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Mutant bacteriophage with non-catalytic
endosialidase binds to both bacterial
and eukaryotic polysialic acid and can be used
as probe for its detection
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There is a molecular mimicry between the polysialic acid polysaccharide of bacterial pathogens causing sepsis and
meningitis, and the carbohydrate units of the neural cell adhesion molecule NCAM. We investigated whether bacteriophage
mutants with catalytically disabled endosialidase, which bind but do not cleave polysialic acid, could recognise and bind
to bacterial and eukaryotic polysialic acid. In nitrocellulose dot blot assay the mutant bacteriophages, but not the wild-type
phages, remained specifically bound to polysialic acid–containing bacteria including Escherichia coli K1 and K92, group B
meningococci, Mannheimia (Pasteurella) haemolytica A2, and Moraxella nonliquefaciens. A minimum binding requirement
was determined to be 10 sialyl residues in the polysialic acid chain. In Western blots the mutant phages specifically
bound to the embryonic polysialylated form of NCAM, but not to the adult less sialylated form of the molecule. The mutant
phages together with secondary anti-phage antibodies were subsequently successfully used in fluorescence microscopy
of cultured cells and light microscopy of paraffin-embedded tissue sections as a probe for the eukaryotic polysialic acid.
Thus, mutant bacteriophages of meningitis causing bacteria bind to and detect the molecularly mimicked polysialic acid
of the neural cell adhesion molecule in host tissues.
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Introduction

Polysialic acid occurs as a capsular polysaccharide of the bacte-
rial pathogens Neisseria meningitidis group B, Escherichia coli
K1, Mannheimia (Pasteurella) haemolytica A2, and Moraxella
nonliquefaciens [1–3], and as a structural unit of carbohydrate
side chains of the neural cell adhesion molecule NCAM [4,5].
In NCAM, polysialic acid is developmentally regulated and
appears to modulate the cell adhesion activity of the molecule
[6,7]. It has been ascribed important roles in development, dif-
ferentiation, plasticity, regeneration and malignancy [8,9]. In
bacteria polysialic acid participates in the pathogenesis of sep-
sis and meningitis by conferring serum resistance and escape
from immune defence due to poor immunogenicity of the host-
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mimicking capsule [10]. The role and mechanism of polysialic
acid in the determination of the tissue tropism of the infection re-
mains, however, to be shown. Initially, the poor immunogenicity
of polysialic acid was an obstacle in the production of reagents
for its study [1,11], but antibodies are now available [12–14].

In E. coli, polysaccharide K1-specific bacteriophages specifi-
cally recognise and bind to the polysialic acid, and subsequently
degrade it [15]. Both activities are thought to reside in the same
molecule, i.e. in the endosialidase enzyme [16]. We have pre-
viously developed mutant bacteriophages which have lost the
catalytic activity to degrade polysialic acid [17]. In the present
investigation, we have investigated whether the mutant bacterio-
phages recognise and bind bacterial and eukaryotic polysialic
acid. The results indicate that the bacteriophages with the cat-
alytically disabled enzyme specifically bind to both the bacterial
polysialic acid and the polysialic acid of the neural cell adhe-
sion molecule, and can be used as a specific probe for their
detection.
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Materials and methods

Bacteriophages and bacterial strains

The bacteriophages PK1A and PK1E were provided by B.
Rowen, Central Public Health Laboratory, Colindale, London,
England [15]. The mutant bacteriophages PK1A2, PK1A5,
PK1A8 and PK1E3 were isolated on the basis of their capa-
bility of infecting E. coli mutants resistant to wild-type phages
due to a reduced amount of surface polysialic acid [17]. E.
coli strains IH3088 (K1) and IH3083 (K2) were provided by P.
H. Mäkelä, National Public Health Institute, Helsinki, Finland
[18]. The mutant K1-defective E. coli strain EH1008 has been
described elsewhere [17,19]. E. coli strain Bi8337-41 (K5)
has been described before [20]. E. coli strain Bos 12 (K92)
was obtained from S. Stirm, Biochemisches Institut, Giessen,
Germany. E. coli K-12 (K12), Neisseria meningitidis serotypes
A, B, C and Y, and Moraxella nonliquefaciens EF 10057 were
obtained from E. Eerola, Department of Medical Microbiol-
ogy, University of Turku, Finland. M. nonliquefaciens strain
KK 987/84 was supplied by H. Järvinen, National Institute of
Health, Turku, Finland. Mannheimia (Pasteurella) haemolyt-
ica KU 201/83 (A2), KU 363/84 and KU 606/83 were our own
isolates.

Detection of endosialidase activity

An oligomer containing 12 sialyl residues was purified from
colominic acid and labelled in its reducing end by tritium
[17,21]. After incubation of the substrate with the wild type
and mutant bacteriophages the digestion products were anal-
ysed by polyacrylamide gel electrophoresis and fluorography
as described before [22,23].

Production of bacteriophage antisera

New Zealand White rabbits were immunised subcutaneously
with 250 µg (as protein) of PK1A2 bacteriophage in 0.5 ml
of PBS emulsified with 0.5 ml of Freund’s complete adjuvant.
The rabbits were boosted every 4 weeks with the same anti-
gen using Freund’s incomplete adjuvant. The sera were stored
frozen in aliquots. The production of bacteriophage antibodies
was followed by dot blot analysis. The bacteriophage suspen-
sions (5 µg protein per ml) were spotted (1 µl) on nitrocellulose
membranes which were blocked by incubation with 3% bovine
serum albumin and 0.5% Tween 20 in PBS for 1 h at room
temperature [24]. The membranes were incubated with the sera
diluted in the blocking solution for 15 min at room temperature,
and the bound antibodies were detected as described below. The
phage antibodies crossreacted readily with both the PK1A and
the PK1E phages and their mutants.

Bacteriophage binding to bacteria on nitrocellulose
membranes

Bacterial suspensions were adjusted to an A540 of 0.2 and 1:2
dilution series of the suspensions were spotted (1 µl) onto

nitrocellulose membranes. After drying the membranes were
treated by incubation with 3% bovine serum albumin and 0.5%
Tween 20 in PBS for 1 h at room temperature. The mem-
branes were incubated with the mutant PK1A2 bacteriophages
(50 µg/ml) in blocking solution for 1 h at room tempera-
ture, washed three times with 0.5% Tween 20 in PBS for 10
min, and incubated with rabbit anti-bacteriophage antibodies
(1:1000) in blocking solution for 20 min. The membranes were
washed three times as above, and incubated with 1:1000 di-
luted peroxidase-conjugated swine anti-rabbit immunoglobu-
lins (DAKO, Glostrup, Denmark) in blocking solution for 1 h.
After washing the colour was developed by incubation with
0.5 mg/ml 3,3′-diaminobenzidine, 0.015% hydrogen peroxide
in PBS.

Sialyloligomer binding to phages

Colominic acid and sialyl oligosaccharides of defined length
were prepared and labelled in their reducing ends by tritium
as described before [17,21]. Freshly isolated PK1A2 phages
(12.5 µg in 50 µl of PBS) were coated onto wells of microtiter
plates (Rigid Pate 1450–410, Wallac Turku, Finland) by
incubation overnight at 4◦C. After washing the plates three
times with PBS, 25 pmol of the sialyloligomers were applied
in 100 µl of PBS and the plates incubated for 1 h at 4◦C.
In control samples 5 mg/ml of colominic acid was included
with the sialyl oligomers. The plates were washed three times
with PBS, 100 µl of Hi-Load scintillation liquid (Wallac)
was added, and the plates were counted in a microplate liquid
scintillation counter (Microbeta 1450, Wallac).

Polyacrylamide gel electrophoresis and phage blotting

Brain, liver, kidney and spleen samples of adult (37 days)
and developing (8 days) Wistar male rats were homogenized
with a ground-glass homogenizer on ice in two volumes of
PBS containing 0.228 TIU/ml aprotinin, 5 mM iodoacetamide
and 5 µg/ml α2-macroglobulin. Equal amounts of tissue ho-
mogenates (corresponding to 0.35 mg wet weight of tissues)
were subjected to SDS polyacrylamide gel electrophoresis as
described before [25,26], and blotted to nitrocellulose mem-
branes [27]. The membranes were blocked and treated for
polysialic acid detection as described above, using a 1:10 000
dilution of bacteriophage antiserum and an incubation time of
30 min.

Polysialic acid detection in fluorescence microscopy

Baby-hamster kidney fibroblasts (BHK-21 C-13) were grown
on Permanox slides (Nunc) at 37◦C in 5% CO2 in Dulbecco’s
modified Eagle medium (Gibco) supplemented with 10% fetal
calf serum (Gibco, E.C. approved), 100 IU/ml penicillin and 50
µg/ml streptomycin. The cells were fixed for 15 min with 2%
paraformaldehyde in PBS, washed three times with 0.1% BSA
in PBS, and incubated with 10 µg/ml PK1A2 phages in 3% BSA
in PBS for 30 min at room temperature. After washing three
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times the slides were incubated with rabbit anti-bacteriophage
antibodies (1:500) in 3% BSA in PBS for 30 min at room tem-
perature, washed three times, and incubated with swine rho-
damine conjugated anti-rabbit immunoglobulins (1:50, DAKO)
in 3% BSA in PBS for 30 min. The slides were briefly rinsed
with distilled water and mounted with Glysergel (DAKO) con-
taining 2.5 mg/ml 1,4-diazabicyclo[2.2.2]octane (Sigma). The
slides were examined and photographed in a Zeiss IM 35 mi-
croscope with epifluorescence set.

Polysialic acid detection in light microscopy

Paraffin sections (4 µm) of tissue samples fixed with
4% phosphate-buffered paraformaldehyde were mounted on
polylysine-coated glass slides, kept for 10 min at 56◦C, and
rehydrated by incubation in xylene, descending alcohol series,
and two washes with 0.05 mM Tris-buffered saline, pH 7.6. En-
dogenous peroxidase activity was blocked by incubation after
dehydration with ascending alcohol series in 0.3% hydrogen
peroxide in methanol for 30 min at room temperature. After
treatment with 3% swine serum (Vientiteurastamo Oy, Turku,
Finland) in Tris-buffered saline for 30 min at room tempera-
ture the slides were incubated with 4 µg/ml PK1A2 phages
in 3% BSA in PBS for 30 min at room temperature. After
washing three times for 5 min with Tris-buffered saline the
slides were incubated with rabbit anti-bacteriophage antibod-
ies (1:10000) in 3% BSA in Tris-buffered saline for 30 min at
room temperature, washed three times, incubated with swine
anti-rabbit immunoglobulins (1:100, DAKO) in 3% BSA in
Tris-buffered saline for 30 min at room temperature, washed,
and incubated with a complex of horseradish peroxidase and
rabbit antibody to horseradish peroxidase [28] (1:100, DAKO)
in 3% BSA in Tris-buffered saline for 30 min at room tempera-
ture. After washing the colour was developed by incubation with
0.015% hydrogen peroxide as the substrate and 0.5 mg/ml 3,3′-
diaminobenzidine as the chromogen in Tris-buffered saline.
The slides were washed with distilled water, 70% ethanol,
and distilled water, stained with 0.1% hematoxylin, washed
with distilled water, dehydrated in an ascending alcohol series,
washed twice with xylene, and mounted with Permount (Fisher
Scientific). In control experiments polysialic acid was digested
in the sections before the addition of the mutant phages by in-
cubation with the wild-type PK1A phages (22.5 µg/ml) in PBS
for 1 h at 37◦C followed by three washes with Tris-buffered
saline. The slides were examined and photographed in a Leitz
Dialux light microscope.

Results

Binding of bacteriophages to bacteria on nitrocellulose
membranes

Incubation of polysialic acid with bacteriophage containing en-
dosialidase activity resulted in its complete cleavage into small-
size fragments, whereas no apparent cleavage was observed

Figure 1. Endosialidase activity of wild-type and mutant bacte-
riophages. A 3H-labelled sialyl oligomer consisting of 12 sialyl
residues purified from colominic acid was incubated with wild-
type PK1A and mutant PK1A2 phage particles for 2 h at 37◦C
and subjected to gel electrophoresis and fluorography. The po-
sitions of oligomers with the indicated numbers of residues are
shown on the left.

with mutant bacteriophage, even after incubation for 2 h at 37◦C
(Figure 1). Gel electrophoresis of the total phage proteins did
not show any apparent differences in the band patterns between
the wild-type and corresponding mutant phages. The mobility
of the endosialidase band was unchanged in the mutant phages
with preserved polysialic acid binding activity, which suggests
that the loss of enzymatic activity is due to minor changes in
the enzyme molecule (Figure 2).

A binding assay was developed in order to investigate
whether the mutant bacteriophages bound to bacteria spotted
onto nitrocellulose membranes. The detection reaction con-
sisted of incubation of the nitrocellulose membrane-bound
bacteria with bacteriophages, followed by anti-bacteriophage
antibody and peroxidase-conjugated secondary antibody. Bac-
teriophage mutants defective in endosialidase activity revealed
clear reactions with the polysialic acid containing E. coli K1
bacteria, whereas no reactions were observed using the wild-
type parent phages with active endosialidase (Figure 3).

Specificity of the phage binding

Bacteria containing different types and amounts of polysialic
acid (Table 1) were used to investigate the specificity of the
phage-binding. E. coli K1 containing a polysialic acid capsule
with α2–8 linkages as well as E. coli K92 containing α2–8 and
α2–9 linkages both reacted with the mutant phages (Figure 4),
in accordance with the substrate specificity of active endosial-
idase enzyme [29]. A capsular mutant of E. coli K1 with a low
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Figure 2. Polyacrylamide gel electrophoresis of phage pro-
teins. The purified bacteriophages (1 µg protein) were subjected
to electrophoresis in a 10% polyacrylamide gel in the presence
of SDS, and the proteins were visualized by silver stain. The mo-
bilities of the molecular weight standards are indicated on the
left, end the band corresponding to endosialidase on the right
(E).

Figure 3. Binding of bacteriophages containing wild-type ac-
tive or mutant inactive endosialidase to bacteria containing
polysialic acid. Suspensions of the polysialic acid containing
E. coli IH3088 were spotted (1 µl) onto the nitrocellulose mem-
brane in dilutions 1:2 to 1:128. Each strip was incubated with
the wild-type or mutant bacteriophages indicated, followed by
detection with anti-bacteriophage antibody and peroxidase-
conjugated secondary antibody.

Table 1. Type and amount of polysialic acid in bacterial strains
studied

Capsule Type of polysialic
Bacterial strain type/group acid

E. coli IH3088 K1 α2–8
E. coli 1008 (mutant) K1 (α2–8)1

E. coli IH3083 K2 –2

E. coli Bi8337-41 K5 –
E. coli K-12 K12 –
E. coli Bos 12 K92 α2–8, α2–9
N. meningitidis A –
N. meningitidis B α2–8
N. meningitidis C α2–9
N. meningitidis Y –
M. haemolytica KU 201/83 A2 α2–8
M. haemolytica KU 363/84 –
M. haemolytica KU 606/83 –
M. nonliquefaciens KK 987/84 α2–8
M. nonliquefaciens EF 10057 –

1Low amount (1%) of cell surface polysialic acid, 2 –, no polysialic acid.

amount of polysialic acid gave, as expected, a weaker reaction.
With meningococci, the mutant bacteriophage reacted strongly
with type B bacteria containing a polysialic acid capsule with
α2–8 linkages, whereas minimal reaction was observed with
type C bacteria containing a polysialic acid capsule with α2–9
linkages and no reaction with the other unrelated capsular types.
With Mannheimia haemolytica A2 and Moraxella nonliquefa-
ciens the mutant phages reacted strongly with the bacteria con-
taining an α2–8 polysialic acid capsule, and displayed little or
no activity with the non-polysialylated strains.

Length-dependence of polysialic acid binding by phages

In order to determine the length of the polysialic acid required
for binding to the phage, 3H-labelled oligomers of α2–8 linked
polysialic acid of defined length were incubated with the mu-
tated bacteriophage immobilized to microtiter wells. A mini-
mum oligomer size of 10 sialic acid residues (consisting of nine
intact residues and one 3H-reduced residue) were found to be
required for the interaction (Figure 5).

Phage binding after polyacrylamide gel electrophoresis

One high-molecular-weight band of polysialic acid reactivity
was detected in whole tissue extracts of rat brain using the
mutant bacteriophage as probe in Western blots (Figure 6).
The band corresponds to the embryonic form of the neural
cell adhesion molecule N-CAM detected before using anti-
polysialic acid antibodies [26]. This molecule is the major
polysialic acid containing molecule in rat brain [5,30]. In ac-
cordance with previous results, the polysialic acid reactivity
was higher in developing than adult brain, while liver, spleen
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Figure 4. Specificity of phage binding to polysialic acid containing bacteria. Bacterial suspensions of the strains indicated (see
Table 1) were adjusted to similar concentrations and spotted (1 µl) in dilutions 1:16 to 1:512 onto a nitrocellulose sheet. Detection was
carried out by incubation in the presence of mutant PK1A bacteriophage, followed by anti-bacteriophage antibody and peroxidase-
conjugated secondary antibody (E. coli K1, m., mutant with low amount of polysialic acid; M. nonl. + and −, M. nonliquefaciens
strains with or without polysialic acid, respectively).

and kidney had little polysialic acid reactivity. Similar to results
obtained using polysialic acid antibodies [26], the much lower
amounts polysialic acid present in developing kidney were not
revealed in a normal blot analysis. No binding was observed for
the less-sialylated adult forms of the NCAM molecule which
migrate below the embryonic polysialylated NCAM band
[26].

Figure 5. Length-dependence of polysialic acid binding to bac-
teriophage. Radioactively labelled (3H-reduced) polysialic acid
oligomers of the length indicated were incubated overnight 4◦C
in microtiter wells coated with purified mutant PK1A2 phages. Af-
ter washing, the bound oligosaccharides were detected by liquid
scintillation counting in a microplate liquid scintillation counter.

Fluorescence microscopy of cultured cells

In fluorescence microscopy of BHK-21 cells a bright surface
fluorescence was observed using the mutant phage as probe,

Figure 6. Detection of polysialic acid from Western blots using
phage detection. Equal amounts of tissue homogenates of adult
(A) or developing (D) rat brain (B), liver (L), spleen (S) and kid-
ney (K) were subjected to SDS polyacrylamide gel electrophore-
sis. Polysialic acid was detected by incubation of the blots with
mutant PK1A2 phage, followed by anti-bacteriophage antibody
and peroxidase-conjugated secondary antibody. In control ex-
periments (not shown), the staining was abolished by including
polysialic acid (1 mg/ml colominic acid) in the incubation mixture
with the PK1A2 phage.
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Figure 7. Detection of polysialic acid in fluorescence microscopy of cultured cells using phage detection. BHK-21 cells grown on
slides were fixed with paraformaldehyde in PBS and stained by incubation with mutant PK1A2 phage, followed by anti-bacteriophage
antibody and rhodamine conjugated anti-rabbit immunoglobulins (A and B), or including polysialic acid (5 mg/ml colominic acid) as
inhibitor during phage incubation (C and D). Detection by fluorescence microscopy (A and C) or phase contrast microscopy (B and
D) (bar, 10 µm).

and anti-bacteriophage antibodies and rhodamine-conjugated
anti-rabbit immunoglobulins for detection (Figure 7). Complete
inhibition with polysialic acid in the phage incubation medium
(Figure 7C) confirmed the polysialic acid nature of the fluores-
cent signal.

Light microscopy of tissue sections

In tissue sections of developing rat brain, strong polysialic acid
reactivity was revealed using the mutant bacteriophage as probe
(Figure 8). Controls including use of polysialic acid as inhibitor
of phage binding (Figure 8A), preincubation of the section with
active endosialidase (Figure 8D), or performing staining with-
out the mutant phage (not shown) all abolished the reaction,
which confirmed that the reactivity was specific for polysialic
acid.

Discussion

The results of the present study suggest that bacteriophages with
catalytically-disabled endosialidase activity efficiently recog-
nise and remain bound to polysialic acid of both bacteria and
eukaryotic cells. Using bacterial strains of different species and

capsular types phage binding appeared specific for polysialic
acid consisting of N-acetylneuraminic acid in α2–8, or alternat-
ing α2–8 and α2–9 linkages. This parallels the substrate speci-
ficity of the active endosialidase [29]. In mammals, polysialic
acid with alternating α2–8 and α2–9 linkages have not been de-
scribed, and the phages can therefore be regarded specific for
the α2–8 linked form of polysialic acid. The Western blot re-
sults confirm the specificity, showing developmental regulation
and tissue distribution of polysialic acid similar to that reported
previously using antibodies [26]. The sensitivity of Western blot
detection using the phage method with peroxidase-conjugated
antibodies was similar to that of the antibody method with ra-
diolabelled protein A using conventional exposure times. With
prolonged exposure times, the latter method was able to reveal
also the low amounts of polysialic acid present in developing
kidney [26].

Interestingly, a long oligosialyl segment of about ten residues
is required for the binding of the inactive phage to polysialic
acid. Under “physiological” conditions, the active enzyme re-
quires a minimum of eight sialyl residue for efficient cleaving
of polysialic acid [31]. The requirement of a long segment re-
sembles the properties of the horse H46 [21,32] and mouse 735
monoclonal antibodies [33,34].
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Figure 8. Detection of polysialic acid in light microscopy of tissue sections using phage detection. Paraffin sections of 8 day old rat
brain were stained by incubation with mutant PK1A2 phage, followed by anti-bacteriophage antibody and peroxidase-conjugated
secondary antibody, and counter-stained with hematoxylin. In B, binding of the PK1A2 phage was inhibited by including polysialic
acid (10 mg/ml colominic acid) in the incubation mixture, and in D, by preincubation with wild-type phage (22.5 µg/ml) containing
active endosialidase. A, The neuropil in the hippocampal region stains strongly positive for polysialic acid, while the nuclei and cell
bodies are negative (dg, dentate gyrus; cp, choroid plexus)(bar, 142 µm). C, The white matter and periventricular glia are positive
for polysialic acid, while the choroid plexus (cp) remains negative (bar, 57 µm).

The binding of the mutant bacteriophage to both bacterial
and eukaryotic polysialic acid suggests not only structural but
also close conformational similarity of these polysaccharides,
as also supported by their immunological crossreactivity [10].
The reasons for this molecular mimicry, especially in the patho-
genesis of meningitis, remain at present unknown. Whether the
fact that the polysialic acid chains mimicked by the pathogens
occur in a neural cell adhesion molecule is an important factor
remains an intriguing possibility. The possibility of using the
mutant bacteriophages and molecules derived from it as specific
probes for the polysialic acid units of the host opens further pos-
sibilities for their study. More generally, reagents derived from
bacteriophages recognising specific target molecules could be
used in selected cases as molecular probes for the study of
eukaryotic molecules. Phage probing was in the present study
found to be applicable to dot immunobinding assays, probing of
Western blots, fluorescence microscopy of cultured cells, and
histochemistry of tissue sections. An advantage of the use of
phages is that there is an unlimited access to the polysialic acid
binding reagent in bacterial culture, and that the use of ani-
mals for antibody production is avoided. Other uses of phages
as substitutes for antibodies may be found in cases where the

molecule studied is not readily available due to low abundance,
poor solubility, difficulties in purification, or has low immuno-
genic activity.
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