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Abstract

Porphyromonas gingivalis sialidase activity is associated with virulence and initiated by sialic acid (SA)
binding to the b-propeller domain (BPD). Sialidase BPD is structurally conserved in various bacterial species
and the protein binding interfaces have the tendency to form salt bridges, whereas uncommitted charged
residues may affect binding and protein structure. However, it is not clear whether the sialidase BPD of varying
strains of the same bacterial species differ, particularly with regards to salt bridge formation. Here, we de-
termined the P. gingivalis ATCC 33277 and W50 sialidase homology models and sialidase activities, while the
putative salt bridge residues found in the sialidase BPDs were compared. We established that both ATCC 33277
and W50 have different sialidase homology models and activities, whereas, the BPD (b1–6) is structurally
conserved with most salt bridge-forming residues following a common orientation. Moreover, b2D444–b6K338
distance measurement in ATCC 33277 (5.99 Å) and W50 (3.09 Å) differ, while b1K396A substitution alters the
b2D444–b6K338 distance measurements in ATCC 33277 (3.09 Å) and W50 (3.01 Å) consequentially affecting
each model. P. gingivalis plays a major role in periodontitis induction and its virulence is greatly influenced by
the sialidase enzyme wherein the sialidase BPD is highly conserved. Our results suggest that alterations in the
salt bridge formation within the BPD interface may affect the P. gingivalis sialidase structure. This would imply
that disrupting the salt bridge formation within the P. gingivalis sialidase BPD could serve as a potential
therapeutic strategy for the treatment of P. gingivalis-related periodontitis.

Introduction

Two common periodontal diseases affecting the
periodontium include: (1) gingivitis described as in-

flammation of the gingiva whereby the connective tissue at-
tachment to the tooth remains at its original level and is
limited to the soft-tissue compartment of the gingival epi-
thelium and connective tissues; and (2) periodontitis which is
a destructive nonhomogenous inflammatory disease affecting
the gingival tissue and has been attributed to both host sus-
ceptibility differences and diversity in pathogenic oral bac-
teria found in the host (Cekici et al., 2014; Genco, 1996;
Pathirana et al., 2008). The main proponent of periodontal
diseases are bacteria, and the pathogenesis of periodontal
diseases is mediated by the inflammatory response to bacteria
in the dental biofilm (Cekici et al., 2014). Among the various

pathogenic oral bacteria found in the host, Porphyromonas
gingivalis has been implicated as a major etiological agent in
the onset and progression of periodontitis (Lamont and Jen-
kinson, 1998; O’ Brien-Simpson et al., 2003). P. gingivalis is
a Gram-negative, black pigmented anaerobe implicated in the
pathogenesis of severe forms of periodontal disease (Lamont
and Jenkinson, 1998; Pathirana et al., 2008) and one of the
enzymes that function as a potential virulence factor is sia-
lidase (Li et al., 2011).

Sialidase or neuraminidase is a family of exoglycosidase
enzymes hydrolyzing the a-linkage of the terminal sialic
acids (SAs) found in various sialoglycoconjugates in diverse
organisms (Taylor, 1996). Sialidase-producing microorgan-
isms are either pathogenic or commensal in the mammalian
host. Moreover, sialidases can be used either for scavenging
SA as a nutrient or to recognize SA exposed on the host cell
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surface (Li et al., 2011; Vimr et al., 2004). P. gingivalis
sialidase can influence biofilm formation, capsule biosyn-
thesis, regulation of gingipain activity, and virulence (Aruni
et al., 2011; Li et al., 2011), whereas its abrogation has re-
sulted in reduced virulence (Li et al., 2011), emphasizing the
importance of sialidase in influencing P. gingivalis virulence.
Among the structural domains found in bacterial sialidases,
the b-propeller domain (BPD) is the SA binding interface and
functions in cleaving terminal SA from glycoconjugates
(Kim et al., 2011; Roggentin et al., 1989).

In general, the BPDs are disc-shaped and composed of
twisted b-sheets radially arranged around a central tunnel lined
with hydrogen donors and acceptors (Fulop and Jones, 1999).
Protein binding interfaces are generally hydrophilic and have
the tendency to form salt bridges, while uncommitted charged
residues found within the protein binding interfaces may affect

binding and overall protein structure (Missimer et al., 2007;
Xu et al., 1997). Sialidase BPD is a common feature and
conserved among bacterial sialidases (Buschiazzo and
Alzari, 2008; Taylor, 1996). However, it is not clear whether
the sialidase BPD of varying strains of the same bacterial
species differ. In this study, we determined the salt bridge
formation within the sialidase BPD of two different P. gin-
givalis strains known to have varying virulence (Amano
et al., 2004).

Materials and Methods

Porphyromonas gingivalis sialidase homology
modeling and quality estimation

We used P. gingivalis ATCC 33277 and W50 since both
strains differ in terms of invasiveness and adherence (Pathirana

FIG. 1. P. gingivalis ATCC 33277 and W50 sialidase homology modeling and model
quality estimation. P. gingivalis strains (A) ATCC 33277 and (B) W50. Upper panel:
Sialidase homology models. a-helix ( pink), b-sheets (yellow), and coils (white) are shown.
b-Propeller domain is indicated by a box. Lower panel: Model quality estimation. QMEAN
and QMEAN Z-scores are shown. (C) Representative P. gingivalis sialidase homology
model and S. pneumoniae sialidase crystal structure superimposition. Left panel: Ribbon
structure with the sialidase domain region is indicated by a box. Right panel: Structural
similarities of the sialidase domain are shown. P. gingivalis W50 ( purple) and S. pneu-
moniae (blue) are indicated.
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et al., 2007, 2008). We utilized the sialidase amino acid se-
quences of P. gingivalis ATCC 33277 (Genebank accession:
YP001929724) and W50 (Genebank accession: ZP14485603)
to generate bacterial sialidase homology models using the
Phyre 2 server (Kelley and Sternberg, 2009). Briefly, the Phyre
server uses a library of known protein structures taken from the
SCOP database and augmented with newer depositions in the
PDB database. The sequence of each predicted 3D structure is
scanned against a non-redundant sequence database, and the
top ten highest scoring alignments are then used to construct

full 3D models. We used the Jmol applet (Herraez, 2006) to
visualize the homology models.

We validated the quality of the homology models using
QMEAN (Qualitative Model Energy Analysis) and QMEAN
Z-scores, whereby QMEAN denotes the scoring function
based on six terms of normalized potentials related to protein
length and QMEAN Z-scores are estimates of the ‘‘degree of
nativeness’’ observed in a generated model by describing the
probability that a model is of comparable quality to known
high-resolution protein structures (Benkert et al., 2011).

FIG. 2. P. gingivalis ATCC 33277 and W50 have different sialidase activity measure-
ments. (A) Proposed sialic acid-docking in P. gingivalis strains (left panel) ATCC 33277
and (right panel) W50. a-Helix ( pink), b-sheets (yellow), coils (white), and sialic acid
(red) are shown. b-Propeller domain is indicated by a box. (B) Sialidase activity assay.
Results shown are mean – SD with n = 3. Statistical analyses were performed using Stu-
dent’s t test (**represents p < 0.01).
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Homology models with QMEAN scores close to 0.5 and
QMEAN Z-scores greater than -5 were considered acceptable
for further analyses (Benkert et al., 2011). In addition, P. gingi-
valis sialidase homology models were superimposed with a
known Streptococcus pneumoniae sialidase crystal structure
(PDB ID: 4FOQ) using SuperPose (Maiti et al., 2004) to deter-
mine sialidase Ca backbone distribution in the BPD. Ca distri-
bution values <1.0 would insinuate high structural similarities.

Sialic acid docking and sialidase activity detection

Molecular docking of SA (PDB ID: 2YA5) to the sialidase
BPD were performed using HexServer (Macindoe et al.,
2010). We focused on simulations that involve SA docking to
the sialidase BPD interface and have the lowest energy re-
quirement. In addition, amino acid residues with a distanc
<3.5Å and an angle >90� relative to the docked SA were only
considered for this study (Chen and Kurgan, 2009). We vi-
sualized the amino acid residues related to SA binding and,

likewise, measured distance measurements and angles using
the Jmol applet.

P. gingivalis ATCC 33277 and W50 were grown in Gifu
anaerobic medium (Nissui, Tokyo, Japan) containing 5 lg
mL- 1 hemin and 0.5 lg mL- 1 menadione under anaerobic
conditions (10% CO2, 10% H2, and 80% N2 at 37�C). Growth
media was used as negative control. Turbidity in both bacterial
cultures was adjusted prior to downstream applications to
OD600 = 1.0. Bacterial supernatants were filtered through
sterile 0.22-lm-pore PVDF syringe filters (Millipore). Siali-
dase activity detection was determined following a previ-
ously published work, with modifications (Whiley et al.,
1990). Fluorogenic substrate 2¢-(4-methylumbelliferyl)-a-D-
N-acetylneuraminic acid (4-MUNANA) (Sigma) dissolved in
50 mM phosphate buffer (pH 7.0) was mixed with the bacterial
supernatant and incubated at 37�C for 2 h. Sialidase activity
was determined by measuring 4-methylumbelliferone (MU)
amounts released to the supernatant using a fluorometer with
an excitation wavelength of 360 nm and an emission

FIG. 3. b1K396 residue influences the P. gingivalis sialidase b-propeller domain
b2D444–b6K338 distance measurement. Sialidase b-propeller domains of (A) ATCC
33277 and (B) W50. (Left panel) original ATCC 33277 and W50 (b1K396) and (Right
panel) altered ATCC 33277 and W50 (b1K396A) sialidase b-propeller domains. Po-
tential salt bridge-forming residues found in the sialidase b-propeller domain are in
wireframe orientation. Six b-sheets found in the sialidase b-propeller domain are labeled
as b1–6 following a clockwise orientation. Salt bridge distance measurement is indicated
in angstrom (Å).
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wavelength of 460 nm. One unit was defined as the en-
zyme activity to release 1 lmol of 4-MU from 4-MUNANA
per minute.

Potential salt bridge residue identification
and distance measurement

We designated the six b-sheets found in both P. gingivalis
sialidase BPDs as b1–6 following a clockwise orientation.
Subsequently, we standardized the residue numbering of
amino acid residues found in the sialidase BPD following
strain W50 since it is 46 residues less than that of strain
ATCC 33277. We identified salt bridge-forming residues
(Lys, Arg, Glu, Asp) found in the sialidase BPD; distance
measurements between identified positively charged residues
(Lys, Arg) and negatively charged residues (Glu, Asp) were
measured to establish which residue pair has the propensity to
form salt bridges (<4.0 Å) within the sialidase BPD interface
(Kumar and Nussinov, 2002). Similarly, we generated altered
forms of our original sialidase homology models wherein any
salt bridge residue that may influence the potential salt bridge
formation within the BPD interface were substituted with Ala.
Homology modeling and residue substitution were performed

using the Phyre 2 server, while distance measurements and
residue identification were determined using the Jmol applet.

Identification of variations in the sialidase
homology models

Amino acid empirical distribution of the original and al-
tered sialidase homology models were determined by estab-
lishing the Ramachandran plot using RAMPAGE (Lovell
et al., 2003). Briefly, the RAMPAGE server utilizes density-
dependent smoothing of amino acid residues that would show
sharp boundaries at critical edges and would indicate a clear
delineation between large empty areas and regions that are
allowed but disfavored. Similarly, coarse-grained molecular
dynamic simulation (CG-MD) was performed to determine
the radius of gyration (Rgyr) of both the original and altered
sialidase homology models using MDWeb (Hospital et al.,
2012). Briefly, the MDWeb server is a web portal of the
original software platform MDMoby, which is based in the
Ambertools and VMD packages combined with in-house and
publicly available programs. CG-MD simulation conditions
were set at 500 ps simulation time with Dt at 0.01 ps. Fur-
thermore, structural differences between the original and

FIG. 4. b1K396A residue alters the amino acid empirical distribution of P. gin-
givalis ATCC 33277 and W50 sialidase. Ramachandran plots of (A) ATCC 33277
and (B) W50. (Left panel) original (b1K396) and (right panel) altered (b1K396A)
ATCC 33277 and W50 sialidase homology models. Altered amino acid empiri-
cal distribution of a-helices and b-sheets are indicated in solid and dashed lines,
respectively.
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altered sialidase homology models were determined through
protein superimposition using SuperPose. Root Mean Square
Deviation (RMSD) values of the superimposed Ca back-
bone close to 0 would indicate high structural similar-
ity, whereas, RMSD values above 1 would insinuate high
structural difference.

Results

Sialidase BPD found in the ATCC 33277 and W50
sialidase homology models are structurally consistent

To generate and validate the ATCC 33277 and W50 sia-
lidase structures, homology modeling and model quality es-
timation were performed. As seen in Figure 1A and 1B
(upper panels), visual comparison of both P. gingivalis sia-
lidase homology models show that they are structurally dif-
ferent; however, the location of the sialidase BPD (boxed
region) is consistent. Similarly, based on pre-define values,
we found that all models have acceptable QMEAN and
QMEAN Z-scores (Fig. 1A and 1B, lower panels).

To confirm the structural accuracy of the sialidase BPD in
the generated sialidase homology models, we compared our
P. gingivalis sialidase homology models with the S. pneu-
moniae sialidase crystal structure. We found that superim-
position of the BPD in the P. gingivalis sialidase homology
models and S. pneumoniae crystal structure has high struc-
tural similarities (Fig. 1C). This would imply that the P.
gingivalis sialidase BPD based on homology modeling and
the S. pneumoniae sialidase BPD based on crystallization are
structurally accurate.

ATCC 33277 and W50 sialidase activities differ
regardless of having a common sialidase BPD

To further distinguish the ATCC 33277 and W50 siali-
dases, SA docking and sialidase activity assay were per-
formed. We established that SA docks to both ATCC 33277
and W50 sialidase domains (Fig. 2A, boxed region). In ad-
dition, as seen in Figure 2B, we found that sialidase activities
differ between the ATCC 33277 and W50 strains wherein
W50 (75.95 lU mL - 1) has a higher sialidase activity as
compared to ATCC 33277 (46.74 lU mL - 1). Moreover, no
sialidase activity was detected in the bacterial growth media
(data not shown), validating the accuracy of the sialidase
activity assay used.

b1K396 residue influences the b2D444–b6K338
distance measurement and affects the sialidase
homology model structure

To establish the amino acid residues that have the tendency
to form salt bridges, we identified salt bridge-forming resi-
dues found in both ATCC 33277 and W50 sialidase BPDs
and indicated the distance measurements between potential
salt bridge residues. As shown in Figure 3A and 3B (left
panels), we observed that most salt bridge-forming residues
have a common distribution pattern and, moreover, distance
measurements between potential salt bridge residues
(b2D444–b6K338) found in strains ATCC 33277 (5.99 Å)
and W50 (3.09 Å) vary, possibly ascribable to a difference
in b6K338 orientation. Interestingly, we noticed that the
neighboring b1K396 residue is uncommitted and is

FIG. 5. Sialidase homology model folding is affected by b1K396A substitution.
Radius of gyration obtained from coarse-grained molecular dynamics simulation of (A)
ATCC 33277 and (B) W50. (Left panel) original (b1K396) and (right panel) altered
(b1K396A) ATCC 33277 and W50 sialidase homology models.
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positioned in close proximity to b6K338 that we suspect may
affect b6K338 orientation.

To confirm the b1K396 structural influence on the
b2D444–b6K338 distance measurements, we generated al-
tered ATCC 33277 and W50 (b1K396A) sialidase homology
models and determined the b2D444–b6K338 distance mea-
surement. We found that b1K396A substitution changed
ATCC 33277 (3.09 Å) and W50 (3.01 Å) b2D444–b6K338
distance measurements. To elucidate the structural effects of
altering the b2D444–b6K338 distance measurement, em-
pirical distribution, folding activity, and structural differ-
ences of both the original (b1K396) and altered (b1K396A)

sialidase homology models were determined through Ra-
machandran plot analyses, CG-MD simulation, and homol-
ogy model superimposition, respectively.

Our results showed that there were major differences in
amino acid empirical distribution between the original (Fig.
4A, boxed left panels) and altered (Fig. 4A, boxed right
panels) ATCC 33277 sialidase homology models, while
minor differences were observed between the original (Fig.
4B, boxed left panels) and altered (Fig. 4B, boxed right
panels) W50 sialidase homology models. Moreover, we
found that the Rgyr between the original (Fig. 5A and 5B,
upper and lowers left panels) and altered (Fig. 5A and 5B,

FIG. 6. b1K396A residue alters overall P. gingivalis ATCC 33277 and W50
sialidase homology models. Superimposition of the (A) original ATCC 33277 and
W50 (b1K396); (B) original ATCC 33277 (b1K396) and altered ATCC 33277
(b1K396A); (C) original W50 (b1K396) and altered W50 (b1K396A); and (D)
altered ATCC 33277 (b1K396A) and original W50 (b1K396) sialidase homology
models. RMSD scores below 1 are considered structurally similar, whereas scores
above 1 are considered structurally different. Original ATCC 33277 (green),
original W50 ( purple), altered ATCC 33277 ( pink), and altered W50 (orange)
sialidase homology models are indicated.
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upper and lower right panels) sialidase homology models
differed, insinuating a change in folding activity. Further-
more, structural comparison between the original ATCC
33277 and W50 sialidase homology models (Fig. 6A) and
cross comparison between the original and altered ATCC
33277 and W50 sialidase homology models (Fig. 6B and 6C)
showed low structural similarity (RMSD: 1.61, 1.41, and
1.12, respectively). Surprisingly, visual inspection of the
homology models generated suggests that the altered ATCC
33277 and the original W50 sialidase homology models are
structurally similar. To corroborate the possible structural
similarity between the two homology models, we super-
imposed both sialidase homology models (Fig. 6D) and found
that both have high structural similarity (RMSD: 0.85).

Discussion

Bacterial sialidases can catalyze the hydrolysis of terminal
sialic acids with a(2,3)-, a(2,6)-, or a(2,8)-linkages found in a
diverse range of substrates either for nutrition or as a viru-
lence factor (Varki and Varki, 2007; Vimr and Lichten-
steiger, 2002; Vimr et al., 2004). Throughout this study, we
established that both ATCC 33277 and W50 sialidases vary
in structure and activity. Moreover, the sialidase homology
models are structurally different except for the BPD which is
a common feature among bacterial sialidases (Buschiazzo
and Alzari, 2008; Taylor, 1996). This insinuates that P.
gingivalis strains have varying sialidase homology models
and activities regardless of having a common BPD. We
propose that salt bridge formation within the sialidase BPD
interface differs since binding interfaces are composed of salt
bridges (Missimer et al., 2007; Xu et al., 1997).

We identified potential salt bridge-forming residues within
the sialidase BPD interface at topologically identical posi-
tions that we suspect could be involved in protein folding and
stability, enzyme activation, and biomolecular recognition
(Breuker et al., 2011; Buschiazzo and Alzari, 2008; Meot-Ner
Mautner, 2012; Wilks et al., 1988). In addition, we established
differences in both ATCC 33277 and W50 b2D444–b6K338
distance measurements, whereby strain ATCC 33277 does not
favor salt bridge formation while strain W50 favors salt bridge
formation. Salt bridges have <4.0 Å distance measurement
between residue pairs and are composed of two noncovalent
interactions (hydrogen bonding and electrostatic interactions)
with the most common salt bridges occurring between the
anionic carboxylate of either Asp or Glu and the cationic
ammonium from Lys or the guanidinium of Arg (Kumar and
Nussinov, 2002). This would insinuate that the sialidase BPD
interface in strains ATCC 33277 and W50 differ in salt bridge
formation consistent with our earlier proposal. Consequently,
we suspect that among the potential salt bridge-forming resi-
dues, uncommitted residues may affect salt bridge formation
ascribable to amino acid charge.

Among the potential salt bridge-forming residues we iden-
tified, we found that residue b1K396 in both strains ATCC
33277 and W50 has the potential to influence the b2D444–
b6K338 distance measurement. Similarly, we showed that
b1K396 substitution affected the sialidase amino acid empir-
ical distribution, folding activity, and overall structure. Lys
under physiological conditions is a positively charged basic
amino acid mostly exposed to the protein surface (Kumar
et al., 2000) and is known to form ionic interactions, hydrogen

bonds, and interact with water (Barlow and Thornton, 1983;
Strickler et al., 2006). This highlights the significance of salt
bridge formation within the conserved sialidase BPD and its
putative effects on the sialidase protein structure.

We propose that b1K396 may exert an influence on residue
b6K338 and affect the b2D444–b6K338 distance measure-
ment, consequentially changing the sialidase amino acid
empirical distribution, folding activity, and overall structure.
Admittedly, additional study is needed to further prove this
proposal. In addition, it is not clear whether structural
changes associated to b1K396 substitution could influence P.
gingivalis sialidase activity. However, it would be interesting
to establish this in a future study.

P. gingivalis plays a major role in periodontitis induction
(O’ Brien-Simpson et al., 2003) and its virulence is greatly
influenced by the sialidase enzyme (Aruni et al., 2011; Li
et al., 2011) wherein the sialidase BPD is highly conserved
among various bacterial species (Buschiazzo and Alzari,
2008). Our results suggest that alterations in the salt bridge
formation within the BPD interface may affect the P. gingi-
valis sialidase structure. This would imply that disrupting the
salt bridge formation within the P. gingivalis sialidase BPD
could serve as a potential therapeutic strategy for the treat-
ment of P. gingivalis-related periodontitis.

It is worth mentioning that both the altered ATCC 33277
and original W50 sialidase homology models have high
structural similarity possibly attributable to having the same
b2D444–b6K338 distance measurements (3.09 Å). In addi-
tion, this may suggest that both strains ATCC 33277 and W50
shared a common ancestry (Igboin et al., 2009). Protein
evolution is influenced by several factors that include, among
others, protein structure and function (Pal et al., 2006; Wilson
et al., 1977). We hypothesize that the W50 sialidase evolved
from the ATCC 33277 sialidase. It would be interesting to
verify this hypothesis in a future study.

Conclusion

In summary, we established that ATCC 33277 and W50
sialidases differ in structure and activity. Moreover, we found
that the sialidase BPD in the generated P. gingivalis sialidase
homology models and crystal structure have high structural
similarities consistent with other bacterial sialidase proteins. In
addition, we identified residue b1K396 to have the propensity
to influence the salt bridge b2D444–b6K338 distance mea-
surement altering the amino acid empirical distribution, fold-
ing activity, and overall structure highlighting a potential
therapeutic strategy against P. gingivalis-related periodontitis.
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