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Adherence by bacteria to a surface is critical to their survival in the human oral cavity. Many types of molecules 
are present in the saliva and serous exudates that form the acquired pellicle, a coating on the tooth surface, and 
serve as receptor molecules for adherent bacteria. The primary colonizing bacteria utilize adhesins to adhere to 
specific pellicle receptor molecules, then may adhere to other primary colonizers via adhesins, or may present 
receptor molecules to be utilized by secondary colonizing species. The most common primary colonizing bacteria 
are streptococci, and six streptococcal cell wall polysaccharide receptor molecules have been structurally charac- 
terized. A comparison of the putative adhesin disaccharide-binding regions of the six polysaccharides suggests 
three groups. A representative of each group was modeled in molecular dynamics simulations. In each case it was 
found that a loop formed between the galactofuranose,8 (Galf/3) and an oxygen of the nearest phosphate group on 
the reducing side of the Galf.8, that this loop was stabilized by hydrogen bonds, and that within each loop resides 
the putative disaccharide-binding domain. 
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Introduction 

The human mouth contains several diverse microbial habi- 
tats. The enamel surface of the tooth crown, the epithelial 
tissues of the oral mucosa and gingiva and the cementum of 
the dental root surface offer a variety of sites for bacterial 
adherence. These sites are continually bathed and coated 
with saliva and serous exudates from the gingival crevice. 
Proteins, glycoproteins, and mucins contained in these 
fluids, cell-bound glycoproteins and glycolipids, and extra- 
cellular matrix proteins provide a great diversity of possible 
receptor molecules for microbial recognition and have all 
been found to serve as receptor molecules for microbial 
adherence proteins (adhesins). A result of the many avail- 
able habitats and characteristics of adherent receptor mol- 
ecules is a form of tissue tropism with specific bacteria 
characteristically found in each ecological niche. The 
mucosal surfaces are characterized by rapid cell turnover 
with continuous desquamation of the superficial epithelial 
cells and microbial flora. In contrast, the hard nonshedding 
surfaces of the teeth have the potential for the formation 
of thick microbial biofilms known as dental plaque. After 
a thorough cleaning of the tooth surface, the tooth is rapidly 
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coated, primarily with salivary proteins, but also with host 
and bacterial cellular debris. This coating, termed the 
acquired pellicle, serves as a substratum for the primary 
(early) colonizing species of bacteria. The surfaces of these 
bacteria add yet another possibility of receptors for 
additional bacterial colonization. This cell-to-cell recog- 
nition between genetically distinct bacterial types, termed 
coaggregation, appears to be important in the accretion of 
dental plaque [52]. Coaggregation interactions can be 
intrageneric, intergeneric, or multigeneric, and most 
coaggregation interactions are inhibitable by simple sugars 
[521. The primary colonizing species in dental plaque are 
mostly Gram-positive species, and the secondary (later) 
colonizing species mostly Gram-negative. Of the primary 
colonizers, streptococci predominate. Streptococcus oralis, 
S. sanguis and S. mitis account for 80% of primary coloniz- 
ers, with Actinomyces naeslundii (including formerly A. 
viscosus strains) accounting for an additional 10% [69]. The 
streptococci appear to be well suited to function as primary 
colonizers as multiple adherence strategies have been 
characterized, which may in large part account for their 
success in colonization. The uniqueness and diversity of 
surfaces in the oral cavity create and result in diverse bac- 
terial habitats in the mouth and are thus reflected in the 
complexity of the bacterial flora found there. 

This review focuses on the receptor aspects of oral 
microbial adherence, initially describing several types of 
receptor molecules, then discussing the group of streptococ- 
cal receptor molecules that as a group have been well 
characterized. This group consists of the cell-wall polysac- 
charide coaggregation receptors of S. oralis ATCC 55229, 
& oralis 34, S. oralis C104, S. gordonii 38, S. oralis J22, 
and S. oralis ATCC 10557 [52,78]. Structural and func- 



tional aspects of the receptor molecules will be discussed. 
Structural differences result in the grouping of these six 
receptors into three groups based on the structure of the 
putative adhesin-binding domains. Included in the analysis 
of the three groups of streptococcal receptor molecules are 
preliminary results of molecular modeling of the receptors. 
Results indicate that hydrogen bonding between the com- 
mon/3-galactofuranose (Galf/3) residue and the phosphate 
residue at the reducing end of the Gall/3 allows a loop to 
form and subsequently stabilize the putative disaccharide 
adhesin-binding domain within the loop. 

Receptors  for oral bacter ia  

The microbial ecology of the mouth and the contributions 
that adherence plays in it have been the subject of consider- 
able research over the last several decades. The vast 
majority of :reports on this research describe the adherence 
properties of oral bacterial isolates and their putative roles 
in colonization of the mouth. Less numerous are papers that 
definitively identify and characterize adhesive molecules 
which mediate attachment to oral surfaces. Both the adher- 
ence properties of oral bacterial isolates and their adhesins 
have been the subject of other reviews [52,53] and will not 
be the focus of this paper. Another active area of investi- 
gation, although perhaps less so than the previously men- 
tioned ones,, is the identification and characterization of 
receptors for bacterial adhesins on oral epithelial cells, in 
saliva, on enamel and other dental tissues and on other bac- 
teria. In recent years a number of investigators have begun 
to identify and characterize some of these receptors. Under- 
standing how these receptors function during oral bacterial 
colonization and dental plaque formation may have 
important implications in understanding the microbial ecol- 
ogy of the mouth and the pathogenesis of oral bacterial 
diseases. While a complete review of the literature which 
has contributed to our knowledge of receptors for oral bac- 
terial adhesion is beyond the scope of this review, a rep- 
resentative portion of data regarding receptors for oral bac- 
terial adherence is provided in Table 1. 

Most of tile research in this area has focused on salivary 
molecules. Saliva coats most surfaces in the mouth, includ- 
ing bacteria found there, and it is perhaps not surprising 
that many oral bacteria possess mechanisms to recognize 
specific salivary molecules. The recognition of salivary 
molecules in their soluble forms leads to the phenomenon 
of agglutination. Agglutination was initially recognized by 
the observation that saliva agglutinates whole cells of many 
oral bacterial isolates. This property of certain salivary mol- 
ecules has been proposed alternatively to function as a 
mechanism for bacterial clearance in the mouth and as an 
aid to bacterial colonization. Several groups have identified 
molecules from saliva which act as agglutinins. Ericson and 
Rundegren [!30] identified a large (MW>5 x 10 6) agglutinin 
from parotid saliva. Similarly, Levine et al [61] identified 
a large glycoprotein from submandibular saliva with agglut- 
inating activity. In both cases, the carbohydrate compo- 
sition of each molecule was greater than 40% and with high 
fucose and hexose content with a relatively low amount of 
sialic acid. Interestingly, the agglutination of a S. sanguis 
strain reported by Levine et al [61] is inactivated by neura- 
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minidase treatment while the agglutination of S. mutans is 
resistant to neuraminidase treatment. In contrast, Babu et 
al [7] identified a 60-kDa glycoprotein with agglutinating 
activity from saliva which apparently involved recognition 
of the polypeptide portion of the molecule. The agglutinat- 
ing activity was unaffected by deglycosylation of the mol- 
ecule. Demuth et al [24-26] recently identified, purified, 
and cloned bacterial adhesins from both S. sanguis and S. 
mutans which recognize an agglutinin from parotid saliva. 

More recently, specific receptors for oral bacterial adher- 
ence in saliva have been identified with assays that utilize 
saliva or salivary molecules bound to solid surfaces. The 
saliva-coated hydroxyapatite assay, originally designed for 
characterizing bacterial adherence to the tooth surface, has 
been used to identify specific salivary components which 
mediate bacterial binding. Using this assay, Gibbons and 
Hay [32] have elegantly identified salivary components 
which mediate binding of A. naeslundii (viscosus) to saliva- 
coated hydroxyapatite. They demonstrated that A. naeslun- 
dii (viscosus) LY7 bound preferentially to hydroxyapatite 
beads coated with the acidic proline-rich proteins and sta- 
therin of human saliva. The acidic proline-rich proteins 
(PRP) have been identified in human and other primate sal- 
ivas [72,73]. PRP-1, PRP-2 and PIF-slow (PIF designates 
an isoform of PRP) are 150-amino acid polypeptides which 
differ in that residues 4 and 50 are asparagine and aspartate 
(PIF-slow), aspartate and asparagine (PRP-1) or both 
aspartate (PRP-2). Three other PRPs (PIF-fast, PRP-3, 
PRP-4) are 106-amino acid polypeptides corresponding to 
the first 106 residues from the larger PRPs [44]. Gibbons 
and Hay demonstrated that smaller concentrations of the 
larger PRPs were required to promote maximal bacterial 
binding. Thus, it appears that the 44-amino acid terminus 
enhanced but was not essential to binding. Perhaps the most 
significant finding of these studies was the observation that 
PRP-1 in its soluble form did not bind to A. naestundii 
(viscosus). Thus it appeared that epitopes recognized by the 
bacteria were not exposed in the molecule's soluble form. 
This proposal is supported by studies of the calcium-bind- 
ing properties of the molecules and thermodynamic studies 
of their adsorption to hydroxyapatite which suggested that 
PRPs undergo a major conformational change when they 
adsorb to hydroxyapatite [10,67]. Thus, it appears A. naes- 
Iundii (viscosus) is capable of distinguishing between sol- 
uble and bound PRPs. 

Additional evidence of the remarkable specificity of 
receptor recognition by oral bacteria has been provided by 
Fisher and colleagues. Using a technique that separates pro- 
teins in saliva by SDS polyacrylamide gels and then trans- 
fers them to nitrocellulose membrane [76], receptors in sal- 
iva for Fusobacterium nucleatum and oral Streptococcus 
spp have been identified [37,68,77]. Using this technique 
they demonstrated that F. nucleatum bound to a 89-kD gly- 
coprotein. Subsequently they showed that deglycosylation 
of the protein resulted in the loss of receptor activity. 
Amino acid analysis showed it to be a member of the class 
of human salivary proteins known as proline-rich glyco- 
proteins (PRG) [37]. To characterize the receptor activity 
of the carbohydrate portion of the glycoproteins they first 
analyzed PRG oligosaccharides by a combination of mass 
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Table 1 Receptors for oral bacterial adhesins identified as host salivary proteins, as other bacterial components, as glycolipids, and as host extracellular 
matrix components 

Receptor (fine specificity) Adherent specier strain (ligand) Detection of adherence Ref 

Host salivary proteins 
agglutinin S. mutans serotype c agglutination [30] 
agglutinin S. sanguis agglutination [24] 
a-amylase S. sanguis parotid saliva/overlay [27,81] 
mucin S. sanguis glass [83] 
mucin S. sanguis overlay assay [68] 
PRG- lb(Gal/3 I'--*4GlcNAc) F. nucleatum saliva [37,77] 
PRG S. sanguis overlay assay [68] 
PRG S. sanguis G9B agglutination [11] 
PRG A. naeslundii T14V ~ (Type 1 fimbriae) latex bead aggregation [35] 
acidic PRP-1 a A. naeslundii T14V (Type 1 fimbriae) latex bead aggregation [21,35] 
acidic PRP A. naeslundii LY7 c parotid saliva/SHA ~ [32] 
acidic PRP P. gingivalis (fimbrillin) parotid saliva/SHA [5] 
acidic PRP (Pm-Gln) S. gordonii saliva/SHA [36] 
acidic PRP S. mutans JBP saliva/SHA [34] 
basic PRP A. naeslundii T14V (Type 1 fimbriae) latex bead aggregation [21] 
statherin P. gingivalis (fimbrillin) parotid salivdSHA [5] 
statherin A. naeslundii LY7 parotid saliva/SHA [32] 
60-kD glycoprotein S. mutans agglutination [7] 
160-kD protein A. naeslundii KB epitheIiaI cells [12] 
180-kD protein A. naeslundii saliva/buccal epithelial [8] 
300-kD protein S. mutans serotype c salivaJSHA [49,50] 
Bacterial components 
S. oralis ATCC 55229 PS f C. ochracea ATCC 33596 coaggregation [15,16,39] 

(Rhal31---~2Rha) (155-kD protein) [52,91] 
S. oralis 34 PS A. naeslundii T14V coaggregation [64,66] 

(GalNAc/31--+3Gal) and A. naeslundii 
S. oralis C104 PS A. naeslundii coaggregation [4] 

(GalNAc~I--+3Gai) 
S. gordonii 38 PS A. naeslundii T14V coaggregafion [78] 

(GalNAcI31---*3Gal) and A. naeslundii 
S. oralis J22 PS A. naeslundii T14V eoaggregation [2] 

(Gal/31---~3GalNAc) and A. naeslundii 
S. oralis ATCC 10557 PS A. naeslundii T14V coaggregation [3] 

(GalI31---}3GalNAc) and A. naeslundii 
F. nucleatum protein Streptococcus spp coaggregation [48] 
glucan S. cricetus aggregation [28] 
glucan S. gordonii saliva/SHA [45] 
glucan S. mutans saliva/SHA [82] 
glucan S. sobrinus saliva/SHA [33] 
Glycolipidsg 
GM1 (GalI33GalNAc) A. naeslundii ATCC 12104 TLCh/overlay [14] 
GDlb (Gal/33GalNAc) A. naeslundii ATCC 12104 TLC/overlay [14] 
globoside (GalI33GalNAc) A. naeslundii ATCC 12104 TLC/overlay [14] 
Gb3b (GalNAeI3) A. naeslundii ATCC 12104 TLC/overlay [85] 

A. naeslundii ATCC 19246 r 
GgO3 (GalNAc/3) A. naeslundii ATCC 12104 TLC/overlay [85] 

A. naeslundii ATCC 19246 
Gb4a (Gal~) A. naeslundii ATCC 12104 TLC/oveflay [85] 
GgO4 (GalNAcI3) A. naeslundii ATCC 12104 TLC/overiay [85] 

A. naeslundii ATCC 19246 
LacCer (Gal/31~4Glc) A. naeslundii ATCC 12104 TLC/overlay [85] 
LacCer (Gal/31---*4Glc) A. naeslundii ATCC 19246 TLC/overlay [85] 
Host extraeellular matrix 
collagen Type I A. naeslundii LY7 hydroxyapatite assay [63] 
collagen Type I S. mutans soluble [88] 
collagen Type I S. rattus saliva/SHA [62] 
collagen Type III A. naeslundii LY7 hydroxyapatite assay [63] 
collagen Type V S. cricetus saliva/SHA [62] 
fibrinogen A. naeslundii hydroxyapatite assay [43] 
fibrinogen B. intermedius radioassay [56,60] 
fibrinogen P. gingivalis radioassay [56,58,59] 
fibrinonectin P. gingivalis radioassay [57] 

"S, Streptococcus; F, Fusobacterium; A, Actinomyces; P, Prevotella; B, Bacteroides; C, Capnocytophaga 
bPRG, proline-rich glycoprotein; CFormerly A. viscosus; ~PRP, proline-rich protein 
~SHA, saliva-coated hydroxyapatite 
fPS, cell-wall polysaccharide 
~GM1, Gal~l--~3GalNAcl--~4(NeuAcc~2~3)Gatj3t--4Glc--}Ceramide (Cer); GDlb, Gal~l~4GaiNAc/31~4(NeuAc2~SNeuAc2~3)Galt31~4Glc~Cer; 
globoside, GalNAc/~l--+3Gahxl--+4Gall31--4Glc--*Cer; Gb3b, Galal~3Gal/31~4Glc---~Cer; GgO3, GalNAc/3Gal/31~4Glc--~Cer; Gb4a, GalNAc/31----}3Gal- 
od--}4Gal/31---~4Gtc--*Cer; GgO4, Gal/31--}3GalNAc/31---*4Gal/31---~4Glc---~Cer; LacCer, Gal/31---*4Glc----~Cer 
hTLC, thin-layer chromatography 
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spectromet12y and nuclear magnetic resonance spectroscopy. 
They identified 27 different highly fucosylated structures. 
The major structure is a biantennary asialosaccharide that 
contains two fucose residues on one antenna. The other 
antenna contains an unsubstituted terminal lactosamine. By 
screening F. nucleatum binding to glycolipids and neogly- 
colipids carrying carbohydrate structures related to those of 
the PRG, they were able to characterize the fine specificity 
of the F. nucteatum recognition. By analysis of the binding 
of F. nucleatum to these model compounds, they demon- 
strated that the bacterium bound structures which contain 
unsubstituted Gal/31---~4GlcNac residues. Addition of N- 
acetyl neuraminic acid (NeuAc) or g-fucose (Fuc) to the 
residues prevented adherence. These observations sug- 
gested that the major structure they detected could act as a 
bacterial receptor at its unsubstituted terminal lactosamine. 
Interestingly, the studies also demonstrated that F. nuclea- 
tum could recognize terminal Gal/31---~3GalNAc residues, a 
disaccharide not found on the PRG glyeoprotein. Sub- 
sequent studies demonstrated that saliva from individuals 
that lack proline-rich glycoprotein G1 fails to interact with 
F. nucleatura [6]. 

A similar approach has enabled investigators to charac- 
terize possible receptors for actinomyees in the oral cavity. 
Actinomyces spp, a prominent member of the oral flora, 
have been shown to express two antigenically distinct tim- 
brial types [18,20]. Type 2 fimbriae are associated with a 
lactose-sensitive binding to oral streptococci, agglutination 
of human erythrocytes and binding to epithelial cells 
[13,23,55]. Type 1 fimbriae are thought to mediate binding 
to the saliva-coated tooth surface discussed above 
[21,22,35]. The different adhesive properties of the two 
types of fimL,riae and their distribution on fresh oral isolates 
suggests thai: the expression of these two distinct fimbriae 
is of ecological significance. Earlier inhibition studies with 
soluble saccharides and an overlay technique characterized 
the specificity of the type 2 fimbriae for terminal Gal/3 resi- 
dues [12,65]. Analysis of the fimbrial adhesins from A. 
naeslundii ATCC 12104 (formerly WVU45) and A. naes- 
lundii (formerly viscosus) T14V demonstrated that sialid- 
ase-treated KB epithelial cells were best inhibited with 
plant lectins specific for GalNAc and Gal/31---,3GalNAc 
[18]. The glycolipid binding specificities of A. naeslundii 
ATCC 12104 (WVU45) demonstrated that Gal/31---*3Gal- 
NAc present on gangliosides and the GalNAc/31---~3Gal ter- 
minus of gtoboside could both serve as receptors for this 
lectin [14]. A subsequent analysis of Actinomyces binding 
by Str6mberg and Karlsson characterized two distinct 
specificities [85]. The first, demonstrated by strains of both 
A. naeslundii 12104 and A. naeslundii (viscosus) 19246 was 
a low affinity binding to lactosylceramide (LacCer). Inter- 
estingly, the activity of free LacCer was dependent on the 
ceramide structure; species with 2-hydroxy fatty acid 
and/or a trihydroxy base were positive while those with 
nonhydroxy fatty acids and a dihydroxy base were negative. 
The binding characteristics for LacCer were nearly identical 
for A. naeslundii 12104 and A. naeslundii (viscosus) 19246. 
They were also very similar to those seen for Propionibac- 
terium granulosum in a related study [86]. The second 
binding specificity identified was for terminal or internal 

GalNAc/3 exhibited by the adhesin from A. naeslundii 
12104. This binding was felt to be equivalent to the galac- 
tose- and lactose-inhibitable specificity described by pre- 
vious studies. Moreover, they suggested that terminal Gal/3 
structures on several glycolipids were not recognized by 
these strains. Further studies of actinomyces isolates dem- 
onstrated strain differences in fine specificity for GalNAc/3 
containing receptors as evidenced by the number of cells 
bound to glycosphingolipids and the effect of neighboring 
sugar groups on binding [84]. Interestingly, they also 
showed functional differences in binding between the two 
strains. A. naeslundii (viscosus) LY7 bound in higher num- 
bers to buccal epithelial cells while strain ATCC 12104 
alone showed GalNAc/3 sensitive saliva aggregation. 
Mucosal isolates of Actinomyces more often showed LY7- 
like specificities while those isolated from dental plaque 
resembled strain ATCC 12104. Thus, it appears that these 
differences in specificities may be reflected in differences 
in colonization patterns of the organism. 

In addition to interacting with receptors in saliva and on 
epithelial cells and teeth, oral bacteria also interact with 
molecules found in the host extraeellular matrix (Table 1). 
Binding specificities for collagen, fibronectin, and fibrino- 
gen have been described for a variety of oral bacterial spec- 
ies. Lantz and colleagues demonstrated that a number of 
the bacterial surface components that recognize these mol- 
ecules may also have enzymatic activities that degrade 
them [56-59]. This coupling of recognition and degradation 
may play a role in mediating virulence of the putative per- 
iodontal pathogen Porphyromonas gingivalis. 

Streptococcal adhesin coaggregation receptors 

Of the bacterial components utilized as receptor molecules 
listed in Table 1, the streptococcal adhesin coaggregation 
receptors have recently drawn considerable attention. While 
the adhesin receptors are one mechanism by which strepto- 
cocci participate in coaggregation reactions, initial adher- 
ence occurs through the use of adhesin molecules that bind 
to pellicle [31], or to primary colonizing species [54]. In a 
classic paper in the coaggregation literature, Cisar et al [19] 
studied the coaggregation interactions between 26 strepto- 
coccal strains and 26 actinomyces strains in terms of which 
streptococcal strains coaggregated with which actinomyces 
strains. As a result, the streptococci fell into four groups 
and the actinomyces into two groups based on whether 
coaggregation was Iactose-inhibitable, and whether heating 
of one or both partners blocked subsequent coaggregation. 
S. oralis ATCC 55229 (formerly S. sanguis strain H1) fell 
into group 2 based on the lack of coaggregation after S. 
oralis ATCC 55229 was heated, and because the coaggre- 
gation was not lactose-inhibitable. This indicated that in 
both actinomyces groups A and B interactions, S. oralis 
ATCC 55229 utilized adhesins to coaggregate (not receptor 
molecules). S. gordonii 38, S. oralis 34 and S. oralis C104 
all fell into group 3 based on lactose-inhibitable coaggre- 
gation that was abolished on heating of the actinomyces 
strain (adhesin molecule was present on only the groups A 
and B actinomyces). S. oralis J22 fell into group 4 based 
on the necessity of heating both partner cells to abolish 
coaggregation (adhesin and receptor molecules present on 
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both partner cells), and because the coaggregation was not 
inhibited by lactose. This study [19] was recently revisited 
[47], with additional strains added as well as additional 
characteristics examined, ie hemagglutination properties 
and aggregation of PRP-coated latex beads. In addition, S. 
oralis ATCC 10557 was examined and found to be a mem- 
ber of group 3. 

S. oraIis ATCC 55229 was further investigated by Weiss 
et al [92] demonstrating that C. ochracea ATCC 33596 
possessed an adhesin molecule for receptors on S. oralis 
ATCC 55229, A. naeslundii PK984 and A. israelii PK16, 
that these interactions were inhibited by Rha, Fuc and to a 
lesser extent by /3-methylgalactoside and lactose, and that 
the adhesin molecule was a non-fimbrial outer membrane 
protein of 155 kD [91]. Cassels and London [16] isolated 
the cell-wall coaggregation-inhibiting polysaccharide for 
the C. ochracea ATCC 33596 interaction, and they struc- 
turally characterized the hexasaccharide repeating unit [15], 
and the intact polysaccharide (structure given in Figure 1) 
[39]. A coaggregation-defective mutant of S. oralis ATCC 
55229 did not contain the hexasaccharide repeating unit or 
polysaccharide [16]. For details on the purification and 
characterization of these streptococcal polysaccharide mol- 
ecules refer to Cassels and van Halbeek [17] and Abeguna- 
wardana and Bush [1]. 

The first coaggregation-inhibiting polysaccharide studied 
was that of S. oralis 34, in streptococcal group 3. McIntire 
et al [64,66] purified and characterized this molecule 
(Figure 1). The coaggregation of S. oralis 34 with A. naes- 
Iundii T14V was inhibitied most effectively by GatNAc/3- 
and Gal]3-containing saecharides [18,66]. After the struc- 
tural characterization of the S. oralis 34 repeating unit, the 
disaccharide containing the GalNAc/3 was designated as the 
receptor-binding domain [64]. Polysaccharides from three 
other group 3 members, S. oralis strains ATCC 10557, 
C104, and S. gordonii 38 have been purified and structur- 
ally characterized [3,4,78]. S oralis C104 and S. gordonii 
38 also contained the GalNAc/31---~3Gal disaccharide, the 
putative adhesin-binding domain, while S. oralis strains 
ATCC 10557 and J22 (Figure 1) both possess the structure 

Gal/31---~3GalNAc [2]. Earlier analysis of the adhesin-bind- 
ing specificities of actinomyces was presented above. The 
overall conclusion from this series of studies is that the 
lectin-combining site in these Actinomyces strains are able 
to bind to either of the two putative binding domains with 
approximately equai binding affinities. 

The putative adhesin-binding domain of S. oralis ATCC 
55229 is the disaccharide Rha/31---*2Rha [52], a unique fea- 
ture of S. oralis ATCC 55229 not present in any of the 
streptococcal polysaccharides characterized to date. The 
other five polysaccharides characterized are different from 
those of S. oralis ATCC 55229, but among themselves have 
similar binding and inhibition profiles, ie Actinomyces 
adhesin binding, inhibition by GalNAc and Gal/~I---~3Gal- 
NAc specific plant lectins, and by glycolipid binding pro- 
files. Hsu et al [47] in contrast suggest that GalNAc-sensi- 
tive adhesins of certain streptococcal species specifically 
recognize streptococci with GalNAc/31---~3Gal containing 
polysaccharides. Although binding and inhibition data of 
the actinomyces-streptococcal interactions are similar, the 
structure of the putative adhesin-binding domains differ. As 
seen in Table 1, S. oralis strains 34, and C104 and S. gor- 
donii 38 fall into the GalNAcI31---~3Gal group possessing 
the putative receptor-binding domain, while S. oralis strains 
J22 and ATCC 10557 fall into the Gal/31---~3GalNAc group. 
Of additional interest is a report on the structural charac- 
terization of S. mitis K103 cell wall polysaccharide [79]. 
This strain of streptococci does not fall into any coaggre- 
gation group due to its lack of coaggregation with acti- 
nomyces, lack of hemagglutination or lack of PRP/latex 
bead agglutination properties [47]. While superficially simi- 
lar to the other streptococcal polysaccharides shown in 
Table 1, no Galf/3 residue is present, and none of the puta- 
tive adhesin-binding sites is present in the S. mitis K103 
structure. 

Our objectives were several fold: 1) to compare the pri- 
mary structures of the six streptococcal polysaccharide 
receptor molecules and group by structural similarities, 2) 
model by molecular dynamics simulations a representative 
of each group of receptors, and 3) compare the molecular 

S, oralis ATCC 55229 
Glyc (1-*PO-4--,6\ Glye (1~PO-4-'6\ 

Rhapot(l~3)Galpc~(1 [--*3)Galp~(1--+4)Glcp[3(1-*3)Galy]3 (l-+3)Rhape~(1--*2)Rhapc~(1-*3)Galpet(l~]3)Galp~ 
9 8 7 6 5 4 3 2 1 

S. oralis 34 

Galpa(l --~ PO-4~,6)G alpNAcff,( 1 [ -*3 )Rhap~3( 1 ---,4)Glcp[3 ( 1 -*6)Galf [3( 1 -*6)GalpNAc[3( 1 ---*3)Galpc~( 1 -*PO-4-*6)GalpNAcot( 1 --+] 3)Rhap[~ 
9 8 7 6 5 " 4 3 2 I 

S. oralis J22 
Rhapa(l~2\ Rhapot(l~2)~ 

GalpNAcc~( 1--*PO-4-,6)GalpNAcet(l [--*3)Rhap13(1--,4)Glcp[3( I ~6)Galf[3 (1 -*6)Galp13( l~3)GalpNAcc~(1 -,PO-4-+6)GalpNAcot(1 --,] 3)Rhap 
9 8 7 6 5 4 3 2 t 

Figure I Stnlctures of the three Streptococcus oralis adhesin receptor carbohydrate sequences modeled. Abbreviations: Rha, L-Rhanmose; Gal, D- 
Galactose; Glc, D-Glucose; GalNAe, N-Acetyl-D-Galactosamine; Glyc, Glycerol; p, pyranose; f, furanose. Square brackets denote repeating hexasaccbaride 
(S. oralis strains ATCC 55229 and 34) or heptasaccharide (S. oralis J22) unit depicted in Figure 2. Individual monosaccharides in the main chain are 
numbered fi'om the reducing end and discussed in the text; the underlined region indicates the putative adhesin-binding domain 



models derived from the different groups for similarities 
and differences. 

Molecular modeling methodology 

Molecular raodeling was conducted on a Silicon Graphics 
4D/35 Personal Iris using the software packages InsightlI 
(version 2.3.5) and Discover (version 2.9.5), both from 
Biosym Technologies, San Diego, CA, USA. The forcefield 
used was the AMBER forcefield [90] as implemented by 
Biosym witl~ the extensions for polysaccharides developed 
by Homans [46]. All calculations were performed in vacuo 
with a distance-related dielectric constant. The absence of 
solvent is considered acceptable as this study is a search 
for possible conformations of the oligosaccharides. Thus, 
the goal was to sample as wide an area of conformational 
space as possible. Similar studies in vacuo have been per- 
formed with other carbohydrate molecules [9,41]. Inclusion 
of solvent has been found to have little effect of confor- 
mational transitions but will dampen torsion angle fluctu- 
ations [9,29,42,46]. 

Models were built of S. oralis ATCC 55229 
(representing the Rhal31---*2Rha putative adhesin-binding 
domain group), S. oralis 34 (representing the Gal- 
NAc/31--*3Gal putative adhesin-binding domain group), 
and S. oralis J22 (representing the GalI31---,3GalNAc puta- 
tive adhesin-binding domain group) carbohydrate receptors 
using the InsightII Biopolymer module and the default gly- 
cosidic torsion angles and ring conformations. The 
sequences for each oligosaccharide were taken from Kolen- 
brander et al [52] and are given in Figure 1. Each model 
consisted of nine main chain sugar residues. The galactofur- 
anose residues were positioned in the middle of the segment 
to be studied (residue 5, Figure 1). The lengths of the mod- 
els were chosen to have approximately equal numbers of 
sugar residues on either side of the Galf/3 and to include a 
phosphodiester residue on either side. Initially, each model 
was subjected to an energy minimization procedure. Non- 
bonded calculations were cut off at 15.0 A with a switching 
potential for 1.5 ,~. Minimization was carried out until the 
maximum energy derivative was less than 1.0 kcal ~-1. In 
all cases, the', final minimized structure did not vary signifi- 
cantly from the starting structure. Each minimized structure 
was then subjected to a brief molecular dynamics simul- 
ation at either 300 or 900 K. After an initialization period 
of 1000 steps, the simulation was conducted for 50 000 
steps with every 100 steps being saved for a total of 511 
frames. The step size was 1.0 femtoseconds. The resulting 
trajectory was analyzed via a cluster analysis based on the 
root-mean-square differences (RMSD) between all saved 
structures within a run. The trajectories were then broken 
into three to six groups of families based on the RMSD. A 
representative for each family was selected as the average 
coordinates ,of all structures within the family. Each rep- 
resentative structure was further subjected to an energy 
minimization procedure as described earlier. The resulting 
lowest energy representative structure within any single 
molecular dynamics trajectory was then selected for further 
analysis. In all analyses, hydrogen bonds were identified 
using the InsightII default definitions. The molecular 
dynamics simulation results presented are preliminary with 
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longer simulations, some including solvent, and a more tho- 
rough analysis of the trajectories currently underway. This 
information and more detailed descriptions of methodology 
used will be included in a forthcoming report. 

Molecular modeling results 

In all cases, the model oligosaccharide chains folded in 
upon themselves at some point in the simulation. The galac- 
tofuranose residues were particularly flexible throughout 
the trajectories in agreement with previous studies concern- 
ing the flexibility of furanose rings [70,71,89]. All trajector- 
ies at either 300 or 900 K were well-behaved and stabilized 
early in the runs. 

The simulation with the S. oralis ATCC 55229 model 
reached equilibrium near frame 125 as determined by the 
total and potential energies during the course of the simul- 
ation. Concurrent with the stabilization of the energy of the 
system was the formation of two particularly stable hydro- 
gen bonds between one of the phosphate oxygens attached 
to the c~-D-galactopyranose (residue 2, see Figure 1) and 
two hydroxyl groups of the galactofuranose (residue 5) 
(Figure 2A). The first hydrogen bond to the C5 hydroxyl 
group appears at approximately step 80 and essentially 
remains intact throughout the simulation. The second 
hydrogen bond to the C2 hydroxyl group appears shortly 
afterwards near step 130 and also remains present to the 
conclusion of the simulation. These hydrogen bonds 
help stabilize a loop formed in the sequence 
Galf/3(1---~3)Rhapc~(1---,2)Rhapc~(1---~3)(Glyc(1---~PO4--~6)) 

Galpc~. The formation of the loop is probably enhanced by 
the rhamnosyl 1----2 and 1---3 linkages. As a result of the 
loop formation, the methyl groups from the rhamnose resi- 
dues are protruding away from the loop and are clearly 
exposed thus providing unique hydrophobic contact points 
for the coaggregation partner cell adhesin. 

The molecular dynamics simulation at 300 K for the S. 
oralis 34 model appeared to fall into a local minimum. The 
ends of the oligomer folded in with several interactions 
between the ninth residue (Galc~), the neighboring phos- 
phate, and the penultimate sugar residue of the model 
(GalNAcc~). The total and potential energies for the system 
dropped approximately 100 kcal tool i in the first 75 frames 
and remained steady for the remainder of the simulation. 
The ends of the oligomer came together near enough for 
hydrogen bond interactions within 75 frames and remained 
so for the duration of the run. To take a wider sampling of 
the conformational space for the S. oralis 34 model, a sep- 
arate simulation at 900 K was performed. The model in this 
simulation was considerably more flexible. More signifi- 
cantly, a loop formed from residues 5 to 3 
(Galf~(1---~6)GalpNAc~(1---~3)Galpo~(1-P02). The loop 
was stabilized by a hydrogen bond between one of the 
phosphate oxygens and the C2 hydroxyl group of the galac- 
tofuranose, a similar type of interaction as observed in the 
models orS. oralis ATCC 55229 and J22 (discussed below) 
at 300 K. This interaction is only present for approximately 
110 frames, the vast majority at the end of the simulation. 
As a result of the loop, the N-acetyl group on residue four 
is completely exposed to the solvent and could serve as an 
important feature of specific recognition (Figure 2B). 
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Figure 2 A molecular model of the repeating unit portion of the Strepto- 
coccus oralis adhesin polysaccharide receptor. See Figure 1 for the com- 
plete structure utilized in calculations. (A) S. oralis ATCC 55229. (B) 
S. oralis 34. (C) S. oralis J22. Abbreviations: Rh, Rhamnopyranose; Ga, 
Galactopyranose; G1, Glucopyranose; GN, N-Acetyl-Galactopyranosam- 
ine; Gf, Galactofuranose; P, Phosphate; Gy, Glycerol; NR, Non-reducing 
terminus; R, Reducing terminus. Atom color code: White, hydrogen; Red, 
oxygen; Green, carbon; Blue, nitrogen, Magenta; phosphate. Dotted lines 
indicate hych'ogen bonding interactions 

The simulation for the S. oralis J22 carbohydrate recep- 
tor showed it to be a very flexible molecule. None of the 
clusters greatly resembled each other and the model went 
through several cycles of extension and contraction as 

defined by the oligomer end-to-end distances. Again, the 
Galf/3 residue played an important role in the flexibility of 
the model, and in this specific situation, even more so than 
with the S. oralis ATCC 55229 model. The Glc/3 (residue 
6) is linked to the Galf/3 at C6 thus having four exocyclic 
bonds to rotate. Despite the mobility displayed by this 
model, the total and potential energies for the trajectory 
were stable. Equilibrium was reached quickly within the 
first 50 steps. The lowest energy family representative for 
this trajectory appeared between frames 300 and 400. Dur- 
ing this time, the end-to-end distance shrank from a 
maximum of 28 A to the minimum observed of 6 A. Also, 
two hydrogen bonds were formed between the intrachain 
phosphate lying between residues three and two 
(GalpNAcc~(1---~PO-4---*6)GalpNAcc0 and the preceding 
Galf/3 (residue five) (Figure 2C). Each of these two hydro- 
gen bonds has an oxygen of the phosphate as an acceptor 
and has donor groups as the C3 and C5 hydroxyl groups. 
The interaction between the phosphate and the C5 Galf/3 
group is the longer lasting of the two, remaining intact for 
most of the remainder of the simulation. The hydrogen 
bond to the C3 hydroxyl group is lost after frame 417. 

The result of these interactions is a loop encompassing 
the region of Galf[3(1---~6)Galp[3(1--*3)GalpNAco!(1--*P04). 
This loop is very similar to that found in the S. oralis 
ATCC 55229 model albeit smaller. There are only two 
sugar residues between the Galfl3 and the phosphate in the 
S. oralis J22 model as opposed to three in the S. oralis 
ATCC 55229 model. However, the loop is made complete 
in both cases by hydrogen bonds between the phosphate 
and either a ring or C5 hydroxyl group in the Gatf]3. This 
loop exposes to the solvent two possible specific recog- 
nition sites for the adhesin: the complete Gall3 residue and 
the N-acetyl group on the adjacent galactose. 

Molecular modeling discussion 
A common folding motif clearly was found at or near each 
putative adhesin-binding site modeled. A loop is formed 
consisting of three or four sugar residues plus the nearest 
phosphate to the reducing end. This loop is held together 
at the base by hydrogen bonding interactions between the 
phosphate and the Galf/3 residue. The loops are further 
characterized by having one member of the ring as either 
a Rha or a GalNAc. Formation of the loop is enhanced by 
the presence of 1--.3 glycosidic linkages which predispose 
the sequence to form a turn. No similar type of loop struc- 
ture appears to have been reported for any other oligosacch- 
arides. In addition, this report appears to be the first mode- 
ling study of an oligosaccharide containing phosphate. 
Another molecular dynamics simulation of a carbohydrate 
ligand reported is that of an asialoglycoprotein receptor 
ligand [9]. 

The i to i+3 or i+4 hydrogen bonds observed in this study 
are not necessarily unprecedented. Intramolecular hydrogen 
bonds in carbohydrates have been reported in other molecu- 
lar mechanic and molecular dynamic studies [9,42,51,80] 
as well as in experimental studies [40,74]. The majority 
of these studies involve hydrogen bonds between adjacent 
residues. However, as determined from electron and X-ray 
diffraction studies, dextran is stabilized by hydrogen bonds 



between the i and i+2 residues [40]. In the molecular 
dynamics simulation of  a triantennary oligosaccharide 
model for ;an asialoglycoprotein receptor ligand, several 
hydrogen bonds were found between branches spanning as 
many as five contiguous residues [9]. 

The loop region of carbohydrate receptors in S. oralis 
strains 34 and J22 consist of  three sugar residues while the 
S. oralis ATCC 55229 receptor has four. The difference in 
the size of the loops probably lies with the fact that the 
receptors for strains 34 and J22 have a Galf/3(1---~6)Galp/3 
glycosidic linkage. This provides an extra degree of free- 
dom with rotation about the C5-C6 bond thereby enabling 
the smaller loop to be formed [87]. 

There remain several aspects of  the proposed adhesin 
recognition loop which remain unclear. The first is the 
structural role for the Galf/3 residue. The common residue 
appears to ibe considerably flexible in these simulations, 
consistent with other studies of furanose rings [70,71,89]. 
How the flexibility may affect the loop formation remains 
to be determined. Second, it is uncertain at this time if the 
Galf/3 ring :is even required for closure of  the loop. The 
hydrogen bonding interactions between the phosphate and 
the fnranose ring are to one of the ring hydroxyl groups in 
all three models. In two of the models studied (S. oralis 
strains ATCC 55229 and J22), interactions were also found 
with the C5 hydroxyl group of the Galf/3. No similar inter- 
action was found in the S. oralis 34 model. It has been 
reported by Hardy and Sarko [42] that the strongest hydro- 
gen bonds in a molecular dynamics simulation are to the 
pendant as opposed to ring hydroxyl groups. A similar 
phenomenon may be occurring in this study. Thus, it is 
unclear, if [here are unique structural features within the 
Galf/3 ring :required for interactions with the phosphate. 
Third, it is not obvious why the loop should form between 
the Galf/3 and the phosphate to the reducing end of the 
oligomer. In the course of  each of  the three molecular 
dynamics simulations, no interactions occurred between the 
Galf/3 and the phosphate residue at the non-reducing end. 
Further work is required to determine why Galf/3 would 
interact exclusively with the phosphate residue at the reduc- 
ing end. 

The theoretical nature of the modeling findings must be 
emphasized. From predictions of secondary structures such 
as these, experimental investigations, primarily by several 
solution NMR techniques [38,75], may be undertaken in 
order to test these models. 

Conclus ions  

The human mouth contains a diversity of  surfaces each 
within a different microenvironment, with every surface 
presenting a different challenge to a bacterium seeking to 
attach. These', sites are continually bathed with host fluids 
containing proteins that attach to these surfaces, particularly 
to tooth surfaces. These adherent proteins, the acquired pel- 
licle, provide new binding sites for bacteria utilizing 
adhesin proteins. Primary colonizing bacterial species, pre- 
dominantly streptococci, adhere to the acquired pellicle, 
and again provide a new substratum for the next round of  
adherent bacteria. Primary colonizing species adhere to 
each other and secondary species adhere to the primary 
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species, resulting in microbial ecological succession and 
biofilm formation. The properties of the surface dictate 
which proteins will adhere, and the properties of these 
adherent proteins will dictate which bacteria will then be 
able to attach. Ultimately the properties of the binding and 
receptor molecules drive what proteins and what bacteria 
will adhere. Continued investigations into the molecular 
nature of  microbial adherence is adding to our understand- 
ing of protein-to-carbohydrate interactions, while enriching 
our appreciation of how oral ecological diversity may be a 
direct result of molecular structural diversity. 
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