suggest
that this region of the enzyme is particularly flexible, regardless of the hydrogen bonding
interaction of the capping subdomain with the rest of the catalytic core. In this sense, the
25 residues long loop connecting B-strands 6 and 7, may contribute to the intrinsic

flexibility of this region of the protein.

B-factor (A?)

30 75 120

Figure 36: B-factor colouring of Bd0566. B-factor analysis of 180° angle apart surface
representation of Bd0566. B-factors range from 30 to 120 A2 for Bd0566 (cyan to magenta,
respectively), with the highest values corresponding to the capping subdomain, suggesting that
this part of the enzyme is flexible and might be susceptible to conformational changes upon
substrate binding.

Structural alignment of Bd0566 and E. coli YcbB reveals a high degree of sequence and
structural conservation in the catalytic domain of the enzyme. Besides the catalytic dyad
H403 and C422, and the stabilising residue D404, residues W314, P317, K391, Y401 and
R424 are localised in the substrate binding cleft and appear to actively participate in

substrate binding (Figure 37).
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Figure 37: Sequence alignment and structural context of Bd0566 and YcbB LDT domain.
Bd0566 and YcbB protein sequences were aligned using Clustal Q and compared in view of the
Bd0566 determined structure. Residues numbers are in reference to Bd0566. Identical residues
between Bd0566 and YcbB are highlighted in red while similar residues are indicated in grey.
The catalytic histidine and cysteine are indicated with red arrow heads.

Particularly, K391 and Y401 are part of the acyl donor site, while R424 form part of the
acyl acceptor site. Interestingly, W314 and P317, which are part of the capping
subdomain, localise between both acyl substrate sites. This in view of the structural
information obtained for Bd0566, indicates that positively charged residues K391 and
R424 may act as stem peptide stabilising groups, either on the donor or acceptor site. On
the other hand, the aromatic residues Y401 and W314 and the cyclic residue P317 are
commonly associated with stabilising the chair conformation of the sugar rings of the PG

polyglycan chain in both donor and acceptor sites, respectively [83].

Since the YcbB structure was solved in a Meropenem-bound state, possibly mimicking the
acyl-enzyme intermediate conformation, the Bd0566 apo structure was superimposed to
identify residues that might be actively involved in the transpeptidation mechanism, as

shown in Figure 38.
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Figure 38: Superimposition of the Meropenem binding site of YcbB with Bd0566 structure. The
active site of Bd0566 in its apo form (in red) is compared with the YcbB acyl-enzyme
intermediate trapped state (in blue) with Meropenem (grey). Structural comparison indicates
that both active sites are in similar conformations and therefore, structural rearrangement
induced by substrate binding occurs before formation of the acyl-LDT intermediate.

As shown in the YcbB and Bd0566 sequence alignment, residues W314 and P317 of
Bd0566 (W425 and P428 in YcbB, respectively) form a hydrophobic pocket that possibly
stabilises the backbone of the PG stem peptide and/or the sugar rings of the glycan
portion of the substrate [83], [147]. Additionally, Bd0566 1320, which substitutes YcbB

L431, appears to also participate in forming the aforementioned hydrophobic pocket.

On the other hand, Bd0566 Y401 (Y507 in YcbB) is suggested to form an oxyanion hole
responsible for stabilising the tetrahedral oxycarbanion intermediate formed during
catalysis. Finally, as discussed by Caveney et. al. (2016) [83], residue A399 of Bd0566
(A505 in YcbB) would contribute to the stabilisation of the Meropenem molecule by
hydrogen bonding with the backbone carbonyl of the residue. Thus, most active site
residues and their orientations are conserved in both structures suggesting that any
conformational change must occur upon substrate binding and before formation of the

acyl-enzyme intermediate.

The Bd0566 second crystal form crystallised with a citrate molecule bound in the active
site, in close proximity to the catalytic dyad C422-H403 (Figure 39A, 2Fq-Fo electron

density map, o= 1.50). It has been found that for PG modifying enzymes, citrate molecules
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partially mimic the binding chemistry of the mDAP residue of the PG stem peptide, being
useful for mapping substrate binding sites [148]—[150]. Residues surrounding the citrate
molecule modelled in the Bd0566 structure (< 5A linear distance) are depicted in Figure

39B.
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Figure 39: Citrate binding in Bd0566 active site. A) 2Fo-Fo electron density map of citrate in the
Bd0566 solved structure (0=1.50). B) Stick representation of the citrate molecule bound in
Bd0566 active site. Interacting residues are indicated with their corresponding distance, which
are in the hydrogen bonding range. These residues are partially shared with the meropenem

superimposed Bd0566/YcbB structures. C) Schematic representation of citrate contacts in panel
B.
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The citrate bound molecule (in grey) locates approximately in the meropenem mapped
pocket of Bd0566. Two of the carboxylate groups of the citrate molecule are stabilised by
interacting with residues R293, S420 and R424, which are conserved between Bd0566 and
YcbB. Additionally, H403 interacts with the hydroxyl group of the bound citrate. The

aforementioned interactions are schematised in Figure 39C.

It is worth noting that that deletion of the YcbB capping subdomain abolishes the 3-3 PG
crosslinking pathway in E. coli, generating a B-lactam sensitive phenotype [83]. Thus, the

capping subdomain may additionally regulate catalysis in Bd0566.

These overall results give structural insights into possible transpeptidation mechanisms
associated with Bd0566 LDT, including possible substrate binding sites and selection by

this group of transpeptidases.

3.2.3. Unique group 5: Bd3334
3.2.3.1. Bd3334 expression and purification

Bd3334 mature protein sequence (residues 23-261) was cloned in the pET28a(+) vector
fused to an N-terminal Hise-tag. Bd3334 was expressed in Al media supplemented with

standard Sugar mix N as indicated in section 2.1.3 and purified by nickel IMAC and SEC
(Figure 40A and B, respectively).
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Figure 40: Bd3334 purification and gel filtration profile. A) Bd3334 was purified by nickel IMAC
and gel filtration chromatography. Homogeneity of purified Bd3334 was assessed by SDS-PAGE
in 15% acrylamide gels. B) Gel filtration elution profile of Bd3334 on a Superdex® 75 26/60

column. A monodisperse peak corresponding to Bd3334 elutes at approximately 170 mL,
corresponding to monomeric Bd3334.
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The hydrodynamic radius of Bd3334 determined from the Superdex® 75 26/60 column
corresponds to a 25 kD globular protein, which suggests that in contrast to Bd1402, which

is also a member of group 5 of LDTs, Bd3334 is monomeric in solution.

Purified Bd3334 was concentrated to 30 mg/mL and screened for crystallisation
conditions. Crystals were obtained for condition B2 of the JCSG-Plus™ commercial screen
(0.2M NaSCN and 20% PEG3350), and cryoprotected with mother liquor supplemented
with 25% of ethylene glycol (Figure 41).

W ot < BN . ’
Figure 41: Bd3334 protein crystals. Bd3334 was manually screened for crystallisation conditions
at 25 mg/mL protein concentration and 18°C temperature. Crystals were obtained in condition
B2 of the JCSG-Plus™ commercial screen (0.2M NaSCN and 20% PEG3350), and cryoprotected
with mother liquor supplemented with 25% of ethylene glycol prior to crystal harvesting.

3.2.3.2. Bd3334 data collection and structure solving

Diffraction experiments were carried out at the 104 beamline as indicated in section

2.1.11, collecting native Bd3334 datasets at a maximum resolution of 1.7 A.

Diffraction data was autoprocessed by the automated pipeline Xias2-dials and used for
structure solving. Specifically, Bd3334 dataset was solved in the P 2,2:2; spacegroup using
the programme Phaser-MR of the Phenix suite by deploying an ensemble of the Bd1402
LDT core (residues 125-163 and 170-264) as search model, finding a single copy of the
ensemble in the ASU (TFZ= 22.0, LLG= 354.896). Statistical results for data collection and

refinement are shown in Table 10.
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Table 10: Data collection and refinement statistics for Bd3334.

Bd3334

Data Collection
Resolution range (A) 4597 -1.70
Space group P 212121
Cell dimensions

a, b, c(A) 56.69, 59.75, 71.97

a6 v(°) 90, 90, 90
Total reflections 350399 (27595)
Unique reflections 27556 (2721)
Completeness (%) 99.99 (100.00)
Redundancy 12.7 (10.1)
<I>/ol 28.79 (4.57)
Rmeas 0.05945 (0.632)
Rpim 0.01654 (0.1959)
CCip 1.00 (0.939)
Refinement
Maximum resolution (A) 1.70
Number of reflections used 27556 (2721)
Number of reflections for Rfree 1332 (122)
Rwork 0.1865
Réree 0.2120
RMSD

Bonds (A) 0.011

Angles (°) 1.19
Number of non-hydrogen atoms

Protein 1873

Ligand/ion 62

Water 199
B-factors

Protein 26.73

Ligand/ion 41.83

Water 35.30
Ramachandran favoured (%) 96.55
Ramachandran allowed (%) 3.02
Ramachandran outliers (%) 0.43
Rotamer outliers (%) 0.99

*Values in parenthesis correspond to the highest-resolution shell

3.2.3.3. Bd3334 overall structure and domains

Bd3334 crystallographic structure traces 233 of the 238 residues of the mature protein
(residues 26 to 259) and is depicted in Figure 42A.
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Figure 42: Bd3334 crystallographic structure, topology, and surface representation. A) Cartoon
representation of Bd3334 structure coloured by secondary structure (alpha helices in blue and
beta strands in red). Catalytic C217 is shown in yellow sphere format. Bd3334 comprises the
archetypical YkuD2-like domain fold with a N-terminal insertion stabilised by the C64-C75
disulphide bond. B) Topology diagram of Bd3334 depicting the YkuD2-like domain of Bd3334
and two structural insertions (insert 1 and 2) that are exclusive for this enzyme. Catalytic C217
is highlighted in yellow. C) Surface electrostatic potential representation of Bd3334 in two 90°
angle apart views. Surface shows that Bd3334 is mostly basic as for other PG interacting
proteins, with exception of the acidic surface of insert 2.

The Bd3334 structure has a re-entrant topology including the archetypical LDT core
(residues 94-122, 151-187 and 214-241) formed by a funnel-like beta barrel comprising

by nine beta strands capped by an alpha helix (a6, Figure 42B).

The Bd3334 active site is located in the cleft formed by beta strands 7, 8 and B10 is
composed by the C217-H187 catalytic dyad. In addition to the LDT core, two structural
insertions are observed flanking the putative substrate binding cleft and are unique to

Bd3334.

The first structural insertion (insert 1, residues 27-88) comprised of alpha helices a1-3 and

the two long beta strands f1 and B2 forming an arm-like extension that projects a3 and
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the loop connecting a3 and B1 towards the substrate binding cleft, specifically on the acyl
donor site. This insertion is stabilised by the disulphide bond formed between residues
C64 and C75. The second structural insertion (insertion 2) includes residues 193 to 212,
corresponding to a flexible loop and alpha helix a5, which delimits the acyl acceptor site

of LDT catalytic domain.

As shown in Figure 42C, Bd3334 electrostatic surface charge is mainly basic, which agrees
with most LDTs for their interaction with the primarily acidic PG cell wall. A top view of
the Bd3334 substrate binding cleft surface additionally shows that inserts 1 and two
flanking the active site are distinctively charged positively and negatively, respectively.
Further, B-factor analysis of the Bd3334 structure reveals that the potentially most flexible
region of the protein is the structural insert 1 (values around 63 A?), in contrast to the rest
of the structure (values approaching 15 A?) (Figure 43). These results suggest that the
unique structural insertions 1 and 2 of Bd3334 define the substrate binding region of the

enzyme and therefore might determine substrate specificity.

Insert 1

B-factor (A2)

15 39 63
Figure 43: B-factor colouring of Bd3334 cartoon and surface representation. Cartoon and
surface representation of Bd3334 were rendered by B-factor value using Chimera® software. B-
factor analysis suggests that Bd3334 most mobile region corresponds to structural insert 1.

3.2.3.4. Bd3334 active site and substrate binding cleft

The catalytic dyad C217-H187 of Bd3334 is depicted in Figure 44A. H187 is oriented
towards C217 by the 2.7 A hydrogen bonding interaction between N® of H187 and the

carboxylate backbone group of G188. As observed for Bd0566, the sulfhydryl group of
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C217 is at a 4.3 A distance to N2 of H187, which suggests that C217 might be reoriented

upon substrate binding.

Insert 2

\ A \
Figure 44: Bd3334 active site. A) Bd3334 catalytic dyad comprises residues C217 and H187
which are at a distance of 4.3 A between the thiol group and the N2 of the imidazole ring. The
imidazole group of 187 is oriented by its 2.7A hydrogen bonding interaction with the backbone
carbonyl group of G188. B) Surface representation overview of Bd3334 active site. The
hourglass-shaped active site is flanked by insertions 1 and 2, suggesting they might determine

substrate specificity of Bd3334.

The hourglass shaped substrate binding cleft of Bd3334 is solvent accessible, with no
capping subdomains (Figure 44B). Structural inserts 1 and 2 delimit the substrate binding
site and might determine Bd3334 specificity. Interestingly, open substrate binding sites
have been associated with endopeptidase activity rather than transpeptidation activity in
PG modifying enzymes, as described for Acd24020 from C. difficile [151]. The top Dali

server matches of Bd3334 related structures are shown in Table 11.

Table 11: Dali results for Bd3334 structural search. Dali matches for PDB deposited structures
are organised according to their Z-score.

o PDBID-Chain  Zscore RMSD lali residues % identity Description

4ydv-A 11.8 3.1 132 318 11 Conserved Hypothetical
Secreted Protein

4ali-A 11.8 3.0 122 165 14 Putative L,D-transpeptidase
YKUD

S5bmg-A 10.5 2.4 110 205 17 Erfk/Ybis/Ycfs/Ynhg family
protein

4z7a-A 10.2 3.2 112 355 20 Mycobacterium

tuberculosis  (3,3) L,D-
transpeptidase

6fj1-A 9.9 2.9 118 254 13 L,D-transpeptidase

Axxt-A 9.5 3.0 114 221 18 Fusion of predicted Zn-
dependent
amidase/peptidase

4lpg-A 8.2 2.6 109 204 21 Erfk/Ybis/Ycfs/Ynhg family
protein

7kgm-A 7.7 3.1 114 512 16 YcbB family protein

4lzh-A 5.8 33 114 278 18 L,D-transpeptidase
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Structure conservation is concentrated on the LDT domain. Even though the LDT catalytic
core is structurally conserved, sequence conservation of residues oriented towards the

substrate binding cleft, outside the corresponding C217-H187 catalytic dyad, is poor.

Then, possible Bd3334 substrate binding residues are proposed based on spatial proximity

to C217. Proposed sidechains are highlighted in Figure 45.

Insert 2

Figure 45: Active site and possible substrate binding residues of Bd3334. Residues in close
proximity to the C217-187 catalytic dyad are shown in stick representation. Residue A219
corresponds to the alanine in the proposed hydrolytic SXGCXA¢ LDT motif, suggesting that
Bd3334 is a peptidase rather than a transpeptidase. Residues P74 from insert 1 and F196, Y208
and R210 of insert 2 are unique features to Bd3334 and are proposed to partially determine
substrate specificity,

As proposed in Figure 44B, residues from the unique structural inserts 1 and 2 appear to
define the boundaries of the Bd3334 binding cleft. Specifically, residues P74 from
structural insert 1 and F196, Y208 and R210 form the structural insert 2 are spatially
oriented towards the cleft defined by the active site, suggesting that these specific Bd3334
structural variation contribute to substrate specificity. Further residue A219 corresponds
to the conserved alanine of the hydrolytic YkuD2-like SXGCXA¢d motif, suggesting that
Bd3334 would have endo and/or carboxypeptidase activity rather than transpeptidase
activity [118], [142].
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3.2.4. Group 6: Bd1075

3.2.4.1. Bd1075 expression, purification, and crystallisation

The nucleotide sequence encoding Bd1075 mature protein sequence (residues 20-332)
cloned in the pET41c(+) expression vector was expressed in Al media supplemented with
sugar mix N. Bd1075 was purified to homogeneity by IMAC and SEC as detailed in section
2.1.3 (Figure 46A).
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Figure 46: Bd1075 purification. A) Purification of recombinant Bd1075. Recombinant Bd1075
(35 kD) was purified by IMAC and Gel filtration chromatography. The purity of the obtained
sample was evaluated by 15% SDS-PAGE and Coomassie blue stain visualisation. B) Bd1075 gel
filtration elution profile on a Superdex™ 75 26/60 column. The profile depicts a monodisperse
peak at 170 mL, corresponding to monomeric Bd1075. This monomeric peak of Bd1075 was
pooled for crystallization and structure determination.

Bd1075 gel filtration elution volume of 170 mL from a Superdex™ 75 26/60 column shows
that Bd1075 is monodisperse and monomeric in solution, with a hydrodynamic radius

corresponding to a 35 kD globular protein (Figure 46B).

Pure Bd1075 SEC fractions were pooled and concentrated to a final concentration of 25
mg/mL and screened for crystallisation conditions. Bd1075 protein crystals were obtained
in condition H8 of the BCS™ crystallisation screen (0.1 M Tris pH 7.8, 25% PEG Smear
Broad, 0.1M KSCN and 0.1M NaBr) (Figure 47). Bd1075 crystals were cryoprotected with
mother liquor supplemented with 25% of ethylene glycol and harvested for data

collection.
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Figure 47: Bd1075 protein crystals. Bd1075 was manually screened for crystallisation conditions
at 25 mg/mL protein concentration and 18°C temperature. Crystals were obtained in condition
H8 of the JCSG-Plus™ commercial screen (0.1 M Tris pH 7.8, 25% PEG Smear Broad, 0.1M KSCN
and 0.1M NaBr), and cryoprotected with mother liquor supplemented with 25% of ethylene
glycol prior to crystal harvesting for data collection.

3.2.4.2. Bd1075 data collection and structure solving

Diffraction experiments were carried out at the 104 beamline as indicated in section
2.1.11. Initially, MR solving of the native diffraction data autoprocessed by the automated
pipeline Xias2-dials was attempted with no positive outcomes, therefore, bromide
derivatised crystallographic data (Br-SAD) was collected due to presence of sodium

bromide in the crystallisation condition of Bd1075.

Bd1075 Br-SAD data was autoprocessed by the Xia2-dials automated pipeline and solved
using CCP4 online CRANK2, which located seven bromide sites with an initial FOM of 0.14.
Bd1075 was then built by iterative cycles of building and model-based phasing
improvement. The mapped bromide sites and the corresponding density modified map

(2Fo-Fo, 0=1.50) are depicted in Figure 48 A and B, respectively.

93



Figure 48: Bd1075 bromide phasing sites. A) CRANK2 bromide mapped sites (in white).
Correspondence with the electron density mapped is showed for the yellow-coloured bromide
sites. B) Electron density map (2Fo-Fo, 0= 1.50) for the bromide sites.

The obtained Br-SAD model was further built and modified using WinCoot, with cycles of
refinement in PHENIX Refine. The final Bd1075 Br-SAD model comprises two protein

molecules in the ASU, solved in the P 2; spacegroup.

Bd105 Br-SAD was used as search model for MR solving of Bd1075 native datasets at a
maximum resolution of 1.55 A. This dataset was autoprocessed by the Xia2-dials

automated pipeline and solved in the P 2; spacegroup with two protein molecules in the
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ASU (TFZ= 148, LLG= 29047). The obtained model was then subjected to multiple cycles

of manual building in WinCoot and refinement using Phenix Refine. Statistical results for

data collection and refinement of the bromide phased and native Bd1075 are shown in

Table 12. The solved structure is publicly available in the PDB under the code 7021.

Table 12: Data collection, phasing, and refinement statistics for Bd1075. Statistics for BrSAD and
native Bd1075 crystallographic data are shown.

Bd1075 BrSAD

Bd1075 native

Data Collection
Resolution range (A)
Space group
Cell dimensions
a, b, c(A)
a,6v()
Total reflections
Unique reflections
Completeness (%)
Redundancy
<I>/ol
Rmeas

Rmerge
CCy2
CCanom

Refinement
Maximum resolution (A)
Number of reflections used
Number of reflections for Rfree
Rwork
Rfree
RMSD

Bonds (A)

Angles (°)
Number of non-hydrogen
atoms

Protein

Ligand/ion

Water
B-factors

Protein

Ligand/ion

Water
Ramachandran favoured (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)

40.19-1.39
P21

49.11, 100.39, 62.28
90, 108, 90
593918 (14215)
94881 (4170)
82.47 (36.26)
6.3 (3.4)
20.58 (0.72)
0.04208 (1.62)
0.03875 (1.39)
1.00 (0.36)
0.3(0.0)

43.92-15

P21

49.19, 100.63, 62.28

90, 108.07, 90

558998 (54137)
81050 (7945)
97.19 (95.56)

6.9 (6.8)
26.11 (2.25)

0.04925 (0.5175)

0.04537 (0.4779)
0.999 (0.907)

1.55
81025 (7944)
3999 (370)
0.1948
0.2153

0.013
1.18

4629
43
536

23.16
37.48
33.64
97.96
2.04
0.00
0.39

*Values in parenthesis correspond to the highest-resolution shell
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3.2.4.3.Bd1075 overall structure

Bd1075 crystal structure comprises two protein chains in the ASU (chain A and chain B).
The solved structure traces 274 and 268 of the 312 residues-long mature Bd1075 for chain
A and B, respectively. Since the overall fold and conformation of both Bd1075 chains is
nearly equivalent, description and analysis of the structure will be referred to chain A for

being the most complete.

Bd1075 structure comprises a N-terminal LDT catalytic domain (residues 32-185) and a C-
terminal nuclear transport factor 2-like domain (NTF2-like domain, residues 191-312)
connected by a six residues-long linker (Figure 49A). The missing N-terminal residues 20-
31 and C-terminal residues 313-332 are predicted to be disordered, while residues 87-91
are part of a predicted flexible loop neighbouring the catalytic C159 and are referred as

the active site lid.
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Figure 49: Bd1075 structure, topology, electrostatic surface potential and possible ligand
binding pockets. A) Cartoon representation of Bd1075 crystallographic structure coloured by
secondary structure (alpha helices in blue, beta strands in red). Bd1075 comprises a N-terminal
YkuD-like LDT domain with a conserved catalytic C159 (yellow sphere representation) and a C-
terminal NTF2-like domain connected by a six residues-long linker. A predicted four residues-
long loop is not traceable in the crystallographic structure (residues 87-91) and is proposed to
act as an active site lid. B) Topological diagram of Bd1075 (alpha helices in blue, beta strands in
red; catalytic C159 is highlighted in yellow). Bd1075 fold comprises the catalytic YkuD-like
domain and a NTF2-like domain. C) Surface electrostatic potential representation of Bd1075.
Bd1075 displays a majorly basic surface charge in the proposed PG binding regions. D) Surface
representation of Bd1075 rendered by domain. YkuD-like domain and NTF2-like domain are
coloured in pink and green, respectively. Three possible pockets are highlighted in dashed white
lines. The first pocket corresponds to a shallow groove centred on the nucleophilic C159 and is
proposed to accommodate PG stem peptides. A second possible pocket is located in the
interface between the catalytic and NTF2-like domains. The third proposed pocket is located in
the NTF2-like domain suggesting that this domain participates in substrate recognition or
enzyme localisation.

As illustrated in Figure 49B, the LDT catalytic core is formed by four alpha helices and
seven beta strands adopting the beta-barrel funnel fold characteristic of these enzymes
(helices al-4 and strands B1-7) centred on the catalytic C159. The LDT domain of Bd1075
corresponds to the only experimentally determined B. bacteriovorus LDT that does not

have a re-entrant topology.

97



The NTF2-like domain of Bd1075 is formed by the main helix a5 enveloped by a concave
beta sheet formed by beta strands f8-12. These two main components of the NTF2-like

domain are connected by an arrangement of the two parallel alpha helices a6 and a7.

As shared by other LDTs and PG modifying enzymes, the surface electrostatic potential of

Bd1075 is generally basic in order to bind the mostly negatively charged PG (Figure 49C).

Interestingly, the top view of the Bd1075 surface shows the presence of three discrete
proximal pockets that might be involved in substrate recognition (Figure 49D). The first
pocket is part of relatively shallow groove surrounding the catalytic C159, possibly binding
the stem peptide portion of the PG substrate, formed by alpha helices al and a3 and beta
strand B6, in addition to the loops connecting such elements and the proposed active site
lid. A second pocket is located in the interface between the LDT (alpha helix a2 and beta
strand B4) and the NTF2-like domain (beta strands f10-12). The third pocket is located in
the NTF2-like domain and is formed mainly by the alpha helix a7 and the inward face of
beta strands 11 and f12. The presence of the latter two pockets suggests that the NTF2-
like domain of Bd1075 might regulate substrate specificity, subcellular localisation and/or

association of this enzyme with other cellular components.

Similar structures to Bd1075 were searched using Dali, finding three significant matches
listed in Table 13. Identified matches 1 and 2 correspond to H. pylori Csd6 in an apo and
D-Ala bound state (PDB ID: 4XZZ and 4Y4V, respectively), whereas the third most
significant match is the Campylobacter jejuni cell shape determinant Pgp2 (PDB ID: 6XJ7)
[68], [152].

Table 13: Dali results for Bd structural search. Dali matches for PDB deposited structures are
organised according to their Z-score.

Ne PDBID-Chain Zscore RMSD lali residues % identity Description

1 4xzz-A 23.4 3.1 246 316 23 Csd6 PG CPase
(apoenzyme)

2 4ydv-A 22.4 3.2 249 318 23 Csd6 PG CPase (D-
Ala bound)

3 6xj7-A 21.7 3.6 248 293 27 Pgp2 K307A

mutant PG CPase

Bd1075 has been shown to be a CPase responsible for modulating the curvature of B.
bacteriovorus [125]. In this same sense, the three matching structures that correspond to

PG CPases are identified as cell shape determinants comprising an N-terminal LDT domain
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and a C-terminal NTF2-like domain wherein structural differences with Bd1075 are
distributed along the whole structure, including a longer active site lid in Csd6 and Pgp2
but shorter NTF2-like domains respect to Bd1075 (Figure 50, Bd1075 in red, Csd6 in grey

and Pgp2 in white).

Bd1075 (red)
Csd6 (Grey)
Pgp2 (white)

Figure 50: Structural variation of Bd1075 compared to Csd6 and Pgp2. Bd1075 crystallographic
structure (PDB ID: 7021, in red) was superimposed with the closest Dali matches Csd6 from H.
pylori (PDB ID: 4XZZ, in grey) and Pgp2 from C. jejuni (PDB ID: 6XJ7, in white). As shown,
structural differences are distributed along the whole Bd1075 model such as a longer active site
lid in Csd6 and Pgp2 but shorter NTF2-like domains respect to Bd1075. Moreover, Csd6
dimerization helix is absent in Bd1075 and Pgp2. Further, alpha helix a7 of Bd1075 (nH3) is closer
to the putative ligand binding pocket of the NTF2-like domain compared to Csd6 and Pgp2.

Remarkably, Csd6 has been shown to dimerise using three N-terminal helices that have
been replaced by a predicted twelve residues-long unstructured region in Bd1075 and a

truncated N-terminal helix in Pgp2.

Additionally, alpha helix a7 of Bd1075 (the third alpha helix of the NTF-2like domain, also
referred as nH3) is closer to the putative ligand binding pocket of the NTF2-like domain

(shown in Figure 49D) along the corresponding connecting loop, labelled as “lip”.
3.2.4.4.Bd1075 LDT domain and active site

The active site of Bd1075 consists of the catalytic dyad C159-H144, wherein the imidazole
ring of H144 is positioned by the 2.7A hydrogen bonding interaction of its N®! with the
backbone carboxylate of A145. As seen for the other LDTs, the 4.0A between the
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sulfhydryl group of C159 and the N2 of H144 suggests that Bd1075 C159 reorientates for

catalysis, possibly upon substrate recognition/binding (Figure 51A).

Figure 51: Bd1075 active site and substrate binding residues. A) The Bd1075 catalytic dyad
comprises residues C159 and H144 which are at a distance of 4.0A. Orientation of the imidazole
ring of H148 is generated by its 2.7A hydrogen bonding interaction with the backbone carbonyl
group of A145. B) Residues in proximity to the C159-H144 catalytic dyad are shown in stick
representation. Particularly residue V161 corresponds substitutes the conserved alanine residue
in the YkuD-like domain hydrolytic motif SXGCXAd®, in contrast to Csd6 and Pgp2, which both
retain the alanine residue in this motif.

Residues proximal to the catalytic C159 are shown in Figure 51B. Residues Y117, W142,
S$156 and V161 form a mostly hydrophobic pocket surrounding the active site that could

potentially accommodate the stem peptide of PG molecules.

When comparing the Bd1075 structure with the apo and D-Ala bound Csd6, and with
Pgp2, it is noticeable that the highlighted active site residues of Bd1075 are conserved
with exception of V161, which substitutes the conserved alanine residue of the YkuD- and
YkuD2-like L,D-hydrolases conserved motif SXGCXAd [118], [142]. Both Csd6 and Pgp2
retain the aforementioned alanine residue, suggesting that Bd1075 is the outlier of the

cell-shape LDT determinants.
3.2.4.5.Bd1075 NTF2-like domain

The Bd1075 NTF2-like domain has been shown to localise this enzyme to what becomes
the outer convex cell face of B. bacteriovorus and is necessary for the cell to acquire its

curvature, which is related to competent predation [125].

The ASU of Bd1075 is composed of two protein molecules. Remarkably, residues P110 and
K111 form part of a flexible loop of the LDT of one of the protein chains that interacts with

the putative ligand binding pocket of the NTF2-like domain of the second molecule in the
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ASU, possibly mimicking ligand binding and allowing mapping of residues involved in
Bd1075 localisation, specifically, residues F234, 242, 1246, Y250, H282, D284 and W306
(Figure 52A).

Figure 52: Bd1075 NTF2-like domain ligand binding pocket. A) The putative ligand binding
pocket of the NTF2-like domain is identified by the interaction between the two Bd1075
molecules in the crystal ASU. Residues P110 and K111 of chain B interact with residues F234,
H242, L246, Y250, H282, D284 and W306. B) Structural conservation of the NTF2-like domain
ligand binding pocket residues. Bd1075 residues (PDB ID: 7021, in red) are significantly
conserved in Csd6 (PDB ID: 4XZZ, in grey) and Pgp2 (PDB ID: 6XJ7, in white), with the exception
of W306, which has been shown to be critical for Bd1075 subcellular targeting.

As shown in Figure 52B, most of the proposed ligand binding residues of the NTF2-like
pocket are somewhat conserved in Csd6 and Pgp2, however, residues F234 and H242
which are part of the “lip” and the nH3 helix, respectively, are closer to the inside of the

pocket in Bd1075 when compared to Csd6 and Pgp2.

Interestingly, residue W306 is highly conserved among Bdellovibrio species, but is absent
in other Csd6-like proteins [125]. Specifically, beta strand 12 of Bd1075 makes this NTF2-
like domain longer than in Csd6 and Pgp2. In this sense, it has been shown that Bd1075
truncated at residue E305 fails to localise to the outer curve of B. bacteriovorus nor
complements a Abd1075 strain, in contrast to the wild-type version of Bd1075 and a
mutant truncated at position W306, suggesting that W306 is critical for ligand recognition

and consequent localisation of Bd1075 [125].
3.3. Discussion

The crystallographic structures of four additional B. bacteriovorus LDTs, Bd0566, Bd3741,
Bd3334 and Bd1075, have been determined, which in addition to the three unpublished
structures for Bd0553, Bd0886 and Bd1402 make a panel of seven LDT structures. This
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structural collection includes one representative of each LDT group identified in B.
bacteriovorus HD100, wherein both Bd1402 and Bd3334 structures belong to group 5 of
LDTs.

As with the previous data, each novel LDT structure presented in the result section depicts
a relatively well conserved YkuD- or YkuD2-like domain that has diversified and acquire
certain structural variations and/or domains specific to each LDT group. These variations
will be analysed and discussed in further detail within and between each group of LDTs in

the Chapter 4 of this work.
3.3.1. Bd3741 is a possible LDT with crosslinking/NCDAA-exchanging activity

Bd3741 proved to be the only soluble member of the group 2 of LDTs. This protein has
been proposed to be the closest to the Lpp1-PG crosslinker ErfK in E. coli, nevertheless
showing significant sequence and structural differences outside the YkuD-like domain

[61], [89].

The overall Bd3741 fold depicts a N-terminal a-helix that, due to its proximity to what is
proposed to be an eleven residues-long flexible linker, may act as a capping subdomain
for the enzyme. On the other hand, a cryptic domain, named as triangular hook, is located
at the opposite site of the YkuD-like B-barrel central core. Both of these structures appear
to be exclusive for Bd3741, however, a similarly shaped triangular loop has been shown
to be part of the dimerization domain of Ypr118w, however, the monomeric state of
Bd3741 both in the crystal structure and in solution suggests a different function for this

domain [146].

When comparing the experimentally solved Bd3741 structure to the predicted AlphaFold2
models available for ErfK and the endopeptidase counterpart DpaA (formerly LdtF/YafK),
substantial differences are observed with models that are predicted to a high confidence
[145]. However, as shown in Figure 53, both Bd3741 (in red) and ErfK (AlphaFold2 model,

in grey) appear to have some type of capping subdomain surrounding the active site.
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Figure 53: Structural comparison between Bd3741, ErfKk and DpaA. The crystallographic
structure of Bd3741 (in red) was superimposed with the AlphaFold2 predicted models of ErfK
(in grey) and DpaA (in white). Besides the apparent differences between the three, Bd3741 and
ErfK are shown to present a lid-like structure capping the active site (catalytic cysteines
highlighted as yellow spheres). In contrast the predicted structure of DpaA shows a completely
open active site, which is concordant with a hydrolytic second step of the LDT ping-pong
mechanism.

In contrast, the DpaA structural model (in white), is predicted to lack structural insertions
surrounding the active site of the enzyme, suggesting it is more solvent accessible
compared to Bd3741 and ErfK. This observation agrees with the proposed
crosslinking/exchanger motif (S/T)XGChR, which is present in Bd3741 and ErfK, whereas
DpaA aligns with the experimentally demonstrated peptidase motif SXGCXAd [118],
[142]. Altogether, the structural comparison of Bd3741 with ErfK and DpaA besides
suggesting that Bd3741 acts as a LDT crosslinker, appears to also be correlated with the
presence of a lid structure surrounding the substrate binding cleft for LDT crosslinkers.
This may be required possibly for the stabilisation of the water-labile acyl-enzyme
reaction intermediate in order for the acyl-acceptor substrate (Lpp1 for ErfK) to attack in
a second reaction step [61], [89]. In contrast, DpaA active site is predicted to be solvent
accessible, which agrees with the second step of the reaction being an acid-base
hydrolysis rather than a nucleophilic addition-elimination as in crosslinking/NCDAA-

exchange reactions.
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3.3.2. Bd0566 is a YcbB-related LDT with a predation-specialised structure

Bd0566 is part of the YcbB-like (or LdtA-like) group 4 of B. bacteriovorus LDTs. Of this
group, only Bd0566 and Bd1181 were stable in solution, wherein only Bd0566 crystallised

during the course of this work.

Bd0566 crystal structure depicts the most conserved fold when compared to its E. coli
counterpart, both sharing the signature crosslinking motif (S/T)XGCpRd. Nevertheless,
domain specific analysis shows that Bd0566 fold and electrostatic surface charge differs
from YcbB mainly in the “scaffolding” domain and the PGBD, which may impact Bd0566

specialisation in predation.

Firstly, the scaffolding domain of Bd0566 retains the a-helical content of YcbB with no

evident difference in coulombic surface potential (Figure 54).
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Figure 54: Structural comparison of Bd0566 and YcbB scaffolding domains. A) Structure
superimposition of YcbB (in blue) and Bd0566 (in red) scaffolding domains in 180° angle apart
orientations. It is visible that most structural conservation is centred on the hinge formed by the
top two a-helices, whereas the rest of the domain has been reoriented and minimised in
Bd0566. B) Coulombic surface potential of YcbB scaffolding domain in a scale of +10 to -10
Kcal/mol in 180° angles apart dispositions. C) Coulombic surface potential of Bd0566 scaffolding
domain in a scale of +10 to -10 Kcal/mol in 180° angles apart dispositions.

Nevertheless, the equivalent “scaffolding” domain of Bd0566 has been rearranged with
helices being reoriented, repositioned, or eliminated compared to YcbB (RMSD= 2.5 A, all
atoms, valid for all RMSD values unless otherwise stated). More precisely, the Bd0566 (in
red) and YcbB (in blue) scaffolding domains share the two pivotal a-helix 7 and 11, which
connect the scaffolding domain with the PGBD and the LDT domain. This a-helix pair has
the most conserved amino acid sequence between both proteins and is held in a hinge

position by the disulphide bond formed between C134-C216 in Bd0566, which has
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replaced the hydrogen bonding pair C229-Q354 in YcbB. However, even though the rest
of a-helices forming the core helical bundle of the scaffolding domain are present on both
proteins, these have been spatially reorganised, which along with the omission of the
outermost a-helices present in YcbB, give raise to a more compact scaffolding domain in

Bd0566 (Figure 54A).

Moreover, when considering the coulombic surface potential of YcbB and Bd0566
scaffolding domains (Figure 54B, and 54C, respectively), differences between both
enzymes become more evident. The scaffolding domain of YcbB has a more expanded
surface with an anterior negatively charged face and a posterior dipolar surface. In
contrast to YcbB, Bd0566 putative scaffolding domain defines a much more compact fold,
with an anterior negatively charged face as in YcbB, but with a positively charged posterior

face.

All the above in addition to alarmone production in response to B-lactams not being
related to the predatory cycle of B. bacteriovorus, makes it feasible to suggest that the
scaffolding domain of Bd0566 has evolved specifically for predation. Thus, the repurposed
scaffolding domain might recognise other PG modifications carried out by the predator,
such as the identified mDAP terminal additions or lipid attachment to the stem peptide
[33], [39], [153]. A similar interdependence has been observed between prey’s PG
deacetylation and the exit of predator’s offspring at the end of B. bacteriovorus’ life cycle

[116], [117].

The PGBD of Bd0566 is topologically similar and highly superimposable with its YcbB
counterpart (RMSD= 1.6 A), wherein most conserved residues are localised in the
hydrophobic core of the domain, in addition to R244 and D337 of YcbB (K171 and D220 in

Bd0566, respectively), which are proposed to participate in PG binding (Figure 55A).
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Figure 55: Structural comparison of Bd0566 and YcbB PGBDs. A) Structure superimposition of
YcbB (in blue) and Bd0566 (in red) PGBDs in 180° angle apart orientations. The secondary
structure of this domain is highly conserved in both enzymes. B) Coulombic surface potential of
YcbB PGBD in a scale of +10 to -10 Kcal/mol in 180° angles apart dispositions. C) Coulombic
surface potential of Bd0566 PGBD in a scale of +10 to -10 Kcal/mol in 180° angles apart
dispositions.

Yet, differences between both domains are apparent when analysing the coulombic
surface potential of Bd0566 and YcbB PGBDs. Specifically, the YcbB PGBD is mainly acidic
on its surface and lacking any prominent groove that may accommodate the stem peptide
of a PG chain, suggesting that this domain interacts with the sugar portion of the PG mesh,
stabilising the sugar rings by hydrogen bonding with the carboxylate groups of the PGBD
residues (Figure 55B) [83]. In contrast, Bd0566 putative PGBD presents a prominent basic
patch and possible binding groups, suggesting that PG chains potentially interact with
Bd0566 via the stem peptide portion of the molecule (Figure 55C).
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It has been determined that a D337A YcbB mutant produced a B-lactam sensitive
phenotype in E. coli, in contrast to the wild-type and a R244A mutant, indicating that this
residue, and in consequence PG binding by this accessory domain, are necessary for in
vivo functioning of the enzyme [83]. Is was then hypothesised that this domain orientates
the PG mesh towards the acyl acceptor site of the LDT catalytic domain [83]. For Bd0566,
a similar contribution of PGBD to catalysis might be expected, however, the consequences
of a possible difference in PG binding by Bd0566 PGBD are unknown and need further
study. A first approach would be studying the impact of mutating Bd0566 D220 (D337 in

YcbB) on the 3-3 crosslinking activity of the enzyme.
3.3.3. Bd3334is a possible predatory YkuD2-like LDT with proposed peptidase activity

Bd3334 is part of group 5 of B. bacteriovorus LDTs, as well as Bd1402, that in contrast has

been determined to be monomeric in the crystal structure and in solution.

Bd3334 crystallographic structure depicts a more open active site, which along the
hydrolytic YkuD2-like motif SXGCXAd, suggests that this enzyme has peptidase activity
over crosslinking and/or exchanging activity [118], [142], [151]. Additional structural
features surrounding the substrate binding cleft (insert 1 and 2) are observed in the
determined structure, however, this information by itself is insufficient to determine its
possible targets and substrate specificity. Thus, further comparative analysis within this

group and with the rest of the LDTs will be presented in the following chapter.

3.3.4. Bd1075 is a L,D-carboxypeptidase that regulates the cell shape of B.

bacteriovorus

Bd1075 (group 6) is the only B. bacteriovorus LDT that has been proven to stay in the
predator rather than being translocated to the bdelloplast. Moreover, it has been shown
that Bd1075 is in fact a L,D-carboxypeptidase that regulates the curvature of B.
bacteriovorus, indirectly affecting its predation fitness [125]. Interestingly, the hydrolytic
motif SXGCXAd has diverged to SXGCXVd in Bd1075, which is relatively anomalous

compared to other L,D-hydrolases.

In this sense, the Bd1075 crystallographic structure depicts a C-terminal NTF2-like domain
in addition to the conserved YkuD-like catalytic core, which has been shown to determine

the subcellular localisation of Bd1075.
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As supported by the crystal lattice interaction between the two molecules of Bd1075 in
the ASU, residues F234, 242, L2246, Y250, H282, D284 and W306 are part of a pocket that
is suggested to be responsible for enzyme localisation by interacting with the PG mesh in
B. bacteriovorus. Furthermore, residue W306 has been shown to be pivotal for the NTF2-
like domain targeting function, which is a novel feature not observed in the closest

available structural relatives Csd6 and Pgp2 [68], [152].

Thus, the presented Bd1075 structural information along with functional data
demonstrate that this particular enzyme affects B. bacteriovorus’ capacity to predate
effectively, even though it might not be considered a “predatory” LDT like the ones from
groups 1 to 5. In this regard, it is possible to propose that hydrolysis of 3-3 PG crosslinks
by the targeted activity of Bd1075 could diminish the surface tension of one part of the
cell wall, allowing the cell to be deformed by the internal turgor pressure, generating the

convex form of B. bacteriovorus.
3.4. Conclusion

The crystal structures of two proposed LDT crosslinkers, Bd3741 and Bd0566, and two LDT
peptidases, Bd3334 and Bd1075, have been determined. These results complete a panel
of at least one representative structure of each LDT subfamily in B. bacteriovorus that will
allow the integrated analysis within and between each group to probe their possible role

in predation.
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CHAPTER 4

4, COMPARATIVE ANALYSIS OF B. bacteriovorus L,D-transpeptidases

4.1.Introduction

Seven out of the 19 putative B. bacteriovorus HD100 LDT structures have been
experimentally determined, with at least one representative structure per group (groups

1 to 6), with the exception of group 5, wherein two structures have been obtained.

Therefore, evolutionary diversification of this family of enzymes is the subject of analysis
of this chapter. Particularly, acquisition of additional domains, amino acid and structural
diversification within each group, possible substrate recognition, and divergence between
each group of LDTs will be analysed and discussed to better understand their specific role
in the B. bacteriovorus predatory cycle. Structural AlphaFold2 predictions of non-
crystallised LDTs quality was analysed based on pLDDT scores (percentage of Local

Distance Difference Test). pLDDT score plots are shown in the Appendix section.

4.2.Results
4.2.1. Clustering of B. bacteriovorus HD100 LDTs

To stablish possible relationships within and between LDT groups, protein sequences of
the 19 predicted LDTs encoded in the B. bacteriovorus HD100 genome were compared
using the MEGA®11 software, with 500 iterations for the generation of a dendrogram

using the Neighbor-Joining algorithm (Figure 56).
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Figure 56: Dendrogram analysis of B. bacteriovorus HD100 LDTs. 19 mature LDT protein
sequences were aligned and analysed using the MEGA11® software, with 500 iterations for the
generation of the dendrogram. Bootstrapping values correspond to percentage of iterations
yielding the presented results. Scaled distance is also presented. B. bacteriovorus HD100 LDTs
cluster in six distinctive groups as previously determined.

As previously stated, the 19 LDTs cluster in six groups, with Bd1075 branching out from
the rest of LDTs. This correlates with Bd1075 being linked to B. bacteriovorus HD100 cell

shape determination instead of possible bdelloplast modification [125].

Group 1 shows a differentiation of two clades from a common ancestor: the
BBd0553/Bd2061 clade and the Bd1763 clade. This separation is due to the diversification
of the N-terminus of Bd1763 compared to Bd0553 and Bd2061 and is further discussed in
section 4.2.2.1.

In group 2, Bd3639 is the first LDT to separate from the rest, defining it as the possible
outlier of this group. On the other hand, Bd3012 shows the same origin as the
Bd3176/Bd3741 clade, suggesting that they might retain similar key structural features

necessary for their folding and/or function. This is further discussed in section 4.2.2.2.

Group 3 comprises only two LDTs, Bd0886 and Bd1176, which are almost identical in their

amino acid sequences, forming a single clade.
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Group 4 depicts a distribution that is similar to group 2, with Bd1181 separating early from
Bd0566, Bd1358 and Bd2908, suggesting possible structure variations between Bd1181

and the rest of these LDTs.

Group 5 members are defined by the YkuD2-like LDT domain and can be initially
subdivided into lipobox LDTs and soluble LDTs based on their signal peptide sequence.
Bd2940, Bd3093 and Bd3334 have a type | SP, being secreted to the periplasm (or other
subcellular locations). In contrast, Bd0782 and Bd1402 have a type Il SP, with a lipobox
signal that will anchor the mature protein to the cell membrane (and/or restrict it to

vesicles).

Figure 56 shows that group 5 forms three clades: Bd0782/Bd1402, Bd3093/Bd3334 and
Bd2940 only. The Bd2940 clade is closer to the Bd0782/Bd1402 lipobox SP clade than to
the soluble Bd3093/Bd3334 clade. This result suggests that in B. bacteriovorus HD100, the
common group 5 ancestor could have separated, originating the Bd3093/Bd3334 and
Bd0782/Bd1402/Bd2940 subgroups. Then, a later acquisition of the lipobox SP could have
primed the separation of Bd2940 from Bd0782 and Bd1402. Another possible scenario is
that the original Bd0782/Bd1402/Bd2940 subgroup separated due to the loss of the

lipobox SP from a prototypical Bd2940.

LDT presence and distribution was further analysed in three fully sequenced BALOs: B.
bacteriovorus HD100, B. bacteriovorus Tiberius, Bdellovibrio ArHS and B. exovorus JSS
(Pseudobdellovibrio exovorus JSS). B. bacteriovorus Tiberius was chosen due to its genome
being extensively syntenic with B. bacteriovorus HD100, however it naturally exhibits
simultaneous HD and HlI lifecycles [154]. Bdellovibrio ArHS is a thermophilic BALO [155].
Finally, B. exovorus JSS, which is a fresh water epibiotic predator, was used as outgroup

for the analysis [10].

Homologues for the 19 B. bacteriovorus HD100 LDTs were searched in each genome using
NCBI BLAST and aligned using Clustal Q. Aligned sequence were then analysed using the
MEGA®11 software, with 500 iterations for the generation of a dendrogram using the

Neighbor-Joining algorithm (Figure 57).
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Figure 57: LDT distribution in Bdellovibrio-related predators. Mature LDT protein sequences
from B. bacteriovorus HD100 (Bd proteins), B. bacteriovorus Tiberius (Bdt proteins), Bdellovibrio
ArHS (OM95 proteins) and B. exovorus JSS (A11Q proteins) were aligned and analysed using the
MEGA11® software, with 500 iterations for the generation of the dendrogram. Bootstrapping
values correspond to percentage of iterations yielding the presented results. The six LDT groups
are present in B. bacteriovorus HD100 and Tiberius, however group 1 is absent in Bdellovibrio
ArHS. B. exovorus has only two LDT-related sequences (indicated in red dots), A11Q 842 from
group 6 and A11Q 1574 from group 2. Two sequences from Bdellovibrio ArHS that were initially
predicted to be LDTs (indicated in black dots) proved to correspond to non-related protein.

As expected for the two syntenic strains of B. bacteriovorus, all six LDT groups are present

in HD100 and Tiberius (Bd versus Bdt proteins).

Interestingly, group 1, which comprises predicted YkuD-like hydrolases, is absent in
Bdellovibrio ArHS (OM95 proteins). In contrast, Bdellovibrio ArHS encodes three lipobox
(OM95 02050, OM95 07745 and OM95 14755) and one soluble (OM95 00540) YkuD2-like
hydrolases that cluster as group 5 of LDTs. This result suggests that there is a potential
overlap between the PG hydrolysis carried-out by groups 1 and 5. On the other hand, it is
possible that substrate availability and specificity differs in the thermophilic environment

of Bdellovibrio ArHS when compared to B. bacteriovorus HD100 and Tiberius.

113



The other LDTs from groups 2-6 are represented in Bdellovibrio ArHS even though with a
lower number of members per group, indicating that even in extreme environments,
these groups of LDTs are required for endobiotic predation. Proteins OM95 15125 and
OM95 08240 (indicated with black dots), were initially predicted to be part of groups 2
and 4, respectively, however, they correspond to a non-related acetyl transferase and

MagC1-domain protein, branching out of the dendrogram.

Figure 57 also shows that when more sequences are included in the analysis, Bd2940
(which grouped closer to the Bd0782/Bd1402 clade in B. bacteriovorus HD100), is more

closely associated with the soluble LDTs of group 5.

Finally, only groups 2 and 6 are represented in B. exovorus JSS (indicated in red dots,
proteins A11Q 1574 and A11Q 842, respectively). This suggests that the crosslinking
activity of the ErfK/Ybis-like group is required even in epibiotic predation. This further
suggests that groups 1, 3, 4 and 5 are potentially linked to prey’s periplasm colonization

and/or bdelloplast formation, which is not observed for this epibiotic predator.

4.2.2. Individual LDT group analysis
4.2.2.1.LDT group 1

The crystallised member of group 1, Bd0553, was determined to share a sequence identity
of 68% with Bd2061 and 38% with Bd1763, suggesting that Bd1763 is a probably the

relative outlier within this group.

As shown in Figure 58, most of the sequence differences between Bd0553 and Bd2061

with Bd1763 are located towards the N-terminal region.
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1?0 290
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Bd1763 ANMELGGMIEICP-----

Figure 58: LDT group 1 sequence alignment. Amino acid sequence alignment of Bd0553, Bd1763
and Bd2061 is shown with similar residues highlighted in grey. Catalytic, substrate binding
residues and disulphide forming cysteines are indicated with red, blue, and yellow dots,
respectively. The predicted alpha-helix rich domain is highlighted in magenta for each protein.
A unique N-terminal extension of Bd1763 is indicated with a yellow box. Amino acid numbering
is relative to Bd0553 sequence.

Specifically, Bd1763 diverges significantly from Bd0553 and Bd2061 in the predicted
alpha-helix rich domain (magenta-coloured boxes), including repositioning of one of the
disulphide-forming cysteines in Bd1763 by nine residues. Furthermore, a ten residues-

long insertion is present in the N-terminus of Bd1763 (yellow-coloured box).

In contrast, the three proteins are highly similar in the YkuD-like domain, showing
complete conservation of not only the catalytic residues (H150 and C174 in Bd0553, red
dots), but also of the proposed substrate binding residues presented in section 3.1.2
(Figure 19), including A176 of Bd0553, which corresponds to the L,D-hydrolase defining
residue of the SXGCXAd motif [118], [142].

To analyse the possible structural impact of the sequence diversification of group 1,
particularly of the divergent N-terminus of Bd1763, the experimentally determined
structure of Bd0553 was compared with the AlphaFold2 models of Bd2061 and Bd1763
(Figure 59, pLDDT score values of 94.2 and 88.2, respectively).
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Bd1763 N-terminal insertion

Figure 59: LDT group 1 structural divergence. Bd0553 crystal structure (in red) was
superimposed with the Alphafold2 predicted structures of Bd1763 and Bd2061 (grey and white,
respectively). The resulting ensemble is shown in two 90° angle views. Catalytic cysteine is
depicted in yellow sphere representation.

As predicted by the amino acid sequences, Bd0553 shows the highest structural
similarities with Bd2061, with an overall RMSD of 0.90 A in contrast to the 2.94 A RMSD
of Bd1763 with respect to Bd0553.

Even though the Alphafold2 predicted structures of Bd1763 and Bd2061 retain a fold
similar to the experimentally determined structure of Bd0553, significant differences are

found in the N-terminus of Bd1763.

Particularly, the N-terminal extension of Bd1763 in Figure 59 adopts an antiparallel beta
sheet topology that interacts with the substrate binding side of the LDT core beta barrel
(predicted with a confidence value over 80%). Moreover, the predicted first helix of the
helix rich domain of Bd1763 is longer and repositioned differently with respect to Bd0553
and Bd2061. These structural differences may account for different roles of the alpha-

helix rich domain.

As shown in Figure 60A, the N-terminal extension of Bd1763 (in red) potentially forms a
groove that is absent in Bd0553 and Bd2061. Particularly, residues S33, E37, F120 and
D122 of Bd1763 form a discrete pocket that could potentially bind a ligand and have no
equivalents in Bd0553 crystal structure (Figure 60B). This pocket is not conserved in either
Bd0553 nor Bd2061, with the exception of residue E37 (D111 in Bd0553), suggesting that
Bd1763 could have a potentially altered substrate specificity or be targeted to a different

subcellular localisation inside the bdelloplast.
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Figure 60: Bd0553 and Bd1763 surface comparison. A) Surface representation of Bd0553 and
Bd1763. The catalytic C-H dyad for each enzyme is indicated in yellow and blue, respectively.
The N-terminal Bd1763 unique extension is depicted in red. This structural feature appears to
form a more extensive groove in Bd1763 which is absent in Bd0553 (dashed lines). B)
Electrostatic surface potential representation of Bd0553 and Bd1763. An acidic pocket is
observed only in Bd1763, connected to the putative substrate binding groove suggesting an
altered specificity of this LDT with respect to Bd0553 and Bd2061. Surface potential values vary
between 10 and -10 Kcal/mol (blue to red, respectively).

4.2.2.2.LDT group 2

Group 2 comprises Bd3012, Bd3176, Bd3639 and the crystallised Bd3741. In contrast to
group 1, group 2 LDTs share a limited sequence identity with respect to Bd3741, being
28% for Bd3012, 30% for Bd3176 and 26% for Bd3639. Sequence alignment is shown in
Figure 61.
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Figure 61: LDT group 2 sequence alignment. Amino acid sequence alignment of Bd3012, Bd3176, Bd3639 and Bd3741 is shown with similar residues highlighted in
grey. Catalytic, substrate binding residues and disulphide forming cysteines are indicated with red, blue, and yellow dots, respectively. The N-terminal and flexible
lid forming part of the capping subdomain in Bd3741 experimental structure are indicated with a purple and orange box, respectively. The residues forming part of
the Bd3741 triangular hook are indicated with a green box. Amino acid numbering is relative to Bd3741 sequence.
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As expected, residue conservation between Bd3741 and the other members of group 2 is
mostly concentrated in the YkuD-like domain. Particularly, proposed Bd3741 substrate
binding residues M150, F155, A163 and R192 (part of the (S/T)XGCdpRd YkuD-like
crosslinking/exchanger motif) are conserved in the four members of this group. Further,
Y141 appears to be a conserved position for an aromatic residue, being replaced by a
histidine in Bd3176. Residue S143 is also conserved except in the most divergent member

of the group, Bd3639.

The three characteristic regions identified in the Bd3741 structure, N-terminal-helix,
active site lid and triangular hook are remarkably the most divergent sequence-wise. The
N-terminus and active site lid (framed in purple and orange, respectively) are specific to
each LDT showing little to no conservation in their sequences. Interestingly, Bd3176
possesses two non-catalytic cysteines: C37 in the N-terminus and C130 in the active site
lid (indicated in yellow dots), which potentially form a disulphide bond, suggesting that
both the N-terminus and the active site proposed lid form a capping subdomain for the

enzyme, as was suggested for Bd3741 in Chapter 3.

The distinctive triangular hook of Bd3741 (framed in green), whose geometry is defined
by the two glycine residues G221 and G229, appears to be conserved in Bd3176 and
Bd3012, suggesting that these proteins could share this structural feature. In contrast,
Bd3639 lacks an equivalent region in its amino acid sequence, reinforcing the hypothesis

of Bd3639 being the outlier LDT of group 2.

To determine the structural impact of sequence divergence in group 2, the experimentally
solved structure of Bd3741 was compared to the AlphaFold2 predicted structural models
for Bd3176, Bd3012 and Bd3639 (Figure 62A, in red, cyan, grey, and magenta,
respectively, all predicted as monomers with pLDDT scores of 85.1, 86.9 and 87.2,

respectively).
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Figure 62: Structural comparison of group 2 of LDTs. A) Superimposition of the experimental
structure of Bd3741 (in red) and the predicted structural models of Bd3012 (grey), Bd3176 (cyan)
and Bd3639 (magenta). The YkuD-like domain corresponds to the most conserved portion of the
structure among group 2. The substrate binding cleft is defined by the catalytic cysteine residue
(yellow sphere) and is covered by a divergent capping subdomain in each member of this group.
A triangular hook is depicted in models for Bd3012 and Bd3176 but not for Bd3639. B) Bd3176
AlphaFold2 predicted model. The YkuD-like domain is coloured in orange. The substrate binding
cleft is centred around C198 and is capped by a predicted unstructured linker (in red). This lid
interacts with Bd3176 N-terminal helical domain (in purple) via the C37-C130 disulphide bond.
A triangular hook is predicted to form as in Bd3741 (in green), including a beta hairpin insertion
between residues 243-259. C) Bd3012 AlphaFold2 structural model. Besides the conserved
YkuD-like catalytic domain (in orange), a lid (in red) and a unique N-terminal (in purple) are
observed, including the presence of a triangular hook (in green). D) Bd3639 structural model
prediction by AlphaFold2. A unique N-terminal region (in purple) is depicted in the model. The
substrate binding cleft of the YkuD-like domain (in orange) is capped by a loop (in red) and by
the N-terminal region of the enzyme. The triangular hook depicted in the other members of this
group is absent in Bd3639 structural prediction, which agrees with the amino acid sequence
alignment in group 2.

Despite the comparably high overall RMSD values of superimposing Bd3012, Bd3176 and
Bd3639 to Bd3741 (6.35, 4.76 and 16.1 A, respectively), a similar YkuD-like fold is observed
across all members of group 2. Moreover, the presence of a lid-like subdomain structure
covering the substrate binding cleft is depicted in all models, even though they diverge

between each protein. Interestingly, the distinctive triangular hook of Bd3741 is shared
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by Bd3012 and Bd3176 despite the poor conservation of its amino acid sequence with
exception of the equivalents of Bd3741 G221 and G229, all with pLDDT scores over 80,
which is considered a reliable structural prediction [145]. As predicted by its sequence
(Figure 61), Bd3639 lacks the triangular hook structure and could be then considered as

the structural outlier of group 2.

Bd3176 is sequence-wise the closest member to Bd3741, which agrees with the predicted
structure of this protein having the smaller overall RMSD value (Figure 62B). The
predicted structure comprises a helical N-terminal structure (residues 25-63, in purple)
which is covalently coupled to the active site lid (residues 122-138, in red) by the C37-
C130 disulphide bond. This suggests that the N-terminus of the enzyme acts with the

active site lid as a capping subdomain, as proposed for Bd3741.

The Bd3176 triangular loop comprises residues 220 to 242 (in green), adopting a similar
geometry to the one observed in Bd3741. Interestingly, Bd3176 possesses an insertion
between residues 243 and 259 before the final beta strand closing the re-entrant YkuD-
like domain beta barrel. This insertion adopts an antiparallel two-stranded beta sheet

topology and is exclusive to Bd3176.

Bd3012 corresponds to the second group 2 member most similar to Bd3741 (Figure 62C).
The N-terminus of Bd3012 is predicted to be highly disordered with exception of a single
alpha helix (residues 29 to 35). Residues 19-25 are modelled blocking the substrate
binding cleft of the YkuD-like domain along with the predicted active site lid (residues 103-
114, in red). The triangular loop is also present in Bd3012 (residues 196-213, in green)
whose geometry appears to be defined by the two conserved glycine residues G201 and

G2009.

In this sense, structural comparison of Bd3012, Bd3176, Bd3741 and the triangular loop
depicted in Ypr118w (PDB ID: 1W2W, residues 339-366) appear to indicate that an eight
residues-long spacer between two glycine residues is at least one of the requirements to
acquire the triangular geometry. In fact, despite their sequence divergence, a GXsN/DX>G

motif is shared between the aforementioned structures.

Bd3639 could potentially be considered the structural outlier of group 2 due to its lack of
the triangular hook domain (Figure 62D). Bd3639 includes an extensive N-terminal region

(residues 25-85, in purple) that includes the active site lid (residues 39-45, in red) and an

121



alpha helix blocking access to the substrate binding cleft (residues 49-63). Despite the lack
of the triangular hook domain, a second N-terminal alpha helix (residues 73-81) is

predicted to be positioned on the same side of the YkuD-like beta barrel.

Surface analysis of group 2 of LDTs is shown in Figure 63. As seen in the cartoon depiction
of the structural models, the substrate binding cleft of the enzymes is partially or
completely blocked by the active site lid (in red) (Figure 63A and B) and additionally by
the N-terminus alpha helices of Bd3012 and Bd3639 (in purple) (Figure 63C and D,
respectively). The electrostatic surface potential depiction of each model differs for each

enzyme, being mostly basic for Bd3741 and acidic for Bd3176 and Bd3012.
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Figure 63: Surface analysis of group 2. Group 2 LDTs are depicted in surface representation and coloured either by structural domains (N-terminal in purple, active
site lid in red, triangular hook domain in green and YkuD-like domain in orange) or by coulombic surface potential. A) Bd3741, B) Bd3176, C) Bd3012 and D) Bd3639.
The triangular loop of Bd3741, Bd3176 and Bd3012 form pocket in the interface with the YkuD-like domain beta barrel around a conserved aromatic residue (Y131,
Y147 and F122, respectively).
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Remarkably, the triangular hook domain containing enzymes Bd3741, Bd3176 and
Bd3012 (in green), show that a hydrophobic pocket is formed in the interface between
the aforementioned domain and the side of the YkuD-like domain beta barrel.
Furthermore, despite the poor conservation of the triangular hook domain residues, the
observed interface pockets are centred around a tyrosine or phenylalanine residue (Y131,
Y147 and F122 in Bd3741, Bd3176 and Bd3012, respectively) that is absent in the
structural outlier Bd3639. The Bd3741 FTSite binding site prediction server of this pocket
is shown Figure 64 (https://ftsite.bu.edu/) [156].

Hydrophobic

Figure 64: Predicted hydrophobic pocket of Bd3741. The proposed hydrophobic pocket centred
on Y131 formed by the triangular hook of Bd3741 was predicted by the FTSite binding site
prediction server. FTSite additionally identifies the active site of the enzyme.

In view of the evidence provided by the conserved W306 in the NTF2-like domain pocket
of Bd1075, it is possible for this triangular hook domain and the pocket formed with the
YkuD-like domain to participate in ligand and/or substrate binding. A first approach to
assign a function to this novel domain would be identifying the impact of deleting the

triangular hook on the activity of Bd3741 and related enzymes.
4.2.2.3.LDT group 3

Group 3 comprises the SH3b-domain LDTs Bd0886 and Bd1176, which share a sequence
identity of 60.5%, suggesting they adopt an almost identical fold.
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Sequence alignment in Figure 65 shows that these enzymes are most similar in the SH3b
and YkuD-like domains (framed in green and orange, respectively), wherein variations are
mainly observed in the longer N- and C-terminuses of Bd1176 respect to Bd0886. As
indicated, catalytic residues (red dots), proposed substrate binding residues (blue dots)
and disulphide forming cysteine residues (yellow dots) are conserved between both
proteins, including R303 of Bd0886, which is part of the PG transpeptidase/exchanger
motif (S/T)XGCoRo.

The dimerization residues observed in the Bd0886 crystallographic packing (framed in
purple) are partially conserved in Bd1176, indicating that it could also form a tail-to-tail
dimer. Interestingly, no confident dimer prediction was reported for Bd0886 nor Bd1176,

(AlphaFold-multimer-v2 scores below 40%).

An insertion between positions 336 and 337 relative to Bd0886 is observed in Bd1176.
Further discrete one to four residues long discrepancies are observed throughout the
Bd1176 sequence with respect to Bd0886, corresponding mainly due to unstructured or

flexible loops in the Bd0886 experimental structure.

The putative Bd0886 active site lid (residues 280-299) is almost completely conserved in
Bd1176. This in addition to the conservation of the SH3b binding domain suggests that
both members of group 3 recognise a similar if not the same type of substrate.
Interestingly, residues 122-130 of Bd0886, which connect the SH3b domain to the YkuD-
like domain are only partially conserved, including the substitution of residue P126 for an
alanine in Bd1176, potentially increasing the conformational freedom of the SH3b-YkuD-

like domains connecting loop in Bd1176.
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Figure 65: LDT group 3 sequence alignment. Amino acid sequence alignment of Bd0886 and Bd1176 is shown with similar residues highlighted in grey. Catalytic,
substrate binding residues and disulphide forming cysteines are indicated with red, blue, and yellow dots, respectively. SH3b domain residues are framed in green.
YkuD-like domain residues are framed in orange. Dimerization residues observed in the Bd0886 ASU are framed in purple. Non-framed residues correspond to
structural insertions exclusive to group 3 of LDTs. Amino acid numbering is relative to Bd0886 sequence.
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Structural superimposition of the experimental Bd0886 structure (red) with the
AlphaFold2 model of Bd1176 (grey, overall pLDDT score of 85.8) is in accordance with the
sequence alignment information, depicting a conserved general fold with an overall RMSD

of 3.79 A (Figure 66A).

A

SH3b
domain

YkuD-like
domain

SH3b
domain

YkuD-like
domain

Figure 66: Structural comparison of group 3 of LDTs. A) Structural superimposition of Bd0886
(red) and Bd1176 (grey). SH3b and YkuD-like domains are indicated. Bd1176 differs from Bd0886
crystallographic structure in the SH3b spatial orientation and possessing a beta hairpin
structural insertion. Catalytic cysteines are depicted in yellow sphere representation. B)
Individual structural superimposition of the SH3b and YkuD-like domains of Bd0886 (pink and
red, respectively) and the Bd1176 predicted structure (grey). Orientation differences of the
SH3b domain of each protein are due to the conformational freedom of the loop connecting the
aforementioned domain with the rest of the structure. Catalytic cysteines are depicted in yellow
sphere representation.
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Structural differences of Bd1176 with respect to Bd0886 are observed mainly in the
unstructured loops, in contrast to the high structural conservation of the YkuD-like
domain of the enzyme. Remarkable differences include the longer N- and C-terminuses of

Bd1176 and a beta hairpin insertion between residues 336 and 337 relative to Bd0886.

Of particular interest is the reorientation of the SH3b domain in Bd1176 with respect to
Bd0886. This alteration arises from modelling the loop connecting the SH3b with the rest
of Bd1176 in a different conformation compared to the Bd0886 crystallographic structure
(pLDDT score for the Bd1176 loop prediction < 50). As shown in Figure 66B, no structural
differences are observed between the SH3b domains of each enzyme (pink and grey for

Bd0886 and Bd1176, respectively), which are superimposable with an RMSD of 1.60 A.

SH3b domains have been implicated in PG binding in cell wall hydrolases [106], [122],
[124], [157]. Most biochemical data on PG binding by SH3b domains is referred to
lysostaphins, and are proposed to work as targeting domains to localise the hydrolytic
activity of the enzyme [122], [124], [157], [158]. Nevertheless, for the PG cysteine
endopeptidases (PCPs) of Anabaena variabilis and Nostoc punctiforme, it has been
suggested that the SH3b domain has a role in substrate specificity due to it forming a
continuous pocket with the AvPCP and NpPCP active sites regardless of the possible
conformational fluctuations of the loop connecting the catalytic domain of the enzyme

with the SH3b domain[159].

As shown in Figure 67A, the SH3b domain sequence conservation is limited to the
Bdellovibrio genus, suggesting that this domain potentially recognises a PG modification
generated by the predator. Alignment shows that besides the hydrophobic core, polar
surface exposed residues are conserved in Bd1176 (B. bacteriovorus HD100), Bdt1155 (B.
bacteriovorus Tiberius), AZI87 01895 (unclassified B. bacteriovorus), DOE51 05470
(Bdellovibrio sp. NCO1) and DOM22 14485 (Bdellovibrio sp. ZAP7).
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Figure 67: SH3b domain conservation and possible ligand binding pockets. A) SH3b sequence alighment between Bd0886 homologues, Bd1176 (B. bacteriovorus
HD100), Bdt1155 (B. bacteriovorus Tiberius), AZI87 01895 (unclassified B. bacteriovorus), DOE51 05470 (Bdellovibrio sp. NCO1) and DOM22 14485 (Bdellovibrio sp.
ZAP7). Conserved residues are highlighted in grey. Conserved residues forming part of possible ligand binding pockets are indicated in yellow, green, and purple
dots, depending on each pocket. Amino acid numbering is respect to Bd0886 sequence. B) Tree 90-degree apart views of SH3b surface representation of possible
ligand binding pockets in Bd0886. Conserved residues indicated in panel (A) are coloured for each proposed pocket. The YkuD-like domain of Bd0886 is depicted in

cartoon representation.
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Conserved polar residues form possible ligand binding pockets on the surface of the SH3b
domain (Figure 67B). Residues Y50, N58, R60, T65, T90, S114, K115, D116 and Y117 form
the most extensive groove on the SH3b domain surface (in green), suggesting its potential

for PG binding.

Two secondary potential ligand binding sites are formed by S75, N77, D78 and S100 (in
yellow) and S61, S69, Q94 and K96 (in purple), a feature that has been observed in other
SH3b domains despite their lack of binding sites similarity [124], [157], [160]. Interestingly,
no conserved residues are located in the SH3b domain and YkuD-like domain interface,
including in the substrate binding cleft of the enzyme, possibly suggesting that the SH3b
binding domain may bind more distant regions of the putative PG substrate, as observed

for the YcbB PGBD, or determine enzyme localisation [83].
4.2.2.4.LDT group 4

Group 4 includes the YcbB-like LDTs Bd0566, Bd1181, Bd1358 and Bd2908. Sequence
identities respect to Bd0566 of each member are 29.26% for Bd1181, 46.15% for Bd1358
and 48.55% for Bd2908, suggesting that Bd1181 is the outlier of the group.

As shown in Figure 67, Bd1181 and Bd1358 have a longer N-terminus with respect to
Bd0566 and Bd2908 (42 and 13 residues, respectively). Interestingly, the Bd1358 N-
terminus is predicted to be disordered in contrast to the longer Bd1181 N-terminus that

may potentially acquire a defined three-dimensional structure.

The scaffolding domain of group 4 (framed in black) is the most variable portion of the
sequence alignment between the different members, however hydrophobic residue
conservation suggests that this domain possibly adopts a similar fold in all four members.
Nevertheless, Bd1181 has a 42 residues-long N-terminal extension between positions 27

and 49 relative to Bd0566 sequence numbering.

Interestingly, the disulphide bond between helices 7 and 11 of Bd0566 (C155-C237) is only
conserved in the closest member of group 4, Bd2908, whereas it’s substituted by a

leucine-leucine hydrophobic contact in Bd1358 and by a glutamine-valine pair in Bd1181.
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Figure 68: LDT group 4 sequence alignment. Amino acid sequence alignment of Bd0566, Bd2908, Bd1358 and Bd1181 is shown with similar residues highlighted in
grey. Catalytic, substrate binding residues and disulphide forming cysteines are indicated with red, blue, and yellow dots, respectively. Scaffolding domain residues
are framed in black. YkuD-like domain residues are framed in orange, wherein the capping subdomain is further framed with red dashed lines. PGBD residues are
framed in cyan. Amino acid numbering is relative to Bd0566 sequence.
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The group 4 PGBD (framed in cyan) is mostly conserved in all members, excepting the two
unstructured loops between residues 213-216 and 227-229 of Bd0566, which have a
different amino acid composition in Bd1181. Residue conservation extends to residues
K171 and D220, which are hypothesised to participate in PG binding [83]. D220 in
particular has been shown to be critical for in vivo activity of E. coli YcbB, residue that is
conserved in all members of group 4, suggesting a similar role for this domain in B.

bacteriovorus YcbB-like LDTs.

The YkuD-like domain of group 4 (framed in orange) is mostly conserved, including the
proposed substrate binding residues (indicated in blue dots) and catalytic residues
(indicated in red dots), with exception of the unstructured loops present in this domain,
especially for Bd1181 which possesses two sequence divergent and longer loops, the first
between positions 437-440, and the second between 451-464 relative to Bd0566 amino
acid sequence. Nonetheless, all four members of group 4 possess the proposed

crosslinking motif (S/T)XGCpR [118], [142].

Remarkably, the capping subdomain (framed in red dashed lines) is particularly variable
for the unstructured regions between positions 333-336, 350-356 and 368-374 relative to
Bd0566, however overall sequence identity is retained for the secondary structural
elements of this region. This extends to the highly conserved residues D324 and K325,
whose sidechains are projected towards the Bd0566 substrate binding groove and could
potentially participate in substrate recognition. Overall, sequence identity suggests a

similar structure and catalytic mechanism for all members of group 4 of LDTs.

To further compare LDTs of group 4, the crystallographic structure of Bd0566 was
compared to the AlphaFold2 structural predictions of Bd2908, Bd1358 and Bd1181 (Figure
69A, Bd2908 in grey, Bd1358 in white and Bd1181 in cyan, with pLDDT scores of 85.4, 82.7

and 83.9, respectively).

Predicted models are highly superimposable to the experimentally determined structure
of Bd0566, with overall RMSD values of 1.79, 2.23 and 3.66 A for Bd2908, Bd1358 and
Bd1181, respectively. As hypothesised based on the sequence alignment of group 4, the

general Bd0566 fold is retained in the other members of this group.

Nonetheless, Bd1181 is the most structurally divergent member of the group, particularly

in the scaffolding domain organisation.
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Figure 69: Structural comparison of group 4 of LDTs. A) Structural superimposition of the
Bd0566 crystallographic structure (red) and the Alphafold2 predicted models of Bd2908 (grey),
Bd1358 (white) and Bd1181 (cyan). B) Two 180° apart views of the superimposed scaffolding
domains of Bd0566 (red) and Bd1181 (cyan). The N-terminus of Bd1181 is 42 residues longer
than Bd0566 and is predicted to fold as a N-terminal helix connected to a beta hairpin.

The Bd1181 scaffolding domain predicted structure depicts a unique N-terminal extension
comprising an N-terminal alpha helix followed by a beta hairpin structure (Figure 69B,
Bd0566 in red, Bd1181 in cyan). Further, the first alpha helix of Bd0566 (residues 24-34)
has a different amino acid composition in Bd1181, resulting in a different orientation of
the equivalent helix in the Bd1181 predicted structure. In this regard, Bd1181 interacting
partners could potentially differ from Bd0566, Bd1358 and Bd2908.

4.2.2.5.LDT group 5

LDT group 5 corresponds to the YkuD2-like domain comprising the lipobox enzymes
Bd0782 and Bd1402, and the soluble enzymes Bd2940, Bd3093 and Bd3334. Sequence

alignments were performed independently for the lipobox and soluble subgroups.

The lipobox Bd0782 and Bd1402 LDTs are the most similar in their amino acid sequence,
sharing 55.5% sequence identity. As observed for other LDTs, the highest similarity is
shared between the YkuD2-like domains of each enzyme (framed in orange), including the
catalytic (red dots) and predicted substrate binding residues (blue dots) based on the

Bd1402 crystallographic structure (Figure 70A).
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Figure 70: LDT group 5 sequence alignment. Similar residues are highlighted in grey. Catalytic, substrate binding residues and disulphide-forming cysteines are
indicated with red, blue, and yellow dots, respectively. A) Amino acid sequence alignment of membrane bound LDTs Bd0782 and Bd1402 is shown. Active site lid
residues are framed in black, with substrate specificity related residue D34 indicated with a black dot. Dimerization domain residues are framed in magenta. YkuD2-
like domain residues are framed in orange. Amino acid numbering is relative to Bd1402 sequence. B) Amino acid sequence alighment of soluble LDTs Bd2940,
Bd3093 and Bd3334 is shown. Structural inserts 1 and 2 are framed in blue and green, respectively. YkuD2-like domain residues are framed in orange. Amino acid
numbering is relative to Bd3334 sequence.
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The active site lid depicted in the Bd1402 structure (framed in black) shows a partial
conservation of residues in Bd0782, particularly for D34 in Bd1402 (black dot), which
orientates towards the substrate binding cleft and is hypothesised to impact substrate

specificity.

On the other hand, the least conserved portion of the lipobox subgroup corresponds to
the unstructured loop connecting the active site lid to the dimerization helix (position 41
to 62, relative to Bd1402). This loop is longer for Bd0782, comprising 32 residues in

contrast to the 21 residues of Bd1402.

The dimerization domain of Bd1402 (framed in magenta) appears to be conserved in
Bd0782, however, room temperature gel filtration data has shown that Bd0782 is
monomeric in solution (20 mM Tricine pH 8.0 and 200 mM NacCl, data not shown). In this
sense, the Bd1402 crystallographic structure shows that dimerization is achieved mainly
by the hydrophobic interaction between L66 of one Bd1402 with L73 of the second chain.
Sequence alignment shows only L73 is conserved in Bd0782. Furthermore, the equivalent
helix in Bd0782 appears to be more charged, having two aspartic acid residues in positions
70 and 71 relative to Bd1402 amino acid sequence, which might further contribute to

Bd0782 presenting as a monomer.

Nevertheless, dimerization might be dependent on the lipobox presence limiting diffusion
by membrane anchoring to two dimensions. This effect might be potentially mimicked in

by the higher effective concentration of protein in the crystal lattice compared to solution.

In contrast to the lipobox subgroup, the soluble subgroup of group 5 LDTs share a lower
sequence identity relative to Bd3334, being 36.7% and 36.55% for Bd2940 and Bd3093,

respectively.

Similar to other LDTs, the YkuD2-like domain of this subgroup (framed in orange) is the
most conserved part of the sequence, including most of the structure-based predicted
catalytic and substrate binding residues (red and blue dots, respectively) (Figure 70B).
Bd2940 and Bd3093 have an eight-residue extension at the N-terminus for both enzymes,
and significantly longer C-terminuses compared to Bd3334 (20 and 41 residues long for

Bd3093 and Bd2940, respectively), which are both predicted to be disordered.

Sequence conservation analysis of the structural insertion 1 defined for Bd3334 (framed

in blue) shows that this feature is partially conserved in Bd2940 and Bd3093. Particularly,

135



residues 27-54 of Bd3334 that fold as alpha helices al and a2 are conserved in Bd2940
and Bd3093 suggesting that this part of insert 1 is maintained in this subgroup. However,
residues 55-88 that form the beta arm of Bd3334 are variable in Bd2940 and absent in
Bd3093, including the proposed substrate binding residue P74 and the disulphide forming
cysteine residues C64 and C75.

Structural insert 2 (framed in green) is also partially conserved in this subgroup, wherein
a longer loop between positions 200 and 208 is present only in Bd3334. Nonetheless,
predicted Bd3334 substrate binding residues F196 and specially R210 are conserved

across this subgroup.

Finally, regardless of each enzyme being part of either the soluble or lipobox subgroup,
all their YkuD2-like domains share the active site motif SXGCXAd, suggesting that all five

members of this group have carboxypeptidase and/or endopeptidase activity.

To analyse the structural differences between the lipobox and soluble LDTs in group 5,
the experimentally determined structures of Bd1402 (red) and Bd3334 (grey) were

compared (Figure 71).

\ Dimerization
\ helix

Figure 71: Structural comparison between lipobox Bd1402 and soluble Bd3334. The
experimentally determined structures of Bd1402 (red) and Bd3334 (grey) were superimposed
to analyse structural differences. Structural inserts 1 and 2 are unique to Bd3334 whereas the
active site lid and dimerization helix are present only in Bd1402. The dashed line corresponds to
the 23 residues-long missing loop in Bd1402.
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Bd1402 and Bd3334 are superimposable with RMSD values of 0.68 A limited to the YkuD2-
like core and 6.76 A across the whole Bd1402 structure. Key differences between both
proteins correspond to the structural insertions 1 and 2 of Bd3334, and the lid and

dimerization helix of Bd1402.

The Bd3334 active site lacks the lid depicted in the Bd1402 structure, making the substrate
binding cleft more solvent accessible when compared to Bd1402. On the other hand, the
Bd1402 dimerization helix is absent in Bd3334, which further supports the hypothesis that

the three soluble LDTs from group 5 are intrinsically monomeric.

To analyse the impact of sequence divergence in the structure of LDTs of each subgroup,
the experimentally determined structures of Bd1402 and Bd3334 were compared with

the respective AlphaFold2 models of membrane bound and soluble LDTs.

As suggested by the significant sequence identity between Bd0782 and Bd1402, their
respective predicted and experimentally determined structures are highly
superimposable, with an RMSD of 0.51 A when omitting the N-terminal loop of Bd0782
(which equivalent is not traceable in the Bd1402 structure) (Figure 72A).

Dimerization
helix

Figure 72: Bd0782 and Bd1402 structural comparison. A) Bd0782 (grey) and Bd1402 (red)
structural superimposition. Active site and lid of both proteins and Bd1402 dimerization helix
are indicated. B) Bd0782 and Bd1402 active site lids. Conserved D32 (Bd0782) and D34 (Bd1402)
are indicated. C) Dimerization helix interface representation (Bd0782 in grey, Bd1402 chain A
and B in red and blue, respectively). L66 which is part of the L66-L73 dimerization interaction in
Bd1402 is substituted by residue N74. Non-conserved D78 in Bd0782 is oriented towards the
helix-helix interface, possibly avoiding the formation of the Bd0782 dimer due to electrostatic
repulsion.
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Bd0782 (grey, overall pLDDT of 80.9, <60 for active site lid, >90 for YkuD2-like domain)
and Bd1402 (red) structures comprise the active site lid connected to the helix responsible
for dimerization in Bd1402 by a long unstructured loop. The first residue of the active site
lid corresponds to the membrane anchoring cysteine residue in each enzyme (C22 and
C20 in Bd0782 and Bd1402, respectively), suggesting that the substrate binding cleft is
oriented towards the outer membrane inner leaflet, further limiting substrate
accessibility. Bd0782 structural predictions are inaccurate in determining the most
probable conformation of the active site lid, however, residue D32 (corresponding to D34

in Bd1402) is predicted to be oriented towards the active site (Figure 72B).

Main structural differences between Bd0782 and Bd1402 correspond to the dimerization
helix (Figure 72C). Specifically, residues L66 and L73 have been proposed as the
dimerization contacts in Bd1402, however, L66 is substituted for N74 in the Bd0782
predicted structure. Moreover, as suggested based on the sequence conservation analysis
of both proteins, the two acidic residues D77 and D78 might contribute to further
repulsion between the corresponding Bd0782 helix. In fact, Bd0782 D78 is predicted to
be situated in the equivalent Bd1402 dimerization interface, favouring the monomeric

state of Bd0782 over a homodimer, as observed for Bd1402.

The soluble subgroup is also significantly similar, with overall RMSD values of 2.59 and
2.33 A respect to Bd3334 for Bd2940 and Bd3093, respectively. Structural

superimposition is shown in Figure 73A.
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Insert 2 B

Insert1 &

Figure 73: Bd2940, Bd3093 and Bd3334 structural comparison. A) Superimposition of predicted structures of Bd2940 (white) and Bd3093 (grey) to the
experimentally determined structure of Bd3334 (red). Structural insert 1 is present in Bd2940 and Bd3334. Longer N- and C-terminuses are observed for Bd2940
and Bd3093 respect to Bd3334. B) Bd2940 predicted structure. An insert 1 equivalent to Bd3334 is depicted in the model, with a long C-terminus threading back to
cover the substrate binding cleft, possibly working as a lid. C) Bd3093 predicted structure. No conserved Bd3334 structural insertions are observed in the model.
The longer C-terminus threads back to cover the active site forming a lid, as observed in Bd2940 predicted structure.
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As proposed based on the sequence alignment, Bd2940 (white) and Bd3093 (grey) possess
longer N-terminuses compared to Bd3334 (red), predicted to acquire an alpha helix

structure.

Noticeably, both Bd2940 and Bd3093 possess a long and unstructured C-terminus that is
predicted to thread back toward (covering) the active site, which is reflected in pLDDT
scores for the Bd2940 and Bd3093 AlphaFold2 models being >90 for most of the model,
excepting the unstructured loops, with scores <60. The proposed Bd2940 and Bd3093
active site lids differ in amino acid sequence, being distinctively acidic for Bd2940 (Figure

70).

Regarding the distinctive structural features defined for Bd3334, structural insert 1 is
partially conserved in Bd2940 and Bd3093, particularly the first two alpha helices of this
structural feature (residues 27-54 in Bd3334). In this regard, the beta arm observed in the
Bd3334 crystallographic structure (residues 55-88) is structurally conserved only in

Bd2940, being absent in Bd3093 (Figure 73 B and C, respectively).

The structural conservation of the beta arm in Bd2940 and Bd3334 might suggest that
both enzymes share a similar substrate specificity. Nevertheless, the different amino acid
sequences of the beta arm of both proteins suggests that this feature determines
specificity by sterically limiting access to the active site of the enzyme rather than by

specific substrate-side chain interactions.

Finally, the Bd3334 basic loop of structural insert 2 is not conserved in either Bd2940 or

Bd3093, as predicted based on the sequence alignment of this subgroup.

4.2.3. LDT intergroup analysis

4.2.3.1. YkuD-like domains of L,D-transferases

B. bacteriovorus HD100 LDTs may be divided according to their proposed general activity
based on the active site motif, as either L,D-transferases (transpeptidases and NCDAA

exchangers) or L,D-hydrolases (endopeptidases and carboxypeptidases).

Sequence alignment of the YkuD-like domains of the L,D-transferases Bd0566, Bd0886
and Bd3741 shows that sequence conservation is poor outside the signature motif
(S/T)XGChRo (Figure 74A). This is indicative of different substrate specificity for each

group of L,D-transferases, despite sharing a structurally similar catalytic domain.
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Remarkably, an additional arginine residue different from the one contained in the L,D-
transferase motif is conserved in group 2 Bd3741, group 3 Bd0886, and group 4 Bd0566
(R98, R167 and R293, respectively), indicated with a blue arrowhead). This conserved
residue is exclusive to L,D-transferases, thus it might participate in binding the acyl

acceptor su bstrate.

Structural superimposition of the Bd3741, Bd0886 and Bd0566 YkuD-like domains reveals
that the abovementioned arginine residues are structurally conserved in L,D-transferases
(Figure 74B). Further, these conserved arginine residues are indeed oriented towards the
putative acyl acceptor site, suggesting that they participate in selecting a nucleophile as

second substrate in contrast to the water molecule utilised as base by L,D-hydrolases.
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Figure 74: YkuD-like L,D-transferases active site comparison. A) Sequence alighment between the YkuD-like domains of L,D-transferases group 2 Bd3741, group 3
Bd0886, and group 4 Bd0566. Catalytic residues are indicated with red arrow heads. Conserved arginine residues are indicated with blue arrow heads. B) Structural
superimposition of YkuD-like domains of Bd0566 (grey), Bd0886 (white) and Bd3741 (red). Conserved residues corresponding to the L,D-transferase motif and the
additional arginine are depicted in stick representation (R98, R293 and R167 for Bd3741, Bd0566 and Bd0886, respectively). Both conserved arginine residues are

v

NMIMINKAASG---=--==-====-c==- SQAQTLRLYTNRQLMLSTYVSTGREDLEYIS--AVRGVVNKIFKG----ATSSHWRHTTRGFYTIKRVHGYN-------=====uuu- YR----=----

YFVVQNIATEKTRIYERCTATPGCAHKMVMETDMVVGRPEEGD- - - - - GRDNAR - <= =e s o i o i i KTWVG------- HSRISEWVKFYQD-GKAFYPRWYTPG--QNI----

[ S ] R ——— FYSMSFRTINGRPERKS - - -PTMKDK IVYIVINPFWVVPPTIFREDKVEEIKNLWPWE IREYFDTRHYQVINKSFTQRFDPAS IDWYNMDPNQDANIYI
v v vy

-------------- SGESKFHM- - - - - - - - - - -PEAME - - - - = - = - - = - - - - - - - ENETRGLAVHQV - PPDL SGGEAAGEAMLGKRAS SGCVRVHKNQIQTIHR AVTAADRGIVPV

KDIPDPVTDSMSLYMGARKWLRKNEQGKTSNYGAFGWYAAKLTPAGENGGVNYQWIHGTMGWGKDGSKPIEIT - -RMKMINF FSNPGSHGCTRLENQAVAYMRH LLGP -GTDIY - -

RQSPHRMNA- - - - - LGSLKEMMTN- - - -~~~ -~ S [ S —— LHDTNQRELFA---=--==--==--- EPHRLLSSGCVRVEKPVDLAEY- LL----KGT---

oriented towards the acyl acceptor site of the substrate binding cleft.
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Additionally to the conserved arginine residues, experimentally determined structures
and AlphaFold2 model predictions show that every B. bacteriovorus HD100 L,D-
transferase possess an active site lid with variable amino acid sequences and structures.
Specifically, group 4 of LDTs possess a capping subdomain that is required for in vivo

activity in the E. coli YcbB ortholog [83].

Active site lids of the M. tuberculosis Ldtmu and Ldtu. have been implicated in the
transpeptidation mechanism [76]—[79]. Specifically, catalytic cysteine inactivation with
carbapenem [-lactams, such as meropenem, or with 2-phenyl-1,2-benzisoselenazol-
3(2H)-one (ebselen) traps the enzyme in the probable acyl-enzyme intermediate state,
wherein the active site lid displays extensive hydrophobic interactions with the drug
adduct, making the active site inaccessible to solvent. Thus, it is possible that active site
lids protect the acyl-enzyme intermediate from hydrolysis by excluding water molecules

from the substrate binding pocket.

Thus, the two conserved acyl-acceptor site arginine residues in addition to the presence
of a lid are possibly the main features determining the putative L,D-transferase activity of
groups 2, 3 and 4 of LDTs, while substrate specificity is potentially defined by the group-
specific binding residues in the substrate binding cleft and active site lid sequence and

structure.
4.2.3.2. YkuD- and YkuD2-like domain of L,D-hydrolases

The B. bacteriovorus HD100 L,D-hydrolases are putatively identified by the hydrolytic
motif SXGCXAd, wherein the signature L,D-transferase arginine residue is replaced by an
alanine residue. This substitution possibly abrogates binding of a nucleophilic acyl

acceptor substrate, favouring the hydrolysis of the acyl-enzyme intermediate instead.

Group 1 and group 6 of the LDTs are classified as YkuD-like L,D-hydrolases, wherein group
6 Bd1075 corresponds to the only non-predatory L,D-carboxypeptidase. Group 5 of the

LDTs corresponds to the soluble and membrane-bound YkuD2-like L,D-hydrolases.

As shown in Figure 75, YkuD- and YkuD2-like domains differ in primary sequence despite
retaining an almost identical fold, suggesting possible diversification in substrate
specificity. Interestingly, overall alighment suggests higher similarity between the YkuD-
like Bd0553 and the YkuD2-like Bd1402 and Bd3334 rather than with the YkuD-like
Bd1075.
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Figure 75: L,D-hydrolase catalytic domain sequence comparison. Sequence alighment between
the YkuD-like domains of Bd0553 (predatory) and Bd1075 (non-predatory), and the YkuD2-like
domains of Bd1402 (membrane-associated) and Bd3334 (soluble). Catalytic residues are
indicated with red arrow heads. Signature substrate binding residues are indicated with blue

arrow heads.

Furthermore, the signature alanine residue of the L,D-hydrolase motif is replaced by a

valine residue in the non-predatory Bd1075 YkuD-like domain, which is a unique feature

---RIVVSKD----KRQLYLV--SGDTLLR--TYTVAFGWNFIGH-------- KQFEGDG
KKYMSLIDFGKRSTQARFFIINMSTGEVTA---IHTAHGKGSDANHDGYAEKFSNNSGSN
-QYVVIVDYSAPSTQRRFYFINLRNGVVEK - --YYTSHGIGSGD--GNYAYRFSNTKDSR

--YVILVDKE----QRKLSVFERNGEQIQKITEYPADIG-KMGGN--~-~-~--~-~ KTKRDDH
A A /
KTPEGIYSIDYKNPKSQFTKS------ LHVDYPNKADIAYAKSQGRSPGGDIMIHGLPSN
ASSLGYYLAAETYY--------- GKHGLSLKLD----- GLSSTNSKARARAVVIHGASYV
QTSLGIYLTGEVYT--------- GSYGKTLRMY----- GLQKSNDQAYNRDIVVHGAWYV
KTPEGIYFLQERLSQPKIPFSLYGALAFTTNYPNLFDK----- RENKTGSGIWLHAIPDS
YvYYY
POKYE====== RISKIHPYDWTLGCIAVTNKEIEEIYALVKERTLVEV-
KESSV----===cce-- IQGRSWGCPAVANHLRDKVIGMLKGGSLIYAF
GEEFINSINKKTGQPYGRLGLSWGCPALSLSMAEKLIPLLKGGSVIYHY
VPL-wmmmansonnanas TRGSRGCVVVRNDVIKKLADYIKLGETPILI

even among other Csd6-like cell shape determinants [125].

Due to the high sequence divergence between L,D-hydrolases, experimentally

determined structures were superimposed to identify shared features between the YkuD-

and YkuD2-like catalytic cores (Figure 76).

Figure 76: Structural comparison between L,D-hydrolases. A) Structural comparison between
the YkuD-like domains of predatory Bd0553 (red) and non-predatory Bd1075 (white). Conserved
residues are shown in stick representation and indicated in the structure. B) Structural
comparison between the YkuD2-like domains of membrane-associated Bd1402 (blue) and
soluble Bd3334 (grey). Conserved residues are shown in stick representation and labelled

accordingly.
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The YkuD-like domains of Bd0553 (red) and Bd1075 (white) overall fold is conserved in
both enzymes, with exception of the signature alanine residue of the L,D-hydrolase motif,

which is substituted for a valine residue in Bd1075. (Figure 76A).

It has been shown that Bd1075 has L,D-carboxypeptidase activity [125], while there is
experimental evidence showing the L,D-carboxypeptidase and L,D-endopeptidase activity
of Bd0553 (unpublished data). This information correlates with the open Bd0553 active
site in contrast to the predicted lid present in Bd1075, allowing Bd0553 to accommodate

longer stem peptide regions for hydrolysing internal peptide bonds.

For the YkuD2-like domains of Bd1402 (blue) and Bd334 (grey), sequence and structural

similarities are more evident than for the YkuD-like L,D-hydrolases (Figure 76B).

Of particular interest are the conserved residues Y208 and W220 (Bd1402), and Y191 and
W215 (Bd3334), which are exclusive to the YkuD2-like domain. These two aromatic
residues are partially occupying the substrate binding cleft of each enzyme, suggesting
their participation in substrate selection, possibly recognising substrates that are different

from the Bd0553 ones.

Remarkably, the Bd1402 lid (which is also possibly present in Bd0782) indicates that
lipobox L,D-hydrolases have a different substrate recognition and/or binding mechanism
when compared to soluble YkuD2-like L,D-hydrolases such as Bd3334, requiring
displacement of the active site lid. The Bd1402 lid might additionally limit the hydrolytic

activity to the carboxy terminus of the PG stem peptides, as hypothesised for Bd1075.

These results then suggest that active site open L,D-hydrolases of group 1 and group 5
(YkuD2-like Bd3334) have endopeptidase and carboxypeptidase activity, that might

recognise chemically divergent PG crosslinked substrates.

4.3.Discussion

4.3.1. B. bacteriovorus HD100 LDTs cluster in six specialised groups

The 19 predicted LDTs were grouped according to their sequence similarity, with Bd1075
being the only LDT clustering in group 6. This is coincidental with the non-predatory role
described for Bd1075, and with it being the most distant sequence-wise to the rest of the

enzymes [125].
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Interestingly, not every defined group is homogenous regarding the sequence similarity
of their members, despite a clear conservation in their catalytic YkuD- or YkuD2-like
domains. The only observed exception corresponds to group 3 of LDTs, wherein the SH3b-

containing enzymes Bd0886 and Bd1176 are almost identical in their primary sequences.

In group 1 for instance, Bd1763 is the most distant member when compared to Bd0553
and Bd2061, especially in the alpha-helix rich domain defining this group. This observation
suggests that even though certain functional redundancy is expected between enzymes,

localisation and substrate or ligand binding specificities may differ.

Group 2 shows high variability, wherein Bd3176 and Bd3741 are the most similar respect
to their amino acid sequence, grouping in the same clade. On the contrary, Bd3639 is the
first group 2 LDT to diverge, which agrees with missing key structural features in the
AlphaFold2 model depicted in Figure 62, particularly the signature triangular hook domain
present even in Bd3012, which is in-between Bd3639 and the Bd3176-Bd3741 clade.

Group 4 comprises four highly conserved members, with Bd1181 being the most distant
to the other three due to it having an insertion between positions 27 and 49 (relative to
Bd0566 sequence numbering). Interestingly, most differences in this group are localised
in the N-terminal domain that has been characterised as a protein-protein interaction
region in YcbB, increasing the number of L,D-crosslinks upon beta-lactam stress [83],

[147].

The L,D-hydrolases of group 5 on the other hand are particularly heterogenous,
considering their divergent YkuD2-like catalytic domain, which is not shared by any other
LDT group. Remarkably, based on their signal peptide sequence, this group further splits
into lipid-linked Ykud2-like hydrolases (Bd0782 and Bd1402), and soluble YkuD2-like
hydrolases (Bd2940, Bd3093 and Bd3334). Notwithstanding the significant sequence
similarity between the lipobox subgroup (over 60% sequence), similarity is much more
marginal for the soluble subgroup (around 30%), suggesting their possible divergence in

substrate recognition and/or enzyme catalysis parameters.

The LDT group distribution appears to be conserved in endobiotic predatory Bdellovibrio,
as shown in Figure 56. Interestingly, Bdellovibrio ArHS lacks LDTs from group 1 suggesting
that this predator has a more restricted prey scope when compared to B. bacteriovorus

HD100 or Tiberius, or there is functional redundancy between L,D-hydrolases of group 1
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and group 5. In this same sense, B. exovorus JSS only predatory LDT, A11Q_1574, clusters
as part of group 2, suggesting that LDTs from groups 1 and 3-5 are important for the intra-

periplasmic predatory cycle.

4.3.2. B. bacteriovorus HD100 LDTs accessory domains as targeting and substrate

specificity determinants

Each LDT group is characterised by at least one accessory domain, which might be
involved in substrate specification, protein-protein interactions and/or subcellular
localisation. Nevertheless, biochemical studies directed at understating the interaction
between PG substrates with LDTs is remarkably scarce and is mainly focused on their

inactivation by small molecules as possible antibiotics [76]-[79], [89], [80].

Group 1 of YkuD-like hydrolases accessory domain corresponds to an initially predicted
coiled-coiled domain, which was proven to actually correspond to an alpha helix rich

domain with a different topology in the Bd0553 experimental structure.

Protein BLAST analysis has shown that this domain is exclusive to B. bacteriovorus, thus
further studies are required to establish its role in group 1 function. However, due to its
distance to the active site of the enzyme in addition to the minimal conformational
fluctuations predicted from the experimental B-factors of the Bd0553 structure, one
possible hypothesis is that this domain mediates the interaction of the enzyme with PG
cell wall. Since acidic clefts are formed by this domain, it could interact with the glycan
portion of PG, while the stem peptide is accommodated in the active site for hydrolysis.

Another option is for this domain to participate in protein complex formation.

Group 2 corresponds to the ErfK-like LDTs with a signature triangular hook domain that is
structurally conserved but not in amino acid sequence. This domain is conserved in
Bd3012, Bd3176 and Bd3741, forming an aromatic residue-centred pocket proximal to
the substrate binding region of the enzyme, suggesting its participation in substrate
binding. Interestingly, this domain is absent in the predicted structure of Bd3639, which

could potentially lead to this LDT having a different crosslinking activity.

Even though the amino acid sequences of group 2 relate these enzymes with the Erfk PG-
Lpp1 crosslinker, it has been proposed that bdelloplast formation requires the hydrolysis

of this linkage[118], [142], [161], [162]. It has been shown that fatty acid acylation of the
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PG sacculi occurs in the bdelloplast and could functionally replace the PG-Lpp1 linkage

[39].

Experimental evidence suggests that fatty acid modification of PG occurs via a O-acylation
reaction, condensing a carboxylic acid ester that is resistant to trypsin digestion [39]. This
observation implies that esterification occurs in the glycan portion of PG and not in the

stem peptide or a PG-crosslinked protein.

In this case, group 2 might participate in forming 3-3 crosslinks between lipid-esterified
PG molecules, possibly stabilising the bdelloplast. This might explain the sequence

diversity found in this group, in order to recognise chemically varied lipid molecules.

Regarding group 3, these enzymes have been shown to participate in NCDAA
incorporation into bdelloplast PG molecules, strengthening and stabilising this structure
[33]. Moreover, it has been shown that one of the bdelloplast PG modifications is the
incorporation of terminal mDAP residues, which might potentially be catalysed by this

group of LDTs [153].

With respect to the SH3b domain, as depicted in Figure 66, the inherent flexibility of the
loop connecting the SH3b domain with the YkuD-like catalytic domain of Bd0886 suggests
that the SH3b domain might act as a targeting domain rather than a substrate selection
domain, as has been hypothesised for SH3b-containing lysostaphins [124], [157], [158].
Functional experiments comparing the NCDAA exchanging activities of these enzymes to
mutants lacking the SH3b domain are necessary to discard their contribution to direct

substrate binding.

Group 4 is the most conserved structure-wise when compared to the E. coli YcbB
counterpart, suggesting they share similar enzymatic activities [83]. In fact, unpublished

data from our group shows that Bd1181 has 3-3 PG crosslinking activity.

However, even though the PGBD and the N-terminal protein-protein interaction domains
of YcbB are present in the experimentally determined structure of Bd0566 and the
AlphaFold2 models of Bd1181, Bd1358 and Bd2908, the N-terminal domain of the enzyme

is structurally and chemically divergent between the two species.

L,D-crosslinks are not prevalent in the E. coli cell wall unless the D,D-transpeptidation

route is stalled by an stressor agent such as penicillin-related beta lactams, leading to
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increased alarmone concentrations [83], [89], [147]. Consequently, YcbB is recruited to
PBP transpeptidation/transglycosylation machinery, replacing the normally occurring 3-4
crosslinks for 3-3 crosslinks. Since this scenario is not emulated by B. bacteriovorus
invasion of prey and bdelloplast formation, one possible hypothesis is that the modified
N-terminal domain of the group 4 L,D-transferases allows them to replace the 3-4 prey’s
crosslinks for 3-3 crosslinks even if PBPs are still active. This enrichment in 3-3 crosslinks
alongside the deacetylation of glycan chains, NCDAA incorporation and fatty acid
modification might be related to bdelloplast structural stability, and even be part of
mechanisms differentiating prey from predator and/or indicating that the current cell has

already been invaded [39], [153].

The final group of predatory LDTs, group 5, poses the most challenging to analyse due to
the considerable divergence in sequence, including the differentiation between soluble
and lipid-linked L,D-hydrolases. Nonetheless, the YkuD2-like domain, whose amino acid
sequence differs from the YkuD-like domain of the rest of the LDTs, defines this as a
standalone group. Particularly, two aromatic residues, a tyrosine, and a tryptophan
residue, are part of the substrate binding region of the YkuD2-like domain of both type of

enzymes, suggesting a different substrate specificity for this group of hydrolases.

Bd0782 and Bd1402 are membrane associated putative L,D-hydrolases. As proposed by
the analysis of the crystallographic structure of Bd1402, the active site lid region, which is
also connected to the dimerization helix of the enzyme, might be involved in substrate
selection, particularly by a conserved aspartate residue proximal to the catalytic dyad.
Further, activity might be restricted to membrane-linked PG substrates due to presence
of the lipobox. The potential substrates might include PG-anchoring proteins as Lppl or
OMPs, potentially contributing to bdelloplast formation in different preys [118], [142],
[162].

On the other hand, it was possible to solve the structure of Bd3334 as representative of
the soluble subgroup, depicting an open active site similar to what is observed for group
1. However, AlphaFold2 predictions of Bd2940 and Bd3093 suggest the presence of
unstructured C-terminal lids which are not conserved between these two proteins or in
the lipobox subgroup. These results suggest that this subgroup potentially recognises
different substrates or PG modifications compared to group 1, possibly in different preys

or during different stages of the life cycle. In this sense, it has been shown that PG is
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extensively deacetylated in the bdelloplast, which might affect the interaction of the LDTs
with the prey’s cell wall [38], [116], [117]. Nonetheless, since the glycan portion of the PG
molecule is not the target of the LDTs activities, activity and binding experiments

contrasting deacetylated and acetylated PG are needed.

4.3.3. Activesite lids and residue conservation are the features defining either the L,D-

transferases or L,D-hydrolases preference of each enzyme

When comparing the YkuD-like domains of the L,D-transferase Bd0566 (white) with the
YkuD- and YkuD2-like domains of the L,D-hydrolases Bd0553 (red) and Bd3334 (grey),
respectively, main differences are related to the higher availability of hydrogen bonding
sidechains in Bd0566 acyl acceptor site (Figure 77). In particular, the transferase signature
arginine residue (R424 in Bd0566) might aid the selection of a nucleophilic second

substrate over a hydrolytic water molecule.

Figure 77: Structural comparison between L,D-transferases and L,D- hydrolases active site.
YkuD-like domains of Bd0566 (white) and Bd0553 (red), and the YkuD2-like domain of Bd3334
(grey) were superimposed depicting characteristic residues in stick representation. The identity
of the residue two positions after the catalytic cysteine residue appears to be the major
contributor to determining either transferase or hydrolase activity.

Remarkably, the major structural feature distinguishing both types of enzymes is the

presence an active site lid that has been proposed in other models to stabilise the acyl-

enzyme intermediate [78], [79], [163].
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It has been observed that adding a lid to the B. subtilis GGT promotes selection of shorter
glutamic acid molecules as acyl donors [163], [164]. In this context, active site lids might
sterically select the terminal region of the PG stem peptides either for NCDAA transferase
(as proposed for group 3) reaction or carboxypeptidation of terminal residues (as

observed for Bd0553).

Additionally, the active site lid of the y-glutamyl transferase (GGT) of E. coli has been
shown to not only define substrate specificity, but to stabilise the acyl-enzyme
intermediate when inserted in the lid-less B. subtilis orthologue, favouring the
transpeptidation activity over hydrolysis by excluding solvent molecules from the active
site [163]. This makes possible to hypothesise that regions such as the capping subdomain
of Bd0566 not only participates in substrate binding but promotes stabilisation of the acyl-

enzyme intermediate by de-solvating the active site.

Thus, hydrolase/transferase determination in B. bacteriovorus HD100 LDTs results
possibly from the combination between the chemical identity of residues in the acyl
acceptor site (arginine against alanine/valine residue) and the lid-driven stability of the

reaction intermediate.
4.4.Conclusion

The structure of seven representative B. bacteriovorus HD100 LDTs were determined,

identifying accessory domains and diverse substrate binding sites.

In combination with sequence variation analysis and structural predictions for the
remaining members of each group, these results contrast the different groups of LDTs to

assign possible roles in predation.

L,D-transferases of group 2 (with exception of Bd3639) are proposed to attach the PG cell
wall to membrane by direct acylation of the stem peptide by a lipid molecule, while group
3 and 4 are proposed to direct NCDAA attachment and 3-3 stem peptide crosslink

formation, respectively.

On the other hand, L,D-hydrolases of group 1 and group 5 could be associated with the
outer membrane-cell wall protein link hydrolysis, particularly influenced by the
membrane anchoring signal in Bd0782 and Bd1402. Additionally, both groups could be

involved in 3-3 crosslink hydrolysis and/or carboxypeptidation reactions.
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Comparative analysis between the hydrolases of group 1 (YkuD-like) and group 5 (YkuD2-
like) shows that the active site of both groups diverges, with the presence of two exclusive
residues (tyrosine and tryptophan residues) in YkuD2-like active sites. This characteristic
along with the presence of an active site lid in the experimental structure of Bd1402 and
the predicted models of Bd0782, Bd2940 and Bd3093 suggests that both groups could
recognise chemically diverse substrates in potentially different types of prey or during

different stages of the predatory cycle.

Finally, based on predicted and experimental activity data, in view of the structural
information presented in chapters 3 and 4, it has been hypothesised that the presence of
an active site lid or capping subdomain, in addition to the residues present at the acyl
acceptor site of the active site determine the transferase or hydrolase identity of the

different LDTs.
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CHAPTER 5

5. STRUCTURAL CHARACTERISATION OF B. bacteriovorus PUTATIVE HYDROLASES

Bd0601 AND Bd1177

5.1.Introduction

CWPs (EC 3.4) and CWA (EC 3.5.1) modify the PG cell wall by hydrolysing amide bonds
between amino acids or between the MurNAc and the stem peptide, respectively [165]-

[167].

CWAs have N-acetylmuramoyl-L-alanine amidohydrolase (NALAA) catalytic domains that
have been classified in three groups in bacteria based on sequence similarity: i) NALAA-2

(IPR002502), (ii) NALAA-3 (IPR002508), and (iii) NALAA-5 (IPRO08044).

For all NALAA domain containing enzymes, it has been shown that catalysis is dependent
on a Zn(ll) ion and produces tri and tetrapeptides derived from the hydrolysis of the 1,6-
anhydro-MurNAc-L-Ala and/or MurNAc-L-Ala bonds [96], [168]. NALAA domains possess
a three-layer a/B/a sandwich architecture, wherein the catalytic Zn(ll) ion is coordinated
in the ligand binding cleft delimiting the stem peptide and glycan binding pockets of the
enzyme [169]-[171].

CWPs hydrolyse peptide bonds and are divided between carboxypeptidases, which
remove the C-terminal residue from the stem peptide, or endopeptidases, which in turn
cleave peptide bonds within the stem peptide [94]. The activity of these enzymes may be
further described by considering the chirality (D- or L-) between the corresponding amino
acids, distinguishing between D,D- or L,D- peptidases [94], [172]. At least ten types of CWP
domains have been reported, including the transpeptidase (TP, IPR0O05490), CHAP
(IPR0O07921) and NIpC/P60 (IPRO00064) domains.

CHAP domains are distinctive in that they may act as peptidases by hydrolysing stem
peptide crosslinks as well as amidases, releasing the stem peptide from the glycan portion
of the PG molecule [101], [102]. CHAP domains are involved in several bacterial processes,
including cell division and virulence, in which their activity is regulated by their association
to precisely localised subcellular partners such as ActH, EnvC and FtsX [167], [173]. Binding
partners are proposed to produce a conformational change that releases the

autoinhibited CHAP activity, allowing localised PG hydrolysis [167], [173].
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Catalytic mechanisms of CHAP hydrolases are varied. For instance, the papain-like CHAP
fold of CWPs LysK and LysGH15 possess a Ca(ll) ion binding motif that is required for
catalysis, whereas PlyC lacks this feature and has been proven to be calcium-independent
for its activity [103], [108], [110], [174], [175]. Nevertheless, CHAP domains are usually
part of multidomain enzymes which tends to obscure their individual contribution to the
overall catalytic activity of the same [103], [110], [175]. For the Streptococcus dysgalactiae
phage endolysin PlySK1249, an N-terminal amidase NALAA-3 domain acts synergistically
with a non-bacteriolytic C-terminal CHAP domain [176], [177]. In this case, the CHAP
domain of PlySK1249 hydrolyses PG crosslinks, which are then further cleaved to tri- and
tetrapeptides by the amidase activity of the N-terminal NALAA-3 domain [176], [177].

NIpC/P60 domains adopt a papain-like fold and share many similarities to CHAP domains,
however, have been mostly identified as calcium-independent cysteine proteases [94],
[130]. For NIpC/P60 proteases such as YaeF, it has been determined that the characteristic
fold is circularly permutated, reversing the Cys-His-His catalytic triad position in the amino
acid sequence, jeopardising the identification of putative NIpC/P60 domains by

conservation of their amino acid sequence [130], [178].

As for their biological importance, the NIpC/P60 peptidase RipA has been identified as
responsible for septum degradation in mycobacterial cytokinesis [114]. NIpC/P60s have
also been implicated in cell separation in Corynebacterium glutamicum and as part of the
antibiotic resistance conferred by transposon Tn916, which encodes a bifunctional GH23
glycosidase-NIpC/P60 endopeptidase from S. aureus and C. difficile [128]. For the latter
bifunctional NIpC/P60 domain, active site accessibility is suggested to be regulated by a
side chain above the nucleophilic cysteine, switching the enzyme from a closed to an open

conformation upon substrate binding [128].

B. bacteriovorus has been shown to encode a wide repertoire of PG hydrolytic enzymes,
including hypothetical CHAP and NIpC/P60 domain containing enzymes that have
diversified their primary sequence by acquiring novel and even cryptic domains [21],
[179]. Thus, using X-ray crystallography we have determined the structure of two
proposed CWPs and/or CWAs, Bd601 and Bd1177. Bd0601 is predicted to belong to the
DUF1460 family of NIpC/P60 enzymes, while Bd1177 is a poorly predicted CHAP or
NIpC/P60 that might have undergone multiple rearrangements and permutations during

B. bacteriovorus evolution.
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5.2.Results
5.2.1. Bd0601
5.2.1.1. Bd0601 purification and crystallisation

Bd0601 is encoded in the operon bd0601-0603 as shown in Figure 16. As a first approach,
the full-length operon bd0601-0603 was codon optimised and cloned in the pET21d(+)
vector. This was done due to the precedent that the predicted ankyrin Bd0602 may act as
an immunity protein for Bd0601, similar to what was observed for DDTs Bd0816 and
Bd3459, and the ankyrin Bd3460 [35], [36]. Specifically, the predicted B. bacteriovorus
signal peptide Secl for Bd0601 was substituted by a pelB sequence. Additionally, the
predicted Secll/lipobox signal peptides for Bd0602 and Bd0603, including the lipid-
anchoring cysteine residue, were exchanged for an optimised pelB sequence for

periplasmic expression.

No soluble expression was observed for the full-length operon construct, or for individual
components expressed separately in the periplasm under the different tested conditions.
Nevertheless, a catalytically null mutant for Bd0601, Bd0601 C94A, was successfully
expressed and purified either from the bd0601-0603 operon construct or by itself in Al

media supplemented with sugar mix A as inducer.

Bd0601 C94A was purified to homogeneity (Figure 78A) and produced a monodisperse
peak on gel filtration chromatography on a Superdex™ 75 26/60 column (Figure 78B),
showing that the observed doublet band corresponds to an artifact that is not
representative of the homogeneity of the sample. The elution profile corresponds to a
globular protein of approximately 30 kD, suggesting that Bd0601 C94A is monomeric in

solution, which agrees with what has been observed for other DUF1460 enzymes [113].
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Figure 78: Bd0601 C94A purification and gel filtration profile. Bd0601 C94A was expressed in
Al media supplemented with sugar mix A and purified by nickel IMAC and gel filtration
chromatography. A) 15% SDS-PAGE purification gel for Bd0601 C94A. IMAC wash indicates
washing with lysis buffer containing 20 mM imidazole. B) Gel filtration profile of Bd0601 C94A
showing a monodisperse peak corresponding to the hydrodynamic radius of a globular 30 kD
protein. The run was performed at room temperature and flow rate of 2 mL/minute in a buffer
composed by 15 mM HEPES pH 7.5 and 200 mM NacCl.

Bd0601 C94A was concentrated and screened for crystallisation conditions as indicated in
section 2.3.9 and 2.3.10, respectively. Crystals for Bd0601 C94A were obtained at a
concentration of 35 mg/mL in MIDAS-Plus™ condition G3 (40 % glycerol ethoxylate) and
Morpheus™ condition F10 (Buffer system 3 pH 8.5, 0.12 M monosaccharides and 30%
ethylene glycol- PEG 8000 precipitant mix), which were harvested and subjected to data

collection (Figure 79A and B for each crystal form, respectively).

Figure 79: Bd0601 C94A crystals. Bd0O601 C94A crystallised at the same concentration (35
mg/mL) and temperature (18°C) in two different conditions, which are defined as crystal form 1
and 2. A) Crystal form 1 of Bd0601 C94A obtained in 40 % glycerol ethoxylate. B) Crystal form 2
of Bd0601 C94A obtained in Morpheus™ Buffer system 3 pH 8.5, 0.12 M monosaccharides and
30% ethylene glycol- PEG 8000 precipitant mix.
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5.2.1.2. Bd0601 C94A structure solving and refinement

The diffraction experiment was carried out at the 104 beamline as indicated in section
2.1.11, collecting native datasets of Bd0601 C94A at a resolution of 3.95 A and 2.05 A for
the MIDAS-Plus™ G3 and Morpheus™ F10 crystals, respectively.

Diffraction data was autoprocessed by the Xia2-multiplex and Xia-3dii automated
pipelines for the MIDAS-Plus™ G3 and Morpheus™ F10 crystals, respectively.
Crystallographic data was solved using the Phaser-MR programme of the Phenix suite and
LPG0564 from Legionella pneumophila (PDB ID: 2IM9) as search model. Collected data
was solved in the P2; spacegroup, finding two copies of Bd0601 C94A in the ASU for both
datasets, subjected to automatic building using Phenix Autobuild and refined with Phenix

Refine. Statistical results for data collection and refinement are shown in Table 14.
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Table 14: Data collection and refinement statistics for apo- and GIcNAc-Bd0601 C94A. Statistics
for apo- and GIcNAc-Bd0601 C94A crystallographic data obtained at 3.95 and 2.05 A, respectively,

are shown.

Apo-Bd00601 C94A

GIcNAc-Bd0601 C94A

Data Collection
Resolution range (A)
Space group
Cell dimensions

a, b, c(A)

a6 v()
Total reflections
Unique reflections
Completeness (%)
Redundancy
<I>/ol
Rmeas
Rpim
CCi2

Refinement
Maximum resolution (A)
Number of reflections used
Number of reflections for Rfree
Rwork
Réfree
RMSD

Bonds (A)

Angles (°)
Number of non-hydrogen
atoms

Protein

Ligand/ion

Water
B-factors

Protein

Ligand/ion

Water
Ramachandran favoured (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)

71.48 - 3.95

P2

42.30, 142.95, 50.12
90, 101.67, 90
67744 (6867)

5152 (510)
99.77 (99.22)
13.1(13.5)
5.15 (2.05)
0.2581 (0.5386)
0.07092 (0.1446)
0.993 (0.978)

3.95

5143 (506)
515 (50)
0.1892
0.1917

0.005
0.80

4460
0
18

92.30

76.84

96.21
3.61
0.18
0.62

46.4 - 2.05
P2

43.27,143.19, 50.13
90, 101.91, 90
262224 (26394)
37335 (3693)
99.95 (99.84)

7.0 (7.1)
12.12 (2.24)
0.1166 (1.033)
0.04365 (0.3841)
0.998 (0.822)

2.05
37323 (3689)
1809 (172)
0.1818
0.2216

0.010
1.27

4490
30
266

36.29
34.81
41.64
97.47
1.99
0.54
1.24

*Values in parenthesis correspond to the highest-resolution shell

Electron density map analysis and further refinement revealed the presence of GIcNAc in

the active site of the Bd0601 C94A Morpheus™ F10 dataset (Figure80A). This ligand

possibly comes from the monosaccharides mix of the Morpheus™ F10 condition, whereas

the MIDAS-Plus™ G3 dataset does not depict any relevant non-assigned electron density

(Figure 80B). Thus, Bd0601 C94A datasets will be referred as apo-Bd0601 C94A and

GIcNAc-Bd0601 C94A for crystal forms 1 and 2, respectively.
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Figure 80: Electron density contour map of GIcNAc- and apo-Bd0601 C94A. Electron density
map are depicted contoured at 1.4 o. A) Electron density map (2Fo-Fo) corresponding to the
solved Bd0601 C94A crystal form 2, wherein the GIcNAc molecule is present in the active site.
B) Electron density map (2Fo-Fo) of Bd0601 C94A crystal form 1. No unassigned density is present
in the active site of the apoenzyme.

5.2.1.3. Bd0601 C94A structure overview

Apo- and GIcNAc-Bd0601 C94A crystal structures trace 279 of the 287 residues of the

mature protein, with the same overall fold in both crystallographic models.

As depicted in Figure 81A, Bd0601 C94A adopts a papain-like fold characteristic of the
NIpC/P60 CWPs, with a central alpha/half beta barrel sandwich formed by five alpha

helices (in blue) and six beta strands (in red).

A B
NIpC/P60
N AN A0 YNIpC/P60
Insert 3 S o
Insert 2 /

Insert 4

Insert 4

Figure 81: Bd0601 C94A overall fold and topology diagram. Representations are colour the
DUF1460 structural insertions: insert 1 (residues 29-51, in grey), insert 2 (63-93, in red), insert 3
(residues 109-135, in yellow) and insert 4 (residues 154-220, in green). The NIpC/P60 core of the
structure is coloured by secondary structure (alpha helices in blue and beta strands in red). A)
Cartoon representation of Bd0601 C94A crystallographic structure. The C94A mutation defining
the putative active site of the enzyme is shown in yellow sphere representation. B) Topology
diagram of Bd0601 C94A structure. C94A mutation is highlighted in yellow.
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Bd0601 C94A fold has four structural insertions with respect to the NIpC/P60 papain-like
fold, which have been described for the DUF1460 CWPs, with exception of two N-terminal
alpha helices (al and all, residues 29-51, in grey) that are absent in the most well-
characterised DUF1460, AmiA, from Bacteroides uniformis (PDB ID: 4H4J) [113]. The
remaining three structural insertions are part of DUF1460 amidases/peptidases (Figure
81A and B), consisting of a 30-residues long loop insertion between helices al and a2 of
the catalytic core (residues 63-93, in red), alpha helices alll and alV (residues 109-135, in
yellow), between alpha helices a2 and a3 of the DUF1460 papain-like domain, and the
large third insert (residues 154-220, in green) between strand B3 and helix a4 of the

catalytic core.

Bd0601 C94A active site comprises the catalytic triad C94A-H255-H270 and a conserved
tyrosine residue, Y68, which is proposed to stabilise the tetrahedral PG-enzyme
intermediate in DUF1460 amidases/peptidases [113], [130], [178]. The nucleophilic C94
(C94A in the crystallised Bd0601 mutant) is located in a2 similarly to other DUF1460 and

papain-like enzymes.
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Figure 82: Electrostatic surface potential and surface representation of substrate binding
pockets of Bd0601 C94A. A) Electrostatic surface potential of BA0601 C94A. An acidic pocket is
observed at the left side of the predicted catalytic triad C94-H255-H270 of Bd0601, that is
predicted to bind the sugar portion of the PG molecule. The oppositely located basic groove is
predicted to accommodate the stem peptide portion of PG molecules. B) Bd0601 C94A surface
representation. Location of the predicted catalytic triad C94-H255-H270 defines a nonprime
pocket for PG sugar binding and a prime pocket for P peptide binding.

The structural inserts around the DUF1460 catalytic core of Bd0601 C94A define a large
pocket surrounding the catalytic triad C94A-H255-H270 with an acidic region towards the
N-terminus of the enzyme and a basic groove towards the C-terminal region of the papain-
like fold (Figure 81A). These pockets, in a similar manner to the B. uniformis AmiA, are
suggested to work as nonprime side and prime side pockets, respectively. The acidic
nonprime pocket would putatively bind the glycan portion of the PG molecule, while the

prime pocket would accommodate the stem peptide of the PG (Figure 81B).
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5.2.1.4. Bd0601 C94A sugar binding pocket

A portion of the substrate binding residues of Bd0601 C94A are identifiable on the GIcNAc-
Bd0601 C94A crystallographic structure (Figure 83A).

Figure 83: Bd0601 C94A glycan binding pocket. A) Stick representation of the GIcNAc bound
structure of Bd0601 C94A. Residues D93, R132 and H134 are shown to stabilise the polar groups
of GIcNAc by hydrogen bonding interactions. B) Stick representation of the GIcNAc-Bd0601 C94A
structure superimposed on the anhMurNAc-GIcNAc-AmiA structure showing that only Y68 is
potentially involved in disaccharide binding.

Sidechains of residues D93, R132 and H134 stabilise the hydroxyl groups of GIcNAc while
the amide nitrogen of the sugar is stabilised by the carboxyl of 134 backbone.
Interestingly, in contrast to what was shown for the GIcNAc bound form of AmiA (PDB ID:
4Q68), which superimposes with an overall RMSD of 1.04 A to GIcNAc-Bd0601 C94A, the
acetyl group of the GIcNAc ligand does not interact with a stabilising sidechain (Y152 in
AmiA) [113].

Superimposition of the anhMurNAc-GIcNAc-AmiA (PDB ID: 4Q5K) on GIlcNAc-Bd0601
C94A reveals high quality overlapping of the GIcNAc portion of both ligands (RMSD= 1.03
A for the overall structure). The superimposition of the anhMurNAc-GlcNAc disaccharide
on Bd0601 C94A depicts the hydrogen bonding between the hydroxyl group of Y68 with
the carboxylate of the anhMurNAc molecule, which agrees with what has been observed

for AmiA, and with most members of the DUF1460 family (Figure 83B) [113].

As shown in Figure 84, residues responsible for direct sugar binding are mostly invariable
in the three publicly available DUF1460 structures: AmiA from B. uniformis (PDB ID: 4H4)),
BF2036 from B. fragilis (PDB ID: 2P1G) and LPG0564 from L. pneumophila (PDB ID: 2IM9),
and the non-solved DEC5E from E. coli. Equivalent sugar binding residues Y68, D93, R132
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and H134 are present through these DUF1460 family members. The motif RXH is present
in all DUF1460, wherein residues R (R132 in Bd0601) and H (H134 in Bd0601) stabilise the
hydroxyls in positions 3 and 4 of the sugar ring (at 3.1 and 2.7 A distance, respectively).
Additionally, the backbone carboxyl group of H134 interacts with the amide radical of
GlcNAG, at 1.9 A distance. This suggests that this family of enzymes has optimised these

residues as initially proposed for AmiA [113].

95 100 105 110 115 120 125 130 135 140
| | | | | | | | | |
Bdo601 AFDCTTYVETVAALTLSY------- GEAEFQKNMNVIRYQDGVVSLIT--=------- RNHFTSVDW
AmiA EVDCTTLVEYVLAETLTPKLADGDISESAFADNLQKIRYRDGKIDGYT----~---~-~ SRLHYIADW
BF2036 EVDCTTFVEYALAMALCPQQGD-EMQEGDFARNLQRIRYRDGKIDGYT--------- SRLHYISDW
LPGO564 GFDCDTYVNTVLSLALAN------- SLESFQECLKHTRYKNGKRSYIN--------- RNHFTSIDW
DECSE ATFCAMEVS------cccccccan- SHGLVQHRVAALKFAASVFTNLSRDHLDYHGDMEHYEAAKW
oo ® oo

Figure 84: Sequence alignment between Bd0601 and available DUF1460 structures. Bd0601
sequence was aligned with AmiA, BF2036, LPG0564 and DEC5E to identify sugar binding residues
(highlighted with blue dots). GIcNAc and anhMurNAc-GIcNAc binding residues are conserved
along the crystallised DUF1460 members. Catalytic cysteine is indicated with a red dot. Residue
numbering is relative to Bd0601.

Non-priming pockets of Bd0601 C94A, AmiA, BF2036 and LPG0564 possess a similar
solvent excluded surface, ranging between 1350 and 1660 A3, respectively, suggesting

that the different DUF1460 enzymes bind the glycan portion of PG in a similar way.

Interestingly, no residue is observed interacting with the acetyl group of GIcNAc in Figure
83, suggesting that Bd0601 could accept acetylated or deacetylated PG molecules
indistinctly, in contrast to the deacetylation specificity reported for DslA (Bd0314,) which
localises two steric blocking residues in the active site Y228 and M150 [38], [116], [117].

5.2.1.5. Bd0601 C94A stem peptide binding pocket

The Bd0601 C94A predicted stem peptide binding pocket was compared with those of the
three DUF1460 protein structures deposited in the PDB: AmiA from B. uniformis (PDB ID:
4H4J, 4068 and 4Q5K, for apo-, GIcNAc- and AnhMurNAc-GIcNAc- bound structures,
respectively), BF2036 xylanase from B. fragilis (PDB ID: 2P1G), and LPG0564 from

Legionella pneumophila (PDB ID: 2IM9).

In contrast to the non-prime pocket, the putative stem peptide binding pocket of
DUF1460 enzymes has been poorly characterised, partially due to its high sequence
variability. Residues located on the putative prime binding pocket surface of Bd0601 C94A
are depicted in Figure 85A.
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Figure 85: Stem peptide binding groove of Bd0601 C94A. A) Putative Bd0601 C94A stem
peptide binding residues. Residues oriented towards the stem peptide binding groove and in
proximity to the C94-H255-H270 catalytic triad are shown in stick representation. B) Surface
representation of DUF1460 enzymes substrate binding pockets. Non-prime pocket is coloured
in magenta and prime pockets in blue. The stem peptide binding groove of Bd0601 C94A is
partially blocked by Y273 in contrast to the continuous non-prime/prime substrate binding
region of the other DUF1460 enzymes. C) Sequence alignment of Bd0601 proposed stem
peptide binding pocket. Catalytic residues are indicated in red dots, whereas proposed substrate
binding residues are indicated in blue dots. Identical residues are highlighted in yellow. D)
Structural superimposition of predicted stem peptide binding grooves of the DUF1460 available
structures (Bd0601 C94A in green, AmiA in brown, BF2036 in magenta and LPG0564 in cyan).
Bulky residue Y273 is a unique structural feature of Bd0601 C94A absent in other Duf1460s.

Putative stem peptide binding residues are located in the vicinity of the C94-H255-H270
catalytic triad of Bd0601, with sidechains oriented towards the groove proposed to bind
the stem peptide of the PG molecule. Residues 5254 and T297 are at hydrogen bonding
distance to the terminal nitrogen groups of R238 (3.2 and 3.0 A, respectively), orienting
R238 for its possible interaction with the acidic portion of the L-Ala or y-D-Glu of the stem
peptide. T297 hydroxyl group appears to be correctly positioned via its hydrogen bonding
with the D295 carboxylate group. Residues K274, S277 and N292 are located in two loops
surrounding the stem peptide binding cleft and due to their location relative to the

catalytic Cys-His-His triad, are proposed to interact with the mDAP of the stem peptide.
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Coincidentally, the Y288 aromatic ring is partially oriented towards the cleft, which might
stabilise the carbon chain of the mDAP residue. The hydroxyl group of Y288 is also exposed

and possibly available for stem peptide binding.

Interestingly, as depicted in Figure 85A and B, the Bd0601 C94A prime pocket appears to
be at least partially blocked by Y273, in contrast to what is observed for AmiA, BF2036
and LPG0564 (Figure 85B). For BF2036, residues E228 and K235 protrude out of the
binding cleft, similarly to Bd0601 C94A K274 and N292, whose sidechains prolong out of

the pocket.

In this regard, the sequence alignment limited to the stem peptide binding regions of
Bd0601 C94A, AmiA, BF2036 and LPG0564 shown in Figure 85C suggests that the
proposed stem peptide binding residues are partially conserved between these different
DUF1460 enzymes (blue dots), at least in the vicinity of the catalytic H255 and H270 (red
dots, this latter being replaced by a Q in LPG0564).

Due to the poor conservation of the DUF1460 stem peptide binding pocket sequences,
structures of AmiA (brown), BF2036 (magenta), LPG0564 (cyan) and Bd0601 C94A (green)
were superimposed based on their secondary structure, and equivalent residues to those

proposed for BA0601 C94A were analysed (Figure 85D).

As predicted by the sequence alignment, the highest conservation is observed for residues
near the catalytic triad. Interestingly, Bd0601 C94A appears to be the most similar to
LPG0564, sharing equivalent R238/R274 and Y288/Y322 residues, which are replaced by
T203/T199 and M245/M241 in AmiA and BF2036, respectively. The basic qualities of R238
appear to be substituted by residues W252 and R245 of AmiA and BF2036, respectively.

Remarkably, no equivalents to Y273 are present in any of the DUF1460 available
structures which agrees with only the Bd0601 C94A prime pocket appearing blocked.
Moreover, as shown by the sequence alignment in Figure 85C and structural
superimposition in Figure 85D, this position is occupied by a serine residue in the other

DUF1460s.
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Protein sequence alignment shows that only Bdellovibrio sp. ArHS and the archaea
Legionellales bacterium RIFCSPHIGHO2 DUF1460 homologues (OM95 01295 and A3F18
02985, respectively) possess a conservative variation in the corresponding sequence
position, replacing Bd0601 Y273 for a phenylalanine residue (Figure 86). Thus, Y273
appears to be a defining characteristic of Bd0601.
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Figure 86: Bd0601 stem peptide binding groove sequence alignment. Bd0601 stem peptide
binding residues (indicated in blue dots) were compared with DUF1460 orthologs OM95 01295
(Bdellovibrio sp. ArHS), A3F18 02985 (Legionellales bacterium RIFCSPHIGHO2) alongside the
structurally characterised DUF1460s AmiA, BF2036 and LPGO564. Specifically, partial
conservation of a bulky aromatic residue in position 273 is observed only in OM95 01295 and
A3F18 02985.

5.2.1.6. Bd0601 C94A docking of PG model substrates

To further probe the hypothesis of the stem peptide binding pocket of Bd0601 C94A being
blocked by Y273, docking experiments were carried out using Autodock Vina as described
in section 2.3.13, using a GlcNAc-anhMurNAc-tetrapeptide substrate (PDB ID: MLD), as
performed for AmiA [113].

As shown in Figure 87A, it is possible to fit MLD with relative confidence in the non-prime
pocket of Bd0601 C94A (AG°= -6.9 Kcal mol?). However, it was not possible to
accommodate the stem peptide of MLD on the predicted pocket for BA0601 C94A, with

all possible orientations of the peptide extending out of the surface of the enzyme.

To test the contribution of Y273 possible blocking of the stem peptide binding pocket, an
in silico Y273S mutation was introduced to Bd0601 C94A and used as receptor for docking
experiments. As depicted in Figure 87B and C, the theoretical Y273S mutation allows to
partially accommodate the peptide portion of MLD in the peptide binding pocket of
Bd0601 C94A/Y273S (AG°= -7.7 Kcal mol?), while maintaining a relatively experimentally

supported orientation of the disaccharide in the non-prime pocket.
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Figure 87: PG model substrate docking on Bd0601 substrate binding site. MLD stem
tetrapeptide was used as model substrate for docking simulations using Autodock Vina. The
catalytic triad C94A-H255-H270 surface representation is coloured in yellow and blue for the
cysteine and histidine residues, respectively. A) MLD was docked on the predicted DUF1460
binding pocket of Bd0601 C94A structure. Y273 (in red) blocks access to the putative stem
peptide binding groove of BdA0601 C94A. B) MLD was docked on the predicted DUF1460 binding
pocket of an in silico double mutant Bd0601 C94A/Y273S. Substitution of Y273 for a serine, as is
mostly conserved in other DUF1460, partially restores the connection between the non-prime
and prime sites of the substrate binding pocket. C) MLD docking result of the Y273S substitution
in panel B, depicting Bd0601 in cartoon representation (white) and the MLD docked ligand in
stick representation (grey).

Interestingly, not fully docked MLD substrates were obtained even when the proposed
obstruction of the prime pocket was released by the Y273S mutation. This could be
potentially due to the presence of other sidechains partially occupying the prime pocket
of Bd0601 C94A, as R238, K274 and N292, which might re-accommodate upon substrate
binding. This agrees with a relatively smaller SES for the peptide binding groove of Bd0601
C94A (433 A%) compared to the average of the other solved DUF1460 enzymes (over 500

A3, on average).
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5.2.2. Bd1177
5.2.2.1. Bd1177 purification and crystallisation

The nucleotide fragment of bd1177 encoding the mature protein Bd1177 was cloned in
the pET28a(+) vector for cytoplasmic expression, purifying this protein to homogeneity as
detailed in section 2.3.5 (Figure 88A). The elution profile of Bd1177 from a Superdex™ 75
26/60 column correlates with a hydrodynamic radius of an approximately 42 kD globular

protein (Figure 88B).
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Figure 88: Bd1177 purification and gel filtration profile. Bd1177 was expressed in TB media,
induced with IPTG, and purified by nickel IMAC and gel filtration chromatography. A) 15% SDS-
PAGE purification gel for Bd1177. B) Gel filtration profile of Bd1177 showing a monodisperse
peak corresponding to the hydrodynamic radius of a globular 42 kD protein (160 mlL,
approximately). The run was performed at room temperature and flow rate of 2 mL/minute in
a buffer composed by 15 mM MES pH 6.0 and 200 mM NaCl.

Purified Bd1177 was concentrated as indicated in section 2.3.9 to a final concentration of
20 mg/mL and screened for crystallisation. Crystals were obtained in condition F1 of the
ProPlex™ screen (0.1M NaeHEPES pH 7.0 and 20% PEG 8000) and are shown in Figure 89.
Native and crystals derivatised with K,PtCl, were harvested for data collection as detailed

in section 2.3.10.
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Figure 89: Bd1177 crystals. Bd1177 crystals were obtained in condition F1 of the ProPlex™
screen (0.1M NaeHEPES pH 7.0 and 20% PEG 8000) and cryoprotected with mother liquor
supplemented with 30% glycerol before collection or K2PtCls derivatisation.

5.2.2.2. Bd1177 data collection and refinement

Diffraction data was collected at the |04 beamline as indicated in section 2.1.11, collecting
native and platinum derivatised datasets of Bd1177. Collected data was autoprocessed by

the Xia-3dii automated pipelines for the ProPlex™ F1 crystals.

Crystallographic data was solved using Phenix Autosol in the P432,2 spacegroup for the
platinum-phased dataset, finding one copy of Bd1177 in the ASU and seven heavy atom

sites (Figure 90).
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Figure 90: Bd1177 platinum phasing sites. A) Phenix Autosol platinum mapped sites (in white).
Correspondence with the electron density mapped is showed for the yellow-coloured platinum
sites. B) Electron density map (2Fo-Fo, 0= 1.50) for the platinum sites.

The PtSAD model was used for MR solving of the native dataset in the P4;2,2 spacegroup,
finding one copy of Bd1177 in the ASU. Crystallographic data collection and refinement

statistics are shown in Table 15.
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Table 15: Data collection and refinement statistics for PtSAD and native Bd1177 C-terminus.
Statistics for PtSAD and native Bd1177 C-terminus crystallographic data obtained at 2.00 and 1.70
A, respectively, are shown.

Bd1177 C-terminus PtSAD Bd1177 C-terminus Native

Data Collection

Resolution range (A) 50.96 — 2.00 59.61-1.70
Space group P432:2 P452:2
Cell dimensions

a, b, c(A) 84.25, 84.25,98.41 84.30, 84.30, 98.82

a,6v(°) 90, 90, 90 90, 90, 90
Total reflections 631012 (58219) 1013088 (94489)
Unique reflections 24576 (2405) 39802 (3917)
Completeness (%) 99.92 (99.83) 99.96 (99.90)
Redundancy 25.7 (24.2) 25.5(24.1)
<I>/ol 17.92 (3.21) 27.39 (2.88)
Rmeas 0.131 (0.626) 0.0724 (0.657)
CCi2 0.999 (0.969) 1(0.97)
CCanom 0.3(0.1)
Refinement
Maximum resolution (A) 1.70
Number of reflections used 39787 (3913)
Number of reflections for Rfree 2079 (183)
Rwork 0.1729
Réfree 0.1907
RMSD

Bonds (A) 0.008

Angles (°) 1.07
Number of atoms

Protein 1845

Ligand/ion 20

Water 264
B-factors

Protein 25.19

Ligand/ion 37.74

Water 37.70
Ramachandran favoured (%) 97.29
Ramachandran allowed (%) 2.71
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 0.51

*Values in parenthesis correspond to the highest-resolution shell

Nevertheless, data solving revealed that Bd1177 diffraction corresponds to a proteolyzed
fragment of Bd1177, specifically, the C-terminus of Bd1177. This obtained structure will

be referred as Bd1177 C-terminus from here onwards.
5.2.2.3. Bd1177 partially proteolyzed C-terminal structure

Bd1177 solved structure traces 222 of the 524 residues of the mature protein, specifically,

residues 322 to 544, corresponding to the C-terminus of the protein (Figure 91).
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Figure 91: Bd1177 proteolyzed C-terminal structure. Cartoon representation of the native
Bd1177 proteolyzed C-terminal structure shown in two 180° views apart. Alpha helices and beta
strands are coloured in purple and pink, respectively. The C-terminal half of Bd1177 adopts a
bulb-like structure that is connected to the proteolyzed N-terminal by a precited flexible linker.
The C-terminal fold is stabilised by two disulphide bonds, C338-C435 and C468-C484.

The C-terminal fragment of Bd1177 adopts a bulb-like topology consisting of a central
three helical bundle packed against shorter a-helices (in purple) and two antiparallel B-
strands (in pink). The whole fold is further stabilised by two disulphide bonds, between
C338-C435 and C468-C484.

Submission of the solved C-terminal fragment of Bd1177 to the Dali server does not reveal
any significant matches with publicly available protein structures in the PDB, suggesting

that this portion of the protein corresponds, at least partially, to a novel domain.

To stop proteolysis of Bd1177, a protease cocktail was added during Bd1177 purification
and crystal screening, however, only systematic crystallisation of Bd1177 C-terminal

fragment was observed.
5.2.2.4.Bd1177 C86A and Bd1177 C86A/Y124C/Y508C design

Considering the lack of information provided by the proteolyzed fragment of Bd1177, a
structural prediction for Bd1177 by RosettaFold was carried out [180]. The obtained

structural model is shown in Figure 92.
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Figure 92: Bd1177 predicted structural model. A) Structural superimposition of the Bd1177 C-
terminal crystal structure (in red) and the RosettaFold full-length predicted model (in blue). B)
The predicted full-length structure of Bd1177 adopts a bi-lobulated fold (N-terminal domain in
pink and C-terminal domain in purple). C) Predicted active site of Bd1177 situated in the N-
terminal domain, centred on the nucleophilic C86. D) Aromatic stacking between residues Y124
and Y508 is shown as one of the interacting points between the N-terminal and C-terminal
domain of Bd1177 in the RosettaFold predicted model.

As seen in Figure 92A, the full-length structural prediction of Bd1177 (in blue)
superimposes reliably with the crystallised C-terminal fragment of Bd1177 (in red) with
an overall RMSD of 2.59 A, suggesting that the obtained model could be used for construct

design to obtain the full-length experimental structure of Bd1177.

The full-length predicted structure of Bd1177 is formed by two discrete structural
domains, the presumable N-terminal catalytic domain (in pink) and the cryptic crystallised
C-terminal proteolyzed fragment of Bd1177 (in purple, from here onwards, C-terminal
domain of Bd1177), connected by a disordered loop comprising residues 316 to 325
(Figure 92B).

Figure 92C shows the putative active site of Bd1177 which coincides with a cysteine
peptidase/amidase consisting of a catalytic triad C86-H200-H219. Thus, as a first
approach, Bd1177 truncated constructs (residues 20-321) were designed to purify and
crystallise the N-terminal portion of Bd1177, however, no soluble protein was obtained

for these Bd1177 constructs.

Considering this, a catalytically null mutant, Bd1177 C86A, was designed to produce a
more stable version of Bd1177 lacking a free cysteine residue and to avoid any possible
self-proteolysis. Additionally, analysis of the Bd1177 full-length predicted structure using

the Disulfide by Design 2.0 web server (http://cptweb.cpt.wayne.edu/DbD2/) reveals that
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the interaction between the two domains of Bd1177 might be mediated, at least partially,
by the aromatic stacking interaction between Y124 (from the N-terminal domain) and
Y508 (from the C-terminal domain) (Figure 92D) [181]. Thus, a disulphide locked and
catalytically null triple mutant Bd1177 C86A/Y124C/Y508C was designed to promote

crystallisation of the full-length structure of Bd1177.
5.2.2.5.Bd1177 C86A and Bd1177 C86A/Y124C/Y508C purification and crystallisation

Soluble protein was successfully purified for both mutants Bd1177 C86A and Bd1177
C86A/Y124C/Y508C in a similar fashion to native Bd1177 (Figure 93A). Moreover, gel
filtration elution profiles for both mutants are identical between each other and with

native Bd1177, suggesting that mutation does not impact drastically on Bd1177 three-

dimensional structure (Figure 93B).
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Figure 93: Purification and gel filtration profile of Bd1177 C86A and Bd1177
C86A/Y124C/Y508C. Bd1177 C86A and Bd1177 C86A/Y124C/Y508C were expressed in TB
media, induced with IPTG, and purified by nickel IMAC and gel filtration chromatography
analogously to wild-type Bd1177. A) 15% SDS-PAGE gel showing purity of Bd1177 C86A and
Bd1177 C86A/Y124C/Y508C after IMAC and gel filtration chromatography. B) Gel filtration
profile of Bd1177, Bd1177 C86A and Bd1177 C86A/Y124C/Y508C showing monodisperse peaks
corresponding to the hydrodynamic radius of globular 42 kD proteins (160 mL, approximately).
Equivalence between elution profiles suggests that Bd1177 mutants adopt a conformation
similar to Bd1177 in solution. The run was performed at room temperature and flow rate of 2
mL/minute in a buffer composed by 15 mM MES pH 6.0 and 200 mM NaCl.

Bd1177 C86A and Bd1177 C86A/Y124C/Y508C were concentrated to 20 mg/mL and

screened for crystallisation conditions. Crystal formation was only observed for Bd1177

C86A/Y124C/Y508C in JCSG-plus™ condition A7 (0.1M CHES pH 9.5 and 20% PEG 8000)
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(Figure 94). These crystals were cryoprotected with mother liquor supplemented with

30% of glycerol and harvested for data collection.

Figure 94: Bd1177 C86A/Y124C/Y508C crystals. Crystals were obtained in condition A7 of the
JCSG-plus™ screen (0.1M CHES pH 9.5 and 20% PEG 8000).

5.2.2.6.Bd1177 C86A and Bd1177 C86A/Y124C/Y508C data collection and refinement

Diffraction data was collected at the 104 beamline as indicated in section 2.1.9, collecting

native datasets of Bd1177 /Y124C/Y508C.

Diffraction data for the Bd1177 C86A/Y124C/Y508C triple mutant was autoprocessed by
the Xia2-3dii automated pipeline and solved by molecular replacement at 2.2 A resolution
in the P1 spacegroup with four copies of the protein in the ASU. Crystallographic data

collection and refinement statistics are shown in Table 16.
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Table 16: Data collection and refinement statistics for Bd1177 C86A/Y124C/Y508C.
Crystallographic data was obtained at 2.2 A maximum resolution.

Bd1177 C86A/Y124C/Y508C

Data Collection
Resolution range (A)
Space group
Cell dimensions

a, b, c(A)

a6 v()
Total reflections
Unique reflections
Completeness (%)
Redundancy
<I>/ol
Rmeas
Rpim
CCi2

Refinement
Maximum resolution (A)
Number of reflections used
Number of reflections for Rfree
Rwork
Réree
RMSD

Bonds (A)

Angles (°)
Number of non-hydrogen atoms

Protein

Ligand/ion

Water
B-factors

Protein

Ligand/ion

Water
Ramachandran favoured (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)

53.4-2.2
P1

45.46, 110.83, 116.94

101.68, 90.02, 90.02

352512 (16992)
100717 (5435)
88.56 (47.48)

3.5(3.1)
12.83 (3.41)

0.06632 (0.3082)

0.03497 (0.1681)
0.998 (0.953)

2.20
100528 (5426)
4920 (288)
0.1940
0.2331

0.018
1.72

16626
104
1323

47.29
46.00
44.03
96.50
3.12
0.38
5.73

*Values in parenthesis correspond to the highest-resolution shell

5.2.2.7.Bd1177 C86A/Y124C/Y508C overall structure and N-terminal domain

The obtained crystallographic structure of Bd1177 C86A/Y124C/Y508C traces the 524
residues of the mature protein (residues 21-544) and is depicted in Figure 95A, in two 90-

degree views.
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Figure 95: Bd1177 C86A/Y124C/Y508C crystal structure, active site, and putative catalytic
core. A) Bd1177 C86A/Y124C/Y508C depicted in cartoon representation, in two 90° angle views.
The structure confirms a bi-lobulated fold connected by a linker, wherein the N-terminal domain
incorporates four structural insertions (in grey, red, green, and yellow) surrounding a NIpC/P60-
like core (coloured by secondary structure, alpha helices in blue and beta strands in pink) and is
connected to the previously crystallised C-terminal domain (in purple). B) Bd1177
C86A/Y124C/Y508C putative active site formed by the catalytic triad C86-H200-D217. C) The
Bd1177 C86A/Y124C/Y508C putative active site is located in the interface between the N-
terminal and C-terminal domain (in grey and pink, respectively). D) NIpC/P60 Bd1177
C86A/Y124C/Y508C central core depicted with structural insertions 1 to 4 and compared to the
NIpC/P60 core of MagC (PDB ID: 7BK8).

As predicted by the RosettaFold model of native Bd1177, the Bd1177 disulphide-locked
triple mutant depicts a bilobular three-dimensional structure consisting of the previously
non-crystallisable N-terminal domain (residues 21-317) and the cryptic C-terminal domain
(residues 327-544, in purple) connected by a flexible linker (residues 318-326). The overall
fold of Bd1177 is further stabilised by three disulphide bonds, C64-C224 in the N-terminal
domain, and C338-C435 and C468-C484 in the C-terminal domain. As designed, both lobes
of the protein are linked by the introduced disulphide bond C124-C508.

The N-terminal domain of Bd1177 comprises a NIpC/P60 putative catalytic core with a
canonical papain-like fold. The NIpC/P60 core of Bd1177 is formed by a six-stranded half
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beta barrel sandwiched against two long alpha helices (coloured by secondary structure,
beta strands in pink and alpha helices in blue). The putative active site of Bd1177 is
comprised by the nucleophile C86 (C86A in the crystallised protein), and the two
conserved acid-base residues H200 and D217 (Figure 95B). The NIpC/P60 core of Bd1177
is structurally related to the NIpC/P60s MagC from P. aeruginosa PAO1 (PDB ID: 7BK8),
which superimposes with Bd1177 on the papain-like core with an RMSD of 3.1 A [182].
The side chains of the catalytic triad C86-H200-D217 extend towards the interface
between the N-terminal and C-terminal domain, suggesting that the C-terminal domain
might participate in substrate selection and/or binding by acting as a capping domain

(Figure 95C).

Four structural insertions of the NIpC/P60 core are exclusive to Bd1177: insert 1 (grey,
residues 21-35), insert 2 (red, residues 55-84), insert 3 (green, residues 102-177) and
insert 4 (yellow, residues 248-317) (Figure 95D). As opposed to the DUF1460 insertions in
Bd0601, the structural insertions of Bd1177 do not appear to define a discrete substrate
binding pocket, however they might participate in the subcellular localisation of the
enzyme, protein-protein interactions, or substrate selection by modulating the enzyme

conformation enabling substrate binding.

5.2.2.8. Structural interaction between N- and C-terminal domains of Bd1177

C86A/Y124C/Y508C

The C-terminal capping domain of Bd1177 interacts with the N-terminal domain by
residues mainly located in the first alpha helix of the C-terminal domain (residues 326-
353). Other than the introduced Y124C and Y508C mutated pair, the strongest interaction
is the 2.6 A salt bridge between residues R314 (in insert 4 of the N-terminal domain) and
D329 (fist helix of the C-terminal domain), which is located towards the hinge region
defined by the flexible linker connecting both Bd1177 domains (Figure 96A). In close
proximity to this salt bridge, Q332 of the C-terminal domain forms a 3.3 A hydrogen bond
with R212 and a 3.0 A hydrogen bond with D210. The middle point of the interacting
interface is comparatively less extensive, with a sole 3.1 A hydrogen bond between K232
and D336 (Figure 96B). The rest of the stabilising interactions between N-terminal and C-
terminal domain surround the putative catalytic triad of Bd1177: a 2.6 A hydrogen
bonding between T223 and R384, and the 3.6 A cation-pi interaction between R387 and

H200 of the catalytic triad, respectively.
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Figure 96: Analysis of the interacting interface between the N- and C-terminal domains of
Bd1177 C86A/Y124C/Y508C. A) Interacting sidechains in proximity to the hinge region
connecting the N- and C-terminal domains of Bd1177 C86A/Y124C/Y508C. The most remarkable
interaction corresponds to a salt bridge formed between residues R314 (N-terminal domain)
and D329 (C-terminal domain). B) Interacting interface proximal to the catalytic triad C86-H200-
D217. Conserved H200 and the closely located T223 appear at hydrogen bonding distance to
R387 and R384 of the C-terminal domain, respectively. C) Interface view of the electrostatic
surface potential of the N- and C-terminal domains of the Bd1177 triple mutant. Residues
visualized in panels A and B are indicated.

As shown in Figure 96C, the putative C86-H200-D217 active site is mostly inaccessible due
to it being covered by the C-terminal domain. It is possible that the introduction of three
mutations, particularly the Y124C-Y508C disulphide bond, might affect the three-
dimensional conformation of Bd1177, however the gel filtration elution profiles of the
mutants are similar to the native protein. This, in addition to the RosettaFold predicted

model and an AlphaFold2 prediction for Bd1177 depicting a similar conformation to the
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experimentally determined structure, suggests that the mutant adopts a near-native

conformation.

Additionally, analysis of the average B-factors per residue in the Bd1177 triple mutant
structure suggests that the linker connecting the N- and C-terminal domains of Bd1177 is
not highly mobile in the crystal arrangement (Figure 97). These results support the
hypothesis that the C124-C508 would restrict conformational fluctuations of Bd1177

without altering its overall conformation.

B-factor (A?)
=

23 55 88

Figure 97: B-factor colouring of Bd1177 C86A/Y124C/Y508C. B-factor analysis of cartoon and
surface representation of Bd1177 triple mutant. B-factors range from 23 to 88 A2 (cyan to
magenta, respectively), with the highest values corresponding to the N-terminal NIpC/P60-like
domain. Lowest B-factor values are generally seen for the hinge loop and the C-terminal domain,
suggesting minimal fluctuations of Bd1177 C86A/Y124C/Y508C in the crystal lattice.

Structural data was used for calculating low frequency normal modes to identify possible
conformational changes of Bd1177 using the e/lNémo (Elastic Network Model, ENM)

webserver (http://www.sciences.univ-nantes.fr/elnemo/). The initial and final

conformations of the calculated trajectory are shown in Figure 98 in red and blue,

respectively.
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Figure 98: Simulated conformational change of Bd1177. Bd1177 possible conformational
opening is calculated based on the crystallised structure using the ENM approximation and is
shown in cartoon representation in two 90° angle apart views. Crystallised closed state of
Bd1177 is shown in red, while the calculated final conformation is depicted in blue.

A 4.15 A overall shift in conformation is observed from the crystallised closed state (in
red) to a relatively more open conformation (in blue). Apart from the loop regions (with
intrinsically higher B-factor values), the two 90° views of Bd1177 show structural
fluctuations mainly in the C-terminal domain, which displaces in a rigid body-like fashion.
This model correlates with an opening and closing conformational change mechanism of
Bd1177 to accommodate possible PG substrates. This proposed conformational change
possibly requires disengaging the hydrogen bonding interactions stabilising the N-
terminal/C-terminal domain interface, which could be potentially induced upon substrate

recognition and binding.

To analyse the conservation of residues proposed to participate in the interaction
between N- and C-terminal domains of Bd1177, a BLAST search was carried out first in B.
bacteriovorus HD100, identifying only protein Bd2480 as a significant homologous.
Bd2480 residues are mostly identical or conserved in their chemistry when compared to
Bd1177, with few exceptions of loop and surface exposed residues (68.99% sequence

identity).

Thus, a broader Bd1177 BLAST search was carried out across different organisms,

including other Bdellovibrio species and strains. Seven representative Bd1177
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homologues are shown in Figure 99: Bd2480 from B. bacteriovorus HD100, AOA514XLV5
from Bdellovibrio sp. Zap7, AOA254QLJ5 from Bdellovibrio sp. SKB1291214, Bdt2422 from
B. bacteriovorus Tiberius, H7Z71_07925 from Moraxellaceae bacterium, H7301_03220
from Cryobacterium sp. and WP_167082726 from Rhizomicrobium palustre. Overall
protein sequence is highly conserved, with over 60% sequence identity across the
different Bdellovibrio species, and over 45% for non-Bdellovibrio bacteria, suggesting they

adopt a similar three-dimensional structure.

Residues proposed to be involved in the interaction between the N- and C-terminal
domains of Bd1177 are mostly conserved. The salt bridge pair R314-D329 is conserved
across the different homologues, but interestingly, the aspartic acid residue is replaced
by a glutamic acid in non Bdellovibrio bacteria. On the contrary, the interaction between

residues D210-Q332-R212 is specific for B. bacteriovorus.

Further, residues K232-D336 are mostly conserved in the different homologues except
Cryobacterium sp. and R. palustre, wherein the aspartic acid is replaced by a glycine or a
serine, respectively. Due to the high conservation of the basic K232 (which is replaced by
an arginine residue in R. palustre), it is possible for this residue to participate in substrate

binding.

Moreover, the H200-R387 and T223-R384 pairs are conserved in these homologues,
which in addition to their close proximity to the catalytic C86 suggests that these residues

might participate in substrate recognition or binding.

Finally, residues Y124 and Y508, which are not shown in the sequence alignment, are
conserved in all Bd1177 homologues, indicating that the aromatic ring stacking possibly

occurs in the closed state of all these enzymes.

182



Bd1177

Bd2480

Zap7
SKB1291214
Tiberius

M. bacterium
Cryobacterium sp.
R. palustre

Bd1177
Bd2480

Zap7
SKB1291214
Tiberius

M. bacterium

Cryobacterium sp.

R. palustre

183 180
| |

LNREGIRPGTVIYDPAGHVAIIHRVTDDGRIFYIDSHPDNTLTSGMYTPKFTRSFPGHGAGFKNFRPLALQGASRKA-NGEYYGGKIVGALNTQLANFSVEQFYGNSPDP - - AGEWNKGK
IDRQGIRPGTVIYDPNGHVAVVYKVTDDGRVFYIDAHPDNSLTMGMYTPKFVRSNPNQGAGFKKFRPLTLVDAKPDS -SGAYAGGKIVAANNNQLRDYSLEQFYGTQPDN - - A-GWSKGK
LTRFSIRPGTVIYDPNGHVAVVYKVTTDGQIYYIDSHPDNTLTSGMYNPKFERSNPYQGAGFKNFRPLTLTGAKKDS - SGAYIGGRVLGAKNNTLPYYSLEQFYGNRPDP - -DGQWSKGQ
LTRFSIRPGTVIYDPNGHVAIVYKVTQDGQIYYIDSHPDNTLTSGMYNPKFERSNPYQGAGFKNFRPLTLTGAKRDS -SGAYIGGRVEGAKNNSLPYYSLEQYYGTKPDP - -DGQWSKGQ
IDRQGIRPGTVIYDPNGHVAVVYKVTDDGRVFYIDAHPDNSLTMGMFTPKFVRSNPNQGAGFKKFRPLSLVDAKQDS -SGAYAGGKIVAANNYQLRDYSLEQFYGTQPDS - -A-GWSKGK
VDREAIRPGTNIYDPNGHVAIVYKVTADGKIYFIDAHPDNSLTSGLFGTKFVRSNPYQGAGFKNFRPLKLIGATFDATLGSYVGGQIRPTKNSELKKFDIVQFFGTDRQP - - LADWRKGA
LDRNSLHPGTAIYDPAGHVAVVYSVESDGRILFIDAHPDNSVTRGTYGKKFARSSPGHGAGFKNWRPMRLVGASPAG-NGEWTGGKVVPFSNSELKDYSTVQFFGNEPDP - - KKAWNRGK
ISTKSIRPGTVVYDPNGHLITVWKVERNGRIHYMDAHPDYSVTRGFYDVRFVRSSPGMGAGFKNWRPQILEGATRQA-DGSYTGGRIVMAANKAISDYSLEQFFGNGKRPAEDRDWASGG
[ ] [ ]

200 210 220 230 240 250 260 270 280 290 299
| | | | | | | | | | |

300 310 320 330 340 350 360 370 380 390 400 410 419
| | | | | | | | | | | | |

FLHRGVQYPYYDYLRIAMASGDLKIDPLQDMRQMVADICVNLKDRVVAVDMAIKAGVDRKPHPERLPTNIFGTTGEWEDYASPSRDARLKVGFMDILNQARTLVQRQRSGDPAIVYSGAN
FLFRGQQVTYYDYIRLSLTEGEAHIDPLKDMAQLTDDICVSLKDRVAAVDAARTSGVSAKPHPERLPVNIFGTDGEWENYATPSRDARLKVAFMDLVTSTRANIEKYKKRDPSIRYNGGN
FIYNGRAVDYYEYLRIMLANGELRIDPLQDMQSMVADLCVNLKDRVQAVDVALRSGVQNKPHPDRLPQNIFGTTGEWEQFASPSRDARLKVSFMNLLAQTRSMVQRYQVGDPTIVYRGNN
FVYNGRAVDYYEYLRIMLANGELRIDPIADMQSMVADLCVNMKDRVVAVDMALRSGVQNKPHPDRLPQNIYGTTGEWEQFASPSRDARLKVSFMNLLTQTRSMVQRHQVGDPTIVYRGNN
FLFRGQQVTYYDYIRLSLTEGEAHIDPLKDMAQLTDDICVSLKDRVAAVDAARTSGVAAKPHPERLPVNIFGTEGEWENYATPSRDARLKVAYMDLVTSTRANIEKYKKRDPSIRYNGGN
FMIGGQKYDYYDYLRNELSVGNLRLNPVNEIKSLASDICQTIQDRVVAVNGAIKVGLQNNSHPDRLPENIYGTSGEWEEYSTPSRDARLKTTMVELRELAVTLFAKFNAHDPQLDYVGSD
FVIAGKAFDYYDYLRHVLSSGDLKYDPLNEYSLLLRGLCVDLKDRATSVELAVTRGIHLKEHPARLPLNIYGSAGEWEDYATPSRDARLKTSLKEARDRSLEFIALWKAGDASVVYSGAD
FTLNGERIGYYDYVRGQLAGGTLLFDPLREIGDMVDSNCDDLKYRGAAVDLATIAAGIQKRAQPDQLPANIYGTEGDWEMYSSPSRDARLKTAFKETYETTRRFVEMAKKGDTKLSYKGKN
o e o L I

Figure 99: Conservation of N- and C-terminal interface interacting residues in Bd1177 homologues. Seven representative Bd1177 homologues were
identified by BLAST, including B. bacteriovorus Bd2480 (strain HD100) and Bdt2422 (strain Tiberius) and homologues from Bdellovibrio sp. Zap7 and
SKB12911214. Additionally, non Bdellovibrio homologues from Moraxellaceae bacterium, Cryobacterium sp. and Rhizomicrobium palustre were also
included. Residue conservation is shown in grey. Catalytic residues, N-terminal interacting residues and C-terminal interacting residues are indicated with
red, pink, and purple dots, respectively. Residue numbering is respect to Bd1177 protein sequence.
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5.2.2.9. Active site analysis and possible substrate binding residues of Bd1177
C86A/Y124C/Y508C

Analysis of the residues surrounding the C86-H200-D217 catalytic triad (<10 A linear
distance) shows that residues D85, D217, H219, D221, T225, E377, S383 and R506 may
potentially participate in substrate binding upon displacement of the C-terminal domain

(Figure 100).

D217

$383

\ R506

Figure 100: Potential Bd1177 substrate binding residues. Residues in proximity to the catalytic
triad C86-H200-D217 are depicted in stick representation. Residues are highly conserved in
different Bd1177 homologues, including non Bdellovibrio organisms.

Comparative structural search using the Dali webserver reveals poor conservation of the
overall structure, only finding significant matches for the NIpC/P60 catalytic core of

Bd1177.

Specifically, only MagC from P. aeruginosa (PDB ID: 7BK8, RMSD= 3.1 A, 7= 6.8), COG0791
from Nostoc punctiforme (PDB ID: 2EVR, RMSD= 3.8 A, 7= 6.7) and Acd24020 from C.
difficile (PDB ID: 7CFL, RMSD= 2.9 A, Z= 6.3) may be considered significant matches, with
no results for the C-terminal domain of Bd1177. Of these, both COG0791 and Acd24020
have been proven to have PG endopeptidase activity, whereas MagC has been shown to

be inactive, acting as a macroglobulin scaffolding protein instead [151], [159], [182].

As expected for NIpC/P60 CWHSs, even though the catalytic core retains a similar papain-

like fold, residue conservation outside the catalytic triad is poor, limiting prediction of
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ligand binding sidechains. Coincidentally, none of the polar residues in proximity to the
proposed Bd1177 catalytic triad C86-H200-D217 are conserved among the identified

NIpC/P60 structures with exception of D85.

It is not possible to align the amino acid sequence of Bd1177 and the identified NIpC/P60s
due to their divergence even when limiting the alignment only to the catalytic domain.
Moreover, in the Dali-identified NIpC/P60 structures, the catalytic triad of the enzymes
deploy a histidine as the third residue, whereas in Bd1177 it has been replaced with an

aspartate.

Altogether, these results suggest that Bd1177 defines a new family of NIpC/P60
peptidoglycan endopeptidases with a unique C-terminal capping domain, different from

the DUF1460 Bd0601 amidohydrolase.

5.3.Discussion
5.3.1. Bd0601 C94A

5.3.1.1. Bd0601 C94A express only as a catalytically null mutant

Bd0601 is a DUF1460 amidase encoded in the bd0601-0603 operon and targeted for
periplasm secretion by a Secl signal peptide. Three DUF1460 ortholog structures have
been solved and are publicly available in the PDB: AmiA, BF2036 and LPG0564, defining a

family of tetra- and tripeptide PG amidohydrolases in apo and ligand-bound states [113].

Remarkably, even though different constructs and expression conditions were tested,
only the codon-optimised catalytically null mutant Bd0601 C94A was solubly expressed,
which was not necessary for the other crystallised DUF1460s. Native Bd0601 proved to
be toxic for E. coli when overexpressed either in the cytoplasm or the periplasm, which
could be due to its proposed hydrolytic activity directed towards E. coli PG and PG

precursors.

Attempts to co-express the native or catalytically null C94A mutant of Bd0601 with
Bd0602 and B0603, with the working hypothesis that these may act as immunity proteins
protecting the predator from Bd0601 hydrolytic activity, proved unsuccessful due to the
latter proteins being insoluble under all conditions tested. Thus, it is not possible to
discard that native Bd0601 would have been successfully expressed in combination with
soluble constructs of Bd0602 and/or Bd0603, or if Bd0602 and BA0603 are solubilised and

purified as membrane-bound proteins.
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5.3.1.2. Bd0601 C94A is a DUF1460 amidase with a conserved structure but divergent

sequence

Bd0601 C94A crystallised in apo and GlcNAc-bound forms which were solved at 3.95 and
2.05 A resolution, respectively. No significant conformational changes were observed
upon GIcNAc binding, as for the GIcNAc- and anhMurNAc-GIcNAc-bound forms of AmiA
[113].

The three-dimensional structure of BA0601 C94A depicts a central papain-like fold with a
catalytic C94-H255-H270 triad and four structural insertions that surround the catalytic
core. These DUF1460 specific structural insertions define two discreet ligand-binding
pockets: a prime pocket, which binds the sugar portion of PG molecules, and a non-prime

pocket, which accommodates the stem peptide region of PG on a shallow surface groove.

The prime pocket of DUF1460 amidohydrolases is the most conserved sequence wise.
Sugar binding residues are mostly unchanged with respect to other DUF1460s, wherein
D93, R132 and H134 stabilise the chair conformation of the GIcNAc ring and Y68 would

potentially stabilise the carboxylate group of anhMurNAc.

In contrast to what was found for the sugar biding pocket of DUF1460s, the non-prime
pocket has been poorly analysed and even overlooked due to its high sequence variability.
For Bd0601, general features such as the placement of R238 as a possible mDAP binding
residue are, to some extent, conserved among the solved DUF1460s. Nonetheless, the
most outstanding feature of Bd0601 C94A compared to the available solved structures of
other DUF1460 orthologs is the partial blocking of the stem peptide binding groove of the

enzyme by Y273, which substitutes the nearly invariant serine residue in this position.

As proposed by surface volume inspection of Bd0601 and preliminary docking studies,
Y273 blocks the stem peptide binding groove of the enzyme, which would potentially
impair catalysis. This positioning of an aromatic residue is almost exclusive to B.
bacteriovorus HD100, with few exceptions. Since GIcNAc binding to the prime pocket does
not alter the enzyme conformation, reorientation of Y273 would likely require either
recognising a specific portion of the peptide or interaction of Bd0601 with an activating

partner (or a binding of a substantially different peptide substrate).

It has been observed that in S. aureus the amidase LytH coordinates sacculi synthesis with

cell division [115], [167]. The activity of LytH is triggered by its association with the
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transmembrane tetratricopeptide repeat (TPR) containing protein ActH, limiting LytH
hydrolytic activity to the poles of the dividing cell. On the other hand, E. coli AmiA and
AmiB, two NALAA CWAs, are controlled via binding to the LytM motif of periplasmic cell
division regulator EnvC [173]. Other amidases are naturally in s self-inhibited state, such
as the Streptococcus pneumoniae PcsB CHAP [183]. This inhibition is caused by the
catalytic domain interacting with the enzyme’s coiled-coil domain and is relieved by the

ATP-dependent conformational change of its interacting partner, FtsEX [183].

DUF1460s are part of a group of NIpC/P60s that has been poorly characterised,
nevertheless, the limited available information indicates that the stem peptide binding
groove is accessible, and no partner is required for their hydrolytic activity. Thus, Bd0601

potentially requiring activation is unprecedented for this family of enzymes [113].

5.3.1.3.Bd0602 and Bd0603 are membrane-linked proteins that may associate with
Bd0601

In B. bacteriovorus HD100, the mRNA levels of the bd0601-0603 operon are significantly
increased during predation, suggesting that Bd0601 is required either for PG modification
in B. bacteriovorus in order to predate, or for prey cell wall hydrolysis [21]. In any case,
Bd0601 might be synthesised in an inhibited state that could be relieved by its interaction

with a specific partner, targeting particular subcellular locations for PG hydrolysis.

The bd0601-0603 operon encodes the soluble NIpC/P60 Bd0601 and two lipobox
membrane-linked proteins, Bd0602 and Bd0603. Bd0602 is predicted to have at least one
ankyrin-like repeat (residues 44 to 104) whereas Bd0603 has no significant putative

domain prediction resulting from its amino acid sequence.

Since it was not possible to produce soluble constructs for Bd0602 nor Bd0603, predicting
the three-dimensional structure of both proteins was attempted using RosettaFold and
AlphaFold2 [145], [180]. Unfortunately, no model prediction for any of the two proteins
reached at least 50% of confidence in either algorithm, yielding poor predicted structures
even for the putative ankyrin repeat of Bd0602, with no discernible compact fold. Not
even simultaneous folding and complex formation with Bd0601 or between Bd0602 and
Bd0603 improved the models, jeopardising construct design or proposing a functional role

for these proteins.
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Since the ankyrin Bd3460 has been shown to interact and inhibit the DDTs Bd0816 and
Bd3459, conferring protection of their hydrolytic activity to the predator until the enzyme
is secreted to the prey’s periplasm, the first working hypothesis was that Bd0602 could

act as an immunity protein for Bd0601 [36].

B. bacteriovorus, specifically strain HD100, is the only known case of a (Bdellovibrio)
DUF1460 encoded by an operon, wherein even the closely related B. bacteriovorus
Tiberius strain homologue bdt0574 has diverged as a single transcriptional unit. Bdt0574
lacks an equivalent for Y273 in Bd0601, replacing it with a serine residue as observed in
most DUF1460s. In contrast, other organisms encode DUF1460 hydrolases in the same
transcriptional unit as oligopeptide transporters and glycosyl hydrolases, suggesting that

these enzymes are deployed as part of the PG recycling machinery [113], [184], [185].

Therefore, it is not unreasonable to hypothesise that Bd0602 and Bd0603 are related to
Bd0601 function. Since both these proteins are covalently anchored to the membrane,
one of the possibilities is that they localise and/or activate Bd0601 to particular
subcellular localisations in the predator, as observed for other membrane-linked
interacting partners of different CWAs [115], [167], [186]. Further functional and

structural studies are required to probe this hypothesis.

5.3.2. Bd1177 and Bd1177 C86A/Y124C/Y508C

5.3.2.1. Bd1177 is expressed but crystallises only as a C-terminal fragment

Bd1177 was predicted to be a poorly conserved CWA or CWP of the CHAP or a related
family. Wild-type Bd1177 was successfully expressed and purified to homogeneity for
crystallisation screening and structure determination, in order to characterise this
divergent group of CWHSs. However, only a 24.5 kD C-terminal fragment of the protein
(residues 322 to 544) crystallised in a variety of conditions and commercial crystal
screening months after the crystallisation experiments started. Addition of protease
inhibitors during purification and crystallisation, as well as decreasing temperature to 4°C
and even seeding to accelerate the nucleation process did not allow crystallisation of the

full length Bd1177.

The structure of the C-terminal fragment of Bd1177 was solved at 1.70 A resolution
showing that this fragment adopts a compact and mostly helical lightbulb-like structure

stabilised by two disulphide bonds. No significant structural matches were found in the
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PDB after performing a Dali search FoldSeek search of predicted structural models,

suggesting that this fragment adopts a novel fold.

Considering the lack of information provided by the C-terminal fragment of Bd1177 and
the failed attempts to crystallise the full-length protein, different truncated N-terminal
constructs for Bd1177 were designed based on the start of the crystallised C-terminal
fragment (residue 322). No soluble protein was expressed for the designed N-terminal
Bd1177 constructs, indicating that the interaction of the N-terminal part of the protein

with the crystallisable C-terminal fragment was likely necessary for protein folding.

Bd1177 was predicted with reasonable confidence depicting a bilobular protein fold, one
of them corresponding to the experimentally-determined C-terminal fragment [145],
[180]. In fact, the overall predicted structure of the C-terminal of Bd1177 mostly coincides
with the experimental model, supporting the use of these models for construct design to

obtain the full-length Bd1177.

Taking this into consideration, it was found that residues Y124 (of the N-terminal half) and
Y508 (of the C-terminal half) of the RosettaFold in silico model were oriented forming an
aromatic stacking interaction between N- and C-terminal halves of Bd1177. Therefore, a
disulphide bond was engineered by introducing the point mutations Y124C and Y508C
[181]. Additionally, residue C86 was predicted to be the putative catalytic cysteine of
Bd1177. Thus, in order to improve protein stability and promote crystallisation of the full-
length Bd1177, a third point mutation, C86A was designed. Two mutant versions of
Bd1177 were then successfully expressed and purified, Bd1177 C86A and Bd1177
C86A/Y124C/Y508C. Of these two proteins, only the triple mutant Bd1177
C86A/Y124C/Y508C successfully crystallised and was subjected to X-ray diffraction and

data collection.

5.3.2.2.Bd1177 C86A/Y124C/Y508C is a bilobular protein with a divergent NIpC/P60

fold and a novel capping domain

The 2.2 A crystal structure of Bd1177 C86A/Y124C/Y508C was determined tracing the 524
residues (residue 21 to 544) of the mature protein in two of the four copies of the

macromolecule in the ASU.

The general fold of the crystallographic model depicts a bilobular structure comprising the

C-terminal crystallised fragment, which now clearly forms a discrete domain of the
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protein, connected by an eight-residue linker to the N-terminal half of the protein.
Interestingly, considering that the general fold of the protein is bilobular and that the
C86A substitution was not enough for Bd1177 to crystallise, it is possible that the
introduced C124-C508 disulphide bond stabilises the closed conformation of Bd1177

diminishing conformational fluctuation and thus promoting crystallisation.

The overall obtained structure is relatively similar to the predicted RosettaFold and
AlphaFold2 model of Bd1177 (RMSD= 4.00 and 1.17 A, respectively), which in addition to
the hydrodynamic radius observed for the wild-type Bd1177 and both designed mutants

suggests that no major structure alteration was conferred upon mutation.

The N-terminal half of Bd1177 forms a possible domain comprised by a NIpC/P60 papain-
like fold that has undergone sequence diversification and acquired several structural
insertions surrounding the catalytic triad C86-H200-D217. The predicted catalytic triad is
located in the interface between the N-terminal and C-terminal domains of Bd1177,
suggesting that the C-terminal domain participates in substrate selection by acting as a

capping domain.

In contrast to what is observed for Bd0601, the Bd1177 structural insertions do not define
a discrete substrate binding region surrounding the NIpC/P60 catalytic core, and therefore
could regulate Bd1177 potential enzymatic activity by participating in the possible re-
accommodation of the C-terminal capping domain, accommodating part of the substrate,

or controlling subcellular localisation of the protein.

The C-terminal capping domain of Bd1177 adopts a novel lightbulb-like fold that interacts
with the N-terminal NIpC/P60 through several residues. The most remarkable interactions
correspond to the R314-D329 salt bridge near the hinge region where the linker
connecting both domains is located, and the possible aromatic stacking Y124-Y508 that

has been substituted in the crystallised protein for the C124-C508 disulphide bond.

5.3.2.3.Bd1177 C86A/Y124C/Y508C might undergo a substrate induced conformational

change

The average B-factor values per residue of the solved Bd1177 structure interestingly
suggest that the connecting linker conformation does not fluctuate in conformation. This
could be due to the introduction of the C124-C508 disulphide bond stabilising the closed

conformation of the enzyme. Since structural predictions depict a similar closed
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conformation for the native Bd1177, it is proposed that the active site would be inherently
occluded and would require a considerable conformation change to displace the C-

terminal capping domain.

To identify possible conformational change mechanisms of NIpC/P60 proteins related to
Bd1177 as well as to identify possible substrate binding residues, a Dali search was
conducted but only yielded results with a relatively good conservation of the papain-like

fold.

The first of the Dali-identified proteins, MagC has been determined to be a non-hydrolytic
NIpC/P60 component of the a-2-macroglobulin (A2M) Mag complex of P. aeruginosa
PAO1, which links the Mag complex with the PG cell wall [182], [187], [188]. The MagC
active site is catalytically disengaged with the acid-base catalytic residues H153 and H165
oriented away from the nucleophilic C60, a feature that is not shared by the solved
Bd1177 triple mutant structure. The hydrogen bonding distance between H200 and D217
indicates that at least these two residues are engaged in the archetypical proton relay
mechanism to deprotonate the nucleophilic C86, which is absent in the catalytically null
determined structure. Thus, Bd1177 might be active, however, further experiments are

necessary to assess this hypothesis.

The second Dali related structure, COG0791 from N. punctiforme, depicts a SH3b N-
terminal domain in which the catalytic triad and most NIpC/P60 conserved residues are
clustered in the interface between the SH3b and the NIpC/P60 domain, suggesting that

the accessory SH3b domain participates in substrate selection [159].

On the other hand, the third significant Dali match, Acd24020 from C. difficile, has been
shown to be a PG endopeptidase [151]. It is proposed that the conserved structure of the
hourglass-like substrate binding groove accommodates 3-4 crosslinked PG molecules for

their hydrolysis.

Unlike the abovementioned NIpC/P60s, the Bd1177 active site is inaccessible due to the
C-terminal domain interacting and blocking access to the putative NIpC/P60 catalytic
domain. The C-terminal domain residues R384 and R387 are spatially the closest to the
catalytic triad, interacting with T223 and the catalytic H200, respectively. Moreover,
residues Y124 and Y508 are likely in proximity as observed in the RosettaFold model and

in the formation of a disulphide bond between the cysteine residues introduced in
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positions 124 and 508. Further interactions such as the R314-D329 salt bridge are
observed in the structure, closer to the hinge region defined by the linker connecting the

N-terminal and C-terminal domains of Bd1177.

The similarity between the in-silico models and the solved structure of the Bd1177 triple
mutant suggests that Bd1177 is naturally in a closed state. It is then feasible that the C-
terminal domain is displaced upon substrate recognition, wherein at least part of the
residues mediating the interaction between the N- and the C-terminal domain are re-

oriented for substrate binding.

In a similar way, it is possible that the interaction of Bd1177 with a cognate partner either
in B. bacteriovorus or in the prey shifts the position of the C-terminal domain, releasing
the interface interacting residues enabling substrate binding and catalysis. This is further
suggested by the open Bd1177 conformation calculated using the ENM approximation,
showing that the N-terminal/C-terminal domain interface of Bd1177 could potentially

fluctuate to be solvent accessible.

Considering the structural divergence of Bd1177 with respect to the currently
characterised NIpC/P60s, further experiments are required not only to assess the
conformational change mechanism of Bd1177, but for identifying the reaction catalysed
by this predicted enzyme. A first approach may involve incubating generic PG sacculi with
Bd1177, determining if the presence of partner is needed for enzymatic activity, and

consequently identifying hydrolysis products by mass-spectrometry.
5.4.Conclusions

The structure of two B. bacteriovorus’ NlpC/P60 putative enzymes, Bd0601 and Bd1177,

has been determined, defining two separate families of possible CWHs.

Bd0601 C94A was crystallised in its apo state and in presence of GIcNAc, with no
significant conformational changes driven by ligand binding. The Bd0601 structure shows
that this putative enzyme is part of the DUF1460 family of NIpC/P60s, which have been
determined to have amidohydrolase activity, catalysing the release of PG stem peptides

from the glycan portion of the molecule.

Structural data shows that even though the general architecture of a priming and non-

priming pocket of the DUF1460s is retained in Bd0601, ligand binding residues, specifically
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on the stem peptide binding pocket, are poorly conserved, and thus are not identifiable
by protein sequence analysis alone. This suggests either a higher tolerance in varying
dimensions and composition of the stem peptide binding groove with respect to the
glycan binding pocket of the enzyme, or adaptation of each DUF1460 to different PG

molecules.

Moreover, Bd0601 C94A was shown to place a bulky aromatic residue, Y273, blocking
access to the stem peptide binding groove. This feature is only present in the unclassified
Bdellovibrio sp. ArHS and the archaea L. bacterium RIFCSPHIGHO?2 orthologs. The inability
to dock model PG substrates in the Bd0601 structure suggests that reorienting of the Y273
sidechain is required. This could be achieved either by substrate recognition itself or by
association of Bd0601 with a binding partner. Further experiments are required to test
these hypotheses, especially since the two other components of the bd0601-0603 operon,
Bd0602 and Bd0603, were not expressed in soluble form and no satisfactory in silico

model was obtained for these proteins.

On the other hand, Bd1177 was crystallised as a catalytically inactive and disulphide
locked triple mutant (Bd1177 C86A/Y124C/Y508C). This protein structure depicts a novel
bilobular fold consisting of a highly divergent NIpC/P60 N-terminal domain and a cryptic
C-terminal domain acting as a lid, blocking access to the predicted ligand binding groove.

Both domains are connected by a nine long residue unstructured linker.

The N-terminal domain of Bd1177 consists of a NIpC/P60 papain-like core that has
acquired multiple structural insertions. Unlike Bd0601, these insertions do not define a

discrete substrate binding pocket.

The C-terminal domain adopts a lightbulb-like structure that is unique for Bd1177
homologues, interacting with the N-terminal domain via several hydrogen bonding and

cation-pi stacking interactions.

The unique fold of Bd1177 and its poor sequence conservation suggests that this protein
defines a novel family of putative CWHSs different from Bd0601 or other previously
characterised NIpC/P60 proteins. Further experiments are required to determine the
reaction catalysed by this putative enzyme and how the C-terminal domain participates

in substrate selection.
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CHAPTER 6

6. STRUCTURAL CHARACTERISATION OF B. bacteriovorus CRYPTIC SECRETED PROTEIN

Bd0675

6.1.Introduction

Structure-based assignment of molecular functions for hypothetical proteins has been
used successfully in cases when putative prediction of conserved domains and/or

sequence similarity analysis is ineffective.

MJ0577 from Methanococcus jannaschii (PDB ID: 1MJH), for instance, has been proven to
be an ATP-binding protein depicting nucleotide binding motifs that are conserved in
structure but not in amino acid sequence [189]. Furthermore, in some cases, structure
determination has defined novel domain families, as shown for the RNA binding protein

TTHB192 from Thermus thermophilus HB8 (PDB ID: 1J9) [190].

Besides being significantly upregulated during predation, Bd0675 from B. bacteriovorus
HD100 does not (obviously) encode a conserved predicted domain, jeopardising the
understanding of its role in the predatory life cycle [21]. Results by Lambert et al. (2011).
show that bd0675 is the 36" most upregulated gene in predation, which is comparable to
genes with predicted functions such as gliding motility (bd01416 and bd0419) and PG-
related genes (bd0886 and bd1358).

Here we have determined the crystallographic structure of Bd0675 and propose a possible
ligand-binding function of this protein. Ligand identification attempts based on structural
and sequence conservation are further discussed in this chapter. Additionally, considering
the novel topology of this protein, Bd0675 was used as target to assess the performance
of prediction algorithms participating in the Critical Assessment of Techniques for Protein
Structure Prediction 14 (CASP14) experiment, and analysed as a target highlight in a

corresponding publication [191].
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6.2.Results

6.2.1. Bd0675 purification and crystallisation

Bd0675 was cloned fused to an N-terminal or C-terminal Hise-tag in either pET28a(+) or
pET41c(+), respectively, as indicated in Materials and Methods. However, both tagged
versions of His-tagged Bd0675 proved to be toxic for the cells when overexpressed in
native state either in Al or TB media. Specifically, after initiating the induction of Bd0675,
the cell cultures stop growing and in consequence will not produce the recombinant

protein.

Therefore, N-terminal His-tagged Bd0675 (here onwards Bd0675) was expressed in
inclusion bodies, purified, and refolded on-column during the IMAC purification step as
indicated in Materials and Methods. The IMAC eluted pooled fractions were concentrated
and loaded onto a Superdex® 75 26/600 size exclusion column connected to an AKTA™
Pure system for separating the refolded His-Bd0675 from possible soluble aggregates and
other contaminants. The column was equilibrated and run with a buffer composed of 25

mM HEPES pH 7.5, 200 mM NaCl and 2.5% glycerol.

As shown in Figure 101, Bd0675 refolds with an efficiency of more than 80%. Furthermore,
Bd0675 elutes with a hydrodynamic radius corresponding to a 12-15 kD spherical protein,
suggesting that it is monomer in solution. It has also been noted that Bd0675 reversibly

precipitates at 4°C and thus is best stored at room temperature.

Bd0675 refolding- SEC profile
Bd0675 refolded peak

| 300

Bd0675

58 kD
46 kD
32kD

25kD

17kD

5‘0 100 150 200 250
Eluted volume/ mL

Figure 101: Purification and refolding of Bd0675. Bd0675 was expressed in inclusion bodies,
purified, and refolded on the Ni-NTA column as indicated. The eluted protein was then loaded
on a Superdex® 75 26/600 column to isolate the refolded protein from remaining contaminants
and Bd0675 soluble aggregates. The purity of the fractions was assessed by SDS-PAGE, pooled,
and concentrated by ultrafiltration at room temperature. Bd0675 elutes with a hydrodynamic
radius corresponding to a 12-15 kD monomeric protein.
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SEC fractions containing the purified and refolded Bd0675 were pooled, concentrated by
ultrafiltration, and screened for crystallisation conditions as indicated in Materials and
Methods. Microcrystals were obtained at 35 mg/mL in Proplex® H9 (0.1 M Imidazole pH
7.0 and 50% (t)-2-Methyl-2,4-pentanediol or MPD), JBScreen® Classic 7 condition D6 (50%
MPD), JBScreen® Classic 8 conditions Al (50% MPD, 15% ethanol and 10 mM sodium
acetate) and A4 (55% MPD).

The obtained crystalline needles were optimised by MMS screening as detailed in
Materials and Methods by using crystals obtained in JBScreen Classic 7 D6 as seed (Figure
102A), re-screening Bd0675 at 35 mg/mL in the MPD based screens JBScreen Classic 7 and
8 using both 1:10 and 1:100 seed dilutions. Due to the high redundancy of the MPD based
screens, crystals were obtained for any condition with MPD concentrations of over 30%
in either 1:10 or 1:100 seed dilutions. Representative optimised crystal morphologies are
presented in Figure 102B and C. Further, since crystals were obtained in 30% or more
MPD, no cryoprotectant supplementation was needed before flash-cooling and data

collection.

Figure 102: Crystals of Bd0675. A) Bd0675 crystals at 35 mg/mL and 18°C in JBScreen Classic
7 condition D6 (50% MPD) before MMS screening optimisation. B) MMS optimised crystals of
Bd0675 JBScreen Classic 7 D5 (47% MPD and 2% tert-butanol) using crystals in panel A as seed
ina 1:10 dilution. C) MMS optimised crystals of Bd0675 in JBScreen Classic 8 condition A1 (50%
MPD, 15% ethanol and 10 mM NaOAc), using crystals in panel A as seed in a 1:100 dilution.

Bd0675 protein sequence was compared with structures deposited and available in the
PDB, not finding any significant match. Thus, an experimental phasing strategy was
adopted by soaking part of the Bd0675 optimised crystals in mother liquor supplemented
with 10 mM K;PtCls for one hour at 18°C prior to crystal collection. Non-derivatised

Bd0675 datasets were also obtained in order to solve the native structure of the protein.
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6.2.2. Bd0675 structure determination and overall fold

The diffraction experiment was carried out at the 104 beamline as indicated in section
2.1.9, collecting both platinum- phased and native Bd0675 datasets (0.9100 A wavelength
collection for both datasets) for optimised crystals in condition D5 of the JBScreen Classic
7 using a 1:10 seed dilution of the Bd0675 microcrystals obtained for condition D6 of

JBScreen Classic 7.

Diffraction data was autoprocessed by the Xias2-dials or Xias2-3dii automated pipelines
and used for structure solving using programmes Autosol and Phaser-MR of the Phenix
suite, for platinum phased and native datasets, respectively. Statistical results for data

collection, phasing and refinement are shown in Table 17.
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Table 17: Data collection, phasing, and refinement statistics for Bd0675. Statistics for PtSAD and
native Bd0675 crystallographic data are shown.

Bd0675 PtSAD Bd0675 Native

Data Collection
Resolution range (A) 42.11-1.83 42.43-1.50
Space group C222 C222
Cell dimensions

ab,c (/5) 53.41, 68.44, 86.90 53.49, 69.67, 85.85

a,6,y(°) 90, 90, 90 90, 90, 90
Total reflections 168267 (12375) 337475 (33375)
Unique reflections 14370 (1416) 25800 (2533)
Completeness (%) 99.78 (99.09) 98.97 (98.25)
Redundancy 11.7 (8.7) 13.1(13.2)
<I>/ol 21.32(1.22) 24.27 (1.44)
Rmeas 0.0581 (1.621) 0.04357 (1.962)
CCip 0.999 (0.491) 0.999 (0.638)
CCanom 0.6 (0.1)
Refinement
Maximum resolution (A) 1.83 1.50
Number of reflections used 14369 (1416) 25800 (2533)
Number of reflections for Rfree 704 (60) 1260 (125)
Rwork 0.2324 0.1780
Rfree 0.2895 0.1943
RMSD

Bonds (A) 0.007 0.012

Angles (°) 1.28 1.59
Number of atoms

Protein 1040 1043

Ligand/ion 1 34

Water 46 73
B-factors

Protein 57.27 52.95

Ligand/ion 63.27 63.53

Water 53.52 48.07
Ramachandran favoured (%) 96.18 95.42
Ramachandran allowed (%) 3.05 4.58
Ramachandran outliers (%) 0.76 0.00
Rotamer outliers (%) 0.00 0.00

*Values in parenthesis correspond to the highest-resolution shell

The Bd0675 structure was initially solved from the PtSAD dataset experiment at a 1.83 A
resolution in the C222; spacegroup, finding one protein molecule in the ASU. The PtSAD

solved and refined model was used for solving the native dataset.

198



The 1.50 A structure of Bd0675 has been solved in space group €222, finding a single
copy of the protein in the asymmetric unit. The determined structural model of Bd0675 is

depicted in Figure 103A and spans from amino acid 2 to 134 (133 residues of 134 total).

N

Figure 103: Bd0675 structural model and topological organisation. A) Ribbon diagram of
Bd0675 structure, wherein B-strands are coloured in red and a-helices in blue, with disulphide
bonds highlighted in yellow. 90° angles apart views of Bd0675 are depicted. B) Topology diagram
of Bd0675. a-helices and B-strands are listed A and B, and 1-9, respectively, from N- to C-
terminus of the protein. The C31-C132 disulphide bond is formed between B-strands 1 and 9,
whereas the C90-C118 bond is formed between the B-strands 6 and 7 interloop and B-strand 8.

Bd0675 has a B-roll-like distorted architecture containing two a-helices (Figure 103B,
helices A and B, in blue) and nine B-strands (Figure 103B, strands 1 to 9, in red). a-helix A

is part of the N-terminal region of the protein and interacts directly with the B-roll,
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whereas a-helix B is part of the linker element between B-strands 8 and 9. The overall -
roll fold part of the structure is formed by two B-leaflets, one comprised by B-strands 1 to
4 (B-leaflet 1), which is connected to a second leaflet comprising B-strands 5 to 9 (B-leaflet

2).
6.2.3. Bd0675 hydrophobic core, disulphide bonding and coulombic surface potential

The Bd0675 three component architecture is stabilised by hydrophobic interactions
between both B-leaflets and the amphipathic a-helix A, which closes the hydrophobic

core.

The hydrophobic core of the protein is formed by residues F5, V6, L9, K10 and L12 of a-
helix A; 119 of B-strand 1; L33 and L35 of B-strand 2; L47, V49 and L51 of B-strand 3; T54,
M56 and P60 of connecting loop between strands 3 and 4; A62 and L64 of B-strand 4; T68
of connecting loop between strands 4 and 5; L70 of B-strand 5; A76 and V78 of B-strand
6; L103 and L105 of B-strand 7; V110 and 1112 of B-strand 8; and T130 of B-strand 9.

Residue K10 interacts with the core via the alkyl chain of the sidechain while exposing the
€-amine group to the solvent. Moreover, the sulphur group of M56 is stabilised by
interacting with the hydroxyl group of both T56 and T130, residues that are further
stabilised by interaction of the methyl group of the sidechain with 119. These interactions
are depicted in Figure 104. Nevertheless, is noticeable that this hydrophobic core is
partially exposed at the region delimited by the N-terminal of the protein and the loop

connecting B-strands 4 and 5.

Figure 104: Hydrophobic core of Bd0675. The overall three component fold of Bd0675 is
stabilised by hydrophobicinteractions between both B-leaflets and the amphipathic a-helix. The
location and residues forming part of the hydrophobic core are highlighted and labelled.
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Further, the Bd0675 three component fold is held together by disulphide bonding
between highly conserved cysteine residues. The disulphide bond C31-C132 appears to
adopt two possible conformations and links B-strands 1 and 9, stabilising the B-leaflet
interaction of the structure. On the other hand, the disulphide bond C90-C118 links the
19-residue loop between B-strands 6 and 7 with B-strand 8, suggesting that correct

positioning of this loop is relevant for Bd0675 function.

Inspection of the coulombic surface potential shows that Bd0675 possesses a hand-like
shape with a prominent cleft in the middle of the protein that could potentially act as a
ligand binding region (Figure 105A). The groove is formed by the outward facing
sidechains of residues of B-leaflet 1 and the non-buried inward facing B-leaflet 2 residues

and flanked by the B-strand connecting loops (Figure 105B).

Figure 105: Electrostatic surface potential of Bd0675. A) The surface structure of Bd0675 was
analysed by coulombic charge distribution in a scale of +10 to -10 Kcal/mol and displayed in 90°
and 180° dispositions, showing a hand shape architecture with a negatively delimited cleft. B)
The surface of Bd0675 shows an extensive cleft delimited by the negatively charged connecting
loops between B-strands 1 and 2, 2 and 3, 4 and 5, and 6 and 7, which could act as a ligand
binding site.
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6.2.4. Bd0675 proposed ligand binding cleft definition and function elucidation

The proposed binding cleft of Bd0675 comprises the negatively charged connecting loops
between B-strands 1 and 2, 2 and 3, 4 and 5, and 6 and 7, wherein the latter is fixed in
position by the C90-C118 disulphide bond. The cleft further consists of residues from [3-
strands 4 and 6-8, creating a less negatively charged central region delimited by the

negatively charged connecting loops.

To define the residues forming part of the proposed binding cleft, amino acid conservation
of Bd0675 homologues in predator species B. bacteriovorus strains HD100 and Tiberius,

Halobacteriovorax spp and Bacteriovorax spp were analysed (see Figure 106).
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B. bacteriovorus HD100

B. bacteriovorus str. Tiberius
Halobacteriovorax sp. BALOs 7

Halobacteriovorax sp. DAS
Bacteriovorax sp. BAL6 X
Bdellovibrio sp. NCO1
Bacteriovorax sp. BSW11 IV
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Figure 106: Amino acid conservation of Bd0675 across predators. Protein sequences of Bd0675 homologues in B. bacteriovorus strains HD100 and
Tiberius, Halobacteriovorax spp and Bacteriovorax spp were aligned using Clustal Q and compared in the context of Bd0675 solved structure (secondary
structure elements are numbered in reference to Bd0675 sequence). Conserved cysteine residues are highlighted in yellow, being only absent in one of
the Bacterivorax species probably for lack of coverage of the full sequence. The conserved residues situated in the proposed Bd0675 binding cleft are
highlighted in grey, wherein most of the conservation is localised in the loop between B-strands 6 and 7, which is fixed in position in the structure by
the disulphide bond C90-C118.
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Besides residues forming part of the hydrophobic core of the protein and the four
disulphide forming cysteines (in yellow), with the exception of C90, most conserved

residues of Bd0675 are located in the proposed binding cleft of the protein.

Specifically, residues Y57, F58, G86, G87, C90, G91, Y99, F116 and C118 are mostly
invariant in every Bd0675 related protein, while residues Y23, D24, D65, D67, S79, E83,
E84, E85, D88, A89, D92, F93 and K101 are conserved in polarity or aromaticity in at least
five of the seven compared homologues. Furthermore, most of the conserved residues
are located in the disulphide bonded loop connecting B-strands 6 and 7, forming part of a
(R/D)PGGXPCGXOXsY motif, wherein X is any amino acid, ¢ is a hydrophobic residue and

Q is an aromatic residue.

These conserved amino acids are depicted in context of the coulombic surface potential
of Bd0675 (Figure 107). Residues Y23 and D24 of loop connecting B-strands 1 and 2, D65,
E67 of loop connecting B-strands 4 and 5, Y57 and F58 loop between B-strands 3 and 4,
and residues 83 to 93, which are part of B-strands 6 and 7 connecting loop, form lobes
limiting the centre of the proposed ligand binding site of Bd0675. The limiting lobes are

mostly composed by negatively charged sidechains and aromatic chains whereas,

residues S79, Y99 and particularly K101 are located towards the centre of the cleft.

Figure 107: Conserved residues in Bd0675 proposed ligand binding cleft. A) Distribution of
conserved residues at the hypothesised binding cleft of Bd0675. Majority of conserved residues
localised to the top lobe formed by the loop connecting B-strands 6 and 7. B) Sidechain chemistry and
orientation of conserved residues at the Bd0675 hypothetical binding cleft. The cleft is defined by a
central region and three negatively charged limiting lobes where most of conserved residues localise.
The surface coulombic potential is coded from red (-10 Kcal/mol) to blue (+10 Kcal/mol).
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Conserved residues of the (R/D)PGGXPCGXQXsY motif in the disulphide stabilised loop
interact with residues in B-strands 7 and 8. For instance, the sidechain of the R84 of the
motif directly delimits the putative binding grove while the ¢ residue, corresponding to
A89 in Bd0675, interacts with the aromatic ring of the highly conserved F116, positioning
the aromatic group towards the putative binding cleft and thus is potentially a direct
participant of ligand binding. In contrast, the highly conserved Y99 of the motif is at
hydrogen bonding distance to the e-amino group of the K101 positioned towards the
centre of the cleft. It is worth noting that the aforementioned Y99 and K101 residues are
substituted only in the Bacterivorax sp. BSW11 IV sequence for valine and serine residues
which could potentially replace the hydrogen bonding interaction with a hydrophobic

interaction.

Further, besides L12 which forms part of the hydrophobic core of Bd0675 and G14 that is
located in the loop connecting a-helix A with B-strand 1, and the four cysteines, the only
invariable residues of Bd0675 are Y57, G86, G87 and G91. Glycine residues are located in
the disulphide stabilised loop probably for it to acquire the correct conformation,
delimiting the centre of the binding cleft or for positioning of residues of the conserved

loop for ligand binding.

On the other hand, Y57 localises towards one of the delimiting loops of putative groove,
forming an acidic pocket with Y23, Y53, F58 and L128 (Figure 108). All Y57 interacting
residues are conserved in every homologue at least in polarity or aromaticity, suggesting

that this dielectric pocket could be critical in ligand binding and thus in Bd0675 function.
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Figure 108: Conserved binding pockets of Bd0675. A) Binding pocket defined by the highly
conserved disulphide stabilised loop, located towards the centre of the Bd0675 cleft. Residues
R84, Y99, K101 and F116 sidechains project towards the cleft while A189 stabilised Y99 and F116
conformations. B) Aromatic interacting pocket conformed by the invariable residue Y57 along
with highly conserved sidechains Y23, F58 and L128. Coulombic surface potential is scaled from
red (-10 Kcal/mol) to blue (+10 Kcal/mol).

The refined native structure of Bd0675 has components of the crystal screen associated
with the protein. The electron density shows four tert-butanols, one MPD and one
glycerol molecules, whose interactions with Bd0675 structure are depicted in Figure

109A.
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Figure 109: Crystallisation ligands interactions with Bd0675. A) Four tert-butanols, one glycerol
and one MPD molecules interact with Bd0675 in the crystal structure. Density corresponds to
2Fo-Fo map at 1.5 0. B) Residues of the partially exposed hydrophobic core of Bd0675 interact
with two tert-butanol molecules. C) An MPD and a tert-butanol molecule interact with residues
on the surface of Bd0675. This interaction is located away from the hypothesised ligand binding
cleft and show no significant conservation with Bd0675 homologues in other predatory bacteria.
D) Tert-butanol and glycerol molecules interact with highly conserved residues located in the
putative binding cleft of Bd0675.

As illustrated in Figure 109B, two tert-butanol molecules interact with the partially
exposed hydrophobic core of Bd0675, specifically, with residues F5, V6, L47, L64, T68 and
L70, which are located in the interface between a-helix A and B-leaflets 1 and 2. Further,
as depicted in Figure 109C, a third tert-butanol and an MPD molecule are found
interacting with the solvent exposed residues N36, Y38, A48, Y50, N52 and T59, which are
part of the B-leaflet 1, however these residues are not conserved in Bd0675 homologues

and are not oriented towards the hypothesised ligand binding cleft of the protein.
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Nevertheless, a glycerol and a fourth tert-butanol interact with conserved residues
located at the cleft of Bd0675 (Figure 109D). Particularly, the tert-butanol molecule
interacts with Y23, F58, R84 and E114, while the glycerol molecule is stabilised by
hydrophobic interactions with L128. Residues interacting with this tert-butanol molecule
are highly conserved with exception of E114, and part of the putative binding pocket
formed by B-strands 8 and 9 and connecting loops between strands 1 and 2, 3 and 4, and

6and 7.

Additionally, the PtSAD solved structure shows that the platinum ion binds between the

crystal contacts of two Bd0675 symmetry copies in the crystal lattice (Figure 110A).

Figure 110: Bd0675 platinum interacting site. A) Overview of the Bd0675 platinum (white
sphere) interacting site located in the interface of two Bd0675 crystal symmetry copies (pink
and blue, respectively). B) The platinum interacting interface between the two copies of Bd0675
is defined by residues K10, D13 and K37 which are part of alpha helix al and beta strand 2.

The two-fold symmetry axis contacts between residues K10 and D13 of alpha helix al,
and K37 from beta strand B2 generate a solvent pocket that is occupied by the platinum
ion in the solved structure. The poor conservation of these residues along with their
location in the structure suggests that this platinum binding pocket is particular to the
crystallisation and experiment and do not have a direct role in Bd0675 physiological

function.

Altogether, these results along with the conservation analysis of Bd0675 is inconclusive in

proposing a ligand for Bd0675 due to the complex nature of the proposed binding cleft
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and the limited information related to Bd0675 homologues. Therefore, proteins with

similar topologies were searched for elucidating Bd0675 function.

6.2.5. BdO0675 structural conservation

The structure of Bd0675 was submitted to the Dali server to find related structures

deposited in the PDB. The top 25 matches from Dali are shown in Table 18.

Table 18: Dali results for Bd0675 structural comparison. Dali matches for PDB deposited
structures are organised according to the Z-score.

Ne PDBID-Chain Zscore RMSD lali residues % identity Description

1 113a-C 6.2 4.7 92 182 9 P24: Plant Transcriptional
Regulator PBF-2

2 6nnx-A 6.1 3.2 92 137 12 Cellular  Retinoic  Acid-
Binding Protein 2

3 3elz-B 5.9 3.6 88 135 9 lleal Bile Acid-Binding
Protein

4 3ia8-A 5.8 3.8 104 162 6 THAP  Domain-containing
Protein 4

5 2rcq-A 5.8 34 93 141 3 Retinol-Binding Protein I,
cellular

6 6ljv-A 5.7 35 92 136 9 Fatty Acid-Binding Protein,
adipocyte

7 6xu5-A 5.7 33 86 133 9 Myelin P2 Protein

8 2fwv-A 5.5 3.9 107 190 7 Hypothetical Protein
MTUBF_01000852

9 518i-B 5.4 35 82 126 9 Gastrotropin

10 30s7-A 5.4 4.3 78 338 6 Galactose Mutarotase-like
Protein

11 60fr-A 5.4 4.2 68 758 3 TONB-dependent Outer
Membrane Receptor

12 5m9b-A 53 3.5 72 707 3 Ferric Enterobactin
Receptor

13 6qvi-A 5.2 3.7 69 518 13 comz

14 Svzt-B 5.2 3.1 83 418 8 S-phase Kinase-associated
protein 1

15 4rdr-A 5.1 4.7 87 706 2 ZNUD

16 3kvn-X 5.1 3.9 87 628 5 Esterase ESTA

17 Snup-A 5.1 4.1 84 344 8 OMPK36

18 4tq2-A 5.0 3.5 98 177 8 Putative Phycoerythrin
Lyase

19 2mo5-A 5.0 3.9 87 142 10 Fatty Acid-Binding Protein,
intestinal

20 5h3z-A 4.9 3.2 76 1113 9 Uncharacterized Protein

21 Syvf-A 4.8 3.6 101 322 7 BFA1

22 1k1x-A 4.8 3.5 79 636 8 4-Alpha-
Glucanotransferase

23 5dI5-A 4.8 3.8 66 416 11 Membrane Protein

24 4pr7-A 4.7 3.5 64 171 5 Oligogalacturonate-specific
Porin KDGM

25 5ur9-F 4.7 3.2 85 138 13 Fatty Acid-Binding Protein,

epidermal
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In general, the Bd0675 sequence identity to Dali matches is poor, which is reflected in
high overall values of RMSD and modest Z-scores. As it is observed in Figure 111, the
sequence and structural conservation relative to the top 25 Dali matches of Bd0675, is
concentrated in B-leaflet 2, with exception of the loops, particularly the disulphide bond
stabilised loop spanning from residues 80-99 which is structurally pivotal for Bd0675

central cleft architecture.

Least conserved Most conserved

Figure 111: Bd0675 structural and sequence conservation against the top 25 Dali matches of
the PDB. A) Sequence conservation of Bd0675 with the top 25 Dali matches shows poor
similarity, which is mainly concentrated in the B-leaflet 2. No conservation of Bd0675 disulphide
loop is found. B) Structure conservation of Bd0675 respect to the top 25 Dali matches. Highest
structural conservation is concentrated in B-leaflet 2, however overall fold conservation is low.

As shown in Table 18, most of the matches are proteins with lipid binding functions and
B-barrel like folds , with exception of the highest Z-score match PBF2, which is a B-roll
transcription factor of the Whirly family found commonly in chloroplast and mitochondria

[192]. The structural alignment with both type of topologies is represented in Figure 112.
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Figure 112: Structural comparison of Bd0675 with the two main folds found by Dali. Bd0675
backbone trace is represented in green whereas aligned Dali matches are represented in orange.
A) Bd0675 structural comparison with PBF2 transcription factor (N°1 Dali match, PDB ID: 1I3a).
Bd0675 preserves a B-roll like fold, however, major helical structures of P24 are missing and the
conserved loops defining Bd0675 central cleft are absent in P24. B) Bd0675 structural
comparison with the Cellular Retinoic Acid-Binding Protein 2 (cRABP2, PDB ID: 6nnx). The B-
barrel fold of cRABP2 is not part of Bd0675 structure and thus, the central lumen of the B-barrel
is absent in Bd0675.

As seen in Figure 112A, PBF2 (PDB ID: 113a) has the most similar topology to Bd0675, with
a B-roll architecture and similarity on the core B-strands positioning. In contrast, the
second type of fold found by Dali is represented in Figure 112B by the Cellular Retinoic
Acid-Binding Protein 2 (cRABP2, PDB ID: 6nnx), which possesses a B-barrel architecture

and a central lumen where ligands are bound, which is absent in the Bd0675 structure.

The PBF2 transcription factor is a 125 kD homotetramer of the Whirly family that binds to
ssDNA (Figure 113A). PBF2 binds ssDNA in a basic cleft formed between the two sides of
the B-roll fold, which interacts with the phosphodiester backbone of the nucleic acid

(Figure 113B).
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Figure 113: PBF2 structure and ssDNA binding. A) PBF2 tetrameric structure (a-helix in blue and
B-strands in red) with bound ssDNA molecule (in yellow). B) Surface representation of PBF2
bound to a 32 mer oligo dT. The ssDNA binds to the basic cleft formed between the B-leaflets
forming the B-roll fold of the protein. The surface coulombic potential is coded from red (-10
Kcal/mol) to blue (+10 Kcal/mol).

While the secondary structure of PBF2 bears the greatest similarity to Bd0675, critical
elements of the Whirly family are missing in Bd0675. Firstly, the three a-helices mediating
the tetramerization of PBF2 are absent in Bd0675, explaining the oligomerisation state
differences between both proteins (Figure 113A). Secondly, the ligand binding cleft of
both proteins is constituted by different arrangements of B-strand structures and amino
acid sidechains. Specifically, a 17 residue-long positively charged structural element
formed by two B-strands that is pivotal for ssDNA binding by PBF2 (Figure 113B), is not
present in Bd0675. In fact, the ligand binding cleft of PBF2 is mainly positively charged in
order to accommodate the phosphodiester backbone of the ssDNA molecule, whereas
the central pocket of Bd0675 is mainly hydrophobic or acidic, delimited by negatively
charged loops. Moreover, the disulphide bonded loop that contains most of the
conserved residues of Bd0675 and defines the possible ligand binding specificity of

Bd0675 is lacking in PBF2, suggesting that both proteins do not share a similar function.

The second type of fold represented by cRABP2 is a B-barrel, which are associated with
lipid binding functions (PDB ID:6NNX, Figure 114A). cRABP2 possesses a central binding
pocket, which is positively charged at the most central part of the pocket to stabilise the
carboxyl group of lipids, and more hydrophobic towards the surface of the protein to

accommodate the aliphatic chains of the ligand (Figure 114B).
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Figure 114: cRABP2 structure and lipid binding. A) cRABP2 secondary structure (a-helices in
blue and B-strands in red) forming a B-barrel fold, which accommodates a retinoic acid molecule
(grey) in the lumen of the protein. B) Coulombic potential surface representation with 90° angle
differences of cRABP2 showing a central binding basic and hydrophobic pocket. The surface
coulombic potential is coded from red (-10 Kcal/mol) to blue (+10 Kcal/mol).

The absence of the aforementioned features on Bd0675, plus the lack of conservation of
the critical residues located at the putative ligand binding cleft of Bd0675 would suggest
that Bd0675 is not a lipid binding protein.

6.2.6. Bd0675 ligand identification analyses

Even though at close inspection no match detected by Dali shows a similar fold or
structural features to Bd0675, a possible ssDNA binding activity of the protein was studied
by electrophoretic mobility shift assay (EMSA). Briefly, oligo dT probes of 15, 25, 35, 45
and 55 mer were incubated for 1 hour at room temperature with increasing amounts of
purified Bd0675 in presence of magnesium and run on 12% acrylamide gels. A
representative result is shown in Figure 115 for the 35 mer oligo dT, nevertheless similar

results were obtained for the rest of the tested oligonucleotides.
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Figure 115: Electrophoretic mobility shift assay (EMSA) of Bd0675 using a 35 mer Oligo dT. 100
ng of oligo dT 35 mer were incubated with 0 to 100 uM of purified Bd0675, using BSA at 100 uM
as negative control. No detectable shift in electrophoretic mobility was detected for the 35 mer
oligo dT independent on the concentration of Bd0675.Similar results were obtained for 15, 25,
45 and 55 mer oligo dT.

No shift in electrophoretic mobility was detected for any of the tested oligonucleotides

even at the highest concentration of Bd0675.

Furthermore, soaking experiments with oligonucleotides of six, ten and 15 mer were
made, but no ligand molecule density was detected. These results support the hypothesis
that Bd0675 does not bind to ssDNA, which agrees with the crucial differences between

the ligand binding sites of both proteins.

Further co-crystallisation and crystal soaking experiments were performed using ligands
such as glucose and glucosamine in case Bd0675 shows sugar binding functions, however

no ligand binding density was observed in any X-ray diffraction dataset.
6.2.7. Structural predictions of Bd0675

In view of the unique fold adopted by Bd0675, the experimentally determined structure
was submitted as a CASP14 target and contrasted with models predicted by different

research groups [191].

The Bd0675 structure (blue, PDB ID: 70C9, CASP14 target ID: T1074) was compared with
the three best scoring predicted models: TS427 (red, AlphaFold2, GDT-TS = 91.10), TS352
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(yellow, Laufer group, GDT-TS = 60.61) and TS140 (green, Yang group, GDT-TS = 56.44)
(Figure 116).

Figure 116: Structural prediction of Bd0675. The experimentally solved Bd0675 structure (blue)
was superimposed with the CASP14 best scoring models TS427 (AlphaFold2, red), TS352 (Laufer
group, yellow) and TS140 (Yang group, green) and depicted in cartoon representation. The
overall structural features of the protein are significantly predicted by the different algorithms,
with the best prediction corresponding to TS427.

These models predict the main fold features of the Bd0675 experimentally solved
structure despite the lack of related sequences and homologous structures available in
the PDB. Prediction quality GDT-TS values for each model correlate with RMSD values with
respect to the Bd0675 crystallographic structure of 1.98, 4.14 and 5.65 A for TS427, TS352
and TS140, respectively.

Analysis of the residues proposed to be significant for Bd0675 cryptic function were also

compared between the experimental and predicted Bd0675 models.

As shown in Figure 117, only TS427 accurately predicts the C90-C118 disulphide bond that

is proposed to position the Bd0675 conserved loop.
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Figure 117: Comparison of the proposed ligand binding site residues of Bd0675 structure and
predicted models. Two views, A and B, depict the proposed residues participating ligand binding
are depicted in stick representation on Bd0675 surface representation (Bd0675 blue, TS427 red,
TS352 yellow and TS140 green).

Sidechains of S79, Y99, and F116, which are oriented toward the proposed ligand binding
groove of Bd0675, are depicted in different conformations for TS352 and TS140, whereas
TS427 models these residues in the same orientation observed in the Bd0675
experimental structure (Figure 117A). However, none of the CASP14 best scoring
predictions model the experimentally determined orientation of Y57 and F58. These two
residues are shown to be invariant in Bd0675 orthologs across different predators

suggesting their importance in Bd0675 function (Figure 106).

Moreover, residue R84 is modelled in different conformations for each CASP14 Bd0675
prediction (Figure 117B). This residue is observed forming a cation-pi interaction with F58
in the Bd0675 crystallographic structure, which is suggested to participate in positioning
the Bd0675 disulphide-stabilised loop. As previously pointed, F58 is not correctly oriented

in any of the CASP14 models, which may explain this discrepancy.

Therefore, even though structure predicting algorithms are successful in predicting the
main structural elements of Bd0675, particularly TS427 by the AlphaFold2 algorithm, key
specific elements such as residue orientation and sidechain interactions are fields to

improve upon.
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6.3.Discussion

6.3.1. Bd0675 expression, purification, and crystallisation

Bd0675 was successfully cloned fused to an N-terminal Hisg tag, however its expression
under native conditions stopped culture growth and in consequence had to be produced
in inclusion bodies and refolded. If Bd0675 function is connected to this observation

remains to be studied.

Further, Bd0675 was effectively refolded on column and behaves as a monomeric
spherical protein of the predicted molecular weight, which only crystallised in alcohol and
MPD centred crystallisation screens, suggesting the existence of dielectric pockets in

Bd0675 which are further discussed in context of the solved structure.
6.3.2. Bd0675 structure comprises a conserved predicted ligand binding cleft

The topological arrangement of Bd0675 is stabilised by the conserved disulphide bonds
C31-C132 and C90-C118, wherein the latter keeps the conserved loop connecting beta
strands B6 and B7 in a mostly fixed position. This fold defines an extensive cleft in the
middle of the protein that is further evident when visualising the surface representation

of the same.

The cleft consists of a central groove formed mainly by hydrophobic sidechains of beta
strands B4 and B6-8, which is further delimited by three acidic lobes formed by the
connecting loops between beta strands 1 and 2, 4 and B5, 3 and B4, and 6 and B7.

It is noticeable that most of the conserved residues localise towards the central cleft,
surprisingly concentrated in the connecting loops of the protein. The major conserved

motif (R/D)PGGXPCGXQX5Y is part of the disulphide loop connecting beta strands 6 and
B7.

Amusingly, the C90 of the motif that forms the disulphide bond with C118 of B-strand 8
does not appear to be crucial for maintenance of the Bd0675 fold. The C90-C118
disulphide appears to be holding this conserved loop into place rather than further
stabilising the overall structure, and when observed in context of the central cleft, seems

to be pivotal on defining ligand binding function or specificity.

The properties of the conserved amino acids located in the central cleft of the structure

suggest that the putative ligand for Bd0675 is mainly stabilised by hydrogen bonding and
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hydrophobic interactions. These interactions would involve conserved aromatic and
hydrophobic residues Y23, Y53, Y57, F58, Y99, F116 and L128, and the slightly less

conserved basic sidechains of R84 and K101.

Even though the abovementioned residues define well conserved interacting pockets, this
does not make obvious the nature of a possible Bd0675 ligand. The chemistry of the
pockets suggests a molecule containing positively charged or hydrogen-bonding groups
such as amines, carbonyls, and oxygen groups, along with extensive hydrophobic or
aromatic groups that could interact with the conserved aromatic residues, particularly

Y57, F58, Y99 and F116.
6.3.3. Bd0675 structure diverges significantly from ssDNA and lipid binding proteins

To further analyse the proposed ligand binding cleft, the solved Bd0675 structure was

compared with publicly available structures deposited in the PDB using the Dali server.

As shown in Table 18, and illustrated in Figures 109-111, the structural similarity with the
best Dali matches is modest at best (in case of PBF2) and poor when it comes to

comparison with B-barrel-like folds.

The B-roll fold of PBF2 is marginally similar to the Bd0675 architecture. The overall fold of
Bd0675 is three-dimensionally distorted compared to PBF2. This fold variation seems to
be mainly stabilised by the C31-C132 disulphide bond connecting both beta leaflets of the
protein. Moreover, the alpha helices mediating the physiological oligomerisation and
ssDNA binding of PBF2 are absent in Bd0675. Furthermore, the ssDNA binding pocket of
PBF2 agrees with general basic pockets observed in different nucleic acid binding proteins
[192]. On the contrary, the observed Bd0675 cleft comprises mostly aromatic and acidic
residues suggesting that they bind chemically divergent ligands. This hypothesis is further
supported by the EMSA results showing no sequence-independent binding of 15-55 bp

oligonucleotides.

On the other hand, the B-barrel Dali matches are lipid binding proteins, which bury the
hydrophobic ligand in the lumen of the protein [193]. However, since the putative binding
cleft of Bd0675 is solvent accessible and on the surface of the protein instead of being

buried in the core of the same would make lipid binding entropically unfavourable.

218



Since one of the main targets of the B. bacteriovorus hydrolytic machinery is the prey’s
PG cell wall and that Bd0675 is one of the most upregulated genes in early phases of
predation, the possibility of the glycan portion of the PG cell wall being the Bd0675 ligand

was considered.

In this scenario, co-crystallisation and crystal soaking experiments were tested with
glucosamine and glucose, however no ligand electron density was identified in the
collected datasets. Moreover, preliminary isothermal titration calorimetry (ITC)
experiments using glucosamine as ligand showed no detectable interaction between this
sugar and Bd0675. If BdA0675 binds chemically modified sugars, such as those generated

by deacetylation, remains unexplored [117].

Therefore, additional experiments such as pull-downs using prey’s and/or predator’s
lysate, binding experiments with other candidate molecules and complimentary
information such as localisation experiments or characterisation of knock-out predation

phenotypes are necessary to identify the biological function of Bd0675.
6.3.4. Bd0675 structure prediction by CASP14 algorithms

Bd0675 was submitted for CASP14 prediction experiments considering the unique fold
depicted by the experimentally determined structure. As discussed in the corresponding
publication by Alexander et al. (2021), AlphaFold2 is the best performing algorithm with
all highlighted targets, including Bd0675 [191].

Remarkably, AlphaFold2 is particularly accurate in predicting the Bd0675 overall fold
despite the lack of available structural templates deposited in the PDB. Nonetheless, there
is potential for improvement even for small proteins such as Bd0675, a feature that has

been shown to positively correlate with structural prediction quality [145], [180].

Particularly, conserved residues that are proposed to be key for Bd0675 function are
improperly oriented. This is further evidenced by the incorrect modelling of the Bd0675
disulphide-stabilised loop, which is the most conserved part of the protein sequence and

delimits the proposed ligand binding cleft of the protein.

Notwithstanding their limitations, these prediction algorithms may work synergistically

with experimental structure elucidation, by providing MR models, aiding in construct
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design as shown for Bd1177 in section 5.2.2.4 or even proposing possible conformational

fluctuations with respect to the experimentally solved structures [194].
6.4.Conclusion

B. bacteriovorus deploys an arsenal of novel proteins and enzymes to support the
progression of an endobiotic predatory lifecycle. An important portion of the
predatosome proteins do not possess putative domains with known functions, hindering
the understanding of predation at the molecular level. One of the most upregulated genes
upon predation is Bd0675, which does not contain any readily identifiable putative

domain conserved in its sequence.

The crystallographic structure of Bd0675 has been solved at 1.50 A, showing that the
protein possesses a novel B-rich topology stabilised by two highly conserved disulphide
bonds, with a central cleft that may act as a potential ligand binding site. By analysing
Bd0675 homologues, it has been determined that most of the sequence conservation is
located towards the central groove of the protein, further supporting its role in Bd0675

function.

Comparing the structure of Bd0675 with available solved structures in the PBD does not
reveal a close similarity with any available fold. Bd0675 closest structures correspond to
the PBF2 ssDNA binding protein and B-barrel lipid carrier proteins. Both folds and ligand
binding pockets differ considerably from the putative ligand binding site of Bd0675
suggesting that this protein would not act as either a ssDNA binding protein or lipid
carrier, hypothesis supported by EMSA results showing no binding to ssDNA
oligonucleotides. Other possible ligands such as sugars were also tested but with no
conclusive results. Thus, further experiments are needed to define the ligand for Bd0675

and propose a function for this protein in the predatory lifecycle of B. bacteriovorus.

Regarding the CASP14 structural predictions, the AlphaFold2 algorithm exceeded other
tools, but with limitations mainly on sidechain orientation and loop modelling.
Nevertheless, the fast-paced improvement of prediction methods proves useful to
structural experimentalists, providing complimentary approaches and information on the

subject proteins.
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CHAPTER 7

7. SUMMARY AND FUTURE WORK

7.1.Summary

This work was mainly focused on the structural dissection of the B. bacteriovorus
predatosome, particularly the PG modifying machinery and novel hypothetical proteins

[21].

Four novel LDT structures have been solved, completing a panel of seven enzymes
representing all six groups encoded by B. bacteriovorus. Each group is characterised by
different accessory domains and substrate binding sites, indicating that they fulfil specific

roles in predation.

Additionally, the structure of the putative DUF1460 amidohydrolase Bd0601 has been
determined. This structure shows conservation of critical features of the predicted

enzyme and acquisition of possible predatory adaptations.

Further, the structure of Bd1177 has been solved, which is predicted as an evolutionary
divergent NIpC/P60. This new structure comprises a predicted regulatory C-terminal

domain unprecedented for this group of enzymes.

Finally, a structural-based assignment approach was taken to study the cryptic secreted
protein Bd0675. Bd0675 structure depicts a unique fold with possible ligand binding

functions to be determined.
7.1.1. L,D-transpeptidases

LDTs share a YkuD- or YkuD2-like catalytic core and may be further classified based on
their active site into L,D-transferases (groups 2-4) and L,D-hydrolases (YkuD-like groups 1
and 6, and YkuD2-like group 5). Figure 118 summarises the total of solved LDT structures

and putative overall activities. The LDTs solved in this thesis are indicated with an asterisk

(*)-
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L,D-transferases

Bd0886

Group 5 (soluble) Group 5 (lipobox)

L,D-hydrolases

Bd0553 Bd3334* Bd1402

Figure 118: Summary of B. bacteriovorus HD100 LDT structures. B. bacteriovorus HD100 LDTs can be divided into six groups which can be further
classified as L,D-transferases or L,D-hydrolases. (*) indicates LDT structures determined in this thesis. Experimentally determined structures for each
group are depicted in cartoon format, wherein the YkuD- or YkuD2-like catalytic domain is coloured in orange. Characteristic accessory domains of
each group are coloured as follows: helical-rich domain in pink (group 1), triangular hook in purple (group 2), SH3b domain and cryptic domain in
green and yellow, respectively (group 3), scaffolding domain and PGBD in grey and blue, respectively (group 4), unique insertions in teal (group 5
soluble and lipobox), and NTF2-like domain in red (group 6, non-predatory). Bd1402 is represented as a dimer.
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Based on the structural information and the reported PG modifications occurring during
bdelloplast formation, we have proposed that L,D-transferases from groups 2-4 modify
the PG cell wall by crosslinking phospholipids, adding terminal DAP or other NCDAA, and
condensing 3-3 stem peptide crosslinks, respectively [39], [89]. It is suggested that
substrate specificity is defined, at least partially, by the accessory domains of each LDT
group, for instance, by the triangular hook domain and active site lid of Bd3741, and the

capping subdomain and putative PGBD of Bd0566.

On the other hand, predatory L,D-hydrolases are represented by group 1 and group 5
(YkuD- and Ykud2-like hydrolases, respectively). Structural analyses reveal that group 1,
and the soluble hydrolases of group 5 are characterised by an accessible active site. Thus,
these enzymes are suggested to have both carboxypeptidase and endopeptidase
activities, which is supported by Bd0553 activity data (unpublished). Further, membrane-
bound L,D-hydrolases of group 5, represented by Bd1402, are shown to have an active

site lid, which has been observed to limit substrate size in other models [163], [164].

Additionally, the non-predatory L,D-carboxypeptidase Bd1075 (group 6) structure is
analysed in view of functional and biological data, showing that this enzyme regulates B.
bacteriovorus curvature [125]. In this case, the NTF2-like domain defines the subcellular

localisation of the enzyme by means of a unique C-terminal PG-binding pocket.

Finally, we have proposed that the presence and complexity of an active site-lid, along
with the chemistry of the acyl-acceptor site residues, partially define the transferase or

hydrolase preference of each LDT group.

Altogether, these results provide the structural framework for analysing cell wall

modifications occurring during the B. bacteriovorus predatory life cycle.
7.1.2. NIpC/P60 amidohydrolases and peptidases

The structure of two NIpC/P60 amidohydrolases/peptidases, Bd0601 and Bd1177, are

presented in this work.

Bd0601 is a putative DUF1460 amidohydrolase encoded by the tripartite operon bd0601-
0603. This operon additionally encoded two membrane-anchored cryptic proteins,

Bd0602 and Bd0603.
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The Bd0601 structure adopts a papain-like fold with structural insertions that are
characteristic of the DUF1460 family of enzymes. We have shown that regardless of the
structural conservation of Bd0601, key differences in the stem peptide binding groove
may affect the substrate specificity, particularly the steric effect of the Y273 sidechain that

is only present in B. bacteriovorus.

On the other hand, Bd1177 is a structurally divergent NIpC/P60, comprising the putative
catalytic N-terminal domain and a novel C-terminal domain. The Bd1177 N-terminal
domain depicts a papain-like core surrounded by several insertions not reported for
NIpC/P60s, including Bd0601. Further, analysis of the interdomain interface of Bd1177
suggests that substrate binding requires displacement of the C-terminal domain,

suggesting it may participate in substrate selection.

Both structures provide evidence of specialised amidohydrolases/peptidases having a role

in B. bacteriovorus specific PG modifications during predation.
7.1.3. Hypothetical cryptic secreted protein Bd0675

bd0675 encodes a hypothetical protein from B. bacteriovorus HD100 observed to be
upregulated during predation [21]. We have determined the structure of Bd0675, which
adopts a novel B-roll-like architecture stabilised by two conserved disulphide bonds. The
structure defines a prominent central acidic/hydrophobic groove in the structure

suggesting that it acts as a ligand binding protein.

Even though our efforts in identifying a putative ligand were inconclusive, the solved
structure proved useful as a CASP14 target, including structure prediction algorithms such
as the recently developed AlphaFold2 [145], [191]. AlphaFold2 proved to be the most
accurate prediction tool even with the lack of Bd0675-related structures and sequences
available. Nevertheless, refinement of sidechain orientations and loop conformations is
required, especially considering that this elements form part of the proposed ligand

binding cleft of this protein.
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7.2.Discussion and future work

7.2.1. L,D-transpeptidases

The solved LDT structures provide insight in the evolution and specialisation of these
enzymes. Nevertheless, biochemical, and functional information are necessary for further

understating their role in the B. bacteriovorus predatory cycle.

There is preliminary evidence supporting the endopeptidase and carboxypeptidase
activity of group 1 Bd0553 against 3-3 crosslinked stem peptides. Nonetheless, hydrolytic
activity against OM-linked PG substrates should be tested as done for E. coli DpaA [118],
[142].

The enzymatic activities and substrate specificities of the putative group 5 YkuD-2 like L,D-
hydrolases (Bd1402 and Bd3334) should also be determined. Bd1402 and Bd3334 active
sites include two aromatic residues that are absent in YkuD-like LDTs (Y208 and W220 in
Bd1402, and Y191 and W215 in Bd3334). This suggests that YkuD- and YkuD2-like L,D-
hydrolases might have different substrate specificities, which could be tested using 3-4,
3-3, OM-linked and non-crosslinked PG substrates and detecting the hydrolysis products

by mass spectrometry or high performance liquid chromatography (HPLC).

On the other hand, 3-3 crosslinking activity of Bd1181 (Bd0566 homologue) has been
observed, which correlates with structural features shared between group 4 of LDTs and
E. coli and S. enterica YcbB [83], [147]. Crosslinking activity of groups 2 and 3 should be

determined to hypothesise about the structural divergence of these L,D-transferases.

Previous studies have stablished that the bdelloplast PG modifications include fatty acids
and DAP attachment to the stem peptide [39], [153]. Additionally, it has been determined
that a double in frame deletion of group 3 of LDTs (Abd0886A1176) reduces the
incorporation of NCDAA in bdelloplast PG [33].

Therefore, it is necessary to determine if Bd0886 (group 3) is able to incorporate DAP, and
possibly other NCDAA, to prey’s PG. In this same sense, it would prove interesting to test
this possible NCDAA-exchanging activity using Bd0886 truncated mutants wherein the
SH3b domain has been deleted. With these experiments, it could be possible to propose

if this accessory domain participates in substrate binding or in enzyme localisation.
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Group 2 is predicted to have L,D-transferase activity based on active site sequences [142].
One hypothesis is that group 2 LDTs, such as Bd3741, catalyse the 3-3 crosslinking of fatty
acid-esterified PG molecules or stem peptides with a terminal DAP added [39]. This could
be tested by using bdelloplast acylated PG sacculi, which is separable from non-acylated
PG, and measuring 3-3 crosslinking activity of the enzyme by mass spectrometry or HPLC

[39].

In this same sense, 3-3 crosslinking activity of acylated or terminal DAP PG could be
measure for group 4 of LDTs (Bd0566 and Bd1181) to determine the difference in
substrate specificity of these two groups. Moreover, it would prove interesting to test
truncated Bd3741 mutants (group 2), wherein the triangular hook has been deleted to

dissect the role of this domain in substrate selection.

Additional experiments such as PG sacculi pull downs using domain truncation mutants
of the solved LDTs could aid in stablishing if the LDT accessory domains participate directly
in substrate selection or are required for other events, such as enzyme localisation or
protein-protein interactions. Similarly, any co-dependence of the different PG
modifications between LDTs and even with other enzymes such as DDTs, TGases and
deacetylases is a new area to consider, for instance, if the LDT reactions require a terminal

NCDAA different from D-Ala [153].

On the other hand, further studies to understand the impact of active site lids are a

particularly interesting subject.

M. tuberculosis LDTs Ldtmt, Ldtme, Ldtmes and Ldtues structures have been solved, showing
that the active site of these enzymes is capped by a lid [75], [78]—[80]. In Ldtms, it has
been determined that upon carbapenem acylation of the catalytic cysteine, the active site
lid moves, closing the active site [79]. This conformational shift is not observed in Ldtm
or Ldtmis, wherein the apo and faropenem inactivated enzymes are depicted in the same

closed conformation [78], [80].

On the other hand, Ldtws, which is a non-redundant paralogue of Ldtwy,, is observed to
shift from a closed to a more solvent accessible conformation of the active site by
displacing the lid upon substrate binding by an unknown mechanism [75]. This
conformational change is proposed to orientate the active site residues of Ldtms in a

catalytically competent conformation [75].
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Thus, the structural evidence suggests that the mechanism defining the acyl-acceptor site

by the movement of the active site lid is different depending on the LDT.

Therefore, active site lids could have different roles depending on the LDT. As an example,
the lipobox LDT Bd1402 is the only predatory LDT with an active site lid. In this case,
generating a solvent accessible active site mutant or varying the length of the lid could
potentially modify its carboxypeptidase/endopeptidase preference or modify substrate

specificity, as observed in GGTs and suggested for M. tuberculosis LDTs [75], [163], [164].
7.2.2. NIpC/P60 amidohydrolases and peptidases

The role of Bd0601 in predation has not been explored. Further, new conditions to
produce a catalytically active Bd0601 should be tested, even though structural
conservation of the DUF1460 domain features suggests that Bd0601 is possibly an
amidohydrolase. In this sense, a catalytically active Bd0601 could make possible to

determine if Y273 is determinant for its enzymatic activity or specificity.

Bd0602 and Bd0603 are encoded in the same operon as Bd0601. These two proteins
predicted to have a lipobox SP and putative ankyrin-like repeats in their sequences. These
features have been observed in toxin-antitoxin protection strategies deployed by other
bacteria, exposing the membrane-bound immunity factors while the toxin or virulence

factor is secreted or translocated [36], [129], [195], [196].

Since no soluble protein was obtained from the tested constructs, different domain
boundaries could be thoroughly tested to express soluble truncated Bd0602 and Bd0603
mutants to study their association with Bd0601. On the other hand, these proteins could
be expressed as membrane-bound proteins retaining a lipobox SP, alone or in

combination with Bd0601, which could improve their stability.

The second studied NIpC/P60 Bd1177 defines a novel group of enzymes that are open to
biochemical characterisation. Substrate specificity, deletion phenotypes and subcellular

localisation of Bd1177 remain unexplored.

Once the enzymatic activity of Bd1177 has been stablished (for example as an
endopeptidase or amidohydrolase), it would prove possible to study the role of the

proposed conformational change of Bd1177 in catalysis. We have proposed that to
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accommodate a PG substrate, Bd1177 must transition from a closed to an open state, by

displacing the putative regulatory C-terminal domain.

Besides structural approaches aimed to crystallise a ligand-bound form of Bd1177,
biochemical and biophysical experiments could support a possible conformational change

of the putative enzyme.

For example, determining the enzymatic activity effect of generating permanently open
or closed Bd1177 mutants by mutating the Y124/Y508 interacting pair, as proven for the
disulphide locked mutant Y124C/Y508C.

Opening and closing of the enzyme could be monitored by fluorescently labelling each
half of the enzyme and monitoring the Forster resonance energy transfer (FRET) of
between each fluorescent probe. Fluorescence quenching of intrinsic tryptophanes in the
interdomain interface of Bd1177 is also an alternative to determine their solvent

accessibility upon substrate binding.
7.2.3. Hypothetical cryptic secreted protein Bd0675

Finally, for the cryptic protein Bd0675, further functional and biochemical experiments
are needed. For instance, by determining the localisation of this protein (predator or
bdelloplast, for example), it could be possible to perform pull-down experiments and
identify possible bound molecules by mass spectrometry. Furthermore, other major
metabolites such as PG stem peptides, phospholipids and polyamines could be explored

as prospective ligands for this protein.
7.2.4. B. bacteriovorus and possible applications of PG modifying enzymes

B. bacteriovorus predation has been exploited to control pathogenic bacteria such as
those of the Pseudomonas, Acinetobacter and Klebsiella genera [197], [198]. B.
bacteriovorus has also been used as food and crop pathogen bactericide and as food
preservative [199]-[201]. In clinical settings, B. bacteriovorus has been used in the topical
treatment of ocular infections and cystic fibrosis isolates of P. aeruginosa and S. aureus,
among other examples [202], [203]. Further, a patent application related to compositions
claiming improvement of neurodegenerative diseases as Amyotrophic Lateral Sclerosis

(ALS) has been published [204].
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At the enzymatic level, B. bacteriovorus has been used for modulating and mapping
therapeutic antibodies [205]. For example, the serine protease BspK (Bd1962) has been
shown to hydrolyse IgG; at the hinge region, enabling its mass spectrometry mapping
[206]. Similarly, the elastase-like serine protease BspE (Bd2692) specifically hydrolyses the
Fc-tail from IgA [207].

It has also been determined that host-independent B. bacteriovorus produce extracellular
enzymes that are efficacious against S. aureus biofilms, despite it being a Gram-positive
bacterium [208]. The identified enzymes included the serine proteases BspK and Bd2269,
the carboxypeptidase Bd0306 and unspecified DNases [208].

Additionally, B. bacteriovorus has been used for recovering intracellular bio-products as
polyhydroxyalkanoate (PHA) in a more efficient, cost-effective and environmentally-safe
when compared to classical physical and chemical methods of cell disruption [209]. In
general terms, transpeptidases have been used to produce block polymers with different
potential applications, such as producing thermoplastic elastomers and polymer blends

(Patent application EP3652199A1) [210].

Further, the bacteriolytic activity of bacteriophage amidohydrolases has been proven
useful in controlling pathogen agents (US2013336954A1), multi-drug resistant bacteria
(US2010158886A1) and treating sludge (W02020173473A1) [211]-[213].

Thus, considering the possible hydrolytic activities of the LDTs and putative NIpC/P60
endopeptidases discussed in this thesis, it could be possible to formulate bacteriolytic
compositions comprising these enzymes. These enzymatic compositions could be used as
pathogen control formulation or for recovery of intracellular biopolymers and are
potentially easier to implement when compared to whole cells. Moreover, in view of the
possible novel specificities and domains of B. bacteriovorus LDTs, these enzymes could be

used for producing chemically diverse biopolymers.

Altogether, the novel substrate specificities and activities of B. bacteriovorus LDTs,
NIpC/P60 enzymes and cryptic proteins could generate novel complex molecules and

biological formulations with applications in biomedicine and industry.
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APPENDIX I. ELECTRON DENSITY MAPS
Al. Bd3741 (group 2)

Figure Al: Bd3741 electron density map. Native electron density map (2Fo-Fo, blue mesh) of
Bd3741 contoured at o= 1.50. Protein model is depicted in stick representation.

A2. Bd0566 (group 4)

Figure A2: Bd0566 electron density map. Native electron density map (2Fo-Fo, blue mesh) of
Bd3741 contoured at o= 1.50. Protein model is depicted in stick representation. A) Density map

corresponding to the 2.45 A Bd0566 dataset. B) Density map corresponding to the 2.22 A
Bd0566 dataset.
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A3. Bd3334 (group 5, soluble)

Figure A3: Bd3334 electron density map. Native electron density map (2Fo-Fo, blue mesh) of
Bd3334 contoured at o= 1.50. Protein model is depicted in stick representation.

A4. Bd1075 (group 6)

Figure A4: Bd1075 electron density map. Native electron density map (2Fo-Fo, blue mesh) of
Bd1075 contoured at o= 1.50. Protein model is depicted in stick representation.
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A5. Bd1177 C-terminal domain

Figure A5: Bd1177 C-terminal domain electron density map. Native electron density map (2Fo-
Fo, blue mesh) of Bd1177 C-terminal domain contoured at o= 1.50. Protein model is depicted in
stick representation.

A6.Bd1177 C86A/Y124C/Y508C

Figure A6: Bd1177 disulphide-locked mutant electron density map. Native electron density
map (2Fo-Fo, blue mesh) of Bd1177 triple mutant contoured at o= 1.50. Protein model is depicted
in stick representation.
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A7.Bd0675

Figure A7: Bd0675 electron density map. Native electron density map (2Fo-Fo, blue mesh) of
Bd0675 contoured at o= 1.50. Protein model is depicted in stick representation.
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APPENDIX Il. pLDDT PLOTS FOR AlphaFold2 MODELS
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Figure A8: ErfK pLDDT plot. Percentage of Local Distance Difference Test (pLDDT) of ErfK
AlphaFold2 models (rank 1 to 5) against amino acid position of the mature protein.

A9. Bd1763 (group 1)
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Figure A9: Bd1763 (group 1) pLDDT plot. Percentage of Local Distance Difference Test (pLDDT)
of Bd1763 AlphaFold2 models (rank 1 to 5) against amino acid position of the mature protein.
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A10. Bd2061 (group 1)
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Figure A10: Bd2061 (group 1) pLDDT plot. Percentage of Local Distance Difference Test (pLDDT)
of Bd2061 AlphaFold2 models (rank 1 to 5) against amino acid position of the mature protein.

A11. Bd3012 (group 2)
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Figure A11: Bd3012 (group 2) pLDDT plot. Percentage of Local Distance Difference Test (pLDDT)
of Bd3012 AlphaFold2 models (rank 1 to 5) against amino acid position of the mature protein.
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A12. Bd3176 (group 2)
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Figure A12: Bd3176 (group 2) pLDDT plot. Percentage of Local Distance Difference Test (pLDDT)
of Bd3176 AlphaFold2 models (rank 1 to 5) against amino acid position of the mature protein.

A13. Bd3639 (group 2)
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Figure A13: Bd3639 (group 2) pLDDT plot. Percentage of Local Distance Difference Test (pLDDT)
of Bd3639 AlphaFold2 models (rank 1 to 5) against amino acid position of the mature protein.
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A14. Bd1176 (group 3)
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Figure A14: Bd1176 (group 3) pLDDT plot. Percentage of Local Distance Difference Test (pLDDT)
of Bd1176 AlphaFold2 models (rank 1 to 5) against amino acid position of the mature protein.

A15. Bd1181 (group 4)
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Figure A15: Bd1181 (group 4) pLDDT plot. Percentage of Local Distance Difference Test (pLDDT)
of Bd1181 AlphaFold2 models (rank 1 to 5) against amino acid position of the mature protein.
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A16. Bd1358 (group 4)

Predicted IDDT per position

100
80
5 60
a
=
I
M
=
g 40
o
—— rank_1
>0 4 — rank_2
—— rank_3
— rank_4
—— rank_5
0 T T T T T T
0 100 200 300 400 500

Positions

Figure A16: Bd1358 (group 4) pLDDT plot. Percentage of Local Distance Difference Test (pLDDT)
of Bd1358 AlphaFold2 models (rank 1 to 5) against amino acid position of the mature protein.

A17. Bd2908 (group 4)
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Figure A17: Bd2908 (group 4) pLDDT plot. Percentage of Local Distance Difference Test (pLDDT)
of Bd2908 AlphaFold2 models (rank 1 to 5) against amino acid position of the mature protein.
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A18. Bd0782 (group 5, lipobox SP)
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Figure A18: Bd0782 (group 5, lipobox SP) pLDDT plot. Percentage of Local Distance Difference
Test (pLDDT) of Bd0782 AlphaFold2 models (rank 1 to 5) against amino acid position of the
mature protein.

A19. Bd2940 (group 5, soluble)
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Figure A19: Bd2940 (group 5, soluble) pLDDT plot. Percentage of Local Distance Difference Test
(pLDDT) of Bd2940 AlphaFold2 models (rank 1 to 5) against amino acid position of the mature
protein.
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A20. Bd3093 (group 5, soluble)
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Figure A20: Bd3093 (group 5, soluble) pLDDT plot. Percentage of Local Distance Difference Test
(pLDDT) of Bd3093 AlphaFold2 models (rank 1 to 5) against amino acid position of the mature
protein.
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APPENDIX lll. RELATED PUBLICATIONS

This thesis work has contributed to the following publications:

Banks, E. J., Valdivia-Delgado, M., Biboy, J., Wilson, A., Cadby, I. T., Vollmer, W., ...
& Sockett, R. E. (2022). Asymmetric peptidoglycan editing generates cell
curvature in Bdellovibrio predatory bacteria. Nature communications, 13, 1-15.
(Bd1075 PDB ID: 7021)
ARTICLE
a b
c
d e
e
Pgp2 (grey)
Fig. 5 Structure of Bd1075 and features different to other ch ized LD-CPase a Two orthogonal views of the Bd1075 fold, with catalytic

residue C156 in space-fill form and features labeled. b Close-up view of the Bd1075 LD-CPase catalytic domain with selected residues that form the active
site pocket displayed in stick form. ¢ Close-up view of the Bd1075 NTF2 pocket, demonstrating complexation of a loop (residues 106-109 colored yellow,
P107 and K108 in stick form) from a neighboring molecule in the crystal lattice. d Comparison of Bd1075 (red, 7021: httpsy//www.rcsb.org/structure/
7021), Csd6 (white, 4XZZ: https://www.resb.org/structure/4XZ2Z), and Pgp2 (gray, 6XJ6: hitps://wwwi.rcsb.org/structure/6XJ6) structures. Helix 3 of
the Bd1075 NTF2 domain (labeled 'nH3') and the associated loop (‘lip’) are relatively closer to the NTF2 pocket than the respective features of Csd6/Pgp2
e Close-up of the NTF2 terminus from structural alig ind, d ating the relative 1 of the Bd1075 C-terminus (colored yellow, includes
NTF2 pocket-forming residue W303) in comparison to the shorter Csd6/Pgp2 termini (end residue colored green). The relative shifts of the nH3 helix and
lip loop to constrict the NTF2 pocket are denoted by dashed arrows,
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While a few methods in CASP14 predicted well the relative orien-
tation of the two longest helices of the fold (a1, «2) and some
predicted fairly well (albeit not accurately) also the relative orientation
of the support (x3) and recognition helices (ad), they all failed to
model accurately the N-terminal region and the orientation of the C-
terminal a5 helix. The highest GDT-TS score for these methods was
61.03. with a total of 30 methods produced models with scores higher
than 55.0. Rather remarkably, the score of the AlphaFold2 model was
26.09. AlpaFold2 correctly predicted the different placement of both
terminal regions in relationship to the rest of the fold, but also
modeled with remarkable accuracy the relative placement of the al,
a2 pair of helices in relation to the a3, a4 pair. Importantly, this could
be independent evidence that the relative placement of the N-
terminal region and helix a5 were not an artifact of crystal packing,
but a real feature of the structure of JBP3 J-DBD. Finally, the
AlphaFold2 model, but not other models we examined, is sufficiently
accurate to easily phase the crystallographic data using a standard
version of PHASER."?

2.8 | A cryptic predatory secreted protein,
Bd0675, from B. bacteriovorus (CASP: T1074, PDB:
70C9). Provided by Mauricio Valdivia-Delgado and
Andrew L. Lovering

B.  bacteri are  ubiquit predatory G gati

on other Gram-negative bacteria.”
To succeed as a micro-predator, B. bacteriovorus has developed a life-
cycle consisting of location of the prey and initiation of the attack
phase, attachment, and entry of prey, invasion of periplasm,
bdelloplast fi i fil growth, exhaustion of prey cell
resources, septation, and bdelloplast lysis and release of progeny.”"*
The transcriptomic analysis of B. bacteriovorus strain HD100 has
shown the upregulation of ~240 genes during predation (the

G-pr bacteria which p
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predatosome), and the roles of most are cryptic and require further
examination.”

We obtained the 1.50 A structure of Bd0675 (target T1074), a
14 kDa secreted cryptic predatosome protein with no discernible
domain annotation. Proteins similar to Bd0675 are found in different
B. bacteriovorus strains and in other predators such as Halobacteriovorax
spp.* but no information regarding their function is available.

The determined structure, covering 133 of the 134 residues of
the mature protein, forms a [i-roll-like distorted architecture con-
taining two a-helices and nine f-strands (Figure 10A). The overall
p-roll fold part of the structure is formed by two f-sheets, one com-
prised by p-strands 1-4, which is connected to a second sheet, com-
prising f-strands 5-9, via a disulphide bond formed between residues
€31 and C132, which appears to adopt two alternative conforma-
tions. Additionally, a disulphide bond C20-C118 links the 19 residues
loop between f-strands 6 and 7 with [-strand 8, suggesting that cor-
rect positioning of this loop is relevant for Bd0675 function. All cyste-
ine residues are conserved in predatory homologs.

An electrostatic surface potential shows that Bd0675 possesses a
hand-like shape with a potential binding cleft, which is mainly nega-
tively charged, situated in the middle of the protein formed by the
connecting loops between fi-strand C-termini ends, where the outer-
most loop is fixed in position by the C%0-C118 disulphide bond, for-
ming part of a (R/D)PGGXpCGXQXsY motif, where X is any amino
acid, ¢ is a hydrophobic residue and €2 is an aromatic residue. Resi-
dues Y23 and D24 (loop 1-2), Y57 and F58 (loop i3-4), D65, E67
(loop [4-5), and residues 83-93 (ji6-7), form lobes limiting the width
of the proposed ligand binding site of Bd0675 (Figure 9C). The limit-
ing lobes are mostly composed of negatively charged and aromatic
side chains in addition to residues 579, Y99, and K101 which are
located toward the center of the cleft. Besides L12 (which forms part
of the hydrophobic core) and G14 (located in the loop connecting
a-helix A with p-strand 1), and the four cysteines, the only invariable
residues of Bd0675 are Y57, GB6, GB7, and G%1. Y57 localizes



