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a b s t r a c t

Surface-associated capsular polysaccharides (CPSs) protect bacteria against phage infection and enhance
pathogenicity by interfering with the function of the host innate immune system. The CPS of
enteropathogenic Escherichia coli K92 is a unique sialic acid polymer (polySia) with alternating α2,8-
and α2,9-linkages. This CPS can be digested by the gene 143 encoded endosialidase of bacteriophage
phi92. Here we report the crystal structure of the phi92 endosialidase in complex with a dimer of α2,9-
linked sialic acid and analyze its catalytic functions. Unlike the well characterized and homologous
endosialidase of phage K1F, the phi92 endosialidase is a bifunctional enzyme with high activity against
α2,8- and low activity against α2,9-linkages in a polySia chain. Moreover, in contrast to the processive
K1F endosialidase, the phi92 endosialidase degrades the polymer in a non-processive mode. Beyond
describing the first endosialidase with α2,9-specificity, our data introduce a novel platform for studies of
endosialidase regioselectivity and for engineering highly active α2,9-specific enzymes.

& 2014 Elsevier Inc. All rights reserved.

Introduction

The cellular envelope of Gram-negative bacteria is characterized by
K- and O-antigens that are formed by lipid-linked or free surface
polysaccharides. In many cases, these molecules create a thick
continuous layer that fully covers the cell surface and is called a
capsule (Whitfield, 2006). In bacteria causing meningitis, pneumonia,
and septicemia, the complexity of K- and O-antigen organization and
the thickness of the capsule have been shown to correlate positively
with pathogenicity (Cross, 1990; Taylor and Roberts, 2005). Due to
their size and charge, capsular polysaccharides (CPSs) shield the
bacterium from the immune system. Moreover, CPSs of some bacterial
pathogens are identical to saccharides produced by mammalian cells,
which confers protection by molecular mimicry (Finne et al., 1983)
such as the case for the neuroinvasive bacteria Neisseria meningitidis
(Nm) serogroup B and Escherichia coli K1. In both organisms the
capsule consists of α2,8-linked polysialic acid (polySia), a structure
that is also abundant on the surface of many human cells (α2,8-

linked polySia will henceforth be described as K1-polySia) (for
review see (Muhlenhoff et al., 2013)).

Besides their protective functions, the CPSs serve as receptors for
specialized bacteriophages (Lindberg, 1977; Scholl et al., 2005). To gain
access to the membrane and infect an encapsulated bacterium, a
phage must degrade the CPS (Sutherland, 1977; Scholl and Merril,
2005). In phages that infect polySia-encapsulated bacteria, the degrad-
ing enzymes are endosialidases (or endo-N-acetyl-neuraminidases,
endoN) (Gross et al., 1977; Leiman et al., 2007) and are present on the
particle in the form of tailspikes or tail fibers (Stirm et al., 1971).

About thirty genomes of E. coli K1-specific phages have been
characterized so far and all contain a gene that encodes an endoN
(Jakobsson et al., 2012). The tailspike of coliphage K1F (endoNF) serves
as a paradigm for all these enzymes as its function, folding properties,
and crystal structure in the apo- and substrate-bound form have been
well characterized (Mühlenhoff et al., 2003; Stummeyer et al., 2005;
Schwarzer et al., 2007, 2009; Schulz et al., 2010b, 2010c). The catalytic
part of endoNF is a mushroom-shaped homotrimer with each subunit
comprising three distinct domains: an N-terminal β-propeller found in
all sialidases with an inserted nine stranded β-barrel domain, and a
C-terminal β-helix domain unique to phage proteins. The β-propeller
and β-barrel domains form the cap of the mushroom and the β-helical
domain comprises its stalk. Roughly in the middle, the triple
β-helix is interrupted by a small triple β-prism region (Stummeyer et
al., 2005). Folding of the trimeric endoNF involves auto-proteolytic
release of its C-terminal chaperone domain in a Ser–Lys dyad reaction
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(Mühlenhoff et al., 2003; Schwarzer et al., 2007; Schulz et al., 2010a;
Schulz and Ficner, 2011). The release of the chaperone domain increases
thermal stability of endoNF (Schwarzer et al., 2007) and unmasks a
polySia binding site located in the stalk domain conferring processivity
to the enzyme (Schwarzer et al., 2009; Jakobsson et al., 2012).

Sequences of all known endoN proteins are very similar and all
the functionally characterized enzymes specifically cleave α2,8-
linkages in a sialic acid polymer. However, polySia with other type
of linkages exist. Of particular importance is α2,9-linked polySia
that forms the capsule of N. meningitidis serogroup C (NmC-
polySia). Another example is enteropathogenic E. coli K92, whose
polySia capsule contains alternating α2,8 and α2,9 linkages (K92-
polySia) (Furowicz and Ørskov, 1972; Egan et al., 1977;
Kwiatkowski et al., 1983). Recently, we have characterized bacter-
iophage phi92 that infects E. coli K92. It contains an endosialidase
gene (gene 143) and carries endoN92 enzymes on the phage
particle (Schwarzer et al., 2012). Taking into account that the
substrate of endoN92 is different to that of all previously studied
endosialidases, we set our goal to characterize this enzyme
functionally and structurally.

Here we report the crystal structure of the catalytic fragment of
endoN92 (residues 76–756) in complex with its major cleavage
product, a dimer of α2,9-linked sialic acid (α2,9-DP2; DP stands
for degree of polymerization), demonstrate that endoN92 has
a capacity, albeit very low, to cleave α2,9-linkages and present
a comparison of biochemical and biophysical properties between
endoN92 and endoNF.

Results

Phylogenetic analysis of the endosialidase 92 (endoN92)

All putative endoN sequences available at the GenBank (see
alignment in Fig. S1) can be grouped into four separate

phylogenetic clades – I through IV, Fig. 1. EndoN92 (a myovirus
enzyme) is unique and represents the only member of clade I.
Sequences from siphophages 63D, K1G and K1H form clade II and
clade III contain endosialidases that are encoded in prophages and
genetic islands of E. coli K1 strains. This clade splits into two
classes – IIIa and IIIb – with in-class sequence similarities close to
100% (Table S1). The well-studied endoNF is in clade IV, which also
contains other functionally characterized podophage-derived
endosialidases like endoNA (Jakobsson et al., 2007), endoNE
(Gerardy-Schahn et al., 1995), and endoNK1-5 (Scholl et al.,
2001). The sequence alignment (Fig. S1) together with previous
work on endoNF and endoNE (Mühlenhoff et al., 2003; Stummeyer
et al., 2005) demonstrated that all family members exhibit a
conserved domain organization and consist of an N-terminal
particle-binding domain, a large central catalytic part comprising
several domains, and a relatively small C-terminal chaperone
domain. Because the N-terminal particle-binding domains vary
considerably in terms of size and sequence, the phylogenetic
analysis was repeated in the absence of these sequences. The
resulting tree had shorter branches, but segregation into clades
remained identical to Fig. 1 (data not shown).

To further investigate functional and structural motifs, the
endoN92 sequence was aligned to the best-characterized repre-
sentative of each clade (Fig. 2). The six-bladed β-propeller sialidase
domain (marked by an open box in Fig. 2) and the β-barrel domain
(zigzag box in Fig. 2) of the catalytic part were found to comprise
the region of the highest sequence conservation. The β-propeller
domain contains the active site of the enzyme and the β-barrel
domain displays the polySia binding site b1, which could be
essential for directing the polymeric substrate into the active site.
In contrast, the second polySia binding site b2 in the β-helical stalk
domain of endoNF is not conserved. Because the site b2 deter-
mines the processivity of substrate degradation by endoNF
(Schwarzer et al., 2009), weaker sequence conservation at this
position suggests that processivity could be a specific feature of

Fig. 1. Phylogenetic tree of endosialidases. The tree was generated based on the alignment shown in Fig. S1. Endosialidases from phages of the same family (schematically
shown above) are shaded. Sequence similarities to endoN92 are given in brackets. The four apparent clades correspond to the endosialidases from myoviruses (I),
siphoviruses (II), prophage-related (III), and podoviruses (IV). The prophage clade can be further subdivided into two independent groups (IIIa and IIIb) that each comprise
seven closely related endosialidases from different prophages.
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Fig. 2. Sequence alignment of endoNF, endoNK1, endoN63D, and endoN92 (GenBank accession numbers: CAJ29390, CAJ29292, BAA32990, and CBY9957, respectively).
Protein sequences were aligned as described in Material and Methods section. Amino acid similarities are shaded as depicted in the legend below the figure. The domains as
identified previously for endoNF; (Stummeyer et al., 2005) are represented by bars in the bottom line (see legend below the figure). Sequence insertions (Insert- or In-) and
exchanges (Exchange-) in endoN92 are boxed. Amino acids of the active site (a, dashed boxes) and the binding sites b1 and b2 (solid gray boxes) of endoNF interacting with
α2,8-linked oligoSia (Sia2/3/5) as identified previously (14, 18) are marked by an X above the aligned sequences. Letters A and C specify the chain of the endoNF trimer that
interacts with Sia or α2,8-linked oligoSia (Sia2/4) in the binding site b2. An X below the sequence marks amino acids of endoN92 interacting with α2,9-linked Sia2 as
identified in this study. The autoproteolytic cleavage site with the catalytic dyad (Lys: solid arrow and Ser: dashed arrow) releasing the C-terminal chaperone domain is
indicated by scissors. The tentacle tip of the chaperone domain is depicted by an arch.
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endoNF, its closest homologs and, possibly, of endoNK1-like enzymes.
The overall sequence conservation of the C-terminal chaperone
domain is low (skewed striation in Fig. 2), but the strict conservation
of the cleavage site motif TSDG/AXXK (see also Fig. S1) indicates that
all endosialidases undergo auto-proteolysis after the threonine
residue in the motif T↓SDG/AXXK (Mühlenhoff et al., 2003; Schulz
et al., 2010a) to form stable trimeric proteins (Mühlenhoff et al.,
2003; Schwarzer et al., 2007).

The crystal structure of endoN92

Previous work on endoNF showed that a fragment lacking the
N-terminal domain (residues 1–255) is enzymatically active,
stable, trimeric, and amenable to crystallization (termed ΔN-
endoNF hereafter). Using this information, we created mutant
ΔN-endoN92, in which the corresponding part (N-terminal resi-
dues 1–75) was absent (Figs. S1 and S3). ΔN-endoN92n, the
mature form of the catalytic part of the protein that is free from

the auto-proteolytically released C-terminal chaperone domain,
was purified in an amount sufficient for crystallization as
described in Materials and Methods section.

ΔN-endoN92n was crystallized in the presence of α2,8/α2,9-
linked polySia purified from E. coli K92. The crystal structure was
solved by molecular replacement using the program AMoRe
(Collaborative Computational Project, 1994) (Fig. 3, Table 1) and the
coordinates ofΔN-endoNFn (PDB ID: 1V0E; (Stummeyer et al., 2005)
as a search model. The structure was refined to R and R-free values of
8.8% and 14.0%, respectively, at 1.6 Å resolution. Due to crystal
packing, the electron density of the 23–29 N-terminal residues
(depending on the chain) was not well defined and no model could
be built. To the contrary, the C-terminal amino acid in all three chains
had an excellent electron density (Fig. S2) and could be identified as
Thr756, which is part of the highly conserved cleavage motif T↓SDG/
AXXK (see also Figs. 2 and S1). The final atomic model of ΔN-
endoN92n contains residues 99–756; 105–756, and 102–756 in the
three polypeptide chains A, B, and C, respectively (Fig. 3).

Fig. 3. Crystal structure of ΔN-endoN92*. A) Ribbon diagram of the trimer with each chain labeled in a distinct color. The oligosaccharide ligands are in a ball-and-stick
representation with carbon atoms colored yellow. B) One of the three polypeptide chains (chain C) comprising the enzyme is emphasized and is shownwith its di-saccharide
ligands – a sucrose molecule and a sialic acid dimer. C) The electron density of the sialic acid shows two α2,9-linked monomers. The 2Fo-Fc map is contoured at 0.9 standard
deviations above the mean. D) The electron density of the bound sucrose molecule. The 2Fo-Fc map is contoured at 1.5 standard deviations above the mean. Residues
participating in ligand binding are labeled with their names and numbers.
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The structures ofΔN-endoN92n andΔN-endoNFn (PDB ID 1V0F)
are very similar overall and could be superimposed with a root
mean square deviation (RMSD) of �1.0 Å between 633 (or 96%)
equivalent Cα. Only three small regions show significant differ-
ences. One of them is a loop formed by residues 649–655 in ΔN-
endoN92n (marked in orange in Figs. 3A and Fig. S3). The side chain
of H651 forming the tip of this loop interacts with a hydrophobic
pocket located between the β-propeller and the β-barrel domain of
an adjacent subunit in the trimer. The other two regions (residues
209–216 and 347–362 in endoN92, inset-1 and inset-2 in Fig. 2, and
yellow and magenta in Fig. S3) are located on the surface of the
sialidase domain. These regions are close to each other and are in
the vicinity of the loop described above.

Besides water and ethylene glycol molecules, six large ligands
were present in the electron density map. Three of these could be
easily identified as sucrose molecules. Both sucrose and ethylene
glycol were used in the cryoprotector solution. Two residues that
are involved in sucrose binding – D211 and Y219 – are conserved
in endoNF, but E249, which forms two excellent in terms of
distance and geometry hydrogen bonds to the fructofuranoside
ring (Fig. 3D) is replaces with A417 in endoNF (Fig. 2). Thus,
endoNF is unlikely to bind a sucrose molecule at this location.
Nevertheless, the incidental sucrose-binding site of endoN92 is
next to the region that shows a significant structural difference in
the two enzymes (Fig. S3) and sequence variability in other
endosialidases (Fig. S1) suggesting that in different endosialidases
this site might be involved in binding to surface polysaccharide
residues of the bacterial host. The other three large ligands
occupying symmetry equivalent positions on the trimer are
α2,9-linked sialic acid dimers (α2,9-DP2) and described below.

Active site and sialic acid binding sites in ΔN-endoN92n

Inspection of the sequence alignment (Figs. 2 and S1) together
with structural superposition of ΔN-endoN92n and ΔN-endoNFn

showed that residues involved in substrate binding and catalysis
in the β-propeller sialidase domain are very well conserved in all
endosialidases. An exception to this is a β-strand labeled exchange-
1 in Fig. 2 (residues 241–249, cyan in Fig. S3). Despite the
difference in the primary structure, the conformation of this
strand in the sialidase β-propeller is unperturbed. Notably, two
residues from this strand participate in binding of the sucrose

molecule, whereas none of the endoNF structures available at the
PDB binds any ligand in this position.

The sialic acid binding site in the β-barrel domain of ΔN-
endoNFn (labeled b1 in Fig. 2) (Schulz et al., 2010c) is conserved
in ΔN-endoN92n and here coordinates binding of an α2,9-DP2
moiety (Fig. 3C). The first Sia residue (Sia-1; Fig. 3C and Fig. 4) of the
bound dimer has the same conformation as the corresponding
residue in ΔN-endoNFn (Stummeyer et al., 2005; Schulz et al.,

Table 1
Crystallographic data collection and refinement statistics.

Beamline SLS X06DA

Space group C121
Unit cell dimensions a¼122.89 Å b¼137.58 Å c¼140.78 Å β¼94.641
No molecules in ASU 1 (trimer)
Resolution (Å) 20.0-1.6
Unique reflections 303151
Redundancy 3,7
Completeness (last shell) (%) 99.1 (97.7)
Rsym (last shell) (%) 5.8 (36.2)
I/σ (I) (last shell) 17.1 (4.3)
R (%) 8.78
Rfree (%) 14.01
B-factor 19.57
RMSD of bond lengths (Å) 0.02
RMSD of bond angles (1) 1.872
Ramachandran plot statistics

Most favorable (% residues) 94.75
Allowed (% residues) 4.98
Disallowed (% residues) 0.27

No of residues 1962
No of water molecules 3142

Fig. 4. Comparison of sialic acid dimers bound to endoNF and endoN92. A fragment
of the molecular surface of endoN92 and endoNF is shown (A and B, respectively)
with the bound sialic acid dimer depicted in ball-and-stick representation. The
endoN92 and endoNF trimers are in a similar orientation that was obtained by
superimposing one on the other.
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2010c). The second residue Sia-2, however, attains a different
orientation with the carboxyl group contacting the protein surface
instead of pointing away as seen for the α2,8-linked Sia-2 in
ΔN-endoNFn (Fig. 3C). In the ΔN-endoN92n structure, the Sia-1
residue is an α-anomer and the Sia-2 residue is a β-anomer, which
shows that Sia-2 is the reducing end sugar (Fig. 3C). At the reducing
end, the β-anomer is the energetically favored conformation over
the α-anomer with a ratio of 92:8 (Friebolin et al., 1980; Todeschini
et al., 2000).

In contrast to ΔN-endoNFn where the β-helical stalk domain
contains a second polySia binding site (b2 in Fig. 2), the corre-
sponding location in the ΔN-endoN92n crystal structure shows no
electron density that can be attributed to a sialic acid oligomer. In
agreement with this observation, residues that are involved in
polySia binding in endoNF (Ser-848 and Gln-853; Stummeyer
et al., 2005; Schwarzer et al., 2009) are not conserved in endoN92
and in general show high variability in other endosialidases
(Figs. 2 and S1).

Thermostability of ΔN-endoN92n

Many trimeric phage tailspikes and viral fibers are resistant to
denaturation by temperature, urea or sodium dodecyl sulfate (SDS)
(Weigele et al., 2003). The unfolding process can be monitored by
examining the ratio of the unfolded monomeric protein fraction to
the original trimeric fraction (Anderson and Teschke, 2003;
Schwarzer et al., 2007; Schulz and Ficner, 2011). For certain large
proteins, such as for example the phage P22 tailspike, thermal
denaturation in the presence of SDS initially results in a partially
unfolded intermediate, which migrates slower than the compact
trimer in SDS-PAGE, and the intermediate then dissociates into fully
unfolded monomers (Gage and Robinson, 2003).

The stability of ΔN-endoN92n and ΔN-endoNFn trimers was
studied by thermal denaturation in the presence of 1.0% SDS
(Fig. 5). The native trimer of both endoNF and endoN92 could be
detected at temperatures up to 501C, but the formation of a
partially unfolded intermediate and its dissociation into mono-
mers showed significant differences. The partially unfolded inter-
mediate of ΔN-endoNFn was present at 201C at a concentration
similar to the concentration of the native protein. The intensity of
the band corresponding to the partially unfolded protein was
almost unchanged up to 581C, but then decreased rapidly in the
narrow temperature range of less than 101C. In contrast, no
partially unfolded ΔN-endoN92n intermediate could be detected
below 501C and temperatures greater than 701C were required to
completely dissociate the protein into monomers. These data
suggest that ΔN-endoN92n possesses higher thermal stability
than ΔN-endoNFn.

The observed thermal stability is in agreement with theoretical
thermodynamic parameters of the ΔN-endoN92n and ΔN-endoNFn

trimers calculated using the PISA algorithm (Krissinel and Henrick,

2007). Despite having 10% fewer hydrogen bonds and 44% fewer salt
bridges, the buried interface of the ΔN-endoN92n trimer has a 20%
lower free energy than that of the ΔN-endoNFn trimer (�66.4 kcal/
mol vs. �53.7 kcal/mol). The free energy of the ΔN-endoN92n

monomer is also 8% lower than that of the ΔN-endoNFn monomer
(�596.2 kcal/mol vs. �549.9 kcal/mol).

The substrate specificities of ΔN-endoN92n and ΔN-endoNFn

The presence of α2,9-DP2 fragments in the ΔN-endoN92n

crystal structure supported the literature data on the α2,8-linkage
cleavage specificity of endoN92 (Kwiatkowski et al., 1983). Never-
theless, we decided to reinvestigate and compare cleavage specifi-
cities of endoN92 and endoNF and therefore used a panel of
substrates comprising defined Sia-oligomers (K1-DP2 – K1-DP4)
as well as the capsular polysaccharides of E. coli K1, E. coli K92, and
NmC (see Fig. S4). The activities were quantified by determining
the amount of the reducing ends in a thiobarbituric acid assay as
described in the Material and Methods section. Under the conditions
used, ΔN-endoN92n showed higher activity than ΔN-endoNFn with
all tested substrates. Moreover, the minimal substrate recognized
and cleaved by ΔN-endoN92n was found to be K1-DP3, while
ΔN-endoNFn was confirmed to use K1-DP4 as the minimal substrate
(Fig. S4).

Degradation of capsular polysaccharides isolated from E. coli
K92 and E. coli K1 was studied with the help of time-lapse analysis.
With K92-polySia as a substrate for ΔN-endoN92n a DP2 fragment
appeared early in the degradation process. The DP2 chromatogram
peak was visible within 10 min of the start of the reaction. The
intensity of this peak increased continuously and DP2 formed the
sole end product after 22 h (Fig. 6A). In contrast, if K92-polySia
was treated with an equal amount of ΔN-endoNFn, a more
stochastic fragment pattern was generated at early time points.
An enrichment of individual species, with DP4 as the smallest
product, was visible after 1 h. Of note, a significant amount of DP2
appeared only after a prolonged incubation and is in all likelihood
due to the cleavage of DP6 (Fig. 6B).

The major final product of K1-polySia digestion by ΔN-
endoN92n is also a DP2 fragment although the concentration of
DP3 was only slightly lower in the short-to-medium time course of
the reaction. In line with the finding that the minimal substrate
of ΔN-endoN92n is K1-DP3 (Fig. S4B), the DP3 peak vanished and
a peak representing the free Sia appeared in the profile taken after
22 h (Fig. 6C). The cleavage pattern of K1-polySia by ΔN-endoNFn

(Fig. 6D) showed DP3 as the major product and is thus in
agreement with earlier data (Schwarzer et al., 2009). Fast disap-
pearance of the longest polySia oligomers early in the digestion
process shows thatΔN-endoN92n is an endo- but not exo-enzyme,
similar to ΔN-endoNFn (Hallenbeck et al., 1987).

Of note, neither ΔN-endoN92n nor ΔN-endoNFn showed a
detectable activity when incubated with the homo-α2,9-polySia

Fig. 5. Resistance of ΔN-endoN92* and ΔN-endoNF* to thermal denaturation. Purified ΔN-endoN92* and ΔN-endoNF* were incubated for 3 min in the presence of 1.0%
(w/v) SDS and at the indicated temperature. After separation by 8% SDS-PAGE, the proteins were visualized by Western blotting with StrepTactin-IR800 as described in the
Materials and Methods section.
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capsular polysaccharide of NmC (Fig. S4G). So far, no enzyme has
been described that efficiently degrades the NmC polymer and we
questioned whether this structure is resistant to enzymatic degra-
dation. To answer the question, we increased the concentration of
both enzymes 25-fold compared to that used in the K1- and K92
polySia degradation experiments and found that ΔN-endoN92n

but not ΔN-endoNFn degraded NmC-polySia (Fig. 7). To exclude
the risk of non-enzymatic polymer degradation (i.e. facilitated
hydrolysis after enzyme binding) an active site mutant of ΔN-
endoN92n (His180Ala) corresponding to the inactive mutant ΔN-
endoNFn-His350Ala was generated and used as an additional
control. The His180Ala ΔN-endoN92n mutant showed no cleavage
activity on K1- or K92-polySia (data not shown), or on NmC-

polySia (Fig. 7) confirming that ΔN-endoN92n cleaves α2,9-lin-
kages enzymatically. With this result we have identified the first
endosialidase with α2,9-activity.

Discussion

Bacteriophages that infect bacteria encapsulated in thick exo-
polysaccharide layers must degrade these polysaccharides to gain
access to the membrane to initiate the infection. PolySia capsules
are degraded by endosialidases, several copies of which (usually
six) are attached to the tail organelle of the phage particle (Leiman
et al., 2007). In this study, we characterized the structure and

Fig. 6. Digestion of K1- and K92-polySia by ΔN-endoN92* and ΔN-endoNF*. Anion-exchange chromatography was used to directly monitor the cleavage products of
K92-polySia (A and B) and K1-polySia (C and D) generated by ΔN-endoN92* (A and C) and ΔN-endoNF* (B and D). (A–D) 200 mg of polySia was digested for the indicated time
points with 1 pmol of enzyme. Cleavage products as well as the polymeric substrate (polySia, 0 min) were separated on a Mono Q HR 5/50 column. Elution profiles are drawn
at the same scale and separated by an appropriate y-axis offset. Numbers above peaks indicate the DP of oligoSia. The experiment was repeated twice with identical results.
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substrate specificity of the phage phi92 endosialidase and com-
pared it to other known and predicted endosialidases.

The phylogenetic tree (Fig. 1) demonstrated that the tail morphol-
ogy of the respective phage – Podo-, Sipho- and Myoviridae carrying
short, long, and contractile tails, respectively – governs grouping of
endosialidases into clades, while other morphological or genomic
features of the phage seem to have no influence. As the tail
determines all steps of the infection process – from host recognition
to DNA translocation (Davidson et al., 2012; Leiman and Shneider,
2012; Casjens and Molineux, 2012) – and endosialidases are part of
this machinery, we hypothesize that co-evolution of the endosialidase
in the context of the tail is essential to generate viable phage particles.

EndoN92 is structurally similar to the well-studied endosiali-
dase of coliphage K1F (endoNF), but unlike the latter, endoN92 is
able to digest polySia of N. meningitidis serogroup C, albeit with
very low activity. EndoN92 prefers polySia with α2,8-ketosidic
linkages. EndoN92 cleaves this type of bond in the α2,8-homo-
polymer K1-polySia as well as the K92 polymer, in which the α2,
8- and α2,9-linkages are alternating, resulting in the accumulation
of a α2,9-linked sialic acid dimer, a product that could be co-
crystallized with endoN92. The presence of the product of the
degradation reaction in the binding site can be explained by the
reversibility of the hydrolysis reaction. The relatively high con-
centration of the product in the crystallization solution forces it to
occupy the substrate-binding site.

EndoNF was shown to digest polySia in a processive fashion
(Schwarzer et al., 2009) and the binding site in the β-helical stalk
domain (labeled b2 in Fig. 2) was demonstrated to mediate this
processivity. No sialic acid binding site was identified in the stalk
domain of endoN92 and it is likely that the lack of this binding site
causes the cleavage of the polymer chains by endoN92 to be more
stochastic and lacking processivity. It is possible that processivity
of endoNF is required to limit the diffusion of a rather small K1F
phage particle during digestion of the polySia capsule. A combined
effect of several processive endoNF enzymes attached to a K1F

particle allows it to create a narrow and straight channel through
the polySia capsule (see the electron microscopy pictures in
Sutherland (1977)). The phi92 phage particle is almost 3 times
bigger than K1F and thus it diffuses much more slowly. As a result,
processivity might not be a requirement for phi92 particle-
associated enzymes. In fact, processivity lowers the activity in
certain cases as the substrate competes with the product for a
binding site (Schwarzer et al., 2009). Another possible explanation
is the large difference of endoN92 digestion activity towards the
α2,9- and α2,8-linkages. As the enzyme clearly prefers to cleave
α2,8-linkages but can bind to α2,9-linkages, these unique binding
sites on a K92-polySia polymer could make processivity dispen-
sable for a phage that carries 6 copies of the enzyme.

A second possible function of the β-helical stalk domain
binding site b2 in endoNF is realized after the polySia capsule
digestion is complete and the K1F particle has reached the outer
membrane of the host cell. This site might be responsible for
anchoring the particle to the short oligomers of polySia that are
tightly attached to the membrane (Stummeyer et al., 2005).
Again, phi92 does not have this requirement because besides
endoN92, phi92 carries at least three other tail fibers and tail-
spikes, which can bind the particle to the receptors exposed on the
membrane (Schwarzer et al., 2012). This multitude of host binding
proteins allows phi92 to infect many E. coli and Salmonella strains
(Schwarzer et al., 2012). We can speculate that the function of the
endosialidase in the context of the phage particle is to remove the
polySia capsule to allow the phage to gain access to the outer
membrane where it might bind another receptor. Thus, the
function of endoN92 could be limited to receptor recognition
and removal, whereas endoNF functions to recognize, remove,
and bind to a host cell surface receptor.

Both, the active sites and the binding sites b1 of endoN92 and
endoNF are highly similar. As a consequence both enzymes
efficiently degrade α2,8-linkages in polySia. However, endoN92
is the first characterized enzyme that cleaves α2,9-linked polySia,
albeit the activity on α2,8-linkages is much higher. The structural
elements that determine the second activity of endoN92 remain
unknown. In the sialidase β-propeller domain only the β-strand
containing the catalytically important residue Lys410 is different
between endoNF and endoN92 (exchange-1 in Fig. 2, the equiva-
lent residue is Asn242; (Schulz et al., 2010c). To test if this strand
confers the α2,9-activity to endoN92, we replaced the correspond-
ing fragment of endoNF (AKNALTNCA) with an equivalent frag-
ment of endoN92 (SNMRLKKAE). Unfortunately, this endoNF
mutant turned out to be fully insoluble (data not shown).

We would like to note that the endosialidase tailspike protein
of siphophage 63D, designated in this paper as endoN63D (clade II
in Fig. 1), was previously characterized as exo-acting (Kataoka et
al., 2006). However, after careful revision of the published data, we
suggest that this conclusion is not fully justified. Firstly, the assays
used did not allow for monitoring the amount of the uncleaved
polymeric substrate or its large cleavage products (i.e. the sub-
strate cleaved in half), which is essential for identification of the
mechanism. Secondly, close examination of the data presented in
Figs. 2 and 3 of Kataoka et al. (2006) reveals that endoN63D is able
to cleave polymeric substrate in which the attacked end is blocked.
Therefore, we propose an alternative interpretation to the pre-
vious results, in which the phage 63D sialidase has a preference for
shorter substrates but is able to cleave more than two residues at a
time, and thus is an endo-acting enzyme (endoN63D).

Our experiments showed that endoN92 prefers α2,8- over α2,
9-linked polySia. However, its unique ability to cleave α2,
9-linkages makes endoN92 an excellent starting point to engineer
novel enzymes that cleave exclusively α2,9-linkages. Moreover, by
using active site mutants, artificial lectins for specific detection of
α2,9- and/or alternating α2,8/α2,9-linked polySia can be designed.

Fig. 7. Digestion of NmC-polySia by ΔN-endoN92n. Anion-exchange chromatogra-
phy was used to directly monitor the cleavage products of NmC-polySia generated
by ΔN-endoN92n. ΔN-endoNFn and an inactive variant of ΔN-endoN92n (ΔN-
endoN92*–His180Ala) were used as negative controls. 200 mg of NmC-polySia was
digested overnight with 25 pmol of the endosialidase variants shown. The products
were then separated on a Mono Q HR 5/50 column. Elution profiles are drawn at
appropriate scales and separated by a y-axis offset. The experiment was repeated
twice with identical results.

D. Schwarzer et al. / Virology 477 (2015) 133–143140



In fact, we (Schwarzer et al., 2009) and others (Jokilammi et al.,
2004; Jakobsson et al., 2007) showed that trimeric phage-derived
endosialidases with their multiple substrate binding sites repre-
sent promising platform for the engineering of new and highly
specific polysaccharide-binding proteins.

Material and methods

Preparation of capsular polysaccharides and chemicals

K1-polysialic acid (K1-polySia) was purified as described pre-
viously from the supernatants of E. coli K1 cultures (Rode et al.,
2008; Schwarzer et al., 2009). K92-polySia was purified from E. coli
K92 according to Volpi (2004) with the slight modification that
150 mM NaCl was added to the extraction buffer (50 mM Tris–HCl,
pH 7.5, 5 mM EDTA) to avoid osmotic lysis of cell. NmC-polySia
was a gift from Behring (MP63; Op. 180880). Sialic acid and
oligomeric α2,8-linked sialic acid with a degree of polymerization
(DP) of 2–5 were obtained from Nacalai Tesque (Kyoto, Japan). Pfu
and Phusion DNA-Polymerase were obtained from Stratagene and
NEB, respectively. Crystallization screens have been obtained from
Jena Biosciences (Jena, Germany). Chemicals for crystallization,
colominic acid (hydrolyzed K1-polySia) and oligonucleotides for
cloning were obtained from SIGMA.

Bacteria and bacteriophages

E. coli Bos12 (O16:K92:H–) (ATCC 35860) and coliphage phi92
(‘phi 92’; ATCC 35860-B1) were obtained from the American Type
Culture Collection. The E. coli strain K1 B2032/82 (Frosch et al.,
1987) was obtained from the strain collection of the Institute for
Medical Microbiology, MHH, Hannover, Germany. E. coli BL21-Gold
(DE3) was purchased from Stratagene.

Plasmid design and site-directed mutagenesis

The conserved part of phi92 gene 143 (the endoN92 gene of
phi92) encoding residue 76–918 was cloned into the pET22b-Strep
expression vector using the primers described in Table S2 and
engineered BamHI/XhoI restriction sites. pET22b-Strep is a mod-
ified pET22b vector (Novagen) in which the multiple cloning site
is flanked at the 50 and 30 ends by a sequence encoding an
N-terminal Strep-tag II followed by a Thrombin cleavage site
(WSHPQFEKGALVPR'GS) and a C-terminal His6-tag, respectively
(Schwarzer et al., 2009). This plasmid was then used for site-
directed mutagenesis, which was performed by fusion PCR (Ho
et al., 1989; Kuwayama et al., 2002) with the primers listed in
Table S2 in combination with the flanking vector primers T7
(sense) and T7term (antisense). All PCR products were confirmed
by Sanger sequencing (GATC Biotech, Konstanz, Germany).

Sequence alignment and phylogenetic analysis

All sequence analyses were performed online at http://mobyle.
pasteur.fr/cgi-bin/portal.py using the following programs: multi-
ple sequence alignment was performed with ClustalW multalign
(Thompson et al., 1994). Phylogenetic analysis was created using
quicktree (Howe et al., 2002) and drawtree (http://mobyle.pasteur.
fr). Shading of amino acid similarities was generated with Box-
shade (Hofmann and Baron, 2010) and Bioedit (Tom Hall, Ibis
Biosciences, Carlsbad, CA, USA).

Protein expression and purification

Protein was expressed in BL21-Gold(DE3) grown in PowerBroth
(Athenas) after induction with 0.1 mM IPTG for 6 h at 301C and
orbital agitation at 250 rpm. Affinity purification was performed as
described previously (Stummeyer et al., 2005; Schwarzer et al.,
2009). Further protein purification was achieved using HiTrap Q
HP anion exchange chromatography column (GE healthcare) and
size exclusion chromatography using Superdex 200 GL column (GE
healthcare) in 10 mM Tris–HCl buffer, pH 7.5; 150 mM NaCl
according to the manufacturer's guidelines. The protein was
concentrated concurrently with buffer exchange using Amicon
ultrafiltration devices (Millipore, MWCO: 50,000) to obtain a
solution containing endoN92 at 12 mg/ml in 10 mM Tris–HCl
buffer, pH 7.5; 150 mM NaCl.

Crystallization

The initial crystallization screening was performed with 10 JBS
crystallization kits produced by Jena Bioscience GmbH in sitting-
drop, 2-well MRC crystallization plates (SWISSCI AG). The setup was
aided by a mosquito (TTP Labtech, Hertfordshire, UK) and Precision
XS (BioTek Instruments, USA) liquid handling robots. Crystallization
was performed at 181C. Crystals of endoN92 displayed slow growth
in the initial screening appearing after four days in 15 distinct
conditions. Further crystallization trials were performed in 24-well
hanging-drop SuperClear plates (Jena Bioscience GmbH) with the
drop containing equal volumes of the well and the protein solutions
(usually 1 ml each). The condition, which resulted in the best crystals
in the initial screen – 10% (w/v) PEG 3350; 100 mM MES buffer, pH
6.5, 100 mM calcium chloride and 13% (w/v) glycerol, – was further
refined to 6% (w/v) PEG 3350, 70 mM CHES buffer, pH 9.5 and
70 mM SrCl2. Further improvements were obtained by micro-
seeding and co-crystallization with K92-polySia.

The seeds for micro-seeding were obtained by crushing one
crystal between two cover slips in a 4 ml drop of mother liquor. The
crystal fragments were harvested with 25 ml mother liquor and the
resulting seeding stock was frozen at �201C overnight. For co-
crystallization with polySia, 64 mg of endoN92 was pre-incubated
with 100 mg of K92-polySia in a total volume of 20 ml for 1 h 25 min
at 181C. These amounts were estimated for an eventual �600�
molar excess of the sialic acid dimer over endoN92. Then, 1 ml of the
reaction was mixed with 1 ml of the seeding stock (1:10 diluted in
mother liquor) and 2 ml of the well solution in a sitting-drop well.

After seven weeks of growth at 181C, smooth and well-ordered
crystals with a size of approximately 180 mm�80 mm�70 mm
appeared. They belonged to space group C2 and contained one
endosialidase trimer per asymmetric unit.

Data collection, structure determination and refinement

Prior to X-ray data collection, endoN92 crystals were placed for
20–40 s into the mother liquor solution containing 25% (w/v)
sucrose and 25% (v/v) ethylene glycol. The crystals were then flash
frozen in a nitrogen stream running at a temperature of 100 K.
Diffraction images (1801, oscillation width¼0.51) were collected at
the beamline PX-III (Swiss Light Source, Paul-Scherrer-Institut,
Villigen). The images were indexed and scaled using the HKL2000
program package (Otwinowski and Minor, 1997). Phases were
obtained by molecular replacement using AMoRe (Collaborative
Computational Project, 1994), and the substrate-free endoNF crystal
structure (PDB ID 1V0E) as the search model. The initial automatic
model rebuilding was performed by Buccaneer (Collaborative
Computational Project, 1994). The refinement was performed using
REFMAC5 (Murshudov et al., 1997), PHENIX (Adams et al., 2010), and
Coot (Emsley and Cowtan, 2004). Data processing and refinement
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statistics are summarized in Table1. Figures were created using
Pymol (DeLano, 2006) and UCSF chimera (Pettersen et al., 2004).

PDB accession number

The catalytic domain of endoN92 (aa 76–756; named ΔN-
endoN92n in the text) co-crystallized with K92-polySia was
deposited to the PDB database under PDB ID 4HIZ.

Analysis of polySia cleavage products by anion exchange
chromatography

PolySia cleavage was analyzed by incubating 400 mg of substrate
with 2 pmol or 50 pmol of endosialidase (endoN92n, endoNFn or
mutant), respectively, for appropriate incubation times. The sam-
ples were then subjected to high resolution ion exchange chroma-
tography using a MonoQ HR 5/50 column as described previously
(Schwarzer et al., 2009). The following segmented linear gradient
was used: 2 ml at 0%, 2 ml at 0–8%, 7 ml at 8–20%, 26 ml at 20–45%,
1 ml at 45–100%, and 5 ml at 100% of 10 mM Tris–HCl, pH 8.0,
1 M NaCl.

Determination of endosialidase activity

The enzymatic activity of purified endosialidases was deter-
mined by means of the thiobarbituric acid assay as described
previously (Skoza and Mohos, 1976; Mühlenhoff et al., 2003;
Schwarzer et al., 2009).

SDS-PAGE

Soluble protein fractions were separated on a 12% SDS-PAGE
after incubation for 5 min at 951C. To investigate protein stability,
purified protein (200 ng/ml) solved in 10 mM Tris–HCl, pH 7.4 was
incubated for 3 min at appropriate temperatures and immediately
flash frozen in liquid nitrogen to stop denaturation. After adding
1 volume of 2� Laemmli buffer (2% (w/v) SDS) samples were
separated on an 8% SDS-PAGE (500 ng protein per lane) at 85 V
and 41C. Precision Plus (Bio-Rad) MW marker was used as the
standard. For immunoblotting, proteins were transferred onto a
nitrocellulose membrane immediately after SDS-PAGE. The C-
terminal His6-tag was detected using anti penta-His antibody
(1 mg/ml; QIAGEN; Hilden, Germany) and anti-mouse-IR680
(diluted 1:20.000; LI-COR; Lincoln, Nebraska). For the detection
of the N-terminal Strep-tag II, unlabeled StrepTactin (IBA, Göttin-
gen, Germany) was conjugated to IRDye 800CW NHS Ester Infra-
red Dye (LI-COR) in a 1:5 M ratio according to the manufacturer's
guidelines. The resulting StrepTactin-IR800 had an F/P ratio
(A778 nm/A280 nm) of 1.9 and was used at a concentration of
0.1 mg/ml in Odyssey Blocking Buffer (LI-COR). Scanning was
performed on a LI-COR Odyssey Infrared imaging system (LI-COR).

Thermostability assay

For each temperature point, 2 mg of purified endosialidase in a
final volume of 20 ml sample buffer (1% SDS) was placed in a 1.5 ml
Eppendorf cup and incubated for 3 min in a heating block at the
indicated temperature. Samples were placed on ice until further
analysis by 8% SDS-PAGE. From each sample, an aliquot of 5 ml
(500 ng of protein) was loaded per lane.
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