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fowleri, causes mucin degradation: an
in vitro and in vivo study

Moisés Martinez-Castillo', Rosa Elena Cardenas-Guerra', Rossana Arroyo', Anjan
Debnath?, Mario Alberto Rodriguez', Myrna Sabanero?®, Fernando Flores-Sanchez?,
Fernando Navarro-Garcia*, Jesus Serrano-Luna* & Mineko Shibayama*’

Aim: The aim of this work was to identify, characterize and evaluate the pathogenic role
of mucinolytic activity released by Naegleria fowleri. Materials & methods: Zymograms,
protease inhibitors, anion exchange chromatography, MALDI-TOF-MS, enzymatic assays,
Western blot, and confocal microscopy were used to identify and characterize a secreted
mucinase; inhibition assays using antibodies, dot-blots and mouse survival tests were used
to evaluate the mucinase as a virulence factor. Results: A 94-kDa protein with mucinolytic
activity was inducible and abolished by p-hydroxymercuribenzoate. MALDI-TOF-MS
identified a glycoside hydrolase. Specific antibodies against N. fowleri-glycoside hydrolase
inhibit cellular damage and MUC5AC degradation, and delay mouse mortality. Conclusion:
Our findings suggest that secretory products from N. fowleri play an important role in mucus
degradation during the invasion process.

First draft submitted: 16 December 2016; Accepted for publication: 7 April 2017; Published
online: 13 June 2017

Naegleria fowleri is a free-living amoeba that enters the nasal cavity and migrates to the brain,
causing primary amoebic meningoencephalitis (PAM) in humans. Diverse pathogenic mecha-
nisms such as adhesion [12], locomotion 3], phagocytosis [4,5] and protease activity [6-9] have been
described for N. fowleri trophozoites. It is possible that these mechanisms have an important role
in the infection process. Immunohistochemical studies of the early stages of PAM infection in a
murine model have shown that the amoebae induce mucus secretion and an inflammatory reaction
in the nasal cavity [10,11].

The nasal epithelial mucus is mainly composed of mucins (secreted mucins MUC5AC, MUC5B
and MUC?2) that are essential for maintaining the sterility of the microenvironment in the upper
airway [12]. Mucins are complex glycoproteins that can be associated with the cellular membrane or
released to form a polymeric gel [13]. The biochemical structure of these proteins consists of a central
region with variable numbers of tandem repeat regions (VNTR). The genes of VNTR regions are
used to differentiate mucin family members (20 members in humans) [12,14]. Serine (Ser), threonine
(Thr) and proline residues present in VNTR regions are O-glycosylated in the Golgi apparatus,
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with up to 80% carbohydrate constituting the
total weight of mucin proteins [14]. Glycosylation
confers specific charge and hydrophobicity to
mucins and is related to its resistance to physical
or biochemical injury [13,14]. It has been reported
that Entamoeba histolytica exhibits glycosidase
activity that can degrade mucin oligosaccharides.
Similarly, secretion of proteases for E. histolytica
has been related to intestinal mucin degradation
(MUC2) 15-17]. Degradation of mucins by secre-
tory products (SPs) has been described for other
mucus-dwelling protozoa, such as Tritrichomonas
foetus, Giardia lambia and Trichomonas
vaginalis (18]. Proteins detected in the SPs of these
microorganisms include sialidases, glycosidases
and cysteine proteases [15.16,18]. It is important to
mention that mucinolytic activity refers the deg-
radation of mucins by any molecule that includes
proteases and other enzymes, whereas proteolytic
activity is a general terminology that involves the
degradation of proteins.

Several studies have been performed to deter-
mine the activity of N. fowleri proteases and
their specific host substrates, which may include
myelin, immunoglobulins, iron-binding proteins
and collagen [8.9.19.20]. However, very few studies
have been performed in Naegleria to identify
and purify secreted proteases [6.8]. Recently,
our group demonstrated that trophozoites and
total crude extracts of V. fowleri can degrade the
MUCSAC mucin protein. However, molecular
identification of the proteolytic enzymes has not
yet been achieved [21].

We decided to identify and explore the role of
mucinolytic molecules in the SPs of N. fowleri
as a mechanism to evade the mucus of the olfac-
tory mucosa, which is part of the innate immune
response. Initially, we determined whether
N. fowleri releases mucinolytic proteins. In
addition, partial biochemical characterization
of mucinases was performed using different
protease inhibitors. The results revealed that the
inhibitors p-hydroxymercuribenzoate (pHMB),
phenyl-methyl sulfonyl fluoride (PMSF) and
aprotinin have the capacity to inactivate these
mucinolytic activities. The mass spectrometry
analysis allowed us to identify a glycoside hydro-
lase (GH) in V. fowleri; moreover, the use of spe-
cific carbohydrates as substrates was employed
to distinguish the type of enzymatic activity
by the GH. Likewise, we designed a peptide
similar in structure to the active domain of a
GH and obtained specific antibodies against the
GH of N. fowleri (Nf-GH). These antibodies
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were employed to protect against the degrada-
tion of human MUCS5AC induced by the SPs of
N. fowleri. Finally, in vivo studies using tropho-
zoites preincubated with anti-GH antibodies
showed that the survival of mice was extended
for 10 days compared with mice infected with
untreated amoebae. Thus, V. fowleri glycosidases
may be involved in human mucus degradation
during the first stage of PAM progression.

Materials & methods

e Cell cultures

A pathogenic strain of N. fowleri (ATCC 30808)
was maintained under axenic conditions in 2%
bactocasitone medium supplemented with 10%
(v/v) fetal bovine serum (FBS; Equitech-bio,
Kerrville, TX, USA) at 37°C. To maintain
virulence, trophozoites (2 x 10%) were instilled
in mice. 7 days postinfection, the brains were
recovered in bactocasitone medium (Becton and
Dickinson; Sparks, MD, USA) with streptomy-
cin/penicillin (Gibco, NY, USA), as previously
reported [22.23].

Mucoepithelial cells (NCI-H292; ATCC:
CRL1848) were grown in RPMI 1640 (Gibco,
Invitrogen, NY, USA) with 10% FBS (v/v;
Equitech-bio, TX, USA) in a 5% CO, atmos-
phere at 37°C. The cells were grown until
confluence. To obtain secreted MUCS5AC
mucin, the cells were incubated with serum-
free medium with 20 nM PMA (Phorbol
12-Mpyristate 13-Acetate; Sigma-Aldrich, MO,
USA) for 24 h, and supernatants were centri-
fuged at 1500 x g for 10 min. The superna-
tant containing mucins was concentrated with
Amicon ultrafilters (cut-off: 100 kDa) and
stored at 70°C until use.

¢ Animal-management protocols

The animal-management protocols were
approved by the institutional committee
(IACUC). BALB/c mice at 3—4 weeks of age
were used for virulence tests and survival exper-
iments (ID number 0071-13). New Zealand
male rabbits (2 weeks old) were used for anti-
body development (ID number 0414-08). Our
institution fulfills all technical specifications
for the production, care and use of laboratory
animals and is certified by national law (NOM-
062-Z00-1999). Animals were euthanized
with an overdose of sodium pentobarbital at
the end of the experiments and handled accord-
ing to the guidelines of the 2000 AVMA Panel
on Euthanasia.
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e Sample preparation

Trophozoites (6 x 10°) were grown until logarith-
mic phase (48 h), and the medium was replaced
with serum-free bactocasitone medium. After
12 h, the amoebic SPs were collected from viable
trophozoites by removing complete trophozoites
and cellular debris by centrifugation at 1500 x ¢
for 10 min; trophozoite cell viability was deter-
mined using SYTOX green (Molecular Probes,
TX, USA). The supernatant containing the SPs
was passed through a 0.22-pum Durapore mem-
brane (Millipore, MA, USA). SPs from the super-
natants were precipitated with absolute ethanol
(JT Baker, PA, USA) at a 3:1 ratio for 1 h at
-20°C, after which the samples were centrifuged
at 6500 x g for 45 min. The pellet containing
SPs was suspended in 1 ml of Tris-HCI (20 mM;
pH 8.0; Sigma-Aldrich), and the samples were
stored at 4°C until the ethanol evaporated (12 h).
The protein concentration of ethanol-treated
SPs was quantified according to the Bradford
method [24].

¢ Proteolytic & mucinolytic activities by
substrate gel electrophoresis

The protease activities of the SPs and ethanol-
treated SPs were determined by zymography
assays using 10% polyacrylamide copolymer-
ized with porcine gelatin (Sigma-Aldrich) or
bovine submaxillary mucin (BSM; Worthington
Biochemical Corporation, Lakewood, NJ, USA)
to a final concentration of 0.1% for both sub-
strates. 40 pg of total protein from samples was
loaded. As an experimental control, 30 pl of
bactocasitone medium precipitated with ethanol
was used. Electrophoresis was performed at a con-
stant voltage (80 V) for 3 h in an ice bath (4°C);
the gels were then washed two-times for 30 min
with agitation in a 2.5% (v/v) Triton X-100 solu-
tion (Sigma-Aldrich). The zymogram gels were
incubated overnight at 37°C in buffers at several
pHs: 100 mM sodium acetate (pH 5.0), 100 mM
Tris-HCI (pH 7.0) or 100 mM glycine (pH 9.0).
All buffers contained 2 mM CaCl, and 2 mM
DTT. Finally, the gels were stained with 0.5%
(w/v) Coomassie Brilliant Blue R-250 (JT Baker).
Protease activities were identified as clear bands
on a blue background. All assays were performed
in triplicate.

¢ Protease inhibitors

The ethanol-treated SPs were preincubated at
37°C for 1 h using various protease inhibi-
tors with gentle agitation. The following final
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concentrations and types of protease inhibitors
were used: for cysteine proteases, 10-mM pHMB,
10-uM (1-{N-[(L-3-trans-carboxyoxirane-2-
carbonyl)-L-leucyl]amino}-4-guanidinobutane
[E-64]), 5-mM n-ethylmaleimide (NEM) and
5-uM iodoacetamide (IAA); for serine pro-
teases, 5> mM PMSF and 1 mM aprotinin; for
metalloproteases, 10-mM 1,10-phenanthro-
line [25] (Sigma-Aldrich). All the zymograms
were activated at pH 7. Zymography assays were
performed to evaluate the effect of each inhibi-
tor tested. Inhibition analyses were performed
by densitometry analysis using the Image]J pro-
gram [26], and the results are expressed as relative

optical density (ROD).

¢ Stimulation of mucinases with BSM

6 million N. fowleri trophozoites were incubated
in serum-free medium for 3 h. These trophozo-
ites were then incubated with BSM dissolved in
serum-free medium (0.1 mg/ml) for 1, 3, 6 and
12 h. After incubation, SPs were obtained and
precipitated with ethanol (JT Baker) at a 3:1
ratio, as previously described. As an experimen-
tal control, ethanol-treated SPs from trophozo-
ites incubated in serum-free medium without
mucin were used for the same time periods.
The samples were stored at -70°C until use.

¢ Anion exchange chromatography
Ethanol-treated SPs were applied to a 1 ml anion
exchange resin High-Q cartridge (Bio-Rad, CA,
USA), which had been previously equilibrated
at room temperature with 20 mM Tris-HCI
buffer at pH 8.5. The samples were loaded and
incubated overnight at 4°C. Elution was per-
formed using a discontinuous gradient of equi-
libration buffer containing 0.1, 0.2, 0.3, 0.4
and 0.5 M NaCl (0.5 ml/min). Each fraction
collected was assayed, analyzed by SDS-PAGE
and tested for mucinolytic activity using zymog-
raphy. Fractions of 1 ml showing the maximum
activity were concentrated and desalinated with
Amicon ultrafilters (cut-off: 100 kDa). This
fraction was designated the mucinase-enriched
fraction (MEF). The samples were stored at
-70°C until use.

¢ Protein identification by mass
Spectrometry

The mucin-inducible mucinase with a size of
94 kDa was further identified by mass spectrom-
etry. Two protein bands with 94 kDa, one from a
Coomassie-stained gel and another from a mucin
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zymogram, were processed by tryptic digestion
and analyzed by electrospray ionization mass
spectrometry (MALDI-MS) at LANGEBIO,
CINVESTAV-IPN, Irapuato, and by MALDI-
TOF/MS at the Laboratory of Experimental
Services LaNSE-CINVESTAV, Mexico; both
analyses reached similar results. Protein identifica-
tion of the 94-kDa band was performed by search-
ing the NCBI database with the data acquired
(MS/MS ions) using the MASCOT program [27]
and the N. gruberi genome sequence from the
NCBI web page. To achieve 95% confidence,
the detection threshold was up to 1.3 coverage.
All accession numbers were searched in the NCBI
database to obtain the molecular weight (MW)
and the amino acid sequence.

¢ Enzymatic assays of N. fowleri glycosidases
To determine the glycosidase activity in ethanol-
treated SPsand the MEF, hydrolysis of carbohydrates
was determined spectrophotometrically, using as
substrates 4-nitrophenyl 3-D-galactopyranoside,
4-nitrophenyl B-D-glucopyranoside and 4-nitro-
phenyl B-D-mannopyranoside. All substrates were
used at 0.1 mM according to the manufacturer’s
instructions (Sigma-Aldrich). Ethanol-treated SPs
or the MEF were incubated for 45 min at 37°C
and evaluated at pH 5, 7 and 9 for each chromo-
genic substrate. The same samples were also treated
with pHMB inhibitor before incubation with the
substrates mentioned above. The enzymatic reac-
tion was terminated with 100 mM NaOH, and the
samples were evaluated using an Epoch microplate
reader spectrophotometer (BioTek, Winooski,
VT, USA) at 405 nm. Statistical analysis (two-
way ANOVA) was performed using Systat Sigma
Plot software [28]. Graphs were obtained using
GraphPad Prism 5 software. The data are the

means + SEM of three independent experiments.

¢ Peptide design & antibody production

Using the mass spectrometry results, we searched
for the amino acid sequence of the GH (GH,
access number: 284096877) in the NCBI data-
base. To obtain the 3D prediction and the active
and catalytic sites, Phyre? software was used [29].
To select an antigenic peptide (18 aa) near the
active site, we used ABCpred, Bepred [30] and
Kyte-Doolittle 31] software. The selected peptide
(KRSMPMIRPLFYDESSDE, residues 640—658)
was synthesized and coupled to KLH to increase
the immunogenicity of this peptide (PepMic, Co,
Suzhou, China). New Zealand male rabbits were
subcutaneously and intramuscularly immunized
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with 1 mg of the synthetic peptide-KLH and
emulsified with Titer-Max Classic adjuvant
(Sigma-Aldrich). Posteriorly, the animal received
two boosts of the same antigen at the same con-
centration over an interval of 10 days. Preimmune
(PI) serum was obtained before the immunization.
The antibody concentration was determined using
the bicinchoninic acid protein assay (Thermo

Scientific, MD, USA).

¢ Immunodetection of GH in N. fowleri
trophozoites

The antibodies generated against GH using
synthetic peptides as the antigen were tested
for GH in the MEF and trophozoites. Samples
of ethanol-treated SPs and the MEF (30 pg)
were separated using 10% SDS-PAGE in non-
reducing conditions, electrotransferred to poly-
vinylidene difluoride (PVDF) membranes and
blocked with 5% skim milk. The blot was incu-
bated overnight with rabbit anti-GH polyclonal
antibodies (1:2000) at 4°C. The membranes
were washed three times with PBS-T (Tween,
0.05%) and incubated with an anti-rabbit HRP-
labeled secondary antibody (Zymed, Rockford,
MD, USA; 1:4000). Western blots (Wb) were
revealed using luminol kit reagent (Santa Cruz
Biotechnology, Delaware, CA, USA) and
photographic Kodak film.

¢ Immunolocalization of GH in N. fowleri
Trophozoites were grown on coverslips and
fixed with 4% paraformaldehyde (PFA; Sigma-
Aldrich). Amoebae permeabilized with 0.2%
Triton X-100 or nonpermeabilized were used.
Samples were blocked with 10% FBS in PBS.
Trophozoites were incubated with the rabbit
anti-GH (1:100) antibody at 37°C for 1 h, fol-
lowed by incubation for 1 h with anti-rabbit
FITC-labeled secondary antibody (Zymed,
MD, USA; 1:100). Nuclei were counterstained
with propidium iodide (0.001%; Sigma-
Aldrich) for 5 min. PI serum was used as a
negative control. All samples were preserved
using the Vectashield reagent (Vector, CA,
USA). Samples were analyzed under a confo-
cal microscope (Carl Zeiss LMS 700, Zeiss,
CA, USA).

¢ Inhibition assay using anti-GH antibodies
in NCI-H292 cells

With the aim of evaluating whether anti-GH
antibodies inhibited the mucoepithelial dam-
age induced by N. fowleri trophozoites, we
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co-incubated amoebae with the NCI-H292 cell
monolayer in the presence of the anti-GH anti-
body (1.5 pg/ml) after 1, 3 and 6 h of interac-
tion. The optimal inhibitory concentration of
the antibody was based on an agglutination assay
as observed by light microscopy using N. fowleri
trophozoites and different concentrations of anti-
bodies. For inhibition assays, cell damage was
observed using light microscopy, and the cell
viability was assayed using SYTOX green (5 pM;
Molecular probes, TX, USA). These assays
consisted of mucoepithelial cells (20 x 10%) co-
cultured with V. fowleri (1:1) in RPMI medium
without serum in the presence of the anti-GH
antibody after 1, 3 and 6 h. The amoebae were
removed at each incubation time point in an ice
bath for 20 min. Nonpermeabilized treated cells
were fixed with 2% paraformaldehyde for 20 min.
SYTOX green was added for 10 min, and fluo-
rescent nuclei indicated dead cells. Permeabilized
normal cells treated with 0.2% Triton X-100
were used as a positive control, while nonpermea-
bilized untreated NCI-H292 cells were used as
a negative control of fluorescence. Samples were
observed with an inverted fluorescent microscope
(Nikon, eclipse Ti-U, Tokyo, Japan). The images
were analyzed using Image] software [26]; the total
number of pixels of three independent images was
analyzed and reported as fluorescence intensity.
The significance was determined by comparing
the control samples (cells without trophozoites)
using two-way ANOVA with the Systat Sigma
Plot 12 software [28].

¢ Anti-GH antibodies prevent human
MUC5AC degradation

To demonstrate that the anti-GH antibod-
ies prevent MUCS5AC degradation, human
MUCS5AC mucin secretion was induced with
20 nM PMA and NCI-H292 cell supernatants
(200 ml) were concentrated with Amicon
ultrafilters (100-kDa cut-off). Proteins
from supernatants were quantified using the
Bradford method. To identify MUCS5AC in the
concentrated supernatants, samples were ana-
lyzed using 5% SDS-PAGE and staining with
Coomassie blue reagent and by Wb. For the
Wb, MUCS5AC was identified using an anti-
Mucin 5AC monoclonal antibody (Mucin 5AC
1-13M1, Abcam, MA, USA; dilution 1:1000
for 2 h), followed by incubation with the sec-
ondary antibody antimouse IgG labeled with
HRP (Invitrogen, MA, USA; 1:10,000 for
1 h). Blots were revealed with a luminol kit
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reagent (Santa Cruz Biotechnology, CA, USA)
using photographic Kodak film.

Zymograms contained the mucins released
by NCI-H292 cells, which were concentrated
(0.5 pg/ul) and used as substrate. Zymograms
were loaded with MEF (40 pg), and the same
fraction was preincubated with the anti-GH
antibodies (5 pg/ml) or pHMB (10 mM). The
zymograms were activated overnight at pH 7
and 37°C. Inhibition analyses were performed
by densitometry using the Image] program [26].

To further detect MUCS5AC degradation by
the MEEF, the supernatant from NCI-H292 was
co-incubated with the MEF, and dot-blot assays
were performed to observe MUCS5AC degrada-
tion. Briefly, human-released mucins (0.5 pg/pl)
from NCI-H292 cells were incubated with the
MEF (80 pg/ul) in Tris-HCI at pH 7 at 37°C
for 6 h. Proteinase K (PK; 0.2 ng/pl) was incu-
bated with mucins from the cells for 20 min as
a positive control. Additionally, the MEF was
incubated with the released mucins in the pres-
ence of pHMB inhibitor (10 mM) or preincu-
bated with anti-GH antibodies (5 pg/ml). The
MEF alone was loaded as a negative control. All
samples were dropped onto nitrocellulose mem-
branes (0.45 pum) and stained with Ponceu’s
solution (Sigma-Aldrich) to visualize the bound
protein. Dot-blots of each condition were deter-
mined using an anti-Mucin 5AC monoclonal
antibody (1:500) for 2 h, followed by incuba-
tion for 1 h with antimouse IgG labeled with
HRP as a secondary antibody (Invitrogen, CA;
1:10,000). The blots were revealed with luminol
kit reagent (Santa Cruz Biotechnology) using
an Odyssey FC imaging system (LI-COR, NE,
USA). Densitometry analyses were performed
using the Image] program [2¢], and the results
were expressed as ROD.

¢ Delay of mouse mortality by N. fowleri
trophozoites preincubated with GH
antibodies

Mouse mortality was analyzed using various doses
of N. fowleri trophozoites (6, 12 and 25 x 10%).
We used 1-month-old BALB/c mice that weighed
approximately 15 g. Groups of six animals were
used for each condition. Because all tested doses
caused mouse mortality at 7 days postinstilla-
tion, 12 x 10* trophozoites were used in poste-
rior experiments. Group 1 infected animals were
lightly anesthetized in an ether chamber and
instilled with amoebae in 20 pl of fresh culture
medium. Group 2 received trophozoites that were
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pretreated with anti-GH antibodies (30 pg/ml)
for 20 min. Group 3, noninfected mice, animals
were inoculated only with culture medium.
Mouse mortality was determined using survival
curves, and the significance was calculated using
the log-rank test [32].

Results

¢ Secretory products of N. fowleri contain
mucinolytic proteins

To detect proteolytic activity in the secretory
products of N. fowleri, supernatants from 12 h
(from amoebae with 99% viability) were analyzed
in gelatin co-polymerized gel (gelatin-zymogram).
Clear proteolytic bands at 94, 75, 53 and 40 kDa
were obtained when the gels were activated at
pH 5 (Figure 1A, lane 1). In the case of proteases
activated with buffer at pH 7, proteolytic bands
were observed at 148, 94, 75 and 53 kDa, and
activity at 148, 110, 94 and 53 kDa was observed
at pH 9 (Figure 1A, lanes 2-3). However, no deg-
radation bands were observed in zymograms that
were co-polymerized with bovine submaxilliar
mucin (BSM; BSM-zymogram) at any pH ana-
lyzed (data not shown). To further analyze the

®

kDa

250-
150-

100-

50-

37-

effects of N. fowleri-secreted products on mucin,
the supernatants were concentrated by precipita-
tion with ethanol. The precipitated samples (eth-
anol-treated SPs) allowed us to observe two clear
bands of mucinolytic activity, >250 kDa and at
94 kDa, in the BSM—zymogram activated at pH 5
(Figure 1B, lane 1), whereas the same bands (>250
and 94 kDa), and an additional 53-kDa band
were observed in BSM—zymograms activated at
pH 7 (Figure 1B, lane 2). The BSM-zymogram
activated at pH 9 did not reveal any mucinolytic
activity and was used as the experimental control,
where only bactocasitone serum-free medium was
used (Figure 1B, lanes 3 & 4).

¢ Mucinolytic activities are susceptible to
cysteine & serine protease inhibitors

To determine the types of proteases that are
present in ethanol-treated SPs, various protease
inhibitors were used: pHMB, NEM, E-64
and TAA (cysteine protease inhibitors). These
inhibitors showed different levels of inhibi-
tion compared with the BSM-zymogram
without inhibitors (Figure 2A, lane 1). The best
cysteine-protease inhibitor tested was pHMB,

1 2 3 4
kDa
250-
150-
100-
75-
50-

Figure 1. Proteolytic and mucinolytic patterns evaluated at various pH values.

(A) Gelatin-zymogram showing proteolytic bands from secretory products at pH 5, 7, and 9;
lanes 1-3, respectively. (B) Bovine submaxillary mucin-zymogram showing mucinolytic activities
of ethanol-treated secretory products at pH 5 (lane 1: >250 and 94 kDa) and pH 7 (lane 2: >250,
94 and 53 kDa). Mucinolytic activities were not evident at pH 9 (lane 3). Bactocasitone medium at
pH 7 (100 mM Trizma and 2 mM CaCl.) was used as a negative control (lane 4). All activities were

evaluated at 37°C.
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which was able to show total inhibition of the
94- and 53-kDa bands (Figure 2A, lane 2); E-64
(Figure 2A, lane 3), NEM and IAA (Figure 2A,
lanes 4 & 5) caused slight inhibition of 94-kDa
activity. In contrast, when serine-protease inhibi-
tors were used, the protease activity of the clear
band above 250 kDa was completely inhibited
by PMSEF (Figure2A, lane 6). Aprotinin, the other
serine-protease inhibitor, caused similar levels of
inhibition of the >250 kDa band, but interest-
ingly, a new clear band of approximately 80 kDa
was observed (Figure 2A, lane 7). Finally, a spe-
cific inhibitor of metalloproteases, 1,10-phen-
anthroline, did not have an inhibitory effect on
these activities (Figure 2A, lane 8). To compare
these inhibition effects on mucinolytic activities
(>250, 94 and 53 kDa), densitometric analyses
were performed. The activity at 250 kDa was
inhibited mainly by PMSF and aprotinin and
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partially by pHMB. The activity at 94 kDa was
completely inhibited by pHMB and partially
inhibited in the following order: E-64, NEM
and TAA. Finally, the activity at 53 kDa was
completely inhibited by pHMB and partially
inhibited at the same magnitude by E-64, NEM
and TAA (Figure 2B). All the zymograms were
activated at pH 7. These activities were analyzed
in three independent assays that showed similar
results (*p < 0.05).

¢ Induction of secreted mucinases by BSM

To determine whether these mucinolytic activi-
ties were inducible, trophozoites were preincu-
bated with BSM at different times and SPs were
recovered and treated with ethanol and analyzed
in BSM—zymograms. The results showed that
preincubation of amoebae with BSM allowed
the induction of only the 94-kDa mucinase of

(-) Inhibitor
pHMB
E-64

NEM

IAA

PMSF
Aprotinin

>250 kDa activity
94 kDa activity
53 kDa activity

1-10-phenanthroline

Figure 2. Cysteine and serine protease inhibitors decrease mucinolytic activities. (A) Ethanol-
treated secretory products were incubated with protease inhibitors and evaluated in bovine
submaxillary mucin-zymograms as follows: ethanol-treated secretory products without inhibitor
(lane 1), or with 10 mM pHMB (lane 2), 10 uM E-64 (lane 3), 5 mM NEM (lane 4), 5 uM IAA (lane 5),

5 mM PMSF (lane 6), aprotinin (lane 7), or 10 mM 1,10-phenanthroline (lane 8). All the zymograms
were activated at pH 7, the results correspond a one gel with several lanes. (B) Densitometric
analyses of >250-kDa (white bars), 94-kDa (black bars) and 53-kDa (gray bars) protein activities using
ImageJ software, graphed by GraphPad Prism and expressed as ROD values. Statistical analysis was
performed by two-way ANOVA comparing the degradation without inhibitors. Bars display the mean

+ SE of three independent assays.
*p < 0.05.

E-64: 1-{N-[(L-3-trans-carboxyoxirane-2-carbonyl)-L-leucyllamino}-4-guanidinobutane);
IAA: lodoacetamide; NEM: N-ethylmaleimide; pHMB: p-hydroxymercuribenzoate; PMSF: Phenyl-
methyl sulfonyl fluoride; ROD: Relative optical density.
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N. fowleri, which increased in a time-dependent
manner (from 1 to 12 h; Figure 3A, lanes 1-4).
For comparison purposes, trophozoites without
preincubation with BSM (noninducible) were also
analyzed. These zymograms detected activity at
>250-, 94- and 53-kDa after 6 and 12 h of incuba-
tion (Figure 3B, lanes 7-8). Densitometric analysis
of the 94-kDa mucinase in inducible and nonin-
ducible conditions showed that this mucinase is
clearly inducible after 1, 3 and 6 h (*p < 0.05). At
12 h, both conditions, inducible and noninduc-
ible, reached activity that was similar to the control
activity of the 94-kDa protein (Figure 3C).

¢ |dentification of mucinolytic proteins by
mass Spectrometry

Because the 94-kDa protein with mucinolytic
activity was inducible and increased after inter-
action with mucin, we sought to identity this
mucinase using mass spectrometry. Bands of
94 kDa from the BSM~zymogram and the SDS-
PAGE gel were analyzed by mass spectrometry.
Both analyses showed that this band contained

®

28 different fingerprint proteins identified in the
N. gruberi genome that could be classified into
six different groups of proteins according to cel-
lular functions including 41% metabolic, 30%
proteases and hydrolases, 11% undetermined,
7% heat-shock proteins, 7% signaling and 4%
synthesis. From these fingerprints, the GH with
a molecular weight of 95.3 kDa was used for fur-
ther experiments, as this protein had the highest
coverage (21.55).

e Activity of glycosidases of the 94-kDa
protein of N. fowleri

The 94-kDa mucinase was partially purified
from supernatants of V. fowleri. Ethanol-treated
SPs were separated by chromatography in an
anion-exchange column. All eluted fractions
from the column were collected and analyzed
using SDS-PAGE and BSM-zymograms. The
results revealed lower cationic properties for the
94-kDa protein, as this fraction with mucinolytic
activity eluted at 300 mM NaCl (MEF). SDS-
PAGE 10% results showed differences in the
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Figure 3. Secretion of an inducible Naegleria fowleri mucinase of 94 kDa using BSM. (A) N. fowleri
trophozoites were exposed to 0.1 mg/ml BSM for 1, 3, 6 and 12 h, and the ethanol-treated secretory
products from N. fowleri were tested in a BSM-zymogram. Activity at 94 kDa was detected at all times
evaluated (lanes 1-4). SPs from nonstimulated trophozoites revealed bands of >250, 94 and 53 kDa, but
only at 6 and 12 h (lanes 7 & 8). (B) Statistical analysis was performed by two-way ANOVA comparing
degradation without inhibitors. All bars display the mean + SE of three independent assays.

*p < 0.05.

BSM: Bovine submaxillary mucin; ROD: Relative optical density.
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protein profile of ethanol-treated SPs and MEF
(Figure 4A, lanes 2 & 3). Moreover, the mucino-
lytic profiles of ethanol-treated SPs showed the
previously described activities at >250-, 94- and
53-kDa (Figure 4A, lane 4), whereas the BSM—
zymogram of MEF only contained the 94-kDa
activity (Figure 4A, lane 5). However, the >250-
kDa activity eluted with 400 and 500 mM NaCl

®
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(data not shown) and the 53-kDa activity was not
found in any eluted fraction (data not shown).
According to the mass spectrometry data,
this 94-kDa protein is a glycosidase, and there-
fore, we decided to evaluate the activity of this
enzyme using various carbohydrates coupled to
the chromogenic 4-nitrophenyl-group substrate.
Our results showed that both ethanol-treated

4-nitrophenyl-3-D-glucopyranoside

3.5 & Ethanol-treated SPs
A MEF
~ -8 Ethanol-treated SPs + pHMB
2.5 - MEF + pHMB
2.0+ _
1.5
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0.5 1
0.0 = — =t 0
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4-nitrophenyl-3-D-mannopyranoside
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0.0 | ]
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= Ethanol-treated SPs
MEF
& Ethanol-treated SPs + pHMB
MEF + pHMB

Figure 4. Degradation of glycosidic substrates by glycosidases from Naegleria fowleri. (A) SDS-
PAGE 10%: molecular weight marker (lane 1), ethanol-treated SPs (lane 2) and MEF (lane 3) samples.
BSM-zymogram of ethanol-treated SPs (lane 3) and MEF (lane 4) samples. (B) Activity of ethanol-
treated SPs (solid squares) and MEF (solid triangles) on B-galactopyranoside. (C) Activity of ethanol-
treated SPs (solid squares) and MEF (solid triangles) on B-glucopyranoside. (D) Activity of ethanol-
treated SPs (solid squares) and MEF (solid triangles) on 3-mannopyranoside. For each substrate,
ethanol-treated SPs and MEF were also pretreated with 10 mM pHMB (empty squares and empty
triangles, respectively). Enzymatic activities were analyzed at various pH values and determined
spectrophotometrically at 405 nm. Statistical analysis two-way ANOVA was performed, and the data
are reported as the means + SEM of three independent experiments.

*p < 0.05.

MEF: Mucinase-enriched fraction; pHMB: p-hydroxymercuribenzoate; SP: Secretory product.
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SPs and the MEF from N. fowleri were able to
hydrolyze B-D-glucopyranoside at pH 5 and 7
but not at pH 9 (Figure 4B). To a lesser extent,
both ethanol-treated SPs and MEF also hydro-
lyzed 4-nitrophenyl B-D-galactopyranoside at
pH 5 and mainly at pH 7 (Figure 4C), while the
hydrolysis of B-D-mannopyranoside occurred
mainly at pH 5 but also at pH 7 (Figure 4D).
Remarkably, the inhibitor pHMB (at 10 mM)
was able to completely inhibit the hydrolysis

activity against 3-D-glucopyranoside (Figure 4B)
and 4-nitrophenyl-fB-D-galactopyranoside at
all evaluated pH values (Figure 4C). However,
this inhibitor caused less inhibition on
B-D-mannopyranoside (*p < 0.05; Figure 4D).

¢ GH is detected in SPs & trophozoites from
N. fowleri

To obtain antibodies against GH, a synthetic
peptide was designed to be used as an antigen

® ©

Anti-GH
antibodies

@
©

Anti-GH
antibodies

50-

37-

Pl serum

Pl serum

Figure 5. Identification of Nf-GH in Naegleria fowleri trophozoites using antibodies against
glycoside hydrolase. (A) 3D prediction of GH showing the selected peptide sequence (blue) to
obtain the specific GH antibodies (anti-GH). (B) Detection of Nf-GH in ethanol-treated secretory
products and mucinase-enriched fraction. Wb assays: secretory products (lane 1) and mucinase-

enriched fraction (lane 2) samples; a specific band at 94 kDa was detected by the anti-GH antibodies.
The rabbit Pl serum was tested in secretory products and mucinase-enriched fraction (lanes 3 & 4) as
experimental controls (C) Localization of Nf-GH in N. fowleri trophozoites under nonpermeabilized
conditions. (D) Localization of Nf-GH in N. fowleri trophozoites under permeabilized conditions; the
amoebae were permeabilized with 0.2% Triton X-100. Anti-GH recognition was detected using a
secondary FITC-conjugated antibody, whereas nuclei were labeled with propidium iodide. The Pl
serum was used as a control. Images were obtained by confocal microscopy (Carl Zeiss, LMS 700) at
60x, scale bar, 10 um.

GH: Glycoside hydrolase; Nf-GH: GH of Naegleria fowleri; Pl: Preimmune.
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to immunize rabbits. /n silico analysis of the GH
(access number: 284096877) obtained from
the NCBI database revealed that this hydrolase
contains the GH31 domain, which is capable
of processing the N-linked oligosaccharides.
This prediction correlated with our previously
described findings regarding the activity of the
MEEF on these types of substrate. In addition,
the 3D prediction performed by the Phyre? soft-
ware, using as a template - and B-hydrolases
(d2pl5al) from Leptospira interrogans and the
sequence of GH from N. gruberi, allowed us
to obtain the predicted 3D structure of GH
with 32% coverage (342 residues) and 99.6%
confidence. Moreover, the 3D analysis revealed
that the catalytic residues are localized at the
G (678), H (951) and D (922) amino acid resi-
dues. By using three software packages, as indi-
cated in the ‘Materials & Methods’ section, a
sequence close to the active site was chosen based
on hydrophobicity, immunogenicity, flexibility,
accessibility, turn and polarity. This antigenic
peptide of 18 amino acids contained residues
640-658 of GH (Figure 5A). After immunization
of rabbits with the synthetic peptide coupled to
KLH, the antibody titers were evaluated by the
ELISA method, which reached an end-point
dilution of 1:64,000 using ethanol-treated SPs as
the antigen (data not shown). Remarkably, anti-
bodies recognized the 94-kDa band in ethanol-
treated SPs and MEF from N. fowleri (Figure 5B,
lanes 1 & 2), whereas the PI serum did not show
any recognition band (Figure 5B, lanes 3 & 4)
in Wb assays. Thus, we designated this protein
the GH of V. fowleri (Nf-GH). Additionally, by
confocal microscopy, the GH was detected in
nonpermeabilized (Figure 5C) and permeabilized
(Figure 5D) amoebae in the cytoplasm and also at
the cytoplasmic membrane.

¢ Antibodies against GH prevent the
cytopathic effect induced by N. fowleri
trophozoites on mucoepithelial cells
Antibodies against GH were added simultane-
ously with trophozoites of V. fowleri to mucoepi-
thelial cell monolayers and incubated for 1,
3 and 6 h. The cytopathic effect was analyzed
by fluorescence. The data showed that anti-GH
antibodies drastically reduced the cell damage
of the NCI-H292 cell monolayers caused by
N. fowleri trophozoites from 1 to 6 h of incuba-
tion (Figure 6A) compared with cells incubated
with N. fowleri in the absence of anti-GH
antibodies (Figure 6A). The mean fluorescence

future science group
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intensity of the images confirmed the protec-
tive effect of the anti-GH antibody against
NCI-H292 cell damage induced by N. fowleri.
Untreated cells incubated with anti-GH anti-
bodies were used as a negative control, whereas
cells treated with Triton X-100 were used as a
positive control and showed the highest mean
fluorescence intensity (*p < 0.001; Figure 6A &B).

¢ Human MUC5AC degradation is inhibited
by anti-GH antibodies

To determine whether the MUC5AC mucin
is the target of Nf-GH, NCI-H292 cells were
induced to secrete this type of mucin by incu-
bation with PMA. These secreted glycoproteins
were used as a substrate in zymogram gels, as
mentioned in the ‘Materials & Methods’ section.
Using 5% SDS-PAGE, the results showed a pre-
dominant band of approximately 250 kDa (likely
not resolved; Figure 7A, lane 2). Moreover, the
band near 250 kDa was recognized by the anti-
Mucin 5AC antibody in Wb assays (Figure 7A,
lane 3). To corroborate the MUC5AC mucin
degradation, the ethanol-treated SP samples were
separated in zymograms co-polymerized with
mucins from NCI-H292 cells. We detected three
clear bands of mucinolytic activity at >250 kDa,
94 kDa and 53 kDa (data not shown), similar to
those detected in BSM—zymograms.

Moreover, the MEF was loaded in the zymo-
gram containing the secreted mucin, and a
clear band was detected near 94 kDa (Figure 7B,
lane 1). Interestingly, this activity was partially
inhibited by anti-GH antibodies before load-
ing onto the zymogram (Figure 7B, lane 2).
Furthermore, the mucinolytic activity was com-
pletely inhibited with 10-mM pHMB (Figure 78,
lane 3). These results were confirmed by densi-
tometric analysis from three independent assays
(*p < 0.05; Figure 7C).

To demonstrate that MUCS5AC is a target of
Nf-GH, secreted mucins were incubated with
the MEF or MEF preincubated with pHMB
and MEF with anti-GH antibodies. As a pos-
itive-degradation control, the secreted mucins
were treated with PK, and the negative control
was the untreated secreted mucins. The etha-
nol-treated SP from N. fowleri without secreted
mucins were also used as a negative control.
With the aim to corroborate the loaded protein,
the nitrocellulose membrane was stained with
Ponceu’s solution (Figure 7D). Mucinolytic activ-
ities were analyzed by dot-blot using antibodies
against MUCS5AC. As expected, PK was able to
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Figure 6. Protective effect of anti-GH antibodies on NCI-H292 cell death induced by Naegleria fowleri trophozoites. (A) N. fowleri
trophozoites co-incubated with NCI-H292 during 1, 3 and 6 h in the absence or presence of anti-GH antibodies (1.5 ng/ml). Anti-GH
antibodies prevent cell death even at 6 h. NCI-H292 cells without trophozoites were used as a negative control, while cells treated
with 0.2% Triton X-100 were used as a positive control. Cell viability was evaluated using SYTOX green, which marks dead cells in
green. Images were obtained with a fluorescent inverted Nikon microscope (eclipse Ti-U) at 20x. (B) Quantification of the fluorescence
intensity of labeled nuclei using ImageJ software. All bars display the mean * SE of three independent experiments.

*p < 0.001.

GH: Glycoside hydrolase; Nf: Naegleria fowleri.
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degrade MUCSAC, as detected by the absence
of a signal from the anti-Mucin 5AC anti-
body as compared with the strong detection of
MUCS5AC in the secreted mucins. Interestingly,
MEF was able to degrade MUC5AC; this deg-
radation was inhibited by pHMB and anti-GH
antibodies (Figure 7D). Densitometry analyses
of three independent experiments confirmed
the MUCS5AC degradation by MEF and the

Future Microbiol. (2017) 12(9)

prevention of this activity by pHMB and
anti-GH antibodies (*p < 0.05; Figure 7E).

¢ Anti-GH antibodies delay mouse mortality
in an experimental PAM infection

To understand the role of Nf-GH during iz vive
infection by V. fowleri, anti-GH antibodies were
used to prevent the mouse mortality induced by
N. fowleri trophozoites. To perform experimental

fsg
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Figure 7. Naegleria fowleri GH causes MUC5AC degradation. (A) Detection of MUC5AC in secreted mucin from NCI-H292 cells. SDS-

PAGE: molecular weight marker (lane 1), secreted mucin from NCI-H292 cells (lane 2), two evident bands at >250 kDa and 40 kDa are

shown. Western blot: Detection of the >250-kDa protein of secreted mucin from NCI-H292 cells using the anti-MUC5AC antibody (lane 3).
(B) Zymogram copolymerized with secreted mucins from NCI-H292 cells was used as substrate. MEF loaded alone (lane 1), MEF preincubated
with anti-GH antibodies (lane 2) or MEF preincubated with pHMB inhibitor (lane 3); gels were activated at pH 7 and 37°C. Mucinolytic
activity at approximately 94 kDa by Naegleria fowleri GH was observed (lane 1). (C) Densitometric analysis of panel A was performed using
ImageJ and GraphPad Prism software; *p < 0.05. (D) Detection of MUC5AC degradation by MEF by dot-blot (dot 1), secreted mucins from
mucoepithelial cells without treatment; (dot 2) secreted mucins treated with PK, (dot 3) secreted mucins treated with 94-kDa fraction, (dot
4) secreted mucins treated with Naegleria fowleri GH preincubated with pHMB, (dot 5) secreted mucins treated with MEF preincubated

with anti-GH antibodies, (dot 6) secretory products without secreted mucins, used as a negative control. All dot-blots were developed

using antibodies against the MUC5AC mucin. The load protein was stained with Ponceu'’s solution. (E) Densitometric analysis of MUC5AC
degradation of the assays shown in panel D was performed using ImageJ software. Bars display the mean =+ SE of three independent assays.
*p < 0.05.

GH: Glycoside hydrolase; MEF: Mucinase-enriched fraction; pHMB: p-hydroxymercuribenzoate; PK: Proteinase K; ROD: Relative optical
density.
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PAM, groups of six animals were instilled with
12 x 10* amoebae. After infection, a curve of the
log-rank test was constructed to compare the sur-
vival of all animals evaluated. The infected mice
(group 1) all died at 7 days postinfection, while the
noninfected group (group 3) survived until the end
of the experiment (100% survival). Interestingly,
when the trophozoites were preincubated with
anti-GH antibodies (group 2), animals showed a
delayed mortality, with 50% survival at 10 days
and the remaining mice died (50%) at 17 days
postinstillation (*p < 0.001; Figure 8A).

Discussion

Mucus serves as a physical barrier that protects
against foreign agents including toxins, patho-
gens and environmental particles and is largely
composed of mucin networks secreted by goblet
cells and seromucinous glands (33]. The compo-
sition of nasal mucus includes water, lysozyme,
lactoferrin, complement, secretory IgA, IgM and
mucins (glycoproteins). Glycoproteins comprise

A N. fowleri
B N. fowleri + anti-GH antibody
——Without N. fowleri

100 4 »
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50 . —_—

% survival
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0 5 10 115, 20 23
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Figure 8. Mouse mortality by primary amoebic
meningoencephalitis was delayed using anti-GH
antibodies. Mouse mortality was determined in
animals instilled with amoebae (12 x 10% triangles)
and amoebae preincubated with anti-GH
antibodies (30 png/ml) (squares). Noninfected
animals were used as negative controls
(diamonds). Infected mice with trophozoites
showed mortality 7 days postinfection, while
mouse mortality was delayed using anti-GH
antibodies for 17 days. The noninfected group
survived the entire experiment. Survival curves
were analyzed by the log rank test using
GraphPad Prism (n = 6, per group).

*p < 0.001.

GH: Glycoside hydrolase.
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80% of the dry weight of mucus. Mucins are
up to 5-um long and consist of random coils of
carbohydrate chains attached to a protein core
via O-glycoside linkages. However, the NH,
and COO- regions are poorly glycosylated [34].
Changes in the rheological properties of mucus
alter the functions of the molecule, which
include lubrication, serving as a selective bar-
rier, and protecting against infection (35-37]. For
example, a decrease in the viscosity of vaginal
mucus has been correlated with bacterial vagi-
nitis, and this change increases the risk of HIV
and other infections [37,38]. The basal secretion
rates of mucus in the nasal epithelium have been
reported to be approximately 15.7 + 6.0 pl/min’
per gland™'; however, mucus secretion can be
modified under various conditions, such as
cystic fibrosis, chronic rhinosinusitis or micro-
bial infection [39.40]. It is well known that path-
ogenic microorganisms depend on successful
colonization of the host to survive and multi-
ply. Pathogens use several strategies including
secretion of proteolytic molecules to evade the
host’s innate immune response. Indeed, such
proteases and enzymes associated with mucus
degradation have been reported for bacteria,
virus and other parasites [40.41]. Molecules
degrading mucus have also been reported in
mucin-dwelling protozoans [18].

It is well known that V. fowleri enters the
nasal cavity and is able to avoid various immune
responses, causing acute and fulminant PAM
disease in humans [42]. During the first stages
of experimental PAM, these microorganisms
are surrounded by neutrophils and abundant
mucus [11]. However, it has been observed
that trophozoites are able to evade this innate
response until they reach the central nervous
system [10], and this evasion has been correlated
with various mechanisms of pathogenicity in
in vitro systems [6,43-45]. Previously, our group
reported a 37-kDa mucinase in the total crude
extracts of N. fowleri using BSM as a sub-
strate [21], and this finding led us to investigate
whether the pathogen is able to release such
mucinases and to identify and characterize
biochemically the putative proteases.

An ethanol-precipitated strategy and zymo-
gram assays provided information about the
total proteins with mucinolytic activity in
supernatants from N. fowleri; these experimen-
tal strategies have proven useful in characterizing
proteolytic activities in bacteria and free-living
amoebae [9.46,47]. Using this approach, we could
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observe, for the first time, three evident mucino-
lytic activities at pH 5 and 7 in ethanol-treated
SPs of N. fowleri using BSM-copolymerized
zymogram as a substrate. The pH values evalu-
ated were consistent with those in different
regions of the human nasal cavity [25]. It is also
known that pH plays an important role in the
activity of proteolytic proteins in N. fowleri and
other microorganisms [7.48]. The mucinolytic
activities were compared with a nonspecific
substrate (porcine gelatin 0.1%), and various
patterns of activity were observed, suggesting
that secreted proteases have substrate specificity.

Several reports have shown that the main pro-
teases present in V. fowleri are cysteine proteases;
some serine proteases have been experimentally
reported in Naegleria species, and metallo-
proteases are also present in a smaller propor-
tion [6-8,49]. According to these data, we found
that cysteine and serine protease inhibitors
primarily decreased BSM degradation. While
cysteine proteases show susceptibility to the E-64
cysteine protease inhibitor in N. fowleri 7.49], this
inhibitor mainly affects CA proteases [50.51]; in
contrast, protease activities were completely
inhibited by pHMB. Unlike E-64, pHMB
attaches to cysteine and binds to thiol groups;
both thiols and cysteine residues are essential
for the protease activity [49,52]. Moreover, the
pHMB inhibitor is also able to affect the activ-
ity of glycosidases. It has been demonstrated
in Lactobacillus plantarum, in Neocallimastix
frontalis and in the fungus Trichoderma that
pHMB participates in the inhibition of a-L-
rhamnosidases and B-glucosidases [52-ss5]. In
contrast, the >250-kDa protein activity was
abolished in the presence of PMSF and apro-
tinin, suggesting that this fraction contains ser-
ine proteases. These results strongly suggest that
secreted proteins contain more than one type of
molecules involved in mucin degradation.

To invade the epithelium, N. fowleri must
produce specific mucinases to degrade specific
mucins in the microenvironment of the inva-
sion site. In fact, in the case of cysteine proteases
secreted by E. histolytica, it has been found
that the secretion of these cysteine proteases
is enhanced during interaction with porcine
stomach mucin, suggesting that the specific
composition of mucins may be important in
influencing the Entamoeba phenotype [56]. This
may occur during invasion by N. fowleri. Indeed,
here we show that three mucinolytic activities
were detected; however, the only protease with
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mucin-inducible activity was a 94-kDa muci-
nase. This result correlated with the previous
reports using the mouse model, where the mucus
production appears at 1 h postinstillation, so the
induction of a mucinase is early as the infection
occurs [10,11]. It is probably that the stress con-
dition (serum-free) also stimulates the activity
of proteases secretion. Therefore, we focused on
the partial purification and identification of this
94-kDa protein. Interestingly, even though the
94-kDa mucinase is slightly cationic, it could
be separated in a high-Q-cartridge column; the
94-kDa mucinase showed rapid elution with
a lower NaCl concentration, and >250-kDa
activity was eluted at a higher concentration of
NaCl. Surprisingly, the 53-kDa activity was not
eluted from this column in any fraction; it is
noteworthy that this 53-kDa activity was also
lost when the supernatants were precipitated
with ammonium sulfate (data not shown).
These data suggest that the 53-kDa band could
be a degradation subproduct of a larger protein,
possibly from the >250-kDa band. A similar
strategy of proteolytic protein purification by
exchange chromatography using a mono-Q
anion-exchange column was previously reported
for N. fowleri, though the authors reported pro-
teases at approximately 60 and 30 kDa, as iden-
tified in gelatin zymograms [6,57]. Furthermore,
mass protein identification by spectrometric
analysis of the ethanol-treated SP activity and
Coomassie band in one dimension revealed the
presence of GH activity at 94 kDa. A finger-
print of the peptides obtained from this protein
was assessed using the nonpathogenic N. gruberi
genome [s8]. In addition, we evaluated the SP of
N. gruberi using BSM—zymograms. Our results
showed a 94-kDa activity, so it is possible that
this amoeba releases glycosidases in the nature
that may be acting in the biofilms that are rich
in polysaccharides (data not shown).

The role of proteases and glycosidases
in mucin degradation has been reported
in E. histolytica. Specifically, cysteine pro-
teases, sialidases, o-glucosidase and P-N-
acetylhexosaminase have been associated
with disruption of the mucin polymeric net-
work [16,17,59]. It has also been shown that the
Fasciola hepatica supernatants contain a gly-
cosidase that degrades iz vitro ovine mucin [60].
Thus, our data strongly suggest that a gly-
cosidase released by N. fowleri could be par-
ticipating in mucin degradation. Therefore,
we decide to demonstrate the role of GH
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in N. fowleri because mucin composition is
mainly constituted by carbohydrate moieties.

Moreover, in the mid-1980s, several gly-
cosidase activities were reported in the
total crude extracts of N. fowleri, including
B-D-glucosidase, B-D-galactosidase, a-D-
glucosidase, B-fucosidase, o-mannosidase and
arylsulfatase A [57.61,62]. However, the secretion
and role of glycosidases had not been dem-
onstrated until now. Our results show that
the MEF of N. fowleri can cleave the glyco-
sidic bonds of specific substrates; moreover,
these glycosidic activities were inhibited by
pHMB [52553]. The O-glycan chains in mucins
are synthesized by specific glycosyltransferases
that transfer N-acetylgalactosamine to Ser or
Thr residues and are elongated by the addition
of galactose, N-acetylglucosamine, fucose,
N-acetylneuraminic acid and sulfate link-
ages [63]. In addition, C-mannose residues have
been identified in MUC5AC and MUC5B
mucin linkages to tryptophan residues [64]; these
glycan linkages are also present in the BSM
composition [65-67]. Therefore, in our study,
we used these types of glycans to demonstrate
the activity of GH in N. fowleri. With these
results we found that SPs and MEF contained
a GH that can degrade specific carbohydrates,
therefore it is not a protease.

To demonstrate the hypothesis that during
N. fowleri invasion, the amoeba release hydro-
lases that alter mucus rheology, we designed a
synthetic peptide to generate specific polyclonal
antibodies against GH from N. fowleri. These
antibodies detected a protein of 94 kDa both
in ethanol-treated SP and the MEF (Nf-GH).
The Nf-GH protein was localized to the cyto-
plasm and the plasma membrane. More studies
are needed to elucidate the secretion pathway of
GH in N. fowleri trophozoites.

The role of Nf-GH as a mechanism of patho-
genicity was supported by the inhibitory effects
of anti-GH antibodies on the cytopathic effect
induced by trophozoites on mucoepithelial
cells. This inhibition event could be related to
the high agglutination capacity of the anti-GH
antibody in the trophozoites. The agglutination
of the amoebae by the antibodies was detected
at 1.5 pg/ml (data not shown), a lower concen-
tration than the human basal concentrations of
IgG and IgM in the serum, which have been
reported to be 1.75 mg/ml and 30.22 mg/ml,
respectively [68,69]. Furthermore, anti-GH
antibody also diminished human MUC5AC

Future Microbiol. (2017) 12(9)

mucin degradation induced by the MEF of
N. fowleri. Regarding the 75% GH inhibition
in MUC5AC mucin degradation, we cannot
rule out the role of other proteases in mucin
degradation [6.89]. Currently, we are working
with a dipeptidyl aminopeptidase that acts as a
protease; therefore, it is possible that GH works
together with other proteases.

Because the anti-GH antibody clearly
recognized Nf-GH protein, this antibody is
able to inhibit the degradation of MUC5AC
mucin and prevent the cytopathic effect of
the mucoepithelial cells by N. fowleri tropho-
zoites; a relevant study was to verify if this
antibody was able to prevent or delay the PAM
in mice. These experiments clearly showed
the relevance of Nf~-GH in the infection, as
the antibodies against the GH were able to
retard mouse mortality; in addition, the even-
tual death of the animals could be due to the
ability of N. fowleri to internalize and degrade
antibodies [70].

Our results strongly suggest that released
glycosidases cause degradation of MUC5AC
mucin and thus alter mucus rheology to allow
the migration of V. fowleri to the brain. In con-
clusion, it is essential to consider the mucino-
lytic activities secreted by N. fowleri in the
development of new tools for the diagnosis and
treatment of N. fowleri infection.
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SUMMARY POINTS

e Naegleria fowleri releases factors with mucinolytic activity.

e The 94-kDa factor with activity is inducible by bovine submaxillary mucin and inhibited by p-hydroxymercuribenzoate

inhibitor.

e Glycosidases were identified using MALDI-TOF-MS.

e Enzymatic activity in carbohydrates as substrates of secretory products revealed the presence of 3-glucosidases,

B-glycosidases and -mannosidases.

e Glycoside hydrolase of 94-kDa was identified in cytoplasm, cellular membrane and secretion products of N. fowleri.

e Glycoside hydrolase of Naegleria fowleri participates in cellular damage and MUC5AC degradation and has an
important role in experimental primary amoebic meningoencephalitis.
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