Erschienerin: Journalof StructuralBiology.Elsevier.2020,212(1),107596

https://doi.org/10.1016/j.jsb.2020.107596

Structural annotation of the conserved carbohydrate esterase vb_24B_21
from Shiga toxin-encoding bacteriophage ®24y

Barbara Franke?, Marta Veses-Garcia®, Kay Diederichs”, Heather Allison®, Daniel J. Rigdenb’*:,

Olga Mayans™*

2 Department of Biology, University of Konstanz, 78457 Konstanz, Germarny
® Institute of Integrative Biology, University of Liverpool, Liverpool L69 7ZB, UK

ARTICLE INFO

Keywords:

Carbohydrate deacetylase
Jelly-roll domain
Carbohydrate binding module
Protein X-ray crystallography
Molecular bioinformatics

ABSTRACT

Shiga toxin-encoding bacteriophages transfer Shiga toxin genes to Escherichia coli and are responsible for the
emergence of pathogenic bacterial strains that cause severe foodborne human diseases. Gene vb_24B 21 is the
most highly conserved gene across sequenced Shiga bacteriophages. Protein vb_24B_21 (also termed 933Wp42
and NanS-p) is a carbohydrate esterase with homology to the E. coli chromosomally encoded NanS that dea-
cetylates sialic acid in the intestinal mucus. To assist the functional characterization of vb_24B_21, we have
studied its molecular structure by homology modelling its esterase domain and by elucidating the crystal
structure of its uncharacterized C-terminal domain at the atomic resolution of 0.97 A. Our modelling confirms
that NanS from the E. coli host is the closest structurally characterized homolog to the esterase domain of
vb_24B_21. Like NanS, vb_24B_21 has an atypical active site, comprising a simple catalytic dyad Ser-His and a
divergent oxyanion hole. The crystal structure of the C-terminal domain reveals a lectin-like, jelly-roll B-sand-
wich fold. The domain displays a prominent cleft that bioinformatics analysis predicts to be a carbohydrate
binding site without catalytic properties. In summary, our study indicates that vb_24B_21 is a NanS-like atypical

esterase that is assisted by a carbohydrate-binding module of yet undetermined binding specificity.

1. Introduction

Shiga toxins (Stx) are the main virulence factors of a group of
Escherichia coli strains that cause severe foodborne human diseases,
such as haemorrhagic colitis and haemolytic-uraemic syndrome. Shiga
toxin-producing E. coli (STEC) strains acquire the Stx genes through
infection by Shiga toxin-encoding, lambdoid bacteriophages (Kriiger
and Lucchesi, 2015). The first outbreak of an enterohaemorrhagic E.
coli occurred in 1982. Since then, it has become established that Stx-
encoding phages are responsible for driving the dissemination of Stx
genes and the emergence and virulence of STEC strains (Allison, 2007).

The genomes of Stx viruses have been found to be quite hetero-
geneous, including the sequences of the toxin genes they carry (Allison,
2007; Smith et al., 2007, 2012). The most highly conserved gene across
a selection of sequenced Stx phages (®24p, GenBank: HM208303.1;
VT2-Sa, NCBI: NC_000902.1; Min27, NCBI: NC_010237.1; phage 1717,
NCBI: NC_011357.1; phage 86, NCBI: NC_008464.1; BP-4795, NCBI:
NC_004813.1) has been identified using SEED (Overbeek et al., 2005).
The gene, annotated in the genome of ®24y as vb_24B_21, is located
immediately downstream from the stx operon encoding the Shiga toxins

* Corresponding authors.

and immediately upstream of the genes mediating bacterial lysis: S; R;
Rz and Rz1. The latter encode a set of proteins that perforate the bac-
terial membrane and break down the peptidoglycan cell wall, enabling
phage release from the bacterial host cell. The expression of vb_24B_21
is linked to the expression of those lysis genes (Veses-Garcia et al.,
2015).

Protein vb_24B 21 in ®24g is named 933Wp42 in phage 933 W
(Niibling et al., 2014) and NanS-p in its E. coli prophage form (Saile
et al., 2016). The protein is 645 amino acids long and it has been shown
in vitro to deacetylate triacetin, 4-methylumbelliferyl-acetate (4-MUF-
Ac), 5-N-acetyl-9-O-acetyl neuraminic acid (Neu5,9Ac2; the most
abundant neuraminic acid derivative in humans), mucin (an intestinal,
filamentous glycoprotein rich in neuraminic acid derivatives) and var-
ious synthetic mono-, di-, and tri-O-acetylated derivatives of Neu5Ac
and N-glycolylneuraminic acid (Niibling et al., 2014; Saile et al., 2016;
Feuerbaum et al., 2018). These data proved that vb_24B_21 can process
both free and glycosidically bound sialic acid. The acquisition of this
viral gene may add to the endogenous sialic acid esterase activity of E.
coli, the protein NanS, which deacetylates Neu5,9Ac2, and may be in-
volved in the hydrolysis of intestinal mucin and the uptake of
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neuraminic acid by the bacteria that uses it as a carbon source
(Steenbergen et al., 2009).

Sequence-based predictions reveal that the deacetylase activity of
vb_24B_21 maps to a carbohydrate esterase domain of the SASA family
(Pfam 03629) spanning residues 72-395 (Rangel et al., 2016; Saile
et al., 2016). This domain is a homolog of the endogenous Nan$ es-
terase of E. coli. In vb_24B_21 (but not NanS), the esterase domain is
flanked by N- and C-terminal sequences of unknown function. The N-
terminal sequence, DUF1737, is variable across phage sialic acid es-
terases, but the C-terminal sequence is conserved, which suggests that
the latter holds an important functional role in these enzymes. To assist
the characterization of this conserved phage protein, we have studied
the three-dimensional structure of its shared esterase and C-terminal
domains using homology modelling, X-ray crystallography and struc-
tural bioinformatics.

2. Methods
2.1. Cloning

Gene vb24B21 was amplified from the genome of phage
vB_EcoP_24B using primers containing a Ncol (Forward: ccatggcatt-
taaacactatga) and Sall (Reverse: cagctgcggtacgaaatggatatte) restriction
sites and cloned into the pETM-11 vector (EMBL) that adds a Hisg-tag
and a Tobacco Etch Virus (TEV) cleavage site N-terminally to the in-
serted gene.

2.2. Protein production

The full-length protein vb_24B_21 (UniprotKb: G3CFL3; residues
1-645) was expressed in tagged formed (as described above) in E. coli
SoluBL21 cells (Genlantis) in Luria Bertani medium supplemented with
50 pg/ml kanamycin (Sigma). Cultures were grown at 37 °C to an ODggg
of 0.5. Protein expression was induced adding 0.1 mM isopropyl B-d-1-
thiogalactopyranoside (IPTG) and growth continued for a further 3 h.
Cells were harvested by centrifugation. The pellet was resuspended in
lysis buffer (50 mM NaH,PO4, 300 mM NaCl) supplemented with
10 mM imidazole and 2 mM phenylmethylsulfonyl fluoride and lysed
by sonication. After centrifugation the supernatant was applied to a
Ni2"-NTA column (Qiagen) equilibrated in lysis buffer. The column
was washed with lysis buffer with increasing imidazole concentrations
(20-50 mM) and the protein eluted with lysis buffer supplemented with
250 mM imidazole. Next, the sample was buffer exchanged into 50 mM
NaH,PO4, 50 mM NaCl using a PD-10 desalting column (GE Healthcare)
and further purified by gel filtration on a Superdex S75 16/60 column
(GE Healthcare). Protein concentration was determined by Asgo.
Samples were stored at 4 °C until further use.

2.3. Crystallization

Crystals were grown at 21 °C in 2 pL drops obtained by mixing 1:1
protein stock at a concentration of 32 mg/mL and mother liquor. In
growth condition (A), crystals were obtained in 48-well VDX plates
(Hampton Research) in hanging drops from solutions containing 0.9 M
LiSO4, 10% [v/v] glycerol, 0.1 M Hepes pH 7.0. In condition (B),
crystals grew in 96-well MRC crystallization plates (Molecular
Dimensions) in sitting drops from 200 mM NaCl, 193 mM NaH,PO,,
400 mM K,HPO,, 100 mM Imidazole pH 7. For X-ray data collection,
crystals grown in both (A) and (B) settings were vitrified by flash
freezing in liquid N, under dry mounting conditions.

2.4. Crystal structure elucidation
X-ray diffraction data were collected at the Diamond Light Source

(Didcot, UK) and processed using XDS (Kabsch, 2010). Native data were
collected from a single crystal grown in condition (A), but

Cell dimensions
a, b, ¢, (A)
X ray data collection
X-ray Source
Detector
Wavelength (10\)
Resolution (A)
(Outer Resolution; A)
Unique reflections
Multiplicity
Completeness (%)
Rsym(D (%)
/0 (I)
CCy/2 (%)
Model Refinement
Reflections: working/test set
Ruwork/Riree (%)
A.u. content

Protein residues

Solvent atoms

54.45, 54.64, 72.25

Diamond 104 / 104-1"
ADSC Q315 / Pilatus 2 M
0.7514 / 0.9173"
25.0 0.97 / 25.0 4.5'
(0.98 0.97)

128,671 (3878)

7.1 (4.7)

99.5 (99.6)

7.9 (155.2)

14.64 (1.00)

99.8 (40.0)

122,213/6441
15.01/17.19

225
431

Table 1

X-ray diffraction data and model refinement statistics.
Data set Native' S-SAD
Crystal growth condition A B
Space Group P2,2,2; P2,2:2;

54.47, 54.97, 72.74

Diamond 102
Pilatus 6 M—F
1.600

40 1.7

(1.75 1.70)
45,102 (3115)
25.8 (17.2)
97.2 (80.5)
6.1 (13.3)
45.6 (16.4)
100.0 (99.5)

Ligands 1 x glycerol
Bond r.m.s.d.

Lengths (A)/Angles (°)? 0.007,/0.983
Ramachandran plot (%)

Favoured/Outliers 97.22/0

! Native data were obtained by merging two sets collected independently
from a same crystal. The statistics reported are those corresponding to the
merged data, as used for structure determination.

2 Calculated using MOLPROBITY (Williams et al, 2018).

independently in two different beamlines. The two sets (extending to
resolutions of 0.97 A and 4.5 A, respectively) were merged together in
XSCALE (Kabsch, 2010). This approach was applied to increase the
completeness of the lower resolution shells in the atomic resolution set.
The resulting merged data were used for structural determination. Due
to the low sequence identity of the C-terminal domain of vb_24B_21 to
known structures and the uncertainty of its 3D-fold, phasing attempts
first used Wide Search Molecular Replacement (WSMR) (Stokes-Rees
and Sliz, 2010) but were unsuccessful. Phases were then obtained by
SAD phasing using a single crystal obtained under growth condition (B)
and exploiting the anomalous signal from three native sulfur atoms in
the protein (2x Met; 1x Cys). A substructure solution (CC,; = 21.0%,
CCyeak = 17.1%) was obtained in SHELXD (Sheldrick, 2010) using
anomalous data to 2.1 A resolution. A mainchain trace consisting of 196
residues (out of 218 in the protein fragment) was then built in SHELXE
(Sheldrick, 2010) and yielded a correlation of 44.90% against native
data. Further model building and refinement against native data (A)
used PHENIX (Adams et al., 2011) and COOT (Emsley et al., 2010).
Model statistics were calculated in MOLPROBITY (Williams et al.,
2018). X-ray data and model refinement statistics are given in Table 1.

2.5. Homology modelling

The sequence of vb_24B 21 was used to search the Protein Data
Bank (www.rcsb.org uses the MMseqs2 algorithm; Steinegger and
Soding, 2017). Matches were obtained for the esterase domain (residues
73-392), but not for the DUF1737 (residues 1-72) or C-terminal (re-
sidues 393-645) sequences. For the esterase domain, the closest
homolog was NanS (PDB code 3PT5). Similarity extended to loop re-
gions that are of similar length. A homology model of the vb_24B_21
esterase domain was then calculated using MODELLER (Webb and Sali,
2016) with NanS as template.
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Fig 1. Domain structure of vb_24B_21 esterase A. Domain composition of vb_24B_21 esterase. The boundaries of the catalytic domain are predicted from sequence
conservation with NanS. The boundaries of the JRD correspond to the crystal structure; B. Homology model of the vb_24B_21 esterase domain. Inset shows vb_24B_21
residues that in NanS form the catalytic dyad (orange) and the atypical oxyanion hole (green); C. Functional motifs are strictly conserved in vb_24B_21 and NanS; D.
Crystal structure of vb_24B_21 JRD. A pronounced surface groove is observed on the concave side of the 3 -sandwich. Aromatic residues located within the groove are

displayed.

3. Results
3.1. Vb.24B 21 is an atypical carbohydrate esterase

Vb_24B_21A is a multi-domain protein consisting of the N-terminal
DUF1737 sequence, an esterase domain and a C-terminal un-
characterized region (Fig. 1A). To assist characterizing this protein, we
aimed to identify homologs of known 3D structure by performing a
search of the Protein Data Bank (www.rcsb.org). This revealed homo-
logous structures only for the esterase domain, with the closest
homolog being NanS (57% seq. id., 68% conservation; Fig S1). The high
conservation allowed us to calculate a homology model for the esterase
domain of vb_24B_21, which confirmed the compatibility of the
vb_24B_21 sequence with the structural features of NanS (Fig. 1B).

Carbohydrate esterase (CE) enzymes are classified in 16 defined
families in the Carbohydrate-Active Enzyme (CAZy) database (http://
www.cazy.org). NanS currently lies in a non-classified section of the
database. CE families encompass a variety of 3D-architectures, but
several adopt the SGNH fold (Nakamura et al., 2017). SGNH CE en-
zymes owe their name to their catalytic Ser and His residues and to Gly
and Asn residues that form the oxyanion hole (Mglgaard et al., 2000).
Notably, NanS shares the overall architecture of SGNH CEs, but does
not contain the typical catalytic site (Rangarajan et al, 2011). Based on
the features of NanS, Rangarajan et al. distinguished between a cano-
nical group I and an atypical group II of esterases. Group I contains four
typical motifs (Lo et al, 2003; Nakamura et al, 2017): (1) a GDS motif
that hosts the catalytic Ser acting as nucleophile as well as proton donor
to the oxyanion hole; (2) a conserved Gly that contributes to the oxy-
anion hole; (3) a GXN in which the asparagine also forms the oxyanion
hole; and (4) DXXH containing the two remaining catalytic residues of
the triad, aspartic acid and histidine. Aspartate is not always present,
resulting then in a simple Ser-His catalytic dyad. In group II, defined by
NanS, (1) is a larger GQSN motif, carrying the catalytic serine and an
adjacent glutamine that contributes to the oxyanion hole. The latter
functionally replaces the asparagine in the canonical GXN motif 3. In
turn, the latter becomes a longer motif QGEXD, now involved in sta-
bilizing the orientation of the glutamine in the GQSN motif 1. In NanS§,

the Asp in the DXXH motif is not present and only the histidine residue
of the motif remains, therefore leading to a Ser-His catalytic dyad. Both
the catalytic dyad Ser-His and the atypical composition of the oxyanion
hole in NanS are strictly conserved in vb_24B_21 (Fig. 1B,C). Thus, we
conclude that vb_24B_21 can be classed as an atypical deacetyl esterase
of type IL.

3.2. The C-terminal domain of vb_24B_21 adopts a jelly-roll fold

Next, we aimed to elucidate the 3D-structure of vb_24B_21 using X-
ray crystallography. Crystallization trials were set with the full-length
protein. However, structure elucidation revealed that degradation of
the sample had taken place and that crystals only contained the C-
terminal domain of vb_24B_21 (residues 423-640). The atomic struc-
ture of this domain was then elucidated to 0.97 A resolution (Table 1).

The structure revealed that the domain adopts the extended con-
canavalin-A-like jelly-roll fold typical of lectins (Loris et al, 1998;
Brinda et al, 2005) (Fig. 1D). Specifically, the jelly-roll domain (JRD) of
vb_24B_21 folds into 12 anti-parallel (f -strands arranged in two con-
nected greek key motifs that pack against each other to form a f
-sandwich. One of the 3 -sheets is composed of seven short 3 -strands
connected by prominent, long loops. The loops cluster on the surface of
the fold forming a groove on the concave side of the domain. The op-
posite side of the B -sandwich is formed by a flatter [ -sheet of five long
B -strands joined by short connectors.

4. Structural neighbours of vb_24B_21 JRD are carbohydrate
binding domains

The jelly-roll fold of vb_24B_21’s C-terminal domain places it within
the large superfamily b.29.1, ‘Concanavalin A-like lectins/glucanases’
in the SCOP hierarchical database of protein domain structures (http://
scop.mrc-lmb.cam.ac.uk) and clan CLO004 ‘Concanavalin’ in the Pfam
sequence database of families and domains (https://pfam.xfam.org).
Concanavalin, the representative of these protein groups, is a carbo-
hydrate-binding lectin protein. Carbohydrate-binding is the pre-
dominant function among proteins encompassed by the categories in



both databases. Domains with a concanavalin-like fold can have either
catalytic function (as those in the glycoside hydrolase family 7) or non-
catalytic carbohydrate binding roles. A minority of related families
possess divergent activities, such as peptidase A4 or the calcium-
binding C-terminal domains of thrombospondin. Thus, we aimed to
reveal whether the JRD from vb_24B_21 is capable of performing cat-
alysis by searching databases of catalytic site structural templates, in-
cluding those in the Catalytic Site Atlas (Furnham et al, 2014), using the
GASS (Moraes et al, 2017), ASSAM (Nadzirin et al, 2012), and ProFunc
(Laskowski et al, 2005) servers. Catalytic residues were not identified
by any of the searches, suggesting that this might primarily be a car-
bohydrate binding module (CBM), as are most members of the lectin
family.

We further explored the function of vb_24B_21A JRD by identifying
structural neighbours through comparing its 3D-structure with that of
existing protein structures in the Protein Data Bank using DALI (Holm,
2019). This revealed a set of closest structural relatives sharing se-
quence identities of 16-10%. In order to extract a functional hypothesis
for vb_24B_21A JRD, we focused here on nearest neighbours with
bound ligands: the N-terminal lectin domain of Vibrio cholerae sialidase
(PDB code 2 W68; DALI Z-score 18.4), a mammalian cargo receptor for
the export of glycoproteins from the endoplasmic reticulum (4GKX; Z-
score 13.5), Entamoeba histolytica calreticulin (SHCA; Z-score 13.4), a
canine transporter lectin for the secretion of mannose-rich glycopro-
teins (2E6V; Z-score 13.2); and Geobacillus stearothermophilus arabina-
nase (5HON; Z-score 13.0) (Fig. 2). In all cases, the ligand was a car-
bohydrate and the binding occurred on the concave side of the jelly-roll
fold. At this location, vb_24B_21 JRD presents its pronounced groove
(Fig. 1D), making it likely to also correspond to a carbohydrate binding
site in this protein. However, vb_24B_21 JRD does not share sequence
similarity with its structural neighbours and carbohydrate binding re-
sidues are not conserved in vb_24B_21. Furthermore, the topography of
the carbohydrate binding site is different across these proteins. This
lack of conservation did not allow us to propose potential carbohydrate
binding residues in vb_24B_21.

Of the ligand-bound structures above (Fig. 2), only 2 W68 is cur-
rently classified in CAZy, being in the carbohydrate binding module
category CBM40. To better assess the similarity of vb_24B_21 JRD with
catalogued CBMs, we compared the closest structural neighbours of
vb_24B_21 JRD identified by DALI (in a 90% non-redundant version of
the PDB) against 3D-structures of CBMs in CAZy. This revealed that
vb_24B_21 JRD does not share close similarity to other CBM families
adopting a jelly-roll fold, with the CBM40 domain from 1KIT being the
most structurally similar (Z-score 17.6; 16% sequence identity). The
next family is CBM32 represented by 5XNR (Z-score 10.7; 8% seq. id.)
followed by 4AZZ in CBM66 (10.6; 7%). Structures in CBM16 (2ZEW;
10.2; 9%), CBM61 (2XOM; 9.5; 17%), CBM4 (3P6B; 9.2; 15%), CBM22

(4XUP; 9.1; 12%), CBM42 (6SXT, 9.0, 7%), CBM22 (1H6X, 8.8; 11%),
CBM70 (4D0Q, 8.7; 18%), CBM30 (1WMX, 8.3; 9%) and CBM11
(6R3M, 8.2; 14%) are presumably also distant homologues of
vb_24B_21 JRD.

4.1. Bioinformatics analysis of vb_24B_21 JRD binding groove

The jelly-roll fold has two distinct binding site locations: (1) a site
within the variable loop cluster that interconnects the -strands at one
end of the -sandwich, and (2) a groove or pocket in the concave face of
the B-sandwich. In a given JRD, both or either site can be operational
(Abbott and van Bueren, 2014). The structural neighbours of vb_24B_21
reveal bound carbohydrate ligands in either site 1 or 2 (Fig. 2). As a
wide variety of structure-based bioinformatics methods are available
for predicting the location of binding sites in proteins (Rigden, 2017),
we aimed to reveal the ligand binding sites in the JRD from vb_24B_21
by studying its surface properties. For this, we used the crystal structure
to analyze (i) its surface topology in Profunc (Laskowski et al, 2005)
and (ii) its surface atom type propensities using STP (Mehio et al, 2010)
and LISE (Xie et al, 2013) (Fig. 3A-C). The results consistently con-
firmed the observed groove as a ligand binding site, with no secondary
candidate sites. In all cases, the reverse side of the protein showed no
strong features consistent with ligand binding.

Next, we explored the local characteristics of the binding groove to
search for evidence that it could accommodate carbohydrate molecules.
A notable feature common among carbohydrate-binding sites is the
presence of solvent-exposed aromatic residues which can favourably
interact with the planar hydrophobic faces of ring-forming saccharide
moieties (Malik and Ahmad, 2007; Gilbert et al., 2013). The vb_24B_21
JRD contains four such residues in its proposed binding groove: Y510,
Y515, Y540, F611 (Fig. 1D). An analysis of sequence conservation using
Consurf (Ashkenazy et al., 2010) revealed that the three Tyr residues
are moderately to strongly conserved (Y510 is often conservatively
replaced by phenylalanine) across homologs pointing to a possible
functional role (Fig. 3D). Further, we analysed the groove with the
ISMBLab server in carbohydrate mode. This uses probability density
distributions to identify interacting atoms on protein surfaces (Tsai
et al., 2012). It predicted the full-length of the groove to be engaged in
carbohydrate binding (Fig. 3E). In brief, there is unanimity among the
predictions in pointing consistently towards carbohydrate binding in
the B-sandwich groove, also associated with binding across the super-
family.

5. Conclusion

Carbohydrate esterases are hydrolytic enzymes that catalyze the
removal of ester-based chemical modifications in carbohydrates,

Fig. 2. Comparison of vb_24B_21 JRD and its struc-
tural neighbours Superimposition of vb_24B_21 JRD
with its closest ligand-bound structural neighbours
identified using DALI (Holm, 2019). Structures share
a close agreement in their secondary structure to-
pology, but diverge in the length and conformation

“ SHON  of their many loops. Carbohydrate ligands are dis-
) ) played. Vb_24B_21 JRD is shown in blue.
4GKX
g 5HCA



Fig 3. The groove of vb_24B 21 JRD is a predicted carbohydrate binding site A. Identification of triplets of adjacent surface atomic groups that can support
protein-ligand interactions calculated in STP (Mehio et al, 2010). The surface of vb_24B_21 JRD is coloured in a red (highest ligand binding probability) to blue
(lowest probability). Triplets with highest probability in this calculation are centered around residues Y515 and Y540; B. ConSurf (Ashkenazy et al, 2010) sequence
conservation mapping from white (not conserved) to black (strictly conserved); C. Cavities calculated using ProFunc (Laskowski et al, 2005). The contiguous top and
second ranked cavities (pink and purple, respectively) are shown as a wire mesh; D. Detection of triplets of protein surface atoms that are statistically enriched at
ligand-binding sites as calculated by LISE (Xie et al, 2013). The contiguous top and third ranked cavities (pink and purple, respectively) are shown as a wire mesh; E.
The ISMBLab server (Tsai et al, 2012) strongly identifies the cleft as carbohydrate binding. All residues in the top-ranking patch, using the Support Vector Machine

methodology, are shown in pink.

commonly performing de-O or de-N-acylation. They are currently
classified in 16 families in the CAZy database. Esterase vb_24B_21 is a
close homolog of NanS (currently in an unclassified section of CAZy),
with which it shares all active site atypical features that classify it as a
group II SGNH esterase.

Phage vb_24B_21 (but not bacterial NanS) contains a DUF domain in
N-terminal position and a jelly-roll at its C-terminus. Our preliminary
modelling indicates that DUF1737 might adopt an o + f fold, but does
not allow us to propose a hypothesis with regard to its function. In
contrast, the crystal structure elucidation of the jelly-roll domain in C-
terminal position reveals that it predictably acts as a non-catalytic,
ancillary CBM. CBMs potentiate the activity of their associated catalytic
domains against carbohydrate substrates. They target the parent en-
zyme to the substrate, increasing its local concentration and enhancing
the rate and efficiency of catalysis (Boraston et al, 2004; Gilbert et al,
2013). In carbohydrate processing enzymes — including vb_24B_21 -
catalytic modules and CBMs often occur as discrete structural domains
in a single polypeptide chain. CBMs are grouped into 86 sequence-based
CAZy families, which comprise 7 different fold-families (Boraston et al,
2004). The largest, fold-family 1, encompasses CBMs with a 3-sandwich
fold that include lectins. The CBM from vb_24B_21 can be classed in this
group. Multiple lines of evidence point to the existence of a single
carbohydrate binding site in vb_24B_21, located in a surface groove on
the concave face of the domain (site 2). CBM fold families and location
of the binding site in the fold, however, are not indicative of substrate
specificity. Moreover, the substrate specificities of the catalytic and
CBM domains are often decoupled. Thus, a prediction of ligand speci-
ficity for the JRD from vb_24B_21 was not possible in this study. In-
terestingly, the elongated geometry of the groove and the lack of an
“aromatic cradle” signature pocket (Abbott and van Bueren, 2014)
points to vb_24B_21 binding linear carbohydrate chains, as opposed to
end units as its nearest neighbour, Vibrio cholerae sialidase. Notably,
vb_24B_21 in the ®24p genome and orthologues in other temperate
phages are always found upstream of the genes directing phage release
and host cell lysis. In ®24y, vb_24B_21 is only expressed with genes in
the lysis cassette and not when the phage is being maintained as a
prophage (Veses-Garcia et al., 2015). The fact that it is conserved across
a vast swathe of temperate phages and that its expression is linked to
prophage induction, suggests that vb_24B_21 might play a yet uni-
dentified role in lytic phage replication. Future studies will be required
to establish the carbohydrate specificity of vb_24B_21 and its role in
supporting the activity of vb_24B_21 in lysis.

6. Data availability

Structure coordinates and experimental data have been deposited

with the PDB (entry 6YP6). X-ray diffraction images for native and S-
SAD data have been deposited with Zenodo (http://doi.org/10.5281/
zenodo.3754586; http://doi.org/10.5281/zenodo.3754662; http://
doi.org/10.5281/zenodo.3754702).
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