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Abstract

Heparan sulphate (HS) and the related polysaccharide, heparin, exhibit conformational and charge arrangement properties, 
which provide a degree of redundancy allowing several seemingly distinct sequences to exhibit the same activity. This can also 
be mimicked by other sulphated polysaccharides, both in overall effect and in the details of interactions and structural conse-
quences of interactions with proteins. Together, these provide a source of active compounds suitable for further development as 
potential drugs. These polysaccharides also possess considerable size, which bestows upon them an additional useful property: 
the capability of disrupting processes comprising many individual interactions, such as those characterising the attachment of 
microbial pathogens to host cells. The range of involvement of HS in microbial attachment is reviewed and examples, which 
include viral, bacterial and parasitic infections and which, in many cases, are now being investigated as potential targets for 
intervention, are identified.
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Heparan sulphate (HS) proteoglycans are present on the 
cell surface and in the extracellular matrix (ECM) of practi-
cally all mammalian cells, although the sequence can vary 
considerably between tissues, individuals and species. HS 
regulates many important biochemical and developmental 
processes, including cell signalling (e.g., via the fgf-fgf 
receptor tyrosine kinase pathway) but is also implicated in 
a number of disease processes, from Alzheimer’s to the 
attachment of microbial pathogens such as dengue virus, 
meningococcus and parasites. HS possesses a domain 
structure comprising sections of repeating 1,4 linked β-GlcA-
α-GlcNAc, termed NA domains, alternating with more 

highly sulphated sections containing IdoA2S-GlcNS+/-6S, 
termed S domains. The α-L-IdoA residues are generated 
by epimerisation at C-5 of β-D-GlcA and are flanked in turn 
by stretches of GlcNS and GlcNAc+/-6S residues. HS, 
which is expressed on the cell surfaces of all mammalian 
cells and in the ECM, interacts with many proteins and is 
at the hub of extensive signalling networks in multicellular 
animals (1-3). These interactions in their entirety have been 
called the “HS-interactome” and are considered to regulate 
fundamental biochemical and developmental processes in 
multicellular organisms (2). 

Heparin is a close structural analogue of HS, which 
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is produced by mast cells and possesses a compa-
rable underlying repeating structure comprising 1,4 linked 
uronate-glucosamine units but does not have the domain 
structure of HS, in which more sulphated and L-IdoA-rich 
stretches, termed S-domains, are interspersed with longer, 
less-sulphated regions called NA domains. There are also 
stretches with intermediate levels of sulphation in between 
these more highly sulphated regions. Heparin, in contrast, 
is more sulphated than HS and has a higher content of 
L-IdoA. 

Despite extensive efforts over several decades, a clear 
understanding of HS biosynthesis, particularly its regulation, 
and the nature of the relationship between sequence and 
biological activity have remained elusive. Early work regard-
ing the latter, presumably following the proven approach 
established for proteins, strove to uncover HS specificity 
based on the presumption of a direct correspondence be-
tween the unique primary sequence and biological activity. 
The apparent specificity of the antithrombin (AT) binding 
sequence in heparin, which arose from the first detailed 
work to reveal the apparent binding requirements for an 
HS structure for a particular protein - a pentasaccharide 
(4,5) - reinforced this tendency to concentrate on the search 
for highly specific sequences (4-6). 

Exquisite specificity challenged

Despite this apparent early breakthrough, in the interven-
ing years, very few other examples of highly specific HS-
protein interactions have come to light. Instead, a general 
picture of HS structure-activity relationships has emerged 
in which several sequences exhibit similar binding and/
or activity while the same sequence can support several 
activities. Sequences with comparable activities may not 
even share a common substitution pattern. Evidence for 
these assertions, of which there is now a considerable body, 
continues to confound efforts to uncover highly specific, one 
sequence-one activity relationships for HS activity.

An alternative explanation has been proposed to explain 
these characteristics. This is based on the idea that an HS 
sequence has certain physical chemical properties, which 
can be summarised as charge distribution, shape and flex-
ibility, and these can be replicated either precisely, or (more 
likely) sufficiently closely, to bestow the same or very similar 
activity on the sequence. For example, it has been recently 
demonstrated that not only sugars based on the common 
backbone of HS and heparin but also other, seemingly unre-
lated sulphated polysaccharides, can mimic the necessary 
physical properties and, moreover, can induce the same 
structural changes and stabilisation in target proteins to 
replicate the biological activities of HS (7). This ability is not 
restricted solely to a few serendipitous cases but appears to 
be a general characteristic of this molecular system. Added 
to this is the observation that, among structurally distinct 
derivatives of HS or heparin derivatives (which serve as a 

proxy for HS), there is ample demonstration of redundancy 
between substitution pattern (or sequence) and biological 
activity, suggesting that a change in emphasis in the search 
for the nature of HS specificity is due.

The validity of the concepts of redundancy between HS 
sequences and activity, and the effects of cations on their 
binding properties is illustrated by the binding profiles of 
phage display antibodies to HS structures and HS analogues 
based on a heparin backbone and on cell surface HS (Solari 
V, Rudd TR, Guimond SE, Skidmore MA, Siligardi G, van 
der Westerloo EM, et al., unpublished results). The binding 
of phage display antibodies to heparin analogues of HS 
was shown to be sensitive to exposure to cations, phage 
display antibody binding both increasing and decreasing 
in a complex manner, depending on the polysaccharide in 
question, and on the cation type. Furthermore, the effect 
was also shown on cell surface HS. Phage display anti-
bodies, which bind HS via a short recognition sequence 
comprising several amino acids, appear to be similar to 
proteins in this respect.

In light of these observations, the quest for the separation 
of individual oligosaccharides and subsequent measure-
ment of their activities, undertaken in the hope of uncovering 
a simple correlation between sequence (or substitution pat-
tern) and activity, seems destined to fail. These activities are 
often presented as searches among highly diverse libraries 
but are frequently actually a search for such correlations 
among a set of compounds of very restricted diversity, and 
this continues to confuse investigators. In only one instance 
of which we are aware has a search been made through 
a series of sequences approaching maximum sequence 
diversity (8).

With the above points in mind, the following provisos 
should be appreciated in the search for HS structure-activity 
relationships: 1) correlations between activity and substitu-
tion pattern cannot be understood using a purely reduction-
ist approach, while ignoring conformational changes that 
may occur in the molecule resulting from these changes in 
substitution; 2) correlations between activity and sequence, 
from which over-arching conclusions are extrapolated, have 
little value if based on very restricted sequence diversity 
among the sequences being tested, unless it is established 
that only those sequences are present in vivo in connection 
with the activity in question. A corollary to this is the need 
to have a realistic understanding of the potential sequence 
diversity and that actually observed in a sample.

Redundancy in heparan sulphate 
sequence-activity relationships

The ability of several distinct sequences to impart 
similar, or identical, activity with a particular protein may 
have implications for our understanding of HS biosynthesis. 
Formerly, it was assumed that particular sequences would 
need to be synthesised and their synthesis controlled but 
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this may not be necessary in the way previously understood; 
generation of one or more functional structures may be all 
that is required for a particular activity and, potentially, these 
could comprise a number of quite different sequences and 
substitution patterns.

One aspect that has not yet been explored in much depth 
is the possibility that the activity profile of HS sequences, 
rather than their individual roles, may be the defining activity 
characteristic. Thus, it will be necessary to measure a wide 
range of biological activities for a particular sequence, not 
just single activities, and for differences (perhaps only subtle) 
to be appreciated, before conclusions can be drawn. This 
is related to the recent proposal that HS forms some of the 
major nodes in networks of interacting proteins that lie at 
the heart of mammalian signalling systems (3).

The fact that HS structures can be mimicked by non-
glycosaminoglycan (GAG) sequences has been appreciated 
for some time, but the demonstration that they interact in 
essentially the same way as HS structures and can induce 
similar structural changes in proteins, as well as comparable 
protein stabilisation and activities, is more recent (7,9). 
These findings suggest that non-GAG analogues may 
also be able to serve as HS mimics, not only for individual 
activities, but also as agents capable of eliciting several 
activities, akin to those provided by HS. This may provide 
an important opportunity for HS derivatives, mimics and 
analogues to be employed as a means of intervening in 
biochemical processes for medical purposes. It will be 
important to eliminate unwanted side effects, the most obvi-
ous being anticoagulation through antithrombin and factor 
Xa, as well as interactions with the extrinsic and intrinsic 
clotting pathways, but a range of potential applications are 
evident (10). 

Heparan sulphate is a key player in 
attachment and invasion of microbial 
pathogens and is emerging as a target 
for intervention

The emerging properties of HS suggest that agents able 
to mimic particular charge and shape characteristics may 
be able to elicit similar biological responses and this has 
indeed been shown to be the case in several experimental 
systems. Perhaps the most important scope for developing 
agents capable of interfering with protein-ligand interac-
tions comes in the field of infectious diseases (11). One 
additional feature of these molecules, which distinguishes 
them from conventional small molecule drugs, is their sheer 
size. Not only is there the possibility of mimicking particular 
interactions with proteins during recognition, binding and 
invasion, but the size of complex carbohydrates renders 
them suitable as efficient inhibitors or disruptors of binding 
events because they have the ability to act at several bind-
ing sites simultaneously, or concertedly. The efficiency of 
such processes is greatly enhanced through the multivalent 

effect (12) and examples of this occur during the adhesion 
and invasion of microbial pathogens. 

Proteoglycans and microbial pathogenesis

Proteoglycans (PGs), especially those harbouring 
the structurally diverse HS chains, bind to and regulate 
several biological molecules through their GAG chains. 
These include growth factors, cytokines, chemokines, 
proteinases, antimicrobial factors, ECM components and 
many more (13). In many cases, PGs serve as co-receptors 
that capture ligands and manage the encounter between 
ligands and their signalling receptors. Another possibility is 
that PGs regulate protein-protein interactions by affecting 
the stability, conformation and oligomerisation state of the 
ligand and receptor. In fact, some pathogens can use their 
adhesins and virulence factors to increase their pathogenic 
activities (11). Proteoglycans can also be released from the 
cell surface or ECM by proteolytic cleavage and become 
soluble. When this occurs, PGs may behave differently 
and certain pathogenic bacteria can exploit this to evade 
the defence system of the host. In fact, some pathogens 
possess features capable of modulating the expression or 
function of these proteins to release PGs and render them 
soluble (14).

Proteoglycans and pathogens 

Many viruses bind to the HS moiety of PGs to improve 
their attachment and internalization (15). An example is 
dengue virus, which causes hemorrhagic fever and shock 
syndrome, and is transmitted to humans by the Aedes ae-
gypti mosquito. Interestingly, dengue virus binds specifically 
to immobilized heparin and both heparin and HS ligands 
block infection, suggesting that HSPGs serve as receptors 
on endothelial cells (16). In fact, when endothelial cells are 
treated with heparinase III, which cleaves the polysaccharide 
chains of the HSPGs, infectivity is lost (17). Since the extent 
of infection of the endothelial cells can have a crucial impact 
on the severity of the disease, HS may serve as a promising 
target for controlling the course of the infection. 

Other examples are herpes simplex virus (HSV), sero-
types 1 and 2. HSV has two glycoproteins on its surface, gB 
and gC, which bind to cell surface HSPGs and mediate the 
initial attachment to epithelial, skin, cornea and urogenital 
cells (18). Most studies suggest that syndecan-1 might be 
involved in target cell specificity. However, no HSPGs have 
been identified mediating the HSV binding to target cells, 
but remain a probable candidate. 

It is well known that many bacterial pathogens can bind 
to GAGs and proteoglycans to promote their binding and 
even internalization. Pathogenic leptospires, for instance, 
have been shown to bind to mammalian cell layers in cul-
ture and attach to specific ECM components much more 
efficiently than non-pathogenic, saprophytic, strains (19). 
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Breiner et al. (20) tested L. interrogans (serovar Copen-
hageni) for its binding activity to GAG and proteoglycans 
and demonstrated that this potent human pathogen can 
bind strongly to chondroitin sulphate B and C GAGs. In 
contrast, Borrelia burgdorferi, another pathogenic spiro-
chete, recognizes heparin, HS and chondroitin sulphate 
B, but not chondroitin sulphate C (21). The authors point 
out that heparin is widely used as a tractable model GAG 
and is produced by, and released from, mast cells, so it is 
not normally present in the ECM. On the other hand, HS 
and chondroitin sulphate are distributed widely and serve 
as targets for bacterial attachment. For Leptospira, many 
microbial surface components recognizing adhesive matrix 
molecules have been identified as possible mediators for 
ECM molecules (22). Usually, these proteins bind to the 
repeated elements of the ECM, so it is reasonable that 
they might also recognize the repeats of GAGs. In fact, for 
B. burgdorferi the fibronectin-binding protein also binds to 
GAGs (23). For leptospira the proteins involved in the rec-
ognition of GAGs still remain to be identified, but adhesins 
such as Lig A, LigB, LipL32, TlyC and other family of proteins 
(LenA to LenF, Lsa24 and LfhA) are candidates (24-26).

Neisseria gonorrhoeae causes a common, but often as-
ymptomatic sexual transmitted infection (STI). Cell-surface 
HSPGs serve as co-receptors and direct internalization 
receptors for this pathogen. Available data suggest that 
binding of N. gonorrhoeae Opa protein to syndecan 1 and 
4 is an important step in the pathogenicity of this bacte-
rium. Experiments with cells expressing syndecan 1 and 4 
showed that, although the presence of these proteoglycans 
on the cell surface facilitated bacterial adherence, they did 
not facilitate the invasion of N. gonorrhoeae into the cells 
when alone. This occurs because intracellular signalling 
mediated by the cytoplasmic domain of syndecans is es-
sential to promote the gonococcal invasion (27). In vitro 
assays demonstrated that an alternative invasion route 
for N. gonorrhoeae is to employ HSPGs as co-receptors to 
facilitae fibronectin-mediated internalisation in Hep-2 cells 
(28). The strategy for these bacteria is to use the HSPGs to 
bind fibronectin, and use fibronectin as a bridge to bind to 
integrins, which promotes internalisation of the bacteria. 

For most parasites, the initial binding steps in adhering 
to cells are based on HSPG recognition. The efforts made 
to identify the heparin-binding proteins involved in cell rec-
ognition also providing a prospective target for diagnosis or 
therapy. Trypanosoma cruzi, the causative agent of Chagas’ 
disease, uses a number of different strategies to invade 
mammalian cells. The invasion process is complex and 
involves triggering distinct signalling pathways (29,30), since 
both trypomastigotes and amastigotes are able to invade 
mammalian cells and sustain the intracellular cycle (31). The 
molecules needed for amastigote invasion are still not well 
elucidated, but HSPGs can activate a signalling cascade 
causing a rearrangement of the cytoskeleton (32), which 
is associated with the GAG-binding proteins in amastigote 

forms of T. cruzi (33). Bambino-Medeiros et al. (34) have 
shown that, when amastigote forms are treated with heparin 
and heparan sulphate, the invasion of cardiomyocyte cells 
is prevented by 82 and 65%, respectively. 

Most of the examples given illustrate how microorgan-
isms can use GAGs to adhere to or invade host cells, 
influencing the infection directly. However, another pos-
sibility is to use the proteoglycans to evade host defences. 
It is well known that cationic antimicrobial peptides, such 
as defensins and cathelicidins are important components 
of the innate immune response against many pathogens 
(35) acting by disrupting the lipid membranes of various 
classes of pathogens including Gram-negative and -posi-
tive bacteria, parasites and fungi. It has been hypothesised 
that they probably exploit negatively charged GAGs to 
neutralise the effect of cationic antimicrobial peptides, 
since they are positively charged (35). Staphylococcus 
aureus, a Gram-positive bacterium responsible for caus-
ing infections ranging from dermatitis to meningitis, is able 
to release syndecan-1 from the cell surface by secreting 
virulence factors that stimulate the shedding mechanism 
of the host cell. Metalloproteinases cleave the ectodomain 
of syndecan-1 that binds and inhibits those antimicrobial 
peptides and other host defence factors (36). 

Examples of GAG derivatives and GAG mimetics ex-
ploiting their capacity to adopt suitable charge and confor-
mational arrangements to interfere with adhesion and act 
against bacteria (antimicrobial), viruses and parasites have 
been reported and reviewed (37-40). Important observa-
tions are that, not only can sulphated mimics of HS inhibit, 
or reverse attachment during the infection and disease 
process but, their efficacy is often strongly dependent on 
their size (41), supporting the hypothesis that they exhibit a 
multivalent effect. There are three categories of proteogly-
cans that can inhibit the pathogen interaction: engineered 
GAGs (Escherichia coli K5 polysaccharide, modified HS 
oligosaccharides and periodate-depolymerised heparin); 
polysulfated compounds (carrageenans, phosphoman-
nopentaose sulphate, rhamnan and curdlan sulphate) 
and polysulfonated compounds (suramin, sulfonated 
porphyrin, naphthalene sulfonate polymer). Most of these 
compounds were tested in viruses, inhibiting their attach-
ment and dissemination to the cells (42), or in parasites, 
for instance blocking the P. falciparum rosette formation in 
vitro assays (43). 

These properties are of obvious relevance to those 
striving to discover alternative approaches to preventing, 
or reversing, microbial attachment or invasion. Their am-
bit ranges from antiviral activity to reversal of rosetting in 
Plasmodium falciparum malaria. However, it may be even 
more broadly applicable than previously thought because, 
for example, recent reports have linked severity in non-
falciparum malaria with an ability to form rosette-like struc-
tures in cases of Plasmodium vivax malaria in Brazil (44).
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