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SUMMARY

Streptococcus pneumoniae colonization of the

human airway is an essential precursor for dis-

ease; however, the mechanisms by which the bac-

terium establishes and maintains colonization are

poorly understood. It is becoming increasingly

clear that S. pneumoniae expresses glycosidases

that can modify many glycan structures present in

the human airway, including N-linked glycans,

O-linked glycans, and glycosaminoglycans. Many

of these glycosidases have been shown to contrib-

ute to in vivo colonization. Although the precise

role of these glycosidases during colonization

remains to be elucidated, in vitro assays suggest

that pneumococcal modification of host sugars

may contribute to colonization in a variety of ways.

Experimental evidence supports a role for

pneumococcal glycosidases in providing a carbon

source for growth, biofilm formation, competition

with other bacteria within the airway, and exposing

receptors for adherence. Herein we review the abil-

ity of S. pneumoniae to modify host sugars and

the functional effects of these modifications.

INTRODUCTION

Despite the introduction of the pneumococcal conju-

gate vaccine, Streptococcus pneumoniae remains an

important human pathogen causing an estimated

1.6 million deaths per year worldwide (World Health

Organization, 2008). The majority of these deaths are

the result of pneumococcal pneumonia, although

S. pneumoniae is also an important cause of bactere-

mia and meningitis. Despite the importance of pneu-

mococcal disease, the bacterium frequently colonizes

the naso-oropharynx of healthy individuals. Although

colonization is normally asymptomatic and cleared by

the host, colonization of the upper respiratory tract is

thought to be a critical step in the disease process. An

increased understanding of the mechanisms by which

S. pneumoniae establishes and maintains colonization

of the host will aid our understanding of pneumococcal

pathogenesis and potentially enable the development

of more effective measures for disease prevention.

The human airway, including the epithelial cell sur-

face, the mucin layer, secreted molecules, immune

cells, and many of the normal bacterial flora, are

heavily glycosylated. The ability of a bacterium to

modify these glycan structures could contribute to the

establishment and maintenance of colonization in

numerous ways. Bacterial modification of host sugars

could contribute to: revealing receptors for adher-

ence, modification of host defense molecule function,

progression of the bacteria through the mucin layer,

interspecies competition, biofilm formation, and

release of carbohydrates for growth (Fig. 1).
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Streptococcus pneumoniae is adept at manipulat-

ing sugars. Each strain expresses one of more than

90 different carbohydrate capsules (Jin et al., 2009).

Furthermore, genome sequencing has revealed that

sugars are fundamental to the lifestyle of S. pneumo-

niae. Thirty per cent of the transporters in S. pneu-

moniae are predicted to be sugar transporters,

a greater proportion than is found in any other

sequenced bacteria occupying the same niche (Tett-

elin et al., 2001). The pneumococcus also encodes

at least 10 extracellular sugar-cleaving enzymes (gly-

cosidases) that have been shown to or could poten-

tially modify glycan structures present in the airway

(Table 1). Given the critical nature of pneumococcal

colonization and the potential for the bacterium to

manipulate sugars present in the airway, it seems

likely that modification of host glycans contributes to

the establishment and maintenance of pneumococcal

colonization. Despite the potential importance of

pneumococcal sugar modification, the ability of

S. pneumoniae to modify glycan structures present in

the airway and the biological contribution of this mod-

ification has, until recently, gone largely unstudied.

PNEUMOCOCCAL GLYCOSIDASES

The extracellular glycosidases expressed by

S. pneumoniae include both exoglycosidases, which

cleave terminal sugars, and endoglycosidases,

which cleave internal sugar linkages. The cleavage

specificity of many pneumococcal glycosidases has

been defined in the context of use for biochemical

carbohydrate manipulation (Table 1). Many pneumo-

coccal glycosidases are specific for sugar structures

present in the human airway, supporting the hypoth-

esis that their role is to modify human glycan struc-

tures; for example, the b-galactosidase activity of

BgaA is specific for galactose b1-4 linked to N-acetyl-

glucosamine (Galb1-4GlcNAc), commonly found in

complex N-linked glycan structures (Zeleny et al.,

1997).

The majority of pneumococcal glycosidases have

distinct cleavage specificities (Table 1), the exception

being the expression of up to three neuraminidases

that cleave terminal sialic acid (NanA, NanB, and

NanC) (Camara et al., 1994; Berry et al., 1996; Tett-

elin et al., 2001). It has been demonstrated that NanA

and NanB possess neuraminidase activity; however,

the enzymatic activity of NanC remains to be con-

firmed. The localization and cleavage specificity of

NanA and NanB differ, suggesting that these neuram-

inidases may serve distinct functions (Gut et al.,

2008). NanA is localized to the cell surface in a sor-

tase-dependent manner and cleaves a2-3- and a2-6-

linked sialic acid. Recent structural analysis supports

the hypothesis that NanA is a hydrolytic enzyme with

broad specificity for different sialic acid linkages (Xu

et al., 2008). NanB, on the other hand, is secreted

Biofilm formation

Competition for the 
niche

Movement 
through mucin

Modification of host 
defense molecules

Revealing epithelial 
surface receptors

Figure 1 Potential roles of pneumococcal modification of airway glycans to bacterial colonization.
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and has strict specificity for a2-3-linked sialic acid,

suggesting that the enzyme is an intramolecular

trans-sialidase (Gut et al., 2008). The structure of

NanB is highly similar to that of NanL the intramolecu-

lar trans-sialidase of Macrobdella decora. The active

site and key residues that define the substrate speci-

ficity of NanL are conserved within NanB. Further-

more, NanB like NanL can convert N-

acetylneuraminic acid to 2,7-anhydro-neuraminic acid

which is the product of intramolecular trans-sialidases.

The role of this class of enzymes is undefined,

although it has been postulated that the sialic acid

could be transferred to other glycoconjugates.

Together these data support distinct functions for

Table 1 Summary of the characteristics of pneumococcal glycosidases

Glycosidase Activity Gene no2 Localization Cleavage specificity Reference4

StrH N-acetylglucos-

aminidase

SP_0057 Surface

exposed1,3

Clarke et al. (1995)

BgaC b-galactosidase SP_0060 Surface

exposed

Jeong et al. (2009)

SpuA Pullulanase SP_0268 Surface

exposed3

Bongaerts et al. (2000)

Hyl Hyaluronate lyase SP_0314 Surface

exposed3

Berry et al. (1994)

Eng

(SpGH101)

O-glycosidase SP_0368 Surface

exposed3

Caines et al. (2008)

EndoD Endo-b-N-acetyl-

glucosaminidase

SP_0498 Surface

exposed1,3

Muramatsu et al. (2001)

BgaA b-galactosidase SP_0648 Surface

exposed3

Zahner & Hakenbeck (2000)

NanC Neuraminidase1 SP_1326 Secreted1

NanB Neuraminidase SP_1687 Secreted Berry et al. (1996)

NanA Neuraminidase SP_1693 Surface

exposed3

Camara et al. (1994)

1Predicted.
2location within the TIGR4 genome (Tettelin et al., 2001).
3LPXTG.
4Reference cited is that in which the gene encoding the enzyme activity was first identified.

Symbols represent: sialic acid, galactose, mannose, N-acetylglucosamine, N-acetylgalactosamine, glucose, glucuronic acid,

R = can be further substituted.
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NanA and NanB. The role of NanC is not yet defined,

but the predicted amino acid sequence shares a high

level of sequence identity with NanB (46%).

To the best of our knowledge the genes encoding

the pneumococcal glycosidases are present in all

strains screened with the exception of nanB and

nanC, suggesting that the majority of these enzymes

perform functions important to pneumococcal patho-

genesis. Ninety-six per cent of isolates contain nanB

and 51% of isolates contain the nanC locus (Pettigrew

et al., 2006). Some isolates from invasive disease

lack both nanB and nanC, bringing into question the

requirement for either of these loci; however, we can-

not exclude the possibility that some S. pneumoniae

strains encode another neuraminidase yet to be

identified (S. King, unpublished).

With the exception of NanB and NanC, the charac-

terized glycosidases secreted by S. pneumoniae are

known or predicted to be attached to the surface of

the bacterium (Tettelin et al., 2001; Jeong et al.,

2009), suggesting that their contribution to pneumo-

coccal pathogenesis may be more efficient in close

proximity to the bacterial cell surface.

PNEUMOCOCCAL MODIFICATION OF AIRWAY

GLYCANS

Glycan structures present in the human airway include

O-linked glycans, N-linked glycans, and glycosamino-

glycans (Fig. 2). S. pneumoniae has been demon-

strated to modify representatives of all three classes

of glycan structures through the activities of specific

glycosidases (Berry et al., 1994; King et al., 2006;

Marion et al., 2009). Complex N-linked glycans are

modified by the sequential cleavage of terminal sialic

acid, galactose, and N-acetylglucosamine. This

sequential deglycosylation results in the exposure of

mannose; however, the significance of mannose

exposure is unknown at this time. Sequential degly-

cosylation of N-linked glycans is performed by three

surface-associated exoglycosidases, neuraminidase

(NanA), b-galactosidase (BgaA), and N-acetylglucos-

aminidase (StrH). Mutation of each of the genes

encoding these glycosidases prevented the exposure

of mannose and the resultant phenotypes were com-

plemented by the addition of exogenous enzyme (King

et al., 2006). Terminal sialic acid was also cleaved

from terminal sialylated core-1 O-linked glycans in a

NanA-dependent manner, before cleavage of the core

structure [Galb1-3N-acetylgalactosamine (GalNAc)]

by O-glycosidase, Eng (Marion et al., 2009). Hyal-

uronic acid consists of repeating disaccharide units of

glucuronic acid (GlcUA) and N-acetylglucosamine

(GlcUAb1-3GlcNAcb1-4). S. pneumoniae expresses a

hyaluronate lyase that is sufficient and essential for

degradation of hyaluronic acid (Berry et al., 1994;

Berry & Paton, 2000). Further characterization has

demonstrated that the enzyme cleaves the b1-4 link-

age of hyaluronic acid by b-elimination (for review see

Jedrzejas, 2007). The other identified pneumococcal

glycosidases are also predicted to contribute to modifi-

cation of host glycan structures; for example, certain

complex O-linked glycan structures found on mucin

could be degraded by other pneumococcal glycosid-

ases, including BgaC (Jeong et al., 2009).

EFFECTS OF SUGAR MODIFICATION

Some published data support the hypothesis that gly-

cosidases play an important role(s) during coloniza-

B

A

C

Figure 2 Schematic representation of representative glycan struc-

tures found in the airway. The structures of a complex N-linked gly-

can structure (A), a sialylated core-1 glycan structure (B), and the

glycosaminoglycan hyaluronic acid (C) are shown. The sugar resi-

dues are labeled beneath their corresponding symbols (Neu5Ac,

sialic acid; Gal, galactose; GlcNAc, N-acetylglucosamine; Man,

mannose; GalNAc, N-acetylgalactosamine; GlcUA, glucuronic acid).

Lines represent linkages between the sugar residues and numbers

indicate the specific linkages. Arrows above the schematic indicate

cleavage sites of the glycosidases; neuraminidase (NanA), b-galac-

tosidase (BgaA), N-acetylglucosaminidase (StrH), O-glycosidase,

(Eng), hyaluronate lyase (Hyl).
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tion of the airway (King et al., 2004; LeMessurier et

al., 2006; Song et al., 2008a). Increased transcription

of nanA is observed in pneumococcal variants that

colonize the airway more efficiently, bacteria adher-

ent to human airway epithelial cells, and bacteria col-

onizing the mouse airway. As interest increases in

the function of these glycosidases, the role of an

increasing number has been determined in in vivo

colonization models. Mutants in some loci, for exam-

ple bgaA and strH, have so far shown no detectable

phenotype in mouse models of colonization (King et

al., 2006). Mutants in nanA show variable pheno-

types in models of colonization, which may be the

result of differences in methodology, including bacte-

rial strains, animal strains and species, inoculating

dose, and time-frame of experiments (King et al.,

2004; Orihuela et al., 2004; Manco et al., 2006). A

mutant in the gene encoding Eng showed a signifi-

cant reduction in the ability to colonize mice, support-

ing the hypothesis that modification of O-linked

glycans contributes to colonization of the airway

(Marion et al., 2009). In contrast, a bgaC mutant

showed increased ability to colonize the mouse naso-

pharynx during early stages of infection (Jeong et al.,

2009).

The contribution of glycosidases to colonization

in model systems does not necessarily indicate

that these enzymes contribute to colonization of the

human airway. S. pneumoniae is a human-specific

pathogen and glycan structures are highly diverse

varying between species, individuals, and even differ-

ent copies of the same molecule within the same

individual. An additional challenge of using animal

models is that as each glycosidase may contribute to

colonization in multiple ways, elucidating the exact

role of glycosidases in colonization in vivo will be

challenging. For this reason, identifying potential spe-

cific roles of modification of host sugars has largely

focused on in vitro assays. The roles of glycosidases

in several processes thought to be critical in coloniza-

tion are discussed below.

GROWTH

Streptococcus pneumoniae requires sugars for

growth; however, the concentration of free sugars in

the normal human airway is low (Philips et al., 2003).

Despite this paradox, there has been little work to

determine how S. pneumoniae acquires sugars for

growth during colonization. Given the abundance of

complex glycan structures in the airway and the abil-

ity of S. pneumoniae to modify host sugars, it seems

likely that sugars released from human glycans

by pneumococcal glycosidases support the growth

of the bacteria during colonization. Although it is

unknown how S. pneumoniae grows in the airway,

transcription of nanA and a putative sialic acid trans-

porter is increased in the presence of human airway

epithelial cells (Song et al., 2008b).

In vitro studies have demonstrated that the bacte-

rium can grow on N-linked glycans as a sole carbon

source in a glycosidase-dependent manner. As pre-

dicted from the sequential deglycosylation studies

described above, efficient growth was dependent on

neuraminidase NanA, b-galactosidase BgaA, and N-

acetylglucosaminidase StrH (Burnaugh et al., 2008).

Although sequential deglycosylation of N-linked gly-

cans is dependent on NanA, a second pneumococcal

neuraminidase with specificity for a2-3-linked sialic

acid (Gut et al., 2008), NanB, contributed to growth

on N-linked glycans under different assay conditions

that used defined media with N-linked glycans pro-

vided as a sole carbon source (King et al., 2006; Bur-

naugh et al., 2008). At the present time, the relative

contributions of NanA and NanB to growth on N-

linked glycans in vivo is unknown.

Given the importance of growth to pneumococcal

colonization it is likely that there are multiple mecha-

nisms to obtain sugars. It has been demonstrated

that S. pneumoniae grows on mucin (Yesilkaya et al.,

2008). As mucin is decorated with both N-linked and

O-linked glycans, it is unknown which sugar struc-

ture(s) S. pneumoniae is modifying. Growth on mucin

was proposed to be nanA-dependent; however, while

our studies confirm that S. pneumoniae can use

mucin as a sole carbon source, we were unable to

demonstrate a dependence on expression of NanA

(G. Bobulsky personal communication). Further inves-

tigation is required to determine if S. pneumoniae can

use O-linked glycans for growth, although, the bacte-

rium can grow on the core-1 structure (Galb1-3Gal-

NAc) as a sole carbon source for growth in vitro; this

disaccharide may be made available to the bacterium

by the activity of the O-glycosidase Eng (C. Marion

personal communication). Sugars released from other

airway glycan structures known to be modified by

pneumococcal glycosidases, for example hyaluronic

acid, are likely also used as carbon sources.

S.J. King Pneumococcal glycosidases
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ROLE OF GLYCANS IN BIOFILM FORMATION

It is becoming increasingly clear that biofilm formation

at the mucosal surface is important for pneumococcal

colonization, as it is for many bacterial pathogens

(Moscoso et al., 2009). Formation of a biofilm by

S. pneumoniae is likely a multifactorial process, pos-

sibly including DNA, pneumococcal proteins, and cap-

sular polysaccharide. Additionally, there is mounting

evidence that modification and utilization of host sug-

ars contributes to biofilm formation. Mutants in the

genes encoding glycosidases NanA, NanB, BgaA,

and BgaC are reduced in their ability to form an

in vitro biofilm, as are mutants in a component of the

pneumococcal galactose transporter and a compo-

nent of a predicted ABC transporter within the nanA-

locus (TIGR4 SP1682) (Munoz-Elias et al., 2008;

Parker et al., 2009). A role for pneumococcal glyco-

sidases was also supported by the report that NanA

and NanB expression is increased in pneumococcal

biofilms (Oggioni et al., 2006; Trappetti et al., 2009).

Recently published work suggests that free sialic

acid contributes to efficient pneumococcal biofilm for-

mation. Addition of sialic acid to an in vitro biofilm

model significantly increased the number of adherent

bacteria, whereas the addition of 26 other sugars had

no effect (Trappetti et al., 2009). The increased bio-

film formation by sialic acid could be diminished by

the addition of neuraminidase inhibitors or a sialic

acid analog (Trappetti et al., 2009). Approximately, a

100-fold increase in sialic acid concentration was

required for efficient biofilm formation by a nanA–

nanB locus mutant. The exact gene(s) that contrib-

utes to biofilm formation in this system remains to be

defined because this locus is proposed to encode

proteins for the transport and utilization of sialic acid

in addition to NanA and NanB. No role was identified

for nanC, the gene proposed to encode a third pneu-

mococcal neuraminidase, the biological function of

which remains unknown. Bacterial colonization was

increased in a mouse model following addition of free

sialic acid, an effect that was diminished by the addi-

tion of neuraminidase inhibitors or sialic acid analogs.

The precise role of sialic acid in biofilm formation

remains to be defined; however, these data suggest

that sialic acid may be a signaling molecule that

increases the capacity of S. pneumoniae to form a

biofilm. Alternatively, sialic acid could be a compo-

nent of the biofilm matrix.

BACTERIAL COMPETITION

In addition to the host glycan structures present in

the airway, other bacterial species present in the

respiratory tract are also decorated with sugars. The

lipopolysaccharide of Neisseria meningitidis and

some isolates of Haemophilus influenzae are deco-

rated with sialic acid a2-3 linked to galactose (Gilbert

et al., 1996; Hood et al., 2001). The presence of ter-

minal sialic acid promotes survival by decreasing the

bactericidal effect of complement through interaction

with factor H (Ram et al., 1998). S. pneumoniae

cleaves sialic acid from the surface of these bacteria

in a NanA-dependent manner (Shakhnovich et al.,

2002). Although it is not known if this desialylation

occurs in vivo, these data suggest that pneumococcal

neuraminidase targets a mechanism of bacterial

adaptation to its host and thereby plays a role in

interspecies competition in the human airway. This

hypothesis is supported by several published studies

reporting that S. pneumoniae may have inhibitory

effects on H. influenzae in the human host. The hyal-

uronic acid capsule expressed by the respiratory

pathogen Streptococcus pyogenes may also be tar-

geted by S. pneumoniae. The capsule has been

shown to modify the recognition of the bacteria with

the host immune system and contribute to bacterial

adherence (Dale et al., 1996; Schrager et al., 1998;

Cortes & Wessels, 2009). Degradation of the hyal-

uronic acid capsule would potentially result in both

release of sugars for growth and a reduction in the

ability of S. pyogenes to colonize and cause disease.

BACTERIAL ADHERENCE

Despite several decades of research investigating

pneumococcal adherence and the elucidation of sev-

eral mechanisms, it is still not clear how S. pneumo-

niae initially adheres to the human airway epithelium

[for review of adherence mechanisms see Hammers-

chmidt (2006)]. This maybe in part because S. pneu-

moniae uses multiple mechanisms of adherence,

which may vary among strains in, their contribution to

adherence, their adherence to discrete cell types, or

their adherence to cells of different activation states.

Several studies suggest that receptors on airway

epithelial cells are sialylated and are revealed by

S. pneumoniae neuraminidase activity. Tong et al.

(1999) demonstrated increased pneumococcal

Pneumococcal glycosidases S.J. King
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binding to neuraminidase-treated chinchilla tracheas.

Furthermore, S. pneumoniae adherence to human

epithelial cells is inhibited in the presence of sialylat-

ed glycoconjugates (Barthelson et al., 1998). More

direct evidence that neuraminidase NanA reveals

receptors for adherence was provided by studies

demonstrating that a nanA mutant was significantly

reduced in adherence to a human airway epithelial

cell line (Detroit 562 ATTC CCL-138) and that the

adherence of this mutant was complemented by the

addition of purified neuraminidase (King et al., 2006).

Initial adherence of pneumococci to resting epithe-

lial cells is proposed to occur through binding to

glycoconjugates (Hammerschmidt, 2006). This is sup-

ported by data indicating that S. pneumoniae adheres

to a number of different glycan structures, including

the GSL globoside (GalNAcb1-3Gala1-4Galb1-4Glc-

Cer) (Cundell & Tuomanen, 1994), GalNAcb1-4Gal

found in gangliosides GM1 and GM2 (Krivan et al.,

1988), and the milk oligosaccharide lacto-N-neotetra-

ose (LNnT) (Galb1-4GlcNAcb1-3Galb1-4Glc) (An-

dersson et al., 1988). In addition, S. pneumoniae

adherence is inhibited by the addition of specific

sugar structures including those containing Galb1-

3GlcNAc (Andersson et al., 1983). It has not been

determined if these interactions occur on the epithe-

lial cell surface or what serves as the bacterial adhe-

sin(s) to mediate binding.

Given the apparent role of NanA in adherence, the

ability of S. pneumoniae to sequentially deglycosylate

glycan structures and the evidence that initial adher-

ence to epithelial cells involves a glycan structure, it

is possible that other glycosidases may also contrib-

ute to pneumococcal adherence. Subsequent studies

demonstrated that mutants in the genes encoding b-

galactosidase, BgaA and O-glycosidase, Eng are sig-

nificantly reduced in their adherence to human airway

epithelial cell lines. These enzymes could further de-

glycosylate complex N-linked glycans (BgaA) and O-

linked glycans (Eng) following the removal of terminal

sialic acid; although, neither mutant could be comple-

mented by the addition of recombinant enzyme (King

et al., 2006; Marion et al., 2009). This result may be

linked to the level of glycosidase activity under the

conditions used or to the inability to add sufficient

enzyme. Alternatively, these data may suggest that

the role of these proteins in adherence is indepen-

dent of their enzymatic activity. This hypothesis is

supported by the demonstration that S. pneumoniae

expressing enzymatically inactive BgaA is not

reduced in its ability to adhere (J. Sladek personal

communication). This finding also opens the intrigu-

ing possibility that pneumococcal glycosidases may

perform functions independent of their enzymatic

activity. This hypothesis was recently strengthened

by the finding that NanA contributes to the invasion

of brain endothelial cells independently of its enzy-

matic activity (Uchiyama et al., 2009).

In contrast to the other glycosidase mutants, a

bgaC mutant showed increased adherence to and

invasion of human airway epithelial cells (Jeong et

al., 2009). This finding could be explained if Galb1-

3GlcNAc acts as a receptor on epithelial cells as sug-

gested by Andersson et al. (1988). In this case, the

absence of BgaC, which cleaves this sugar linkage,

would increase adherence.

Finally the pneumococcal pullulanase, SpuA, has

also been proposed to mediate adherence via binding

to a-glucan molecules including glycogen (van Buer-

en et al., 2007). The recombinantly expressed N-ter-

minal carbohydrate binding molecule of SpuA binds

to human airway epithelial cells, although, the

absence of the glycoside hydrolase region in this

molecule makes determination of the role of SpuA in

adherence impossible at the current time.

GLYCOSIDASES OF OTHER BACTERIAL

SPECIES

Evidence suggests that many of the other common

respiratory pathogens like H. influenzae which inhabit

the airway appear to lack the range of extracellular

glycosidases expressed by S. pneumoniae. However,

published studies demonstrate that related strepto-

cocci express glycosidases and that these may con-

tribute to colonization by similar mechanisms.

Although expression of glycosidases differs between

streptococcal species, many species found in the oral

cavity including Streptococcus oralis, Streptococcus

intermedius, Streptococcus sanguinis, and Strepto-

coccus mutans express a range of glycosidases (van

der Hoeven et al., 1990; Homer et al., 1994). Further

characterization of these glycosidases and their func-

tions has been restricted by the limited knowledge of

the genes encoding these enzymes; however, some

functions have been determined. It is known that many

of these glycosidases contribute to growth on mucin

and other glycoconjugates, presumably by sequential

S.J. King Pneumococcal glycosidases
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deglycosylation similar to that of S. pneumoniae (van

der Hoeven et al., 1990; Homer et al., 1994; Byers et

al., 1999). These glycosidases may also play a role in

other aspects of colonization; for example, S. interme-

dius hyaluronidase is proposed to contribute to biofilm

dispersion. Other bacterial species that come into con-

tact with a wide range of carbohydrate structures also

express an array of glycosidases; for example, the

genome of Bifidobacterium longum a gram-positive

anaerobe that forms part of the normal microflora of

the gastrointestinal tract, encodes more than 40 pre-

dicted glycosidases (Schell et al., 2002). Together

these data suggest that the functions of glycosidases

described for S. pneumoniae have wider implications

for other bacterial species.

CONCLUSION

Evidence increasingly supports the hypothesis that

modification of host glycans contributes to pneumo-

coccal pathogenesis. S. pneumoniae has been shown

to modify N-linked glycans, O-linked glycans, and gly-

cosaminoglycans found in the airway, through the

activity of extracellular glycosidases. This review has

focused on the role of glycosidases in colonization;

however, there are also in vivo data suggesting that

many of these enzymes also play a role during inva-

sive disease (Polissi et al., 1998; Hava & Camilli,

2002). In vitro experimental evidence suggests that

the modification of host sugars can contribute to the

ability of S. pneumoniae to grow and form biofilms in

the airway, compete with other bacterial species within

the same niche, and adhere to human epithelial cells.

The contribution of pneumococcal glycosidases to

other stages of colonization, including progression of

the bacteria through the mucin layer and modification

of the interaction with the host immune system, remain

to be determined. Our understanding of the contribu-

tion of glycosidases to pneumococcal colonization will

also be increased by investigation of the roles of other

pneumococcal glycosidases, like endo-b-N-acetylglu-

cosaminidase EndoD, in colonization. The next major

challenge will be determining the precise role of these

enzymes in vivo. This will be complicated by the multi-

ple functions of these glycosidases and differences

in glycosylation between species. Despite these

challenges, the increasing evidence that these glyco-

sidases play an important role in pneumococcal patho-

genesis suggests that targeting these enzymes may

be exploited in the development of new therapeutic or

preventative measures.

ACKNOWLEDGEMENTS

We thank Ms Carolyn Marion and Dr Michael Emery

for their thoughtful review of the manuscript. In addi-

tion, we thank Gregory Bobulsky, Julie Sladek, and

Carolyn Marion for providing unpublished data for

use in this review.

REFERENCES

Andersson, B., Dahmen, J., Frejd, T. et al. (1983) Identifi-

cation of an active disaccharide unit of a glycoconjugate

receptor for pneumococci attaching to human pharyn-

geal epithelial cells. J Exp Med 158: 559–570.

Andersson, B., Beachey, E.H., Tomasz, A., Tuomanen,

E. and Svanborg-Eden, C. (1988) A sandwich adhe-

sion on Streptococcus pneumoniae attaching to human

oropharyngeal epithelial cells in vitro. Microb Pathog 4:

267–278.

Barthelson, R., Mobasseri, A., Zopf, D. and Simon, P.

(1998) Adherence of Streptococcus pneumoniae to

respiratory epithelial cells is inhibited by sialylated oligo-

saccharides. Infect Immun 66: 1439–1444.

Berry, A.M. and Paton, J.C. (2000) Additive attenuation of

virulence of Streptococcus pneumoniae by mutation of

the genes encoding pneumolysin and other putative

pneumococcal virulence proteins. Infect Immun 68:

133–140.

Berry, A.M., Lock, R.A., Thomas, S.M., Rajan, D.P.,

Hansman, D. and Paton, J.C. (1994) Cloning and nucle-

otide sequence of the Streptococcus pneumoniae hyal-

uronidase gene and purification of the enzyme from

recombinant Escherichia coli. Infect Immun 62: 1101–

1118.

Berry, A.M., Lock, R.A. and Paton, J.C. (1996) Cloning

and characterization of nanB, a second Streptococcus

pneumoniae neuraminidase gene, and purification of

the NanB enzyme from recombinant Escherichia coli.

J Bacteriol 178: 4854–4860.

Bongaerts, R.J., Heinz, H.P., Hadding, U. and Zysk, G.

(2000) Antigenicity, expression, and molecular charac-

terization of surface-located pullulanase of Streptococ-

cus pneumoniae. Infect Immun 68: 7141–7143.

van Bueren, A.L., Higgins, M., Wang, D., Burke, R.D. and

Boraston, A.B. (2007) Identification and structural basis

of binding to host lung glycogen by streptococcal

virulence factors. Nat Struct Mol Biol 14: 76–84.

Pneumococcal glycosidases S.J. King

22 Molecular Oral Microbiology 25 (2010) 15–24 ª 2010 John Wiley & Sons A/S



Burnaugh, A.M., Frantz, L.J. and King, S.J. (2008) Growth

of Streptococcus pneumoniae on human glycoconju-

gates is dependent upon the sequential activity of bac-

terial exoglycosidases. J Bacteriol 190: 221–230.

Byers, H.L., Tarelli, E., Homer, K.A. and Beighton, D.

(1999) Sequential deglycosylation and utilization of the

N-linked, complex-type glycans of human a1-acid glyco-

protein mediates growth of Streptococcus oralis.

Glycobiology 9: 469–479.

Caines, M.E., Zhu, H., Vuckovic, M. et al. (2008) The

structural basis for T-antigen hydrolysis by Streptococ-

cus pneumoniae: a target for structure-based vaccine

design. J Biol Chem 283: 31279–31283.

Camara, M., Boulnois, G.J., Andrew, P.W. and Mitchell,

T.J. (1994) A neuraminidase from Streptococcus

pneumoniae has the features of a surface protein.

Infect Immun 62: 3688–3695.

Clarke, V.A., Platt, N. and Butters, T.D. (1995) Cloning

and expression of the beta-N-acetylglucosaminidase

gene from Streptococcus pneumoniae. Generation of

truncated enzymes with modified aglycon specificity.

J Biol Chem 270: 8805–8814.

Cortes, G. and Wessels, M.R. (2009) Inhibition of den-

dritic cell maturation by group A streptococcus. J Infect

Dis 200: 1152–1161.

Cundell, D.R. and Tuomanen, E.I. (1994) Receptor speci-

ficity of adherence of Streptococcus pneumoniae to

human type-II pneumocytes and vascular endothelial

cells in vitro. Microb Pathog 17: 361–374.

Dale, J.B., Washburn, R.G., Marques, M.B. and Wessels,

M.R. (1996) Hyaluronate capsule and surface M protein

in resistance to opsonization of group A streptococci.

Infect Immun 64: 1495–1501.

Gilbert, M., Watson, D.C., Cunningham, A.M., Jennings,

M.P., Young, N.M. and Wakarchuk, W.W. (1996) Clon-

ing of the lipooligosaccharide alpha-2,3-sialyltransferase

from the bacterial pathogens Neisseria meningitidis and

Neisseria gonorrhoeae. J Biol Chem 271: 28271–

28276.

Gut, H., King, S.J. and Walsh, M.A. (2008) Structural

and functional studies of Streptococcus pneumoniae

neuraminidase B: an intramolecular trans-sialidase.

FEBS Lett 582: 3348–3352.

Hammerschmidt, S. (2006) Adherence molecules of

pathogenic pneumococci. Curr Opin Microbiol 9: 12–20.

Hava, D.L. and Camilli, A. (2002) Large-scale identifica-

tion of serotype 4 Streptococcus pneumoniae virulence

factors. Mol Microbiol 45: 1389–1406.

van der Hoeven, J.S., van den Kieboom, C.W.A. and

Camp, P.J.M. (1990) Utilization of mucin by oral

Streptococcus species. Antonie Van Leeuwenhoek 57:

165–172.

Homer, K.A., Whiley, R.A. and Beighton, D. (1994) Pro-

duction of specific glycosidase activities by Streptococ-

cus intermedius strain UNS35 grown in the presence of

mucin. J Med Microbiol 41: 184–190.

Hood, D.W., Cox, A.D., Gilbert, M. et al. (2001) Identifica-

tion of a lipopolysaccharide alpha-2,3-sialyltransferase

from Haemophilus influenzae. Mol Microbiol 39: 341–

350.

Jedrzejas, M.J. (2007) Unveiling molecular mechanisms

of bacterial surface proteins: Streptococcus pneumo-

niae as a model organism for structural studies. Cell

Mol Life Sci 64: 2799–2822.

Jeong, J.K., Kwon, O., Lee, Y.M. et al. (2009) Character-

ization of the Streptococcus pneumoniae BgaC protein

as a novel surface b-galactosidase with specific hydro-

lysis activity for the Galb-1-3GlcNAc moiety of oligo-

saccharide. J Bacteriol 191: 3011–3023.

Jin, P., Kong, F., Xiao, M. et al. (2009) First report of

putative Streptococcus pneumoniae serotype 6D among

nasopharyngeal isolates from Fijian children. J Infect

Dis 200: 1375–1380.

King, S.J., Hippe, K.R., Gould, J.M. et al. (2004) Phase

variable desialylation of host proteins that bind to Strep-

tococcus pneumoniae in vivo and protect the airway.

Mol Microbiol 54: 159–171.

King, S.J., Hippe, K.R. and Weiser, J.N. (2006) Deglyco-

sylation of human glycoconjugates by the sequential

activities of exoglycosidases expressed by Strepto-

coccus pneumoniae. Mol Microbiol 59: 961–974.

Krivan, H.C., Roberts, D.D. and Ginsburg, V. (1988) Many

pulmonary pathogenic bacteria bind specifically to the

carbohydrate sequence GalNAc beta 1-4Gal found in

some glycolipids. Proc Natl Acad Sci USA 85: 6157–

6161.

LeMessurier, K.S., Ogunniyi, A.D. and Paton, J.C. (2006)

Differential expression of key pneumococcal virulence

genes in vivo. Microbiology 152: 305–311.

Manco, S., Hernon, F., Yesilkaya, H., Paton, J.C.,

Andrew, P.W. and Kadioglu, A. (2006) Pneumococcal

neuraminidases A and B both have essential roles dur-

ing infection of the respiratory tract and sepsis. Infect

Immun 74: 4014–4020.

Marion, C., Limoli, D.H., Bobulsky, G.S., Abraham, J.L.,

Burnaugh, A.M. and King, S.J. (2009) Identification of a

pneumococcal glycosidase that modifies O-linked gly-

cans. Infect Immun 77: 1389–1396.

Moscoso, M., Garcia, E. and Lopez, R. (2009) Pneumo-

coccal biofilms. Int Microbiol 12: 77–85.

S.J. King Pneumococcal glycosidases

Molecular Oral Microbiology 25 (2010) 15–24 ª 2010 John Wiley & Sons A/S 23



Munoz-Elias, E.J., Marcano, J. and Camilli, A. (2008) Iso-

lation of Streptococcus pneumoniae biofilm mutants

and their characterization during nasopharyngeal coloni-

zation. Infect Immun 76: 5049–5061.

Muramatsu, H., Tachikui, H., Ushida, H. et al. (2001)

Molecular cloning and expression of endo-beta-N-acet-

ylglucosaminidase D, which acts on the core structure

of complex type asparagine-linked oligosaccharides.

J Biochem 129: 923–928.

Oggioni, M.R., Trappetti, C., Kadioglu, A. et al. (2006)

Switch from planktonic to sessile life: a major event in

pneumococcal pathogenesis. Mol Microbiol 61: 1196–

1210.

Orihuela, C.J., Gao, G., Francis, K.P., Yu, J. and Tuoma-

nen, E.I. (2004) Tissue-specific contributions of pneu-

mococcal virulence factors to pathogenesis. J Infect Dis

190: 1661–1669.

Parker, D., Soong, G., Planet, P., Brower, J., Ratner, A.J.

and Prince, A. (2009) The NanA neuraminidase of

Streptococcus pneumoniae is involved in biofilm forma-

tion. Infect Immun 77: 3722–3730.

Pettigrew, M.M., Fennie, K.P., York, M.P., Daniels, J. and

Ghaffar, F. (2006) Variation in the presence of neur-

aminidase genes among Streptococcus pneumoniae

isolates with identical sequence types. Infect Immun 74:

3360–3365.

Philips, B.J., Meguer, J.X., Redman, J. and Baker, E.H.

(2003) Factors determining the appearance of glucose

in upper and lower respiratory tract secretions. Inten-

sive Care Med 29: 2204–2210.

Polissi, A., Pontiggia, A., Feger, G. et al. (1998) Large-

scale identification of virulence genes from Streptococ-

cus pneumoniae. Infect Immun 66: 5620–5629.

Ram, S., Sharma, A.K., Simpson, S.D. et al. (1998)

A novel sialic acid binding site on factor H mediates

serum resistance of sialylated Neisseria gonorrhoeae.

J Exp Med 187: 743–752.

Schell, M.A., Karmirantzou, M., Snel, B. et al. (2002) The

genome sequence of Bifidobacterium longum reflects

its adaptation to the human gastrointestinal tract. Proc

Natl Acad Sci USA 99: 14422–14427.

Schrager, H.M., Alberti, S., Cywes, C., Dougherty, G.J. and

Wessels, M.R. (1998) Hyaluronic acid capsule modulates

M protein-mediated adherence and acts as a ligand for

attachment of group A Streptococcus to CD44 on human

keratinocytes. J Clin Invest 101: 1708–1716.

Shakhnovich, E.A., King, S.J. and Weiser, J.N. (2002)

Neuraminidase expressed by Streptococcus pneumo-

niae desialylates the lipopolysaccharide of Neisseria

meningitidis and Haemophilus influenzae: a paradigm

for interbacterial competition among pathogens of the

human respiratory tract. Infect Immun 70: 7161–7164.

Song, X.M., Connor, W., Hokamp, K., Babiuk, L.A. and

Potter, A.A. (2008a) Streptococcus pneumoniae early

response genes to human lung epithelial cells. BMC

Res Notes 1: 64. doi:10.1186/1756-0500-1181-1164.

Song, X.M., Connor, W., Jalal, S., Hokamp, K. and Potter,

A.A. (2008b) Microarray analysis of Streptococcus

pneumoniae gene expression changes to human lung

epithelial cells. Can J Microbiol 54: 189–200.

Tettelin, H., Nelson, K.E., Paulsen, I.T. et al. (2001)

Complete genome sequence of a virulent isolate

of Streptococcus pneumoniae. Science 293: 498–

506.

Tong, H.H., McIver, M.A., Fisher, L.M. and DeMaria, T.F.

(1999) Effect of lacto-N-neotetraose, asialoganglioside-

GM1 and neuraminidase on adherence of otitis media-

associated serotypes of Streptococcus pneumoniae to

chinchilla tracheal epithelium. Microb Pathog 26: 111–

119.

Trappetti, C., Kadioglu, A., Carter, M. et al. (2009) Sialic

acid: a preventable signal for pneumococcal biofilm

formation, colonization, and invasion of the host.

J Infect Dis 199: 1497–1505.

Uchiyama, S., Carlin, A.F., Khosravi, A. et al. (2009)

The surface-anchored NanA protein promotes pneumo-

coccal brain endothelial cell invasion. J Exp Med 206:

1845–1852.

World Health Organization. (2008) The Global Burden of

Disease: 2004 Update. Geneva: World Health Organi-

zation.

Xu, G., Xuejun, L., Andrew, P.W. and Taylor, G.L. (2008)

Structure of the catalytic domain of Streptococcus

pneumoniae sialidase NanA. Acta Crystallogr Sect F

Struct Biol Cryst Commun F64: 772–775.

Yesilkaya, H., Manco, S., Kadioglu, A., Terra, V.S. and

Andrew, P.W. (2008) The ability to utilize mucin affects

the regulation of virulence gene expression in Strepto-

coccus pneumoniae. FEMS Microbiol Lett 278: 231–

235.

Zahner, D. and Hakenbeck, R. (2000) The Streptococcus

pneumoniae beta-galactosidase is a surface protein.

J Bacteriol 182: 5919–5921.

Zeleny, R., Altmann, F. and Praznik, W. (1997) A capillary

electrophoretic study on the specificity of beta-galacto-

sidases from Aspergillus oryzae, Escherichia coli,

Streptococcus pneumoniae, and Canavalia ensiformis

(jack bean). Anal Biochem 246: 96–101.

Pneumococcal glycosidases S.J. King

24 Molecular Oral Microbiology 25 (2010) 15–24 ª 2010 John Wiley & Sons A/S



Copyright of Molecular Oral Microbiology is the property of Wiley-Blackwell and its content may not be

copied or emailed to multiple sites or posted to a listserv without the copyright holder's express written

permission. However, users may print, download, or email articles for individual use.


