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`Heparin' ± from anticoagulant drug into the
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This overview attempts to cover, from a personal viewpoint, the development of the `heparin' ®eld during the last four
decades. In particular, it emphasizes the metamorphosis of heparan sulfate (HS), from a disturbing contaminant in
heparin production to the present-day key player in cell and developmental biology. Our understanding of the structural
properties of the polysaccharides has been greatly promoted by studies of their biosynthesis. We now have a fairly
detailed view of the various enzymatic reactions, that convert the initial [4GlcAb1-4GlcNAca1-]n polymer into sulfated
products with highly variable proportions of GlcA=IdoA and of N-acetyl, N-sulfate and O-sulfate substituents. It is also
recognized that the variously substituted domains of the polysaccharide serve to interact, in more or less speci®c
fashion, with a multitude of proteins, and that these interactions are essential to the biological functions of the proteins.
Molecular genetics has unravelled the gene structures for almost all of the enzymes required to synthesize a heparin or
HS chain, and has shown that several of these proteins exhibit genetic polymorphism. While differences in substrate
speci®city between enzyme isoforms may help to explain the structural variability of, in particular, HS chains, we still only
partly understand the key features of heparin=HS biosynthesis and its regulation.
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My ®rst experimental encounter with heparin, in fact with

research on the whole, was in 1962 when I began my graduate

training at the LaRabida Children's Hospital in Chicago, at the

connective-tissue research center headed by Albert Dorfman. I

have continued the study of `heparin' ever since, and thus have

been able to watch at close range its remarkable development

from a poorly characterized antithrombotic drug to a most

intriguing player in cell and developmental biology. In the

present paper I will attempt to outline this development, with

some bias toward studies in our own laboratory.

Dull as it may seem, a matter of nomenclature is unavoid-

able. Heparin (`the stuff kept in bottles and given to patients')

may be de®ned as the glucosaminoglycan produced by

connective-tissue type mast cells, as part of the serglycin

proteoglycan; all related polysaccharides, generated by other

cells, are heparan sulfates. Generally, the two species may also

be distinguished by structural criteria alone, regardless of

tissue or cell source, heparin being more extensively sulfated

than heparan sulfate (HS) [1]. While objections may be raised

to either of these de®nitions, they should be kept in mind by

readers confronted with indiscriminate reference to `heparins'

or even `heparans' in current literature. For simplicity I will

use current nomenclature for all glycosaminoglycans (GAGs)

throughout this account.

Structural aspects

In the early 60's the proteoglycan (a term not yet in use at the

time) concept was recognized in that chondroitin sulfate chains

were known to be bound to serine residues in polypeptide core

structures. Lennart RodeÂn and his coworkers isolated sacchar-

ide substituted polypeptide (`millipede') following digestion

of the major cartilage proteoglycan with testicular hyaluroni-

dase, and proceeded to generate small glycopeptides (`milli-

pede legs') through proteolytic degradation of the core.

Analysis of the product unexpectedly showed the presence

of two neutral monosaccharides, one of which was identi®ed

as galactose, the other tentatively as xylose (`the pink spot'

observed on paper chromatograms stained with aniline hydro-

gen phthalate). Since residual amino acid residues had been

found also in some heparin preparations I was assigned the

task, as part of my thesis project at LaRabida, to analyse this

polysaccharide for the occurrence of neutral sugars. The ®nal

result of this work was the identi®cation of the same GlcAb1,
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3Galb1,3Galb1,4Xylb-O-serine `linkage region' attached to

both heparin and chondroitin sulfate chains (reviewed in [2]).

RodeÂn supervised the project, an outstanding privilege for me

who was then his only (and ®rst) graduate student. I still

bene®t from his mentorship.

After graduation, in 1966, I started to build up an indepen-

dent research group in Uppsala, still with focus on heparin.

This became possible due to the generous support of Torvard

Laurent, then head of polysaccharide=polymer research at the

Department of Medical and Physiological Chemistry, Univer-

sity of Uppsala. The current notion of heparin at the time was

that of a polymer composed largely of repeating -4GlcA(2-

OSO3)a1-4GlcNSO3(6-OSO3)a1-disaccharide units (Figure 1).

The ®nding by Cifonelli and Dorfman of L-iduronic acid

(IdoA) in heparin [3] had been dismissed, by and large, as

being due to contamination with dermatan sulfate (where IdoA

was ®rst detected, by Karl Meyer, the great pioneer of the

GAG ®eld). Nevertheless, our analysis, mainly based on paper

chromatography of products obtained by deamination with

nitrous acid and acid hydrolysis revealed IdoA as the major

hexuronic acid component of heparin, and further showed that

most of the hexuronyl 2-O-sulfate groups are bound to IdoA

and not to GlcA units [4,5]. The occurrence of IdoA was

veri®ed by other groups using different techniques, including

NMR [6] (see also [7]). Torsten Helting, then a graduate

student in our group, found that GlcA residues could be

added to the nonreducing termini of the appropriate

-GlcNAc-GlcA- sequences, using a microsomal fraction

from a heparin-producing mouse mastocytoma as enzyme

source [8]. Unexpectedly, the GlcA units thus incorporated

could be released by treatment with b-D-glucuronidase,

suggesting that the GlcA residues in heparin might be linked

in b-D-rather than a-D-con®guration as previously assumed

(mainly based on the optical properties of heparin solutions).

This ®nding, along with NMR studies [9] (see also [7]),

established the b-D-gluco and a-L-ido con®gurations for the

hexuronic acid components in heparin, with inverted structures

at C5 but identical disposition at C1 (Figure 2A). Analogous

copolymeric arrangement of hexuronic acid units was found in

dermatan sulfate by Lennart RodeÂn and Lars-AÊ ke Fransson

[10]. Notably, at this time (early 70's) rare (`unique') structural

components of heparin, such as the GlcN 3-O-sulfate group

(see below) were yet to be discovered.

Polysaccharides structurally related to but less sulfated than

heparin were early recognized in heparin manufacture, as `side

fractions' that needed to be eliminated during the production

process. While HS was de®ned as a distinct molecular entity

already in 1948, by Erik Jorpes and Sven Gardell [11], the

elucidation of its structure, more complex than that of heparin,

has been a slow, painstaking process. The single most impor-

tant contribution to this process, in my opinion, was the

demonstration of the basic domain structure of the polysac-

charide by Joseph A. (`Tony') Cifonelli, who applied nitrous

acid to distinguish between N-sulfated and N-acetylated

regions of the chain [12] (Figure 2A). The resultant deamina-

tive cleavage was exclusively restricted to N-sulfated GlcN

units, whereas N-acetylated sequences were left intact, such

that the N-substitution pattern could be deduced from

the amounts of variously sized oligosaccharide degradation

products. Cifonelli, an outstanding scientist with a unique

sense of humor, also worked at LaRabida, introduced me to

the nitrous acid technique and thus enabled the demonstration

of scarce N-acetylated GlcN residues also in heparin [4,13]

(Figure 2B). We found, through serendipity, that the target

speci®city of the nitrous acid reaction could be manipulated

through changes of pH conditions [14], and this observation

was re®ned by Edward Conrad into procedures for selective

attack of either N-sulfated or N-unsubstituted GlcN residues,

with concomitant cleavage of the saccharide chain [15]. We

further noted that N-acetyl groups in heparin could be released

by hydrazinolysis, without any apparent loss of sulfate groups

[16]. Conrad and coworkers optimized the conditions for N-

deacetylation of GAGs, and showed that N-deacetylated HS

could be largely converted into disaccharides by nitrous acid

treatment at the appropriate pH [17]. The procedures for N-

deacetylation and selective nitrous acid cleavage elaborated by

Conrad et al. remain invaluable tools for compositional analy-

sis of HS and for selective dissection of HS chains, to generate

fragments derived from various types of saccharide domains

(see [7]).

The detailed characterization of HS domain structure and

organization is still underway. Most of the information avail-

able has been obtained in our laboratory, using the chemical

methods described above in conjunction with NaB3H4 labeling

of cleavage products, and in that of John Gallagher and

coworkers, who employed enzymatic degradation of metabo-

lically radiolabeled HS [7,18±20]. Some key features are

incorporated in Figure 2A, that depicts a hypothetical HS

sequence composed of contiguous N-acetylated and

N-sulfated stretches (NA- and NS-domains, respectively) and

also mixed structures (NA=NS-domains). The NA-domains

contain essentially -GlcA-GlcNAc- disaccharide units,

whereas the NS- and NA=NS-domains both contain IdoA

and GlcA residues as well as GlcN 6-O-sulfate groups.

Remarkably, 2-O-sulfation of the IdoA units appears to be

restricted to the NS-domains. Comparison of the

®nal polymeric structures generated through the biosynthetic

processes illustrated in Figures 2A and 2B suggests that

heparin, from a strictly structural angle, may be considered

essentially an extended and highly O-sulfated NS-domain.

Figure 1. `Heparin' in 1960.
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Figure 2. Schematic illustration of polymer-modi®cation reactions in the biosynthesis of HS (A) and heparin (B). The disaccharide
structures shown under the scheme in panel A de®ne the various symbols used. The target residues for the various enzymes (NDST,
GlcNAc N-deacetylase=N-sulfotransferase; EPI, GlcA C5-epimerase; 2-OST, hexuronyl 2-O-sulfotransferase; 6-OST, GlcNR 6-O-sulfo-
transferase; 3-OST, GlcNR 3-O-sulfotransferase) are indicated by arrowheads. Panel A emphasizes the generation of the typical domain
structure of a HS chain. Note that both the HS and the heparin structure illustrated contain the AT-binding pentasaccharide sequence
(indicated in panel A only).
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Recent observations point to strictly regulated distribution

of 2-O- and 6-O-sulfate groups in HS. We thus found that

whereas 2-O-sulfation of human aortic HS remains essentially

constant, the proportions of 6-O-sulfate groups increase

steadily with increasing age [21]. HS preparations from

different organs differ in composition, in apparently similar

manner from one individual to another [18,22,23], and subject

to distinct changes in certain disease conditions [23]. The

proportions of 2-O- and 6-O-sulfate groups vary indepen-

dently with the length of the NS-domains [24]. Attempts at

sequence analysis, in Gallagher's group, suggested preferential

6-O-sulfation at distinct sites of metabolically radiolabeled

NS-domains [20].

In addition to the potential sequence variability conferred by

the major structural components recognized in heparin and

HS, i.e. the three monosaccharide units (GlcN, GlcA, IdoA),

the N-acetyl and N-sulfate groups, and the IdoA 2-O-sulfate

and GlcN 6-O-sulfate groups, we also need to consider the

`rare' components that generally occur much less frequently.

To date, such components include the GlcN 3-O-sulfate

group (required for antithrombin binding; see below), the

N-unsubstituted GlcN residue, and the 2-O-sulfated GlcA

unit [7]. Maybe there are more; for instance, it is notable

that no 3-O-sulfated hexuronic acid residue has yet been found

in heparin or HS.

Given the multitude of building blocks so far identi®ed in

the polysaccharides, the potential for sequence variability is

obviously enormous. To what extent is this variability

exploited in the body, in regulated fashion? This key issue

in `heparin' research was highlighted by the ®nding of Jaap

van den Born, that different anti-HS monoclonal antibodies

recognized distinct cell types in rat kidney. While none of the

cognate HS epitopes has yet been de®ned, van den Born

identi®ed, during a visit as guest scientist in our laboratory,

N-unsubstituted GlcN as an essential component for recogni-

tion by one of these antibodies [25]. Similar distinct staining

patterns were reported by Toin van Kuppefelt using phage-

display antibodies [26]. Do all of these distinct epitopes

depend on the occurrence of a `rare' component, such as

N-unsubstituted GlcN, or can they also be formed through

unique combinations of the `major' structural building blocks

described above? The ultimate answer to this problem will

require access to micro-scale HS sequencing techniques, that

are currently being approached through different strategies

(masspectrometry, exo-enzyme digestion) by several groups,

including our own [27±29].

Our laboratory was also involved in some of the early

characterization of heparin and HS proteoglycan structures.

We proposed, albeit based on rather crude experiments (gel

chromatography before and after alkali treatment, followed by

colorimetric assay for hexuronic acid), that native HS may

indeed occur in proteoglycan molecules composed of several

polysaccharide chains linked to a common polypeptide core

[30]. Magnus HoÈoÈk and his graduate student, Lena KjelleÂn,

subsequently found that HS proteoglycans may be anchored at

the cell surface through intercalation of core proteins in the

plasma membrane [31], a concept that was further developed

through cloning of the various members of the syndecan

family [32]. The large number of HS-proteoglycans known

today includes also the glypicans [32], a group of phospha-

tidyl-inositol-anchored core proteins, and the extracellular

species, perlecan and agrin [33]. A `macromolecular heparin'

isolated from proteolytically degraded rat skin by Alan Horner

was shown by Clem Robinson, who spent a sabbatical in our

lab, to be a proteoglycan susceptible to alkaline b-elimination,

with serine and glycine as the only amino-acid residues

present in signi®cant amounts. We proposed, based on these

®ndings, that the polysaccharide-substituted portion of the

heparin proteoglycan consists of alternating serine and glycine

units [34], and this proposal was veri®ed by cloning of the

serglycine cDNA from heparin-producing mast cells [35].

Notably, all of these heparin and HS proteoglycan species,

as well as most (or all?) of the chondroitin and dermatan

sulfate proteoglycans characterized to date, appear to share the

same basic -GlcA-Gal-Gal-Xyl-O-Ser polysaccharide-protein

linkage region that we initially identi®ed in commercial

heparin.

Function

Early studies of the functional properties of heparin were

essentially restricted to two types of biological activities, the

blood anticoagulant activity and the antilipaemic activity

(associated with the `clearing factor' released into the blood

upon administration of heparin in vivo). These activities were

both found to be due to the interaction of heparin with

proteins, antithrombin and lipoprotein lipase, respectively.

The former activity has been exploited since the 1930's in

prevention and treatment of thromboembolic disease, for most

of this time with poor understanding of the molecular mechan-

ism behind the effect. Early clues to this mechanism were the

identi®cation by Ulrich Abildgaard of the major `heparin

cofactor' as antithrombin (AT) [36], and the elucidation, by

Robert Rosenberg, of the catalytic mode of action of heparin

in promoting the inhibition, by AT, of the serine proteinases of

the coagulation cascade [37]. The ®rst indication for the

requirement of a speci®c heparin structure in the interaction

with AT was the ®nding by three different groups, that of

Rosenberg, our own, and Lars-Olov Andersson and his

coworkers at KabiVitrum in Stockholm (70 km south of

Uppsala!) that only a portion of the molecules in standard

heparin preparations was capable of such interaction [38±40].

We next established that the AT-binding sequence was

contained within an octasaccharide fraction, recovered after

partial deaminative cleavage with nitrous acid. Careful dissec-

tion of such AT-binding octamer identi®ed the pentasaccharide

structure shown in Figure 3 as the actual binding sequence,

and implicated a `rare' component, the 3-O-sulfate group on

the internal GlcN unit, as being essential for the interaction

[41]. Other, more ubiquitous, components, such as the two
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N-sulfate groups and the 6-O-sulfate group indicated in the

®gure, were also found to be important for the interaction

[42,43]. These structure±function relationships were

con®rmed and extended through impressive chemical synth-

esis of the active pentasaccharide along with numerous deri-

vaties, by Pierre SinayÈ, Maurice Petitou and their collaborators

[44,45]. The applicability of chemical saccharide synthesis as

a tool in studies of structure±function relations for GAGs is

likely to extend far beyond the heparin-AT interaction.

The elucidation of the AT-binding sequence in heparin

initiated several new lines of research. In a series of elegant

studies Rosenberg and coworkers showed that the AT-binding

sequence, including the `unique' 3-O-sulfate group, is not

restricted to heparin, but is also expressed, albeit in highly

selective fashion, in HS [46]. We as well as other groups found

that the AT-binding pentasaccharide sequence alone was suf®-

cient to promote the inactivation by AT of certain coagulation

enzymes, such as Factor Xa, but was relatively inef®cient with

other factors, such as thrombin. These observations led to the

proposal of the `template' mechanism, by which certain

coagulation enzymes are ef®ciently inactivated only if both

the proteinase and AT are bound to the same polysaccharide

chain (reviewed in [43,47]). Importantly, the new, detailed

understanding of the action mechanism of heparin was pre-

requisite to the development of `low-molecular weight

heparin', a major advance in clinical routine prophylaxis

against thromboembolic disease (see [7]). Still a number of

functional problems relating to this particular structure remain

to be resolved; for instance, why is it abundant in the heparin-

like GAG of certain marine mussels, that have no blood to

anticoagulate [48]?

It is now generally agreed that the biological function of

HSs is, by and large, to interact with proteins. Is the structural

diversity of HSs from different cells and tissues indeed

speci®cally tailored to provide selective binding sites for

different proteins? Notably, most of the recognized protein

ligands for HS also bind heparin, in seeming contradiction of

the notion of selectivity. Selectivity based on limited numbers

of N- and O-sulfate groups in de®ned positions may, however,

still be at hand, since most such combinations would actually

be presented, albeit in concealed form, also by the fully

sulfated heparin molecule [49]. Indeed, recent studies by our

group and others indicate that many proteins bind NS type

oligosaccharide sequences that contain limited numbers of

2-O- and 6-O-sulfate groups. Such mode of interaction has

now been inferred for a variety of proteins, including lipopro-

tein lipase [50], platelet-derived growth factor A [51], basic

®broblast growth factor (FGF-2) [52±55], acidic ®broblast

growth factor (FGF-1) [54,56], ®bronectin [57], the Herpes

simplex gC glycoprotein [58], and the angiogenesis inhibitor

endostatin [59]. Functional implications are apparent for

several of these interactions. Thus, binding of FGFs to cell-

surface HS greatly promotes FGF-receptor activation

(reviewed in [7]); binding of the viral glycoprotein to HS at

the target cell surface is prerequisite to infectivity; and binding

of endostatin to HS at the vascular endothelium prevents

development of capillaries. While attempts have been made

to de®ne the minimal HS sequences for binding of some of

these proteins, this area of research remains largely unex-

plored. However, compositional analysis alone demonstrated

distinct structural requirements for binding of HS to FGF-2

(a single 2-O-sulfate but no 6-O-sulfate groups) vs. FGF-1

(both 2-O- and 6-O-sulfate residues) [53,56,60], and this

difference has been associated with distinct cellular responses

to the growth factors [61] and to selective interactions of the

growth factors with vascular HS from individuals of different

age [21,56]. While these isolated ®ndings seem compelling,

the speci®city of HS-protein interactions in general is not

readily assessed. In theory, a very large number of different

protein-binding domains could be generated by regulated, site-

speci®c incorporation of the `common' sugar and sulfate

residues ± but to what extent does this actually happen?

Given the current development of HS sequencing techniques,

this issue will most likely be resolved within the next few

years.

Another intriguing problem, but one that now appears to be

settled, is the functional role of IdoA units. For all our interest

in this constituent, its distribution, biosynthesis, constant

location in the AT-binding region, we have been disturbingly

unable to explain why IdoA is needed in the polysaccharide

chain. Notably, it was well established that the IdoA-contain-

ing GAGs, dermatan sulfate and HS, are more prone to protein

binding than chondroitin sulfate, that lacks IdoA but has

similar overall charge density. The clue to the functional

properties of IdoA was unravelled by Benito Casu and his

colleagues, who proposed that the unique conformational

Figure 3. Structure of the pentasaccharide sequence in heparin and HS required to bind and activate AT. The circled sulfate groups are
particularly important to the interaction. The `rare' 3-O-sulfate group is indicated by an asterisk (*).

`Heparin' ± from anticoagulant drug into the new biology 601



¯exibility of IdoA serves to facilitate the approach of the

anionic groups of the GAG to appropriate basic groups of a

protein ligand (see [7]).

Demonstrating binding between HS species and proteins

in vitro is not the same as implicating these interactions in

biological functions. There has always been a nagging ques-

tion ± Is this important? The demonstration by, in particular,

Alan Rapraeger in the early 90's, that HS-de®cient cells were

unable to respond to the mitogenic, and other, effects of FGF-2

[62] was therefore received with enthusiasm by the GAG-

oriented community. Several groups, including our own,

became involved in the growth factor area. We found that

whereas the minimal �5-mer saccharide domain suf®cient for

FGF-2 binding was unable to restore the mitogenic response to

HS-de®cient cells, a 12-mer was almost as ef®cient as a full-

sized polysaccharide chain. Moreover, the structure of the

additional piece appeared to differ from that needed to

merely bind the FGF-2 molccule [63]. These ®ndings, along

with those of Gallagher and his coworkers [64,65], suggest

that in order to promote the functional interaction between the

growth factor and its receptor (ultimately leading to receptor

dimerization), the HS chain needs to interact with both the

receptor and the growth factor molecules. Alternative hypoth-

eses by other groups favor dimerization of growth factor

molecules along the HS chain. Results compatible with

either view have been recently obtained through crystallogra-

phy ± a future key technique in the area? ± of growth factors,

their receptors and oligosaccharides [7]. An exciting develop-

ment can be foreseen.

The ®nal boost to shatter any doubts on the biological

signi®cance of HS-protein interactions came from unexpectcd

direction. Developmental biologists have uncovered an array

of genes, in ¯ies, worms and mammals, with essential roles in

embryonic development. It is only recently, when molecular

genetics conquered also the proteoglycan ®eld, that the func-

tional roles of many of the corresponding proteins became

apparent. Information from quite diverse ®elds of research

thus has revealed that an appreciable proportion of develop-

mentally important genes encode either core proteins of

HS-proteoglycans, enzymes involved in the biosynthesis of

HS chains, growth factors=cytokines that depend on HS for

their proper presentation=function, or the receptors of such

factors [66,67]. The interaction between the ®elds of `heparin'

research and developmental biology is likely to expand.

Biosynthesis

Having worked for some time with the structural aspects of

heparin I became interested in the mechanism of its biosynth-

esis. These studies were initiated around 1970 and have

developed ever since, with continually new questions relating

to the increasingly complex structural and functional aspects.

The foundation for these studies had been established through

the pioneering efforts of Jeremiah Silbert, who showed that

incubation of a microsomal fraction from the Dunn-Potter

mouse mastocytoma with UDP-GlcA and UDP-GlcNAc

yielded a nonsulfated polysaccharide, that was resistant to

digestion with testicular hyaluronidase but susceptible to

degradation by a `heparinase' from Flavobacterium hepari-

num. In the presence of the sulfate donor, 30-phosphoadeno-

sine-50-phosphosulfate (PAPS), a sulfated polysaccharide was

formed, which was shown to contain N-sulfate groups [68,69].

Nils Ringertz, at the Karolinska Institute in Stockholm, who

had previously used the Furth mastocytoma to demonstrate the

incorporation of radiolabeled sulfate into a heparin-like poly-

saccharide, gave me a sample of this tumor that had been kept

frozen for more than 5 years. The tumor turned out to remain

viable upon inoculation into the appropriate inbred mice, and

it has now been maintained in the lab for more than 30 years.

Contrary to other mastocytomas, `our' tumor maintained its

ability to synthesize heparin, and thus has been invaluable as a

source of cells, microsomal preparations, enzymes, and grad-

uate thesis projects.

Most of the key experiments were conducted with a micro-

somal fraction from the tumor. In brief, it was demonstrated

that the initial assembly of a nonsulfated structure, composed

of alternating GlcA and GlcNAc units, is followed by a series

of polymer modi®cation reactions that occur in ordered

sequence, regulated in large part by the substrate speci®cities

of the enzymes involved (Figure 2) (reviewed in [7,49,70±72].

While the nonsulfated polysaccharide formed in the absence

of PAPS is partially N-deacetylated, the free amino groups

become rapidly sulfated upon addition of the nucleotide

sulfate. The N-deacetylation and N-sulfation reactions are

catalyzed by the same, bifunctional enzyme [73,74], and

presumably occur in concerted fashion in the intact cell.

Following the introduction of N-sulfate groups, the polysac-

charide is recognized as a substrate by the GlcA C5-epimerase

that converts GlcA to IdoA units at the polymer level, and also

by O-sulfotransferases that catalyze sulfation at C2 of IdoA,

C6 and C3 of GlcNR units, essentially in the order mentioned.

The process is amazingly ef®cient, a heparin chain, Mr 60±

100� 103, being formed, as part of the serglycin proteoglycan,

in less than 30 s. Various hypothetical models of the biosyn-

thetic machinery have been advanced, and modi®ed as more

information has become available. Our current view features

a unidirectional process, the nascent polysaccharide chain

moving through a complex of membrane-bound Golgi

enzymes while still growing through addition of alternating

GlcA and GlcNAc units at the nonreducing end [49]. While

the models may be speculative (as has been pointed out by

some colleagues) I still feel that they are warranted, not only as

a basis for future experimentation, but also as a convenient

means of visualizing the current information relating to a

complex process.

Studies of GAG biosynthesis, as many other ®elds, have

been revolutionised through the introduction of molecular

genetics techniques. All enzymes required to generate a

heparin=HS chain (with some reservation for the linkage

region to protein) have now been cloned and expressed, and
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information regarding their molecular structures, substrate

speci®cities, catalytic properties and expression patterns is

rapidly accumulating. Some characteristics and current

problems relating to the individual reactions will be brie¯y

considered. The initial polymerization reaction, by addition of

GlcA and GlcNAc units, was found to be catalyzed by a

bifunctional enzyme. Molecular cloning showed that it

belongs to the EXT family of `tumor suppressor' proteins,

defects of which lead to hereditary multiple exostoses and

other tumor forms. Intriguingly, two isoforms, EXT1 and

EXT2, need to be associated to generate a functional `poly-

merase' [75]. Also the ®rst polymer-modi®cation reaction, the

N-deacetylation=N-sulfation of GlcNAc units, is catalyzed by

a bifunctional enzyme that occurs in several isoforms [76,77].

By contrast, both the GlcA C5-epimerase (partial clone

published [78]; full-length expressed form now available

with much higher activity (Li et al., in preparation)) and the

IdoA 2-O-sulfotransferase [79] have so far been found as

single forms only. The same enzyme thus would seem to

catalyze the formation of IdoA units in both heparin and HS.

Even more striking, the same 2-O-sulfotransferase acts on both

GlcA and IdoA units [80]. Conversely, both the GlcN 6-O-

[81] and 3-O-sulfotransferases [82] occur as multiple

isoforms, that show subtle differences in substrate preference.

Two recent, exciting ®ndings demonstrate the functional

importance of enzyme polymorphism in heparin=HS biosynth-

esis and biology. A subset of the 3-O-sulfotransferase was

found to 3-O-sulfate rare N-unsubstituted GlcN units in HS to

create speci®c binding sites for the Herpes simplex gD

glycoprotein, essential for viral entry into target cells [83].

Further, targeted disruption of the N-deacetylase=N-sulfo-

transferase gene 1 in mice lead to major derangement of HS

structures and a severe, lethal phenotype [84], whereas elim-

ination of gene 2 selectively abolished heparin formation in

mast cells but left the animals otherwise seemingly unaffected

[85]. The functional signi®cance of the enzyme isoforms

presumably relates to a variety of factors, including substrate

speci®city, expression patterns, and interactions with other

(enzyme or nonenzyme) Golgi proteins.

Perspectives

It has been exciting to watch, and participate in the amazing

transformation of HS, from an annoying side fraction in

heparin manufacture to its present-day stature in molecular,

cell, and developmental biology. The future development will

probably be equally dramatic, and much faster. On the

technical side we will see further re®nement of HS structural

analysis, with regard to composition, sequence, conformation

and modelling, further chemical and enzymatic saccharide

synthesis, use of de®ned antibodies for HS epitope mapping,

and improved methods to study HS-protein interactions. On

the conceptual side, an array of questions remain to be solved.

How many proteins bind selectively to distinct sites in HS

chains? What is the functional importance of nonspeci®c

interactions? Overall role of HS in embryonic development,

growth factor action, in¯ammation, tumor biology ± and,

indeed, hemostasis? What is the blueprint for the assembly

line that generates HS; does it come anywhere near the (last)

proposed model? What other factors, in addition to substrate

speci®city for the various enzymes involved, control polymer

modi®cation? The answers to these questions, surely to be

provided, will depend on technical progress, but also on

in¯uences from many other research areas.

Will it be possible to construct a biosynthetic machinery,

composed of recombinant proteins assembled in an arti®cial

membrane system, that can be instructed to produce a HS

chain of predetermined structure, tailored for interaction with a

de®ned protein ligand? When this happens, somewhere, it

would be fun to still be around.
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