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The Sialidases of Clostridium perfringens Type D Strain CN3718 Differ
in Their Properties and Sensitivities to Inhibitors

Jihong Li, Bruce A. McClane
Department of Microbiology and Molecular Genetics, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania, USA

Clostridium perfringens causes histotoxic infections and diseases originating in animal or human intestines. A prolific toxin pro-
ducer, this bacterium also produces numerous enzymes, including sialidases, that may facilitate infection. C. perfringens type D
strain CN3718 carries genes encoding three sialidases, including two large secreted sialidases (named NanI and Nan]J) and one
small sialidase (named NanH) that has an intracellular location in log-phase cultures but is present in supernatants of death
phase cultures. Using isogenic mutants of CN3718 that are capable of expressing only Nan]J, Nanl, or NanH, the current study
characterized the properties and activities of each sialidase. The optimal temperature determined for NanJ or NanH enzymatic
activity was 37°C or 43°C, respectively, while NanI activity increased until temperature reached 48°C. NanlI activity was also the
most resistant against higher temperatures. All three sialidases showed optimal activities at pH 5.5. Compared to Nan] or NanH,
Nanl contributed most to the sialidase activity in CN3718 culture supernatants, regardless of the substrate sialic acid linkage;
Nanl also released the most sialic acid from Caco-2 cells. Only Nanl activity was enhanced by trypsin pretreatment and then only
for substrates with an a-2,3- or a-2,6-sialic acid linkage. NanJ and NanlI activities were more sensitive than NanH activity to two
sialidase inhibitors (N-acetyl-2,3-dehydro-2-deoxyneuraminic acid and siastatin B). The activities of the three sialidases were
affected differently by several metal ions. These results indicated that each C. perfringens sialidase has distinct properties, which

may allow these enzymes to play different roles depending upon environmental conditions.

Clostridium perfringens is a Gram-positive, spore-forming, rod-
shaped anaerobic bacterium that encounters many ecologic
niches due to its widespread distribution in the environment, in-
cluding a presence in sewage, soil, foods, normal intestinal biota,
and feces (1). This bacterium is also pathogenic because of its
ability to produce more than 16 different toxins (1-3). C. perfrin-
gens is classified into five different types (A to E) based upon pro-
duction of four (e, 3, €, and v) toxins (1, 4). Besides making one or
more of the typing toxins, C. perfringens strains may produce ad-
ditional toxins such as the enterotoxin perfringolysin O, TpeL,
NetB, or beta2 toxin (1, 5-7). All C. perfringens types cause dis-
eases, which differ according to the toxin-producing ability of the
infecting strain. Overall, C. perfringens illnesses range from histo-
toxic infections, such as traumatic gas gangrene, to infections
originating in the intestines, such as enteritis or enterotoxemia
(4, 8).

Sialidases, also referred to as neuraminidases, are key enzymes
for the catabolism of sialic acid-containing oligosaccharides (9,
10). These enzymes are found in higher animals and a variety of
microorganisms, including viruses, bacteria, and protozoa (11).
Sialidases cleave terminal sialic acid residues that are linked, in the
alpha configuration, to oligosaccharide chains present on proteins
and lipids (12). Bacterial sialidases can have a nutritional function,
enabling a bacterium to procure sialic acids from the host for use
as carbon and energy sources (13). Sialidases can also function as
virulence factors during bacterial pathogenesis, whereby they can
contribute to colonization, increase toxin binding, and cause im-
munomodulatory effects (14-17).

Individual C. perfringens strains can produce up to three dif-
ferent sialidases, including two large secreted sialidases, named
Nanl (77 kDa) and Nan] (129 kDa), and one small sialidase named
NanH (43 kDa) that has an intracellular location in log-phase
cultures but can be found extracellularly in overnight cultures
(17-21). These three sialidases are believed to share related, al-
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though not identical, catalytic domains (22). In addition, Nanl
and Nan] possess one and five (respectively) accessory modules,
some of which are thought to mediate carbohydrate-binding in-
teractions (22). C. perfringens Nanl and NanH have been purified
and partially characterized (12). The function of NanH is thought
to involve cleavage of short oligosaccharides for nutritional pur-
poses (23). Nanl was shown to be the predominant exosialidase
produced by C. perfringens type A strain 13 and type D strain
CN3718, and this sialidase may also play a nutritional role by
releasing sialic acid from higher-order gangliosides (17, 24). In
addition, Nanl was recently reported to facilitate the adherence of
CN3718 to enterocyte-like Caco-2 cells and to increase epsilon
toxin binding and cytotoxicity for host MDCK cells (17).

Until now, there has been no characterization of Nan]J proper-
ties, nor have the properties of the three sialidases yet been com-
pared in a single study. Using preparations of a purified C. perfrin-
gens sialidase for such studies entails the risk of effects due to
contamination of the preparation with the other two sialidases.
Furthermore, there has been only limited analysis of the contribu-
tions of each sialidase, when present, to total sialidase activity in C.
perfringens culture supernatants. Therefore, in the current study,
we inactivated two of the three sialidase genes in type D strain
CN3718 to produce a series of mutant strains expressing, at their
native levels, only Nan]J, Nanl, or NanH. These mutant strains
were then used to characterize the properties of each C. perfringens
sialidase in a background free from the other two sialidases and to
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analyze the contributions of each of these enzymes to total culture
sialidase activity at different points in the growth curve.

MATERIALS AND METHODS

Bacterial strains, media, and chemicals. The C. perfringens parent isolate
used in this study was type D strain CN3718 (17). BMC205 is a nan] nanl
nanH triple null mutant of CN3718 prepared in a previous study (17).
Stock cultures of all isolates were stored in cooked-meat medium (Oxoid)
at —20°C. For experiments, all cultures were grown for 3, 6, or 16 hat 37°C
in, as specified, fluid thioglycolate (FTG) broth (Difco Laboratories) or
Bacto Todd-Hewitt (TH) broth (Becton, Dickinson) with 0.1% sodium
thioglycolate (Sigma Chemical). Thioglycolate, a reducing agent, was
added to TH broth to allow growth of C. perfringens, an anaerobe.
Mutagenesis plasmids used in this study included pJIR750nan]i,
pJIR750nanli, and pJIR750nanHi, which were prepared in a previous
study and mediate the insertional inactivation of nanJ, nanl, and nanH,
respectively (17). All antibiotics used in this study were purchased from
the Sigma-Aldrich Chemical Company or Fisher Scientific Company.

Construction of sialidase null mutants of C. perfringens isolate
CN3718. Using the Sigma Clostridium-modified TargeTron system (25),
the nan], nanl, or nanH gene of CN3718 was inactivated by the insertion
of a target group II intron from mutagenesis plasmid pJIR750Nan]i,
pJIR750Nanli, or pJIR750NanHi (17). This mutagenesis work resulted in
insertional inactivation of the nanl and nanH genes in CN3718 to produce
a mutant strain (named ENan]J) expressing only Nan]. Similarly, mutant
strains of CN3718 that express only Nanl or NanH were constructed,
creating strains named ENanl or ENanH, respectively.

The null mutant strains were identified by a colony PCR assay using
the following amplification conditions: cycle 1, 95°C for 5 min; cycles 2
through 35, 95°C for 30 s, 55°C for 40 s, and 68°C for 80 s; and a final
extension for 8 min at 68°C. An aliquot (20 pl) of each PCR sample was
electrophoresed on a 1.5% agarose gel and then visualized by staining the
gel with ethidium bromide. This PCR amplifies a 306-bp product from the
wild-type nanJ gene using nanJKOF and nanJKOR primers (17), a 467-bp
product from the wild-type nanl gene using the primers nanIKOF and
nanIKOR (17), and a 285-bp product from wild-type nanH gene using the
primers nanHKOF and nanHKOR (17). However, the same PCR will
amplify larger products after the 900-bp intron has inserted into these
wild-type genes.

DNA isolation and Southern blot analysis of the mutant strains.
DNA was isolated from wild-type CN3718 or the ENanJ, ENanl, ENanH,
and BMC205 mutants, using the MasterPure Gram Positive DNA Purifi-
cation kit (Epicenter). A 3-pg aliquot of each isolated DNA in Tris-EDTA
(TE) buffer (Epicenter) was digested overnight with BsrGI at 37°C accord-
ing to the manufacturer’s instructions (New England BioLabs). The di-
gested DNA samples were then electrophoresed on a 1% agarose gel and
transferred onto a positively charged nylon membrane (Roche) for hy-
bridization with the digoxigenin (DIG)-labeled intron sequence-specific
probe, which was prepared using the Roche DIG-labeled kit as earlier
described (26).

Comparison of sialidase contributions to the intracellular versus
supernatant activity of CN3718 log-phase, stationary-phase, and death
phase cultures. After 3 h, 6 h, or 16 h of growth in TH medium at 37°C,
equal volumes of each culture supernatant were assayed for extracellular
sialidase activity, as described below. At the same time, bacterial cells in
these cultures were sonicated and centrifuged. Equal volumes of superna-
tant from each sonicated culture lysate were then also used to measure the
intracellular sialidase activity. In this experiment, sialidase activity was
measured by a previously described protocol (17). Briefly, a 20-pl aliquot
sample, prepared as described above, was added to 60 pl of 0.05 M Tris-
HCl buffer (pH 7.2) in a microtiter plate. A 20-pl aliquot of 4 mM 5-bro-
mo-4-chloro-3-indolyl-a-p-N-acetylneuraminic acid (Sigma) substrate
was added, and the mixture was incubated at 37°C for 60 min. The absor-
bance at 595 nm was then determined using a microplate reader (Bio-
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Rad). Pilot studies showed that under these assay conditions, sialidase
activity in the samples was in the linear range and not saturated.

Western blotting of sialidase production. For Western blot analysis
of sialidase production, a 0.1-ml aliquot of an FTG broth overnight cul-
ture of wild-type CN3718 or the ENan]J, ENanl, ENanH, and BMC205
mutants was inoculated into 10 ml of TH medium. After ~16 h of growth
at 37°C, equal volumes of each culture supernatant were mixed with 5X
SDS-PAGE loading buffer and boiled for 10 min. A 30-pl aliquot of each
SDS sample was electrophoresed on an 8% SDS-polyacrylamide gel and
then transferred onto a nitrocellulose membrane. The membrane was
then blocked in Tris-buffered saline (TBS) buffer with 5% (wt/vol) nonfat
dry milk for 1 h at room temperature. After blocking, the membrane was
probed overnight at 4°C with a sialidase rabbit polyclonal antibody (at a
1:1,000 dilution), which was purchased from LifeSpan BioSciences, Inc.
After this incubation, the membrane was treated for 1 h at room temper-
ature with TBS buffer containing 5% (wt/vol) nonfat dry milk and a
horseradish peroxidase-conjugated secondary anti-rabbit antibody (1:
10,000 dilution) (Sigma). Immunoreactivity on the membrane was then
detected using the SuperSignal West Pico Chemiluminescent Substrate
(Pierce).

Effects of temperature and pH on the activity of each C. perfringens
sialidase. To assay the effects of temperature and pH on the activity of
each C. perfringens sialidase, the protocol was as described above. Briefly,
CN3718, ENan]J, ENanl, ENanH, and BMC205 were grown for 16 h at
37°C in TH broth. To measure temperature effects on sialidase activity, a
20-pl aliquot of supernatant from each of those overnight cultures was
added to 60 pl of 0.05 M Tris-HCl buffer (pH 7.2) in a microtiter plate. A
20-pl aliquot of 4 mM 5-bromo-4-chloro-3-indolyl-a-p-N-acetyl-
neuraminic acid (Sigma) substrate was then added, and the different trays
were incubated at 25, 37, 43, or 48°C for 60 min. The absorbance at 595
nm was then determined using a microplate reader (Bio-Rad).

The effects of pH on sialidase activity were similarly measured, except
that each supernatant aliquot was added to 60 pl of 0.05 M sodium acetate
buffer (pH 5.5), 0.05 M Tris-HCI buffer (pH 7.2), or 0.05 M Tris-HCI
buffer (pH 9.0) containing 4 mM 5-bromo-4-chloro-3-indolyl-a-p-N-
acetylneuraminic acid substrate. After incubation for 60 min at 37°C, the
pH of the samples was adjusted back to pH 7.2 and reaction volumes were
equalized. The enzymatic activity was then determined with a microplate
reader.

Heat inactivation of sialidase activity. CN3718, ENanJ, ENanl,
ENanH, or BMC205 was grown overnight (16 h) at 37°C in TH broth.
Supernatants were removed from those cultures and heated at 50°C or
60°C for 0, 5, or 10 min. Sialidase activity was then measured using the
methods described above.

Effects of various metal ions and chemicals on sialidase activity.
CN3718, ENan]J, ENanl, ENanH, or BMC205 strains were each grown for
~16hat37°Cin TH broth. To avoid the high background caused by metal
ions present in TH broth, each TH culture supernatant was desalted and
buffer exchanged with phosphate-buffered saline (PBS) buffer (Corning)
using a Millipore Ultrafiltration centrifuge tube (10,000 nominal molec-
ular weight limit [NMWL]) (Millipore). A 20-pl aliquot of each desalted
supernatant was then added to microtiter wells containing 60 .l of 0.05 M
Tris-HCI buffer (pH 7.2) supplemented with one of the following: a 10
mM final concentration of CaCl,, CoCl,, NiCl,, MnCl,, MgCl,, ZnCl,,
FeCl,, FeCls, p-chloromercuribenzoate, or EDTA in a microtiter tray. A
20-pl aliquot of 4 mM 5-bromo-4-chloro-3-indolyl-a-p-N-acetyl-
neuraminic acid was added, and the microtiter tray was incubated at 37°C
for 60 min. The absorbance at 595 nm was then determined using a mi-
croplate reader.

Substrate specificity assays for C. perfringens sialidases. To evaluate
C. perfringens sialidase substrate specificity, sialidase activity was deter-
mined using the EnzyChrom neuraminidase assay kit (BioAssay Systems),
which measures sialic acid released by neuraminidase activity. After 20
min or 50 min of incubation at 37°C, a microplate reader (Bio-Rad) was
used to measure the sample absorbance at 570 nm, and the optical density
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(OD) difference was used to calculate the neuraminidase activity accord-
ing to the kit’s instructions. To avoid the background caused by sialic acid
present in the TH medium, 16-h TH culture supernatant was desalted and
buffer exchanged with PBS buffer using the Millipore Ultrafiltration cen-
trifuge tube as described earlier. Substrates used in this sialidase assay
include 100 pg/ml of 3'-sialyl-p-lactose (a-2,3-specific linkage), 6'-sialyl-
D-lactose (a-2,6-specific linkage), and colominic acid sodium (a-2,8-spe-
cific linkage) (all purchased from Sigma-Aldrich). Pilot studies demon-
strated that under these conditions, sialidase activity was in the linear
range and not saturated.

A similar experiment was performed using samples that had been
trypsin pretreated as described before (17) for 1 h at 37°C. After this
incubation with trypsin (Sigma, T4799), trypsin inhibitor (Sigma) (1:1,
vol/vol) was added to remove trypsin activity from those samples (17).
PBS buffer (Fisher), pH 7.4, trypsin with PBS bulffer, trypsin inhibitor
with PBS buffer, and trypsin and trypsin inhibitor with PBS buffer were
used as negative controls.

If significant levels of sialylate lyase, which degrades free sialic acid,
were present in the 16-h TH culture supernatants, this could interfere with
the accuracy of sialic acid measurements using the EnzyChrom neur-
aminidase assay kit, since this kit measures free sialic acid. However, when
free sialic acid was added to the supernatants in the absence of substrate,
no significant sialic acid degradation was observed after 4 h of incubation
at 37°C (data not shown), indicating the absence of significant sialylate
lyase activity in the supernatants.

Detection of sialic acid release from Caco-2 cells. Caco-2 cells were
cultured in 6-well tissue culture dishes as described previously (17). These
Caco-2 cell monolayers were washed three times with PBS buffer and then
harvested by gentle scraping in 100 wl of PBS buffer. To avoid background
sialic acid present in TH broth, 16-h supernatants from TH cultures of the
wild-type, ENan]J, ENanl, or ENanH strain were desalted and buffer ex-
changed with PBS using Millipore Ultrafiltration centrifuge tubes as de-
scribed earlier. A 100- .l aliquot of each desalted supernatant was then
incubated overnight at 37°C with a 20- .l suspension of Caco-2 cells. The
next day, sialic acid released from the Caco-2 cells was measured using the
EnzyChrom neuraminidase assay kit according to the kit’s instructions.

Sialidase inhibitors and IC,, determination. Sialidase inhibitors
N-acetyl-2,3-dehydro-2-deoxyneuraminic acid (NADNA) and siastatin B
(SB) were purchased from Sigma-Aldrich. CN3718, ENanJ, ENanl,
ENanH, and BMC205 were each grown for 16 h at 37°C in TH broth. A
20-pl aliquot of each TH culture supernatant was then mixed with differ-
ent amounts of NADNA (0, 8, 16, or 24 uM) or SB (0, 27, 55, or 110 wM).
A 20-pl aliquot of 4 mM 5-bromo-4-chloro-3-indolyl-a-p-N-acetyl-
neuraminic acid substrate was added, and the mixture was incubated at
37°C for 60 min. The absorbance of these samples at 595 nm was then
determined using a microplate reader. Based on sample absorbance at 595
nm, the 50% inhibitory concentrations (IC,,s) for each supernatant were
then estimated using the Excel linear regression method.

RESULTS

Construction and characterization of isogenic CN3718 mutants
expressing a single sialidase. Strain CN3718 naturally produces
three sialidases (17). Previous studies have indicated that for this
strain, NanH has an intracellular location until 5-h late-log-phase
TH cultures but can be found in supernatants of 16-h TH cultures
(17, 21), which are in death phase (data not shown). Since
CN3718 16-h TH culture supernatants also contain secreted Nanl
and Nan] sialidases, these samples would be useful sources of siali-
dases to study, at natural levels, the properties of all three C. per-
fringens sialidases.

However, to study the properties of each sialidase free from con-
tamination by the other two sialidases, a series of CN3718 mutants
were prepared using the Clostridium-modified TargeTron inser-
tional mutagenesis method (25). These efforts resulted in inacti-
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vation of two sialidase genes in each mutant, creating null mutant
strains (named ENanJ, ENanl, or ENanH) that could express, re-
spectively, only NanJ, Nanl, or NanH.

PCR analyses were performed to confirm the identity of each
mutant (Fig. 1A). Using DNA from wild-type strain CN3718, a
PCR specific for nan], nanl, or nanH sequences amplified the ex-
pected PCR products of 306 bp for nanj, 467 bp for nanl, and 285
bp for nanH. The same primers amplified PCR products of
~1,200 bp, ~1,400 bp, and ~1,200 bp using DNA from mutants
whose nan], nanl, or nanH gene had been targeted for the inser-
tion of an ~900-bp intron. Combined, the results of these PCR
assays (Fig. 1A) confirmed that in the ENan] mutant both the nanl
and nanH genes carried an intron insertion, that in the ENanl
mutant, both the nanJ and nanH genes carried an intron insertion,
and that in the ENanH mutant, both the nan] and nanl genes
carried an intron insertion. Using DNA from BMC205, a previ-
ously prepared CN3718 derivative with all three sialidase genes
disrupted by intron insertions (17), the same PCR amplified larger
bands for all three sialidase genes (Fig. 1A), consistent with this
being a triple sialidase null mutant strain.

After curing the intron delivery plasmid from each null mutant
strain, DNA from the wild-type or sialidase null mutant strains
was subjected to Southern blot analysis using an intron-specific
probe (Fig. 1B). Results from these analyses detected no intron
probe hybridization to DNA from the wild-type strain, as ex-
pected. In contrast, two intron insertions were detected using
DNA from the ENanJ, ENanl, or ENanH strains and three intron
insertions were noted using DNA from the BMC205 nan] nanl
nanH triple null mutant. These Southern blot results confirmed
the expected presence of intron insertions in each mutant and also
showed that no undesired extraneous intron insertions had oc-
curred.

Western blot analyses of sialidase production by the ENanH,
ENanl, and ENanJ mutants. Western blot analysis was then per-
formed to confirm that the mutants produced only their expected
sialidase. Results of this experiment demonstrated that 16-h TH
culture supernatant of wild-type CN3718 contained the 129-kDa
Nan]J, the 77-kDa Nanl, and the 43-kDa NanH. However, 16-h
culture supernatants of the ENan] strain contained only the 129-
kDa Nan]J; those of the ENanl strain contained only the 77-kDa
Nanl, and the 16-h supernatant of the ENanH strain contained
only the 43-kDa NanH. All single-sialidase-producing mutants
made their sialidase at levels similar to those expressed by
CN3718. As expected, the BMC205 did not produce any sialidase,
as indicated by the sialidase Western blot results (Fig. 1C).

Sialidase activity assays of the wild-type, Enan]J, Enanl, EnanH,
and BMC205 strains were conducted to compare the relative in-
tracellular versus extracellular distribution of NanH, Nan], and
Nanl activity after 3, 6, or 12 h of growth, where cultures are in,
respectively, the log phase, stationary phase, or death phase (data
not shown). Collectively, the results (Fig. 1D) indicated that in
these samples, the supernatant Nanl sialidase activity of CN3718
was greater than its NanJ or NanH supernatant activity. These
assays also confirmed that >80% of Nanl and Nan] activities are
extracellular at all growth phases, i.e., these are secreted sialidases.
These analyses also revealed that substantial NanH activity is
found only intracellularly until the death phase. Thus, the NanH
activity present in 16-h supernatants is associated with bacterial
cell death. BMC205 supernatants were devoid of any sialidase ac-
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FIG 1 Intron-based insertional mutagenesis to create CN3718 mutants that express only NanJ, Nanl, or NanH sialidase. (A) Internal nanj-, nanl-, and
nanH-specific PCR results for wild-type CN3718, ENan]J (expressing only NanJ), ENanl (expressing only Nanl), and ENanH (expressing only NanH). Also
shown is BMC205, a nan] nanl nanH triple null mutant strain that had been constructed previously (17). Using DNA from wild-type strain CN3718, a PCR
specific for nan], nanl, or nanH sequences amplified the expected PCR products of 306 bp for nanj, 467 bp for nanl, and 285 bp for nanH. The same primers
amplified PCR products of ~1,200 bp, ~1,400 bp, and ~1,200 bp using DNA from mutants whose nanJ, nanl, or nanH gene had been targeted for the insertion
of an ~900-bp intron. The migration of 100-bp DNA markers is shown on the left. (B) Southern blot analysis of wild-type CN3718 or the ENanJ, ENanl, ENanH,
and BMC205 mutant strains using an intron-specific DIG-labeled probe. DNA size markers are shown on the right. (C) Sialidase Western blot analysis of sialidase
expression of wild-type CN3718, ENan]J, ENanl, ENanH, and BMC205 null mutant strains in TH 16-h culture supernatants. Protein size markers are shown on
the right. Wild-type CN3718 expresses all three sialidases, including Nan]J (129 kDa), Nanl (77 kDa), and NanH (43 kDa). (D) Sialidase enzyme activity present
after wild-type CN3718 or the ENan]J, ENanl, ENanH, and BMC205 mutant strains were grown for 3 h, 6 h, or 16 h with or without sonication. All experiments

were repeated three times, and mean values are shown. The error bars indicate standard deviations.

tivity; this result also supported production of only three sialidases
by CN3718.

Temperature effects on C. perfringens sialidase activity as-
sessed using 16-h TH culture supernatants from null mutant
strains producing only Nanl, NanJ, or NanH. To compare tem-
perature effects on the activity of each C. perfringens sialidase,
supernatants were removed from 16-h TH cultures of the wild-
type strain CN3718 or the ENanJ, ENanl, ENanH, or BMC205
mutants grown at 37°C. Those supernatants were then incubated
at temperatures between 25 and 48°C for 60 min in the presence of
sialidase substrate. When sialidase activity was measured in super-
natants from these cultures (Fig. 2A), 37°C and 43°C were found
to be the optimal temperatures for both NanJ and NanH activity.
Both of those sialidases exhibited lower activity at 48°C. In con-
trast, Nanl sialidase activity steadily increased with temperature
until 48°C. At 25°C, all three sialidases exhibited relatively low
activity. The sialidase activity measured in supernatants from 16-h
TH cultures of the wild-type strain, ENanJ, ENanl, or ENanH was
specifically due to the presence of the known C. perfringens siali-
dases, since no sialidase activity was detected using supernatants
removed from 16-h TH cultures of BMC205, which lacks any
known functional sialidase genes. Therefore, these results (Fig.
2A) indicated that Nanl activity has a broader temperature opti-
mum than the other two C. perfringens sialidases.
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Heat resistance properties of C. perfringens Nanl, NanJ, and
NanH sialidases. Supernatants removed from TH cultures of
ENanl, which produces only the Nanl sialidase, after growth for
16 h at 37°C showed no loss of sialidase activity after a 10-min
incubation at 50°C in Tris-HCl buffer, pH 7.2 (Fig. 2B). However,
supernatants removed from similar 16-h cultures of ENan] or
ENanH, which contained only Nan] or NanH (respectively), lost
about 40% of their sialidase activity after a similar 10-min incu-
bation at 50°C. Following a 5-min incubation in the same buffer,
supernatants from the 16-h ENanl TH cultures lost about 50% of
their sialidase activity at 60°C, while the supernatants removed
from 16-h ENanJ or ENanH TH cultures lost more than 80% of
their sialidase activity at 60°C. After a 10-min incubation at 60°C,
all 16-h TH culture supernatants lost most of their sialidase activ-
ity. These results revealed that compared to the NanJ and NanH
sialidases, the Nanl sialidase exhibits greater heat resistance.

Effects of pH on C. perfringens sialidase enzymatic activity.
The effects of pH on C. perfringens sialidase activity were assessed
by adjusting the pH of the supernatants removed from 16-h TH
cultures that had been grown at 37°C. After the substrate 5-
bromo-4-chloro-3-indolyl-a-D-N-acetylneuraminic acid was added
to those pH-adjusted supernatants, the mixtures were incubated
at 37°C for 1 h. At the end of the incubation, the mixtures were
adjusted back to pH 7.2 before sialidase activity was measured.
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FIG 2 Determination of sialidase optimal temperatures and heat resistance properties using culture supernatants containing Nan]J, Nanl, or NanH. Wild-type
CN3718 expresses all three sialidase genes; BMC205 is a triple sialidase null mutant (17); ENan] expresses only the nanJ gene, ENanl expresses only the nanl gene,
and ENanH expresses only the nanH gene. Supernatants were removed from three independent cultures of each strain grown for 16 h at 37°C in TH broth. (A)
The supernatants were incubated for 60 min at 25, 37, 43, or 48°C with sialidase substrate, and sialidase activity was then measured. *, P < 0.05; **, P < 0.001
(values compared to the 37°C value for each supernatant using the Student t test). All experiments were repeated three times, and mean values are shown. The
error bars indicate standard deviations. (B) The supernatants were first treated for 5 min or 10 min at 50°C or 60°C and then incubated for 60 min at 37°C with
sialidase substrate to measure the sialidase activity. ¥, P < 0.05; **, P < 0.001 (values compared to the 0 min value for each supernatant using the Student ¢ test).
All experiments were repeated three times, and mean values are shown. The error bars indicate standard deviations.

Results of this experiment showed that the strongest activity for all
three sialidases was detected at pH 5.5 (Fig. 3). At pH 9.0, the
activity of all three sialidases had decreased by about 50%. As a
negative control, supernatants removed from a culture of the
BMC205 triple null mutant grown for 16 h at 37°C in TH broth
did not show sialidase activity at any tested pH.

Substrate specificity of C. perfringens Nan]J, Nanl, and NanH
sialidases. This study next examined the ability of 16-h TH cul-
ture supernatants containing a single sialidase to release sialic acid
from various natural substrates with a defined sialic acid linkage.
The results obtained, shown in Fig. 4A, indicated that wild-type
supernatant possesses activity against the three sialic acid linkages
tested, i.e., an a-2,3-specific linkage, an a-2,6-specific linkage, and
an a-2,8-specific linkage. The observed activity was in the follow-
ing order: a-2,3 > a-2,6 > «-2,8 sialic acid linkages.

Furthermore, these studies revealed that in 16-h TH superna-

Sialidase activity

OpH5.5
OpH7.2
mpH9.0

FIG 3 Effect of pH on sialidase activity of 16-h TH culture supernatants
containing Nanl, Nan]J, or NanH. Wild-type CN3718 expresses all three siali-
dase genes; BMC205 has null mutations in all three sialidase genes (17); ENan]J
expresses only the nanJ gene, ENanl expresses only the nanl gene, and ENanH
expresses only the nanH gene. Supernatants were removed from three inde-
pendent cultures of each strain grown 16 hat 37°Cin TH broth. The pH of each
supernatant was adjusted to pH 5.5, 7.2, or 9.0. Those supernatants were then
incubated with substrate at 37°C for 60 min, and sialidase activity was mea-
sured after the pH of the samples was adjusted back to 7.2. At each pH value
tested, the sialidase activity was determined using supernatants from three
independent cultures. *, P < 0.05 (values compared to the corresponding pH
5.5 value for each supernatant, using the Student ¢ test). All experiments were
repeated three times, and mean values are shown. The error bars indicate
standard deviations.
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tants, Nanl is responsible for most of the total supernatant siali-
dase activity against each of the tested substrates, regardless of
their sialic acid linkage (Fig. 4A and B). Nanl showed preferential
activity in the order of a-2,3 > «-2,6 > «-2,8 linkages, similar to

(A) Sialidase activity
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FIG 4 Sialidase activity of culture supernatants containing Nanl, Nan], or
NanH using different substrates. Sialidase activity assays were performed using
the EnzyChrom neuraminidase assay kit. For each substrate, the sialidase ac-
tivity was determined using supernatants removed from five independent cul-
tures (wild-type CN3718 expresses all three sialidase genes; BMC205 has null
mutations in all three sialidase genes [17]; ENan] expresses only the nan/ gene,
ENanl expresses only the nanl gene, and ENanH expresses only the nanH
gene) grown for 16 h at 37°C in TH broth. Substrates assayed included 3’
sialyllactose (2,3-linkage), 6" sialyl-D-lactose (2,6-linkage), and colominic acid
sodium (2,8-linkage). (A) Sialidase activity (after subtraction of the back-
ground using BMC205 results) was determined using three sialic acid linkage
substrates. (B) Percent contribution of each sialidase to wild-type supernatant
sialic acid release from each substrate (wild-type value equals 100%). All ex-
periments were repeated at least three times.
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FIG 5 Sialidase activity of trypsin-pretreated 16-h TH culture supernatants containing Nanl, Nan]J, or NanH using different substrates (3 sialyllactose, 6
sialyl-D-lactose, and colominic acid). (A) Wild-type CN3718 supernatant sialidase activity after trypsin pretreatment (wild-type supernatant sialidase
activity without trypsin treatment was considered 100%). (B) ENan] strain supernatant sialidase activity after trypsin pretreatment (ENan]J supernatant
sialidase activity without trypsin treatment was considered 100%). (C) ENanl strain supernatant sialidase activity after trypsin pretreatment (ENanl
supernatant sialidase activity without trypsin treatment was considered 100%). (D) ENanH strain supernatant sialidase activity after trypsin pretreatment
(ENanH supernatant sialidase activity without trypsin treatment was considered 100%). *, P < 0.05; **, P < 0.001 (values compared to corresponding
nontreated samples of each supernatant, using the Student ¢ test). All experiments were repeated three times, and mean values are shown. The error bars

indicate standard deviations.

the pattern of the wild-type supernatant. Nan]J activities showed a
preference for a-2,6 > a-2,8 > «-2,3 sialic acid linkages for the
tested substrates. NanH activities showed a preference for a-2,8 >
a-2,3 > a-2,6 linkages using the tested substrates. Supernatants
from 16-h TH cultures of the wild-type strain, which contained all
three C. perfringens sialidases, showed strong activity for all three
tested substrates, consistent with the three sialidases working to-
gether in combination (Fig. 4B).

We previously reported that the sialidase activity of NanI (but
not NanJ or NanH) could be enhanced by trypsin pretreatment
(17), which may have relevance for C. perfringens type D diseases
originating in the intestines since this could increase bacterial ad-
herence and toxin binding (17). Therefore, in the current study,
different substrates were preincubated with trypsin-pretreated
Nan], Nanl, or NanH supernatants. The results obtained (Fig. 5)
indicated that trypsin pretreatment enhanced Nanl activity, but
only for substrates with an a-2,6-sialic acid linkage or, to a lesser
extent, an a-2,3-sialic acid linkage. The sialidase activity of either
NanJ or NanH was decreased by trypsin pretreatment, and this
pretreatment did not affect their substrate preference. As expected
with Nanl being the predominant sialidase made by this type D
strain, the wild-type supernatant showed the same substrate pref-
erence patterns as Nanl supernatant after trypsin pretreatment.
Sialidase Western blot analyses (not shown) determined that Nanl
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was processed to ~65 kDa, as described previously (17), while
both NanJ and NanH were substantially degraded after trypsin
treatment.

Sialicacid release from Caco-2 cells after treatment with 16-h
TH culture supernatants containing only NanJ, NanI, or NanH.
To further explore the potential pathogenic contributions of each
sialidase, Caco-2 cells were incubated in suspension with 16-h TH
culture supernatants containing only NanJ, Nanl, or NanH. The
results showed that at their natural levels present in these culture
supernatants, both NanJ and Nanl released substantial amounts
of sialic acid from Caco-2 cells (Fig. 6). In contract, at its native
levels present in 16-h TH culture supernatants, NanH caused only
limited release of sialic acid from Caco-2 cells. The negative-con-
trol BM205 did not release any sialic acid from Caco-2 cells, as
expected since this strain cannot produce any sialidases.

Effects of various metal ions and compounds on the activity
of C. perfringens sialidases. The effects of various metal ions on
the enzymatic activity of the three C. perfringens sialidases were
measured using supernatants removed from each culture grown
for 16 h at 37°C in TH broth (Table 1). For these assays, cations
were supplied as chloride salts and the pH of the incubation mix-
ture was adjusted to pH 7.2 in 0.05 M Tris-HCl buffer based on the
results shown in Fig. 3. By this approach, several metal ions (Fe*™",
Mn**, and Mg>") were found at these tested concentrations to
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FIG 6 Sialic acid release from Caco-2 cells after treatment with 16-h TH
culture supernatants containing Nanl, NanJ, or NanH. Supernatants were
removed from five independent cultures (wild-type CN3718 expresses all three
sialidase genes; BMC205 has null mutations in all three sialidase genes [17];
ENan] expresses only the nan] gene, ENanl expresses only the nanl gene, and
ENanH expresses only the nanH gene) that had been grown for 16 hat 37°C in
TH broth. The supernatants were then incubated with Caco-2 cells (see Mate-
rials and Methods) for 16 h at 37°C, and the concentration of sialic acid re-
leased from the Caco-2 cells was then detected using the EnzyChrom neur-
aminidase assay kit. All experiments were repeated three times, and mean
values are shown. The error bars indicate standard deviations.

enhance Nanl enzyme activity, while Fe>™ and Zn®" decreased
Nanl enzyme activity. Besides Fe>” and Mn**, Co**, Mg**, Ni*™,
and Zn*" also increased Nan] activity. In contrast, only Fe’* de-
creased Nan]J activity. For NanH activity, all tested metal ions,
except Mg® ", were found to decrease its activity.

p-Chloromercuribenzoate (10 mM) substantially inhibited the
enzymatic activity of all three sialidases, but NanJ was the most
resistant sialidase against this agent. Another experiment showed
that EDTA has a minimal inhibitory effect on Nanl, while NanH
and Nan] are essentially unaffected by this divalent cation chela-
tor. These results further confirm differences between the activi-
ties of the C. perfringens sialidases.

Effects of sialidase inhibitors on NanJ, Nanl, or NanH activ-
ities. Various inhibitors have been reported to reduce the activity
of C. perfringens sialidases (27-29). However, most of those pre-
vious inhibitor studies did not specify which C. perfringens siali-
dase was used and none of them had compared the inhibitor sen-
sitivity of all three C. perfringens sialidases in a side-by-side
experiment. In the current research, the sialidase activities of C.
perfringens 16-h TH culture supernatants that contained natural
levels of only Nan]J, Nanl, or NanH were tested in the presence of
two sialidase inhibitors, i.e., NADNA and SB. Results of these
analyses showed that the sialidase activity of NanH was relatively
more resistant to both tested sialidase inhibitors, especially
NADNA, than the activity of Nanl or Nan] (Fig. 7). The sialidase
activity of Nan]J was equally sensitive to the two inhibitors, while
Nanl showed more sensitivity to NANDA than to SB. The ICs,s of
the inhibitors determined for each of the three sialidases are
shown in Table 2.

DISCUSSION

Sialic acids can be important molecules during bacterial patho-
genesis (28, 30). Some bacterial pathogens have evolved to use
these molecules beneficially in several ways: (i) as a nutrient; (ii) to
cloak themselves, thus avoiding the host innate immune response
by a molecular mimicry effect; and (iii) for biofilm formation (9,
11, 13, 30, 31). The mammalian mucosal surface contains many
different kinds of sialic acid, almost all of which are bound to
proteins or lipid acceptors, making them unavailable for micro-
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bial metabolism (32). Therefore, some bacterial pathogens secrete
one or more sialidases, which release sialic acid from a diverse
range of host sialoglycoconjugates (28). In addition, sialidases can
unmask cryptic host ligands important for bacterial adherence or
toxin binding (10, 17, 30) and exert immunomodulatory effects
9).

Previous studies (11, 12) had suggested that differences exist
between the activities of C. perfringens Nanl and NanH. The cur-
rent work significantly extends those previous findings by com-
paring, in 16-h TH culture supernatants, the activities of all three
C. perfringens sialidases at natural levels and in a background free
of contamination by the other sialidases. With respect to heat
tolerance, it was previously reported that Nanl activity is more
heat resistant than NanH activity (11, 12). The current study con-
firmed those previous findings and further determined that Nan]
resembles NanH by exhibiting much less sialidase activity above
43°C. It had also been previously reported that the pH optima of
Nanl and NanH were pH 5 and pH 6, respectively (12). The cur-
rent study confirmed that previous report and then further deter-
mined that Nan] also functions best at pH ~5. The enzymatic
activity of each sialidase was also found to vary in sensitivity to
various metal ions. Furthermore, while the enzymatic activities of
all three C. perfringens sialidases were shown to be sensitive to
p-chloromercuribenzoate, which reacts with thiol groups in pro-
teins, Nan] was relatively more resistant to this treatment than the
other two C. perfringens sialidases. The sensitivity of NanH to
p-chloromercuribenzoate observed in the current study is in
agreement with results of a previous study (33). These results also
distinguished the three C. perfringens sialidases from Streptomyces
sialidase, which is unaffected by treatment with p-chloromer-
curibenzoate (11). Finally, our results extend previous reports
(12) by now indicating that all three C. perfringens sialidases are
active against a broad range of sialic acid linkages. NanI was found
to be responsible for most of the overnight TH culture superna-
tant sialidase activity against all substrates, regardless of whether
they had an a-2,3, a-2,6, or a-2,8 sialic acid linkage.

The role of sialidases in C. perfringens virulence is still un-
proven. Studies using Nanl and NanJ null mutants of type A strain
13, which does not produce NanH, did not support a requirement
for these sialidases in the mouse gas gangrene model (24). How-
ever, as acknowledged in that study, the large C. perfringens inoc-
ulum necessary for the mouse gas gangrene model could mask
virulence contributions by sialidases. In addition, those gas gan-

TABLE 1 Effects of various compounds and metal ions on sialidase
activity

% sialidase activity (relative to control)

Compound or metal ion

(10 mM) CN3718 ENan]J ENanl ENanH
None (control) 100 100 100 100
Fe’* 101 188 111 65
Fe?* 56 87 33 79
Ca** 90 100 100 71
Co** 110 200 104 78
Ni** 94 155 95 90
Mn** 110 170 115 53
Mg>* 115 117 124 99
Zn*t 61 136 65 88
p-Chloromercuribenzoate 18 54 13 5
EDTA 104 105 86 97
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FIG 7 Inhibition of C. perfringens sialidase activity by sialidase inhibitors NADNA and SB. Supernatants were removed from five independent cultures
(wild-type CN3718 expresses all three sialidase genes; BMC205 has null mutations in all three sialidase genes [17]; ENan]J expresses only the nan] gene, ENanl
expresses only the nanl gene, and ENanH expresses only the nanH gene) grown for 16 h at 37°C in TH broth. (A) Sialidase activity of wild-type CN3718, ENan],
ENanl, ENanH, and BMC205 supernatants in the presence of the NADNA sialidase inhibitor (0, 8, 16, and 24 uM). (B) Sialidase activity of wild-type CN3718,
ENanJ, ENanl, ENanH, and BMC205 supernatants in the presence of the SB sialidase inhibitor (0, 27.5, 55, 110 uM). All experiments were repeated three times,

and mean values are shown. The error bars indicate standard deviations.

grene results do not address possible contributions of sialidases to
intestinal infections, as suggested by a recent study (17) showing
that Nanl is important for adherence of CN3718 to enterocyte-
like cells and for enhancing epsilon toxin binding and activity.
Given the potential for sialidases to contribute to C. perfringens
virulence, our current study used the availability of mutants ex-
pressing only natural levels of a single sialidase to investigate the
relative contributions of each sialidase to sialic acid release from
cultured host cells. Both Nanl and Nan], but not NanH, released
sialic acid from Caco-2 cells. These effects may be relevant for
pathogenesis since, in vivo, these sialidases could release sialic acid
from host cells for nutritional use by C. perfringens. These findings
are also consistent with previous studies indicating that NanI can
modify the host cell surface to increase CN3718 adherence and
binding of epsilon toxin (17, 21). Since the current results indi-
cated that Nan] releases sialic acid from Caco-2 cells, yet previous
studies (17) had indicated that Nan] cannot facilitate CN3718
adherence or epsilon toxin, Nanl and Nan] likely target different
sialic acid-containing molecules on the Caco-2 cell surface. Iden-
tification of those targets requires further studies.

The results obtained using two sialidase inhibitors (NADNA
and SB) were consistent with each of the C. perfringens sialidases
possessing different enzymatic properties. When the effects of
NADNA and SB were tested on sialidase activities in the various
culture supernatants, the results showed that both inhibitors
could inhibit overall CN3718 sialidase activity. However, the ma-
jor Nanl sialidase was the most sensitive sialidase to both NADNA
and SB, while NanH was the most insensitive sialidase to these
inhibitors. Similar inhibitors have been developed with activity
against sialidases of influenza viruses, and those agents have been
applied clinically for the treatment of influenza. Since C. perfrin-
gens sialidases, especially Nanl, can enhance adherence of this bac-

TABLE 2 Effect of sialidase inhibition on sialidase activity

ICs0 (WM)
Sample NADNA SB
CN3718 18.9 42.2
ENan] 12.4 15.1
ENanl 13.4 27.5
ENanH 44.6 50.9
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terium to host cells and promote the activity of some C. perfringens
toxins on sensitive cells (17), our current results suggest that these
enzymes may also represent potential therapeutic targets.

The distinct properties of each C. perfringens sialidase, as iden-
tified in this study, may help this bacterium to grow and survive
under the various environmental conditions it encounters, such as
soil, sewage, muscle tissue, animal intestines, and feces. It is inter-
esting that our study found that each C. perfringens sialidase, but
particularly Nanl, functions well at relatively high (>37°C) tem-
peratures. This observation is consistent with the 43°C optimum
growth temperature of C. perfringens, which exceeds temperatures
found in animal hosts. However, temperatures of 43°C or higher
are found in soil surfaces in tropical regions, suggesting that this
bacterium may be well adapted for growth in soil. Finally, our
results would suggest that, when produced together, these siali-
dases work effectively in combination, perhaps utilizing their dif-
ferent properties. In this regard, while NanH does not appear to
release sialic acid from Caco-2 cells, the release of NanH from
dying bacteria could still contribute to exosialidase activity in
some environments, possibly helping to generate nutrients for
viable bacteria remaining in the local C. perfringens population.

While the current and previous studies (17) have provided
some initial insights into why C. perfringens produces three siali-
dases, many questions remain. For example, during pathogenesis,
does expression of C. perfringens sialidases facilitate bacterial sur-
vival in mucosal niche environments? Regarding this question, it
is interesting that sialic acid can reportedly enhance sialidase gene
expression by C. perfringens (23), given that sialic acid also induces
the expression of nanA and nanB, but not nanC, in Streptococcus
pneumoniae and this sialidase induction then contributes to both
biofilm formation and virulence in that bacterium (31). Other
questions yet to be addressed include the following. Do these siali-
dases provide nutrients to C. perfringens growing in the intestines
or other environments? Do they promote effective in vivo resis-
tance against host defenses? The relative contributions of NanH,
Nanl, and NanJ when C. perfringens is present in the intestines, or
other environments, will require additional studies.
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