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ABSTRACT

Glycosam inoglycans are of critical im portance in in tercellu lar

com m unication in organ ism s. This ubiquitous class of linear

polyan ions in teracts with a wide variety of proteins, including

growth factors and chem okines, which regulate im portan t physi-

ological processes. The presence of glycosam inoglycans on cell

m em branes and in the extracellular m atrix also has resulted in their

exploitation by in fectious pathogens to gain access and en try in to

an im al cells. This Accoun t exam ines the structural and physical

characteristics of these m olecules responsible for their in teraction

with proteins im portan t in cell-cell com m unication .

Introduction

This Accoun t focuses on the role of glycosam inoglycans

(GAGs) in cellular com m unication im portant in the physi-

ology and pathophysiology of m ulticellu lar organ ism s.

Glycosam inoglycans are linear, h ighly charged, acidic

polysaccharides com m only found linked to core proteins

of glycocon jugates called proteoglycans (PGs).1 There are

several m ajor classes of GAGs, including heparan sulfate

(HS)/ heparin , chondroitin su lfate/ derm atan sulfate,

hyaluronan , and keratan sulfate fam ilies (Figure 1). GAGs

covalen tly linked to core proteins (PGs) reside on the

m em brane of cells (i.e., syndecan , decorin , glypican) or

with in the extracellu lar m atrix (ECM). These PGs form a

canopy of negative charge on the upper layer the glyco-

calyx, which coats virtually all an im al cells and acts as the

glue holding together the ECM. Because of their extra-

cellu lar location and conserved structure across virtually

all an im al species, they appear to perform a vital role in

cell signaling and cell-cell com m unication . Heparin is a

specialized HSPG1 un iquely found with in the granules of

certain cells and linked to the core protein serglycin .1,2

Because heparin is released on degranulation in an allergic

response, it appears to have a un ique and possibly

defensive role in response to in fectious and parasitic

disease. Hyaluronan , a second un ique, h igh m olecular

weight, viscose GAG, orders water in the extracellu lar

environm ent giving both structure and flexibility to tissue.

PG biosyn thesis begins with the assem bly of core

protein in the endoplasm ic reticulum . Saccharides are

added through the action of glycosyl transferases in the

Golgi and are subsequen tly m odified through the action

of deacetylases, epim erases, and sulfo-transferases.4 Mul-

tiple isoform s of these enzym es are differentially expressed

in a tem poral and spatial fashion .5 The con trol of th is

biosynthetic process is not well understood, but the result

is the appropriate syn thesis of un ique and specific sac-

charide sequences capable of a variety of biological

functions. As with other carbohydrates, the role of GAGs

is prim arily m ediated through their in teractions with

proteins.6

Biochemical Cascades

In tracellu lar cascades (such as signal transduction ) pri-

m arily rely on protein-protein in teractions. Multicellu lar

organ ism s, however, m ust regulate physiological and

pathophysiological processes in tercellu larly. Moreover,

h igher an im als m ust regulate biochem istry in a dynam ic

flu id-filled cardiovascular system . Here, shear forces and

flow favors weak, m ultivalen t, fast on-rate binding associ-

ated with protein-carbohydrate in teractions, as opposed

to the strong, m onovalen t, slow on-rate binding charac-

terizing protein-protein in teractions.7 Two im portan t

extracellular biochem ical cascades are regulated by GAGs,

the coagulation 8 and com plem en t9 cascades.

Coagulation Cascade. The regulation of hem ostasis

involves both cell- and plasm a-based processes. Cell-

based regulation begins at the endothelial surface that is

lined with HSPG containing a specific saccharide sequence

capable of preventing blood from clotting at the unin jured

endothelial surface. Platelets, also involved in blood

coagulation , form aggregates at the site of an in jury and

release procoagulan ts neutralizing the an ticoagulan t ac-

tivity of HS.10 The plasm a-based blood coagulation cas-

cade is regulated by endogenous an ticoagulan t HS or

exogenously adm in istered heparin .

The coagulation cascade (Figure 2a) is activated by

in trinsic factors with in the blood or extrinsic factors

com ing from tissues at the site of in jury.8 Once activated,

the extrinsic and in trinsic system s cascade through the

action of serine proteases on their inactive apoenzym e

substrates un til the pathways converge with their activa-

tion of apoenzym e factor X to serine protease factor Xa.

Factor Xa then activates apoenzym e prothrom bin (factor

II) to serine protease throm bin (factor IIa). Throm bin acts

on fibrinogen to convert it in to insoluble fibrin that then

form s a clot. This cascade is highly regulated by the

endogenous HS found on the lum en of the endothelium
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as well as the exogenously adm in istered drug heparin .

These GAGs bind to the plasm a protein antithrom bin (AT)

through a specific pen tasaccharide sequence (Figure 2b)

resulting in the extrusion of a loop in AT, m aking it an

excellent substrate and a potent m echanism -based inhibi-

tor of throm bin and several other serine proteases in the

coagulation cascade.

Based on this biochem istry, heparin has been widely

used as an in travenously adm in istered an ticoagulan t.1

About a decade ago, low m olecular weight heparins

(LMWHs), selectively inhibiting factor Xa to a greater

exten t than throm bin , were in troduced. This is because

factor Xa can bind directly to the AT-heparin pen tasac-

charide but throm bin binds to heparin adjacen t to bound

AT and thus requires an additional extended heparin

sequence to form this ternary com plex. The rationale for

in troducing LMWHs was that their selectivity for factor

Xa was believed to result in a reduction of hem orrhagic

com plications. The success of LMWHs, however, is pri-

m arily attributed to their subcutaneous bioavailability

resulting in a decrease in cost to adm in ister.

The regulation of the coagulation cascade relies on

HS-protein in teractions. The site of these in teractions is

spatially restricted to the undam aged endothelium . The

rates of carbohydrate-protein in teractions are very fast

m aking these effective in a dynam ic environm ent. HS

FIGURE 1. Structure of GAGs.

FIGURE 2. Biochemical cascades: (a) coagulation cascade activation of serine proteases leading to a clot; (b) AT-binding pentasaccharide
sequence; (c) complement cascade activation of complement esterases (C) leading to terminal attack complex and cell lysis.
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anticoagulant activity can be controlled at the biosynthetic

level by failure to insert the AT pentasaccharide sequence

and can be rapidly neutralized by the cellu lar release of

procoagulan t proteins, that is p latelet factor 4.

Complement Cascade. The com plem ent cascade (Fig-

ure 2c) is a plasm a-based system consisting of two m odes

of activation , the classical (activated by an im m une

com plex Ab‚Ag) and alternative pathways.9 As in the

coagulation cascade, com plem en t proteins can be acti-

vated by cleavage with both pathways converging to a

com m on pathway with the cleavage of C3. Ultim ately,

com plem en t activation results in form ation of an attack

com plex able to lyse cells, providing an im portan t defense

against pathogens. Endogenous HS regulates this cascade

at a num ber of sites in a num ber of ways. As in the

coagulation pathway, HS/ heparin is able to bind to C1INH

and inhibit C1 activity in the classical pathway. In the

alternative pathway, HS/ heparin in teraction with factor

B can preven t hem olysis, such as that caused by cobra

venom factor.11 HS/ heparin also preven ts com m on path-

way assem bly of the term inal com plex involved in cell

lysis.

Com plem en t activation is im portan t in in fectious

disease but can pose problem s in the form of autoim m une

diseases12 and in extracorporeal therapy where com ple-

m en t is inappropriately or con tinuously activated. Thus,

the application of exogenous GAG represents a poten tially

im portan t avenue of therapeutic in terven tion .

Cell Adhesion

Interaction of ECM Components. ECM resides between

differen t cell types as both a barrier and a scaffold on

which tissues are built. ECM is com posed of GAGs and

proteins with which they in teract. These proteins include

adhesion proteins, fibronectin , vitronectin , lam in in , te-

nascin , and collagen . The GAGs found in ECM include

chondroitin / derm atan sulfates, HS, and hyaluronan . Cel-

lu lar adhesion is particularly im portan t for anchorage-

dependen t cells. Adhesion proteins, such as fibronectin

in the ECM, can in teract through its heparin -binding

dom ain with the HS of cell m em brane PGs, such as

syndecan , prom oting in itial adhesion and acting syner-

gistically with in ternal m em brane proteins such as in te-

grins that bind to the RGD sequences in fibronectin .

In adhesion-anchorage processes, the in itial binding

usually involves the fast on-rate, low-affin ity protein-GAG

in teraction , which is then followed by the slow on-rate,

h igh-affin ity protein-protein in teraction . A classic ex-

am ple of the role of carbohydrates in the in itial even ts of

cell adhesion is in neutrophil extravascularization .

Neutrophils circulating in the bloodstream in itially

in teract with the endothelium through the weak m ulti-

valen t carbohydrate-protein in teraction , resulting in roll-

ing along the endothelium (Figure 3). This in teraction is

the result of selectin and its carbohydrate ligand, either

sLex or HS.13 When the rolling neutrophil stops, it anchors

to the endothelium through integrin-based, strong protein-

protein in teractions. The anchored neutrophil is now in

a position to follow a chem otactic signal through the

endothelium to the underlying tissue site of inflam m ation .

The sites with in adhesion proteins at which specific

GAG sequences bind are the subject of in tensive investi-

gation .14 In terference or prom otion of such in teractions

m ay offer im portan t therapeutic opportun ities. The com -

plex in terplay between protein-GAG and protein-protein

in teractions in cell adhesion requires further investigation .

Chemokine Signaling

Chemokine/Cytokine Function. Chem okines are chem o-

tactic cytokines and are divided in to m ultip le structural

fam ilies based on their conserved cysteine-con tain ing

m otifs.15 Som e chem okines, for exam ple, are released at

the site or an in jury, in fection , or in flam m ation resulting

in a concen tration gradien t. As chem okines diffuse out-

ward from their origin , they can in teract with protein -

based chem okine receptors on neighboring cells signaling

a response, such as cell m ovem ent toward the origin

(Figure 3). The well-studied role of chem okines in neu-

trophil m igration from the blood to a tissue site of

in flam m ation exem plifies th is process.16

Many chem okines in teract with GAGs in the ECM or

on cell m em branes.17,18 These in teractions spatially fix the

soluble chem okine gradien t giving it a larger duration of

chem otactic signaling.19 The fixed chem okine gradien t

m ight be in fluenced by the extracellu lar distribution of

GAGs and specific chem okine binding dom ains with in

GAGs.20 GAG and chem okine catabolism m ight be linked.

The presence of GAG binding proteins (either endogenous

proteins or m icrobial proteins) in the ECM m ight occupy

chem okine GAG-binding sites or disp lace chem okines,

reducing their ability to effectively signal.

Inflammation/Immunity. The roles of GAGs in inflam -

m ation and im m unity are often linked to chem okines,

suggesting the possibility of therapeutic in terven tion .

Recen tly, the widespread application of chondroitin as a

nutraceutical has been driven by its touted an tiin flam -

m atory and an tiarthritic properties.21 Chondroitin up-

regulates the an tigen-specific Th1 im m une response in

sensitized splenocytes, suppressing an tigen-specific (IgE)

allergic responses. This response is the result of secretion

of Th1 chem okines, including in terleukin (IL)-2 and IL-

FIGURE 3. Neutrophil migration and extravascularization follow ing
a cheomkine gradient.
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12, and suppression of Th2 chem okines, including IL-5

and IL-10. The prom otion of Th1 and inhibition of Th2

splenocyte activity is due to the in teraction of a specific

disulfated chondroitin disaccharide sequence with L-

selectin on the T cell.22

HS displays a m ultifactoral affect on the im m une

response.23 In the early even ts, HS is involved in the

com plem en t cascade and the con tainm en t and walling

off of in fection through in teraction with com plem ent and

platelets. In the in term ediate stage, the role of HS in

in flam m ation involves the regulation of the form ation of

chem otactic com plem en t proteins triggering neutrophils

to respond to chem okines and release proteases and

oxidants and endothelial expression of P-selectin prom ot-

ing neutrophil adhesion . This proin flam m atory endothe-

lial response results in its production of chem okines,

including IL-8, m ajor capsid protein (MCP)-1, and regu-

lated on activation norm al T cell expressed and secreted

(RANTES), resulting in the in flux of neutrophils to the site

of in jury. In the final (adaptive) stages of the im m une

response, HS and com plem ent activate antigen-presenting

cells activating m acrophages and leading to enhanced

expression of m ajor h istocom patibility com plex (MHC)

class II, CD54, and CD86 proteins.

One of the m ost im portan t roles of HS in the im m une

response is in the regional con tainm en t of in fection

through regulation of thrombosis, platelet function, comple-

m en t activation , and chem okines. Thus, the location ,

distribution, concentration, and precise chem ical structure

of GAGs with in tissues rem ains an im portan t factor in

con trolling the im m une response.

Signal Transduction

Cell-cell com m unication takes place in the extracellu lar

environm ent when a secreted chem ical from a signaling

cell in teracts with a receptor on the m em brane of a second

(signal receiving) cell. This m em brane receptor on the

second cell acts as an an tennae transducing the signal,

m oving the signal (not the signaling m olecule) across the

m em brane in to the cell. The m em brane-bound protein

receptor often m akes use of a GAG to assem ble an active

signaling com plex.

FGF Signal Transduction. Fibroblast growth factor

(FGF) and the tyrosine kinase in tegral m em brane protein

FGF receptor (FGFR) rely on a HSPG coreceptor to

transduce the signal across the m em brane (Figure 4). An

ordered assem bly24 of a FGF2/ FGFR2/ HSPG2 com plex25

tranduces a signal for gene transcrip tion .

There are 23 m em bers of the FGF fam ily with four

FGFR subtypes. The in teraction of both FGF and FGFR

subtypes with HS is also dependen t on its saccharide

sequence. Furtherm ore, in this com plex25 the nonreducing

term inus of HS is involved, requiring the appropriate

disp lay of a suitable sequence.26 These m ultip le signaling

com ponents can transduce m any different types of signals

resulting in a wide array of cellu lar responses. There also

appears to be tem poral con trol of the activation of th is

pathway im portan t in dictating the nature of the cellu lar

response.27

One therapeutic in terven tion in signal transduction

would be the stable form ation of an incom plete (non-

signaling) com plex to block cell replication for the treat-

m en t of cancer.28,29

Insu lin Signaling. Obesity and diabetes is a growing

health problem in the developing world. Insulin is re-

sponsible for regulating the cellular uptake of glucose and

its regulation is im portan t in the pathophysiology of th is

disease. A num ber of insulin binding proteins also bind

HS and regulate the in teraction of insulin with its protein -

based cellu lar receptors.30 HSPG is also linked to hum an

obesity in Sim pson-Golabi-Behm el overgrowth syn-

drom e31 and excessive weight gain in genetically engi-

neered m ice.32

Knowledge of the role of GAGs in insulin signaling will

be im portan t in treating diabetes and understanding

obesity. Sm all m olecule based up-regulation and down-

regulation of th is signaling m ight have therapeutic im -

portance in the treatm en t of insulin -related diseases.

Developm ent. During developm ent cells replicate and

differen tiate form ing a variety of tissues that even tually

com prise the m ultiple organ system s of an anim al at birth.

The process of cell replication is con trolled by heparin -

binding growth factors. Furtherm ore, m orphogens, such

as chem okines, carry in form ation (or signals) to specific

sites in a developing em bryo that determ ine the dif-

FIGURE 4. Assembly of a FGF2/FGFR2/HSPG2 signal transduction
complex on the outer surface of a cell signaling cell division.
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feren tiation that the cells receiving th is in form ation will

undergo. While m orphogen gradien ts arise by diffusion ,

PGs appear to exert an additional level of con trol on

gradien t form ation and gradien t stability.20

Much of what is known of an im al developm ent is

learned from organism s defective in com ponents essential

in em bryogenesis. Mutan ts with genetic defects in GAG

biosyn thesis can be arrested in the early stages of devel-

opm ent, born dead, born with severe (or m ild) phenotypes

or disp lay no obvious phenotype. The sequencing of the

hum an and m ouse genom es, the iden tification of all the

enzym es involved in GAG biosyn thesis and the successful

production of various knock-out m ice have led to an

im proved but incom plete understanding of the im por-

tance of GAGs in developm ental biology. Rem oval of

chondroitin from the worm Caenorhabditis elegans, arrests

em bryogenesis preven ting the transition from four cells

to eight cells.33 Rem oval of a single isoform of N-deacety-

lase/ N-sulfotransferase results in lethality in m ice at

birth .34 A failure of syndecan for a brief tim e in em bryo-

genesis results in the absence of digits in the lim bs of

m ice. Surprisingly, however, the knockout m ice m issing

the isoform of 3-O-ST, critical in the biosyn thesis of the

AT-binding pen tasaccharide sequence, show no obvious

coagulation abnorm alities. A redundancy of isoform s of

the GAG biosyn thetic enzym es involved in critical func-

tions such as blood coagulation m ay protect against the

catastrophic loss of these individual genes.35 Moreover,

com pensatory m echan ism s, in which differen t GAGs or

sequences within a class of GAGs can substitute for others,

m ay also be an evolutionary protection . Redundancy in

GAG binding partners, such as a m ultip licity of FGFs/

FGFRs, m ay also play a protective role in defective GAG

biosyn thesis.

The application of in term ediate- and high-through-put

screen ing m ethods for protein-GAG in teractions such as

glycan chips offers new ways to diagnose, analyze, and

iden tify genetic diseases relating to GAG structure and

m ight result in im proved approaches for their preven tion ,

treatm en t, or both .

Cancer. There are m any differen t types of cancer, but

each con tains sim ilar elem en ts of uncon trolled cell rep-

lication , abnorm al differen tiation , inappropriate cell m i-

gration leading to m etastasis, and angiogenesis. GAGs play

a role in each of these processes. Growth factors con trol

cell rep lication and cell differen tiation through the signal

transduction pathway. In cells with aberran t differen tia-

tion , neonatal carbohydrate antigens, including GAGs, can

be produced.36 Cell m igration involves chem okine signal-

ing and cancer cell m ovem ent through the GAG-rich ECM.

Indeed, m any m etastatic tum or cells produce heparanase,

which acts to break down HS in the ECM facilitating their

m igration .37 Metastatic tum or cells use the sam e selectin -

m ediated pathway as neutrophils (Figure 3) to en ter and

exit the vasculature in establish ing a secondary tum or. In

angiogenesis, tum or cells release chem okines that recruit

blood vessels from the surrounding tissues and utilize

neovascularization to provide oxygen necessary for rapid

tum or growth.38

GAGs have a num ber of roles in carcinogenesis and

their derivatives or an tagon ists m ight be used to in terfere

with processes such as the assem bly of signal transduction

com plex, blocking cell replication , cell differen tiation or

both .36,39 GAGs with abnorm al structure m ay serve as

m arkers for cancer and m ight be useful in diagnosis or

evaluation of m etastatic form s of cancer.40 GAGs can be

used to m odify chem okine signaling.41 Heparanase inhibi-

tors can inhibit the ability of tum or cells to m igrate to

secondary sites.42 GAG-derived oligosaccharides have also

dem onstrated an tiangiogen ic activity.43,44 Finally, a retro-

spective study of a large num ber of patien ts treated for

cardiovascular diseases with LMW heparins dem onstrated

a decrease in cancer deaths.45 A m ajor reason for heparin’s

chem oprotective effect m ay be through blocking of plate-

lets that cloak circulating m etastatic cancer cells by

in terfering with selectin -m ediated in teraction between

platelets and neonatal m ucin carbohydrates expressed by

the cancer cells.46

Wound Healing and Repair Processes. Many of the

pathophysiological processes assisting the growth and

spread of cancers are physiological processes, considered

in a positive light in wound healing. In wound healing,

tissue regrowth is required, necessitating enhanced cell

replication , cell m igration , neovascularization ,47 and cell

differen tiation . Wounds in a fetus or newborn , expressing

neonatal carbohydrate an tigens, heal faster than those in

adult an im als in the absence of scarring, and GAG content

and structure appears to play a role.48

GAGs, such as heparin , have been used in the treat-

m en t of wounds including ulcers, stroke, diseased heart

m uscle, and atherogenesis.47 Despite a fear of bleeding

associated with the use of heparin in wound healing

applications, it appears that the an ticoagulan t activity is

separable from wound healing activity. Furtherm ore,

wound flu id is particularly rich in HS oligosaccharides,

suggesting that these m olecules are an in tegral part of the

norm al physiological process of wound healing.47

Pathogen Recognition

Since pathogens coevolved with their hosts, they devel-

oped a m eans to subvert the use of host extracellu lar

receptors for in fection .49,50 GAGs are am ong the m ost

prom inent of these receptors acting like a canopy covering

the glycocalyx of an im al cells. The low-affin ity, m ultiva-

len t, fast on -rate b in din g associated with protein-

carbohydrate in teractions is ideally suited to the binding

of cell-cell, cell-virus, cell-bacteria, and cell-parasite

in a dynam ic environm ent. Moreover, host proteins that

recogn ize and bind to GAGs, such as growth factors and

chem okines, are acquired and incorporated in to the

genom e of in fectious pathogens because they provide an

advan tage of allowing the in fectious agen t to bind to the

host cell and gain access to its surface proteins that can

act as receptors facilitating in fection .

In addition to acquiring host proteins to localize and

infect anim al cells, m icrobial pathogens also subvert GAG-

m ediated processes, including chem okine signaling.51
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Microbes do this by producing proteins with chem okine

or chem okine receptor activity, altering host expression

of these proteins, producing GAGs or analogues, or

producing enzym es capable of degrading chem okines or

chem okine receptors of GAGs. These m icrobial strategies

act to dysregulate neutrophil chem otaxis (Figure 3) cir-

cum ven ting host response and help ing the m icrobe to

evade the host in flam m atory response and im m une

system .

Viruses. Viruses are obligate in tracellu lar parasites that

take over the m achinery of their host cell acquiring genes

that give advan tage in in fection and replication . It is clear

that GAGs play a role in in fection by herpes sim plex virus

(HSV) and hum an im m unodeficiency virus (HIV) based

on the inhibitory effect of heparin and syn thetic polyan-

ions on viral in fection .52,53 Heparin -binding m otifs in

an im al proteins, such as growth factors,54 are also found

in viral envelope proteins, suggesting that virus in fection

m ight be linked to viral binding to sites on HSPGs involved

in growth factor signaling. Furtherm ore, a study of the

specific sequences in HS that bound growth factors and

the tissue/ organ distribution of HS with these sequences

have helped explain the tropism of viral diseases including

Dengue55 virus and hepatitis C virus (HPCV).56 A highly

sulfated decasaccharide sequence binding Dengue en-

velop protein was effectively m im icked with a curren tly

used polyanionic drug, suram in, suggesting a new antiviral

application for th is agen t.57,58 In the future, chem okines

m ight also be exam ined to determ ine whether viruses are

m im icking their heparin -binding dom ains.

Recen t studies on HSV suggest that a specific isoform

of 3-O-sulfotransferase is capable of in troducing a sulfo

group critical for both binding and en try of HSV in to its

host cell53,58 (Figure 5). Furtherm ore, the distribution of

th is isoform offers an explanation of the susceptibility of

brain to HSV infection .

Bacteria. Bacteria express GAG-binding proteins that

are im portan t in adhesion and invasion , both critical

elem en ts in pathogenesis. Diverse bacteria including,

Bordetella pertussis, Borrelia burgdorferi, Chlam ydia tra-

chom atis, Helicobacter pylori, Listeria m onocytogenes,

Neisseria gonorrheae, and Streptococcus pyogenes bind to

HS on the surface of cells.59 Chlam ydia is a particularly

unusual exam ple because it is an obligate in tercellu lar

bacteria involved in a variety of diseases in m an . The

attachm ent of Chlam ydia to host cell is m ediated by GAG

bridges between protein receptors on both bacteria and

host cells and binding can be disrupted with heparin or

HS.50 HS m ediates Listeria and Neisseria invasion of host

cells.60,61 The m ajor surface-expressed viru lence protein

in Streptococcus pyogenes, M-protein , binds derm atan

facilitating is adhesion and penetration through skin .59

Bacteria also can produce enzym es capable of breaking

down GAGs. Proteus vu lgaris, for exam ple, uses its broad-

specificity chondroitin ABC lyase to penetrate the skin

barrier to in fect its hum an host.59 Additional pathogen ic

bacteria need to be studied for their in teraction with HS

and other GAGs because the in terference of th is in terac-

tion m ight represen t a poten tially useful new an tibiotic

approach.

Parasites. Leshm ania are in tracellu lar protozoan para-

sites that cause a variety of illnesses in m an . Heparin

in terferes with adhesion of these protozoans. Trypano-

som a cruzi, the parasite that causes Chagas’ disease,

FIGURE 5. Binding of HSV surface glycoprotein gC to target cell
HSPG (binding 1) followed by gD and gC to both protein and HSPG
receptors (binding 2) resulting in membrane fusion, penetration, and
infection.

FIGURE 6. Life cycle of the malaria parasite being transmitted from
mosquito to man; transfer of circumsporozoite from a putative HSPG
in the mosquito salivary gland to HSPG receptor in human liver.
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m ultiplies in the gut of insects before they are transm itted

to m an . Their binding to hum an host cells is in terfered

with heparin . The m ost studied and certain ly the m ost

im portan t parasitic in fection is m alaria, which kills m ore

hum ans than any other in fectious disease. Plasm odium

falciparum sporozoites carried by the Anopholes m osquito

are in jected in to hum ans where they rapidly in fect the

liver (Figure 6). Hepatocytes are invaded through the

in teraction of circum sporozoite protein with a highly

sulfated liver HSPG. This HSPG is apparen tly the apoE

receptor responsible for lip id m etabolism in the liver.62,63

Different Plasm odium species infect different anim als (i.e.,

hum ans, nonhum an prim ates, roden t, avian , etc.). The

liver HS of these species differ and m ay be partially

responsible for this species specificity.64 Insects are known

to produce HS. The structure of HS from the m idgut and

salivary glands of Anopholes m ay be sim ilar to that of

hum an liver HS. Sm all sulfated m olecules are poten tial

agen ts for preven tion or treatm en t of m alaria in fection

in m osquito or hum an hosts.

Conclusions

GAGs are im portan t in in tercellu lar com m unication in

an im als. Their prom inen t extracellu lar location and their

ubiquitous presence in all an im als have ensured their

im portance in evolution . The high negative charge as-

sociated with GAGs facilitates their in teraction with a large

array of extracellu lar proteins.6 The linear structures of

GAGs restrict m ovem ent of bound proteins to one dim en-

sion in three-dim ensional space, facilitating in tercellu lar

com m unication over these m olecular wires.7 The fast on-

rates and m ultivalency of protein-GAG binding m ake

these in teractions particularly im portan t in dynam ic

system s. GAGs also act to facilitate m olecular encoun ters

between proteins in the assem bly of m ulticom ponen t

com plexes. An im proved understanding of the role that

GAGs play in cellu lar com m unications should facilitate

the developm ent of new therapeutic strategies for the

treatm en t of a wide variety of disease states.
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