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The investigations on sugars are proceeding very gradually. It will perhaps interest

you that mannose is the geometrical isomer of grape sugar. Unfortunately, the

experimental difficulties in this group are so great, that a single experiment takes

more time in weeks than other classes of compounds take in hours, so only very

rarely a student is found who can be used for this work. Thus, nowadays, I often face

difficulties in trying to find themes for the doctoral theses.

Emil Fischer
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Preface and Acknowledgements

The year 2000 marked a watershed in the sciences with the sequencing of the human

genome. Along with other sequencing efforts, we now know the blueprint for life in

an ever-increasing number of organisms. Not unexpectedly, whole new areas of

science have flourished: genomics, ribonomics, proteomics, metabolomics and, not

to be left out, glycomics. Glycomics has been defined as ‘the functional study of

carbohydrates in living organisms’ (de Paz, J. L. and Seeberger, P. H. QSAR Comb.

Sci., 2006, 25, 1027).

Glycomics would not have even been considered a century ago because

carbohydrates and, in particular the sugars, were viewed simply as essential mole-

cules for the survival of most organisms. For example, sucrose and glucose provided

energy, starch stored energy, and cellulose was responsible for structure and

strength. Decades of research then provided novel carbohydrate structures where

the function was not always obvious. What were these molecules doing in the world

of biology, often being present on the surface of bacteria, viruses and cancer cells,

the vanguard of these life forms?

Well, these molecules have a function, and it is now recognized that

carbohydrate–protein and even carbohydrate–carbohydrate interactions are of funda-

mental importance in modulating protein structure and localization, signalling in

multicellular systems and cell–cell recognition, including bacterial and viral infec-

tion processes, inflammation and aspects of cancer. Some of these carbohydrates

have high molecular weights and, not surprisingly, complex chemical structures that

challenge the chemists, biochemists and biologists. A pertinent example would be

that of the N-glycans, complex molecules in which the carbohydrate is linked,

through nitrogen, to a peptide chain (thus forming a glycopeptide or glycoprotein);

a small change in the structure of the carbohydrate can lead to all sorts of human

diseases.

This book will provide all of the background for a successful study of carbo-

hydrates. Also, it will give a taste for the subject of glycobiology, concentrating

especially on the structures and the biosynthesis of carbohydrates and glycoconju-

gates, and to a lesser extent on their function. A question often asked is ‘Why study

carbohydrate chemistry?’. The answer is simple: ‘It is fundamental to the study of

biology’. An organic chemist trained in carbohydrates will move smoothly into the



worlds of biochemistry, molecular biology and cell biology; the reverse is much

more difficult.

We are indebted, in particular, to David Vocadlo, and to Steve Withers, Harry

Brumer III, Adrian Scaffidi, Andrew Watts, Keith Stubbs, Ethan Goddard-Borger,

Tanja Wrodnigg, Arnold Stütz and Malcolm McConville for insightful comments

into the structure and content of this new book. Also, Keith Stubbs, Adrian Scaffidi,

Ethan Goddard-Borger and Nathan McGill spent tireless hours in the proofreading of

the manuscript and made many useful suggestions. Frieder Lichtenthaler is again

thanked for the photographs of Fischer. RVS acknowledges the hospitality of the

Institut für Organische Chemie, Technische Universität Graz and the Institut für

Chemie, Karl-Franzens Universität Graz in the writing of part of the manuscript.

SJW thanks his wife Jilliarne for her patience and support through the writing of this

book.

Robert Stick and Spencer Williams
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Chapter 1

The ‘Nuts and Bolts’
of Carbohydrates

The Early Years

A Bunsen (1811–1899) burner, a Claisen (1851–1930) flask, a Liebig (1803–1873)

condenser, an Erlenmeyer (1825–1909) flask, a Büchner (1860–1917) funnel and

flask, all common tools for the practising chemist and also a reflection of the origins

of much of the chemistry of the nineteenth century – Europe and, in particular,

Germany. Although the name of Emil Fischera never graced a piece of apparatus, it

became deeply embedded in the same period, so much so that Fischer is considered

by many to be the pioneer of organic chemistry and biochemistry and, undoubtedly,

the father of carbohydrate chemistry.1,2

What exactly is a carbohydrate? As the name implies, an empirical formula

C�H2O (or CH2O) was often encountered, with molecular formulae of C5H10O5 and

C6H12O6 being the most common. The appreciable solubility of these molecules in

water was commensurate with the presence of hydroxyl groups, and there was

often evidence for the carbonyl group of an aldehyde or ketone. These polyhydroxy-

lated aldehydes and ketones were termed aldoses and ketoses, respectively, with the

more common members referred to as aldopentoses/aldohexoses and ketopentoses/

ketohexoses. Very early on, it became apparent that larger molecules existed that

could be converted, by hydrolysis, into smaller and more common units – mono-

saccharides from polysaccharides. Nowadays, the definition of what is a carbohy-

drate has been much expanded to include oxidized or reduced molecules and those

that contain other types of atoms (often nitrogen). The term ‘sugar’ is used to

describe monosaccharides and the somewhat higher molecular weight di- and

trisaccharides.

To try to appreciate the genius and elegance of Fischer’s work with sugars, let us

consider the conditions and resources available in a typical German laboratory of the

a Emil Hermann Fischer (1852–1919), Ph.D. (1874) under von Baeyer at the University of Strassburg,

professorships at Munich, Erlangen (1882), Würzburg (1885) and Berlin (1892). Nobel Prize in

Chemistry (1902).

References start on page 32



time. The photograph (Figure 1) of von Baeyer’sb research group in Munich speaks

volumes.

Fischer is surrounded by formally attired, austere men, some wearing hats (for

warmth?) and many sporting a beard or a moustache. The large hood in the background

carries an assortment of apparatus, presumably for the purpose of microanalysis.

Microanalysis, performed meticulously by hand, was the cornerstone of Fischer’s

work on sugars. Melting point and optical rotation were essential adjuncts in the

determination of chemical structure and equivalence. All of these required pure chemi-

cal compounds, necessitating crystallinity at every possible opportunity as sugar

‘syrups’ often decomposed on distillation, and the concept of chromatography was

Figure 1 Photograph of the Baeyer group in 1878 at the laboratory of the University of Munich (room for
combustion analysis), with inscriptions from Fischer’s hand; in the centre is Adolf Baeyer; seated to the right
is the 25-year-old Emil Fischer, in a peaked cap and strikingly self-confident 3 years after his doctorate;
standing to the left of Baeyer is Wilhelm Koenigs.1 This, and the photograph on page 16, are reproduced with
permission from the ‘Collection of Emil Fischer Papers’ (Bancroft Library, University of California,
Berkeley) and the kind assistance of Professor Dr. Frieder W. Lichtenthaler (Darmstadt, Germany).

b Johann Friedrich Wilhelm Adolf von Baeyer (1835–1917), Ph.D. under Kekulé and Hofmann at the

Universities of Heidelberg and Berlin, respectively, professorships at Strassburg and Munich. Nobel

Prize in Chemistry (1905).

2 1 The ‘Nuts and Bolts’ of Carbohydrates



barely embryonic in the brains of Dayc and Tswett.d Fortunately, many of the naturally

occurring sugars were found to be crystalline; however, upon chemical modification,

their products often were not crystalline. These observations, coupled with the need to

investigate the chemical structure of sugars, encouraged Fischer and others to invoke

some of the simple reactions of organic chemistry, and to invent new ones.

Oxidation was an operationally simple task for the early German chemists. The

aldoses, apart from showing the normal attributes of a reducing sugar (forming a

beautiful silver mirror when treated with Tollens’e reagent or causing the precipitation

of brick-red cuprous oxide when subjected to Fehling’sf solution), were easily oxidized

by bromine water to carboxylic acids, termed aldonic acids:

Moreover, heating the newly formed aldonic acid often formed cyclic esters, or

lactones:

Ketoses, not surprisingly, were not oxidized by bromine water and could thus be

simply distinguished from aldoses.

Dilute nitric acid was also used for the oxidation of aldoses, this time to

dicarboxylic acids, termed aldaric acids:

c David Talbot Day (1859–1925), Ph.D. at the Johns Hopkins University, Baltimore (1884), chemist,

geologist and mining engineer.
dMikhail Semenovich Tswett (1872–1919), D.Sc. at the University of Geneva, Switzerland (1896),

chemist and botanist.
e Bernhard C.G. Tollens (1841–1918), professor at the University of Göttingen.
f Hermann von Fehling (1812–1885), professor at the University of Stuttgart.

The Early Years 3
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Lactone formation from these diacids was still observed, with the formation of

more than one lactone not being uncommon:

Reduction of sugars was most conveniently performed with sodium amalgam

(NaHg) in ethanol. Aldoses yielded one unique alditol whereas ketoses, for reasons

that may already be apparent, gave a mixture of two alditols:

Fischer, with interests in chemicals other than carbohydrates, treated a solution

of benzenediazonium ion (the cornerstone of the German dye-stuffs industry) with

potassium hydrogen sulfite and, in doing so, discovered phenylhydrazine by chance:

Fischer soon found that phenylhydrazine was useful for the characterization of

the somewhat unreliable sugar acids by converting them into their very crystalline

phenylhydrazinium salts:

Phenylhydrazine also transformed aldehydes and ketones into phenylhydrazones

and, not remarkably, similar transformations were possible with aldoses and ketoses:

4 1 The ‘Nuts and Bolts’ of Carbohydrates



The remarkable aspect of this work was that both aldoses and ketoses, when

treated more vigorously with an excess of phenylhydrazine, were converted into

unique derivatives, phenylosazones:

The different phenylosazones had distinctive crystalline forms and, also, were

formed at different rates from the various parent sugars.

Another carbohydrate chemist of the time, Kiliani,g amply acknowledged by

Fischer but generally underrated by his peers, had applied some well-known chem-

istry to aldoses and ketoses, namely the addition of hydrogen cyanide. The products,

after acid hydrolysis, were aldonic acids. Fischer took the lactones derived from

these acids and showed that they could be reduced to aldoses, containing an extra

carbon atom:

gHeinrich Kiliani (1855–1945), Ph.D. under Erlenmeyer and von Baeyer, professor at the University of

Freiburg.

The Early Years 5
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Not so obviously, this synthesis converts an aldose or a ketose into two new

aldoses (an early example of a stereoselective synthesis). Fischer used and developed

this ascent (adding one carbon) of the homologous aldose series so well that it is

known as the Kiliani–Fischer synthesis.

It was logical that if one could ascend the aldose series, then one should also be

able to descend it, and so were developed various methods for this descent. Perhaps,

the most well known is that devised by Ruff;h the aldose is first oxidized to the

aldonic acid, and subsequent treatment of the calcium salt of the acid with hydrogen

peroxide gives the aldose:

It is an interesting complement to the ascent of a series that the (Ruff) descent

converts two aldoses into a single new aldose.

The final transformation that was available to Fischer, albeit somewhat late in

the piece, was of an informative, rather than a preparative, nature. Lobry de Bruyn

and Alberda van Ekenstein3,4 announced the rearrangement of aldoses and ketoses

upon treatment with dilute alkali:

This simple, enolate-driven sequence allowed the isomerization of one aldose

into its C2 epimer, together with the formation of the structurally related ketose. It

also explained the observation that ketoses, although not oxidizable by bromine

hOtto Ruff (1871–1939), professorships at Danzig and Breslau.
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water (at a pH below 7), gave positive Tollens’ and Fehling’s tests (conducted with

each reagent under alkaline conditions).

Fischer now had the necessary chemical tools (and intellect!) to launch an

assault on the structure determination of sugars.

The Constitution of Glucose and Other Sugars

(þ)-Glucose from a variety of sources (fruits and honey), (þ)-galactose from the

hydrolysis of ‘milk sugar’ (lactose), (�)-fructose from honey, (þ)-mannitol from

various plants and algae, and (þ)-xylose and (þ)-arabinose from the acid treatment

of wood and beet pulp were the sugars available to Fischer when he started his

seminal structural studies in 1884 in Munich.

What were the established facts about (þ)-glucose at that time? (þ)-Glucose was a

reducing sugar that could be oxidized to gluconic acid with bromine water and to glucaric

acid with dilute nitric acid. That the six carbon atoms were in a contiguous chain had

been shown by Kiliani: the conversion of (þ)-glucose into a mixture of heptonic acids

(by conventional Kiliani extension), followed by the treatment of this mixture with red

phosphorus and hydrogen iodide (strongly reducing conditions), gave heptanoic acid:

Thus, the structure of (þ)-glucose was established as a straight-chain,

polyhydroxylated aldehyde:i

i A similar sequence on (�)-fructose produced 2-methylhexanoic acid, establishing the fact that fructose

was a 2-keto sugar:
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The theories of Le Bel and van’t Hoff, around 1874, decreed that a carbon atom

substituted by four different groups (as we commonly have for sugars) should be

tetrahedral in shape and be able to exist as two separate forms, non-superimposable

mirror images and thus isomers. These revolutionary ideas were seized upon and

endorsed by Fischer and formed the cornerstone for his arguments on the structure of

(þ)-glucose.

Let us digress to consider the simplest aldose, the aldotriose, glyceraldehyde

(formaldehyde and glycolaldehyde, while formally sugars, are not regarded as

such):

The two isomers, in fact enantiomers, may be represented using Fischer

projection formulae:j

Rosanoff, an American chemist of the time, decreed, quite arbitrarily, that

(þ)-glyceraldehyde would be represented by the first of the two enantiomers, and

its unique absolute configuration was described a little later by the use of the small

capital letter, D:5,6,k

Fischer, in an effort to thread together the jumble of experimental results on

sugars, had earlier decided that (þ)-glucose would be drawn with the hydroxyl group

to the right at its bottommost (highest numbered) ‘substituted’ carbon, thus sharing

the same configuration as (þ)-glyceraldehyde:

j Such formulae were first announced by Fischer in 1891 and, besides simplifying the depiction of the sugars,

were universally accepted. Being planar projections, the actual stereochemical information is available only if

youknow the ‘rules’ – horizontal lines represent bonds above the plane, vertical lines represent bonds below the

plane. Only one ‘operation’ is hence allowedwith Fischer projection formulae – a rotation of 180� in the plane.
k Accepted practice is to depict D in font that is (two points) smaller than the regular text.
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The challenge that remained was to elucidate the relative configuration of the

other three centres (eight possibilities)!

What follows is an account of Fischer’s elucidation of the structure of

(þ)-glucose, interspersed with anecdotal information gleaned from a wonderful article

byProfessor Frieder Lichtenthaler (Darmstadt,Germany)7 to celebrate the centenary of the

announcement of the structure of (þ)-glucose in 1891.8,9 It is a remarkable fact that these

twopublications containnonewexperimental details – all of the necessary informationwas

already present in the chemical literature! To begin, a passage from a letter by Fischer to

von Baeyer:

The investigations on sugars are proceeding very gradually. It will perhaps

interest you that mannose is the geometrical isomer of grape sugar.

Unfortunately, the experimental difficulties in this group are so great, that

a single experiment takes more time in weeks than other classes of

compounds take in hours, so only very rarely a student is found who can

be used for this work. Thus, nowadays, I often face difficulties in trying to

find themes for the doctoral theses.

On top of this ‘soul searching’ by Fischer, consider the following experimental results:

Both alditols would appear to be achiral (meso) compounds, but what about the

following experimental result?
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In the two sets of experiments, the termini of the chains were identical (both

‘CH2OH’ or both ‘COOH’). Xylitol and xylaric acid are most likely meso

compounds, but arabinaric acid is not! This meant that arabinitol had to be chiral;

only in the presence of borax (which forms ‘complexes’ with polyols) was Fischer

able to obtain a very small, negative rotation for arabinitol.

Bearing in mind these experimental difficulties, let us return to the proof of the

structure of (þ)-glucose:

1. Because Fischer had arbitrarily placed the hydroxyl group at C5 on the right for

(þ)-glucose, all interrelated sugars must have the same (D) absolute configuration.

2. Arabinose, on Kiliani–Fischer ascent, gave a mixture of glucose and mannose.l

3. Arabinaric acid was not a meso compound and, therefore, the hydroxyl group at

C2 of D-arabinose must be to the left.

lMannose was first prepared (1887) in very low yield by the careful (HNO3) oxidation of mannitol and

later obtained from the acid hydrolysis of ‘mannan’ (a polysaccharide) present in tagua palm seeds

(ivory nut). That glucose and mannose were epimers at C2 was shown by the following transformations:
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4. Both glucaric and mannaric acids are optically active; this places the hydroxyl

group at C4 of the two hexoses on the right.m

5. D-Glucaric acid comes from the oxidation of D-glucose, but L-glucaric acid can be

obtained from L-glucose or D-gulose.n This is only possible if D-gulose is related

to L-glucose by a ‘head to tail’ swap:

mThe relative configuration of D-arabinose is now established.
n
L-Glucose, together with L-mannose, had been prepared earlier by Kiliani–Fischer extension of

(þ)-arabinose (actually L-arabinose) from sugar beet:

D-Gulose, together with D-idose, arose when (�)-xylose (actually D-xylose) from cherry gum was

subjected to a Kiliani–Fischer synthesis:
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This wonderful piece of analysis thus provided unequivocal structures for three (of

the possible eight) D-aldohexoses and one 2-keto-D-hexose:o

After the elucidation of the structure of D-arabinose and the four D-hexoses

above, similar chemical transformations and logic were employed to unravel the

structure of D-galactose; Kiliani, in 1888, had secured the structure of D-xylose.

The six aldoses and one ketose are members of the sugar ‘family trees’,

with glyceraldehyde at the base for aldoses and dihydroxyacetone for 2-ketoses

(Figures 2 and 3).

There are various interesting aspects of these family trees:

• The trees are constructed systematically, i.e. hydroxyl groups are placed to

the ‘right’ (R) or the ‘left’ (L) according to the designation in the left-side margin.

• As applied to this system, the various mnemonics enable one to write the structure

of any named sugar or, in the reverse, to name any sugar structure.p

• As Fischer encountered unnatural sugars through synthesis, additional names had

to be found: ‘lyxose’ is an anagram of ‘xylose’, and ‘gulose’ is an abbreviation/

rearrangement of ‘glucose’.

• It is well worthwhile to consider the simple name D-glucose; it describes a unique

molecule with four stereogenic centres and must be superior to the systematic

name of (2R,3S,4R,5R)-2,3,4,5,6-pentahydroxyhexanal!q

oGlucose and fructose (and for that matter mannose) gave the same phenylosazone and were inter-

related products of the Lobry de Bruyn–Alberda van Ekenstein rearrangement.
p Figure 2: the tetroses – ‘ET’ (the film!)

the pentoses – ‘raxl’ is perhaps less flowery!

the hexoses – designed by Louis and Mary Fieser (Harvard University)

Figure 3: dihydroxyacetone – an achiral molecule

the term ‘ulose’ is formal nomenclature for a ketose
q The only other bastion of the D/L system is that of amino acids; for details of the direct chemical

correlation of sugars and amino acids, see the elegant work of Wolfrom, Lemieux and Olin (J. Am.

Chem. Soc., 1948, 71, 2870).
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It was not until 1951 that the D absolute configuration for (þ)-glucose, arbitrarily

chosen by Fischer some 75 years earlier, was proven to be correct. By a series of chain

degradations, (þ)-glucose was converted into (�)-arabinose and then (�)-erythrose. Chain

extension of (þ)-glyceraldehyde also gave (�)-erythrose, together with (�)-threose.

Oxidation of (�)-threose gave (�)-tartaric acid, the enantiomer of (þ)-tartaric acid.

(þ)-Tartaric acid had been converted independently into a beautifully crystalline

rubidium/sodium salt; an X-ray structure determination of this salt showed that it has

the following absolute configuration:10

Figure 2 The D- family tree of the aldoses
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This defined the structures of (þ)-tartaric acid, (�)-tartaric acid and

(�)-threose as

Figure 3 The D- family tree of the 2-ketoses
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and allowed the assignment of absolute configuration to (�)-erythrose and to

(þ)-glyceraldehyde:

Rosanoff and Fischer had been proven correct.

A photograph of Fischer in his later years at the University of Berlin is excep-

tional in that it shows ‘the master’ still actively working at the bench, with a face full

of interest and determination (Figure 4).

Finally, the constant exposure to chemicals, particularly phenylhydrazine (osa-

zone formation) and mercury (NaHg reductions), caused chronic poisoning and

eczema and, coupled with the loss of his wife in 1895 (due to meningitis) and two

of his three sons in events associated with World War I, Fischer took away his own

life in 1919, shortly after being diagnosed with cancer. The only remaining eldest

son, Hermann O. L. Fischer (1888–1960), went on to become an eminent biochemist

at the University of California, Berkeley.

The Cyclic Forms of Sugars, and Mutarotation

Although Fischer had solved the structure of D-glucose, one annoying fact still

remained – there were actually two known forms! Crystallization of D-glucose

from water at room temperature produced material with melting point 146�C and

specific rotation þ112� (in water), whereas crystallization at just below the boiling

point of water produced material with similar melting point (150�C) but vastly

different specific rotation (þ19�, in water). How could this be possible?

So far, we have represented the structure of D-(þ)-glucose as a Fischer projec-

tion, which is a useful convention. However, in real life, as either a solid or in

solution, D-(þ)-glucose has a molecular structure that may take up an infinite number

of shapes, or conformations. If one makes a molecular model of D-(þ)-glucose, a linear,

zig-zag conformation seems attractive:
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Playing around with this linear conformation, by rotation around the various

carbon–carbon bonds, does nothing to the configuration of the molecule but leads to

an infinite number of other conformations. One of these conformations, on close

scrutiny, has the hydroxyl group on C5 adjacent to the aldehyde group (C1). What

follows is a chemical reaction, the nucleophilic addition of the C5 hydroxyl group to

the aldehyde group, to generate a hemiacetal:

Figure 4 Emil Fischer around the turn of the century in his ‘Privatlaboritorium’ at the University of
Berlin; the somewhat unusual laboratory stool he inherited from his predecessor, August Wilhelm von
Hofmann, who, in 1865, brought it to Berlin on his move from the Royal College of Chemistry,
London.1 This, and the photograph on page 2, are reproduced with permission from the ‘Collection of
Emil Fischer Papers’ (Bancroft Library, University of California, Berkeley) and the kind assistance of
Professor Dr. Frieder W. Lichtenthaler (Darmstadt, Germany).
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This new chemical structure possesses an extra stereogenic centre (C1), and so

the product of the cyclization may exist in two discrete, isomeric forms:r

These new cyclic structures for D-glucose explained the existence of two forms

of glucose; indeed, such cyclic forms had been suggested by von Baeyer in 1870 and

again by Tollens in 1883.7 Fischer, somewhat surprisingly, never completely

accepted these structures. Again, it must be emphasized that the above depictions

are each a form of D-glucose; C5 defines the D absolute configuration, and carbons

two to four complete the description.

It will be obvious even at this stage that, to the sugar chemists of the 1900s,

communicating with structures like the ones discussed above was a tiresome process;

a shorthand had to be developed. In 1926, an eminent chemist of the time, W. N.

Haworth,s made suggestions about the six-membered ring being represented as a

hexagon with the front edges emboldened, causing the hexagon to be viewed front-

edge-on to the paper:11

r Put more formally, the two faces of the aldehyde are diastereotopic (re and si); addition of the

hydroxyl group to the aldehyde thus generates two diastereoisomeric hemiacetals, not necessarily in

equal amounts.
sWalter Norman Haworth (1883–1950), a student of W.H. Perkin, Ph.D. under Wallach (Göttingen).

Nobel Prize in Chemistry (1937).
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The two remaining bonds to each carbon are depicted, one above and one below

the plane of the hexagon. Now, the two cyclic forms of D-glucose can be drawn

swiftly and accurately:t

Some years earlier (in 1913),13 ‘complexation’ studies with boric acid had

shown that the more highly rotating isomer of D-glucose ([a]Dþ112�) possessed a

cis-relationship between the hydroxyl groups at carbons one and two. Full structural

assignments were now possible and, to simplify the matter of communication even

further, formal names were given to the two isomers:

t For an excellent discussion on the ‘rotational operations’ allowed with Haworth formulae, see

Advanced Sugar Chemistry: Principles of Sugar Stereochemistry by R.S. Shallenberger (AVI Publish-

ing Company Inc., Westport, Connecticut, 1982, p. 110) – ‘Haworth structures can be rotated on the

plane of the paper on which they are drawn if, and only if, the identity of the leading edge of the

structure is not lost’. It is also important to recognize that Haworth formulae are indeed that, and not

projection formulae.

Another convention, suggested by John A. Mills in 1955, and still in general use,12 again uses a

hexagon but to be viewed in the plane of the paper. Nowadays, hydrogen substituents are not shown but

others are, using ‘wedge’ (above) or ‘dash’ (below) notation. The style of the ‘wedge’ and ‘dash’ bonds

is in line with current IUPAC recommendations.

18 1 The ‘Nuts and Bolts’ of Carbohydrates



The term ‘-ose’ still indicates a sugar, and ‘pyranose’ is a sugar having a six-

membered cyclic structure.u The terms ‘a’ and ‘b’ refer to the particular anomer

(diastereoisomer, epimer) and C1, for aldoses, is the anomeric carbon.

Let us return to the question of the shape of the D-(þ)-glucose chain and consider

what happens when we encounter a different conformation, one where the hydroxyl

group on C4 finds itself adjacent to the aldehyde group:

Again, hemiacetal formation is possible, resulting in the formation of two new

anomers (drawn according to the Haworth convention):

There are few data available for these (five-membered ring) ‘furanose’v forms of

D-glucose, simply because they have never been isolated; crystalline D-glucose is

either one of the pure pyranose anomers, or a mixture thereof.

u By analogy with the molecule pyran:

v From the molecule furan:
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Before proceeding any further, it is worth looking at a few sugars other than

D-glucose and considering their cyclic structures:
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Several pertinent points emerge:

• In the Fischer/Haworth ‘interconversion’, all hydroxyl groups on the ‘right’ in a

Fischer projection are placed ‘below’ the ring in the Haworth, and all those on the

‘left’ are placed ‘above’.

• In a D-aldohexose, the ‘CH2OH’ group at C5 is placed ‘above’ in the Haworth

pyranose form; in the L-aldohexose, it is placed ‘below’.

• The anomeric descriptions, ‘a’ and ‘b’, are obviously related to the absolute

configuration; there can be no clearer statement than that enunciated by Collins

and Ferrier:14

For D-glucose and all compounds of the D-series, a-anomers have the

hydroxyl group at the anomeric centre projecting downwards in Haworth

formulae; a-L-compounds have this group projecting upwards. The

b-anomers have the opposite configurations at the anomeric centre, i.e.,

the hydroxyl group projects upwards and downwards for b-D- and

b-L-compounds, respectively.

Thus, the enantiomer of a-D-glucopyranose is a-L-glucopyranose.w

• Whereas the pyranose forms dominate in aqueous solutions of most

monosaccharides, it is quite common to find the furanose form when the sugar

is incorporated into a biomolecule, e.g., b-D-ribofuranose in ribonucleic acid.

• The anomeric carbon atom of the 2-ketoses is naturally C2.

The cyclic structure for sugars now helped to explain several observations that

had been made by the German pioneers in the nineteenth century:

• Aldoses did not form addition compounds with sodium bisulfite and failed some

of the very sensitive and characteristic colour tests for aldehydes.

• Generally, aldoses tended to react with hydrogen cyanide and with phenylhydrazine

more slowly than normal aldehydes.

• With a careful choice of reagents and conditions, D-glucose could be converted

into two different penta-acetates:

wOriginally, another famous carbohydrate chemist, Claude S. Hudson (1881–1952, a student of van’t

Hoff, Ph.D. at Princeton University), proposed a definition for ‘a’ and ‘b’ based on the relative

magnitude of the specific optical rotation.15
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Still, aldoses did eventually show most of the reactions characteristic of an aldehyde;

how then to explain this apparent dichotomy? The answer lay in an observation made

originally in 184616 and corroborated in 1895 by Tanret17 – the optical rotation of either

pure enantiomer of glucose changes with time, the phenomenon of mutarotation. For

example, a freshly prepared solution of a-D-glucopyranose in water has a specific rotation
close to þ112�, but this falls with time to a final value of þ52�; conversely, the initial
value of about þ19� for b-D-glucopyranose rises to the same þ52�.

For a while, this solution with a specific rotation of þ52� was thought to contain
a new form of glucose. However, the phenomenon of mutarotation was later easily

explained by a consideration of the following equilibrium:18

The value of þ52� was obviously the specific optical rotation for the mixture at

equilibrium. Knowing the values for the two pure anomers allows calculation of the

percentage of each anomer present. In aqueous solutions of D-glucose, there is

virtually none of the acyclic form actually present, but it is always available by

chemical disruption of the above equilibrium.

Finally, a few words on the actual experimental determination of ‘ring size’ in

carbohydrates. Years ago, the classic approaches involved ‘methylation analysis’19–21

and ‘periodate cleavage’.22–25 These methods are still in use, especially where the

actual methylation is followed by mass spectrometric analysis; however, it is the

power of nuclear magnetic resonance (NMR) spectroscopy, both 1H and 13C, that is

nowadays often brought to bear on such problems.26–30
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The Shape (Conformation) of Cyclic Sugars,

and the Anomeric Effect

A century of investigation had unlocked the stereochemical secrets of D-(þ)-glucose,

depicted as either a Fischer projection or, more accurately as we have seen, a cyclic

molecule in a Haworth formula:x

In the early 1900s, most chemists believed that a saturated six-membered ring was

non-planar. However, it took the work of Hassel,y which employed electron diffraction

studies in the gas phase, to put some substance into this notion; the cyclohexane ring

was shown to have a non-planar shape (conformation), like that of a chair:31

Some years later, Barton recognized the importance of the two different types of

bonds present in cyclohexane (equatorial and axial) and used this revelation to

explain the conformation and reactivity in molecules such as the steroids.32,33 The

beauty of these results was that, in the chair conformation for cyclohexane, each

carbon was almost exactly tetrahedral in shape – cyclohexane, as predicted and

shown, exhibited no Baeyer ‘angle strain’.

A further advance by Hassel was to predict that the conformation of the pyranose

ring would also be non-planar and, probably, again have the shape of a chair:

x From now on, hydrogen atoms bound to carbon will generally not be shown.
y Odd Hassel (1897–1981), Ph.D. from the University of Berlin, Norwegian, shared a Nobel Prize in

Chemistry (1969) with Derek Harold Richard Barton (1918–1998), British.
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For b-D-glucopyranose, the most common monosaccharide found in the free

form, all of the hydroxyl substituents on the pyranose ring are equatorially disposed

(otherwise the molecule is no longer b-D-glucose!):

It is well known that cyclohexane, as a neat liquid or as a solution at room

temperature, is in rapid equilibrium, via the boat conformation, with another,

degenerate chair conformation; a result of this equilibrium is that there is a general

interchange of equatorial and axial bonds on each carbon atom:

What would be the consequences, if any, of such a process applied to b-D-
glucopyranose?

Again an equilibrium is possible, via a boat conformation, but the new chair

conformation is obviously different from the original one – with only axial

substituents, the energy of the new conformation is significantly higher (some

25 kJ mol�1).

How, then, do we actually establish the preferred conformation for a molecule

such as b-D-glucopyranose?
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When the molecule in question is crystalline, then a single crystal, X-ray structure

determination will yield both the molecular structure and the conformation. When

the molecule is a liquid, or in solution, 1H NMR spectroscopy will often give the

answer. For a conformation such as the one discussed above, the value of the coupling

constant between, e.g. H2 and H3 (J2,3) will normally be ‘large’ (9–10Hz) and so will

be indicative of a trans-diaxial relationship between the coupling protons. The other,

higher energy, all-axial conformation will have a ‘small’ (1–2Hz) value for J2,3,

indicative of a diequatorial relationship.

These values in carbohydrates are in general agreement with the early

observations by Lemieux34 and, a little later, with the rule espoused by Karplus,35

as applied to the relationship between the magnitude of the coupling constant and the

size of the torsional angle between vicinal protons.26–28,z
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A word of caution is necessary here – the conformation of a molecule in the solid

state is not necessarily the same as those in the liquid state or in solution.

z The dihedral angle dependence of vicinal coupling constants is only an approximation. The relation-

ship is sensitive to the local environment within the molecule and can be perturbed by the presence of

electron-withdrawing substituents, and changes to bond angles and bond lengths. As Karplus has

remarked: ‘The person who attempts to estimate dihedral angles to an accuracy of one or two degrees

does so at his own peril’.
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As we saw earlier, the D-aldopentoses and D-aldohexoses exist in aqueous

solution primarily as a mixture of the a- and b-pyranose forms; occasionally, as with

D-ribose, -altrose, -idose and -talose, significant amounts of the furanose forms can also

be found.36 In all of these pyranose forms, it is the ‘normal’ chair conformation that is

almost always preferred; however, a- and b-D-ribose, b-D-arabinose, and a-D-lyxose,
-altrose and -idose all show contributions from the ‘inverted’ chair conformation and,

indeed, a-D-arabinose even shows a preference for it.37

Apart from these chair conformations for the D-aldopyranoses, there exist other,

higher energy conformations, namely the boat and the skew. It must be stressed that,

although these higher energy forms are not present to any significant extent in aqueous

solution, they are discrete conformations encountered in the conversion of one chair into

the other. The half-chair is a common conformation for some carbohydrate derivatives

where chemical modification of the pyranose ring has occurred.

What follows is a summary of the limiting conformations for the pyranose ring,

namely the chair (C), boat (B), half-chair (H) and skew (S) forms, together with their

modern descriptors (it is obviously necessary to avoid such terms as ‘normal’ and

‘inverted’).

Only two chair forms are possible. The descriptors arise according to the

following protocol:38

• The lowest-numbered carbon of the ring (C1) is taken as an exo-planar atom.

• O, C2, C3 and C5 define the reference plane of the chair.

• Viewed clockwise (O! 2! 3! 5), C4 is above (below) this plane and C1 is

below (above).

• Atoms that are above (below) the plane are written as superscripts (subscripts),

which precede (follow) the letter.

• 4C1 and
1C4 result.

Six boat forms are possible, with only two of these shown (the reference plane in

each form is unique and obvious).
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Twelve half-chair forms are possible and, again, only two of these are shown

(the reference plane is defined by four contiguous atoms and is again unique).

Six skew forms are possible, with only two of these shown (the reference plane is not

obvious, beingmade upof three contiguous atoms and the remaining non-adjacent atom).38

The chair form is more stable than the skew form, which is again more stable

than both the boat and half-chair forms. In pyranose rings that contain a double bond,

it is the half-chair that is the normal conformation.

The conformations available to the furanose ring are just the envelope (E) and

the twist (T); both have 10 possibilities, and the energy differences among all of the

conformations are quite small.

Let us now reflect on the familiar equilibrium that is established when D-(þ)-

glucose is dissolved in water:

The two main components of the mixture are present in the indicated amounts and

each in the preferred 4C1 conformation. The free energy difference for such an equilibrium

amounts to about 1.5 kJ mol–1 in favour of the b-anomer, somewhat short of the accepted
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value (3.8 kJ mol–1) for an equatorial over an axial hydroxyl group, the only difference

between the two molecules in question. This propensity for formation of the a-anomer

over that which would normally be expected was first noted by Edward,39 and termed the

anomeric effect by Lemieux.40,41 So wide ranging and important is the effect that it

virtually ensures the axial configuration of an electronegative substituent at the

anomeric carbon in some derivatives:

Also, the anomeric effect is responsible for the stabilization of conformations

that would otherwise seemingly capitulate to other, unfavourable interactions:

The origin of the anomeric effect, which itself increases with the

electronegativity of the substituent and decreases in solvents of high dielectric

constant, has been explained in several ways. The first of these, somewhat naively,

involves unfavourable lone pair – lone pair interactions (the so-called rabbit ear

effect) in the equatorial anomer that are obviously not present in the axial anomer;

the second, related to the first, considers unfavourable dipole–dipole interactions in

the equatorial anomer that can be minimized in the axial anomer:42

However, the third, and generally accepted, explanation involves the interaction

between a lone pair of electrons located ‘axially’ in a molecular orbital (n) on O5

and an (unoccupied) anti-bonding molecular orbital (s*) of the C1 to X bond

(a stabilizing nO ! s*C�X orbital interaction).43
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The ‘anti-periplanar’ arrangement found in the axial anomer favours this ‘back-

bonding’, resulting in a slight shortening of the O5 to Cl bond, a slight lengthening of

the C1 to X bond44 and a general increase in the electron density at X. This explanation

is in harmony with the ‘bond–no bond’ concept that allows two valence-bond

structures to be drawn for the axial anomer (and, in so doing, stabilizing the molecule):

The causes of the anomeric effect continue to be discussed,45–48 and two

rigorous treatments have recently appeared.49,50

Probably, one of the greatest contributions by Lemieux to the field of carbohy-

drate chemistry was his delineation of the importance of the exo-anomeric effect.51–54

In a simple acetal derived from a pyranose sugar, the normal anomeric effect operates,

which stabilizes the axial anomer over the equatorial anomer:

However, in an appropriate conformation of the exo-cyclic alkoxy group, there is

again an anti-periplanar arrangement of a lone pair on oxygen (of OR) and the C1 to

O5 bond, allowing ‘back donation’ (an nO!s*C–O orbital interaction) again to

stabilize this conformation, the so-called exo-anomeric effect.aa Because these two

anomeric effects (endo- and exo-) operate in opposite directions, the exo-anomeric

effect is not considered important with such axial acetals. However, in an equatorial

acetal, where there is no contribution from a normal anomeric effect, it is the

exo-anomeric effect that is dominant and dictates the preferred gauche

conformation (of O5 and R) at the anomeric carbon atom:

aa As a consequence of this new term, the original anomeric effect is often referred to as the endo-

anomeric effect. Another term, the kinetic anomeric effect, is sometimes used in discussions dealing

with the transition state of a reaction.49
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Taken to its logical conclusion, the exo-anomeric effect explains the helical shape

of many polysaccharide chains; it is certainly important in determining the shape of

many biologically important oligosaccharides.55,ab

Another aspect of the anomeric effect worth mentioning here is based on

observations, first by Lemieux56 and then by Paulsen,57 that various

N-glycosylpyridinium and N-glycosylimidazolium salts preferred to exist in

conformations where the positively-charged nitrogen atom was not axially oriented,

the so-called reverse anomeric effect:49,50

One explanation for the origin of this ‘reverse’ effect is a simple and favourable

interaction of opposing dipoles; however, steric effects cannot be ignored, and there

has been a great deal of discussion recently as to whether the reverse anomeric effect

even exists.58–63

It would seem appropriate to end this section on another aspect of carbohydrate

conformation, namely the one dealing with, for a D-hexopyranose, the substituents at

C5 (CH2OH) and at C1 (OR).50 What are the preferred conformations around the

C5–C6 bond of a D-hexopyranose?

Not surprisingly, the staggered forms predominate and are given descriptors

according to, first, the relationship of the 6-OH to O5 (gauche or trans), and then the

same OH to C4.64 Typical values for a D-glucopyranose structure are gg:gt:tg= 3:2:0

and, for a D-galacto equivalent, they are 1:3:1.65

ab A general term for small chains of monosaccharides, with up to 10 residues in the chain.
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For an OR substituent at the anomeric carbon, the main conformations around

the C1 to O1 bond are dominated, as we have already seen, by the exo-anomeric

effect.

Of the two conformations derived for a b- or a- substituent, it is the one with

fewer gauche interactions that seems to dominate. When the R group is, in fact,

another sugar, as in the disaccharide melibiose (6-O-b-D-galactopyranosyl-
D-glucopyranose), similar arguments apply, but now various torsional angles must

be defined to describe properly the conformation of the molecule. For example,

� defines the angle H10, C10, O6 and C6; c defines C10, O6, C6 and C5; ! defines

O6, C6, C5 and H5. Again, the value of � is generally close to that predicted from the

exo-anomeric effect.66

We have seen in this introductory chapter that the seminal studies of Fischer

were carried along in the early part of the next century by people such as Haworth

and Hudson. However, it was Lemieux67,ac who dominated carbohydrate chemistry

for the major part of the twentieth century, with enormous contributions to NMR

spectroscopy, conformational analysis, synthesis and glycobiology; his final words

on the factors that govern carbohydrate/protein binding are truly memorable.68

Lemieux’s remarkable synthesis of sucrose in 1953 really set the stage for the

material to be discussed in the next few chapters.69

ac Raymond U. Lemieux (1920–2000), Ph.D. under C.B. Purves (McGill University).
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53. Tvaroška, I. and Bleha, T. (1989). Adv. Carbohydr. Chem. Biochem., 47, 45.
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Chapter 2

Synthesis and Protecting Groups1–6

Much of today’s chemistry is concerned with synthesis, and carbohydrate chemistry

is no exception. The large pharmaceutical companies (‘Big Pharma’) once employed

small armies of chemists to synthesize a myriad of compounds that were necessary

for lead development of a potential ‘block buster’ drug. Nowadays, however, the

same companies ‘outsource’ much of their synthetic work to smaller, private com-

panies, but there is still a (growing) need for synthetic chemists to do the work. If

you want to do synthesis, you need to know about protecting groups.

The protecting groups used in carbohydrates are generally the same as those of

mainstream organic chemistry; the difference, however, is that even a monosacchar-

ide presents a myriad of hydroxyl groups that need protection, in either an individual

(regioselective) or a unique (orthogonal) manner. Also, the introduced protecting

groups may affect the reactivity of the resulting molecule or even participate in some

of its reactions.

Synthesis with carbohydrates would be a less complicated matter if it were

confined to the natural and abundant aldoses, ketoses and oligosaccharides.

However, there often arises the need for modified monosaccharides or, perhaps, an

unusual or rare oligosaccharide. For example, how would one approach the synthesis

of a molecule such as ‘3-deoxy-D-glucose’a starting from D-glucose?

The problems are twofold: first, the need for a chemical reaction that will

replace a hydroxyl group by a hydrogen atom; second, the need to carry out this

replacement only at C3. Also, what about the synthesis of an oligosaccharide, say, a

disaccharide?

aAs ‘3-deoxy-D-allose’ is just as good, an unambiguous name should be used: 3-deoxy-D-ribo-hexose.

The molecule is depicted as an a/b mixture of pyranose forms.
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The problems are not much different from the monosaccharide example: first, a

chemical method is needed to join two D-glucose units; second, the two

monosaccharides must be manipulated so that the linkage is specifically b-1,4.
To set the stage, consider a very early synthesis, performed by Fischer in 1893:

By heating D-glucose with methanol containing some hydrogen chloride, two

new chemicals, actually anomeric acetals, were formed: a ‘synthesis’ and, at the

same time, a ‘protecting group’ for the anomeric carbon. More will be discussed

about this unique and important reaction later.

The discussion that follows lists the various protecting groups that are in

common use, namely, those that actually work! However, pertinent references to

newer and emerging protecting groups will also be included. Appendix I presents

some of the protecting groups for the hydroxyl and amino groups, together with their

possible orthogonal relationships.

Esters

Esters, together with ethers and acetals, constitute the main protecting groups for the

hydroxyl groups of sugars. The popularity of esters derives from their ease of

formation, generally employing readily available acid anhydrides or acid chlorides,

and also the ease of removal. Although the primary role of esters introduced into

carbohydrates is to protect the otherwise reactive hydroxyl groups, they can also play

a role in precipitating useful chemical reactions at both anomeric and non-anomeric

carbon atoms. Esters, like ethers and acetals, reduce the polarity of the carbohydrate

and so improve solubility in organic solvents.

Acetates:b The acetylation of D-glucose was first performed in the mid-nineteenth

century, which helped to confirm the pentahydroxy nature of the molecule. Since

then, three sets of conditions are commonly used for the transformation:

b For purposes of nomenclature, it is important to realize that, while treatment of a hydroxyl group with,

for example, acetic anhydride yields an acetate, the actual protecting group is an acetyl group.
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The reaction in pyridine is general and convenient and usually gives the same ratio

of anomers of the penta-acetate as found in the parent free sugar.7,8 With an acid

catalyst, the reaction probably operates under thermodynamic control and gives the

more stable anomer. Sodium acetate causes a rapid anomerization of the free sugar,9

and the more reactive anomer is then preferentially acetylated.c Iodine has been used

for various acetylations, with some interesting and regioselective transformations:12

One of the features of an O-acetyl protecting group is its ready removal to

regenerate the parent alcohol.d Generally, the acetate is dissolved in methanol, a

small piece of sodium metal is added and the required transesterification reaction is

both rapid and quantitative:13

Other systems that carry out this sort of reaction are anion-exchange resin

(HO�), ammonia or potassium cyanide in methanol,8,14,15 guanidine (guanidinium

cDeprotonation of the b-anomer of the free sugar gives a b-oxyanion that interacts unfavourably with

the lone pairs of electrons on O5; a rapid acetylation removes this interaction.10,11

d A high level of crystallinity in simple derivatives is also a much relished feature by the preparative

chemist.
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nitrate in methanol)16 and a mixture of triethylamine, methanol and water.17 For

base-sensitive substrates, hydrogen chloride or tetrafluoroboric acid–ether in

methanol is a viable alternative for deacetylation;18 even dibutyltin oxide is

reported to cause the removal of acetyl groups, albeit thus far for a limited range

of substrates.19

For the selective acetylation of one hydroxyl group over another, one has the

choice of lowering the reaction temperature or employing reagents specifically

designed for such a purpose.12,20–22 The selective removal of an acetyl group at

the anomeric position can easily be achieved, probably owing to the better leaving-

group ability of the anomeric oxygen;23–25 hydrazinium acetate and benzylamine

appear to work well in most instances:26–28

Recently, the use of enzymes, especially lipases, has added another dimension to

this concept of selectivity:29–36

Benzoates: In general, benzoates are more robust groups than acetates and may

give rise to derivatives that are useful in X-ray crystallographic determinations (e.g.,

4-bromobenzoates). The robustness of benzoates is reflected both in their

preparation (benzoyl chloride, pyridine) and in their reversion to the parent alcohol

(sodium–methanol for protracted periods). Acetates can be removed in preference

to benzoates.37

The selective benzoylation of a carbohydrate38 can be achieved either by careful

control of the reaction conditions39,40 or by the use of a less reactive reagent, such as

N-benzoylimidazole41,42 or 1-benzoyloxybenzotriazole:43
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Chloroacetates: Chloroacetates are easily acquired (chloroacetic anhydride in

pyridine), are stable enough to survive most synthetic transformations and yet,

being more labile than acetates, can be selectively transformed back to the

hydroxyl group (thiourea,44 ‘hydrazinedithiocarbonate’45 or DABCO46):

Pivalates: Esters of pivalic acid (2,2-dimethylpropanoic acid), for the reason of

steric bulk, can be installed preferentially at the more reactive sites of a sugar but

require reasonably vigorous conditions for their removal:47,48

Levulinates: These are esters of levulinic acid (4-oxopentanoic acid) that are

easily installed and have the advantage of conversion back to the hydroxyl group

under essentially neutral conditions,49,50 probably by a form of ‘assisted cleavage’:

This concept of ‘assisted cleavage’ has been used in the development of other

ester-based protecting groups:51–54
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Carbonates, borates, phosphates, sulfates and nitrates: Cyclic carbonates

are occasionally used for the protection of vicinal diols, providing the dual advantages

of installation under basic (phosgene) or neutral (1,10-carbonyldiimidazole) conditions,

and easy removal.55,56

Borates, although rarely used in the protection of the hydroxyl group, are useful

in the purification, analysis and structure determination of sugar polyols.

Phenylboronates seem to have more potential in synthesis.57,58

Sugar phosphates, and their oligomers, are found as the keystone of the

molecules of life – RNA, DNA and ATP:

Sulfates are common components of many biologically important molecules

(see Chapter 10); sugar nitrates formed the basis of many of the early explosives

(see Chapter 9).
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Cyclic sulfates, which are often accessed via the cyclic sulfite, formally offer

protection of a diol but are reactive enough to act as an effective leaving group when

treated with a nucleophile:59

Sulfonates: This last group of esters is not at all characterized by protection of the

hydroxyl group but, rather, by its activation towards nucleophilic substitution:

The three sulfonates commonly encountered are tosylate (4-toluenesulfonate),

mesylate (methanesulfonate) and triflate (trifluoromethanesulfonate), generally

installed in pyridine and using the acid chloride (4-toluenesulfonyl chloride and

methanesulfonyl chloride) or trifluoromethanesulfonic anhydride.60 For alcohols of

low reactivity, the combination of methanesulfonyl chloride and triethylamine (which

produces the very reactive sulfene, CH2SO2) is particularly effective.61,62 The

sulfonates, once installed, show the following order of reactivity towards

nucleophilic displacement:

An addition to the above trio of sulfonates is the imidazylate (imidazole-1-

sulfamate), said to be more stable than the corresponding triflate, but of the same

order of reactivity.63,64

The selective sulfonylation of a sugar polyol is possible,65,66 and N-tosylimidazole

has proven to be of some use in this regard.67
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Finally, a few general comments are offered to end this section on esters.

4-(Dimethylamino)pyridine has proven to be an excellent adjunct in the synthesis

of carbohydrate esters, especially for less reactive hydroxyl groups.68 Acyl migration

of carbohydrate esters, where possible, can be a problem but can also be put

to use:38,69

Furanosyl esters, when needed, can often be prepared indirectly from the starting

sugar; for example, 1-O-acetyl-2,3,5-tri-O-benzoyl-b-D-ribose is much used in

nucleoside synthesis:70

Ethers71

We have seen in the above discussion that esters act essentially as ‘temporary’

protecting groups; they are, after all, generally unstable to basic conditions. Ethers,

on the contrary, are much more robust and ‘permanent’ groups found only at non-

anomeric positions (otherwise, they would not be ethers, but the more reactive

acetals); they are stable to base and mildly acidic conditions.

Methyl ethers: Methyl ethers are of little value as protecting groups for the

hydroxyl group per se, as they are far too stable for easy removal, but they have a

place in carbohydrate chemistry in terms of structure elucidation. Since the

pioneering work of Purdie (methyl iodide, silver oxide)72 and Haworth (dimethyl

sulfate, aqueous sodium hydroxide),73 and the improvements offered by Kuhn

(methyl iodide, DMF, silver oxide)74 and Hakomori (methyl iodide, DMSO,

sodium hydride),75 ‘methylation analysis’ has played a key role in the structure

elucidation of oligosaccharides. For example, from enzyme-mediated hydrolysis

studies, the naturally occurring reducing disaccharide, gentiobiose, was known to

consist of two b-linked D-glucose units. Complete methylation of gentiobiose gave an

octamethyl ‘ether’ that, after acid hydrolysis, yielded 2,3,4,6-tetra-O-methyl-D-glucose
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and 2,3,4-tri-O-methyl-D-glucose. Barring the occurrence of an unusual septanose

ring form, this result defined gentiobiose as 6-O-b-D-glucopyranosyl-D-glucopyranose:

Benzyl ethers: Benzyl ethers offer a versatile means of protection for the hydroxyl

group, being installed under basic (benzyl bromide, sodium hydride, DMF;

benzyl bromide, sodium hydride, tetrabutylammonium iodide, THF76,77), acidic

(benzyl trichloroacetimidate, triflic acid;78,79 phenyldiazomethane, tetrafluoroboric

acid80) or neutral (benzyl bromide, silver triflate) conditions.81 Also, many methods

exist for the removal of the benzyl protecting group: classical hydrogenolysis

(hydrogen, palladium-on-carbon, often in the presence of an acid), catalytic

transfer hydrogenolysis (ammonium formate, palladium-on-carbon, methanol),82,83

reduction under Birch conditions (sodium, liquid ammonia), treatment with

anhydrous ferric chloride84 and even photobromination.85

A useful synthesis of tetra-O-benzyl-D-glucono-1,5-lactone is shown:86

Selective benzylation87 and debenzylation are also possible;12,88–90 a Lewis acid

in combination with acetic anhydride or benzoyl bromide is a versatile method for

the conversion of a benzyl ether into an acetate or a benzoate.91–94
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The (2-naphthyl)methyl group is closely related to the benzyl (phenylmethyl)

group and may offer some advantages for the protection of the hydroxyl groups of

sugars.95,96 A novel approach installs a cyclic ‘dibenzyl ether’:97

4-Methoxybenzyl ethers: These substituted benzyl ethers have found an increasing

use over the past two decades, for reasons of easy installation (4-methoxybenzyl chloride

or bromide, sodium hydride, DMF;98,99 4-methoxybenzyl trichloroacetimidate100) and

the availability of an extra, oxidative mode of deprotection:101

Other oxidants can also be used,98,102,103 and good selectivity is usually

observed.104 Trifluoroacetic acid and tin(IV) chloride have also been used to remove

the 4-methoxybenzyl protecting group.105,106
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Allyl ethers:107,108 Roy Gigg, more than anyone else, was responsible for the

establishment of the allyl (prop-2-enyl) ether as a useful protecting group in

carbohydrate chemistry.109 Allyl groups may be found at both anomeric and non-

anomeric positions, the latter ethers being installed under basic (allyl bromide,

sodium hydride, DMF), acidic (allyl trichloroacetimidate, triflic acid)110 or almost

neutral conditions.111 Many methods exist for the removal of the allyl group,112 most

relying on an initial prop-2-enyl to prop-1-enyl isomerization,113 and varying from

the classical (potassium tert-butoxide–dimethyl sulfoxide, followed by mercuric

chloride114 or acid109) to palladium-based (palladium-on-carbon, acid)115,116 and

rhodium-based procedures.117–120 Other variants of the allyl group have found

some use in synthesis.121,122

Trityl ethers: The trityl (triphenylmethyl) ether was the earliest group for the

selective protection of a primary alcohol. Although the introduction of a trityl

group has always been straightforward (trityl chloride, pyridine),123 various

improvements have been made.124–126 The removal process has been much studied,

and the reagents used are generally either Brønsted127,128 or Lewis acids;129–131 other

methods include either conventional hydrogenolysis or reduction under Birch

conditions.132

Silyl ethers:133 The original use of silyl ethers in carbohydrates was not so much

for the protection of any hydroxyl group but, rather, for the chemical modification

of these normally water-soluble, non-volatile compounds. For example, the
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per-O-silylation of monosaccharides was a necessary preamble to successful

analysis by gas–liquid chromatography or mass spectrometry:134

It was not until the pioneering work by Corey that silicon was used in the

protection of hydroxyl groups within carbohydrates.135 Nowadays, trimethylsilyl

(TMS), triethylsilyl (TES), tert-butyldimethylsilyl (BMS),e tert-butyldiphenylsilyl

(BPS) and triisopropylsilyl (TIPS) ethers are commonly used, with normal

installation via the chlorosilane.136,137 Quite often, the more bulky reagents show

preference for a primary alcohol. Diols, especially those found in nucleosides, can be

protected as a cyclic derivative:

Silyl ethers survive many of the common synthetic transformations of organic

chemistry138 but are readily removed, when required, by treatment with a reagent that

e One of us (RVS) takes a stand here on the common (but silly) abbreviations used for some of the

silicon protecting groups. What is the point in using ‘TBDMS’ for ‘ButMe2Si’, a saving of a mere three

characters, when the more sensible ‘BMS’ is available? BPS is then a logical and clear abbreviation for

ButPh2Si.
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supplies the fluoride ion, e.g. tetrabutylammonium fluoride (a basic reagent) or hydrogen

fluoride/pyridine (the Si—F bond is extremely strong, 590kJ mol�1).133,139 Strongly basic

conditions will cleave a silyl ether, and, not surprisingly, migration of the silicon protecting

groupor other vulnerable residues, e.g. acyl groups,will occur under these conditions.140,141

Silyl ethers can be cleaved under acidic conditions, and the general ease of acid hydrolysis

is Me3SiO�>Et3SiO�>>ButMe2SiO�>>Pri3SiO�>>ButPh2SiO�; aqueous

hydrofluoric acid is particularly attractive in that it also offers a source of fluoride

ions. Some very mild procedures for the removal of silyl ethers have been

reported,142–145 with some selectivity for primary ethers over secondary ones:

Finally, the humble TMS ether should not be ignored in synthesis:146

Acetals1,71,147–150

Before embarking on a discussion of carbohydrate acetals, it is important to review

the nature and reactivity of the various hydroxyl groups within D-glucopyranose:
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Of the five hydroxyl groups present, the anomeric hydroxyl group is unique,

being part of a hemiacetal structure; all of the other hydroxyl groups show the

reactions typical of an alcohol. We have already seen several unique reactions of the

anomeric centre, one of which was the formation (by Fischer) of a mixture of acetals

by the treatment of D-glucose with methanol and hydrogen chloride:

These methyl acetals, methyl a- and b-D-glucopyranoside, offered a form of

protection to the anomeric centre and allowed for the useful synthesis of fully

protected free sugars:

Other acetals have been developed that also offer this unique protection of the

anomeric centre but have the added advantage of removal under milder and more

selective conditions:

R0 Cleavage conditions Reference(s)

CH3 H3O
þ or Ac2O, H2SO4/NaOCH3,

CH3OH

151

CH2Ph H2, Pd-C or Na, NH3

CH2CHTCH2 ButOK, DMSO/H3O
þ or

(Ph3P)3RhCl/H3O
þ

CH2CCl3 Zn, CH3CO2H 152

CH2CH2SiMe3 Bu4NF, THF or TFA, CH2Cl2 147, 153

(CH2)3CHTCH2 NBS, CH3CN, H2O 154
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Acetals, apart from being useful in the protection of the anomeric centre, may

also be used for the protection of other hydroxyl groups and are easily and selec-

tively removed:

Even though these sorts of acetals find great use in general synthetic chemistry,

their use and acceptance has been somewhat limited in carbohydrates; perhaps, the

reasons for this can be found in the pages that follow.

Cyclic acetals: Any synthetic endeavours with carbohydrates must recognize the

presence, more often than not, of molecules containing more than one hydroxyl

group, often in cis-1,2 or cis-1,3 dispositions. So arose the need to ‘protect’ such diol

systems, and ‘cyclic acetals’ were the obvious answer. The benzylidene and

isopropylidene acetals stand (almost) alone as two prodigious protecting groups of

diols, and some general comments are warranted.

In line with the general principles of stereochemistry and conformational ana-

lysis,162 the cyclic acetals of benzaldehyde (benzylidene) and acetone (isopropyli-

dene), when formed under equilibrating conditions, generally result where possible

in 1,3-dioxane and 1,3-dioxolane structures, respectively:

R0 Cleavage conditions Reference(s)

Hþ 1, 147, 155–158

CH3OCH2 Hþ 1, 159

CH3OCH2CH2OCH2 ZnBr2, CH2Cl2 or H
þ 1, 147, 160, 161
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Also, under these equilibrating conditions, the phenyl group will strive to take up

an equatorial orientation:

However, situations sometimes arise where it is necessary to protect a 1,3-diol as

an isopropylidene acetal. Then, a reagent must be found that will provide the acetal

under non-equilibrating conditions, bearing in mind that the product will suffer from

destabilizing 1,3-diaxial interactions involving a methyl group:

Benzylidene acetals: Treatment of a carbohydrate diol with benzaldehyde under

various acidic conditions,163–165 typically utilizing fused zinc chloride, furnishes the

benzylidene acetal(s) in excellent yield:f

f Note that, in the name, the configuration (R) of the new acetal centre is not specified but presumed,

and the use of ‘glucopyranoside’ is an unnecessary tautology.
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When this old but reliable method fails, one may resort to a ‘transacetalization’

process involving treatment of the diol with benzaldehyde dimethyl acetal under

acidic conditions:166–169

When a benzylidene acetal needs to be installed under non-acidic conditions,

a,a-dibromotoluene in pyridine can be used; this is not a common method as,

unsurprisingly, a mixture of diastereoisomers often results:170

One of the strengths of the benzylidene acetal protecting group is that it

may be removed by the normal reagents (acid treatment165,171–174 or reduction

under Birch conditions)1,147–150 to regenerate the parent diol or, more

productively, by methods that involve functional group transformations. Over

the past two decades, an array of methods has been devised for the removal

of the benzylidene acetal group with concomitant conversion into a benzyl

ether, for example:175,176

The methods are based on preferential complexation/protonation at O6 or O4,

leading to intermediate carbenium ions that are subsequently reduced; the solvent

obviously plays an important role in some of these transformations:
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No detailed mechanistic studies have been performed on the reductive opening of

benzylidene acetals, but it is obvious that the process is governed by a complex interplay

among steric, acid–base and solvent effects.175,182 The transformation is not restricted

just to dioxane-type benzylidene acetals; some very interesting observations have been

made with dioxolane acetals:177

Electrophile Reducing agent Solvent Product Reference

AlCl3
* LiAlH4 Et2O, CH2Cl2 6-OH 177

Ph2BBr PhSH or CH2Cl2 6-OH 178

THF�BH3

Bu2BOTf THF�BH3 CH2Cl2 6-OH 179

VO(OTf)2 or THF�BH3 CH2Cl2 6-OH 180

M(OTf)3
(M= Sc, Pr, Nd,

Sm, Eu or Gd)

CoCl2 THF�BH3 THF 6-OH 181

AlCl3
* Me3NBH3 PhCH3 or CH2Cl2 6-OH 182

THF 4-OH

AlCl3/H2O Me3NBH3 THF 4-OH 183

Et2OBF3 Me2NHBH3 CH2Cl2 6-OH 184

CH3CN 4-OH

PhBCl2
CF3SO3H

Et3SiH CH2Cl2 6-OH

4-OH

185

Cu(OTf)2 THF�BH3 CH2Cl2 6-OH 186

Me2EtSiH CH3CN 4-OH

HCl or CH3SO3H
* NaCNBH3 THF 4-OH 187

188

CF3COOH Et3SiH CH2Cl2 4-OH 189

Et2OBF3 190

CF3SO3H NaCNBH3 THF 4-OH 191

* These methods are in common use.
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In fact, Yamaura and co-workers have recently reported a novel synthesis of 1,2-O-

benzylidene acetals; only one diastereoisomer, when treated with diisobutylaluminium

hydride, gave the required benzyl a-D-glucopyranoside:192

Another useful transformation of benzylidene acetals involves treatment with N-

bromosuccinimide, to form a bromo benzoate (the Hanessian–Hullar reaction):193–198

The use of calcium carbonate instead of barium carbonate seems to improve the

process,199 and a related photochemical version employing bromotrichloromethane

has been reported.200

Finally, another oxidative method employs ozone to convert a benzylidene

acetal into a hydroxy benzoate:201

4-Methoxybenzylidene acetals: The 4-Methoxybenzylidene acetals are usually

prepared from the carbohydrate diol and 4-methoxybenzaldehyde dimethyl acetal

under acidic conditions:103
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The advantages possessed by this substituted benzylidene acetal, apart from the

increased lability to acid, are the somewhat milder conditions for reductive ring-

opening:103,202

Before leaving this section, mention should be made of (2-naphthyl)methylene

acetals (possessing all and more of the features of a benzylidene acetal),203

2-(phenylsulfonyl)ethylidene acetals (stable to acid, but removable under reducing

conditions)204,205 and, for pure creativity, an acetal capable of reductive

fragmentation (by Crich):206

Isopropylidene acetals: Fischer prepared the first isopropylidene acetal of a

sugar in 1895,207 and since then, three main methods have emerged for the

installation of this important protecting group under acidic conditions, utilizing

acetone, 2,2-dimethoxypropane or 2-methoxypropene.

Nothing warms the heart of a carbohydrate chemist more than the sight of the

following three classical transformations:208
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Under the strongly acidic conditions employed, all three products are the

thermodynamically favoured ones and, in one step, provide direct access to

molecules with just one hydroxyl group available for subsequent transformations.

Other protic acids (HBF4–ether,
167 4-toluenesulfonic acid209,210) and some Lewis

(FeCl3)
211 acids promote the acetalization process equally well;212 a polymer-bound

reagent has recently been reported.213

2,2-Dimethoxypropane generally gives similar results to those with acetone, but

useful differences are often observed:214

The latter transformation gives a rapid, direct and high-yielding route into a

D-galactose unit suitable for further elaboration just at O2.

The last reagent, 2-methoxypropene, was developed in the mid-1970s,

largely by the efforts of Gelas and Horton, for the synthesis of isopropylidene

acetals. Owing to the high reactivity of the reagent and the trace amounts of

acid catalyst used, the products formed were those ascribed to ‘kinetic

control’:215
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Removal of the isopropylidene protecting group generally offers few problems:

trifluoroacetic acid–water (9:1) is particularly effective;216 other occasions may

warrant the use of iodine in methanol,217 a Lewis acid218–220 or even cerium(IV)

ammonium nitrate.221 The selective removal of just one acetal from some di-O-

isopropylidene derivatives is possible:

Finally, various acids immobilized on silica have recently been used for the

sequential acetalization/acetylation of a range of sugar derivatives:222

Good selectivity is also observed in the removal of one acetal from a di-O-

isopropylidene derivative with these immobilized reagents.223
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Diacetals: One of the triumphs of modern carbohydrate chemistry has been to attract

‘into the fold’, as it were, outstanding synthetic chemists from mainstream organic

chemistry. A major reason for this attraction has been the occurrence of carbohydrates

in various natural products and the role that carbohydrates play in many biological

processes. These gifted chemists have been able to view carbohydrates in an unbiased

light, and so make advances in areas that may have appeared somewhat stagnant.

In the area of acetal protecting groups, Ley has published an elegant sequence of

papers, which describe new methods for the protection of diequatorial vicinal diols, as

commonly found in carbohydrates.224 In the early publications, a bisdihydropyran reagent

was able to react with just the 2,3-diol of methyl a-D-galactopyranoside, by virtue of

forming a dispiroacetal that is uniquely stabilized by four individual anomeric effects, a

trans-decalin-like core, and four equatorial substituents on the central dioxane ring:225

Some limitations were observed with the reaction of various alkyl a-D-
mannopyranosides and the bisdihydropyran reagent and, in general, quite acidic

conditions were needed to remove the dispiroacetal protecting group.226

In an improvement to the whole procedure, it was found that 1,1,2,2-

tetramethoxycyclohexane offered the same selectivity for diequatorial vicinal

diols, including those of methyl a-D-mannopyranoside:227

Ultimately, the reagent of choice for the protection of a diequatorial vicinal diol

was found to be not a diacetal at all but, rather, a diketone:228
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This most remarkable reaction is being increasingly used in synthetic

carbohydrate chemistry.229

Cyclohexylidene acetals: The cyclohexylidene acetal is a rarely used protecting

group (partly because the resulting NMR spectra are quite complex) that offers

ease of installation (cyclohexanone, cyclohexanone dimethyl acetal or

1-methoxycyclohexene, all under acidic conditions), a propensity to form 1,3-

dioxolanes and a greater stability towards hydrolysis than the corresponding

isopropylidene acetal:230

Dithioacetals:231 Anomeric dithioacetals, since their first preparation by Fischer

in 1894,232 have maintained their importance to synthetic chemists because they

offer one of the few ways of locking an aldose in its acyclic form.233 Subsequent

manipulations on the rest of the molecule can offer useful synthetic intermediates:234

It is an unfortunate fact that removal of the dithioacetal protecting group, when

necessary, often requires the use of environmentally unfriendly heavy metal salts,

such as Hg(II). Hence, other methods have been devised.235

Thioacetals: Although there has been a renewed interest in acyclic thioacetals,236

it is the cyclic thioacetals, or 1-thio sugars, that are the most important members of

58 2 Synthesis and Protecting Groups



this class. As such, these thioacetals are versatile starting materials for the synthesis

of disaccharides and higher oligomers (see Chapters 4 and 5) and owe their

popularity to the ease of preparation and handling:237–240

Stannylene acetals:241–243 The treatment of a vicinal diol with dibutyltin oxide

gives rise to a cyclic derivative known as a ‘stannylene acetal’:

Apparently, the size of the tin atom allows such stannylene acetals to form from

both cis and trans vicinal diols; also, the tin atom causes an increase in the reactivity

(nucleophilicity) of an attached oxygen atom so that subsequent acylations and

alkylations may be performed under very mild conditions:

Not surprisingly, this sequence of reactions has found great application in the

selective protection of carbohydrate diols and polyols:244,245
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The above transformations show that, even though the acylation/alkylation is

regioselective, it is not always possible to predict the outcome of a particular

reaction. Acylations with an acid halide reportedly give different products from

those conducted with an acid anhydride.246 In general, an equatorial oxygen is

functionalized in preference to one that is axial,247 and the addition of a

tetrabutylammonium halide is necessary to increase the rate of the alkylation

reaction.248,249 Useful building blocks for glycoside synthesis can be prepared from

sugar polyols and benzoyl chloride in the presence of an excess of dibutyltin oxide.40

Two conflicting publications, both employing dibutyltin dimethoxide as the

reagent, have highlighted the care that must be taken in making generalizations

about this particularly useful synthetic method.250,251 A regioselective sulfation of

disaccharides that also uses stannylene acetal methodology has been reported.252,253

Finally, a report on anomeric stannylene acetals allows for the isomerization of 6-O-

trityl-D-galactose into the rare sugar, D-talose:254

Shortly after the establishment of the stannylene acetal methodology, it was found

that the treatment of an alcohol with bis(tributyltin) oxide gave rise to a ‘stannyl ether’.255

Again, the reactivity of the oxygen in the stannyl ether was greatly enhanced,

being able to combine directly with acylating agents, but again needing the presence

of a tetrabutylammonium halide for successful alkylation.256 Some interesting

transformations of carbohydrate polyols were observed:
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Comments have been made on the variability of the regioselectivity of the

process according to the reaction conditions employed.246,257

The Protection of Amines

So far, the carbohydrates that we have encountered consist of just carbon, hydrogen

and oxygen. However, other heteroatoms, nitrogen and phosphorus in particular, are

commonly included in carbohydrate structures, and an important class is that of the

‘amino sugars’:

Traditionally, amino group protection in carbohydrates relied on the chemistry

developed earlier in the peptide field (benzyloxycarbonyl, tert-butoxycarbonyl).

However, removal of such carbamyl groups requires the use of hydrogen,

anhydrous acid or strong base, conditions that may adversely affect a

carbohydrate, protected or otherwise. So arose the need to develop other protecting

groups for the primary amine.

The acetyl group is found in molecules such as N-acetyl-D-glucosamine, a

common component of many natural oligosaccharides and polysaccharides.

However, most attempts to use acetyl as a protecting group for nitrogen in

carbohydrate synthesis have failed, mainly owing to the inherent reactivity of

what is actually an amide. For example, we will see in Chapter 4 that any

attempt to activate the anomeric carbon of a derivative of N-acetyl-D-glucosamine
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inevitably leads to an oxazolinium ion, which is often not reactive enough. Even

worse, the oxazoline can be formed and isolated as a significant but unwanted

by-product:

In order to circumvent such a problem, let us reflect on the functional groups

within D-glucosamine: a primary amine, a hemiacetal and three other hydroxyl

groups. It is well established that the amine is more nucleophilic than any of the

hydroxyl groups and so, not surprisingly, it may be selectively functionalized,

bearing in mind that this protecting group for nitrogen must be commensurate with

those chosen for the hydroxyl groups, and the task at hand. The protected nitrogen

will often now be an amide and the hydroxyl groups often esters, the former more

stable to most reagents than the latter, but presenting potential problems in later

removal (deprotection). Consequently, there has to be something ‘special’ about

these amides as protecting groups.

Another issue in a simple amide derived from a primary (and for that matter,

secondary) amine is the potential for isomerism associated with rotation around the

NH—CO bond:

If this rotation is ‘slow’ on the NMR timescale, then annoying broadening

effects can be observed in the resultant spectra; such an issue has plagued the

spectra of benzyloxycarbonyl and tert-butoxycarbonyl derivatives of amines, but

the problem can be minimized at higher instrument temperature. Despite this line

broadening in NMR spectra, special amide and carbamate protecting groups have
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been designed for the primary amine of sugars, and the most useful of these are

listed; each product is characterized by possessing a weakly basic nitrogen atom, and

being susceptible to a unique deprotection strategy:

A logical extension of the above ‘monovalent’ approach for a primary

amine would be a ‘divalent’ protecting group. In its simplest form, one could

imagine, for example, N-acetyl-N-trichloroethoxycarbonyl protection,260 with the

nitrogen now present as an even less basic imide. Although this arrangement

could still lead to rotamer problems (in NMR spectra), it has the dual advantages

of easy and selective removal of the N-trichloroethoxycarbonyl group, and

retention of the (usually desired) acetyl group in the product. An even better

arrangement would be to have a symmetrical imide, and the simplest is the N,N-

diacetyl group; again, once deprotected, one acetyl group is retained in the

product:

Carbohydrate chemists are always busy, almost preoccupied, with the

invention of new protecting groups, and it comes as no surprise to see a whole

range of these divalent, symmetrical groups for the primary amine.263 Once again,

these groups are characterized by easy installation and, most importantly, mild and

selective removal:

Reactant Reagent Product Deprotection Product Reference(s)

—NH2 CCl3COCl —NHCOCCl3 Bu3SnH, AIBN —NHAc 258

—NH2 (CF3CO)2O —NHCOCF3 K2CO3 or NH3 —NH2 1

—NH2 CCl3CH2OCOCl —NHCOOCH2CCl3 Zn —NH2 1, 259–261

—NH2 CH2CHCH2OCOCl —NHCOOCH2CHCH2 Pd(0) —NH2 1, 262
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Reactant Reagent Product Deprotection Product Reference(s)

—NHAc CH3COCl or

CH2C(CH3)OAc

—NAc2 NaOCH3 —NHAc 264, 265

—NH2 N2H4 or

H2N(CH2)2NH2

—NH2 23, 266–268

—NH2 H2N(CH2)2NH2

or NaBH4

—NH2 269–274

—NH2 (CH3COCH2)2 NH2OH —NH2 275

—NH2 NaOH,

then H3O
þ

—NH2 276

—NH2 (EtOCS)2S,

then ClCOSCl

Zn, THF/H2O,

then Ac2O

—NHAc 277

—NH2 NaOMe,

then Bu3SnH

—NHAc 278

—NH2 NH3 —NH2 279

(continued )

64 2 Synthesis and Protecting Groups



The azide group is a common precursor to the amino group and can be

introduced at C2 (usually) of a carbohydrate by a number of means;285 con-

versely, a not-so-obvious protection of the amino group is offered by the azide

group:

This primary amine to azide conversion is now most conveniently performed

with imidazole-1-sulfonyl azide hydrochloride, a shelf-stable, crystalline

diazotransfer reagent:286

Finally, mention should be made of microwave assistance for the manipulation

of protecting groups;287,288 also, there are those who favour the use of ‘fluorous’

protecting groups to assist in the matter of purification.289

The ‘wagon wheel’ below utilizes much of the chemistry discussed above to

illustrate the flexibility in protection of a molecule such as methyl a-D-
galactopyranoside:

Reactant Reagent Product Deprotection Product Reference(s)

—NH2 NH3, N2H4 or

RNH2

—NH2 280

—NH2 TfN3, Cu(II) or

Zn(II)

—N3 H2/Pd-C or

PPh3/H2O

—NH2 281–283

—NH2 BnBr —NBn2 H2/Pd(OH)2-C —NH2 284
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Orthogonality

Orthogonal protecting groups are those in a set that require a unique reagent for their

individual removal, being unreactive to the conditions required for the removal of

the other groups of the set. For example, the acetyl group (of an ester) and the benzyl

group (of an ether) are an obvious orthogonal pair of protecting groups for the

hydroxyl group. This concept has been much extended over recent years, to include

monosaccharides that are protected in a fully orthogonal sense:290–292
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A regioselective one-pot protection of carbohydrates employs many of the

principles of orthogonality.293,294

An interesting twist, that of ‘uni-chemo protection’, has been given to the

concept of orthogonality; a diol, for example, is protected at one hydroxyl as an

ester of a single amino acid and at the other (hydroxyl) again as an ester but of a

dipeptide. One cycle of the Edman degradation then releases one hydroxyl group

that, after functionalization, is followed by another (Edman) degradation to release

the other hydroxyl group:295
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CRC Press.

7. Wolfrom, M.L. and Thompson, A. (1963). Methods Carbohydr. Chem., 2, 211.

8. Conchie, J., Levvy, G.A. and Marsh, C.A. (1957). Adv. Carbohydr. Chem., 12, 157.

9. Swain, C.G. and Brown, J.F., Jr. (1952). J. Am. Chem. Soc., 74, 2538.

10. Schmidt, R.R. (1986). Angew. Chem. Int. Ed. Engl., 25, 212.

11. Schmidt, R.R. and Michel, J. (1984). Tetrahedron Lett., 25, 821.

12. Kartha, K.P.R. and Field, R.A. (1997). Tetrahedron, 53, 11753.

13. Zemplén, G. and Pacsu, E. (1929). Ber. Dtsch. Chem. Ges., 62, 1613.

14. Lemieux, R.U. and Stick, R.V. (1975). Aust. J. Chem., 28, 1799.

References 67



15. Herzig, J., Nudelman, A., Gottlieb, H.E. and Fischer, B. (1986). J. Org. Chem., 51, 727.

16. Ellervik, U. and Magnusson, G. (1997). Tetrahedron Lett., 38, 1627.

17. Lemieux, R.U., Hendriks, K.B., Stick, R.V. and James, K. (1975). J. Am. Chem. Soc., 97, 4056.

18. Vekemans, J.A.J.M., Franken, G.A.M., Chittenden, G.J.F. and Godefroi, E.F. (1987). Tetrahedron

Lett., 28, 2299.

19. Liu, H.-M., Yan, X., Li, W. and Huang, C. (2002). Carbohydr. Res., 337, 1763.

20. Wang, H., She, J., Zhang, L.-H. and Ye, X.-S. (2004). J. Org. Chem., 69, 5774.

21. Ishihara, K., Kurihara, H. and Yamamoto, H. (1993). J. Org. Chem., 58, 3791.

22. Moitessier, N., Englebienne, P. and Chapleur, Y. (2005). Tetrahedron, 61, 6839.

23. Best, W.M., Dunlop, R.W., Stick, R.V. and White, S.T. (1994). Aust. J. Chem., 47, 433.

24. Mikamo, M. (1989). Carbohydr. Res., 191, 150.

25. Grynkiewicz, G., Fokt, I., Szeja, W. and Fitak, H. (1989). J. Chem. Res., Synop., 152.

26. Sim, M.M., Kondo, H. and Wong, C.-H. (1993). J. Am. Chem. Soc., 115, 2260.

27. Johnsson, R. and Ellervik, U. (2005). Synlett, 2939.

28. Tiwari, P. and Misra, A.K. (2006). Tetrahedron Lett., 47, 3573.

29. Gridley, J.J., Hacking, A.J., Osborn, H.M.I. and Spackman, D.G. (1998). Tetrahedron, 54, 14925.

30. Kennedy, J.F., Kumar, H., Panesar, P.S., Marwaha, S.S., Goyal, R., Parmar, A. and Kaur, S.

(2006). J. Chem. Technol. Biotechnol., 81, 866.

31. Horrobin, T., Tran, C.H. and Crout, D. (1998). J. Chem. Soc., Perkin Trans. 1, 1069.

32. Bashir, N.B., Phythian, S.J., Reason, A.J. and Roberts, S.M. (1995). J. Chem. Soc., Perkin Trans. 1,

2203.

33. Hennen, W.J., Sweers, H.M., Wang, Y.-F. and Wong, C.-H. (1988). J. Org. Chem., 53, 4939.

34. Rencurosi, A., Poletti, L., Russo, G. and Lay, L. (2003). Eur. J. Org. Chem., 1672.

35. Kadereit, D. and Waldmann, H. (2001). Chem. Rev., 101, 3367.

36. La Ferla, B. (2002). Monatsh. Chem., 133, 351.

37. Byramova, N.E., Ovchinnikov, M.V., Backinowsky, L.V. and Kochetkov, N.K. (1983).

Carbohydr. Res., 124, C8.

38. Haines, A.H. (1976). Adv. Carbohydr. Chem. Biochem., 33, 11.

39. Williams, J.M. and Richardson, A.C. (1967). Tetrahedron, 23, 1369.

40. Zhang, Z. and Wong, C.-H. (2002). Tetrahedron, 58, 6513.

41. Carey, F.A. and Hodgson, K.O. (1970). Carbohydr. Res., 12, 463.

42. Chittenden, G.J.F. (1971). Carbohydr. Res., 16, 495.

43. Pelyvás, I.F., Lindhorst, T.K., Streicher, H. and Thiem, J. (1991). Synthesis, 1015.

44. Glaudemans, C.P.J. and Bertolini, M.J. (1980). Methods Carbohydr. Chem., 8, 271.

45. van Boeckel, C.A.A. and Beetz, T. (1983). Tetrahedron Lett., 24, 3775.

46. Lefeber, D.J., Kamerling, J.P. and Vliegenthart, J.F.G. (2000). Org. Lett., 2, 701.

47. Jiang, L. and Chan, T.-H. (1998). J. Org. Chem., 63, 6035.

48. Greene, T.W. and Wuts, P.G.M. (1991). Protective Groups in Organic Synthesis, p. 99. John

Wiley and Sons.

49. den Hartog, J.A.J., Wille, G. and van Boom, J.H. (1981). Recl. Trav. Chim. Pays-Bas, 100, 320.

50. Liu, X., Stocker, B.L. and Seeberger, P.H. (2006). J. Am. Chem. Soc., 128, 3638.

51. Arranz, E. and Boons, G.-J. (2001). Tetrahedron Lett., 42, 6469.
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2960.

90. Falck, J.R., Barma, D.K., Venkataraman, S.K., Baati, R. and Mioskowski, C. (2002). Tetrahedron

Lett., 43, 963.

91. Alzeer, J. and Vasella, A. (1995). Helv. Chim. Acta, 78, 177.

92. Lu, W., Navidpour, L. and Taylor, S.D. (2005). Carbohydr. Res., 340, 1213.

93. Polat, T. and Linhardt, R.J. (2003). Carbohydr. Res., 338, 447.

94. Brar, A. and Vankar, Y.D. (2006). Tetrahedron Lett., 47, 5207.
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Chapter 3

The Reactions of Monosaccharides1

So far, most of the chemical transformations of a monosaccharide discussed in

this book have been concerned with the concept of protecting groups. In gen-

eral, the order of reactivity of the various hydroxyl groups of D-glucopyranose

was observed to be O1 (hemiacetal)>O6 (primary)>O2 (adjacent to C1 and

therefore more acidic)>O3>O4; this order, of course, is dictated very much by

the nature of the substrate and the reagent, as well as whether an O–H or a C–O

bond is being broken. Now, a host of chemical reactions will be discussed that

cause functional group transformations within monosaccharides, either for the

purpose of elaboration into oligosaccharides or for the synthesis of a derivative

of the monosaccharide. Such derivatives include the deoxy and amino deoxy

sugars.

By the nature of the subject, this discussion will be neither exhaustive nor all-

inclusive. It will, however, highlight the methods that work well in synthetic

carbohydrate chemistry, particularly those that have evolved over the last few

decades.

Oxidation2–6

We have already seen the importance of oxidation to the German chemists of

the nineteenth century. Aldoses were oxidized to aldonic acids using bromine

water and to aldaric acids using dilute nitric acid; these reagents are still used

today.

The major advances have been concerned with the discovery or ‘invention’, as

some have called it,a of chemoselective reagents for oxidation of the various hydroxyl

groups within a carbohydrate. The well-established Jones’ (CrO3, H2SO4)
8 and

Collins’ (CrO3, pyridine)9 reagents soon gave way to milder and more easily

handled oxidizing agents, namely pyridinium chlorochromate10 and pyridinium

a Sir Derek Barton co-authored a series of papers that highlighted the ‘invention’ of new chemical

reactions, particularly those concerned with free radical pathways.7
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dichromate.11,12 These reagents oxidize both primary and secondary alcohols and can

produce either the aldehyde or the acid from a primary alcohol:

Another major class of oxidizing agents is based on dimethyl sulfoxide.13

Since the initial report by Pfitzner and Moffatt (dimethyl sulfoxide,

dicyclohexylcarbodiimide), a string of reagents has been developed that

activate the dimethyl sulfoxide for oxidation of, in particular, secondary

alcohols:

With primary alcohols, the formation of ‘(methylthio)methyl ethers’ (actually

thioacetals) can be troublesome:14

Some of the most popular activating agents for dimethyl sulfoxide are acetic

anhydride, trifluoroacetic anhydride, phosphorus pentaoxide, pyridine/sulfur trioxide

and oxalyl chloride:15,16
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In fact, the activation of dimethyl sulfoxide by oxalyl chloride is such a general,

mild and selective method of oxidation that it has taken on a mantle of its own; it is

known as the Swern oxidation, after its founder:17

There have been suggestions for the use of recyclable sulfoxides or polymer-

bound sulfoxides, the latter to avoid the malodorous dimethyl sulfide that is liberated

from oxidations conducted with dimethyl sulfoxide.18–20

A named reagent, the Dess–Martin periodinane, has proven its value in synthesis

and is being used more regularly in the carbohydrate area:21–24

Ruthenium tetraoxide is a powerful oxidizing agent, the action of which can

be somewhat moderated by employing small amounts of ruthenium(III) or
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ruthenium(IV) compounds and stoichiometric amounts of another oxidizing

agent:25–27

Ley offered a novel variant of ruthenium-based oxidants by showing that

tetrapropylammonium perruthenate could be used in catalytic amounts, together

with another oxidizing agent:28

Two significant improvements to the method have been reported: a polymer-

supported perruthenate and the use of molecular oxygen as the co-oxidant.29

2,2,6,6-Tetramethylpiperidine-1-oxyl, used in catalytic amounts with a

co-oxidant, is capable of oxidizing primary alcohols to either the aldehyde or the

carboxylic acid:30–33

The latter example illustrates the utility of the method, which seems to compare

favourably with the more traditional oxygen-over-platinum dehydrogenation34 for

producing uronic acids. The mechanism of action of this interesting oxidant is

thought to involve an oxoammonium ion:35
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In connection with the work on the reaction of vicinal diols with bis(tributyltin)

oxide and with dibutyltin oxide (see Chapter 2), it was found that the resulting tin-

containing derivatives could be oxidized rapidly and selectively by molecular

bromine or by N-bromosuccinimide:36–39

This oxidation is truly remarkable, not only in its activation of both the substrate

(diol) and the reagent (bromine) but also in the regiochemistry displayed.

It is worth noting at this stage that many of the ketones produced by the

oxidation of carbohydrate secondary alcohols are often found as stable, well-defined

hydrates; presumably, the numerous electronegative oxygen atoms present in the

molecules raise the reactivity of the carbonyl group. Hydrogen bonding in these

hydrates may also be a stabilizing factor.26 In solution, these hydrates are in
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equilibrium with the ketone and exhibit the reactivity expected (as well as releasing

an equivalent of water!).

This section would not be complete without a reference to the oxidative

cleavage of carbohydrate vicinal diols by reagents such as periodic acid

and lead(IV) acetate. These sorts of oxidations not only provide valuable

information on relative configuration and ring size40 but also are of synthetic

utility:41

These days, of course, the problems of ring size and relative configuration are

much more easily solved by NMR spectroscopy.42–45

Reduction

The reduction of an aldose to an alditol is now more safely done with sodium

borohydride than with the more toxic sodium amalgam. For many years,
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however, chemists were restricted to such ‘dissolving metals’ and ‘catalytic

hydrogenation’ for the reduction of carbohydrates. Still, many interesting reac-

tions were reported:46–48

The concept of ‘catalytic transfer hydrogenation’ has obviated the need for using

molecular hydrogen in transformations such as the above.49,50

With the advent of sodium borohydride and lithium aluminium hydride, many of

the reductions performed on carbohydrates became easier and, with sodium borohy-

dride, safer. A modern Kiliani–Fischer synthesis now uses sodium borohydride for

reduction of the lactone to the aldose and, if necessary, further reduction to the

alditol:

Reduction 81

References start on page 124



Other interesting transformations followed, some involving modified boro- and

aluminium hydrides:26,51–54

Tributyltin hydride has been used routinely for the removal of halogen from

carbohydrate derivatives:55,56

However, this reducing agent received a great boost in 1975 when Barton and

McCombie reported the deoxygenation of secondary alcohols via, among other

functionalities, the derived xanthates:57,58
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This ‘invention’ was much touted by Barton because of the free radical nature of

the reaction:

Over the years, the process has been refined and improved and is really the

method of choice for the deoxygenation of a secondary alcohol.59–61 Apart from the

original xanthate, equally attractive substrates are a thiocarbonate and a

thiocarbamate:62–64

The Barton–McCombie deoxygenation method has been suitably modified for

primary and tertiary alcohols.61,65,66

Although tin hydrides are still used routinely for the reduction, the waste

products are highly toxic and therefore pose a problem in disposal. A useful

procedure has been reported for the removal of these toxic tin residues,67

and there exist methods that use a catalytic amount of the tin reagent and a

stoichiometric amount of another reducing agent.56 Also, a polystyrene-supported

organotin hydride has been developed.68,69 However, it is felt that reagents based

on a Si–H or, more likely in terms of cost, a P–H bond, will prove safer for

industrial application.70–72
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An extension of the above thiocarbonyl-based methodology gives rise to the

selective deoxygenation of a diol:73,74

In summary, the best method for the deoxygenation of a primary alcohol

probably still involves a conventional sequence:

However, it is the Barton–McCombie free radical procedure that is best for

secondary alcohols:

Halogenation

We have just seen that deoxyhalogeno sugars are of some importance in the synth-

esis of deoxy sugars. Although all of the halogens could be introduced into a

monosaccharide using the older methods and reagents, there were some limitations

as to what could be achieved:75
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It soon became obvious that additional processes were needed for the

introduction of halogen at the lone primary carbon, in preference to any of the

three secondary carbon atoms; the aforementioned Hanessian–Hullar reaction

(Chapter 2) was one of these:

Also, milder conditions could be an advantage for the introduction of halogen

at the anomeric carbon; the product, a glycosyl halide, was exceptionally

reactive, being an ‘a-halo ether’. Many of the reagents for the introduction of

halogen now rely on triphenylphosphine. The discussion that follows will, by

necessity, separate the introduction of halogen at the anomeric and non-anomeric

positions.

Non-anomeric halogenation: Although the traditional nucleophilic displacements,

e.g. of a tosylate by iodide, are still used, the methods currently in vogue for the

introduction of chlorine, bromine and iodine all utilize triphenylphosphine. Probably,
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the most popular choices are triphenylphosphine with carbon tetrachloride, carbon

tetrabromide or iodine/imidazole. In fact, this last combination has become the reagent

of choice for the regioselective iodination (at C6) of many hexopyranosides:75–79

Where applicable, it can be seen that the above halogenations proceed with the

inversion of configuration at carbon. This observation is in line with the general

principle of nucleophilic displacement reactions in carbohydrates: the preference for

SN2 processes over SN1. Presumably, carbenium ion intermediates are disfavoured

by the presence of so many (electronegative) oxygen atoms. The driving force

behind triphenylphosphine-mediated halogenation is the formation of the very

stable phosphine oxide:

Removal of triphenylphosphine oxide can be a problem, and some solutions

have been offered.80
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Although fluorine can be introduced into a carbohydrate by conventional nucleo-

philic substitution, often employing a sulfonate and tetrabutylammonium fluoride,

the method of choice utilizes (diethylamino)sulfur trifluoride (DAST):81–83

The reagent supplies an active electrophile as well as the fluoride ion but

is relatively expensive; the substitution usually proceeds with inversion of

configuration:

Rearrangements are often observed with DAST in susceptible substrates:84,85
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A comprehensive review of methods for the replacement of the hydroxyl group

by fluorine has recently appeared.86

A novel preparation of 2-deoxy-2-fluoro sugars involves the addition of ‘Select-

fluor’ {1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluorobo-

rate)}, a rare source of the fluoronium ion, to a 1,2-alkene:83,87–92

Only with some substrates is any useful diastereoselectivity exhibited in the

products. The presence of a fluorine atom in deoxyfluoro sugars adds, of course,

another dimension to NMR spectroscopy.93

Probably, one of the most useful deoxyfluoro sugars is 2-deoxy-2-[18F]fluoro-

D-glucose, [18F]FDG (something of a misnomer), having a half-life of 110min

and therefore ideally suitable for medical imaging using positron emission

tomography (PET). The molecule is prepared in ‘hot boxes’ fed directly by a

cyclotron and is sufficiently active for clinical use for eight half-lives

(about 15 h).94–96
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Anomeric halogenation: Glycosyl halides can be viewed as a-halo ethers, and

consequently their method of preparation and subsequent chemical reactivity are

different from the normal deoxyhalogeno sugars. The first examples of this valuable

class were the glycosyl chlorides and bromides:97–101

Generally, Glycosyl chlorides can be obtained in either the a- or the b-pyranose
form. The a-anomer is naturally the more stable, but the strength of the carbon–

chlorine bond allows the formation of the b-anomer under conditions of kinetic

control:102

Glycosyl bromides, because of the weaker carbon–bromine bond, are generally

isolated only as the a-anomer; this also holds for glycosyl iodides. Although first

reported in 1929,103 glycosyl iodides until recently were deemed too unstable to be

of any use in subsequent synthetic transformations:98,104–111
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Glycosyl fluorides have been known for many years, but it took the inventiveness

of chemists such as Mukaiyama and Nicolaou to realize the synthetic potential of these

fluorides and so to stimulate new methods for their preparation:81,112–117
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The a-anomer is the more stable, but again owing to the strength of the

carbon–fluorine bond, it is possible to prepare the b-anomer in high yield. A unique

feature of glycosyl fluorides is that they may be deprotected to give the polyol:81

Some interesting and useful molecules result from the combination of various

methods:

It is possible to prepare all of the glycosyl halides from the free sugar, using

haloenamine reagents:118

Another report describes a convenient synthesis of glycosyl halides, again from

the free sugar:119
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Finally, mention is made of a reaction that does not occur at the anomeric centre

but generates another anomeric centre – Ferrier’s ‘photobromination’:120

The brominated compounds can be put to good synthetic use:120,121

Glycosyl fluorides, when 2- and 5-fluoro substituted, are of invaluable use in the

labelling of amino acid residues located in the active site of various glycoside

hydrolases (see Chapter 7).122–124 DAST can also be employed to prepare these

interesting difluorides:125
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Alkenes and Carbocycles

It is appropriate to discuss alkenes and carbocycles together as the former are

sometimes precursors to the latter. In general, alkenes derived from carbohydrates

are rarely found naturally and usually result from some chemical transformation in

the laboratory, e.g. dehydration, dehydrohalogenation or ‘de-dihydroxylation’.

Anomeric alkenes, termed ‘glycals’, are unique and their chemistry will be discussed

separately. Carbocycles form the core of several important classes of biologically

important molecules, e.g. the cyclitols.126

Non-anomeric alkenes:127,128 In the pyranose series, 2,3-, 3,4-, 4,5- and 5,6-

alkenes are all known, with the last type probably being the most common and

useful. The generation of a 2,3- or 3,4-alkene can conveniently occur from the

appropriate diol, using older (Tipson–Cohen) methodology or an extension of

methods that we have already seen as developed by Barton and by Garegg:129–133

Alkenes and Carbocycles 93

References start on page 124



A rather unusual method for the synthesis of a 2,3-alkene involves the reduction

of a cyclic sulfate:134

For the synthesis of a 4,5- or 5,6-alkene, a dehydration process may appear

obvious, but it is a dehydrohalogenation that is more efficient:135

An unusual synthesis, often termed the Bernet–Vasella reaction, of acyclic

5,6-alkenes involves the reduction of a 6-bromo-6-deoxy-D-glucopyranoside:136–138

Anomeric alkenes:127,128 Although derivatives of 1,5-anhydro-hex-1-enitols are

known, it is the 2-deoxy derivatives that are much more common and synthetically

useful; the name ‘glycal’ was given to the latter group when the properties of an

aldehyde (from hydrolysis of the enol structure) were originally noticed:
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There are many methods for the formation of glycals, ranging from the original

treatment of ‘acetobromoglucose’ with zinc in acetic acid (by Fischer in 1913) to a

comparable reduction with samarium(II) iodide:48,127,128,139–141

The use of zinc/silver/graphite offers a significant improvement,142 and a ‘one pot’

procedure seems to be of advantage when conversion of a free sugar directly into the

glycal is required.143 An aprotic procedure (zinc and a tertiary amine in benzene) has

also been developed,144 and potassium–graphite laminate is a vigorous enough reagent

to cause the formation of glycals even from O-alkyl or O,O-alkylidene precursors:145

New methods employing other metals, e.g. titanium, vanadium and cobalt (of

vitamin B12), continue to be announced.146–149 Furanoid glycals are generally difficult

to prepare and are much less stable than their pyranoid counterparts. In general, glycals,

being enol ethers, do not particularly enjoy the company of acids; an indirect synthesis of

4,6-O-benzylidene-D-glucal, avoiding such acidic conditions, has recently appeared:150
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Exo-glycals, which have the double bond at the anomeric carbon external to the

ring, are not nearly as common as the parent glycals.151,152

Carbocycles:153–157 For the biosynthesis of the inositols (polyhydroxylated

cyclohexanes), nature uses a carbohydrate precursor, D-xylo-hexos-5-ulose

6-phosphate, and makes use of the aldol reaction (see Chapter 6):158

This sort of reaction has been mimicked159 and emulated by chemists for the

synthesis of carbocycles from carbohydrates and, without doubt, the procedure

developed by Ferrier is one of the most valuable:135,154,160

The generally accepted mechanism for this reaction involves an oxymercuration,

followed by an intramolecular aldol reaction:154
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The stereochemistry that is observed in the final product has been commented

upon.154 Certainly, one of the strengths of this transformation is that the initial

products can be put to good use:135,154,160–162

Two variations of this carbocycle synthesis, both of which retain the anomeric

substituent, have been reported:163,164
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Another approach to the synthesis of carbocycles from carbohydrates involves

highly functionalized alkenes:153,154,165

These sorts of reactions all involve free radical intermediates, with hex-5-enyl

radicals cyclizing more rapidly than their hept-6-enyl counterparts and in accord

with the rules as espoused by Baldwin and Beckwith:153,166–169

The most recent approach to carbocycles involves olefin metathesis, in particular,

ring-closing metathesis employing Grubbs’ first-generation catalysts:170–174

Anhydro Sugars175

As the name implies, anhydro sugars formally result from the loss of water between

two hydroxyl groups within a monosaccharide unit, with the concomitant formation

of a new carbon–oxygen bond. Because of the number of different types of hydroxyl

groups present in a monosaccharide, a whole range of anhydro sugars is possible; a

classification based on whether the ‘anhydro linkage’ involves the anomeric centre

or not is convenient.
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Non-anomeric anhydro sugars:176 The most important of the non-anomeric

anhydro sugars are the epoxides, which can be formed somewhat circuitously by the

oxidation of an unsaturated sugar but, more commonly, they result from an internal

nucleophilic displacement:177–180
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The direct oxidation of an alkene is (generally) not very stereoselective. In

addition, the formation of an epoxide by the internal displacement of a sulfonic

acid ester is a favoured process when either few conformational constraints exist or

an ‘anti-periplanar’ arrangement of nucleophile (O�) and leaving group (OTs, OMs)

can be attained. For substrates where such an arrangement cannot be reached by the

normal conformational change (4C1 to 1C4), it has been suggested that other

conformations may be involved.176,181

Another approach to sugar epoxides involves an intramolecular Mitsunobu

reaction, directly on the diol:181

Care must be employed in some cases where an internal ‘Payne rearrangement’

is possible in an initially formed product:182,183

Spiro-epoxides, apart from arising from the epoxidation of an exo-cyclic

alkene, can be formed from ketones and dimethylsulfoxonium methylide or

dimethylsulfonium methylide:184–186

Of the other non-anomeric anhydro sugars, the formation of the 3,6-derivative is

a common occurrence in the base treatment of glycosides with a good leaving group

at C6:187

100 3 The Reactions of Monosaccharides



Anomeric anhydro sugars: Anomeric anhydro sugars, in which the new

carbon–oxygen bond involves the anomeric centre, may be considered as ‘internal’

acetals. Again, many possibilities exist, but here only the important 1,6- and

1,2-anhydro hexopyranoses will be discussed:

1,6-Anhydro hexopyranoses:188,189 Some aldohexoses, in aqueous acid at equilibrium,

form a large amount of the 1,6-anhydro pyranose derivative:190

For D-idose, as illustrated, the result is not surprising: the product is stabilized

by a favourable anomeric effect and is no longer destabilized by having axial

hydroxyl groups on the pyranose ring. In fact, for D-altrose, D-gulose and D-idose,

this simple acid-catalysed process represents a viable method for preparing the

anhydro sugar. For other aldohexoses, however, alternative methods had to be

developed.

One of the oldest ways of producing 1,6-anhydro hexopyranoses is

by the pyrolysis of readily available carbohydrates, such as starch, cellulose, man-

nan and a-lactose. In this way 1,6-anhydro-b-D-glucopyranose, -mannopyranose

and -galactopyranose are produced:191–193

Anhydro Sugars 101

References start on page 124



The trivial names arise from ‘glycosan’ (glycose anhydride), and ‘levoglucosan’

from the fact that an early report on glucosan gave a positive value for the optical

rotation of what was obviously an impure sample.

Other methods are commonly used for the preparation of glycosans,

generally involving some sort of activation of either the C1–O1 or the C6–O6

bond:194–199

Glycals can be convenient sources of functionalized anhydro sugars:200–204
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One of the reasons that so much effort has been put on the synthesis of the

glycosans is that they offer so much to synthetic chemists in subsequent

transformations. Included in the gift are protection of both C1 and C6, an unusual

conformation (1C4), an array of hydroxyl groups of unusual and differing reactivity,

and an anhydro bridge that, when finally broken, allows a return to the normal 4C1

conformation of the pyranose ring. Making use of most of these features are the

‘Cěrný’ 2,3- and 3,4-epoxides:188,203–208
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1,2-Anhydro hexopyranoses: The classic example of a 1,2-anhydro hexopyranose

was prepared by Brigl, many years ago:209

‘Brigl’s anhydride’ took on a special role in the history of carbohydrate

chemistry when it was used in the first chemical synthesis of sucrose by

Lemieux.210 Nowadays, this method of preparation of anomeric epoxides (the

displacement of some good leaving group at C1 by an oxygen nucleophile at C2)

has given way to more general procedures.

The most convenient and operationally simple method for the synthesis

of 1,2-anhydro hexopyranoses involves the oxidation of glycals with

dimethyldioxirane:211,212

As we have seen, all sorts of glycals are readily prepared and the reagent

dimethyldioxirane is easily generated in acetone solution, free of moisture.213,214

The work-up procedure after the oxidation involves nothing more than a simple

evaporation of the solvent, and generally, one diastereoisomer is either formed

exclusively or predominates. The use of more traditional oxidizing agents, e.g.

3-chloroperbenzoic acid, produces acidic by-products that destroy the desired

epoxide. More will be said about these anomeric epoxides in the next chapter, but

it will suffice to say that they are generous precursors of glycosides, glycosyl amines,

thioacetals and glycosyl fluorides, as one would expect of an epoxide that is also part

of an acetal:215
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Deoxy, Amino Deoxy and Branched-chain Sugars

Deoxy, amino deoxy and branched-chain sugars are all characterized by some sort of

modification of the carbohydrate: loss of a hydroxyl group, replacement of a hydroxyl

group by an amino group or addition of an alkyl group. These changes are not without

purpose, as the resulting molecules often show unique physical characteristics that are

associated with some sort of biological role or response.

Deoxy sugars:216,217 Deoxy sugars occur commonly in nature, the most abundant

being ‘deoxy ribose’ (2-deoxy-b-D-erythro-pentofuranose) as found in deoxyribonucleic
acid. Although deoxygenation is possible at any position of a carbohydrate, it is the

6-deoxy sugars that are widespread – D-quinovose (6-deoxy-D-glucopyranose),

L-rhamnose (6-deoxy-L-mannopyranose) and L-fucose (6-deoxy-L-galactopyranose)

are all constituents of molecules that are found, among other places, in plants and

bacteria:

Whereas deoxygenation at C2 in b-D-ribofuranose appears to modify the stability

of the resulting nucleic acid, the other three molecules seem to profit from an
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improved hydrophobic interaction at C6 (CH3) with appropriate receptor sites in

biological molecules.

For the synthesis of 3-, 4- and 6-deoxy sugars,218 it is generally simply a matter

of manipulating the appropriate sugar so that only the hydroxyl group of interest is

unprotected; a simple reduction or deoxygenation then provides a precursor to the

desired deoxy sugar:219–221

Glycals offer a convenient starting point for the synthesis of 2-deoxy sugars:222,223

Somewhat rarer but of no less importance are the dideoxy sugars, which are

often found at the termini of oligosaccharides attached to the surface protein of

various bacteria:
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A simple synthesis of paratose follows from the deoxygenation of ‘diacetone

glucose’ (at C3) above:219

One final point: deoxy sugars are more electron rich than their parent sugars and

so are more prone to hydrolysis. For example, the hydrolysis of methyl 2-deoxy-a-D-
arabino-hexopyranoside is about 2000 times faster than that of methyl a-D-
glucopyranoside.224

Amino deoxy sugars:225 Amino deoxy sugars, usually referred to as just the

‘amino sugars’, are no doubt the most important of the modified sugars under

discussion here. The most common members are 2-amino-2-deoxy- and

2-acetamido-2-deoxy-D-glucopyranose and -D-galactopyranose:

These amino sugars are crucial to the well-being of most organisms,

including humans, because they play pivotal roles in the structure and function

of biologically important oligosaccharides, polysaccharides and glycoproteins.

The presence of a free amine in a monosaccharide residue allows, of course, for

protonation and the generation of a positively charged ammonium ion; the

acetamido group, although far less basic than an amine, imparts a good deal

of polarity to the molecule in question.

‘N-Acetyl-D-glucosamine’ is an inexpensive and abundant amino sugar

and therefore attracts little synthetic interest as such. However, derivatives of
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N-acetyl-D-glucosamines, much sought after as intermediates in the synthesis of

oligosaccharides, are a little more difficult to access:226

The latter transformation involves an ‘azidonitration’, invented by Lemieux, which

readily provides a masked amino sugar in the form of a glycosyl halide.227–231 The

azido group, of course, can be introduced by diazotransfer onto an already present

amine and avoids the expensive cerium(IV) ammonium nitrate (see Chapter 2).

Whereas N-acetyl-D-glucosamine is plentiful and cheap, such is not the case with

N-acetyl-D-galactosamine. Normally obtained with difficulty from natural sources

such as mammalian tissue and cartilage, or as a surrogate from the azidonitration of

D-galactal derivatives (above), a simple derivative of N-acetyl-D-galactosamine can

now be prepared conveniently in a direct sequence:232

Another common amino sugar found in glycoproteins is N-acetylneuraminic

acid (5-acetamido-3,5-dideoxy-D-glycero-D-galacto-non-2-ulopyranosonic acid), a

member of the general class of sialic acids:233
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This ‘higher homologue’ amino sugar is the precursor of zanamavir, a drug used

to combat infection by the influenza virus (see Chapter 7).234 Consequently, efficient

methods for the large-scale production of N-acetylneuraminic acid have been

devised:235–239

Although certainly not an amino sugar but obviously related to N-acetylneuraminic

acid is ‘Kdn’ (3-deoxy-D-glycero-D-galacto-non-2-ulopyranosonic acid), prepared in

a remarkable way that bears some resemblance to the biosynthesis of the molecule

(see Chapter 6):240

Finally, there are amino sugars that are best described as ‘glycosylamines’ – the

amino group is attached directly to the anomeric carbon atom:
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Although such a molecule can be prepared from D-glucose, it is not particularly

stable under aqueous conditions:241

Ammonium carbamate in methanol gives a better result and has been applied to

the synthesis of b-chitobiosylamine.242 However, with aromatic amines and amino

acids, the so formed glycosylamines are both more stable and more crystalline.

When necessary, a glycosyl azide can be a latent precursor of a glycosylamine:243,244

Glycosylamines are implicated as intermediates in the Amadori rearrangement, the

formation of 1-amino-1-deoxy-2-uloses when aldoses are treated with amines:241,245
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There is a certain similarity here to the Lobry de Bruyn–Alberda van Ekenstein

rearrangement discussed in Chapter 1, and some steps of the Amadori

rearrangement are no doubt common to the ‘Maillard reaction’, a complex series

of reactions that cause the browning and darkening of sugars when heated in the

presence of proteins or their hydrolysis products.241,246 The ‘Heyns rearrangement’

is a related and useful reaction that converts ketoses into 2-amino-2-deoxy

aldoses:247

Branched-chain sugars:248–250 As the name implies, branched-chain sugars

have a carbon substituent at one of the non-terminal carbon atoms of the sugar

chain; such substituents may replace either a hydrogen atom or a hydroxyl group

(deoxy). Examples of both sorts of branched sugars are found in molecules that often

exhibit biological activity:

For the synthesis of both types of branched sugars, uloses can be useful starting

materials:
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Otherwise, the opening of epoxides and free radical chemistry can be put to

good use:

Miscellaneous Reactions

What follows is a selection of chemical reactions that, while important and in

common usage in the field of carbohydrates, do not easily fit into any of the sections

discussed previously.

Wittig reaction: The Wittig reaction251–253 and the closely related Horner–

Wadsworth–Emmons variants254,255 have found much use in carbohydrate synthesis.

The two reactions have the potential either to extend the carbohydrate chain (for a

hexose, at C1 or C6) or to cause a branching of the chain:256–260
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Thiazole-based homologation:261–263 The Kiliani–Fischer cyanohydrin

synthesis has served early and contemporary chemists equally well. However,

many improvements have been noted, and one of the best involves the use of

2-trimethylsilylthiazole for the one-carbon extension of, mainly, aldoses:264
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Mitsunobu reaction:265–267 The Mitsunobu reaction, involving the activation of

a hydroxyl group with the combination of triphenylphosphine and a dialkyl

azodicarboxylate, and its subsequent replacement with a nucleophile, has been

widely used in carbohydrates for the introduction of halogen, oxygen, sulfur and

nitrogen:268–270

As can be seen from some of the above transformations, the Mitsunobu

reaction normally proceeds with inversion of configuration at carbon (an SN2

process).
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A nice synthesis of a methyl uronate, necessary for the construction of a

larger molecule, incorporates many of the reactions discussed here and

previously:271

Orthoesters: Orthoesters are encountered not infrequently with carbohydrates

and play valuable synthetic roles at both non-anomeric and anomeric positions.

For the synthesis of an orthoester, a diol is generally treated with a simpler

orthoester (a transesterification reaction):272

The partial hydrolysis of such an orthoester is a very useful reaction,

generally leading to a selective protection of the original diol.273 Although a

rationale for the regioselectivity is not obvious, it is particularly successful with

orthoacetates.
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For the synthesis of orthoesters at the anomeric position, the conditions devised

by Lemieux are in general use:274–276

‘Amide acetals’ can also be used for the synthesis of orthoesters:277

Orthoesters can also be obtained under conditions of kinetic control utilizing

1,1-dimethoxyethene, a reaction somewhat reminiscent of the conversion of diols

into acetals utilizing 2-methoxypropene.278

A reaction related to orthoester formation, in that it also proceeds through cyclic

1,3-dioxolenium ions, is the transformation of penta-O-acetyl-b-D-glucopyranose into
a D-idopyranose salt, a precursor of penta-O-acetyl-a-D-idopyranose:279
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In the same vein is the conversion of penta-O-acetyl-b-D-galactopyranose into

the very useful 1,3,4,6-tetra-O-acetyl-a-D-galactopyranose:280

Industrially Important Ketoses281

This chapter has so far mainly used aldoses and their derivatives to illustrate the

reactions of monosaccharides. It would now seem appropriate to spend a little time

on the ‘cousins’ of the aldoses, the ketoses, and an important aspect of this

chemistry is their use in industry. The comments and examples that follow have

been drawn mainly from a timely article by Lichtenthaler,282 a chemist who has

been intimately involved with industrial research on carbohydrates in Germany for

decades.

There are four ketoses that are each produced annually in excess of 107 kg,

D-fructose, L-sorbose, isomaltulose and lactulose:

These ketoses are cheap (of the same order as some of the common solvents

in use for organic reactions) and as a result are attractive starting materials

for industrial processes; however, they are also polyfunctional, polar and

water soluble, features not suitable to many chemical transformations.

Chemists, therefore, have been forced to design ‘entry points’282 so that these polar

molecules can be tamed into becoming suitable substrates.

D-Fructose: This is the most common ketose, available as a natural product or by

the isomerization of D-glucose utilizing a D-xylose isomerase (‘high fructose corn

syrup’).283 In aqueous solution at room temperature, D-fructose rapidly forms

anomeric mixtures of both the pyranose and the furanose form (b-p:a-p:b-f:
a-f= 73:2:20:5):
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The situation changes a little in pyridine (54:5:30:11) and dimethyl sulfoxide

(27:4:48:20), but these tautomeric mixtures still pose problems for the high-yielding

synthesis of derivatives as entry points for industrial processes:
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L-Sorbose: This ketohexose is the 5-epimer of D-fructose (i.e. L-sorbose and

D-fructose are diastereoisomers at C5) and is readily available from D-sorbitol

(D-glucitol), an intermediate in the production of vitamin C (from D-glucose).

Fortunately, L-sorbose is present in most solutions as the a-L-pyranose form, and

this is generally responsible for the high yields of its derivatives:

Isomaltulose: One of the degradation products of starch is a disaccharide,

isomaltose, the 2-ulose of which takes the name of isomaltulose. However,

it is a remarkable bacterium-induced rearrangement of another disaccharide,

the ubiquitous sucrose, which is the industrial source of isomaltulose (see

Chapter 9):

One of the main industrial uses of isomaltulose is its conversion into a (1:1)

mixture of 6-O-a-D-glucopyranosyl-D-glucitol and -D-mannitol (‘isomalt’):
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This mixture is used as a non-cariogenic artificial sweetener, e.g. in the hard

coating of chewing gum.

Lactulose: This is the last ketose to be discussed here and, perhaps

appropriately, it is the one that has received the least attention from

industry. Lactose (see Chapter 9) is obtained from whey, a by-product of the

cheese industry; the base-catalysed isomerization of lactose then easily produces

lactulose:

Lactulose,b through the Heyns rearrangement, has recently been converted

into N-acetyllactosamine, a disaccharide that is present in many biologically

important oligosaccharides.284 The key to success was the use of a novel

pyrimidine protecting group (see Chapter 2) for nitrogen; in the words of the

corresponding author of the paper, ‘to see a white, amorphous solid form in the

flask upon the addition of the reagent, from what is obviously a complex

mixture at equilibrium, makes you believe that your birthday and Christmas

have come together’.

b Lactulose is currently available as ‘Laevulac’, an osmotic laxative.
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The Heyns rearrangement can also be used for the efficient conversion of

D-tagatose into various N-alkyl derivatives of D-galactosamine.285

Aza and Imino Sugarsc,286–290

This chapter will be completed by a discussion about molecules in which the oxygen

of the pyranose or furanose ring is absent and a nitrogen atom has been incorporated,

replacing either the ring oxygen (an imino sugar) or a carbon atom of the ring (an aza

sugar); these molecules are thus polyhydroxylated piperidines or pyrrolidines.

However, the ability of these molecules to inhibit the action of many carbohy-

drate-processing enzymes swiftly attracted the attention of carbohydrate chemists.291

Some structural and synthetic aspects of these molecules will be discussed here; we

will turn to their properties and uses in subsequent chapters.

Nojirimycin was the first example of an imino sugar, isolated at one stage from

Streptomyces nojiriensis; the molecule is rather unstable, being a hemiaminal. In

addition to this example of a polyhydroxylated piperidine, examples have also been

found of polyhydroxylated pyrrolidines, indolizidines (swainsonine), pyrrolizidines

(alexine) and nortropanes:

c According to IUPAC-IUBMB nomenclature recommendations for carbohydrates, ‘Use of the terms

‘aza sugar’, ‘phospha sugar’, etc. should be restricted to structures where carbon, not oxygen, is

replaced by a heteroatom. The term ‘imino sugar’ may be used as a class name for cyclic sugar

derivatives in which the ring oxygen atom has been replaced by nitrogen.’
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Some years later, the D-manno and D-galacto isomers of nojirimycin were

isolated, also from Streptomyces sp.:

During the early investigations on nojirimycin, Paulsen had prepared

‘1-deoxynojirimycin’, a molecule that is obviously a lot more stable than

nojirimycin. This imino sugar showed excellent activity in the inhibition of

glycosidases, and it probably came as no great surprise to Paulsen to see it later

appear as a natural product (isolated from the roots of mulberry trees):

1-Deoxymanno(no)jirimycin is also a natural product but not 1-deoxygalacto-

nojirimycin (as yet).

Another natural imino sugar is 1,2-dideoxynojirimycin (fagomine). A synthetic

isomer, isofagomine (an aza sugar), is an excellent inhibitor of certain

glycosidases:
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There has been an enormous amount of effort devoted to the synthesis of aza and

imino sugars.287,288 For example, 1-deoxynojirimycin is prepared in four steps from

L-sorbose:

1-Deoxymannojirimycin can be accessed in high yield from either D-fructose292

or the now readily available 1,5-anhydro-D-fructose:293

Isofagomine is available in good amounts from short syntheses starting with

either L-xylose294,295 or D-arabinose:296
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Finally, a remarkable transformation converts a methyl a-D-glucopyranoside
into a vinyl pyrrolidine, a precursor to any number of different aza sugars:297,298
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220. Czernecki, S., Horns, S. and Valéry, J.-M. (1995). J. Carbohydr. Chem., 14, 157.

221. Barton, D.H.R., Jang, D.O. and Jaszberenyi, J.Cs. (1992). Tetrahedron Lett., 33, 5709.

222. Bettelli, E., Cherubini, P., D’Andrea, P., Passacantilli, P. and Piancatelli, G. (1998). Tetrahedron,

54, 6011.

223. Costantino, V., Imperatore, C., Fattorusso, E. and Mangoni, A. (2000). Tetrahedron Lett., 41, 9177.

224. Capon, B. (1969). Chem. Rev., 69, 407.

225. Pigman, W. and Horton, D., eds (1980). The Carbohydrates, Vol. IB, p. 643. Academic Press.

226. McLaren, J.M., Stick, R.V. and Webb, S. (1977). Aust. J. Chem., 30, 2689.

227. Lemieux, R.U. and Ratcliffe, R.M. (1979). Can. J. Chem., 57, 1244.

228. Kinzy, W. and Schmidt, R.R. (1985). Liebigs Ann. Chem., 1537.

229. Bertozzi, C.R. and Bednarski, M.D. (1992). Tetrahedron Lett., 33, 3109.
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283. Häusler, H. and Stütz, A.E. (2001). Top. Curr. Chem., 215, 77.
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Chapter 4

Formation of the Glycosidic
Linkage1–26

We have reached a watershed in the monosaccharides, where to discuss any more of

their chemistry would be informative but somewhat trivial and certainly repetitive. It

is now time to move on and to consider the broader role of acetals in carbohydrate

chemistry.

Let us again look at the familiar synthesis of an acetal as performed by Fischer in

1893:27

The two products, while certainly acetals, are more commonly referred to as

glycosides: here, more specifically, methyl a- and b-D-glucopyranoside. The

carbohydrate (glycon or glycosyl unit) portion of the molecule is distinguished

from the non-carbohydrate aglycon. Indeed, the glycosidic linkage is formed from

a glycosyl donor and a glycosyl acceptor.

Glycosides are commonly found throughout the plant and animal kingdoms and

in microorganisms:
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The latter example, amygdalin, contains two glycosidic linkages, one being

involved with the aglycon and the other holding two D-glucopyranose units

together; enzymatic hydrolysis removes the aglycon and forms the disaccharide,

gentiobiose:

It is the formation of the glycosidic linkage in molecules such as gentiobiose that

is central to the discussion here.

Consider the general formation, now involving a 1,4-linkage, of a disaccharide

from two sugars in their pyranose forms:

A glycosyl donor, of either the a- or the b-configuration, is treated with a

glycosyl acceptor to form, by the elimination of HX, the disaccharide

containing the new glycosidic linkage, of either the a- or the b-configuration
at C10. In the process, there is no change in configuration at C4 in the glycosyl

acceptor.

In less common circumstances, the glycosyl acceptor may react through the

hydroxyl group of the anomeric (hemiacetal) centre:

In this case the formation of the glycosidic linkages (there are now

two!) results in the a- or b-configuration at both C1 and C10; the product

is a non-reducing disaccharide. An example of such a disaccharide is

trehalose:
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It will be apparent, even at this stage, that the formation of a glycosidic

linkage will not be an easy task. Apart from the activation of the glycosyl

donor, there are problems of the stereoselectivity (a- or b-) of the process and

the access to just the desired hydroxyl group of the glycosyl acceptor (protecting

group chemistry). Nature, of course, circumvents all of these problems with the

use of enzymes (see Chapter 8), but for the synthetic carbohydrate chemist,

much ingenuity, creativity and hard work are necessary to match the rewards of

evolution!

It is probably safe to say that there have been no great advances in glycosida-

tion methodology and technology in the past 5 years or so. There is certainly a

better understanding of the underlying mechanisms of the various glycosidation

methods, thanks in part to Crich and his seminal work on glycosyl sulfoxides

and thioglycosides; Fraser-Reid has built on earlier observations by Paulsen and

has set us thinking about ‘matching’ glycosyl donor and acceptor; Boons has

presented a new twist to controlling the stereoselectivity of glycosidation; and,

finally, the use of (engineered) enzymes has increased in the synthesis of the

glycosidic linkage. All of these topics and others will be treated in this and

subsequent chapters.

General

The different glycosidic linkages: In forming the glycosidic linkage, close

attention must be paid to the orientation of the hydroxyl group at C2 of the

glycosyl donor; there are several common scenarios (shown here for a pyranoside):
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Aswill be seen, it is relatively easy to form1,2-trans linkages but somewhat harder to

form 1,2-cis linkages. Also, the hydroxyl group at C2must normally be protected during

the actual glycosidation step (otherwise unwanted intra- or inter-molecular reactions

could occur), and the nature of this protecting group can have a profound effect on the

stereochemistry of the newly introduced aglycon at C1. The whole situation changes

when there is no substituent or an amide group at C2 (a 2-deoxy sugar and a 2-acetamido-

2-deoxy sugar, respectively); mention will be made of these exceptions later.

The mechanism of glycosidation:28 The majority of methods available for the

formation of the glycosidic linkage utilize a glycosyl donor that is a precursor of

either an intermediate oxocarbeniuma ion (as part of an ion pair) or, at least, a species

that has significant positive charge at the anomeric carbon atom:

These oxocarbenium ions are subject to all of the normal factors that stabilize/

destabilize such short-lived, high-energy species, and it is appropriate to mention

some of them here. Some of these factors also affect the nucleophilicity and, hence,

the reactivity of the glycosyl acceptor.

Ion pairs and the solvent: The ionization of a glycosyl donor at the anomeric

carbon generates a salt that, depending on the solvent, can have characteristics

ranging from a contact (tight) ion pair to a solvent-separated ion pair. The anion of

the ion pair may shield one face of the oxocarbenium ion from the approach of the

glycosyl acceptor or, if anion exchange can occur, the opposite face may be shielded:

a The first edition of this book used ‘oxacarbenium’ to describe the intermediate ion; we are now

advocating a change to ‘oxocarbenium’. Both descriptors are used in the carbohydrate literature,

seemingly at random and with little justification. Although calculations suggest that most of the positive

charge resides on C-1 of the ion, the cyclic oxonium ion possessing a double bond is no doubt a major

contributor to the resonance hybrid. Based on the universal acceptance of ‘glycosyl’, we could see an

argument for ‘glycosylium’ as the descriptor but it is, perhaps unfortunately, not in common use.
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The role of the solvent may be passive or active. Solvents of high dielectric

constant obviously can stabilize a positive charge very well; those solvents with a

basic lone pair of electrons (ethyl ether, tetrahydrofuran) can do so as well, and

reversibly.29,30 One solvent that has dual characteristics of moderate polarity and

basicity is acetonitrile; the results of many glycosidation reactions performed in

acetonitrile can be explained only by solvent intervention:

The substituent at C2:31 The substituent at C2 is usually a functionalized

(protected) hydroxyl group, and the choices are generally limited to an ether or an

ester, the common groups being a benzyl, 4-methoxybenzyl or silyl ether and an

acetic, benzoic or pivalic (2,2-dimethylpropanoic) acid ester. The role of an ether is

unique; it is an inert group that provides a degree of steric hindrance to any incoming

nucleophile (the glycosyl acceptor). The ester, on the contrary, not only provides a

degree of steric encumbrance (especially for the pivalic acid ester) but also can

influence the stereochemical outcome of glycoside formation; an orthoester can also

be formed:

We discussed orthoesters in Chapter 3 and will do so again soon.

The ‘armed/disarmed’ concept: It is an experimental fact that tetra-O-acetyl-

a-D-glucopyranosyl bromide is a colourless, crystalline solid that can be stored in

cold, dry conditions for several months. On the contrary, tetra-O-benzyl-a-D-
glucopyranosyl bromide is an unstable compound that is normally not isolated or

purified but is simply used as generated.
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It was Paulsenb,3 who first noted these differences in stability, but some years

passed before Fraser-Reid, in his incisive and wide-ranging studies on 4-pentenyl

glycosides, formalized the result with the ‘armed/disarmed’ concept.32 Put simply,

benzyl ethers are electronically passive groups that do not discourage the

development of positive charge in the pyranose ring, most commonly at C1.

Conversely, acetate groups (especially when located at C2) are electron-

withdrawing, and so disfavour any build-up of positive charge in the ring (at C1).

The result is ‘arming’ of the benzylated bromide and ‘disarming’ of the ester

counterpart; other functional groups show similar effects.33

The ‘armed/disarmed’ concept can also be applied, to a much lesser degree, to

the glycosyl acceptor in that electronically passive groups, e.g. ethers, will have little

effect on the nucleophilicity of the hydroxyl group in question and so will make for a

faster glycosidation; the reverse is true for electron-withdrawing groups, e.g. esters.

Bols has recently introduced the concept of ‘super armed’ glycosyl donors, those

that bear bulky silyl protecting groups.34,35

The ‘torsional control’ concept: Again, it was Fraser-Reid who noted that

another ring fused to the pyranose ring could have an influence on events

occurring at the anomeric centre; for example, the presence of a 4,6-O-benzylidene

ring on an otherwise armed donor slows the process of glycosidation.36 The

explanation suggested at the time was that such a ring hinders the necessary

flattening of the pyranose ring that accompanies oxocarbenium ion formation:

In a subsequent and elegant investigation, Bols confirmed this explanation

but also showed that there is an electronic contribution to the rate reduction in that

a 4,6-benzylidene ring locks the substituents on the C5–C6 bond in an unfavourable

(less reactive) tg conformation.37,38

b Hans Paulsen (1922-), student of Heyns at Hamburg. A contemporary of Lemieux and a powerful

force in carbohydrates in the twentieth century.
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This ‘torsional control’ concept was very timely for Ley in his work on the

protection of trans vicinal diols with diacetal reagents. Such diacetals again impart a

degree of rigidity on the pyranose ring and discourage the ready formation of

oxocarbenium ions; Ley has introduced the term ‘reactivity tuning’ to describe the

process:39–41

Kong has recently made related observations with glycosyl donors and acceptors

that contain a 4,6-benzylidene protecting group.42,43

The ‘latent/active’ concept: Some ‘latent’ glycosyl donors are characterized by

having a group at the anomeric carbon that is stable under most of the conditions

employed in glycosidation reactions, yet can be manipulated later in a synthetic

sequence to provide an ‘active’ donor.44 For example, but-3-en-2-yl 3,4,6-tri-O-

benzyl-b-D-glucoside can act only as a glycosyl acceptor, whereas the related but-2-

en-2-yl b-D-glucoside (obtained from the former by acetylation and isomerization

with Wilkinson’s catalyst) is an active glycosyl donor owing to the presence of a

reactive enol ether:45

Activation of the glycosyl acceptor: There is no point in having a good

glycosyl donor if the acceptor is too unreactive for glycosidation to occur. In order

to increase the reactivity of some acceptors, and to impart a degree of

chemoselectivity to others, various modifications have been made to the hydroxyl

group(s) of the acceptor. For example, trityl,46 silyl47 and stannyl48 ethers all seem to

polarize the bonding electrons towards the oxygen atom, the first because of the

stability of any positive charge that develops on carbon and the other two because of

the electropositive nature of silicon and tin. Whatever the reason, the consequence is
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a more nucleophilic oxygen atom in the acceptor (any steric effect seems to be

outweighed by the electronic effect):

The concept of ‘orthogonality’: We encountered the concept of

orthogonality in Chapter 2, while discussing protecting groups; this was an

internal matter for the molecule in question, having two or more hydroxyl

groups each protected in a unique manner. The concept of orthogonality as it

pertains to glycosyl donors, an external matter, was formalized by Tomoya

Ogawa and rapidly embraced by the carbohydrate community.49 In essence,

orthogonality requires two separate donors to have different groups at the

anomeric carbon, each capable of activation in a unique and discrete manner.

In its simplest form, orthogonality allows for the production of different

glycosidic linkages:

‘Reciprocal donor/acceptor selectivity’:50 This is a concept formalized by

Fraser-Reid, but one that has its origins in seminal observations (again) made

by Paulsen. Essentially, donors and acceptors must ideally be matched: a 2-O-

benzyl donor matched the C2 hydroxyl group of an inositol acceptor, whereas

the 2-O-benzoyl counterpart showed complete preference for the C6 hydroxyl

group:
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The origins of these not uncommon observations continue to stimulate Fraser-

Reid’s fertile mind.51,52 Related effects can also influence the regioselectivity and

stereoselectivity of glycosidation.53–59

This now brings us to the stage where we can discuss the various methods

that are used to form the glycosidic linkage. Much of the discussion will centre

around the ‘big three’ glycosyl donors (halides, trichloroacetimidates and

thioglycosides) but will include a handful of less common (but still important)

luminaries. Finally, a listing will be given of the less important or ‘still

rising’ donors. Where possible, attention to mechanistic rationalization will be

given.60

Hemiacetals

A hemiacetal might appear to be the ultimate in terms of convenience when

selecting a glycosyl donor, but it can be a ‘wolf in sheep’s clothing’;

considerable synthesis is needed to access even a relatively simple molecule

such as 2,3,4,6-tetra-O-benzyl-D-glucose.61 However, such is not the case

with the parent aldose, D-glucose, and a final few words on the Fischer

glycosidation are warranted. The strength of this method is its simplicity:

a monosaccharide is placed in a large volume of the appropriate alcohol, a

small amount of acetyl chloride is added (to generate hydrogen chloride) and the

mixture is heated at reflux.62 Depending on the nature of the monosaccharide

and of the desired outcome, reaction times may be short (to generate products of

kinetic control, e.g. furanosides) or long (products of thermodynamic control,

pyranosides). The main limitation to the process is that, because of the low

reactivity of the hemiacetal, only simple alcohols can be employed. Some
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examples are given below, together with a generally accepted mechanistic

rationalization:63,64

Microwave heating certainly accelerates the glycosidation process, but large-

scale reactors are not commonly available.65

Basic conditions can also be employed in the synthesis of glycosides by the

direct alkylation of the hemiacetal hydroxyl group:

The free sugar forms an equilibrating mixture of anions derived by deprotonation

of the anomeric hydroxyl group; preferential alkylation of the oxyanion derived from

the b-anomer of the free sugar leads directly to the formation of b-D-glycoside. This
method of glycosidation is unique in that the oxygen atom of the glycosyl ‘donor’ is

retained and there is ample opportunity for inversion of configuration at carbon in

the alkylating agent:66–69
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Dibutylstannylene acetals can assist in the process:70

The final method available for the conversion of a hemiacetal into a

glycoside, ‘dehydrative glycosidation’, is a distillation of years of results from

the laboratories of Koto and Gin. In the examples below, a hemiacetal is

converted in situ into a more reactive donor that then glycosylates the

acceptor:71–74

Hemiacetals 143

References start on page 191



Gin has presented a mechanistic rationale for his procedure:

Glycosyl Esters

We have seen that an ester of acetic acid is one of the most common in protecting

the hydroxyl groups of a sugar. When this ester is present at the anomeric position,

it presents a way of activating the molecule, with the aid of a Lewis acid, into an

effective glycosyl donor:75

Glycosyl acetates should be considered as cheap and effective glycosyl donors

and certainly one of the first ‘off-the-shelf’ choices (often in combination with boron

trifluoride diethyl etherate):76–78

Other sorts of esters have seen increasing use as glycosyl donors, including

xanthates (O-alkyl S-glycosyl dithiocarbonates),7,79–81 phosphites82–88 and

phosphates:89–91
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Glycosyl Halides and Orthoesters

Glycosyl halides played a historical role in the development of synthetic approaches to

the glycosidic linkage in that it was a glycosyl chloride that was used in the first

synthesis (1879) of a glycoside:75,92

Some years later (1901), Koenigs and Knorrc,d extended the approach by treating

‘acetobromoglucose’ with alcohols in the presence of silver(I) carbonate:94

Since these two seminal announcements, glycosyl halides have been at the

forefront of new methodology for the synthesis of the glycosidic linkage. Glycosyl

chlorides and bromides are used routinely in glycoside synthesis; glycosyl iodides,

which were for long considered too unstable to be of any use, are now finding their

cWilliam Koenigs, or Königs (1851-1906), student of von Baeyer and fellow student with Emil Fischer;

Edward Knorr, student of Koenigs.
d It is not generally known that Fischer and Armstrong published very similar findings just months after

the paper by Koenigs and Knorr.93
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rightful place; glycosyl fluorides, the most stable of the glycosyl halides, have

broadened the whole approach towards the formation of the glycosidic linkage.

What followswill be a ‘cameo’ discussion of the variousmethods that utilize glycosyl

halides, with some attention to mechanistic rationale. It is fair to say that, in the interest of

the environment, the use of heavy metal salts for the activation of glycosyl halides

(chlorides and bromides, in particular) has markedly decreased in the last few decades.

The Koenigs–Knorr reaction (1,2-trans):2,95 Since the inception of the

Koenigs–Knorr reaction, there has been an enormous effort to improve the process

by utilizing a co-solvent (for acceptors more complex than simple alcohols), adding

a desiccant (to absorb any liberated water),96 adding powdered molecular sieves (to

absorb both the liberated hydrogen halide and adventitious water), adding a trace of

elemental iodine (to suppress side reactions)97 and distinguishing the roles of

‘promoter’ and ‘acid acceptor’. In this last regard, heavy metal salts other than

those based on silver(I) have been of great use: the combination of mercury(II)

bromide/mercury(II) oxide seems to offer the advantages of promotion (HgBr2, a

synergistic effect) and acid acceptor (HgO).98 Soluble promoters such as mercury(II)

cyanide, in acetonitrile or nitromethane and introduced by Helferich, and silver(I)

triflate are commonly used in the Koenigs–Knorr reaction.99–101 Some examples of

successful glycosidations under Koenigs–Knorr conditions follow:102–104

A great deal of effort has been devoted to elucidating themechanism of theKoenigs–

Knorr reaction. For the heterogeneous process [insoluble silver(I) and mercury(II) salts],

it appears that a ‘bimolecular’ process operates, sometimes described as a ‘push–pull’

mechanism, resulting in inversion of stereochemistry at the anomeric centre:
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For the homogeneous process [soluble silver(I) and mercury(II) compounds], it

has been suggested that a ‘unimolecular’ mechanism operates and heterolysis of the

carbon–halogen bond results in an oxocarbenium ion that undergoes a subsequent

reaction with the neighbouring ester group at C2:

The new cyclic carbenium (1,3-dioxolenium) ion now suffers two fates:

approach of the alcohol at the anomeric carbon leads directly to the trans-

glycoside, whereas attack at the carbon atom of the carbenium ion results in the

formation of an orthoester. With the acidic conditions (both protic and Lewis) that

prevail in a Koenigs–Knorr reaction, a rearrangement of any intermediate orthoester

into the observed glycoside is probable:105

In light of recent studies and the observation that orthoesters are often significant

by-products, it is quite possible that the preparation of 1,2-trans glycosides using the

Koenigs–Knorr reaction proceeds via an orthoester intermediate.106,107

Use of the Koenigs–Knorr reaction for the large-scale preparation of glycosides is

not recommended, owing to the accumulation of toxic, heavy metal wastes. Although

other promoters of the reaction are available,108 their use is limited; this has resulted in

the evolution, and refinement, of other methods for the synthesis of 1,2-trans glycosides.
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The orthoester procedure (1,2-trans):2,109,110 We have seen on several

occasions that simple orthoesters result most conveniently from the treatment of a

glycosyl halide with an alcohol in the presence of a base and, where necessary, a

source of halide ions. These simple orthoesters can give rise to more complex

orthoesters by a process of acid-catalysed trans-esterification; during this process,

distillation or the addition of the appropriate molecular sieve usually removes the

volatile alcohol. The subsequent rearrangement of the more complex orthoesters into

1,2-trans glycosides was initially performed with Lewis acids such as mercury(II)

bromide; more recently, trimethylsilyl triflate has appeared as the reagent of choice:111

On occasions, especially with orthoacetates, a major and unwanted side reaction is

transesterification to give as a by-product the acetic acid ester of the acceptor alcohol;

this complication can essentially be eliminated by the use of orthobenzoates:112,113

Kochetkov made the orthoester approach virtually his own. In a lifetime of

publications, subtle changes such as the use of tert-butyl orthoesters,114 or more major

developments involving the introduction of cyano- or thio-ethylidene analogues,115 have

left his name indelibly stamped on the method. For a cyanoethylidene donor, the ideal

procedure involves a trityl ether as the acceptor and trityl perchlorate as the catalyst:
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An interesting extension of Kochetkov’s work involves the preparation of a

tritylated cyanoethylidene derivative of a-D-glucopyranose, capable of

polymerization in the presence of trityl perchlorate:

The mechanisms of the orthoester procedures have been thoroughly studied and

the various outcomes rationalized:
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The stereoselective reduction of an anomeric orthoester can give rise to a b-1, 4-linked
disaccharide:116

Halide catalysis (1,2-cis): It is a credit to the ingenuity and creativity of Lemieux

that, some 30 years ago, he was solely responsible for the development of a method

for the synthesis of 1,2-cis glycosides, termed ‘halide catalysis’, that is still in

common use today.117 Lemieux, based on an analysis of the anomerization and

subsequent reactions of a variety of glycosyl halides, reasoned that a 2-O-benzyl

protected a-D-glycosyl bromide could be rapidly equilibrated with the b-D-anomer

by catalysis involving a tetraalkylammonium bromide. This highly reactive b-D-
anomer, or more probably an ion pair derived from it, then proceeds on to the

observed product, the a-D-glycoside:

Later workers dubbed the method ‘in situ anomerization’;118 Lemieux, in light

of the beautiful mechanistic rationalization that he originally proposed,117 quite

rightly objected to this over-simplification of the process. Some recent mechanistic

studies have indicated that the ‘halide catalysis’ procedure is first order in both the

donor and the acceptor, and that the tetraalkylammonium ion may accelerate the

process by providing electrostatic assistance to the ionization of the carbon–

bromine bond.28
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Many 1,2-cis glycosides have been prepared since the announcement of the

method in 1975: a-D-glucopyranosides and a-D-galactopyranosides are examples

of such linkages, with a-L-fucopyranosides, a common component of many naturally

occurring oligosaccharides, being a special bonus:

Adding both molecular sieves (to absorb the liberated hydrogen bromide) and

dimethylformamide (an apparent catalyst for the reaction) was found to be

advantageous.119–122

In the early years of the ‘halide catalysis’ procedure, the glycosyl bromides

were generated from the treatment of a 4-nitrobenzoate with hydrogen bromide;

nowadays, more convenient procedures are available:117,123

Gervay(-Hague) has developed methods for the synthesis of a-D-glycosyl
iodides and found them to be ‘superior substrates’ for the ‘halide catalysis’
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protocol;124,125 other advances followed,126 none more useful than Mukaiyama’s in

situ formation of glycosyloxytriphenylphosphonium iodides:127,128

A 3-O-acetyl substituent has recently been found to maximize the formation of

the a-anomer in glycosidations with various D-glucopyranosyl donors.129

Glycosyl fluorides (1,2-cis and 1,2-trans):130–133 So far, we have seen that the

relatively stable glycosyl chlorides have been of limited use in glycoside synthesis. On

the contrary, glycosyl bromides show a versatility that allows their use in the Koenigs–

Knorr, orthoester and ‘halide catalysis’ procedures. Glycosyl iodides, which are of

limited stability, show promise for an improvement in the ‘halide catalysis’ procedure.

It seems that the outcast of glycosyl halides is the glycosyl fluoride, and this was

to remain so until about 1980. Before then, methods of preparation were limited,

b-D-glycosyl fluorides were relatively stable (and the a-D-anomer even more so!) and

there existed no ‘promoter’ to encourage a glycosyl fluoride to act as a donor.

Mukaiyama changed things134with the introduction of a range of (exotic) promoters,

often as mixtures, to induce glycosyl fluorides to act as respectable glycosyl donors:135
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Nicolaou became involved in this renaissance of glycosyl fluorides when he

showed that a rather benign thioacetal (thioglycoside) could be converted into a

fluoride for subsequent use as a glycosyl donor:136,137

In general, glycosyl fluorides can be used for the synthesis of both 1,2-cis

and 1,2-trans glycosides. For donors having a participating (ester) group at C2,

the outcome usually follows the principles of the Koenigs–Knorr reaction, and a

1,2-trans glycoside results:

With a non-participating (ether) group at C2, inversion of configuration at the

anomeric carbon generally results, which is presumably the consequence of a

bimolecular process. Again, the choice of solvent can play a critical role in the outcome

of a particular glycosidation.138,139 Ley has described the application of 1,2-diacetal

protecting groups in ‘reactivity tuning’ of glycosyl fluorides in glycoside synthesis.140

Glycosyl Imidates (1,2-cis and 1,2-trans)66,67,141

Sinaÿ was the first to use an imidate for the synthesis of a glycoside,142 but it was Schmidt

who extended the method andmade the use of trichloroacetimidates (TCAs) a rival to the

well-established Koenigs–Knorr procedure. The TCA method is now, arguably, the

preferred method for the synthesis of a 1,2-trans glycoside, partly because it does not

involve the use of heavymetal reagents in the promotion step butmainly because glycosyl

TCAs are often shelf-stable reagents.

Treatment of a hemiacetal with trichloroacetonitrile in dichloromethane in the

presence of a suitable base gives rise to anomerically pure, stable TCAs:
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The use of potassium carbonate favours the formation of the b-anomer, whereas

sodium hydride or DBU favours the a-anomer; prolonged reaction times also

result in the formation of the more stable a-anomer.143 Although Schmidt invokes

kinetic/thermodynamic control to explain these results, it may be that, in the

presence of the weaker base (potassium carbonate), a sufficiently high rate of

mutarotation of the free sugar and low rate of reversion of the b-TCA will suffice

as an alternative explanation:

The versatility of the TCA method was obvious from the start:

The stronger acids give thermodynamically more stable products, whether through

the conventional oxocarbenium ion intermediates or through the isomerization of any

initially formed b-D-anomer; the weaker acids give the products of inversion.

The real strength of the TCA method lies in the synthesis of the glycosidic

linkage:

The promoter is generally boron trifluoride diethyl etherate or trimethylsilyl triflate

(in catalytic amounts), but zinc bromide,143 silver(I) triflate144 and dibutylboron

triflate145 have also been used; new promoters continue to be announced:146–151
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For TCA donors having a non-participating group at C2, treatment with a mild

promoter in the presence of an acceptor alcohol generally results in the formation of

a glycoside with inversion of configuration at the anomeric carbon (entry A),

presumably the result of an SN2-type process. For glycosidations that are promoted

by the stronger trimethylsilyl triflate, the fate of the initially formed oxocarbenium

ion is regulated by the solvent. In dichloromethane, the stable a-D-glycoside is

formed; in ether, the same a-D-glycoside is formed, probably enhanced by the

intermediacy of a highly reactive b-D-oxonium ion (entry B); in acetonitrile or

propionitrile, at low temperature, the rapid formation of an ‘a-nitrilium’ ion is

favoured, leading to the formation of the b-D-glycoside (entry C):

For TCA donors having a participating group at C2, the products of

glycosidation are generally those expected (entry D); a degree of kinetic control

may be exerted in the actual glycosidation step with TCA donors.152
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Several other aspects of the TCA method warrant comment:

• The incidence of competing orthoester formation with TCA donors having a

participating group at C2 is low, presumably owing to the acidic (BF3, TMSOTf

or TfOH) nature of the reaction medium (which encourages the rearrangement of

unwanted orthoester into the desired glycoside).

• The incidence of acyl group transfer from a TCA donor having a participating group

at C2 is low. Although the reason for this remains unclear, it may be that both boron

trifluoride and trimethylsilyl triflate are incapable of activating O2 to initiate the

transfer, or that TCA donors are well ‘matched’ in reactivity to most acceptors.

• For very unreactive acceptor alcohols, for which rearrangement of the TCA donor

into an N-glycosyl trichloroacetamide can be a problem, Schmidt has developed

an ‘inverse procedure’: the promoter and alcohol are first mixed and then added to

the TCA donor.153–155

• The method is well suited to the synthesis of furanosides.156

Finally, mention should be made of other glycosyl imidates as potential donors,

e.g. N-phenyltrifluoroacetimidates (also useful for highly reactive donors in which

rearrangement to the amide can be a problem)149,157 and thioimidates;158 the recently

introduced glycosyl N-trichloroacetylcarbamate seems somewhat related.159

Thioglycosides (1,2-cis and 1,2-trans)160–162

Thioglycosides, in which a sulfur atom replaces the oxygen of the aglycon, are stable

derivatives of carbohydrates; we have already addressed the preparation of such mole-

cules in Chapter 2, and other methods exist.163 We have also had a glimpse of the

versatility of thioglycosides in their conversion into glycosyl bromides and glycosyl

fluorides. In fact, glycosyl bromides may be generated from thioglycosides in situ and

used directly for the conventional synthesis of 1,2-cis (halide catalysis) and 1,2-trans

(Koenigs–Knorr) glycosides:164,165
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Another reagent, dimethyl(methylthio)sulfonium triflate, can also initiate the

‘halide catalysis’ cascade on a thioglycoside:166

However, the real strength of thioglycosides is that, because of their weak

basicity and low reactivity, they are capable of surviving the effects of most of the

promoters that are used for other glycosidation protocols and the reagents that are

used for protecting group manipulations. Thioglycosides thus offer a measure of

‘temporary’ (orthogonal) protection to one anomeric centre. Indeed, after the initial

observation by Ferrier,167 a whole range of promoters has been developed

specifically for the activation of thioglycosides as glycosyl donors:

Of these promoters, methyl triflate is a powerful alkylating agent and, therefore,

a potential carcinogen; its use should be avoided.

The general process of glycosidation is straightforward and follows the princi-

ples established with glycosyl halides and the TCA method:
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Thioglycosides with a non-participating (ether) group at C2 generally yield

the 1,2-cis glycoside, whereas a participating (ester) group gives the 1,2-trans

glycoside; solvents such as ether and acetonitrile can again influence the

stereochemical outcome of such events. Acetyl group transfer from the donor

to the acceptor can again be a problem, as can aglycon transfer from a

thioglycoside acceptor to a donor.177 For the most recently developed promoters,

1-benzenesulfinylpiperidine173,174 and diphenyl sulfoxide,175 both in combination

with triflic anhydride, the formation of intermediate glycosyl triflates has been

suggested. These glycosyl triflates are stable at low temperature but

may anomerize at higher temperatures, leading to a different stereochemical

outcome in glycoside formation:

The diphenyl sulfoxide/triflic anhydride combination is a more powerful promoter

than the 1-benzenesulfinylpiperidine counterpart;175N-benzenesulfinylmorpholine/triflic

anhydride is the latest variation of the promoter combination.178 The combination of

dimethyl disulfide and triflic anhydride shows promise as a new promoter for

thioglycosides.176

During van Boom’s work on thioglycosides, it became apparent that ether-

protected donors could be activated with iodonium dicollidine perchlorate, but

ester-protected donors remained inert; for the latter type of donor, a ‘stronger’

promoter, N-iodosuccinimide/triflic acid was necessary:
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Drawing on Fraser-Reid’s earlier concept, van Boom referred to the ‘ethers’ as

‘armed’ thioglycosides and to the ‘esters’ as being correspondingly ‘disarmed’. This

concept has proven to be of great value to the synthetic chemist:179,180

It has been suggested that iodine may be a useful promoter of ‘armed’

thioglycosides181 and that 2-O-pivalyl thioglycosides seem particularly suited for

the preparation of 1,2-trans glycosides.182,183

Other factors may be brought into play to adjust the reactivity and selectivity of a

thioglycoside, namely the choice of solvent,184 the size of the alkyl groups attached

to the sulfur,185 the anomeric configuration of the thioglycoside,185 the presence

of cyclic protecting groups and the nature of aromatic groups attached to the

sulfur:186–188
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The 2,6-dimethylphenyl group has been proposed as a convenient and improved

aglycon for thioglycosides;189 5-tert-butyl-2-methylthiophenol avoids the repulsive

smell associated with the preparation of many thioglycosides.190

In the matter of cyclic protecting groups, Ley has made something of an art form out

of the use of various glycosyl donors, including thioglycosides, and the concepts of

‘torsional control/reactivity tuning’ for glycoside synthesis;39–41,191 other workers have

used cyclic esters and cyclic acetals, across O2/O3 andO4/O6, in a similar manner.192–194

This section on thioglycosides ends with a novel ‘twist’:195 Boons has recently

reported the use of a chiral auxiliary at O2 that, in one sense, forces the formation of

a ‘trans-decalin-like’ intermediate that leads to the formation of the a-glycoside;
alternatively, a ‘cis-decalin-like’ intermediate can be arranged that leads to the

b-glycoside.196–198 Only time will tell whether this novel approach will lead to

improved stereocontrol in some glycosidations.

Seleno- and Telluroglycosides199,200

Selenoglycosides are prepared from modified carbohydrates in much the same way

as are thioglycosides:201 an anomeric acetate is treated with a Lewis acid and the

selenol (sometimes a smelly affair!),202,203 or a glycosyl halide is treated with a

metal selenide:204,205

For the corresponding telluroglycosides, it is generally more convenient to

proceed via the alkali metal telluride, normally generated from the ditelluride:204
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Both seleno- and (aryl)telluroglycosides are generally stable, crystalline solids that

can be activated into the role of glycosyl donor by treatment with very mild promoters:

This activation is chemoselective: telluroglycosides react in preference to

selenoglycosides that, again, are more reactive than thioglycosides.208 Ley, in

concert with the concept of ‘reactivity tuning’, has introduced three different

levels of reactivity with the following molecules:39–41,191

Some examples show the versatility of seleno- and telluroglycosides in glycoside

synthesis:202,208–210
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Glycosyl Sulfoxides (sulfinyl glycosides; 1,2-cis
and 1,2-trans)211

Thioglycosides, being thioacetals, are naturally amenable to oxidation to produce

either the sulfoxide (sulfinyl glycoside) or the sulfone (sulfonyl glycoside):

The reagent of choice for preparation of the sulfone is dimethyldioxirane;

the less reactive 3-chloroperbenzoic acid is preferred for the preparation of the

sulfoxide.212–214 In fact, the a-D-thioglycoside may be selectively oxidized to

form just one stereoisomer of the sulfoxide (ostensibly owing to a combination

of steric and anomeric effects); the b-D-anomer does not show this proclivity:215

With glycosyl sulfoxides being so available, it was not surprising that they

should be investigated as glycosyl donors. However, it took until 1989 for

Kahne to realize their potential;216 the strength of the method lies in the fact

that some very unreactive acceptors may be glycosylated under mild

conditions:217–220

The method seems to rely greatly on the presence of a pivalyl group at O2 of the

donor, and this gives rise to the formation of 1,2-trans glycosides.221 However,

donors with an ether at O2 react sufficiently well to provide a synthesis of 1,2-cis

glycosides.217
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With triflic anhydride as the promoter, the by-products of the ‘sulfoxide method’

are triflic acid and the very ‘thiophilic’ phenylsulfenyl triflate; a hindered base is

often added to negate the effect of this highly reactive by-product. As an alternative,

Kahne introduced the use of a catalytic amount of triflic acid as the promoter;

methyl propiolate was then added as a ‘scavenger’ of the stoichiometric amount of

phenylsulfenic acid formed.219 Other promoter/scavenger combinations have been

suggested.222–224

All of the general principles of glycoside synthesis can be applied to the

sulfoxide method, and Kahne has been able to ‘tune’ the reactivity of the sulfoxide

donor by a careful choice of the substituent on sulfur:220

In addition, the mechanism of the method has received much attention:211,225,226

Crich has suggested that glycosyl triflates may well be intermediates in

the sulfoxide method; at the temperature normally employed (–78�C), this

appears to be true and could also hold for other methods, e.g. a glycosyl

bromide and silver(I) triflate. Kahne has shown that glycosyl sulfenates may

be formed early on in the sulfoxide method and a good yield of the

glycoside can be obtained only by raising the temperature of the reaction

mixture later.

It is safe to say that glycosidations with thioglycosides, activated by triflic

anhydride and either 1-benzenesulfinylpiperidine or diphenyl sulfoxide, and those

with glycosyl sulfoxides, activated by triflic anhydride or triflic acid, while

operationally distinct, are mechanistically similar. Anomeric ‘sulfimides’ have also

been suggested as glycosyl donors.227
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Glycals228–232

In 1969, Ferrier and Prasad reported that the treatment of a suitable glycal with a

Lewis acid in the presence of a reactive alcohol gave rise to glycosides having

unsaturation in the ring:

The Lewis acid coordinates with the leaving group at C3, and a resonance-

stabilized cation results:

This cation is attacked by the alcohol to yield the 2,3-unsaturated glycoside; the

stereoselectivity is normally good as, with no substituents at C2 and C3, the more

stable a-glycoside predominates. It is safe to say that more ‘improvements’ have

been made to this method of glycosidation than to any other method; virtually any

Lewis233 or protic234,235 acid will do the job, and changes can be made even to the

leaving group.236 An interesting variation has recently been reported:237

Although the chemistry of glycals was to flourish in the 20 years after Ferrier’s

discovery, it took two significant events to establish these unsaturated sugars as

glycosyl donors in their own right: first, the availability of dimethyldioxirane as a

laboratory reagent and, second, Samuel Danishefsky’s attraction to the field of

carbohydrates.
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At first glance, a glycal does not seem to be the ideal glycosyl donor. Apart from

the problem of stereoselectivity at the anomeric carbon (a- or b-), an oxygen atom

must be reinstated at C2, again stereoselectively; the generation of an intermediate

epoxide solved both of these problems:238,239

One of the many advantages of this method was that the newly formed

glycoside possessed a free hydroxyl group at C2, available for further elaboration

(see Chapter 12):

Several points need to be made about this ‘glycal epoxide’ methodology:

• Only dimethyldioxirane and related dioxiranes can be used to generate the epoxide

from the glycal; other reagents, such as 3-chloroperbenzoic acid, cause

decomposition of the epoxide.

• The epoxide is usually formed with high stereoselectivity, being installed in a

‘trans’ sense to the substituent at C3.

• Normally, an a-D-epoxide upon treatment with an alcohol and a Lewis acid will

yield a b-D-glycoside. Sometimes, a-D-glycosides result from the use of less

reactive alcohols:
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• When an anomeric epoxide is unsatisfactory as a glycosyl donor, conventional

transformations may yield a more suitable donor:

4-Pentenyl Activation (1,2-cis and 1,2-trans)240–244

In the late 1980s, Fraser-Reid noted an interesting transformation of a ‘higher’ sugar

derivative upon treatment with N-bromosuccinimide:

This chance observation led to the idea that 4-pentenyl glycosides would respond

similarly to N-bromosuccinimide, thus providing a new type of protecting group for

the anomeric centre:

In addition, the 4-pentenyl glycosides were found to be effective glycosyl donors:
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Thus was born the n-pentenyl glycoside (NPG) method of glycosidation, one that

has gained in popularity because of the ease of installation of the 4-pentenyl glycoside,

the stability of the group to most reagents (much akin to a thioglycoside) and the easy

promotion by oxidizing agents such as N-bromosuccinimide and iodonium dicollidine

perchlorate.

The NPG method was to be a fertile area for Fraser-Reid during the next decade;

out of it was to come the concept of ‘armed/disarmed’ glycosyl donors and the

necessity for the corresponding promoters:

A whole new facet of glycoside synthesis was exposed:

A corollary of the NPG method is that an armed donor may be ‘side-tracked’

(protected) by conversion into a vicinal dibromide; when necessary, the dibromide
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(a ‘latent’ glycosyl donor) may be treated with zinc metal or sodium iodide to

regenerate the armed donor:245,246

The mechanism of the NPG method has been investigated in some depth and is

well understood:

The stereochemical outcome depends, as usual, on the nature of ‘X’; ethers generally

give 1,2-cis glycosides and esters 1,2-trans glycosides. Fraser-Reid has continued

to probe the underlying mechanism of the NPG method, including a comparison

with TCA and thioglycoside donors, linking the results again to ‘matching’ between

donor and acceptor.247 Also, quite remarkably, it is possible to activate an n-pentenyl

orthoester in preference to an armed NPG, with ytterbium(III) triflate:248–250
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b-D-Mannopyranosides (1,2-cis)251–253

D-Mannose is a common constituent of many naturally occurring oligosaccharides, some

of which are attached to proteins and all of which play a biological role in the host

organism. Although the common linkage in such oligosaccharides isa-D-manno, there is
a frequent enough occurrence of the b-D-counterpart. For example, the pentasaccharide

core of N-linked glycoproteins is invariant and contains both types of linkages:

Whilst we have discussed many methods for the synthesis of a-D-
mannopyranosides (1,2-trans and the thermodynamically favoured arrangement),

only very few of these are adaptable to form b-D-mannopyranosides. Here, we

shall indicate these versatile methods and also introduce new ones.

The origin of the problem in any approach to b-D-mannopyranosides is the axial

orientation of the group atC2. If this group is an ester, thea-D-mannopyranoside generally

results from participation of the ester at the anomeric carbon; if the group is an ether,

a favourable anomeric effect again results in the preferred formation of the a-D-anomer:

Obviously, to circumvent these problems, some creative thinking was required!

Glycosyl halides: One of the most common methods for the synthesis of b-D-
mannopyranosides involves the treatment of a 2-O-benzyl-a-D-mannopyranosyl

halide with an insoluble promoter such as silver(I) silicate or silver(I) zeolite:
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The strength of this Koenigs–Knorr approach lies in its simplicity; it is

successful because the ‘push–pull’ type of mechanism invoked on the surface of

the promoter effectively shields the a-face of the donor, forcing the acceptor alcohol
to approach in the required manner:254–256

Glycosyl sulfoxides (and thioglycosides): A seminal paper by Crich

suggested that glycosyl triflates were intermediates in the sulfoxide method of

glycosidation.225 Indeed, as applied to a-D-mannopyranosyl sulfoxides having non-

participating groups at C2 and C3 and a 4,6-O-benzylidene protecting group

(presumably to discourage glycosyl cation formation),253 there now exists a

powerful method for the synthesis of b-D-mannopyranosides from virtually any

sort of acceptor alcohol:257–260

The stereoselectivity of the method is excellent, with any ‘leakage’ to the a-D-
anomer presumably arising via the ‘loose’ ion pair. However, there were various

reasons to try to access these glycosyl triflates from substrates other than sulfoxides

and, in an early approach, 1-thio-a-D-mannopyranosides were activated by

phenylsulfenyl triflate to provide b-D-mannopyranosides.261 Even this successful

method had limitations and has now been superseded by the aforementioned
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combinations of 1-benzenesulfinylpiperidine or diphenyl sulfoxide and triflic

anhydride:262–265

A recent report approaches the synthesis of b-D-mannopyranosides from the

hemiacetal, using Gin’s dehydrative glycosidation methodology;266 another uses

the ubiquitous TCA approach.267

b-D-Glucopyranoside to b-D-mannopyranoside: In principle, it should be

possible to generate a b-D-glucopyranoside by conventional means and, if O2 is

differentially protected, invert the stereochemistry by an oxidation–reduction sequence:

This synthesis of b-D-mannopyranosides was first announced in 1972 and has been

used on many occasions, but it obviously suffers from a drawback: the preparation

of the 2-O-acyl glycosyl donor.268 A related approach, which inverts the configuration

at C2 of the b-D-glucopyranoside by nucleophilic displacement, again suffers a little

from the early manipulations in the synthesis of the glycosyl donor:269–271

An intramolecular version of this process, which somewhat curiously requires

the presence of a 4,6-O-benzylidene group, has been developed by Kunz:272
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Lichtenthaler has developed a procedure that utilizes glycosyl halides in

tandem with a stereoselective reduction for the synthesis of b-D-
mannopyranosides:273

Central to this procedure are the easy preparation of the 2-ulosyl a-D-glycosyl
bromide, the b-specific glycosidation (presumably successful owing to the

suppression of glycosyl cation formation by the adjacent carbonyl group) and the

stereoselective reduction.

Intramolecular aglycon delivery:e,274 This last method is certainly the most

elegant; whether the extra early steps are compensated for by the final, completely

stereoselective glycosidation is a moot point. The method has been extended to the

synthesis of other 1,2-cis linkages and is gradually finding acceptance in the

carbohydrate community.275–278

First announced by Hindsgaul279 and later modified by Stork280 and Ogawa and

Ito,281 the method requires the generation of a D-mannopyranosyl donor with the

acceptor attached as some sort of acetal at O2; the addition of the appropriate

promoter then gives b-D-mannopyranoside:282

e To be fair, the orthoester method must be considered the earliest example of intramolecular aglycon

delivery; unfortunately, this method generally results in a 1,2-trans glycoside, here an a-D-
mannopyranoside.
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Some details of each modification are presented below:

Other methods: Although other methods have been disclosed for the synthesis of

b-D-mannopyranosides, none seem to compete consistently with those discussed

above.251 Methods involving the alkylation of cis-1,2-stannylene acetals derived

from D-mannose,70,283 the selective reduction of anomeric orthoesters,116 the use of a

‘solid acid’ (sulfated zirconia) on a D-mannopyranosyl fluoride,284 the involvement of

‘prearranged glycosides’,285 the double inversion of a b-D-galactopyranoside
ditriflate,286 D-mannopyranosyl phosphites,287,288 a 6-nitro-2-benzothiazolyl

a-D-mannopyranoside289 and an a-D-mannopyranosyl 4-pentenoate290 show promise

for the synthesis of b-D-mannopyranosides.

One of the rare instances of the Mitsunobu reaction for the synthesis of glyco-

sides was announced by Garegg. The method is best for the preparation of aryl b-D-
mannopyranosides, mainly owing to the anomeric purity of the starting hemiacetal,

the general ‘inversion of configuration’ associated with the process and the appro-

priate acidity of the glycosyl acceptor:291,292
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The method is general for a whole range of substituents on the aromatic ring.293

b-Rhamnopyranosides (1,2-cis)

b-L-Rhamnopyranosides (6-deoxy-b-L-mannopyranosides) are common components

of bacterial capsular polysaccharides, and their synthesis is relatively straightfor-

ward, starting with readily available L-rhamnose and employing one of the meth-

ods283,286,294,295 discussed in this section for the synthesis of a b-mannopyranoside.

b-D-Rhamnopyranosides have been encountered more frequently of late, but because

of the general unavailability of D-rhamnose, the efficient synthesis of such molecules

has generally proceeded via the corresponding b-D-mannopyranoside, with eventual

deoxygenation at C6; some recent improvements have been noted.264,296–298

2-Acetamido-2-deoxy Glycosides299–302

2-Acetamido-2-deoxy glycosides, especially those of the D-gluco and D-galacto

configuration, are common components of many biopolymers (chitin, chondroitin

sulfate) and glycoconjugates (glycoproteins, proteoglycans, glycolipids). In fact,

over the past two decades, the role of 2-acetamido-2-deoxy-D-glucopyranose

(GlcNAc) in many important biological events has become increasingly apparent

(see Chapter 11).303–305

The presence of an acetamido group changes the polarity and hydrogen-bonding

potential of a molecule; also, a 2-acetamido group is capable of participating in

events at the anomeric carbon (even to the extent of forming a somewhat unreactive

oxazoline). Together, these two features make the synthesis of 2-acetamido-2-deoxy

glycosides unique and challenging.

The most obvious approach to the synthesis of 2-acetamido-2-deoxy glycosides

utilizes a glycosyl donor with the acetamido group already in place. Indeed, this

procedure works well for the synthesis of 1,2-trans glycosides derived from reason-

ably reactive alcohols; the intermediate oxazoline is rather stable and, naturally,

controls the stereoselectivity of the event:306
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Glycosyl chlorides and glycosyl TCAs may also be used as the donor.67 On some

occasions, the oxazoline may first be prepared and then used in the subsequent

glycosidation;307 particularly striking results have been obtained in enzyme-

mediated processes.270,308 An interesting and easily accessible furanosyl oxazoline

provides direct access to simple alkyl 2-acetamido-2-deoxy glycopyranosides:309

The trichloroethoxycarbonyl and DTPM groups have proven useful for the

protection of the primary amine during the glycosidation step.310,311

Much better results are obtained when N,N-diacyl glycosyl donors are used;312

the only drawback is that a deprotection (and sometimes subsequent acetylation) step

is now necessary. One of the most common diacyl donors is based on phthali-

mide:67,313–315

Again, the glycosidations generally produce only the 1,2-trans products.

Although participation by the diacetylamino group at the anomeric centre is

perhaps to be expected, it is a moot point whether the same occurs with the
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phthalimido group (the planar aromatic system is generally orthogonal to the

D-glycopyranose ring and thus blocks the a-face).316
2-Azido-2-deoxy glycosyl donors are easily accessible from the appropriate

glycal by ‘azido nitration’, ‘azido selenation’ or direct ‘diazo transfer’ onto the

natural 2-amino-2-deoxy sugar itself317 and offer convenient methods for the stereo-

selective synthesis of 2-acetamido-2-deoxy-D-glycopyranosides:67,300,318–320

Other 2-azido-2-deoxy glycosyl donors have been used for related

syntheses.321,322

Glycals have also been used for the synthesis of 2-acetamido-2-deoxy-b-D-
glycopyranosides, or their direct precursors;238,323 2-nitroglycals add another dimen-

sion to the synthesis of such molecules:324

Needless to say, both phosphites and phosphates have been suggested as useful

donors in the synthesis of 2-acetamido-2-deoxy glycosides.325,326

An interesting development of late has been the introduction of oxazolidinones

(trans-fused 2,3-carbamates derived from 2-amino-2-deoxy sugars) as glycosyl

donors. These molecules are easily prepared and, with a judicious choice of

donor and reagents, can give rise to both the normal b- and less common

a-glycosides.327–330
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A corollary of this novel cyclic carbamate is that, when located in a glycosyl

acceptor, it imparts an increased reactivity to O4;331 others have commented on this

phenomenon.332

Finally, as with the synthesis of b-D-mannopyranosides, special methods had to

be developed for their 2-acetamido-2-deoxy counterparts:333–335

A philosophical comment: everyone is willing to work with D-glucose; some

gentle encouragement will see good progress with D-glucosamine; a brave (and

wealthy!) person ventures into the ‘delights’ of synthesis with D-galactosamine.336
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2-Deoxy Glycosides337–340

2-Deoxy glycosides are often found in the oligosaccharide portion of natural pro-

ducts derived from plant and bacterial sources. The lack of a hydroxyl group at C2

makes the associated glycoside more amenable to hydrolysis; also, this absence

gives rise to problems in the stereoselectivity of formation of the glycosidic linkage.

It is fairly obvious that any synthesis of 2-deoxy glycosides can be approached in just

two ways – the donor can be either a 2-deoxy sugar in its own right or can contain a

functionality at C2 that, once used to control the stereoselectivity at the anomeric

carbon, is easily removed.

Any method of synthesis of a 2-deoxy glycoside that simply delivers a hydrogen

atom to C2 of a glycal has the potential for poor stereoselectivity;341 also, an

unwanted by-product can be the 2,3-ene:342

However, there have been some notable successes, with the anomeric effect

usually being responsible for the production of the more stable product:343

Other 2-deoxy glycosyl donors such as thioglycosides,344

phosphonodithioates,345,346 TCAs,347,348 fluorides,30 tetrazoles and phosphites349

have been used successfully for the synthesis of a variety of glycosides. The

main product is generally the more stable a-D-glycoside, but a careful choice

of the donor or the solvent can change the outcome to produce just the

b-anomer:139,349–351
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For the alternative approach, where the glycosyl donor harbours a temporary

function at C2, the anomeric stereoselectivity is generally improved; 2-deoxy-2-iodo

glycosyl donors are particularly attractive:292,352–361

Nicolaou has reported a very neat reaction of a thioglycoside, powered by

diethylaminosulfur trifluoride and leading to a glycosyl fluoride, suitable for the

synthesis of both 2-deoxy a- and b-glycosides:362
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van Boom, in a process that again involves an interesting rearrangement, devised

a direct synthesis of the same types of glycosides:363

Related chemistry can lead to an efficient synthesis of 2-deoxy furanosides.364

Roush has also made many contributions to the stereoselective synthesis of 2-deoxy

glycosides.365–367

Sialosides368–370

The past two decades have highlighted the importance of sialic acids (‘2-keto-

3-deoxy-nononic acids’) in many biological processes, e.g. the sialylation of

glycoconjugates, the role of sialyl Lewisx in inflammation and the involvement

of N-acetylneuraminic acid (5-acetamido-3,5-dideoxy-D-glycero-D-galacto-non-

2-ulopyranosonic acid) in infection by influenza virus.371

Most of the linkages to N-acetylneuraminic acid are found with the

a-configuration, and so it comes as no surprise to see the majority of the synthetic

effort in this direction. We have already discussed the synthesis of a sialoside

(utilizing a glycosyl ester as a donor), and some of the common donors discussed

earlier in this chapter are also employed, e.g. 2-thio glycosides:372–374
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Somewhat surprisingly, a TCA is not a useful donor for sialoside synthesis.67

The challenges in any synthesis of an a-sialoside are fairly obvious: the presence

of an electron-withdrawing group at C1 slows the whole process, there is no sub-

stituent at C3 to control the stereoselectivity of the glycosidation (reminiscent of the

discussion above on 2-deoxy sugars), the hydrogen atoms on C3 are always available

to participate in unwanted 2,3-ene formation and the gain from any anomeric effect

has to be shared between the two substituents (at C2). A judicious choice of solvent

(acetonitrile) maximizes the amount of a-anomer,375 but a concerted effort is still

needed to develop better methods for the synthesis of a-sialosides:376,377

Furanosides378–380

The discussion in this chapter has been restricted mainly to the synthesis of pyrano-

sides. However, furanosides (as distinct from nucleosides that are generally consid-

ered to be N-glycosides) are commonly found in nature with many biologically

significant roles, e.g. in the polysaccharides of bacteria, parasites, plants and fungi.

An arabinogalactan (a polymer of arabinofuranose and galactofuranose) and a

lipoarabinomannan (a polymer of arabinofuranose and mannopyranose), major

components of the mycobacterial cell wall, are targets for the treatment of diseases

such as tuberculosis. It has been necessary to develop methods for the synthesis of

furanosides, both to provide fragment oligosaccharides (of the polysaccharide) and

to develop inhibitors that interfere with the assembly of the oligosaccharide.

Hemiacetals, esters, halides, TCAs and 1-thio sugars381,382 have all been used

for the synthesis of furanosides. A recent and effective method uses a 2,3-anhydro-

furanose,383–385 another conformationally locked donor:386
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Miscellaneous Methods387

The glycosidic linkage has exerted a certain power over chemists for centuries; it has

never yielded to just one method of synthesis and has offered a sort of ‘fatal

attraction’ for improvements in its construction. So, in addition to the tried-and-

tested procedures discussed so far, there exists an array of other methods that are

either in their infancy or, as yet, have not gained general acceptance.

Alkenyl glycosides: We have encountered alkenyl glycosides in our discussion of

the ‘latent/active’ concept as applied to glycosyl donors. In fact, there is a range of

such donors that has been used successfully in the synthesis of glycosides:7,45,81,388–390
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Two interesting variations on the same theme are a glycosyl isopropenyl

carbonate, and an isopropenyl ether on the acceptor:7,81,388

All of the above processes operate on much the same principles:

Remote activation: ‘Remote activation’, as applied to carbohydrates, is

essentially the brainchild of Hanessian.391,392 In essence, many methods of

forming the glycosidic bond involve direct activation of the atom attached to the

anomeric carbon:

Other methods, however, rely on the activation of an atom or a group that is

remote from the anomeric carbon but is attached to it via another atom or atoms:
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Although this distinction with these two groups of examples may seem

somewhat forced and flimsy, the concept of ‘remote activation’ does take on some

significance when one attempts to develop a glycosyl donor that bears no protecting

groups (as exists in nature).

The first generation of such molecules requiring ‘remote activation’ were

2-pyridylthio glycosides:393

Although mixtures of anomers were generally obtained, the reaction was rapid,

presumably initiated by complexation between the metal ion and the bidentate

aglycon. Later, the method was extended to include such donors as 3-methoxy-2-

pyridyl (MOP) glycosides that, although activated by just a ‘catalytic’ amount of

methyl triflate (and thereafter the liberated triflic acid), still required the use of a

large excess of the glycosyl acceptor:

Generally, the SN2 nature of the process guaranteed the preponderance of 1,2-cis

glycoside. Further studies by Hanessian showed that protected MOP donors, as with
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most other sorts of glycosyl donors, could be used effectively for the glycosidation of

equimolar amounts of acceptor alcohols – the ideal promoter was copper(II) triflate.

The stereochemical outcome of the various glycosidations depended, predictably, on

the nature of the protecting group at O2 and on the solvent.

A further development in the ‘remote activation’ concept was the use of

O-glycosyl S-(2-pyridyl) thiocarbonates (TOPCAT) as glycosyl donors:391,392

The unique promoter, silver(I) triflate, again probably operating through the

formation of some sort of coordinated species, allows for the chemoselective

activation of TOPCAT over MOP [copper(II) triflate] groups.

Hanessian has applied the ‘MOP glycoside’ approach to the synthesis of glycosyl

phosphates and their nucleoside derivatives,394 and Kobayashi has expanded the use

of ‘glycosyl 2-pyridinecarboxylates’ for the preparation of various disaccharides:395

Finally, mention should be made of 2-haloethyl 1-thioglycosides

(Redlich),396 glycosyl disulfides (Davis),397 glycosyl sulfimides (Rollin),398

SBox (S-benzoxazolyl) and STaz (S-thiazolinyl) glycosides (Demchenko),158,399–402

(2-carboxyphenyl)methyl glycosides (Kim),403,404 DISAL (methyl 3,5-

dinitrosalicylate) glycosides (Jensen)405,406 and 6-nitro-2-benzothiazolyl glycosides

(Mukaiyama)289 as useful donors for the future. There has been a suggestion that

sonication of reaction mixtures vastly improves the outcome of many glycosidation

reactions, and even some of the simpler transformations discussed in previous

chapters.407
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C-Glycosides408–419

We have spent a great deal of time discussing glycosides and, inter alia, N- and

S-glycosides (thioglycosides):

These three classes of compounds are actually acetals, hemiaminals and

thioacetals, all relatively stable to the action of bases but generally unstable to

acid, acid and thiophilic reagents, respectively. Another class of compound that we

have neglected until now arises from the replacement of the exocyclic oxygen of the

acetal by carbon:

These compounds are known as C-glycosides (if you are a carbohydrate

chemist); others would view them as tetrahydropyrans, simple cyclic ethers.

Consequently, they are inert compounds, essentially stable to the action of both

acids and bases.

Why, then, are C-glycosides of any interest? First, many natural products contain

a C-glycosidic linkage: aquayamycin is a C-aryl glycoside produced by Strepto-

myces misawanensis and possesses antibiotic activity,420 showdomycin is a

C-nucleoside that possesses antibacterial and antitumour properties,408 and palytoxin

and maitotoxin421 are marine metabolites that are two of the most toxic chemicals

known:

Second, chemists have long held the notion that C-glycosides would be stable

‘mimics’ of glycosides and so would be potential candidates for the design of
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molecules with expected biological activity but possessing none of the lability of a

glycoside.413,422 Whatever the reason, there has been an enormous drive over the

past two decades for the synthesis of C-glycosides.

Whereas the synthesis of glycosides (C–O bond construction), by and large, is

restricted to methods that develop a partial positive charge at the anomeric carbon

atom, such is not the case with the synthesis of C-glycosides; the construction of a

C–C bond allows more flexibility to the method. The three main routes followed

involve both ionic and free radical processes:

Again, stereoselectivity of bond formation at the anomeric carbon (a- or b-) is of
prime importance.

The addition of carbanions to anomeric electrophiles:423 There is a

plethora of methods for the addition of a carbanion to an anomeric electrophile,

and only a few will be mentioned here. The substitution by a nucleophilic reagent of

a glycosyl halide is one of the older methods, but yields are often low, especially

with ester protecting groups in the sugar:

Of general usage is the method developed by Kishi, the addition of an

organometallic reagent to an aldonolactone:424,425
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Epoxides and glycals are useful alkylating agents of nucleophilic species:424,426–428

Hemiacetals, upon chain extension with phosphoranes, phosphonates or

organometallic species, yield alkenes that cyclize either spontaneously or by

treatment with bases or electrophiles:

Formyl tetra-O-benzyl-b-D-C-glucopyranoside is a synthetically useful

intermediate that is available in large amounts:429

The addition of electrophiles to anomeric carbanions: Again, many

methods exist for the addition of an electrophile to an anomeric carbanion, but most

typically utilize the presence of an electron-withdrawing group at the anomeric carbon

to aid in the generation and stabilization of the negative charge:430

Glycosyl sulfones are particularly useful donors for the synthesis of C-glycosides,

offering versatility not found with other groups; they are often activated by samarium(II)

iodide:431–433
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The Ramberg–Bäcklund reaction also makes use of glycosyl sulfones:434

Very often, when the anomeric carbanion is not stabilized by an electron-

withdrawing group, the presence of an oxygen atom at C2 will cause a

b-elimination; this can either be avoided or put to good use:435–437
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Glycosyl radicals:438–442 In the early 1980s it was first noticed that anomeric

radicals add to electron-deficient alkenes to give axial C-glycosides:

Although the process can sometimes be plagued by side reactions of the highly

reactive, intermediate glycosyl radical (reduction, hydrogen atom abstraction), it is

this very intermediate that holds the key to the high stereoselectivity usually observed:

Many modifications have been made to the general process in the ensuing 20

years:443–446
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Miscellaneous: Various other methods exist for the synthesis of C-glycosides

and include substrates such as glycosyl diazirines,447–448 glycosenes449 and

telluroglycosides;450 some of the methods employing cross-451 or ring-closing-452

metathesis are truly impressive.
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247. López, J.C., Gómez, A.M., Uriel, C. and Fraser-Reid, B. (2003). Tetrahedron Lett., 44, 1417.

248. Mach, M., Schlueter, U., Mathew, F., Fraser-Reid, B. and Hazen, K.C. (2002). Tetrahedron, 58, 7345.

249. Jayaprakash, K.N., Radhakrishnan, K.V. and Fraser-Reid, B. (2002). Tetrahedron Lett., 43, 6953.

250. Jayaprakash, K.N. and Fraser-Reid, B. (2004). Synlett, 301.

251. Barresi, F. and Hindsgaul, O. (1996). InModern Methods in Carbohydrate Synthesis (S.H. Khan

and R.A. O’Neill, eds) p. 251. Harwood Academic.

252. Gridley, J.J. and Osborn, H.M.I. (2000). J. Chem. Soc., Perkin Trans. 1, 1471.

253. Crich, D. (2002). J. Carbohydr. Chem., 21, 667.

254. Paulsen, H. and Lockhoff, O. (1981). Chem. Ber., 114, 3102.

255. van Boeckel, C.A.A., Beetz, T. and van Aelst, S.F. (1984). Tetrahedron, 40, 4097.

256. Garegg, P.J. and Ossowski, P. (1983). Acta Chem. Scand., B37, 249.

257. Crich, D. and Sun, S. (1998). Tetrahedron, 54, 8321.

258. Crich, D. and Barba, G.R. (1998). Tetrahedron Lett., 39, 9339.

259. Crich, D. and Dai, Z. (1999). Tetrahedron, 55, 1569.

260. Crich, D. and Wu, B. (2006). Org. Lett., 8, 4879.

261. Crich, D., Cai, W. and Dai, Z. (2000). J. Org. Chem., 65, 1291.

262. Crich, D., Jayalath, P. and Hutton, T.K. (2006). J. Org. Chem., 71, 3064.

263. Crich, D. and Vinogradova, O. (2006). J. Org. Chem., 71, 8473.

264. Crich, D. (2007). In Frontiers in Modern Carbohydrate Chemistry (A.V. Demchenko, ed.) ACS

Symposium Series 960 p. 60. Washington, DC: American Chemical Society.

265. Crich, D. and Li, L. (2007). J. Org. Chem., 72, 1681.

266. Codée, J.D.C., Hossain, L.H. and Seeberger, P.H. (2005). Org. Lett., 7, 3251.

267. Abdel-Rahman, A.A.-H., Jonke, S., El Ashry, E.S.H. and Schmidt, R.R. (2002). Angew. Chem.

Int. Ed., 41, 2972.

References 197



268. Ekborg, G., Lindberg, B. and Lönngren, J. (1972). Acta Chem. Scand., 26, 3287.

269. Fürstner, A. and Konetzki, I. (1998). Tetrahedron Lett., 39, 5721.

270. Rising, T.W.D.F., Claridge, T.D.W., Davies, N., Gamblin, D.P., Moir, J.W.B. and Fairbanks, A.J.

(2006). Carbohydr. Res., 341, 1574.

271. Dong, H., Pei, Z., Angelin, M., Byström, S. and Ramström, O. (2007). J. Org. Chem., 72, 3694.

272. Günther, W. and Kunz, H. (1992). Carbohydr. Res., 228, 217.
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Chem., 471.

426. Evans, D.A., Trotter, B.W. and Côté, B. (1998). Tetrahedron Lett., 39, 1709.
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Chapter 5

Oligosaccharide Synthesis1–4

Strategies in Oligosaccharide Synthesis

I did it, my way

Frank Sinatra

If you were to enquire about the best way of constructing a particular glycosidic

linkage in an oligosaccharide of interest, the answer would depend on the person

being asked:

All offer good advice; in fact, there is no one method of glycosidation that is

general and reliable enough to guarantee success. The situation is epitomized in the

oft-quoted lines of Hans Paulsen:5

Each oligosaccharide synthesis remains an independent problem, whose

resolution requires considerable systematic research and a good deal of

know-how. There are no universal reaction conditions for oligosaccharide

syntheses.

David Gin ‘a hemiacetal’

Hans Paulsen ‘use a glycosyl halide’

Ray Lemieux ‘halide-catalysis, of course’a

K. C. Nicolaou and Teruaki Mukaiyama ‘a glycosyl fluoride’

Richard Schmidt ‘trichloroacetimidates!’

Per Garegg or David Crich ‘a thioglycoside’

Dan Kahne ‘a glycosyl sulfoxide’

Sam Danishefsky ‘glycal assembly’

Bert Fraser-Reid ‘NPG activation’

a Raymond U. Lemieux (1920–2000).
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In fact, this statement seems even more profound in light of two recent publica-

tions: one advocating precise microwave heating to promote glycosylation6 and the

other accelerated glycosylation under frozen conditions!7

From the previous chapters we have an appreciation of the various factors that

influence the glycosidic bond, as well as a summary of the established and the newer

methods for its construction. What is lacking in our knowledge is the philosophy

behind oligosaccharide synthesis.

Linear syntheses: A linear synthesis is one in which a monosaccharide, by the

successive addition of single monosaccharides, is transformed into the desired

oligosaccharide:b

A protected glycosyl donor (A, X activated) is treated with an acceptor

alcohol (B, Y inactive) to generate a disaccharide (AB, Y inactive). After the

conversion of Y into X, the process is repeated until the final target

oligosaccharide is reached. A reverse approach, which benefits from the fact

that the glycosyl donor is more readily acquired and can thus be used in excess,

is in common use:

b In these diagrammatic presentations, no stereochemistry is implied at the anomeric carbon of any

generalized structure.
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Several modern versions of the linear approach exist, some of which involve

‘two-stage activation’ methods:8–12

The success of many of these methods obviously relies on the selective

activation of one glycosyl donor over another (in the above sequences, fluoride

over thioglycoside and epoxide over glycal), and there are countless other examples,

including bromide over thioglycoside13 and selenoglycoside over thioglycoside.14

The ‘latent/active’ concept discussed earlier is another variant, as is the concept of

‘orthogonality’.1,15,16

Another useful approach involves the chemoselective activation of one glycosyl

donor over another and is very much connected with the ‘armed/disarmed’ concept

discussed earlier:

The glycosides A and B possess the same aglycon (X) but act as donor and

acceptor, respectively, because of the activating nature of R (A) and the deactivating
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nature of R0 (B).1,17,18 In the second step of the above sequence, the protecting group
interchange (R0 to R) can sometimes be avoided; for example, in the case of

thioglycoside donors, the first step can be achieved with a weak promoter

(IDCClO4) and the second with the stronger NIS/TfOH combination.

Convergent syntheses: A convergent synthesis assembles the oligosaccharide

from smaller, pre-formed components:

The convergent approach, often dubbed a ‘block synthesis’ (for obvious

reasons), has several advantages over its linear counterpart. The smaller

components can often be obtained from readily available disaccharides (lactose,

cellobiose), an expensive monosaccharide can be introduced late in the synthetic

sequence, and generally, there are fewer overall linear steps. In general, the concepts

of two-stage and selective/chemoselective activation, ‘latent/active’ and

orthogonality lend themselves very nicely to convergent syntheses.1,19

Two-directional syntheses: Boons has reported a highly convergent approach

to oligosaccharide synthesis, whereby a monosaccharide derivative is constructed

such that it is capable of acting first as a glycosyl donor and then as a glycosyl

acceptor:20
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This innovative method, which builds on many of the principles established for

glycoside synthesis, has been applied to the synthesis of a pentasaccharide that is

associated with the hyperacute rejection response in xenotransplantation from pig to

humans.21

‘One-pot’ syntheses: A tantalizing goal in oligosaccharide synthesis is the

assembly of the molecule in question in ‘one-pot’, viz. by the step-wise addition

of building blocks to the growing chain, with no need for manipulation of protecting

groups and anomeric activating groups and with complete stereochemical control.

Such an achievement would rival the successes of polymer-based syntheses (to be

discussed next), and notable strides have been made after the original suggestion of

the concept by Takahashi:19,22–31

Wong has described ‘programmable, one-pot oligosaccharide synthesis’ based

on a set of thioglycosides arranged in increasing order of reactivity in a database.

This valuable database aims to allow a non-specialist to prepare a given

oligosaccharide in a controlled manner.32–37 Another recent approach is to use the

pre-activation of tolyl thioglycosides in order to circumvent the varying reactivity of

the glycosyl donors.38

There have been many interesting syntheses of oligosaccharides in the past

decade,39–66 none of them more so than the syntheses of a complex penta-antennary

N-glycan,67 and a docosanasaccharide arabinan from Mycobacterium tuberculosis,

the causative agent of tuberculosis:68
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The first synthesis is notable in that it uses various protecting groups for

hydroxyl, phthalimido and trifluoroacetyl for primary amine, and the ever-reliable

thioglycoside and trichloroacetimidate for the construction of the four glycosidic

linkages:

The synthesis of the arabinan is complicated by the presence of four b-D-
arabinofuranoside moieties, the construction of which offers problems similar to

those encountered in the preparation of b-D-mannopyranosides. However, judicious

disconnections (�) within the target molecule allow the preparation of three building

blocks, assembled mainly with thioglycoside donors and ably protected by resilient

benzoyl groups. These building blocks are then joined using the trichloroacetimidate
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donor derived from B (with A), followed by desilylation, and then the

trichloroacetimidate derived from C:

Polymer-supported Synthesis69–83

Ever since the invention of the ‘solid phase’ method for the synthesis of oligopep-

tides by Merrifield (which ultimately won the Nobel Prize in Chemistry in 198484),
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and the similar success later enjoyed with oligonucleotides, carbohydrate chemists

have dreamt of utilizing the method for the synthesis of oligosaccharides. How-

ever, whereas a growing peptide chain on a resin bead presents, after minimal

protecting group manoeuvres, a single primary amine (secondary for proline) of

predictable reactivity for coupling to a likewise predictable carboxylic acid, such

is not the case with carbohydrates. Whether a monosaccharide is attached to a

resin bead via an anomeric or a non-anomeric hydroxyl group, the subsequent

construction of a glycosidic linkage is plagued by all of the common problems –

the influence and removal of protecting groups, the regioselectivity and stereo-

selectivity of the glycosidation process, the role of the solvent, and the nature of

the donor and the associated promoter. In addition, whereas the 20 or so

common amino acids are all available with the amino and side-chain functional

groups protected in any number of reliable ways, such is not the case

with monosaccharides; there is, as yet, not even an orthogonally protected

form of D-glucose that could be viewed as a general glycosyl donor.85,86

However, enormous advances in the use of polymers for the synthesis of

oligosaccharides have been made over the last decade, and a broad overview

of the area will be given here.

All new methods must stand the test of time. At present, the vast majority of

synthetic chemists would turn to conventional methods to synthesize an oligosac-

charide. In fact, a rare study compared the solution and the solid-phase synthesis of a

hexasaccharide, concluding that the former was generally more efficient;87 another

study, this time concerned with the synthesis of various b-D-mannopyranosides,

noticed little difference.88

Types of polymers:89,90 Of the insoluble polymers, which are available as

discrete beads, the original (Merrifield) cross-linked polystyrene is still used;

the chloromethyl group enables the attachment of a ‘linker’, and then the

sugar. ‘Wang resin’91 offers a primary alcohol for attachment, and this can

be modified to form an aldehyde;92 ‘TentaGel’ has a polystyrene core that is

functionalized with poly(ethylene glycol).93,94 Most of the resins are

commercially available with a variety of different functional groups, e.g.

Merrifield resin with Cl, OH or NH2 and TentaGel with Br, OH, NH2, SH

or COOH. Whereas all of the above resins need to ‘swell’ to achieve good

‘loadings’ (some macroporous resins, e.g. ArgoPore�, can be used directly),

such is not the case with ‘controlled-pore glass’ – the highly hydroxylated

surface is ideal for functionalization by a linker, and then the

carbohydrate.95,96
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Soluble polymers offer the advantage of being able to conduct the desired

chemical reactions in solution, yet display their versatility as insoluble solids

during the purification step. The most common soluble polymer that is used in

the synthesis of oligosaccharides is O-methyl poly(ethylene glycol):97,98

Linkers: One sugar of the desired oligosaccharide must, naturally, be first attached to

the polymer. This is usually done by employing a linker that seems to confer

better reactivity on the sugar than if it were attached directly to the polymer itself.

The linker, of course, must be stable to all of the synthetic manipulations that will be

carried out but must be easily broken to liberate the final product. Because of

the lability of the glycosidic linkage towards acid, the useful linkers employed are

esters,94,96 vinylogous amides,99 benzylic ethers,100,101 photolabile groups,69,102,103 silyl

ethers,104 silanes105 and alkenes,106,107 all removed by mild and selective reagents.
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Attachment of the sugar to the linker/polymer: There are obviously just two

discrete ways to attach the first monosaccharide to the linker/polymer, either through

the anomeric centre (a glycosidic linkage) or by utilizing one of the other hydroxyl

groups on the (pyranose) ring:

For the attachment through a glycosidic linkage, a subsequent deprotection step

liberates the hydroxyl group of interest, and another glycosidation can be performed

to give a disaccharide now attached to the linked polymer. For the non-anomeric

linkage, an acceptor and a promoter are added to the polymer-bound glycosyl donor,

and an attached disaccharide again results. There is generally a preference for

attachment through a glycosidic linkage, as this allows the use of an excess of the

soluble glycosyl donor, ensuring better yields in elongation steps.

The glycosyl donors used: In line with the success of oligosaccharide synthesis

in solution, the common glycosyl donors in polymer-supported syntheses are

trichloroacetimidates, pentenyl glycosides, glycosyl sulfoxides, thioglycosides and

glycals.108

Insoluble versus soluble polymers: Although much of the early work on the

polymer-supported synthesis of oligosaccharides was carried out on insoluble resins,

there is something of a modern trend towards the use of soluble polymers. One

disadvantage of soluble polymers such as poly(ethyleneglycol) is their low loading

capacity; dendritic polymers go some way to avoid this problem.109,110 An advantage

of soluble polymers is that real-time monitoring of the reactions occurring in solution

is possible.

In syntheses using insoluble polymers, a commercial resin (purchased as

beads) is swollen in a solvent and the chosen linker attached. Next, a mono-

saccharide is joined to the linker (as either a glycoside or some sort of ether or

ester), with complete reaction ensured by the use of an excess of the reagent(s).

Following a wash step, any necessary deprotection and glycosyl donor activa-

tion, the next monosaccharide is added; the cycle is repeated until the desired

oligosaccharide has been assembled. The final deprotection of the many
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hydroxyl groups can precede the liberation of the oligosaccharide from the resin,

but this is not always so – it is virtually impossible to remove benzyl ethers ‘on

resin’ by hydrogenolysis.

For the soluble polymer approach, various commercial products are available,

which are also attached to a suitable linker, utilizing any solvent apart from ethers.

The first monosaccharide is then attached to the linker, via the anomeric or the non-

anomeric hydroxyl group (this choice depends on the nature of the linker).73,98 In the

former case, the deprotection of the desired hydroxyl group, followed by treatment

with an excess of the next glycosyl donor and promoter, gives the disaccharide

attached to the polymer, still in solution. Addition of an ether (usually tert-butyl

methyl ether) precipitates this product, which may be collected and washed. Repeti-

tion of the cycle yields, after deprotection and cleavage from the resin, the desired

oligosaccharide.

For such polymer-supported syntheses to be successful, the choice of poly-

mer is important,96 more active promoters (e.g., dibutylboron triflate with

trichloroacetimidates111) may be needed to counter the often sluggish

glycosylation steps, multiple exposure to reagents is often required,94 and

‘capping’ of unreacted residues at each stage of the synthesis helps to

improve the purity of the final product.94,112 Somewhat surprisingly, there

is often a marked improvement in the anomeric stereoselectivity for gly-

cosidations performed on a polymer support over those conducted in

normal solution.113

Trichloroacetimidates95,114
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Pentenyl glycosides:103

Glycosyl sulfoxides:115
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Thioglycosides: Several polymer-supported syntheses utilizing thioglycosides as

the donor have been reported; two syntheses of interest utilize O-methyl poly(ethylene

glycol) with a succinyl linker,112 and Merrifield resin, again with a photolabile

linker:116

Glycals:117 Danishefsky, in line with the success of the ‘glycal assembly’ approach

for the synthesis of oligosaccharides in solution, has applied the method to a solid

support, generally attaching the first monosaccharide as a glycosyl donor. One of the

most impressive outcomes is the synthesis of a Lewisb blood group determinant

glycal:117,118
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In his work, Danishefsky has never shied away from converting his beloved

glycal, when necessary, into a more appropriate donor, e.g. a thioglycoside.117,119

Finally, Ito and Ogawa have made significant contributions to polymer-

supported oligosaccharide synthesis. Apart from application of the orthogonal

glycosylation strategy120 and intramolecular aglycon delivery,121 these two colla-

borators have introduced the concept of a ‘hydrophobic tag’ that allows for the

convenient purification (reversed-phase silica gel) of the oligosaccharide after

detachment from the polymer:122

Ito has also been responsible for much of the development of ‘capture-release’

strategies that offer an alternative method of obtaining the desired oligosaccharide

from what is usually a complex mixture.123,124

Automated oligosaccharide synthesis: The ultimate aim in oligosaccharide

synthesis would be to program a ‘machine’ to do the job, in much the same way as

one does with an oligopeptide or oligonucleotide. Perhaps, the previously mentioned

work of Wong has gone some way to achieving this aim;32–36 however, it would be

safe to say that Seeberger has been the main driving force behind the automation of

oligosaccharide synthesis.125–133 Much of Seeberger’s work uses an octenediol linker

that, by olefin cross-metathesis, conveniently liberates the final oligosaccharide from

the resin as a pentenyl glycoside; also, glycosyl phosphates tend to be the donors of

choice (see Chapter 12).

Combinatorial synthesis and the generation of ‘libraries’: The past two

decades witnessed a change in the philosophy for the discovery of compounds that,

many hoped, would eventually lead to novel pharmaceuticals. Traditionally,

chemists have worked with botanists, zoologists and even indigenous people to

select plants and organisms that, upon chemical extraction and analysis, may yield

a chemical with interesting pharmacological properties. Tinkering with the chemical
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structure of this natural product has often given a better pharmaceutical, one with a

broader and/or improved spectrum of activity; a classical example would be that of

penicillin.

In these traditional approaches, extensive synthetic effort was invariably

required; many have experienced the heartbreak of a long synthesis, only to find

that the target molecule exhibited none of the desired properties. The computer-

assisted design of target molecules has improved things somewhat but is generally of

use only when a deal is known about the mode of action of a disease-causing

organism.134

A novel approach to ‘drug discovery’ was suggested, and so was born combi-

natorial synthesis,69,135–141 the generation of a ‘library’ of closely related structures

by (solid) polymer-supported synthesis. In the ‘split and mix’ (split and pool)

approach, a functionalized bead sample is treated separately with, say, three different

but related reagents (A1–A3) to generate three newly functionalized bead samples.

These three bead samples are then mixed and subsequently split into three before

being separately treated again with three new reagents (B1–B3), thus generating

a mixture of nine differently functionalized beads (A1B1–A3B3). The process

is repeated (split, treat with C1–C3 and mix), and the final library (here, of

27 compounds) consists of resin beads, to each of which are attached multiple copies

of a unique chemical (A1B1C1–A3B3C3). Screening of this library for some sort of

biological or pharmacological activity is followed by isolation of the active bead –

this is where the fun and games start, with identification of the unique chemical on

the active bead!

Although it is often a straightforward matter to generate a library of many

thousands of different compounds, the screening and structure identification steps

present huge problems;142–144 no one has put it better than Clark Still:145

As for encoding in particular, it seems to complete one of the most powerful

of combinatorial methodologies: split-and-pool synthesis and on-bead

property screening. Thus, split-and-pool synthesis provides access to large

libraries conveniently, on-bead screening allows the efficient selection of

library members having a property of interest, and encoding provides a

straightforward path to the structures of selected members. These three

methods work exceptionally well together and provide a complete methodology

for combinatorial exploration of chemical design problems.

Owing to the multifunctional nature of monosaccharides and to the general

difficulties associated with anomeric stereocontrol, it was not surprising that it

took until 1995 for Hindsgaul to announce the first library of carbohydrates (trisac-

charides), prepared in solution without the aid of a polymer support.146 This result

was soon followed by a report from Boons, detailing the preparation of a library of
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trisaccharides with no attempt to control the anomeric stereoselectivity (this simple

and expedient operation substantially increases the complexity of the library):147

Polymer-supported syntheses were soon to follow, with one of the most notable

syntheses involving the use of glycosyl sulfoxides and an ingenious screening/

encoding system that allowed the identification and structure determination of an

‘active’ molecule.148–150 Improvements in the construction of carbohydrate libraries,

both on and off polymer supports,151,152 continue to be announced.153–161

It is interesting to quote from a recent review (2007): ‘the shift away from large

combinatorial libraries has continued, with the emphasis now being on small,

focused (100 to 3000) collections that contain much of the ‘structural aspects’ of

natural products’.162 The same review reports that only one de novo chemical entity

has been discovered through combinatorial chemistry, namely sorafenib (Nexavar,

from Bayer), an anti-tumour drug approved by the FDA in 2005.
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Chapter 6

Monosaccharide Metabolism

In the last five chapters we have looked at the structures, properties and reactivity of

sugars, culminating in a discussion of methods available for the synthesis of the

glycosidic linkage, and application of these methods to the synthesis of oligosac-

charides. Now the book takes a different direction, ultimately leading us into the

world of glycobiology. This (sixth) chapter provides an overview of the major

pathways of monosaccharide metabolism.

In central metabolism, glucose is degraded to pyruvate, releasing energy and

NADH (the glycolytic pathway). The pyruvate can enter into either aerobic meta-

bolism to release additional energy (the citric acid cycle) or anaerobic metabolism to

regenerate NADþ from NADH (homolactic or alcoholic fermentation). Alterna-

tively, glucose enters the pentose phosphate pathway, generating the reducing

power of cells in the form of NADPH, and 5-carbon precursors for nucleic acid

biosynthesis. Glucose may also be synthesized from non-carbohydrate precursors

(the glyoxylate cycle and gluconeogenesis). Glucose-6-phosphate is an important

precursor for a range of other sugars and metabolites including fructose, mannose

and inositols. Cells also produce large amounts of glycans and glycoconjugates

containing a wide range of monosaccharides. These monosaccharides are biosynthe-

sized in activated forms as sugar nucleoside (di)phosphates, which can act as

glycosyl donors for glycosyltransferases, and as biosynthetic intermediates in the

synthesis of other sugar nucleoside (di)phosphates and metabolites such as

L-ascorbate. This chapter does not attempt to provide an encyclopaedic coverage

of this topic, but focuses particularly on the more well-established vertebrate and

bacterial pathways of carbohydrate metabolism. Interested readers are advised to

consult any of a range of textbooks that provide authoritative coverage on many of

these pathways.1,2

The Role of Charged Intermediates in Basic Metabolism

In 1958, in the essay entitled ‘On the importance of being ionized’, Davis noted

that essentially all water-soluble, low molecular weight biosynthetic intermedi-

ates of metabolic reactions known at that time were predominantly completely
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ionized at neutral pH.3 That is, these intermediates possessed either an acidic

group with a pKa value of less that 4 (e.g. carboxylate, phosphate, sulfonate) or

a basic group with a pKa value (for the conjugate acid) of greater than 10 (e.g.

amine, amidine, guanidine, etc.). Davis suggested a possible explanation for this

observation: charge modification of intermediates ensures more efficient reten-

tion of ionized compounds within the phospholipid membrane of the cell or its

organelles. Exceptions to this generalization were poorly water soluble com-

pounds such as lipids and steroids, polyhydroxylated compounds such as the

higher sugars trehalose and starch, and the inositols. More generally, Davis

noted that uncharged, water-soluble metabolites are found only as excretory

and fermentation products, and occasionally as intermediates in purely degrada-

tive reactions (e.g. acetaldehyde in alcoholic fermentation). Nonetheless, while

there are exceptions, Davis’ generalization is useful in that it can assist in

providing a rationale for the apparent complexity of many biochemical conver-

sions and can help guide the understanding of the relative order of functional

group transformations. For example, phosphorylation usually precedes decarbox-

ylation, ensuring that no neutral intermediates are formed that may diffuse from

the cell, and pathways that possess an amino or a carboxylate group throughout

their entirety usually do not undergo phosphorylation, except to activate a

leaving group.

Glucose-6-phosphate: a Central Molecule in Carbohydrate

Metabolism

An entry point to understanding the pathways of carbohydrate metabolism is to

consider the central position of glucose-6-phosphate. Glucose-6-phosphate lies near

the start of two major pathways, glycolysis and the pentose phosphate pathway, and

near the end of the b oxidation/glyoxylate/gluconeogenic pathways, which convert

various non-carbohydrate precursors into glucose. Glucose-6-phosphate also acts as

the key entry point into metabolism for dietary glucose, the glucose and glucose-

1-phosphate released by the phosphorolysis/hydrolysis of glycogen, and galactose.

Finally, glucose-6-phosphate is at the start of the biosynthetic pathways for most

other sugars.
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Glycolysis

Glucose and fructose are major sources of energy in higher organisms. Under normal

conditions, blood glucose levels stay within the range of 4–8mM (700–1400mg l�1).a

Glucose arises in the blood through the direct consumption of glucose; the breakdown of

higher polysaccharides in the mouth, duodenum or small intestine; to a small extent, by

the breakdown of glycogen through the action of glycogen-debranching enzyme; or

through its synthesis from non-carbohydrate sources through the pathway of gluconeo-

genesis. In the case of dietary consumption, glucose is actively transported from the

intestinal lumen to the blood by sodium-glucose transporters (SGLTs).1,5 SGLTs

are also found in kidney tubules where they retrieve glucose from kidney filtrates.

Once within the blood, glucose must be transported to cells. This is achieved by the

action of energy-independent hexose transporters such as the family of glucose

transporters (GLUTs).5 After the entry of glucose into the cell, it is converted into

glucose-6-phosphate by hexokinase, and is able to undergo glycolytic degradation. The

aWe use a lowercase ‘l’ for litre (liter), following the rule that units that are not named after people are

not capitalized. Interestingly, several fictional biographies have been invented purporting to provide

details for a Claude Émile Jean-Baptiste Litre (who named his daughter Millicent!)4 and for a Marco

Guiseppe Litroni (who was speculated to have changed his name to Litre when he settled in France after

a mafia-induced flight from his native Tuscany).
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process of glycolysis (also known as theEmbden–Meyerhof–Parnas pathway)b converts

glucose (a C6 unit) into two molecules of pyruvate (C3 units), and synthesizes two

molecules each of ATP and NADH. While the major function of glycolysis is to

generate energy in the form of ATP and NADH, a secondary function is to provide

3-carbon fragments that can be used in other metabolic pathways. Under aerobic

conditions, pyruvate from glycolysis crosses into the mitochondria and enters the citric

acid cycle, and NADH and FADH2 are used to drive oxidative phosphorylation,

regenerating NADþ and FADþ and leading to additional ATP. Alternatively, if insuffi-

cient oxygen is available for aerobic oxidation, NADþ must be regenerated by alter-

native means, and the cell will shift to anaerobic respiration and convert pyruvate to

lactic acid in a process termed homolactic fermentation. In some organisms (e.g. yeast),

alcoholic fermentation can take the place of homolactic fermentation, resulting in the

formation of ethanol and carbon dioxide. As such, glycolysis provides the foundation for

both aerobic and anaerobic metabolism.

Glycolysis consists of the following steps:

1. Phosphorylation of glucose and its conversion into glyceraldehyde-3-phosphate.

This occurs by the action of hexokinase, phosphoglucose isomerase (PGI),

phosphofructokinase and aldolase. Aldolase affords glyceraldehyde-3-phosphate

and dihydroxyacetone phosphate, which are interconverted by triose phosphate

isomerase.

2. Conversion of phosphorylated intermediates into 1,3-diphosphoglycerate (1,3-

diPG) and phosphoenolpyruvate (PEP), compounds with high phosphate group

transfer potential. This occurs by the action of glyceraldehyde-3-phosphate

bOtto Fritz Meyerhof (1884–1951), M.D. (1909), University of Heidelberg, professorship at University

of Pennysylvania (1940). Nobel Prize in Physiology or Medicine (1922).
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dehydrogenase (GADPH; to 1,3-diPG), phosphoglycerate kinase and mutase, and

enolase (to PEP). The action of GADPH reduces NADþ to NADH, which must be

recycled back to NADþ for glycolysis to continue.

3. Coupling of phosphate group transfer from 1,3-diPG and PEP to ATP synthesis.

This occurs by the action of phosphoglycerate kinase (for 1,3-diPG) and pyruvate

kinase (for PEP).
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All enzymes in the glycolytic pathway have solved, three-dimensional structures

and, despite the diversity of chemical steps that these enzymes perform, all possess a

common a/b fold, with a core of b-sheet surrounded by a-helices.6,7

Fructose is a major dietary sugar and is also imported from the gut by an

energy-independent transporter, GLUT-5.1,5 Fructose is converted into fructose-

1-phosphate in the liver and cleaved by fructose aldolase to dihydroxyacetone

phosphate (which enters glycolysis) and glyceraldehyde. Glyceraldehyde is

reduced to glycerol, and then phosphorylated and oxidized to dihydroxyacetone

phosphate, when it is also able to enter the glycolytic pathway. Mannose can enter

the glycolytic pathway through phosphorylation to mannose-6-phosphate and

isomerization to fructose-6-phosphate by phosphomannose isomerase. Galactose

can enter glycolysis through phosphorylation and epimerization reactions that

convert it into glucose-1-phosphate, and then to glucose-6-phosphate through the

action of phosphoglucomutase. These last two processes are discussed in more

detail later in this chapter.

The Fate of Pyruvate in Primary Metabolism

Under aerobic conditions: For glycolysis to continue, NADþ, which is present

in cells in only limited quantities, must be recycled after its reduction to NADH (by

GAPDH). Under aerobic conditions, NADH is oxidized to NADþ by the mitochondrial

electron transport chain, and pyruvate enters the mitochondrion. Here, pyruvate is

converted into acetyl-CoA by a three-component enzyme complex (pyruvate

dehydrogenase, dihydrolipoyl transacetylase and dihydrolipoyl dehydrogenase),

termed pyruvate dehydrogenase. The acetyl-CoA formed enters the citric acid cycle

(also known as the tricarboxylic acid cycle or the Krebs cycle),c which results in the

formation of numerous biosynthetic precursors and is responsible for a major portion of

carbohydrate, fatty acid and amino acid oxidation, thereby generating the majority

of ATP for the cell.

Under anaerobic conditions: If there is insufficient oxygen available to oxidize

NADH, alternative processes are available for glycolysis to continue. Two processes

that allow oxidation of NADH are homolactic fermentation and alcoholic

fermentation. Homolactic fermentation occurs in muscles, particularly during

vigorous activity when the demand for ATP is high and oxygen is depleted.

Lactate dehydrogenase catalyses the oxidation of NADH by pyruvate and forms

NADþ and (S)-lactate. Much of the lactate is exported from the muscle cell to the

cHans Krebs (1900–1981), M.D. (1925), University of Hamburg, professorships at Sheffield (1945) and

Oxford (1954). Nobel Prize in Physiology or Medicine (1953).
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liver, where it is converted into glucose-6-phosphate by gluconeogenesis. In

alcoholic fermentation, prevalent in yeasts, NADþ is regenerated from NADH by

the action of two enzymes: pyruvate decarboxylase, which converts pyruvate into

acetaldehyde, and alcohol dehydrogenase, which reduces acetaldehyde to ethanol,

regenerating NADþ.

Gluconeogenesis

Gluconeogenesis is a process that converts various non-carbohydrate precursors

into carbohydrates. Non-carbohydrate precursors for the gluconeogenic pathway

include lactate, pyruvate, glycerol and the carbon skeletons of most amino acids

(but not leucine or lysine). Fatty acids cannot act as precursors for glucose

biosynthesis in animals as they are degraded to acetyl-CoA, and there is no

pathway for the conversion of acetyl-CoA into oxaloacetate. However, plants do

contain such a pathway, the glyoxylate cycle, which will be discussed later in

this chapter.

In gluconeogenesis, each of the carbon precursors must first be converted into

oxaloacetate, the starting material for the process. Gluconeogenesis in mammals

occurs during fasting, starvation or intense exercise, and is an endergonic process,

which requires ATP and GTP. The liver’s capacity to store glucose as glycogen is

only sufficient to supply the brain for about half a day when fasting. Isotopic

labelling studies have shown that gluconeogenesis is responsible for 28% of total

glucose production after 12 hrs of fasting, and for almost all glucose by 66 hrs.8

Gluconeogenesis 231

References start on page 249



Gluconeogenesis occurs predominantly in the liver and, to a small extent, in the

kidney. Gluconeogenesis uses most of the enzymes of the glycolytic pathway, except

for the steps catalysed by hexokinase, phosphofructokinase and pyruvate kinase,

which have large negative free energy changes in the direction of glycolysis. These

steps are subverted in gluconeogenesis as follows:

1. Pyruvate is converted to oxaloacetate, and then to PEP. This uses two enzymes:

pyruvate carboxylase and PEP carboxykinase.

2. Hydrolytic reactions bypass phosphofructokinase and hexokinase.

Fructose-1,6-diphosphatase converts fructose-1,6-diphosphate to fructose-6-

phosphate. PGI of the glycolytic pathway allows interconversion of

fructose-6-phosphate to glucose-6-phosphate, and glucose-6-phosphatase

converts glucose-6-phosphate to glucose to complete the pathway.

The Pentose Phosphate Pathway

Glycolysis and the citric acid cycle result in the formation of large amounts of ATP,

which functions as the ‘energy currency’ of the cell. In these processes, NADH is

used as a reducing agent, aiding in the conversion of the energy liberated from

metabolite oxidation to the synthesis of ATP. In addition to the requirement of cells

for large quantities of ATP, cells also require reducing power in the form of NADPH

to drive biosynthetic pathways. The pentose phosphate pathway is the major source

of NADPH, which also supplies 5-carbon precursors, especially ribose-5-phosphate,

for the synthesis of nucleic acids.9 The pentose phosphate pathway converts
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glucose-6-phosphate to ribose-5-phosphate (a precursor for nucleotide and nucleic

acid biosynthesis), xylulose-5-phosphate or fructose-6-phosphate and glyceraldehyde-

3-phosphate, depending on the needs of the cell. As such, the pentose phosphate

pathway acts as a pool of intermediates under equilibrium, which can supply any of

the intermediates to other biochemical pathways.10,11 The pentose phosphate pathway

can be considered to have three stages:

1. The oxidative branch of the pentose phosphate pathway, which converts glucose-

6-phosphate to ribulose-5-phosphate and generates NADPH from NADPþ. This
branch includes the steps catalysed by glucose-6-phosphate dehydrogenase,

6-phosphogluconolactonase and 6-phosphogluconate dehydrogenase.

2. Isomerization and epimerization reactions that convert ribulose-5-phosphate to

ribose-5-phosphate or xylulose-5-phosphate. The steps are catalysed by ribulose-

5-phosphate isomerase or ribulose-5-phosphate epimerase, respectively.

3. A series of carbon–carbon bond cleavage and formation reactions that ultimately

transform xylulose-5-phosphate and ribose-5-phosphate to fructose-6-phosphate

and glyceraldehyde-3-phosphate. The reactions are catalysed by transketolase and

transaldolase.
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The latter two stages are commonly referred to as the non-oxidative branch of

the pentose phosphate pathway.

The Glyoxylate Cycle

Plants, fungi and certain bacteria, but not animals, possess the ability to convert

acetyl-CoA (from either b oxidation of fatty acids or pyruvate from glycolysis) to

succinate, which is then converted to oxaloacetate, via malate. In plants, the enzymes

that mediate this process are located within the glyoxysome, a specialized plant cell

organelle. The glyoxylate cycle consists of five reactions:

1. Citrate synthase condenses oxaloacetate and acetyl-CoA to form citrate.

2. Citrate is isomerized to isocitrate, most likely by cytosolic aconitase.

3. Isocitrate lyase cleaves isocitrate to succinate and glyoxylate.

4. Malate synthase condenses glyoxylate with another molecule of acetyl-CoA to

give malate.

5. Malate dehydrogenase catalyses the oxidation of malate to oxaloacetate using

NADþ.
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The glyoxylate cycle allows organisms to convert triacylglycerols to

glucose, via acetyl-CoA. Thus, acetyl-CoA enters the glyoxylate cycle and is

converted into oxaloacetate, which enters the gluconeogenesis pathway. The

glyoxylate cycle is used in seeds, and by certain pathogenic microorganisms,

particularly residents of the macrophage,12 including M. tuberculosis,13 Candida

albicans14 and Leishmania sp.15

Biosynthesis of Sugar Nucleoside Diphosphates

Sugar nucleoside (di)phosphates are central intermediates in the biosynthesis of

glycoconjugates (through the action of glycosyltransferases) and other metabolites.

Sugar nucleoside (di)phosphates arise from two sources: de novo synthesis from

primary metabolites including glucose-6-phosphate or fructose-6-phosphate, or

through salvage pathways from dietary or breakdown products. This section will

cover only de novo synthesis from primary metabolites, but the interested reader is

directed to several reviews that provide an entry point to the literature on salvage

pathways.1,16,17

Nucleotidylyltransferases: Nucleotidylyltransferases catalyse the condensation

of (deoxy)nucleoside triphosphates (NTPs or dNTPs) and sugar-1-phosphates

to afford sugar (deoxy)nucleoside mono- or diphosphates [sugar-1-(d)NMPs or
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sugar-1-(d)NDPs]. The prototypical enzyme is UDP-glucose pyrophosphorylase,

which catalyses the condensation of glucose-1-phosphate and UTP to give UDP-

glucose and pyrophosphate.18 This reaction has a free energy change of close to zero,

and the presence of the enzyme pyrophosphatase can be used to shift the equilibrium

to favour product, by hydrolysing the released pyrophosphate.19

Nucleotidylyltransferases play an important role in the biosynthesis of all sugar

nucleoside (di)phosphates and, more recently, they have been investigated as catalysts

for preparative synthesis. As will be seen in Chapter 8, sugar nucleoside

(di)phosphates are of special interest for use as glycosyl donors for sugar nucleoside

(di)phosphate-dependent glycosyltransferases. Nucleotidylyltransferases have been

exploited in the synthesis of such glycosyl donors from NTPs and sugar-

1-phosphates.19–21 In particular, it has been found that many nucleotidylyltransferases

possess substantial substrate flexibility, allowing the use of alternativeNTPs and sugars.

For example, E. coli a-glucopyranose-1-phosphate thymidylyltransferase (Ep) can

convert a wide range of hexopyranose-1-phosphates to UDP and dTDP sugars,22

which were then used to synthesize ‘glycorandomized’ analogues of the antibiotics

vancomycin and teicoplanin using the natural vancomycin pathway

glycosyltransferases.23 Based on the crystal structure of Ep, introduction of specific

mutations into this enzyme resulted in an expansion of its substrate specificity,

allowing the production of an even wider set of sugar nucleoside diphosphates.24

Biosynthesis of UDP-glucose, UDP-galactose and galactose: UDP-

glucose is a biosynthetic precursor for a range of sugar nucleotides including

UDP-galactose, UDP-glucuronic acid, UDP-xylose and UDP-arabinose.25 In

vertebrates, UDP-glucose is converted into glucuronic acid, and then to L-ascorbic

acid. UDP-glucose is formed in two steps from glucose-6-phosphate by the action of

phosphoglucomutase, which forms glucose-1-phosphate, and UDP-glucose
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pyrophosphorylase (vide infra). Phosphoglucomutase transfers an enzyme-bound

phosphoryl group to glucose-6-phosphate to generate glucose-1,6-diphosphate,

which then rephosphorylates the enzyme and releases glucose-1-phosphate.26,27

Glucose-1,6-diphosphate occasionally dissociates from the enzyme in the midst of

catalysis and, as the enzyme must be phosphorylated to be active, this results in

inactivation of the enzyme. The presence of small amounts of the cofactor glucose-

1,6-diphosphate enables the enzyme to rephosphorylate and ensures full activity. A

stable high-energy phosphorane intermediate corresponding to the transfer of a

phosphoryl group from the anomeric oxygen to an enzymic carboxylate was

claimed to be observed by X-ray crystallography;28 an alternative interpretation of

this structure revealed it to be a complex of MgF3
�, derived from buffer salts, and

the enzyme.29

Galactose comprises half of the milk sugar lactose and is liberated by the action

of intestinal lactase. Galactose therefore comprises a major dietary sugar of dairy

products but cannot enter the glycolytic pathway directly. In addition, the formation

of UDP-galactose as a substrate for galactosyltransferases requires activation of

galactose or, alternatively, in the absence of sufficient dietary quantities, its

synthesis from glucose. Galactose and glucose are interconverted in a three-

enzyme sequence known as the Leloir pathway,d which comprises galactokinase,

galactose-1-phosphate uridylyltransferase and UDP-galactose 4-epimerase.30,31 The

Leloir pathway also provides UDP-galactose for the synthesis of glycoconjugates.

A fourth auxiliary enzyme, galactose mutarotase, assists in this pathway,

interconverting b-galactose and a-galactose, thereby providing the substrate

a-galactose for galactokinase. Galactokinase catalyses the union of a-galactose
and ATP to afford galactose-1-phosphate. The next step is the reversible transfer

of a UMP moiety from UDP-glucose to galactose-1-phosphate, catalysed by

galactose-1-phosphate uridylyltransferase. This enzyme affords glucose-

1-phosphate and UDP-galactose in a reaction proposed to proceed through a

covalently bound uridylyl-enzyme intermediate. An X-ray crystal structure of this

d Luis L. Leloir (1906–1987), M.D. (1933), University of Buenos Aires, professorship at University of

Buenos Aires. Nobel Prize in Chemistry (1970). The study of this pathway by Leloir and co-workers

constituted the original discovery of the first nucleotide sugar, UDP-glucose.
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intermediate has been determined.32 The final step of the Leloir pathway regenerates

UDP-glucose from UDP-galactose in a reaction catalysed by UDP-galactose

4-epimerase. UDP-galactose 4-epimerase achieves this transformation using an

NADþ cofactor, which acts in a purely catalytic manner, operating in a redox

cycle involving oxidation to the 4-keto sugar nucleoside diphosphate and reduction

from the alternate face. The second step of the Leloir pathway therefore converts

galactose-1-phosphate to UDP-galactose, the substrate for the final step that is

catalysed by the 4-epimerase. The uridylyl group is transferred from UDP-glucose,

generating glucose-1-phosphate. The 4-epimerase is frequently termed UDP-glucose

4-epimerase, and the enzyme from mammals is also able to catalyse the

interconversion of UDP-N-acetylglucosamine and UDP-N-acetylgalactosamine.33

4-Epimerases specific for UDP-glucose/UDP-galactose and UDP-N-

acetylglucosamine/UDP-N-acetylgalactosamine are also known.34

In humans, defects in the enzymes of the Leloir pathway lead to a variety of

conditions termed the galactosemias. Mutations have been found in galactokinase,

galactose-1-phosphate uridylyltransferase and UDP-galactose 4-epimerase, leading

to galactosemias II, I and III, respectively.31 Clinical manifestations range from mild

to severe and include intellectual retardation, liver dysfunction and cataracts. These

diseases result in galactose toxicity from accumulation of this sugar, which may be

alleviated by limiting consumption of dairy products and other sources of galactose.

Biosynthesis of UDP-glucuronic acid and UDP-xylose: UDP-glucuronic

acid serves as the glycosyl donor for the synthesis of glycosaminoglycans such as

heparin/heparan sulfate, hyaluronan and chondroitin. UDP-glucuronic acid also acts

as the substrate for UDP-glucuronyltransferases that catalyse the formation of

glucuronide conjugates with endogenous and xenobiotic substances including

bilirubin and various drugs, aiding in their excretion in Phase II metabolism.

Finally, UDP-glucuronic acid is hydrolysed by UDP-glucuronyltransferases to

glucuronic acid, which can act as a precursor for L-ascorbic acid biosynthesis in

animals (vide infra). UDP-glucuronic acid is synthesized directly from UDP-glucose
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by UDP-glucose dehydrogenase.35 This enzyme catalyses the oxidation of the

6-hydroxyl using NADþ as a cofactor. The proposed mechanism for the enzyme

proceeds through the initial oxidation of UDP-glucose to the corresponding

aldehyde, then through a second step involving the formation of a thiohemiacetal

with an active site cysteine, and oxidation to a covalent thioester intermediate, which

is hydrolysed to afford UDP-glucuronic acid.36

In higher animals, xylose is relatively rare but is used to initiate proteoglycan

biosynthesis through an O-link of xylose to serine and is found in some proteins

including factors VII, IX and Notch-1.1 In plants, xylose is found in a wide range of

glycoconjugates including xyloglucan and xylan.37 UDP-xylose is formed from

UDP-glucuronic acid by the action of UDP-glucuronic acid decarboxylase, an

NADþ-dependent enzyme that is proposed to operate through a 4-keto sugar

intermediate.25,38,39

Biosynthesis of GDP-mannose: GDP-mannose is a source of mannosyl units

found in glycoconjugates including glycoproteins, dolichol phosphomannose and

glycolipids, and also acts as an important biochemical feedstock for the synthesis of

deoxy sugars, including GDP-fucose. In plants GDP-mannose is a precursor for

L-ascorbic acid synthesis. GDP-mannose is synthesized from fructose-6-phosphate by

the action of three enzymes: phosphomannose isomerase, which converts fructose-

6-phosphate to mannose-6-phosphate; phosphomannomutase, which converts mannose-

6-phosphate to mannose-1-phosphate; and mannose-1-phosphate guanylyltransferase,

which converts mannose-1-phosphate to GDP-mannose. Phosphomannose isomerases

(sometimes referred to as mannose-6-phosphate isomerase and mannosephosphate

isomerase) are believed to operate through a mechanism involving an ene-diol

intermediate. Those from Saccharomyces cerevisiae and Candida albicans are

zinc-dependent metalloenzymes that are highly specific for the conversion of
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fructose-6-phosphate to mannose-6-phosphate.40 By contrast, dual-function PGI/

phosphomannose isomerase enzymes are found in archea that convert fructose-6-

phosphate to glucose-6-phosphate and mannose-6-phosphate at equal rates.41

Phosphomannomutase, like phosphoglucomutase, utilizes mannose-1,6-diphosphate as

a cofactor, which acts as a donor to phosphorylate an active-site aspartate residue.42,43

The catalytic cycle involves conversion of mannose-6-phosphate into the cofactor using

the active-site phosphoryl-aspartate group, and rephosphorylation of the enzyme by the

cofactor, forming mannose-1-phosphate.

Defects in GDP-mannose biosynthesis lead to abnormal protein glycosylation,

known collectively as congenital disorders of glycosylation (CDG). The most

common CDG is CDG type 1a, also known as classical Jaeken syndrome, and is

caused by mutations in the gene encoding human a-phosphomannomutase.42

Mutations in phosphomannose isomerase lead to another CDG: CDG type 1b.44

Biosynthesis of UDP-N-acetylglucosamine and UDP-N-

acetylgalactosamine: Biosynthesis of the sugar nucleotide UDP-

N-acetylglucosamine commences from fructose-6-phosphate, which is available

from the glycolytic or gluconeogenic pathways.45 Fructose-6-phosphate is

converted into glucosamine-6-phosphate by the action of glucosamine-6-phosphate

synthase.46 This enzyme is a bifunctional glutaminase/synthetase that possesses two

active sites.47 The first site is located in the glutaminase domain of the enzyme and

utilizes the N-terminal cysteine residue as a nucleophile to catalyse the hydrolysis of

L-glutamine to L-glutamic acid, liberating ammonia. The ammonia is used by the

second active site, located in the synthetase domain, and is condensed with fructose-

6-phosphate, forming an intermediate imine, which is isomerized to afford

glucosamine-6-phosphate. Remarkably, exogenous ammonia cannot substitute for

ammonia derived from hydrolysis of L-glutamine, and it is suggested that ammonia

released by hydrolysis of glutamine at the glutaminase active site is channelled

through the protein directly to the synthetase active site.47 After the formation of

glucosamine-6-phosphate, the pathways used by eukaryotes and prokaryotes differ.
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In eukaryotes, glucosamine-6-phosphate is converted into N-acetylglucosamine-6-

phosphate by the action of glucosamine-6-phosphate acetyltransferase, using acetyl-

CoA as the acetyl donor.48 Next, phosphoacetylglucosamine mutase catalyses the

isomerization of N-acetylglucosamine-6-phosphate to N-acetylglucosamine-1-

phosphate.49 Like phosphoglucomutase and phosphomannomutase, this enzyme

operates through a two-step mechanism that utilizes a diphosphorylated cofactor,

in this case N-acetylglucosamine-1,6-diphosphate.50 In the first step, N-

acetylglucosamine-6-phosphate is converted into the cofactor, and in the second

step the cofactor is converted into GlcNAc-1-phosphate. The final step in UDP-N-

acetylglucosamine biosynthesis is the conversion of N-acetylglucosamine-1-

phosphate to UDP-N-acetylglucosamine, catalysed by the nucleotidylyltransferase

UDP-N-acetylglucosamine pyrophosphorylase.45,51

In prokaryotes, glucosamine-6-phosphate is converted into glucosamine-

1-phosphate through the action of phosphoglucosamine mutase (GlmM).

E. coli phosphoglucosamine mutase must be phosphorylated to be active; this

occurs by autophosphorylation using ATP.52 Finally, N-acetylation (using

acetyl-CoA) and uridylylation (using UTP) are carried out by the bifunctional

enzyme GlmU.51

UDP-N-acetylgalactosamine is formed from UDP-N-acetylglucosamine in one

step by the action of a 4-epimerase. The enzyme in mammals is identical to UDP-

galactose 4-epimerase,33 but certain bacteria possess enzymes that have a strong

preference for UDP-N-acetylglucosamine over UDP-glucose.34
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Biosynthesis of UDP-N-acetylmuramic acid: Two monosaccharide glycosyl

donors are needed for the biosynthesis of the peptidoglycan component of the

bacterial cell wall: UDP-N-acetylglucosamine and UDP-N-acetylmuramic acid.

UDP-N-acetylmuramic acid is formed in two steps catalysed by the enzymes

UDP-N-acetylglucosamine enolpyruvyl transferase (MurA) and UDP-N-

acetylenolpyruvylglucosamine reductase (MurB).53,54 MurA catalyses the transfer

of an enolpyruvyl group from PEP to UDP-N-acetylglucosamine to generate an enol

ether (at C3). The enzyme mechanism is proposed to proceed through an addition–

elimination process involving a sugar-bound tetrahedral intermediate.55 MurA is

inhibited by the clinically used antibiotic fosfomycin, which alkylates an active-

site cysteine residue, thereby inactivating the enzyme.55 MurB is a flavoenzyme that

contains a single molecule of FAD, which transfers hydride from NADPH to the

substrate, affording UDP-N-acetylmuramic acid.56

Biosynthesis of GDP-fucose: L-Fucose is a component of glycoconjugates and

glycoproteins, where it is usually found as a terminal sugar. L-Fucose is also found in

the so-called fucans, polymers of L-fucose that are frequently heavily sulfated.

GDP-fucose is derived from GDP-mannose through the action of two enzymes.57

The first enzyme, GDP-mannose 4,6-dehydratase, catalyses the dehydration of GDP-

mannose.58 In this reaction the 6-position is reduced and the 4-position is oxidized,

affording GDP-6-deoxy-4-keto-mannose. GDP-mannose 4,6-dehydratase utilizes an

NADPþ cofactor, and evidence has been obtained showing that hydride is

transferred from the 4-position to the 6-position of the sugar in the course of the

reaction.46 The second step is catalysed by a dual-function GDP-4-keto-6-deoxy-

mannose 3,5-epimerase/4-reductase. This remarkable NADPH-dependent enzyme

catalyses the epimerization of the 3- and 5-positions, and the reduction of the 4-keto

group.59,60
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Biosynthesis of furanosyl nucleoside diphosphates: UDP-galactofuranose

and UDP-arabinofuranose: Hexoses are most commonly found in pyranose forms

in glycoconjugates; however, galactofuranose is found in a variety of glycoconjugates

in bacteria,61 protozoa,62 algae,63 and fungi,61 and arabinofuranose is found in plants

and bacteria. For example, the cell wall of mycobacteria contains a galactan chain

comprised of b-Galf-(1,5)-b-Galf-(1,6)- residues that are capped with branched

arabinofuranosyl-containing oligosaccharides,64 and arabinofuranosyl residues are

found in pectins and arabinogalactan proteins, commonplace in the cell wall and

extracellular materials of plants.65

The biosynthesis of UDP-galactofuranose has been most intensively studied. It

is achieved in a single step from UDP-galactopyranose by the action of UDP-

galactopyranose mutase.61 The position of this equilibrium strongly favours the

pyranose form, with a Keq value of 0.057 at 37�C.66 The enzyme possesses an FAD

cofactor and is able to perform catalysis only when the FAD is reduced. Several

mechanisms have been proposed,67 and experimental evidence for a glycosyl–FAD

intermediate has been obtained.68,69

The biosynthesis of UDP-L-arabinofuranose is more complex. UDP-

L-arabinopyranose is formed from UDP-xylose by a UDP-xylose 4-epimerase, or
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through a salvage pathway from arabinose kinase acting on L-arabinose to afford

Arap-1-phosphate, and the reaction of this phosphate with UTP catalysed by a UDP-

L-arabinopyranose-1-phosphate pyrophosphorylase.70 A UDP-L-arabinopyranose

mutase has been isolated that can catalyse the isomerization of the pyranose form

to UDP-L-arabinofuranose.71

Biosynthesis of Sialic Acids and CMP-Sialic Acids

Sialic acidse are 9-carbon a-keto acids and include N-acetylneuraminic acid

(Neu5Ac), 2-keto-3-deoxy-D-glycero-D-galacto-nonulosonic acid (Kdn), 5,7-diamino-

3,5,7,9-tetradeoxy-D-glycero-D-galacto-nonulosonic acid (legionaminic acid) and 5,7-

diamino-3,5,7,9-tetradeoxy-L-glycero-L-manno-nonulosonic acid (pseudaminic acid),

the last three being considerably rarer than Neu5Ac.72 The 8-carbon a-keto acid,

2-keto-3-deoxy-D-manno-octulosonic acid (Kdo), is not a sialic acid but bears a striking

resemblance to them.

e The names neuraminic acid and sialic acid derive from their original discovery in brain glycolipids

(neuroþ amineþ acid) and salivary submaxillary mucins (Greek: sialos= saliva).72
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In vertebrates, the first two steps in the biosynthesis of N-acetylneuraminic

acid are performed by the bifunctional enzyme UDP-N-acetylglucosamine

2-epimerase/ManNAc kinase.73 The epimerase domain catalyses the elimination

of UDP to give 2-acetamidoglucal, which is hydrated to afford N-acetylma-

nnosamine.74,75 The phosphorylase domain catalyses the phosphorylation of the

released N-acetylmannosamine to afford N-acetylmannosamine-6-phosphate.

Several alternative pathways for N-acetylmannosamine biosynthesis exist in

bacteria, including the 2-epimerization of N-acetylglucosamine-6-phosphate to

N-acetylmannosamine-6-phosphate by the action of N-acetylglucosamine-6-

phosphate 2-epimerase.76 Next, Neu5Ac-9-phosphate synthase catalyses the

condensation of N-acetylmannosamine-6-phosphate and PEP to afford Neu5Ac-

9-phosphate, which is dephosphorylated to afford Neu5Ac.72 Again, bacteria can

perform this transformation by an alternative route, catalysing the condensation of

N-acetylmannosamine with PEP to afford Neu5Ac directly, using the enzyme

Neu5Ac synthetase.75 Finally, CMP-Neu5Ac synthetase catalyses the formation

of CMP-Neu5Ac from Neu5Ac and CTP. In vertebrates, CMP-Neu5Ac synthetase

is located in the nucleus, the only such nucleoside mono- or diphosphate synthetase

located in this compartment.77

Kdo is an 8-carbon a-keto acid found in the bacterial cell wall.78 The

biosynthesis of Kdo bears considerable similarity to that of Neu5Ac and involves

three steps from ribulose-5-phosphate through the action of arabinose-5-phosphate

isomerase, Kdo-8-phosphate synthetase and Kdo-8-phosphate phosphatase.79 Kdo is

predominantly found in cell surface capsular polysaccharides, and for this, requires

conversion to a glycosyl donor, CMP-Kdo, through the action of Kdo-CMP

synthetase.80
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Biosynthesis of myo-Inositol

Inositols are cyclohexane hexaols. myo-Inositol is the most common of the

inositols and is present in signalling molecules (inositol phosphates and phos-

phatidylinositol phosphates),81,82 and as a structural component (as phosphati-

dylinositol) of a wide range of cell surface–associated glycoconjugates. These

glycoconjugates include glycosylphosphatidylinositol (GPI) anchors of cell

surface proteins and lipids,83 and bacterial glycolipids such as the lipoarabino-

mannans of mycobacteria.84 Many plant seeds and tissues contain large amounts

of myo-inositol hexaphosphate, also known as phytic acid, which acts as a

metabolic store of energy for the conversion to ATP, as well as an antioxidant.85

myo-Inositol is formed in two steps from glucose-6-phosphate by the action of

L-myo-inositol-1-phosphate synthase and inositol-1-phosphate phosphatase.86

L-myo-Inositol-1-phosphate synthase is an NADH-dependent enzyme, and the

catalytic mechanism is proposed to involve oxidation of C5 of glucose-6-

phosphate, aldol condensation of the acyclic ketone to afford the inosose and

reduction of the inosose to L-myo-inositol-1-phosphate (identical to D-myo-

inositol-3-phosphate).87
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Biosynthesis of L-Ascorbic Acidf

L-Ascorbic acid is an important reducing agent and a cofactor for many enzymatic

processes, including some glycoside hydrolases88 and copper(I)-dependent mono-

xygenases and iron(II)-dependent dioxygenases.89 In addition, L-ascorbic acid is a

biosynthetic precursor for metabolites including oxalic acid and tartaric acids in

certain plants.90 While most vertebrates can biosynthesize L-ascorbic acid, some

mammals including man, guinea pigs and bats have lost this ability, and require it

from their diet, hence giving it the status of a vitamin, vitamin C.91 Fish, reptiles

and amphibians produce L-ascorbic acid in the kidney, whereas mammals produce

it in the liver. L-Ascorbic acid biosynthesis in animals occurs from UDP-glucuronic

acid, which is hydrolysed by UDP-glucuronic acid transferases to afford

D-glucuronic acid.91 Next, an NADPH-dependent glucuronate reductase (also

known as aldehyde reductase) reduces the anomeric position, resulting in the

formation of L-gulonic acid. Aldonolactonase converts L-gulonic acid to

L-gulono-1,4-lactone and, finally, this lactone is oxidized to L-ascorbic acid by

the action of L-gulono-1,4-lactone dehydrogenase (GLO) with the production of

hydrogen peroxide. The immediate product of GLO is the 2-keto lactone, which

fOne-half of the Nobel Prize in Chemistry (1937) ‘for his investigations on carbohydrates and vitamin

C’ was awarded to Walter Norman Haworth (1883–1950), Ph.D. (1910) under Otto Wallach at the

University of Gottingen, D.Sc. (1911) under W.H. Perkin Jr. at the University of Manchester, professor-

ship at Birmingham (1925).
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tautomerizes to L-ascorbic acid. Defects in the GLO gene are responsible for the

inability of humans to synthesize L-ascorbic acid.91

L-Ascorbic acid biosynthesis apparently occurs in all plants, and no deficient mutants

have ever been isolated, suggesting that it is essential for these organisms. Evidence

for several pathways to L-ascorbic acid in plants has been obtained.70,90,92 The major

route is termed the Smirnoff–Wheeler pathway and proceeds from GDP-mannose to

GDP-L-galactose through the action of GDP-mannose epimerase. GDP-L-galactose

phosphorylase converts GDP-L-galactose to L-galactose-1-phosphate,93,94 and this

anomeric phosphate is hydrolysed by the action of L-galactose-1-phosphatase to

L-galactose. L-Galactose is oxidized to L-galactono-1,4-lactone by L-galactose

dehydrogenase, and finally this lactone is oxidized to L-ascorbic acid by

L-galactonolactone-1,4-dehydrogenase.95 Other pathways to L-ascorbic acid from

myo-inositol and D-galacturonic acid are possible, and these may interlink with the

Smirnoff–Wheeler pathway.96
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Chapter 7

Enzymatic Cleavage of Glycosides:
Mechanism, Inhibition and
Synthetic Applications

Nature has contrived a multitude of ingenious methods to cleave glycosides. The

enzymes that undertake these duties include glycoside hydrolases, transglycosy-

lases, lyases and phosphorylases. This chapter will give an overview of each of

these enzymes, their mechanism, reagents/inhibitors for their study and applica-

tions in synthesis, with a particular focus on the most abundant, the glycoside

hydrolases.

Glycoside Hydrolases

Glycoside hydrolases (or glycosidases) are enzymes that catalyse the hydrolysis of

glycosidic bonds in all manner of glycosides, glycans and glycoconjugates. As a

class they are arguably the best studied of the carbohydrate-processing enzymes. The

cleavage of a glycosidic bond (catalysed by a glycoside hydrolase) occurs through

C–O scission of the exo-cyclic acetal bond:

Measurements of the rates of spontaneous hydrolysis of the glycosidic bond

reveal it to be an extraordinarily slow reaction, with a half-life for hydrolysis of a

glycosidic bond in cellulose estimated to be 4.7 million years.1 Glycoside hydrolases

are remarkably proficient catalysts and accelerate the spontaneous hydrolysis

reaction by rates of up to 1017, making these one of the most powerful known

enzyme catalysts.2

Mechanistically, scission of the glycosidic bond can occur with either retention

or inversion of configuration, and these two outcomes provide a critical distinction

between two sets of glycoside hydrolases.
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While over the years, many conflicting mechanisms for catalysis by glycoside

hydrolases have been proposed,3–5 there is now convincing evidence for detailed

mechanisms that apply to the major classes of inverting and retaining glycoside

hydrolases.2,6 Remarkably, and almost without exception, these mechanisms

conform to the general predictions outlined by Koshlanda more than half a century

ago.8 The mechanistically discrete retaining and inverting glycoside hydrolases will

be discussed in detail in the following sections.

Glycoside hydrolases may also be usefully classified into endo- or exo-glycoside

hydrolases. This classification is made on the basis of whether a glycoside hydrolase

cleaves an internal glycosidic linkage in a chain (endo) or at the end of a chain

(exo; most commonly the non-reducing end, but not always9). Whether an enzyme is

exo- or endo-acting has no relationship to the mechanism utilized – thus cellulases,

for example, can be endo- or exo-acting and retaining or inverting b-glucanases.

a Daniel Koshland (1920–2007), Ph.D. under Frank Westheimer, professorship at UC Berkeley (1965).

Koshland also worked on the Manhattan project under Glenn Seaborg (Nobel Prize in Chemistry, 1951)

and is credited with devising the ‘induced fit’ model of substrate recognition by enzymes.7
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Retaining and Inverting Mechanisms

In the first major class of glycoside hydrolases to be discussed, the retaining enzymes,

hydrolysis of a glycosidic bond occurs with overall retention of configuration through

nucleophile-assisted catalysis. The nature of the nucleophile can vary greatly, being

either an enzymic nucleophile or a nucleophile present in the substrate. Koshland

originally proposed that hydrolysis with retention of configuration must occur in two

steps, each involving inversion of anomeric stereochemistry, through the involve-

ment of a nucleophilic group forming an intermediate in the first step, which in the

second step is hydrolysed with an overall net retention of configuration.8 Since the

original proposals of Koshland, many studies have been performed that have cast

light on the diverse identities of the groups involved in executing this reaction.

The second major class of glycoside hydrolases are inverting enzymes. Inverting

glycoside hydrolases utilize a one-step mechanism in which two strategically

positioned residues, both carboxylic acids, act as general acid and base, respectively,

and simultaneously act to protonate the glycosidic oxygen and deprotonate a nucleo-

philic water molecule, resulting in a stereo-inversion upon hydrolysis.10

Sinnott has proposed an extension to the classification of inverting and retaining

glycoside hydrolases based on whether the enzymes hydrolyse axial (a) or equatorial

(e) bonds to give rise to axial or equatorial products. Thus, an enzyme that catalyses

the cleavage of an equatorial glycoside with retention of configuration to give an

equatorial product is classified as an e! e enzyme.6

Sequence-based classification of glycoside hydrolases: Owing to direct

gene-sequencing and indirect genome-sequencing efforts, a tremendous number of

sequences is known for glycoside hydrolases. Much effort has been expended on

trying to make sense of this treasure trove of potentially useful information. Owing

in great part to the authoritative and seminal contributions of Henrissat and

colleagues, sequence comparison methods have allowed the generation of a series

of sequence-based Glycoside Hydrolase (GH) families.11–14 There currently exists

more than 110 GH families, but the number is not static, and updates frequently

occur as new sequence and biochemical data come to hand. The updated

classification database is available over the World Wide Web through the

carbohydrate active enzyme (CAZy) server.15 The glycoside hydrolase classification

scheme has proved invaluable as a means of correlating large amounts of biochemical

and structural information with sequence data and has allowed mechanistic and

functional assignments for arbitrary glycoside hydrolase genes that fall within each

sequence-based family.16,17 A particularly useful feature of the sequence-based

classification is that it almost always results in classification of glycoside hydrolases

with identical enzymatic mechanisms (retaining or inverting) into the same family.

Moreover, if specific functions can be assigned to individual amino acids in the active

site (catalytic nucleophile, acid/base), then, owing to sequence similarities inherent in
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the classification, it is almost always found that conserved equivalent residues are

present in all members of the sequence-based family, and it is therefore likely that

identical catalytic roles are undertaken by these analogous residues.

The sequence-based classification can also be used in a predictive manner to

suggest possible substrates for previously unstudied glycoside hydrolases. Thus,

certain activities that have been demonstrated for a specific family member are

possible candidate activities for other sequence-related family members. As with

any in silico functional annotation, such predictions should always be made with

care and remain subject to experimental confirmation.

Mechanism of inverting glycoside hydrolases: Inverting glycoside

hydrolases are arguably the simplest mechanistic class of enzymes that cleave

the glycosidic linkage. These enzymes act through a one-step mechanism that

involves strategically positioned active-site base and acid residues.6 A single

molecule of water is positioned such that deprotonation by the base residue

occurs simultaneously to formation of a new bond to the anomeric centre, and

cleavage of the bond to the aglycon, which occurs with general acid assistance

from the acid residue. Secondary kinetic isotope effects reveal that the transition

state for hydrolysis has significant oxocarbenium ion character;6 there is little

evidence that a discrete oxocarbenium ion intermediate has any meaningful

existence.6 The roles of acid and base are typically played by either glutamate

or aspartate residues.

Mechanism of retaining glycoside hydrolases that use carboxylic acids

as nucleophiles: The prototypical example of a glycoside hydrolase is provided

by the enzyme Hen Egg White Lysozyme (HEWL). HEWL catalyses the cleavage of

b-1,4-glycosidic linkages between N-acetylmuramic acid and N-acetylglucosamine

in peptidoglycan and was the first enzyme to have its three-dimensional structure
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elucidated by X-ray crystallography, by Phillipsb and co-workers.18 Based on these

and other results, HEWL was the first glycoside hydrolase to have its mechanism

studied in detail. However, such are the challenges associated with working with

HEWL, in particular, the difficulty of obtaining chemically homogeneous substrates,

that many mechanistic features, which are now ascribed to lysozyme, were originally

determined for other related glycoside hydrolases, before ultimately being

demonstrated for this enzyme.

HEWL possesses two carboxylic acid residues that are strategically positioned

about the glycosidic linkage and catalyse the cleavage of the glycosidic linkage in two

steps. These two residues perform quite different functions, one acting as an acid/base

residue and the other as an enzymic nucleophile. In the first step (glycosylation), the

acid/base residueGlu35 acts as a general acid and protonates the glycosidic linkage. At

the same time, the deprotonated carboxylate Asp52 performs a nucleophilic attack on

the anomeric carbon, resulting in the displacement of the aglycon, and the formation of

a glycosyl enzyme. In the second step (deglycosylation), the now deprotonated acid/

base Glu35 acts as a general base to deprotonate a suitably positioned water molecule,

which performs a nucleophilic substitution on the glycosyl enzyme, releasing the

hydrolysed product and regenerating the active-site nucleophile. In the case of

HEWL, the identities of the acid/base and nucleophile have been assigned through

detailed kinetic and mass spectrometric studies with acid/base mutant enzymes, and

through trapping experiments with 2-deoxy-2-fluoro sugars and determination of the

corresponding X-ray structure of the covalent adduct.19

The mechanism utilized by HEWL outlined above is common to most retaining

glycoside hydrolases, and typically, the acid/base and nucleophilic residues are

carboxylic acid side chains of glutamic and/or aspartic acids. Detailed insight into

the structure of the transition states leading to and from the glycosyl-enzyme intermediate

bDavid Chilton Phillips (1924–1999), Ph.D. (1951) at the University College, Cardiff, professorship at

Oxford (1968).
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has been obtained for a good many retaining glycoside hydrolases. An excellent

illustrative case is that of the retaining b-glucosidase Abg from Agrobacterium.2 A

Brønsted plot of log kcat versus leaving group pKa value for a series of aryl b-glucosides
afforded a concave downward relationship, indicating a change in rate-determining step as

the aglycone leaving group ability increases.20 This was interpreted to indicate rate-

limiting glycosylation for poor leaving groups and rate-limiting deglycosylation for

good leaving groups. Deuterium a-secondary kinetic isotope effects were then

measured for substrates that were glycosylation or deglycosylation rate limiting. In each

case the kinetic isotope effects revealed kH/kD> 1, indicating that the transition states for

both steps possess oxocarbenium ion character.20

Mechanism of retaining glycoside hydrolases that use tyrosine as a

catalytic nucleophile: While most retaining glycoside hydrolases utilize

carboxylate groups as acid/base and nucleophile, there are some exceptions. Retaining

neuraminidases (sialidases) have been shown to utilize tyrosine as a catalytic nucleophile

rather than a carboxylate nucleophile.21 One rationale for this replacement is that the

anomeric centre in these sugars bears an anionic carboxylate residue, and nucleophilic

attack by an anionic nucleophile is therefore disfavoured. Consequently, a neutral

nucleophile such as a tyrosine (with a suitably positioned general base that can tune

the acidity of this tyrosine)21 may be more effective. The glycosyl-enzyme intermediate

formed is a glycosyl tyrosine residue, which is an aryl glycoside and is, in effect, an

activated intermediate that can be readily hydrolysed in the second step of the reaction.

Mechanism of retaining glycoside hydrolases that use substrate-

assisted catalysis: While most glycoside hydrolases utilize an enzymic

nucleophile (e.g. aspartate, glutamate or tyrosine), certain retaining glycoside

hydrolases utilize substrate-assisted catalysis. Mainly these are enzymes that

possess a 2-acetamido group, such as chitinases,22 hyaluronidases23 and

N-acetylhexosaminidases.24,25 In these enzymes the enzymic nucleophile is

replaced with a substrate-borne nucleophilic residue capable of anchimeric
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assistance. Thus, in the first step of the reaction the 2-acetamido group acts as a

nucleophile, forming an oxazoline (or oxazolinium ion) intermediate. In the second

step an enzymic carboxylate acts as a general base and assists the nucleophilic attack

of a water molecule to hydrolyse the intermediate.

Not all retaining glycoside hydrolases that catalyse the hydrolysis of substrates

bearing neighbouring groups do so with substrate-assisted catalysis. It has been

demonstrated that Family 3 glycoside hydrolases, some of which are retaining

hexosaminidases, and the Family 22 enzymes discussed earlier (which include

HEWL), utilize an enzymic nucleophile rather than a 2-acetamido group.19,26,27

Unusual Enzymes that Catalyse Glycoside Cleavage

Some enzymes catalyse the cleavage of the glycosidic linkage through rather

unusual mechanisms similar to or sometimes quite distinct from those described

above.

Myrosinases are retaining glycoside hydrolases that cleave glucosinolates,

naturally occurring sulfated thioglycosides. Glucosinolates are plant defence

compounds, which are activated by grazing insects. Through the act of mastication,

the spatially separated glucosinolate substrate and myrosinase glycoside hydrolase are

combined.28 Following hydrolysis of the thioglycoside, a range of thiocyanate and

nitrile products is formed, which are toxic to the insect. Myrosinases are unusual

retaining glycoside hydrolases in that they lack an enzymic acid/base residue, with the

usual glutamic acid residue being replaced by glutamine. These enzymes have been

shown to exhibit a striking dependence of catalytic activity on the coenzyme,

L-ascorbic acid.29 Through studies with 2-deoxy-2-fluoro sugars, myrosinases have

been demonstrated to accumulate a glycosyl-enzyme intermediate, showing that the

sole active-site carboxylate acts as a nucleophile and not as an acid/base.30,31 Addi-

tionally, a structure of a ternary complex formed with an aza sugar inhibitor and

L-ascorbate revealed binding of the latter in the aglycon binding site, and it was thus

suggested that L-ascorbate fulfils the role of a catalytic base.32
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Many bacteria possess enzymes termed lyases, which cleave glycosidic linkages

through an elimination mechanism.33 There are two main sets of lyases: those that

act on carbohydrate substrates bearing an acidic proton adjacent to the leaving group

and those that do not have an obviously acidic proton that is nonetheless lost in the

elimination process. The first set of lyases is responsible for the degradation of

glycosaminoglycans and pectin. These enzymes facilitate a relatively simple

elimination process and result in the formation of a product containing an alkene.

Studies of chondroitin AC lyase from Flavobacterium heparinum using a nitro sugar

anion with slow reprotonation kinetics identified a conserved active-site tyrosine as

the catalytic base.34
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The second set of lyases acts on substrates that are not obviously acidic.33 An

example of such enzymes are the a-glucan lyases that act on a-glucans and result

in cleavage to afford 1,5-anhydrofructose.35 Detailed mechanistic studies have

shown that the a-1,4-glucan lyase of Gracilariopsis performs the cleavage

reaction through a b-elimination pathway involving a covalent glycosyl-enzyme

intermediate. Thus, nucleophilic attack by an enzymic carboxylate forms a

glycosyl enzyme, and the glycosyl enzyme then undergoes an elimination

reaction, affording a transient 2-hydroxy glucal. Finally, the 2-hydroxy glucal

tautomerizes to 1,5-anhydrofructose. Strong evidence was obtained for this

mechanism through kinetic isotope effect studies,36 by inhibition with acarbose

and 1-deoxynojirimycin (DNJ; known inhibitors of retaining a-glucanases),36 and

by detection of the covalently labelled glycosyl enzyme formed upon reaction of

the Gracilariopsis a-1,4-glucan lyase with the mechanism-based inactivator,

5-fluoro-b-L-idopyranosyl fluoride.37 Interestingly, the a-1,4-glucan lyases are

classified into family GH31, which also contains retaining a-glucosidases that

proceed through a typical retaining mechanism involving a similar glycosyl-

enzyme intermediate.38

Phosphorylases are enzymes that catalyse the phosphorolysis of the glycosidic

bond. They are usually named using a combination of the ‘substrate name’ and

‘phosphorylase’.39 Phosphorolysis of a glycosidic bond can occur with retention or

inversion of configuration and always occurs in an exo-fashion, leading to the

formation of a sugar-1-phosphate.39 The energy content of the sugar-1-phosphate

product means that the cleavage reaction is in a practical sense reversible and, in
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nature, these enzymes may be used for either synthesis or cleavage of the glycosidic

bond. As such there is a relatively fine distinction among sugar phosphorylases,

glycoside hydrolases and classical sugar nucleoside (di)phosphate–dependent

glycosyltransferases. In the last case, the synthetic reaction is normally, but not

always, irreversible because of the much higher energy of a sugar nucleoside

(di)phosphate.

The classical example of a phosphorylase is glycogen phosphorylase.40 This

‘workhorse’ enzyme catalyses the cleavage of individual glucosyl residues from

glycogen (up to five residues from a branchpoint), forming sequentially deglyco-

sylated glycogen and glucose-1-phosphate. Glycogen phosphorylase has a

complex mechanism that is not fully understood and requires pyridoxal phosphate

(PLP) as a cofactor.10,41 Glycogen phosphorylase is classified into the same

sequence-related glycosyltransferase family as starch phosphorylases (GT35),

which also require a PLP cofactor.41 Most sugar phosphorylases act on gluco-

sides, and many cleave simple disaccharides such as sucrose, trehalose, cellobiose

and maltose, leading to glucose-1-phosphate and the other component sugar

(glucose or fructose).39 Other sugar phosphorylases are known that act on

chitobiose, laminaribiose, 1,3-b-glucan and nucleosides.10,39 Sequence and

structural analysis of sugar phosphorylases reveal that many have sequences and

structures (and likely mechanisms) similar to glycosyltransferases, whereas others

have sequences and structures that more closely resemble glycoside hydrolases

(GH13, GH65).42

Transglycosidases

Hydrolysis of a glycoside by a glycoside hydrolase can be considered an enzyme-

catalysed transfer of a glycosyl residue from its aglycon to water. Several enzymes

closely related to glycoside hydrolases use essentially the same mechanism to

catalyse the transfer of glycosyl residues to acceptors other than water. In doing so

they are acting as transglycosidases (also known as transglycosylases). It is

important to note the difference between transglycosidases and glycosyltrans-

ferases (to be covered in the next chapter): the former use glycosides as

substrates, whereas the latter use sugar nucleotides (or related species) as sub-

strates. Transglycosidases operate through a retaining mechanism that proceeds

through a glycosyl-enzyme intermediate and that is the same as used by retaining

glycoside hydrolases. Such mechanisms have been demonstrated for various

transglycosidases including xyloglucan endo-transglycosidases (which remodel xylo-

glucan in the plant cell wall),43,44 cyclodextrin glucosyltransferases (which convert

starch into cyclodextrins),10,45–47 trans-sialidases48 and the transglycosidase activity

of glycogen-debranching enzyme.10,49
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By analogy with glycoside hydrolases, a suitable enzymic nucleophile (aspartate,

glutamate or tyrosine) performs a nucleophilic attack on the glycoside substrate,

generating a glycosyl-enzyme intermediate. While in glycoside hydrolases the inter-

mediate glycosyl enzyme reacts with water, in transglycosidases this intermediate is

unusually stable to hydrolysis and is instead transferred to an alternative nucleophile,

such as the hydroxyl group of another sugar residue.

Presumably, specificity for transfer to another carbohydrate rather than to water

is achieved by active-site features that utilize favourable bonding to the acceptor

carbohydrate to stabilize the transition state for transglycosidation relative to

hydrolysis. As discussed below, transglycosidases can be used in the synthesis of

the glycoside bond using kinetically controlled transglycosidation with activated

glycosyl donors.

Structure-based Studies of Glycoside Hydrolases

A staggering amount of effort has been invested into the structural analysis of

glycoside hydrolases. New structures for previously unsolved families are always

keenly sought and, to date, representatives for more than 60 of the glycoside

hydrolase families have been determined. These structures have revealed a multi-

tude of three-dimensional folds that range from complete b-strand to almost

complete a-helical structures.50 As expected for sequence-based classifications,

the overall fold of a glycoside hydrolase is conserved within a family. Structural
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information can provide direct confirmation of the enzymatic mechanism used by

a glycoside hydrolase and provide structural insight into these mechanisms. For

example, comparison of structures for a considerable number of glycoside hydro-

lases reveals that the typical spacing of the acid/base and nucleophile residues of

retaining glycosides is of the order of 5.5 Å, whereas that between acid/base

residues of inverting hydrolases is almost 10 Å.51 This observation is consistent

with that expected for the two mechanisms: for retaining glycoside hydrolases, the

enzymic nucleophile must be positioned close to the anomeric centre to allow for

the formation of a covalent bond in the glycosyl-enzyme intermediate. By contrast,

in inverting glycoside hydrolases, there must be sufficient space between the basic

and acidic residues to accommodate the nucleophilic water molecule and the

glycoside.

Further sophistication in the glycoside hydrolase mechanism has been elaborated

from the examination of three-dimensional structures of glycoside hydrolases.

Comparison of large numbers of three-dimensional structures with bound ligands

reveals that there are only two orientations in which the acid residues are found, both

providing protonation laterally with respect to the plane of the pyranose ring.52

Those with the acid/base providing protonation from the front of the sugar have

been termed anti-protonators, and those with an acid/base situated to protonate from

the rear of the sugar are termed syn-protonators (‘anti’ and ‘syn’ refer to the

orientation of the acid residue relative to the C1–O5 bond).52,53 Such details have

been exploited in inhibitors that have been found to be specific for anti-protonators

over syn-protonators – the corresponding inhibitors selective for syn- over anti-

protonators have not yet been described.54
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Reagents and Tools for the Study of Glycoside Hydrolases

The study of glycoside hydrolases has been ably assisted by the development of a

range of chemical reagents and tools. These reagents include molecules capable of

selectively reacting with specific amino acid residues and thereby assisting in

defining their catalytic roles through sequencing and X-ray crystallography, affinity

labelling reagents for selectively labelling glycoside hydrolases in complex

mixtures, and inhibitors that can be used to control the activity of the target glycoside

hydrolase. These molecules can assist in defining the function of glycoside hydro-

lases in complex biological systems, as well as acting as therapeutic agents.

A range of affinity labelling reagents has been developed over the years for the

identification of specific active-site residues in glycoside hydrolases.55,56 Mainly

these consist of carbohydrates that have been modified to install various electrophilic

groups capable of reacting with specific nucleophilic or acid/base residues in

the enzyme active site. An important class of affinity labelling reagents includes

the 2-deoxy-2-fluoro and 5-fluoro sugars.

As discussed earlier, the standard reaction mechanism for a retaining glycoside

hydrolase proceeds through an enzyme-linked covalent intermediate. While there are

various strategies for trapping this intermediate, by far the most reliable approach

was pioneered by Withers and co-workers.2 In this approach, one or more fluorine

atoms are introduced into the 2-57 or 5-position58 to reduce the rate of the enzyme-

catalysed hydrolysis reaction by destabilizing the oxocarbenium ion-like transition

states leading to and from the glycosyl-enzyme intermediate. Since such substitution

slows both the glycosylation and the deglycosylation step, a good leaving group,
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typically fluoride, 2,4-dinitrophenolate or 2,4,6-trinitrophenolate ion, is also incor-

porated to ensure that the glycosylation step remains faster than deglycosylation,

thereby resulting in accumulation of the glycosyl-enzyme intermediate.

Such 2-deoxy-2-fluoro, 2-deoxy-2,2-difluoro and 5-fluoro sugars act as

mechanism-based, time-dependent inhibitors of retaining glycoside hydrolases

and have proven extremely useful in the study of the glycosyl-enzyme

intermediate. For example, these reagents can be used to identify the enzymic

nucleophile of a glycoside hydrolase through mass spectrometric sequencing

methods.56,59 Just as importantly, the trapped glycosyl-enzyme intermediate can

be sufficiently stable to allow X-ray crystallographic analysis of the resulting

covalent complex, providing a ‘snap-shot’ of an important species along the

reaction coordinate of glycoside hydrolysis.60,61 Finally, such covalent adducts

can be sufficiently stable to allow affinity chromatography and purification of the

covalently labelled peptide, which has been used in activity-based protein

profiling and cloning strategies.62,63

Various epoxide-containing carbohydrates act as time-dependent covalent

inactivators of glycoside hydrolases.55 The earliest of these were the epoxyalkyl

glycosides.64 These have been prepared as glucosides, xylosides, cellobiosides,

hexosaminides, and so on, and are broadly active against most retaining glycosi-

dases. Investigations into the effect of chain length on activity have revealed that
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different enzymic residues can be alkylated, including the nucleophile or acid/base

residues of retaining glycosidases.65 The presence of the epoxide introduces a new

stereocentre into the aglycon, and studies of individual diastereomers have shown

differences in rates of inactivation of the target enzymes. Thus, (3S)-epoxybutyl b-
cellobioside inactivates the (1,3;1,4)-b-glucan 4-glucanohydrolase from Bacillus

subtilis more so than the (3R)-isomer, whereas the reverse is true for the correspond-

ing enzyme from barley.66

Several bicyclic inactivators of glycosidases have been found as natural or

chemically synthesized products, including cyclophellitol,67 various conduritol

epoxides68,69 and conduritol aziridine.70 These compounds are inactivators of

many glycoside hydrolases and have been shown to modify their target enzymes

covalently. A labelling study of E. coli b-galactosidase with conduritol C epoxide

revealed labelling of a residue that was proposed to be the catalytic nucleophile.71

Later studies with a 2-deoxy-2-fluoro sugar inactivator revealed the original

assignment to be incorrect.72 The related conduritol aziridine has been

demonstrated to act as a time-dependent inactivator of a glycoside hydrolase.70

a-Halocarbonyl compounds are effective electrophiles, with the right

combination of reactivity towards enzymic nucleophiles and stability in aqueous

solution. Incorporation of a-halocarbonyl groups into carbohydrates affords affinity

labels that are time-dependent inactivators of glycoside hydrolases. The most

commonly studied a-halocarbonyl derivatives are N-bromoacetyl glycosides, but

bromomethyl ketones have also been used.73,74 These reagents typically exhibit good

specificity for labelling of the enzymic acid/base residue of glycoside hydrolases.
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However, examples of non-specific labelling75 and labelling of residues not involved

in catalysis76 are known.

Non-covalent Glycoside Hydrolase Inhibitors

Competitive inhibitors of glycoside hydrolases have a rich history.77–79 The interest

in developing such compounds has ranged from the hope that they can act as

therapeutic agents for the control and treatment of disease, to the simple delight of

generating molecules that can stop the powerful catalytic action of glycoside hydro-

lases. The major glycoside hydrolase inhibitors are nitrogen-containing ‘sugar-

shaped’ heterocycles. Many of these compounds have been found in nature, and

others have been designed based on considerations of enzyme mechanisms. We have

already discussed many of these compounds in Chapter 3, and there are several

comprehensive reviews on nitrogen-containing heterocycle inhibitors of glycoside

hydrolases.52,80–84

The progenitor of the nitrogen-containing heterocycles is DNJ. Its synthesis

by Paulsen and co-workers predated its discovery as a natural product;79,85,86

it was later discovered in a range of natural sources, including what may be the

richest source discovered to date, mulberry latex.87 DNJ is a powerful inhibitor of

many glucoside hydrolases, having greater activity towards inverting glucoside

hydrolases rather than retaining ones. Structural variants of DNJ have also been

uncovered as natural products, including the epimer 1-deoxymannojirimycin

and various dideoxy derivatives.88 DNJ is a powerful inhibitor of intestinal

sucrase, and the related derivative Miglitol has been developed as a treatment for

non-insulin-dependent (type II) diabetes.89 N-Butyl-DNJ has been studied for its

ability to treat lysosomal storage disorders and inhibit HIV infection.83,90 Much has

been made of the similarity of the protonated forms of aza sugars such as DNJ and

the oxocarbenium-ion-like transition state of glycoside hydrolysis.84,91
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A range of sugar-shaped heterocycles related to DNJ has been discovered in

natural sources. For example, swainsonine was discovered in Swainsonia canescens,

a plant native to Western Australia; the digestion of swainsonine by livestock leads

to symptoms that have the appearance of a neurological condition termed

mannosidiasis.92 These and other studies have shown swainsonine to be a powerful

inhibitor of the N-linked glycan-processing enzyme a-mannosidase II,93 and the

pharmacological inhibition of this enzyme matches the effect of genetic mutation of

the enzyme. A related compound, castanospermine, is a powerful inhibitor of many

glycoside hydrolases.94 Castanospermine was isolated from the seeds of

Castanospermine australae, a tree found in the rainforests of Queensland,

Australia,95 and commonly planted as a delightful flowering specimen tree in

botanical gardens around the world.

Isofagomine, a structural isomer of fagomine (1,2-dideoxynojirimycin), was

originally synthesized by Lundt, Bols and co-workers96 but and has never been

found in nature. Isofagomine and analogues are powerful inhibitors of retaining

glycoside hydrolases.82 The closely related molecule siastatin B and analogues have

been isolated from various Streptomyces strains and are inhibitors of sialidases,

N-acetylhexosaminidases and glucuronidases.82 As suggested for DNJ, there is

a similarity between the protonated form of isofagomine and the oxocarbenium-

ion-like transition state of glycoside hydrolysis.84,91 An isofagomine derivative in

complex with the endo-cellulase Cel5A from Bacillus agaradhaerans has been

studied by high-resolution X-ray crystallography, which has provided evidence

that the isofagomine was bound in the protonated form.97 Some isofagomine-

inspired compounds, termed the immucillins (see Chapter 12), have been

developed as inhibitors of 50-methylthioadenosine/S-adenosylhomocysteine

nucleosidase (a nucleoside hydrolase involved in purine and methionine salvage

reactions)98 and 50-methylthioadenosine phosphorylase (a nucleoside phosphorylase

involved in catabolism of methylthioadenosine).99 50-(4-Chlorophenylthio)-
DADMe-immucillin-A binds the former enzyme from E. coli with a dissociation

constant (Ki) of 47 femtomolar, making it one of the most powerful, non-covalent

inhibitors reported for any enzyme and a promising candidate for therapeutic

development.98
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A range of sugar heterocycles with sp2 hybridized ‘anomeric’ centres has

been developed, largely through the efforts of the groups of Ganem and

Vasella.52,77 These compounds typically bear a ‘glycosidic’ nitrogen that has a

lone pair of electrons oriented in the plane of the sugar ring, away from the

sugar. It has been shown that these heterocycles are good inhibitors of anti-

protonating glycoside hydrolases, viz. enzymes with their acid/base residue

located in the plane of the sugar ring and positioned anti to the C1–O5 bond.

These inhibitors have been shown to interact with anti-protonating glycoside

hydrolases through the formation of a strong hydrogen bond with the acid/base

residue.100–102 While this series of inhibitors was largely the product of rational

design, at least one example, nagstatin, has been discovered as a natural

product.103–105

Another group of interesting glycoside hydrolase inhibitors is those that contain

a cyclitol ring. The most significant of these compounds is acarbose, which was

originally isolated from an Actinoplanes sp. strain.106 Acarbose contains an

aminocyclitol, which is essential for its activity; it is an extraordinarily powerful

inhibitor of intestinal a-amylase and has been approved for the treatment of type I

and type II diabetes.89 There is a family of closely related five-membered ring

cyclitol natural products that are found as inhibitors of many glycoside

hydrolases.107 For example, trehazolin is an inhibitor of trehalases, and

mannostatin is effective against mannosidases.107
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Most of the above-mentioned molecules are inhibitors of retaining or inverting

glycoside hydrolases that utilize enzymic acid/base or nucleophile residues.

Interactions of the inhibitors and these residues can be used to rationalize their

inhibitory activity. For enzymes that use neighbouring group participation, mainly

hexosaminidases, several powerful inhibitors have been discovered or designed.

Allosamidin, an unusual N-acetylallosamine-containing carba-trisaccharide, was

originally isolated from a Streptomyces sp. strain and is a powerful inhibitor of

chitinases that use substrate-assisted catalysis.108 The related compound,

NAG-thiazoline, was originally synthesized by Knapp and co-workers and is an

excellent inhibitor of retaining hexosaminidases that utilize substrate-assisted

catalysis.24,25,109

Finally, a therapeutically important glycoside hydrolase inhibitor is

4-guanidino-Neu5Ac2en (zanamivir, marketed as Relenza).110 This analogue of

the transition state for sialidase-catalysed hydrolysis of N-acetylneuraminic acid

glycosides is a powerful inhibitor of influenza neuraminidase and is in clinical

use.111 Dimers of zanamivir have been developed on the basis of the known

trimeric arrangement of neuraminidase on the influenza virus surface and have

been shown to be superior to the monomeric form of the drug in terms of potency

and duration of action.112,113 The related carbocyclic analogue oseltamivir

(marketed as Tamiflu), the design of which was based on zanamivir, is also

widely used for the treatment or prevention of influenza as, in contrast to

zanamivir, it is orally available.114–116
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Oligosaccharides in which one or more glycosidic oxygens have been replaced

by some other atom or group (e.g. sulfur, CH2) have the potential to act as

non-hydrolysable substrate analogues. The most significant of these analogues are

those in which oxygen has been replaced by sulfur. Such thiooligosaccharides

typically act as competitive inhibitors of glycoside hydrolases and are useful tools

for studying the initially formed Michaelis complex of substrate with a glycoside

hydrolase.117,118 Thiooligosaccharides are usually relatively poor inhibitors, likely as

a consequence of resembling substrate, rather than the much more tightly bound

transition state. Nonetheless, binding can be sufficiently tight for structural

determination of enzyme complexes.119,120 The X-ray structure of Fusarium

oxysporum EGI in complex with an S-linked methyl a-cellopentaoside revealed

substrate distortion from the ground-state 4C1 structure to a conformation with a

pseudo-axially oriented aglycon.121

Exploitation of Glycoside Hydrolases in Synthesis122–128

Glycoside hydrolases usually operate in the direction of hydrolysis of substrate

glycosides. However, under suitable conditions, these enzymes can be made to

operate in the reverse direction, i.e. towards the synthesis of glycosides. Alter-

natively, if these enzymes perform catalysis by way of a reactive intermediate,

this intermediate can be intercepted by a suitable nucleophile, allowing the

synthesis of glycosides from ‘activated’ glycosyl donors, which may themselves

be glycosides.
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Thermodynamic control (reversed hydrolysis):124 Glycoside hydrolases are

enzyme catalysts that accelerate the forward and reverse reactions of glycoside

hydrolysis. Thermodynamic control (also called equilibrium control or reversed

hydrolysis) refers to the use of a glycoside hydrolase as a synthetic enzyme

where the conditions of the enzymic reaction are perturbed so that the position

of equilibrium is shifted to favour glycoside products. All glycoside hydrolases

can be used in this fashion, regardless of the mechanism of the enzyme under

operation.

Consideration of the overall reaction equation for glycoside hydrolysis gives

some clues as to how the position of the equilibrium may be shifted to favour

products: large amounts of the alcohol acceptor, reduction of the effective

concentration of water by the addition of co-solvents, removal of the product

glycoside as it is formed and varying the reaction temperature (the hydrolysis

reaction is an exothermic process). While thermodynamic control is notable for

its simplicity and the moderate-to-good yields of products that can be obtained

(15–65%),129 owing to difficulty in purification of products and in achieving high

yields, the method is not widely used.

Kinetic control (transglycosidation):122–125 Kinetic control of glycoside

hydrolase reactions refers to situations where perturbations in reaction rate of

hydrolysis/transglycosidation are used to increase yields of transglycosidation

products. Kinetic control can be used only for enzymes that operate by way of an

activated intermediate (i.e. only retaining glycoside hydrolases). The general

approach is to utilize an activated glycosyl donor, e.g. aryl glycosides or glycosyl

fluorides, which are usually excellent substrates for retaining glycoside hydrolases.

The excellent anomeric leaving group in these substrates results in a rapid formation

of a glycosyl enzyme. This glycosyl enzyme can suffer two fates: either (effectively

irreversible) reaction with water (hydrolysis) or reversible reaction with a suitable

alcohol nucleophile, leading to transglycosidation.
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Further consideration of the outcomes of this reaction reveals that as the product

formed is a glycoside with the same anomeric stereochemistry as that preferred by

the enzyme, it can also function as a substrate. However, as this product glycoside

bears a poorer anomeric leaving group than the activated donor, it will usually be a

poorer substrate for the enzyme, and careful timing of the reaction will allow it to

accumulate to useful levels. Use of an excellent leaving group that is much more

reactive than in the product, reduction of the effective concentration of water and

removal of product as it is formed will generally ensure a good yield of

transglycosylated product (typically up to 50%).130,131

Kinetically controlled glycosidations have been used for the synthesis of a wide

variety of products ranging from relatively simple glycosides to more complex

glycoconjugates including glycoproteins.131,132
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While most kinetically controlled transglycosidations are performed using

exo-glycoside hydrolases, many endo-glycoside hydrolases exhibit powerful

transglycosidation abilities. Use of these enzymes as transglycosidation catalysts is

complicated as the product can act as a substrate for further transglycosidation,

leading to the formation of polymers. An elegant solution to this problem has been

advanced by Shoda and co-workers, where a lactosyl donor is used as a substrate for

an endo-b-glucanase.133–135 The incorrect stereochemistry at C4 of the glycosyl

donor is tolerated by the enzyme for the transfer reaction, but the newly formed

product cannot act as a glycosyl acceptor, preventing hyperglycosylation.

The product is isolated and then trimmed in a second reaction using an exo-acting

b-galactosidase to give the net transfer of a single b-glucosyl unit.136

Kinetically controlled glycosidations typically use one of the two main sets of

glycosyl donors: aryl glycosides or glycosyl fluorides. Both possess good leaving

groups and accelerate the glycosylation step of the enzymatic reaction compared to

alkyl glycosides. Aryl glycosides and glycosyl fluorides have individual merits, and

the final choice for a particular application may reflect only personal preference.

Many aryl glycosides are commercially available, and alteration of substituents on
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the aryl ring can tune the reactivity of the glycosyl donor. On the contrary, many aryl

glycosides possess relatively poor solubility in water and do not allow high

concentrations to be achieved. Some enzymes do not tolerate aryl glycosides as

substrates. Glycosyl fluorides usually have to be chemically synthesized and require

the use of potentially hazardous fluorination reagents; some glycosyl fluorides have

poor stability. On the contrary, glycosyl fluorides possess excellent reactivity and

can be prepared on very large scale.137

Glycosynthases: Mutant Glycosidases for Glycoside

Synthesis138–140

While thermodynamically and kinetically controlled transglycosidation reactions

can give rise to usable amounts of product(s), their application is limited as a result

of incomplete reactions and the concomitant difficulties associated with isolation of

the product and, in the case of kinetically controlled reactions, the need for careful

monitoring of reactions. Genetic engineering techniques may be used to produce

glycoside hydrolase mutants that overcome many of the problems associated with

transglycosidation methods. One major approach is the use of site-directed mutagen-

esis to remove the catalytic nucleophile from a retaining glycoside hydrolase and

replace it with a non-nucleophilic residue such as glycine,141 serine142 or alanine.143

Such an enzyme is a severely wounded catalyst and can no longer form the inter-

mediate glycosyl enzyme. If such mutants are supplied with a glycosyl fluoride of

the ‘wrong’ anomeric configuration, the glycosyl fluoride can mimic the glycosyl

enzyme and act as a glycosyl donor towards an acceptor sugar, generating a

glycoside with inverted anomeric stereochemistry.143,144 Such disabled nucleophile

mutants are termed glycosynthases. One benefit of the use of glycosynthases is that

the product of the reaction, a glycoside, cannot be degraded by the enzyme (as it

lacks the enzymic nucleophile). Thus, unlike kinetically controlled transglycosyla-

tion reactions, there is no requirement for careful monitoring of the reaction, and

product(s) can accumulate to potentially quantitative yields.
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Glycosynthases have been developed for the synthesis of many different

glycosidic bonds, including b-glucoside, b-galactoside, b-mannoside and b-xyloside
and, most recently, a-glucoside and b-glucuronide.140,145

Glycosynthases have also been developed from endo-glycanases. When using

disaccharide donors, these enzymes can act as powerful polymerization catalysts.

Treatment of a-cellobiosyl fluoride with Cel7B E197A results in the formation of

low molecular weight cellulose.146 endo-Glucanases can tolerate functionalized

glycosyl donors, and so protecting groups can be included to prevent

polymerization. A tetrahydropyranyl group is an effective protecting group for

such reactions.147
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Glycosynthases have been utilized for the synthesis of glycoproteins148 and

glycolipids149 and for glycoside synthesis on solid support.150 Much effort is being

expended on extending the glycosynthase approach through a combination of

rational and combinatorial screening methods.141,151,152

Thioglycoligases: Mutant Glycosidases for Thioglycoside

Synthesis138,140

Thioglycoligases are retaining glycoside hydrolases that have been mutated to

remove the acid/base catalyst residue.153 These mutant enzymes can cleave highly

activated substrates such as 2,4-dinitrophenyl glycosides or glycosyl fluorides

(which do not require acid catalysis) to form a glycosyl enzyme. Without a

functional basic residue, deglycosylation is slowed but can be accelerated by the

use of a more powerful nucleophile, such as a thiol, thereby forming a thioglycoside.

Thioglycoligases have been developed that are effective catalysts for the synthesis of

S-linked a- and b-glucosides, b-mannosides and a-xylosides.140

In an astute application of the thioglycoligase methodology, a thioglycoligase

generated from the acid/base mutant (D482A) of the a-xylosidase YicI from E. coli
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was used to synthesize the S-linked 4-nitrophenyl xylopyranosyl-a-1,
4-glucopyranoside.154 This compound, in turn, was found to be a moderate

inhibitor of the parent enzyme (Ki 2mM) and was used as a non-hydrolysable

substrate analogue to determine the X-ray structure of the pseudo-Michaelis

complex with the wild-type parent enzyme.154

Hehre Resynthesis/Hydrolysis Mechanism

Inverting glycoside hydrolases cannot be used for kinetically controlled transglyco-

sylation reactions using activated donors.6 A simple explanation for this is to

consider the principle of microscopic reversibility, which states that because cata-

lysts promote both the forward and reverse reactions, the mechanisms of the forward

and reverse reactions must be identical. Thus, if an inverting glycoside hydrolase can

utilize one anomer of substrate to generate a product with inverted anomeric stereo-

chemistry, the product of inverted stereochemistry must also be a substrate for the

enzyme. This is clearly not the case.
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There is, however, an alternative mechanism that enables transglycosylation

reactions of inverting glycoside hydrolases. Some inverting glycoside hydrolases,

when presented with an activated sugar of the ‘wrong’ anomeric configuration, can

catalyse a transglycosylation reaction. Typically, the only feasible substrates for such

reactions are glycosyl fluorides, which have the right combination of a small

anomeric leaving group, high reactivity and water stability. Through such a

mechanism, the wrong glycosyl fluoride is transglycosylated onto a suitable

alcohol acceptor, generating a glycoside product. As this product is now of the

correct stereochemistry for the glycoside hydrolase, it acts as an excellent

substrate and is typically rapidly hydrolysed. This overall reaction therefore leads

to hydrolysis of wrong glycosyl fluorides, by way of a transglycosidation

intermediate, and is termed the Hehre resynthesis/hydrolysis mechanism.155

While this process is capable of producing transglycosylation products, these are

rarely produced in sufficient amounts to be synthetically useful.137
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Chapter 8

Glycosyltransferases

Nature’s principal agents for the construction of the glycosidic bond are the

glycosyltransferases (GTs). These enzymes use sugar phosphates as donors for

glycosyl transfer to nucleophilic acceptors. This chapter will give an overview of

GTs with a focus on mechanism and structure, reagents/inhibitors for their study and

their application in synthesis.

Classification and Mechanism

There are three main sets of glycosyl donors for GTs: monosaccharide (di)pho-

sphonucleosides, mono- or oligosaccharide phospholipids, and sugar-1-phosphates

or sugar-1-pyrophosphates.
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Classification: Sugar (di)phosphonucleosides were discovered during the

pioneering work of Leloir and co-workers, and as a result sugar

(di)phosphonucleoside-dependent GTs are now frequently referred to as Leloir-

type enzymes.1 GTs that do not utilize sugar (di)phosphonucleosides are referred

to as non-Leloir-type enzymes. Non-Leloir-type GTs largely utilize mono- or

oligosaccharide phospholipids containing phosphate or pyrophosphate moieties

linked to dolichol (an isoprenoid), undecaprenol or polyprenol lipids. In addition,

there is a small group of non-Leloir-type GTs that utilize sugar-1-phosphates or

sugar-1-pyrophosphates as glycosyl donors, e.g. glycogen phosphorylase, which

catalyses the reversible transfer of a glucosyl unit from glucose-1-phosphate to the

growing glycogen molecule (see Chapter 7), and phosphoribosyltransferases, which

transfer 50-phosphoribosylpyrophosphate to nucleophiles such as water and

nucleobases (see Chapter 12).2,3

Mechanism: GT-catalysed glycosyl transfer can occur with either retention or

inversion of configuration at the anomeric centre of the glycosyl donor. This

distinction, by analogy with glycoside hydrolases, allows classification of GTs as

either retaining or inverting enzymes.

Structural and kinetic data for inverting GTs support a mechanism that

proceeds by direct displacement through an oxocarbenium-ion-like transition

state, with general base catalysis by a carboxylate4 or histidine residue.5 For

example, the b-glucosyltransferase GtfB, which transfers a glucosyl unit from

UDP-glucose to the vancomycin aglycon, has been proposed to utilize Asp332 as

catalytic base; mutation of this residue to alanine reduced catalytic proficiency by

250-fold.6
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For retaining GTs, the situation is considerably more complex. Two possibilities

have been suggested for glycosyl transfer with retention of configuration: a two-step

mechanism involving sequential inversions by an enzyme-borne nucleophile

similar to that proposed for retaining glycoside hydrolases, or an SNi mechanism

involving non-concerted loss of the leaving group and front-side attack by the

acceptor moiety.7

In either case the transition states are expected to bear significant

oxocarbenium-ion-like character and, to date, no convincing evidence has been

reported that can clearly distinguish between the two possibilities. Confounding
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the situation, crystal structures of retaining GTs are ambiguous in identifying

possible candidate nucleophiles, with some lacking any suitable nucleophile

situated close enough to the glycosyl donor to be able to form a covalent

intermediate. Analysis of some structures has identified possible candidates,

which mutagenesis studies have supported;8 however, in other cases,

mutagenesis of the candidate residue to a non-nucleophilic amino acid has not

resulted in the expected, dramatic loss in catalytic prowess.7,9 Attempts to trap

covalent intermediates on wild-type GTs have proven unsuccessful;10 in one case,

mutation of the proposed aspartate nucleophile to a non-nuclophilic asparagine

residue resulted in the formation of a covalently labelled enzyme bearing a

glycosyl moiety on yet another carboxylate residue.9 The technique of chemical

rescue, whereby a small exogenous nucleophile is used to reactivate an inactive

enzyme mutant, was applied to an inactive retaining galactosyltransferase mutant

lacking the proposed glutamate nucleophile and led to a more than 100-fold

increase in activity and the formation of b-D-galactosyl azide.11 This result was

taken to support a double-displacement mechanism but does not definitively

exclude the SNi mechanism.

Detailed kinetic analyses have been performed on many retaining and

inverting GTs. Generally, ordered kinetic mechanisms have been seen with

either the glycosyl donor or the glycosyl acceptor binding to the enzyme first,

followed by a catalytic step, and then either the (di)phosphonucleoside or

glycosylated product departing from the active site first.12 For example, the

UDP-xylose-dependent core protein b-xylosyltransferase operates by way of an

ordered single displacement with UDP-xylose as the leading substrate and

the xylosylated peptide as the first released product.13 By contrast, OleD, a

UDP-glucose-dependent b-glucosyltransferase from Streptomyces antibioticus,

operates through an ordered mechanism where the acceptor, the macrolide

lankamycin, binds before UDP-glucose, and UDP is released prior to b-glucosylated
lankamycin.14

Many GTs utilize divalent metal ions such as Mn2þ and Mg2þ as cofactors.

These metals are found mainly in GTs that are diphosphonucleoside dependent, and

an analysis by X-ray crystallography has shown that the metal ion is coordinated to

an oxygen of each of the two phosphate groups, as well as to side-chain carboxyl

groups of the protein. Much has been made of the so-called DXD amino acid

sequence as an identifier of GTs, where the aspartate residues of this sequence are

presumed to comprise the metal-binding residues of the active site;15 in this respect,

it is to be noted that no part of the DXD motif is invariant among GTs and that

this motif is present in more than 50% of all protein sequences examined.16 More-

over, it is emphasized that many GTs are metal-ion independent, and thus do not

bind metals at the active site.4
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Leloir-type GTs utilize sugar (di)phosphonucleoside donors, and many hun-

dreds of such glycosyl donors have been identified. Fortunately, in mammals

the situation is relatively simple, where only nine sugar (di)phosphonucleoside

donors are used – six uridine diphosphates: UDP-glucose, UDP-galactose, UDP-xylose,

UDP-glucuronic acid, UDP-N-acetylglucosamine and UDP-N-acetylgalactosamine;

two guanosine diphosphates: GDP-mannose and GDP-fucose; and one cytidine

monophosphate: CMP-N-acetylneuraminic acid (CMP-Neu5Ac).

Across nature’s profusion of life forms, a much more formidable range of

sugar (di)phosphonucleoside donors is employed in glycoconjugate synthesis and

include the above, plus hundreds of more unusual species such as furanosyl glycosyl

donors (e.g. UDP-galactofuranose), various deoxy, amino and methylated sugar

donors (e.g. GDP-rhamnose, dTDP-desosamine and TDP-3-O-methyl-rhamnose)

and hept- and octulosyl donors (e.g. CMP-Kdo17 and ADP-L-glycero-b-D-manno-
heptopyranose).18
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Many non-Leloir GTs utilize sugar phospholipids as glycosyl donors.19

Such glycosyl donors are usually membrane associated, and the corresponding

GTs are typically membrane proteins. The sugar phospholipid donors can be

divided into monosaccharide and oligosaccharide donors, and both are used by

lower and higher organisms as glycosyl donors for the synthesis of complex

glycans. For example, many bacteria utilize monosaccharide donors such as

polyprenolphosphomannopyranose20 and decaprenolphosphoarabinofuranose,21

including Actinomycetes such as mycobacteria. Mammals utilize lipid-linked

glycosyl donors such as dolicholphosphomannose,21 which is a glycosyl donor

involved in the synthesis of dolicholphosphooligosaccharides, culminating in the

synthesis of the N-linked glycoprotein core, dolichol-PP-GlcNAc2Man9Glc3
(see Chapter 11). This lipid-linked oligosaccharide is itself a glycosyl donor for

transfer by oligosaccharyltransferase to asparagine residues in nascent proteins in

the lumen of the rough endoplasmic reticulum.22
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In bacteria, the repeating MurNAc–GlcNAc backbone of peptidoglycan is

synthesized from a phospholipid donor, lipid II, through the action of GTs termed

peptidoglycan transglycosylases.23,24

Glycosyltransferases and the ‘One-enzyme One-linkage’

Hypothesis

In contrast to glycoside hydrolases, which in many cases can catalyse the

hydrolysis of a wide range of linkages between a variety of glycon and agly-

cons, GTs typically possess much greater specificity for transfer of glycosyl
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moieties to well-defined acceptors, forming a single type of glycosidic linkage

in what has been termed the ‘one-enzyme one-linkage’ hypothesis, originally

proposed by Hagopian and Eylar.25 However, an increasing number of GTs has

been discovered that fail to obey this hypothesis, using either the same glycosyl

donor to make more than one type of glycosidic linkage or different glycosyl

donors to make each distinct glycosidic linkage.26 For example, the mycobac-

terial b-galactofuranosyltransferases glfT1 and glfT2, which catalyse the synth-

esis of the galactofuranose glycan core of cell wall arabinogalactan, are

bifunctional and can synthesize both b-1,5 and b-1,6-Galf linkages.27,28

Similarly, b-GalT1 is a mammalian enzyme that catalyses the transfer of

galactose from UDP-galactose to terminal N-acetyl-b-glucosaminyl residues,

forming poly-1,4-b-N-acetyllactosamine core structures found in glycoproteins and

glycosphingolipids.29 Upon binding of the protein a-lactalbumin to b-GalT1, the
resultant complex (termed lactose synthase) alters its specificity to favour glucose as

an acceptor (with a decrease in the Km value for glucose from 1M to 1mM),

resulting in the formation of lactose.30,31

Sequence-based Classification and Structure

Despite a great amount of effort, the understanding of the chemical mechanism

of GT action lags behind that of glycoside hydrolases. Sequence-based classifi-

cation methods have proven powerful allies in the correlation of biochemical

data, mechanism and structure, and in the prediction of structure and function for

newly sequenced GTs. GTs have been classified into a series of sequence-based

families – at the time of writing, more than 90 families have been assigned.16,32
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As for glycoside hydrolases, the updated classification database is available over

the World Wide Web through the carbohydrate active enzyme (CAZy) server.33

The sequence-based classification scheme reliably differentiates retaining glyco-

side hydrolases from inverting ones but has been less effective at predicting

mechanistic outcomes without a biochemically characterized representative being

present in the family.34

Structural analysis of GTs has accelerated markedly in recent years. Prior to

1999 only one GT had been characterized by X-ray crystallography – since then

representative structures for more than 20 GT families have been solved.35,36 In

contrast to the remarkable diversity of structures that has been observed for

glycoside hydrolases, only a few topological folds have been seen for GTs.

The majority of GTs fall into just two groups,37 termed GT-A and GT-B,35,38

each of which include members that are retaining and inverting GTs; thus, no

stereochemical predictions on reaction outcome can be made based only on folds.

Two additional folds have recently been identified: that exemplified by the

sialyltransferase CstII from Campylobacter jejuni4,5 and that of the peptidoglycan

GT of Staphylococcus aureus PBP2.24,39 GT-A fold members can be both metal-

ion dependent or independent but, to date, only metal-ion-independent GTs have

been found in GT-B.

Reversibility of Glycosyl Transfer by Glycosyltransferases

Sugar (di)phosphonucleosides, sugar phospholipids and sugar-1-phosphates, the

glycosyl donors for GTs, all possess excellent anomeric leaving groups. As a

result, it is widely believed that in practice, GTs act only in the direction of

glycosyl transfer. In fact, many GTs have been shown to act in a practically

reversible manner. For example, sucrose synthase, which catalyses the reaction of

fructose and UDP-glucose to give sucrose, has an equilibrium constant (Keq) of

1.8–6.7 for the forward reaction.40,41 The reversibility of this system allows the

ready preparation of UDP-glucose from sucrose and UDP, which has been

applied in multi-enzyme reaction cycles to produce this valuable substrate for

use by other enzymes.42 The GTs CalG1 and CalG4 involved in the biosynthesis

of the antibiotic calicheamycin, and GtfD and GtfE involved in vancomycin

biosynthesis, have been demonstrated to be reversible in their action, allowing

preparation of complex sugar nucleoside (di)phosphates from the glycosylated

natural product.43,44 In addition, taking advantage of the reversibility of the

glycosyl transfer reactions, the aglycon could be exchanged between natural
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products, allowing transfer of sugar moieties from the vancomycin aglycon to the

calicheamycin aglycon.

Inhibitors of Glycosyltransferases

Despite the sustained efforts of the scientific community, relatively few effective

competitive inhibitors of glycosyl transferases have been developed and little pro-

gress has been made in defining general strategies for GT inhibition. However,

several strategies that use small molecules as agents to effect inhibition have been

developed, including the use of alternative primers, chain terminators and modified

substrates. On the contrary, nature has provided many examples of effective inhibi-

tors of GTs as natural products.

‘Direct’ inhibition of glycosyltransferases:45 Numerous carbohydrate-based

natural products are effective inhibitors of GTs.46 Such compounds possess aspects

of the complex, three-component transition state of the enzymatic reaction

comprising the sugar of the glycosyl donor, the nucleotide or lipid phosphate

leaving group and the acceptor. The most striking example of this class is

moenomycin, an inhibitor of peptidoglycan GTs involved in transfer of lipid II to

the growing peptidoglycan chain.23,24,47–50
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The natural products of the nikkomycin family51 are inhibitors of chitin

synthase,52 which catalyses the condensation of UDP-N-acetylglucosamine and the

growing chitin chain, and the papulacandin family of glycolipids are inhibitors of

fungal glucan synthases.53 A related family of compounds is the tunicamycins,

first isolated from Streptomyces lysosuperificus. Tunicamycin is not a direct

inhibitor of a GT but is an inhibitor of an enzyme that synthesizes a GT donor

substrate, N-acetylglucosamine phosphorotransferase, which catalyses the transfer of

N-acetylglucosamine-1-phosphate from UDP-N-acetylglucosamine to dolichol

phosphate. Inhibition of N-acetylglucosamine phosphorotransferase by tunicamycin

thereby decreases the amount of dolichol-PP-N-acetylglucosamine available for

synthesis of N-linked glycoproteins; as a result, tunicamycin is a widely used

reagent for the study of N-linked glycosylation.54

Various cyclic peptides are effective inhibitors of GTs. Caspofungin (Cancidas)

is a semi-synthetic cyclic peptide belonging to the echinocandin family of natural

products and is synthesized from fermentation products of Glarea lozoyensis.53,55

Caspofungin is a newly approved drug for the treatment of fungal infections.56

It is a powerful inhibitor of fungal 1,3-b-glucan synthases, which catalyse the

polymerization of UDP-glucose.
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A cyclic peptidyl compound was developed by Imperiali and co-workers as an

inhibitor of oligosaccharyl transferase, an enzyme that catalyses the en bloc

transfer of dolichol-PP-GlcNAc2Man9Glc3 to asparagine within a polypeptide

chain in the endoplasmic reticulum to form N-linked glycoproteins.57 The design

of this compound incorporated features of the known consensus sequence for

oligosaccharyltransferase, the preference of this enzyme for a specific peptide

conformation (achieved by cyclization) and the known, albeit weak, inhibition of

oligosaccharyltransferase by the rare amino acid, �-aminobutyrine, when

incorporated into tripeptides. Attachment of a membrane-permeable import

peptide ensures that the inhibitor crosses the intracellular membrane of the

endoplasmic reticulum.58

Efforts to generate inhibitors of GTs through mimicry of the proposed enzymic

transition state have had only limited success. Such mimicry has been attempted

through linking together groups that resemble features of the glycosyl donor and
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acceptor. In most cases such inhibitors have potencies in the micromolar range,

similar to the affinity towards most sugar (di)phosphonucleoside substrates. For

example, Wong and co-workers reported the synthesis of an aza sugar,

homofuconojirimycin, conjugated to LacNAc as an inhibitor of human

a-1,3-fucosyltransferase V (FucT V), which catalyses the transfer of a fucosyl

moiety from GDP-fucose to a LacNAc acceptor.59 However, this conjugate was

only a modest inhibitor of FucT V (IC50 value of 2.4mM). Remarkably, in the

presence of GDP, a 77-fold improvement in the inhibitory potency of the conjugate

(IC50 value of 31mM) was observed, suggesting the formation of a complex with

GDP that mimics the transition state.

Perhaps, one of the most effective transition-state analogue inhibitors for a GT

was developed by Schmidt and co-workers for a-2,6-sialyltransferase from rat

liver.60 a-2,6-Sialyltransferase catalyses the transfer of sialyl residues from CMP-

Neu5Ac to terminal N-acetyllactosamine residues and has been suggested to operate

through an exploded, SN1-type transition state. A series of phosphonates was

generated, the most potent of which exhibited a Ki value of 40 nM towards this

enzyme.
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Hindsgaul and co-workers have described the design of a bisubstrate analogue

comprised of a conjugate of the acceptor sugar and the diphosphonucleoside portion

of the donor. The conjugate was an inhibitor (Ki value of 2.3mM) of porcine

a-1,2-fucosyltransferase, which transfers a fucosyl moiety from GDP-fucose

to b-galactosides.61

Hashimoto and co-workers have reported a bisubstrate analogue that is again a

conjugate of a sugar diphosphonucleoside and the glycosyl acceptor. This compound

was found to be a reasonably potent inhibitor (Ki value of 1.35mM relative to the

acceptor, and Ki value of 3.3mM relative to the donor, UDP-galactose) of

b-1,4-galactosyltransferase from bovine milk.62

Lowary and Hindsgaul have reported the synthesis of a powerful inhibitor of

blood group A GT obtained by simple modification of the acceptor substrate.63

Blood group A GT catalyses the synthesis of the blood group A determinant,

a-GalNAc-(1,3)-[a-Fuc-(1,2)-]-b-Gal-OR, by transfer of an N-acetylgalactosaminyl

residue fromUDP-N-acetylgalactosamine to the H determinant,a-Fuc-(1,2)-b-Gal-OR.
a-Fuc-(1,2)-b-Gal-O-octyl is an effective artificial substrate for this GT, and

modification of the acceptor hydroxyl to an amino group results in a powerful

inhibitor (Ki value of 200 nM) of this GT. This compound was subsequently

shown to be effective in inhibiting blood group A determinant synthesis in cell

culture.64
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More often than not, the design of effective inhibitors for GTs has yielded

limited success. A novel strategy for the discovery of an inhibitor of human

a-1,3-fucosyltransferase, an enzyme involved in the biosynthesis of sialyl Lewisx

and sialyl Lewisa, was described in the laboratories of Sharpless and Wong.65,a Here,

combinatorial modification of GDP, which has been shown to contribute to the

greater part of donor-substrate binding energy, resulted in a library of triazole-

linked GDP analogues. Screening of this library of compounds led to the

identification of a biphenyl GDP adduct, which is an effective inhibitor (Ki value

of 62 nM) of the target fucosyltransferase. Similarly, Bertozzi and co-workers

reported the synthesis of a targeted combinatorial library of uridine derivatives that

yielded a uridine-based inhibitor (Ki value of 7.8mM) of polypeptide UDP-N-

acetylgalactosamine transferase, a GT that initiates the synthesis of O-linked

mucins through the synthesis of an a-GalNAc linkage to serine/threonine.67,68

Therapeutically-useful glycosyltransferase inhibitors: While inhibition of

GTs might be forecast to provide effective therapeutic solutions to a variety

of disease states, few drugs along these lines have hitherto been developed.

Aside from Caspofungin (described earlier), ethambutol is a frontline drug

used for the treatment of tuberculosis and is an inhibitor of the

decaprenolphosphoarabinofuranose-dependent arabinosyltransferases EmbA and

a The term Lewis is derived from the family name of Mrs. H.D.G. Lewis, whose new-born baby was

found to suffer from jaundice caused by a hemolytic disease.66
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EmbB.69,70 N-Butyldeoxynojirimycin (miglustat, Zavesca)71 is an inhibitor of

glucosylceramide synthase and is used for the so-called substrate-reduction therapy

in the treatment of the lysosomal storage disorder, type I Gaucher disease (see

Chapter 11).72 Lufenuron is used for the control of fleas in animals and acts to

inhibit chitin synthesis.73 While the exact mode of action of Lufenuron is unclear, it

has been proposed to act as a chitin synthase inhibitor.74,75

Several strategies have been elaborated for the development of non-reactive

analogues of sugar donors. The transition states for glycosyl transfer for inverting

or retaining GTs involve substantial oxocarbenium-ion-like character. Consequently,

the installation of an electron-withdrawing fluorine atom at C2 of the glycosyl donor

should act to destabilize such a transition state, and the corresponding 2-deoxy-2-

fluoro glycosyl donors should act as non-hydrolysable substrate analogues. Several

of these sugars have been prepared and shown to act as moderate-to-good inhibitors

of GTs. For example, UDP-2F-glucose is an inhibitor (Ki value of 190mM) of the

N-acetylglucosaminyltransferase GlnT from rabbit,76 UDP-2F-galactose is an

inhibitor (Ki value of 149mM) of b-1,4-galactosyltransferase from bovine milk77

and CMP-3F-sialic acid is an inhibitor of the sialyltransferase CstII from

Campylobacter jejuni (Ki value of 657mM).5,78 In a similar vein, introduction of

an electron-withdrawing fluorine atom into the 5-position of a glycosyl donor also

results in an incompetent donor; UDP-5F-N-acetylglucosamine is an inhibitor for the

GT chitobiosyl-phospholipid synthase.79

A second approach to the development of non-hydrolysable analogues of sugar

donors has involved the removal of the glycosidic oxygen or its replacement with

another group or an atom such as sulfur or carbon. For example, phosphonates

are hydrolytically stable analogues of phosphates, and a variety of phosphonate
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analogues of sugar donors has been synthesized and assessed as inhibitors of

GTs.80,81 The C-glycoside phosphonate analogue of UDP-N-acetylglucosamine is

an effective inhibitor (Ki value of 28mM) of the N-acetylglucosaminyltransferase

GlnT from rabbit.76 A C-glycoside analogue of decaprenolphosphoarabinose was

synthesized, and while not directly assessed as an inhibitor of the corresponding GT,

was found to be a powerful inhibitor of the growth ofMycobacterium tuberculosis.82

Thioglycoside-based analogues of UDP-sugars have been prepared, but their

efficacy as GT inhibitors has not been reported.83

‘Indirect’ inhibition of glycosyltransferases by metabolic

interference: With a lack of success in delineating general approaches to

the design of effective GT inhibitors, alternative approaches have been

developed that provide the functional equivalent of GT inhibition and that

allow the study of the effect of GT blockade in biological settings. Two

major approaches to this end have been developed: the use of glycoside

primers, unnatural analogues of the acceptor that compete with the natural

acceptor, and the use of metabolic chain terminators, unnatural analogues of

the donor that are incorporated into the glycoconjugate product but that, owing

to structural modifications, are unable to act as acceptors for the transfer of

additional carbohydrate moieties.

Glycoside primers54,67 are alternative acceptor substrates that compete with

the natural substrate for the active site of the GT, thereby diverting the action of

the GT to the synthesis of unnatural glycoconjugates and reducing the produc-

tion of the natural glycoconjugates, thus providing functional inhibition.54 The

use of glycoside primers has proven to be a relatively general approach for the

functional inhibition of GTs. Such inhibitors are also referred to as competitive
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substrate-based primers. The first glycoside primer inhibitor was discovered by

Okayama and co-workers, who reported that 4-nitrophenyl b-D-xylopyranoside
was able to inhibit glycosaminoglycan synthesis on proteoglycans when admi-

nistered to embryonic chicken cartilage.84 Inhibition was achieved through the

added xyloside priming the biosynthesis of the glycosaminoglycans through

competition with endogenous b-D-xylosylated core proteins. A naphthol aglycon

has been shown to provide excellent uptake of aldopentosides into animal cells,

and 2-naphthyl b-D-xylopyranoside is a widely used reagent for studying the

functional inhibition of glycans bearing a b-D-xylopyranoside core.85 A variety

of glycoside primers for the inhibition of a range of glycosylation processes

has now been developed, including various b-D-glucosides (as inhibitors of

N-acetylglucosamine b-1,4-galactosyltransferase),86 b-D-galactosides (as inhibitors of

glycosaminoglycan biosynthesis),87 N-acetyl-b-D-glucosaminides (as inhibitors of

polylactosamine biosynthesis),88 N-acetyl-a-D-galactosaminides (e.g. benzyl N-acetyl-

a-D-galactosaminide as an inhibitor of mucin-type O-linked glycan biosynthesis)67,89

and various di- and trisaccharides (e.g. 2-naphthylmethyl N-acetyl-b-lactosaminide as

an inhibitor of blood group Lewisx synthesis).85

For studies in cells, conversion of glycoside primers to their peracetylated

derivatives usually improves uptake, with the acetyl groups being removed by

promiscuous esterases within the cell. While such primers have proven to be

important research tools, the indirect nature of their action can limit the

conclusions that can be drawn from their use. Issues that may arise in their use

include the following: (i) incomplete inhibition may leave residual levels of

glycoconjugates intact, (ii) glycoconjugates synthesized on the primer may have

activities that complicate the analysis of biological phenomena, (iii) inhibition

occurs at the level of entire classes of glycoconjugates that share a common

core structure (that of the primer), and therefore specific targeting to a single

glycoconjugate is not always possible and (iv) enhanced rates of glycoconjugate

synthesis on the primer may deplete sugar (di)phosphonucleoside pools, leading to

reduced formation of other, unrelated glycoconjugates.

An alternative approach to inhibition of GTs by metabolic interference is to

utilize modified donor substrates that are altered so as to prevent the glycocon-

jugate formed by glycosyltransfer from acting as an acceptor for subsequent

transfer of additional sugar residues, in effect acting as glycan chain terminators.
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One way in which chain termination can be achieved is by using a deoxyge-

nated glycosyl donor that lacks the hydroxyl group required for the resultant

glycoconjugate to act as an acceptor in a subsequent glycosylation, resulting in

functional inhibition of the latter GT.90 One of the earliest examples of this

approach was the supplementation of liver cells with ‘2-deoxy-D-galactose’,

which acted to provide functional inhibition of 2-O-fucosylation.91 2-Deoxy-D-

galactose was incorporated into glycoproteins, which were found to contain

lowered levels of 2-O-fucosylation, a result attributed to the missing 2-hydroxyl.

Interestingly, higher levels of a-1,3- and a-1,4-fucosylation were noted, a result

that can be attributed to the elevation of intracellular pools of GDP-fucose

resulting in unnatural fucosylation patterns.92 Bertozzi and co-workers have

presented an alternative approach to chain termination with the finding that

N-butanoyl-D-mannosamine inhibits formation of polysialic acid in neurons and

tumour cells.93 N-Butanoyl-D-mannosamine is metabolized to the corresponding

CMP-sialic acid as the cellular machinery can tolerate modestly sized N-acyl

substituents on D-mannosamine. While the sialyltransferase of interest was able

to transfer CMP-N-butanoylsialic acid onto the acceptor, neural cell adhesion

molecule, after transfer the resultant glycoconjugate did not act as an acceptor

for additional transfer events, resulting in inhibition of poly-a-2,8-sialic acid

expression. Inhibition of a-2,8-sialyltransferase by N-butanoyl-D-mannosamine,

which still bears the hydroxyl group required to act as acceptor once

incorporated into a glycoconjugate, likely results from a lack of tolerance by

the sialyltransferase of the sterically demanding N-butanoyl group when found in

the acceptor.

Chemical Modification of Glycoconjugates Using Metabolic

Pathway Promiscuity

Studies with unnatural sugars have revealed that many biosynthetic pathways

leading to the synthesis of glycoconjugates can tolerate suitably chosen unna-

tural substituents on the sugars and that these substituents are incorporated

unchanged into the final glycoconjugate. For example, Reutter and co-workers

showed that unnatural D-mannosamine derivatives, in which the natural N-acetyl
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group was replaced by N-propanoyl, N-butanoyl or N-pentanoyl, are converted

into the corresponding N-acylsialoses and incorporated into sialic acid–containing

glycoconjugates in cell culture and in rats.94,95 An elegant extension of this

observation is to incorporate metabolically silent functional groups that, following

incorporation into glycoconjugates, can react selectively with reagents to enable

the detection or isolation of the chemically labelled glycoconjugate. This approach

has been termed ‘metabolic labelling of glycans’. Of particular importance to this

approach is the identification of so-called bio-orthogonal conjugations, reactions

that result in the ligation of two species with a chemoselectivity that allows them

to be performed in a biological context.96,97 Several functional groups have been

utilized to achieve metabolic labelling of glycans and are well tolerated by

entire metabolic pathways leading to the glycoconjugates, including azido,98

thiol,99 keto100 and alkynyl groups.101 Of this set of functional groups, the

azido group is the premier choice, being distinguished by its lack of reactivity

in cellular systems, its rarity in biological settings and its exquisite specificity

for clean, high-yielding reactions with suitable reactive probes. For example,

N-azidoacetyl-D-mannosamine can be converted into azide-modified cell-surface

sialic acid residues by way of the respective biosynthesis pathway.98,102 The azido

group is not altered as it passes through the biosynthetic pathway but, once in

place, can react with azide-specific reagents such as bifunctional phosphines

bearing electrophilic traps (the Staudinger ligation), terminal alkynes in the

presence of copper(I) catalysis (the CuAAC reaction) and strain-promoted

Huisgen [3þ 2] cycloaddition with cycloalkynes.103–106 By such ligation reac-

tions, fluorescent dyes and epitope tags, including biotin and antigenic peptides,

can be conjugated to facilitate detection and enable enrichment/isolation

by immuno-precipitation.
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A variety of different carbohydrates are excellent starting materials for

incorporation into glycans, including the following: various N-acyl-D-

mannosamines98–100 and N-acylsialic acids107 for incorporation as sialic acid

derivatives into glycans; various analogues of N-acetylgalactosamine108,109 leading

to O-linked mucin-type glycans; N-acyl-D-glucosamines for incorporation as

O-GlcNAc modifications;108 and fucose derivatives for incorporation into

glycoproteins.110

Metabolic labelling has even been performed in living animals to modify cell

metabolites in their native cellular environment. Peracetylated N-azidoacetyl-D-

mannosamine was metabolized by living mice into cell surface sialic acids, which

were labelled in vivo by epitope labelling with an antigenic peptide using the

Staudinger ligation.111 Isolated splenocytes were harvested from sacrificed mice,

and modified cells were detected after labelling with a fluorescently labelled anti-

epitope antibody using flow cytometry.

Use of Glycosyltransferases in Synthesis112

GTs have been widely used in synthesis, providing a direct and protecting-group-free

method for the synthesis of complex glycoconjugates. However, the application of

GTs for large-scale synthesis is more technically demanding owing to the difficulty

of acquiring and purifying large amounts of many GTs and their glycosyl donors, the
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significant inhibition often seen with the released nucleoside mono- or diphosphates,

and the difficulty of purifying the resultant glycoconjugates. As a result a variety of

elegant approaches has been developed to side-step these problems, including the

use of enzymatic systems capable of synthesizing sugar (di)phosphonucleosides in

situ, enzymatic synthesis on solid supports and approaches that use whole living cells

as biochemical reactors.

Enzymatic synthesis using glycosyltransferases and sugar

(di)phosphonucleoside donors:113 Many GTs are commercially available

and are in common use for the synthesis of milligram quantities of

glycoconjugates. b-1,4-Galactosyltransferase, which catalyses the condensation

of UDP-galactose with the 4-hydroxyl of terminal N-acetyl-b-D-glucosaminides,

is in widespread use and is commercially available in significant quantities.

This enzyme is an excellent catalyst for the direct synthesis of

N-acetyllactosamine analogues, as the enzyme can tolerate a wide range of

modifications on the acceptor and the donor. An elegant example employed

b-1,4-galactosyltransferase to prepare 13C-enriched linear oligo-N-

acetyllactosamines, molecules that would be especially challenging to prepare

through standard chemical approaches.114

GTs represent particularly valuable agents for chemical synthesis, enabling the

late-stage introduction of difficult glycosidic linkages. The commercial availability

of various sialyltransferases and fucosyltransferases has meant that these catalysts

are commonly the method of choice for direct installation of sialyl and fucosyl

groups. Wong and co-workers have reported a spectacular enzymatic synthesis of a

dimeric sialyl Lewisx by the sequential application of an a-2,3-sialyltransferase and
an a-1,3-fucosyltransferase.115 Here, the nonasaccharide substrate was obtained by

enzymatic degradation of hen egg yolk.
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Impure GTs are frequently sufficient for the preparation of glycoconjugates. Thiem

and co-workers have shown that a crude preparation of a-1,2-L-galactosyltransferase
from the albumen gland of the vineyard snail Helix pomatia can be used to

catalyse the transfer of an L-fucosyl moiety from GDP-fucose to various galactoside
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acceptors.116 One snail provides sufficient enzyme to fucosylate around 7mg of

acceptor.

GTs can be used for glycoside synthesis on a solid phase. Solid-phase synthesis

offers an advantage for sequential glycosylations in that individual enzymic products

can be purified at each step by simple filtration and washing. An impressive

application of sequential glycosylations on a solid phase was reported by Blixt and

Norberg for the synthesis of sialyl Lewisx on a Sepharose support using three

different GTs.117
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For synthesis with GTs on a large scale, significant problems need to be overcome,

including the following: securing adequate supplies of enzymes and sugar

(di)phosphonucleoside donors; preventing reduction of reaction rates caused by

enzyme inhibition by the (di)phosphonucleoside by-product; and the purification of

product from the large quantities of buffer salts and by-products. Ratcliffe, Palcic and

co-workers have reported the 62g scale synthesis of a Clostridium difficile trisaccharide

from a lactoside using an a-galactosyltransferase.118 Here, adequate supply of the GT

was achieved through recombinant expression in E. coli, and the high cost of the donor

UDP-galactose was overcome through the use of the much less expensive donor UDP-

glucose in concert with recombinant UDP-galactose epimerase, an enzyme that

catalyses the formation of UDP-galactose from UDP-glucose. Inhibition of the GT by

the by-product UDP was prevented by the inclusion of alkaline phosphatase, which

degrades UDP to uridine and phosphate. Finally, purification of the product was

achieved by taking advantage of a hydrophobic methoxycarbonyloctyl aglycon, which

allowed a simple purification by reversed-phase chromatography on C18 silica gel.
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Bundle and co-workers have shown that GTs can catalyse the synthesis of

thioglycosides from sugar donors and thiol acceptors.119 In the case of bovine

a-1,3-galactosyltransferase, UDP-galactose was an effective glycosyl donor

towards octyl 30-deoxy-30-thio-b-lactoside, resulting in the formation of a doubly

galactosylated tetrasaccharide product, with transfer of the first galactosyl residue to

the thiol resulting in the formation of a thioglycoside linkage. These workers

exploited the resistance of an S-glycoside over an O-glycoside to cleavage by a

glycosidase to remove selectively the terminal O-galactoside using a-galactosidase
from green coffee beans.

Withers and co-workers have reported a strategy for expanding the substrate

specificity of a GT through a process called ‘substrate engineering’.120 In this

approach, a readily removed functional group is attached to the acceptor,

altering the binding orientation and presenting alternative hydroxyl groups to

the enzyme that differ from the normal orientation of the substrate, thereby

allowing the rational control of substrate regioselectivity. For example, the

a-1,4-galactosyltransferase LgtC normally transfers a galactosyl moiety from

UDP-galactose to lactose, with a second-order rate constant, kcat/Km= 240min–1mM–1.

Unsurprisingly, this enzyme can also utilize simple galactosides such as octyl

b-D-galactopyranoside (kcat/Km= 3.8 min–1 mM–1) as substrates, but with reduced

proficiency. The introduction of a 6-O-benzoyl group into mannose provides an

acceptor that mimics a b-D-galactoside, and which can act as a glycosyl acceptor

(kcat/Km= 5.0min–1mM–1), resulting in the formation of ana-Gal-(1,2)-Man linkage

in a fashion readily predicted by direct structural comparison with the natural

substrate.
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The concept of altering the specificity of enzymatic glycosyl transfer by

modifying the structure of the acceptor alcohol so as to structurally mimic the

‘natural’ acceptor was first applied by Stick and co-workers to alter the

regioselectivity of a glycosynthase121 and may be applicable to other enzymes that

modify carbohydrates.

Multienzyme systems including sugar (di)phosphonucleoside

generation and recycling: Owing to the expense of obtaining large quantities

of sugar (di)phosphonucleoside donors, several so-called (di)phosphonucleoside

recycling systems have been developed that can both synthesize the sugar

(di)phosphonucleoside and recycle the released (di)phosphonucleoside.122,123 The

recycling of the sugar (di)phosphonucleoside allows simple access to the required

amounts of sugar donor in situ and at the same time reduces the concentration of the

(di)phosphonucleoside by-products, which frequently inhibit GT activity. The

earliest of the recycling systems was reported by Whitesides and co-workers, who

utilized immobilized b-1,4-galactosyltransferase to synthesize N-acetyllactosamine

on a >10 g scale from UDP-galactose and N-acetylglucosamine.124 UDP-galactose

was synthesized in three steps from glucose-6-phosphate through the sequential

actions of phosphoglucomutase, UDP-glucose pyrophosphorylase and UDP-

galactose 40-epimerase. Released UDP was converted to UTP (needed for the
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formation of UDP-glucose) by reaction with phosphoenolpyruvate catalysed by

pyruvate kinase.

As mentioned earlier, sucrose synthase reversibly catalyses the formation of

sucrose from UDP-glucose and fructose, and this enzyme can be used to generate

UDP-glucose from sucrose inexpensively. Zervosan and Elling have applied

sucrose synthase in a three-enzyme system comprised of sucrose synthase, UDP-

galactose 40-epimerase and b-1,4-galactosyltransferase, allowing the synthesis of

N-acetyllactosamine from sucrose and N-acetylglucosamine.42 Notably, this

simpler system does not result in the formation of large amounts of

pyrophosphate or phosphate, which can act to inhibit some enzymes in this and

related systems.
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Given the difficulty of obtaining large quantities of sugar (di)phospho-

nucleoside donors, it is noteworthy that LgtC from Neisseria meningiditis can

utilize galactosyl fluoride as a glycosyl donor for transfer to lactose.125 Whether

other GTs can utilize simple glycosyl fluorides as glycosyl donors has not been

widely investigated.

Enzyme systems that involve the immobilization of GTs either alone, or in

combination with other enzymes that allow synthesis of sugar (di)phosphonucleo-

sides and recycling of (di)phosphonucleoside by-products back to sugar (di)pho-

sphonucleosides, have been described by several groups. Such immobilized

enzyme systems allow enzyme recycling, reducing the cost of enzymatic synthesis.

Wang and colleagues have developed the so-called superbeads, which are a matrix

support on which a complete suite of enzymes required for sugar (di)phosphonu-

cleoside regeneration is immobilized.126,127 For example, individually recombi-

nantly expressed and His6-tagged galactokinase (GalK), galactose-1-phosphate

uridyltransferase (GalT), UDP-glucose pyrophosphorylase (GalU) and pyruvate

kinase (PykF) were combined and immobilized onto Ni2þ-NTA resin to afford

superbeads capable of converting D-galactose into UDP-galactose. When E. coli

lysate containing recombinant bovine a-1,3-galactosyltransferase was added to the

above enzyme mixture and the resultant blend co-immobilized on Ni2þ-NTA resin,

the resultant superbeads could be used to synthesize the benzyl glycoside of the

a-Gal trisaccharide, involved in xenotransplant rejection (see Chapter 11),

from benzyl b-lactoside.128 The immobilized enzyme could be reused for synthesis

and afforded 72%, 69% and 66% yields for three repeat reactions over a 3-week

period.
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Synthesis using glycosyltransferases in engineered whole cell

systems: GTs have proven to be particularly efficacious for synthesis of

glycoconjugates when expressed recombinantly in a host cell strain, and the

resulting whole cells are used as catalysts for glycoconjugate synthesis.129 In this

approach, recombinant cells express the GTs, which are not purified but used

either in fermentation culture or as isolated cells, with the cells acting as a ‘living

factory’ for production of glycoconjugates. If the host cells are able to synthesize

sufficient amounts of the required sugar (di)phosphonucleoside donors, it may

prove sufficient to express recombinantly only the GTs of interest. For example,

a-Man-(1,2)-a-Man-CbzThrOCH3 could be synthesized by E. coli expressing the

a-1,2-mannosyltransferase of Saccharomyces cerevisiae.130

More than one GT can be expressed in a single cell, resulting in transfer

of multiple sugar moieties. Bettler and co-workers have reported the recombinant

co-expression of two GTs in E. coli, chitin pentaose synthase NodC from

Azorhizobium and b-1,4-galactosyltransferase LgtB from Neisseria meningitidis,

which together were able to synthesize >1 g l�1 of the hexasaccharide b-Gal-
(1,4)-[b-GlcNAc-(1,4)-]4-GlcNAc when grown in high-density cell culture.131
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Low endogenous levels of the required sugar (di)phosphonucleosides may

limit the quantities of products formed from the recombinant GT(s) of interest.

Better results are obtained if the entire pathways for sugar (di)phosphonucleoside

synthesis and (di)phosphonucleoside recycling as well as the GTs of interest are

transferred into the host strain. Wang and colleagues have referred to systems

developed for the synthesis of sugar (di)phosphonucleosides and the corresponding

GTs using recombinantly expressed enzymes within one cell strain as ‘super-

bugs’.127,132 For example, a single plasmid bearing genes for sucrose synthase,

UDP-galactose 40-epimerase and a-1,4-galactosyltransferase (LgtC) was trans-

formed into E. coli, and the resultant cells were harvested, made permeable by

freeze thawing, and then employed as a catalyst for synthesis, using lactose and

sucrose as feedstocks, resulting in the accumulation of a-Gal-(1,4)-b-Gal-(1,4)-Glc
(globotriose) to 22 g l�1.133

Enzymes for the production of sugar (di)phosphonucleosides and

(di)phosphonucleoside recycling can also be recombinantly expressed in separate

cell lines that are co-cultured with those expressing the GT of interest, with sugar

(di)phosphonucleosides diffusing between cells as required. The use of co-cultures

of multiple bacterial strains that individually undertake aspects of an entire cycle,

with transfer of reaction intermediates between strains, has been referred to as

‘bacterial coupling’. Cell lines have been reported that can synthesize UDP-

galactose or CMP-NeuAc that accumulate in culture media at levels of 44 g l�1

and 17 g l�1,134,135 respectively, and these sugar (di)phosphonucleosides can be

taken up by cell lines possessing functional GTs for the synthesis of

glycoconjugates. In one of the most remarkable achievements in the area, Ozaki
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and colleagues have reported the development of a multiplasmid, three-strain system

for the synthesis of a-Gal-(1,4)-b-Gal-(1,4)-Glc (globotriose).134 The bacterium

Corynebacterium ammoniagenes was engineered to convert orotic acid into UTP.

The resultant UTP is taken up by an E. coli strain (NM522/pNT25/pNT32) that has

been engineered to produce UDP-galactose from galactose using fructose as energy

source. This strain in turn releases UDP-galactose where it is taken up by a second

E. coli strain (NM522/pGT5) that expresses an a-1,4-galactosyltransferase from

Neisseria gonorrhoeae, which utilizes UDP-galactose and lactose to produce

globotriose. This coupled system results in accumulation of the trisaccharide

product to a remarkable 188 g l�1!
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Chapter 9

Disaccharides, Oligosaccharides
and Polysaccharides

Monosaccharides may be linked together in an almost limitless number of ways to

form disaccharides, oligosaccharides and polysaccharides. There are over 134 million

ways to link the eight D-hexopyranoses together into a linear hexasaccharide and, if

different ring forms (e.g. furanose), L-sugars, deoxy sugars, aminodeoxy sugars, chain

branching and assorted modifying groups are allowed, the number of potential struc-

tures increases combinatorially. That said there is a much smaller set of structures

commonly found in nature. This chapter will cover the common di- and trisaccharides

and oligomers and polymers derived from (mostly) single carbohydrate monomers.

Later chapters will cover more complex oligo- and polysaccharides comprised of more

than one sugar monomer and bearing various functional group adornments. To begin we

provide a list of the commonly accepted names for a range of disaccharides (Table 1);

many of these compounds are not found in appreciable amounts in nature but are

derived by controlled hydrolysis of more complex polysaccharides.

Cellulose and Cellobiose

The molecular constitution of cellulose was first described by Payen in 1838.a

Cellulose is a b-1,4-linked polymer of D-glucose and is one of the most abundant

biopolymers on earth. It is the major structural component of green plants in which it

is found in primary and secondary cell walls, and it is estimated that 1015 kg of

cellulose are synthesized annually. Cellulose is the major component of plant

secondary walls and thus the main component of plant fibres. In the cell wall, the

cellulose of plant fibres is embedded in a matrix of other polysaccharides, forming

a biocomposite. Aside from cellulose, other components of the cell wall include

aAnselme Payen (1795–1871), professorships at the Ecole Centrale des Arts et Manufactures,

Châtenay-Malabry, and Conservatoire National des Arts et Métiers, France. Discoverer of the enzyme

diastase that catalyzes the conversion of starch into maltose. The practice of adding the suffix ‘-ase’ to

denote an enzyme, and ‘-ose’ to denote a sugar is attributed to Payen. Ironically, the term ‘cellulose’

was not originally used by Payen but was applied by a panel of the French Academy convened to

evaluate Payen’s work in 1839.1
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hemicelluloses (xyloglucans in dicotyledons, glucuronoxylans in hardwoods, gluco-

mannan and arabinoxylans in softwoods and arabinoxylans in grasses), pectins

(galacturonate-rich branched polysaccharides), and lignins (complex phenolic

polymers of substituted cinnamyl alcohols).2 Cellulose forms long inelastic micro-

fibrils that wrap around the cell and rigidify the cell wall, providing the turgor that

allows plants to stand upright.3 While green plants are the major producers of

cellulose, tunicates and certain bacteria (e.g. Acetobacter xylinium, reclassified as

Gluconacetobacter xylinus) have developed the ability to synthesize cellulose.

Table 1 Trivial names of common disaccharides

allolactose b-D-Galp-(1,6)-D-Glc
cellobiose b-D-Glcp-(1,4)-D-Glc
chitobiose b-D-GlcpNAc-(1,4)-D-GlcNAc
gentiobiose b-D-Glcp-(1,6)-D-Glc
isomaltose a-D-Glcp-(1,6)-D-Glc
isomaltulose a-D-Glcp-(1,6)-D-Fru
kojibiose a-D-Glcp-(1,2)-D-Glc
lactose b-D-Galp-(1,4)-D-Glc
lactulose b-D-Galp-(1,4)-D-Fru
laminaribiose b-D-Glcp-(1,3)-D-Glc
leucrose a-D-Glcp-(1,5)-D-Fru
maltose a-D-Glcp-(1,4)-D-Glc
maltulose a-D-Glcp-(1,4)-D-Fru
mannobiose b-D-Manp-(1,4)-D-Man

melibiose a-D-Galp-(1,6)-D-Glc
nigerose a-D-Glcp-(1,3)-D-Glc
planteobiose a-D-Galp-(1,6)-D-Fru
sophorose b-D-Glcp-(1,2)-D-Glc
sucrose a-D-Glcp-(1,2)-b-D-Fruf
trehalose a-D-Glcp-(1,1)-a-D-Glcp
trehalulose a-D-Glcp-(1,1)-D-Fru
turanose a-D-Glcp-(1,3)-D-Fru
xylobiose b-D-Xylp-(1,4)-D-Xyl
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Cellulose structure has been the subject of much investigation, and a complete

crystallographic description remains elusive. There is evidence from powder

diffraction studies of cellulose for the presence of a hydrogen bond between the

endocyclic oxygen of one sugar and the 3-OH of its neighbour. This hydrogen bond

results from a structure where every second sugar residue is ‘flipped’ with respect to

the first, forming a ribbon-like chain. Each of these chains pack together in the

crystal in either a parallel or an anti-parallel sense, forming cellulose I or II,

respectively.4 Cellulose I is the natural form found in plant fibres, and cellulose II

is formed upon recrystallization of cellulose.

Cellulose biosynthesis in plants is orchestrated by glycosyltransferases termed

cellulase synthases, using UDP-glucose as a substrate, itself derived from sucrose.

Cellulose synthase enzymes are believed to be arranged in sixfold symmetric

rosettes, each comprised of six catalytic subunits, in the plasma membrane of the

plant cell.5 Consistent with this biosynthetic hypothesis, individual cellulose fibres

are proposed to consist of 36 parallel b-glucan chains.

Cellulose is the major constituent of paper and is therefore used heavily by the

pulp and paper industry. In the textile industry, cellulose is the major component of

fabrics made from cotton, linen and other plant fibres. In recent years there has been

great interest in moving away from chemical-intensive traditional bleaching pro-

cesses for fibre modification, towards enzyme-based procedures. Glycoside hydro-

lases, termed xylanases, are useful for fibre modification and assist in the removal of

lignins from crude kraftb pulps by degrading unwanted hemicellulose components.6,7

Cellulose is particularly challenging to degrade, and organisms capable of doing

so require many enzymes to achieve the task. Enzyme complexes, termed cellulo-

somes, have been found in cellulolytic fungi and bacteria.8 These complexes contain

endo- and exo-cellulases, and b-glucosidases, as well as carbohydrate-binding pro-

teins that are commonly fused to a glycoside hydrolase. Vertebrates are unable to

degrade cellulose, and the digestive tracts of herbivores contain symbiotic cellulo-

lytic bacteria. Similarly, termites achieve the degradation of cellulose either through

gut microflora or through the practice of fungiculture.9 In fungiculture, termites

apply pre-digested plant material to a fungal colony, and older cultured material is

removed and consumed by the termite.

Cellulolytic enzymes may be of potential use in cellulose degradation for

bioethanol production. However, to date, limited success has been achieved in

developing commercial processes capable of degrading cellulose economically,

with the bulk of bioethanol being produced from more easily fermented precursors

containing starch, such as grains. Cellulases have been developed as additives for

laundry detergents.10 During wear, microfibres rise from the surface of cotton thread

and affect the feel and brightness of cotton fabrics. Alkali-stable cellulases have been

bKraft. noun (German), strength or power.
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developed that degrade these microfibres, restoring the feel and brightening the

appearance of the garment.

Cellulose is a feedstock for the preparation of a wide range of materials. The

nitric acid ester of cellulose, cellulose nitrate or ‘nitrocellulose’, is the oldest

cellulose derivative and is prepared by treatment of cellulose with nitric acid,

sulfuric acid and water.11 It has excellent film-forming properties and is used in

lacquers and thermoplastics. A combination of nitrocellulose and camphor provides

celluloid, the first synthetic thermoplastic material. Nitrocellulose is combustible

and explosive, and was used in gun cotton and various military devices. However, its

shock sensitivity led to a range of industrial disasters in plants and mines. Nobelc

discovered a more stable combination of cellulose nitrate, termed blasting gelatine or

gelignite, comprised of ‘nitroglycerine’, sodium nitrate and wood pulp, and also a

smokeless military explosive termed ballistite, composed of cellulose nitrate and

nitroglycerine blended with a stabilizer.11 Cellulose acetate is formed by acetylation

of cellulose with a mixture of acetic acid, acetic anhydride and sulfuric acid.11

Cellulose acetate is used as an electrical insulating film, as a lacquer, in adhesives

and in the production of cellulose acetate fibres, which are used in the textile

industry. Cellulose may be converted to rayon fibres or cellophane sheets by the

viscose process, which involves dissolution of cellulose in alkali and carbon

disulfide, and reprecipitation using acid.11

Carboxymethylcellulose is an ether derivative of cellulose prepared by reaction

of cellulose and chloroacetic acid in alkali.12 It is used in the food industry as a

thickener and stabilizer, in the mining industry in drilling muds, and in the paper and

textile industry to alter surface characteristics of fibres. Controlled acetolysis

of cellulose with acetic anhydride and sulfuric acid leads to a-cellobiose
octaacetate.13

Starch, Amylopectin, Amylose and Maltose

Starch is the major source of dietary energy for the world’s human population. Plants

produce a mixture of a-glucans that are deposited in the cytoplasm as insoluble,

semicrystalline granules and that act as an energy storage reserve. Starch granules

are composed of a linear polymer, termed amylose, of several thousand a-1,4-linked
D-glucose residues, and a branched polymer, termed amylopectin, consisting of

mainly a-1,4-linked D-glucose residues, with an a-1,6-linked branch every 24–30

residues.14 Amylopectin molecules are much larger than amylose; each amylopectin

molecule contains up to 106 D-glucose units. Amylose adopts a helical conformation

cAlfred Nobel (1833–1896), Swedish inventor and industrialist noted for the inventions of dynamite,

gelignite and ballistite, and the creation of the Nobel Foundation by bequest of his will.
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with six D-glucose residues per turn, an outer diameter of 13 Å and an inner diameter

of 5 Å. This inner hydrophobic cavity can occlude lipophilic molecules such as

butanol;14 the starch–iodine complex provides a sensitive means for the detection

of iodine and results from the binding of polyiodide ion (likely to be I5
–) within this

cavity, thereby generating a characteristic blue colour.15

The biosynthesis of amylose and amylopectin in plants requires a

glycosyltransferase (starch synthase), a transglycosidase (branching enzyme) and a

glycoside hydrolase (debranching enzyme).16 Starch synthase condenses the glycosyl

donor ADP-glucose to give a-1,4-linked linear chains of D-glucose residues.

ADP-glucose itself is synthesized from glucose-1-phosphate and ATP by the action

of ADP-glucose pyrophosphorylase.16 Starch-branching enzymes cleave internal a-1,4-
linkages within the long chains and transfer the released chains to the 6-position of a

terminal sugar residue, resulting in the formation of branch points within amylopectin.

Debranching enzymes are involved in amylopectin biosynthesis and cleave a-1,6-
glucose linkages, removing branches that are inappropriately positioned within

amylopectin and that affect its ability to pack into a dense, semicrystalline structure.

Starch is widely used in foods for controlling texture and structure, and for

making gels. Maltose syrups and maltodextrins are produced from starch by partial

hydrolysis using acid or enzymes and consist of mixtures of D-glucose, maltose and

maltose oligosaccharides. They are used as a fermentation substrate in brewing, for

improving ‘mouth feel’ of foods, and for altering the physical properties of food-

stuffs through their gelling and crystallization prevention properties.17 Starch may be

isomerized to form high-fructose corn syrups, which possess sweetness similar to

invert syrup derived from sucrose (see Epilogue). Such syrups can be used to

maintain the texture of baked goods during storage and to prevent crystallization

in frozen foods such as ice cream.18 Aside from its use as a dietary component, starch
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finds various industrial applications as a textile sizing agent, in adhesives, in the

pharmaceutical industry as an excipient and in cosmetics. Finally, a growing use of

starch is as a renewable feedstock providing the so-called biofuels, which are an

alternative to fuels derived from fossil reserves. The most significant biofuel is

bioethanol, which in the United States is in large part derived from fermentation of

starch from corn.19 In the United States alone, 15 megalitres of bioethanol are

produced annually.20 Despite much interest, no process for conversion of cellulosic

material into ethanol is yet in large-scale use.

Glycogen

Glycogen is a branched polymer of D-glucose that serves as a store of energy and

carbon in vertebrates, and is found largely in the liver and skeletal muscle.15 It

possesses considerable structural similarity to amylopectin but is more highly

branched, and is sometimes referred to as animal starch. Glycogen particles contain

107–108 D-glucose molecules per unit, and varying amounts of associated proteins.

The basic polymerization occurs through a-1,4-linkages, with branch points intro-

duced through a-1,6-linkages. After feeding in mammals, elevated blood glucose

stimulates secretion of insulin, promoting glucose uptake into tissues and production

of glycogen. When blood glucose levels fall, the hormone glucagon stimulates the

breakdown of glycogen in the liver.

Glycogen particles contain at their core a dimeric protein termed glycogenin.

Glycogenin is a glycosyltransferase that initiates glycogen biosynthesis and acts as a

primer for the glycogen molecule.21 Glycogenin catalyses the transfer of D-glucose

from UDP-glucose to a tyrosine residue (Tyr194) on glycogenin to form an

a-glucosyl tyrosine. Additional catalytic cycles lead to elongation of the a-glucosyl
tyrosine, building an a-1,4-linked D-glucose chain of about 10 residues.22 There is

evidence suggesting that one molecule of glycogenin within the dimer glucosylates

the other partner,23 although an analysis of an X-ray crystal structure of glycogenin

suggested that self-glucosylation may occur for the earliest glucosylation events.21

Following the initiation of glycogen biosynthesis by glycogenin, an a-glucosyltrans-
ferase, glycogen synthase, elongates the short chains formed on glycogenin, leading

to extended a-1,4-linked chains. A transglycosidase, glycogen-branching enzyme,

introduces a-1,6-linked branches into the glycogen structure, through transfer of the

terminal seven glucosyl residues from an a-1,4-linked chain to O6 of a glucosyl

residue.24,25 This reaction introduces a branch point, and both chains can then be

extended by glycogen synthase. Introduction of branches increases the number of

terminal D-glucose residues and affects the rate of release of D-glucose during

glycogen metabolism. Additionally, introduction of branches into glycogen increases

its solubility.
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Glycogen degradation occurs through the action of three enzymes: glycogen

phosphorylase, debranching enzyme and acid a-glucosidase.22 Glycogen

phosphorylase cleaves terminal a-1,4-glucosidic linkages by phosphorolysis,

releasing glucose-1-phosphate; the enzyme stalls four residues from an a-1,
6-branch point, leading to the so-called limit dextran. The branch point blockage

of limit dextran is removed by the action of debranching enzyme, a protein that

contains two catalytic subunits.26 One subunit is a transglycosidase that cleaves

maltotriose from O6 of the remaining D-glucose residue and transfers it to the

main a-1,4-linked chain, in a reaction that occurs with retention of configuration.

The second subunit is an a-glucosidase that hydrolyses the remaining a-1,6-linked
glucoside unit, releasing D-glucose with inversion of configuration. The final enzyme

required for glycogen degradation is the lysosomal enzyme acid a-glucosidase,
which catalyses the hydrolysis of a-1,4- and a-1,6-linkages in glycogen. Defects

in acid a-glucosidase activity lead to the inherited condition type II glycogen storage
disease (Pompe disease) in which glycogen accumulates in the lysosome.

Cyclodextrins

Cyclodextrins are a-1,4-linked cyclic oligosaccharides produced from starch by

the action of cyclodextrin glucanotransferase, a transglycosidase that cleaves an

a-1,4-linkage in amylose and forms the cycle (see Chapter 7).27 The most commonly
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studied members are a-, b- and �-cyclodextrins, which are comprised of six, seven

and eight D-glucose residues, respectively. Cyclodextrins are toroidal with a hydro-

phobic interior and a hydrophilic exterior. They are able to form inclusion complexes

with hydrophobic molecules; the odour freshener Febreze (Proctor and Gamble)

contains cyclodextrins, which are claimed to entrap odour-producing lipophilic

molecules. Cyclodextrin and cyclodextrin derivatives are used in the pharmaceutical

industry for drug formulation; Sporanox (Janssen) is an intravenous formulation of

the antifungal itraconazole with hydroxypropyl-b-cyclodextrin for treatment of

fungal infections.

Sucrose, Sucrose Analogues and Sucrose

Oligosaccharides

Sucrose is a non-reducing disaccharide abundant in photosynthetic organisms

including plants. In higher plants, sucrose is a major product of photosynthesis and

plays roles in growth and development. Sucrose is a major human macronutrient and

is widely used in foods as a sweetening agent, stimulating consumption even in the

absence of hunger through its pleasant taste. Sucralose is a halogenated sucrose

derivative that is used as an artificial sweetener (Splenda) and possesses sweetness

600 times that of sucrose.28 Hough and Phadnis discovered its sweetening properties

by accident when they were planning to test chlorinated sugars as chemical insecti-

cides. Hough asked Phadnis to test the powder but Phadnis thought that Hough asked

him to taste it, and so he did!29 A non-reducing disaccharide closely related to

sucrose, mannosylfructose, has been discovered as an osmolyte in Agrobacterium

tumefaciens.30
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The biosynthesis of sucrose occurs in the cytosol of plant cells in two steps:

sucrose-6-phosphate synthase condenses UDP-glucose and fructose-6-phosphate to

give sucrose-6-phosphate, and sucrose-6-phosphate phosphatase cleaves the

phosphate affording sucrose.31 The first of these two reactions is reversible, but

the phosphatase step results in an essentially irreversible process.

In higher plants, sucrose suffers two major fates: hydrolysis by

fructofuranosidases (commonly called invertases, see below) to afford D-glucose

and D-fructose, or reversible cleavage by sucrose synthase, which catalyses the

reversible phosphorolysis of the glycosidic bond by UDP, affording UDP-glucose

and D-fructose. Sucrose may also act as a primer for the synthesis of oligo- and

polysaccharides based on a sucrose core (vide infra). Sucrose is rapidly cleaved by

the gastrointestinal enzyme sucrase to D-glucose and D-fructose, which enter the

glycolysis pathway (see Chapter 6). Sucrase produced by yeast is termed invertase,

the name deriving from the observation that upon hydrolysis of sucrose to a mixture

of D-glucose and D-fructose, an inversion of the sign of the optical rotation of the

solution occurs. Invertase is used widely in industry to produce invert sugar, a 1:1

mixture of D-glucose and D-fructose with a sweetness slightly less than that of

sucrose.32

A range of oligosaccharides containing a sucrose core is found in plants includ-

ing the following: the so-called raffinose oligosaccharides including raffinose,

stachyose, verbascose, and ajugose; lactosucrose; and melezitose, a glucosylated

sucrose derivative. Lactosucrose, stachyose and raffinose are believed to be
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largely undigestible and may cause flatulence in humans.33 They are used as low-

calorie, non-cariogenic sugar substitutes in a range of foods.34,35 Additionally,

lactosucrose may have effects in promoting the growth of beneficial bacteria in the

gut of humans and canine and feline pets.36 The raffinose oligosaccharides are

of almost ubiquitous occurrence in plant seeds and are biosynthesized from sucrose

and UDP-galactose, by the intermediacy of various galactosylinositols, including

galactinol.37 These oligosaccharides, along with the fructans discussed later in this

chapter, represent rare examples of oligosaccharides that are synthesized without the

direct involvement of sugar 1-phosphate donors.37

Sucrose is a precursor for the production of a variety of disaccharides used in the

food industry including isomaltulose (Palatinose) by rearrangement with the enzyme

trehalulose synthase,38 and isomalt (Palatinit), a mixture of two diastereoisomeric

disaccharides derived by reduction of isomaltulose (see Chapter 3).39
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Lactose and Milk Oligosaccharides

Milk contains a range of free oligosaccharides; the content varies between and within

species. For all lactating mammals, lactose is the preponderant milk sugar and is

found at 55–70 g l�1 in human milk and 40–50 g l�1 in cow’s milk. Cow’s milk

contains very little other free sugars, but human milk contains a range of oligosac-

charides in a total concentration of 5–8 g l�1.40 These oligosaccharides mostly contain

lactose at their reducing terminus and are further modified with D-galactose,

D-glucose, D-fucose and N-acetylneuraminic acid residues; lacto-N-tetraose

(0.5–1.5 g l�1), lacto-N-fucopentaose I (1.2–1.7 g l�1), and Neu5Ac-lactose

(0.3–0.5 g l�1) are among the most abundant. There is evidence that milk oligosac-

charides have roles in defence against pathogenic microorganisms through prevention

of adhesion processes in the early stages of infection and, in this regard, it is notable

that the structures of milk oligosaccharides resemble those found on mucosal mem-

branes as glycolipids and glycoproteins. Some variation in the structure of milk

oligosaccharides is found within humans; for example only 77% of Caucasians

possess the a-1,2-fucosyltransferase required for formation of the a-1,2-fucosyl
linkage. Thus, only these females secrete lacto-N-fucopentaose, and others secrete

a-1,2-fucosyl containing oligosaccharides. Other milk oligosaccharide structures are

synthesized by-products of the Lewis genes, which are also involved in blood group

oligosaccharide synthesis; such structures therefore occur only in carriers of the

specific genes.

Lactose is biosynthesized by the glycosyltransferase lactose synthase from

UDP-galactose and D-glucose. Lactose synthase is a two-protein complex

containing a catalytic protein, b-GalT1, and an auxiliary protein, a-lactalbumin
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(which is produced in the mammary gland). In the absence of a-lactalbumin, the

galactosyltransferase b-GalT1 has a preference for the transfer of galactosyl residues
to terminal N-acetyl-b-glucosaminyl residues, thereby forming poly-1,4-b-N-
acetyllactosamine core structures found in glycoproteins and glycosphingolipids

(see Chapter 11).41,42

Lactose is digested through the action of the glycoside hydrolase lactase and is

essential during infancy when milk is the main source of nutrition. Most mammals

and most humans undergo a natural decline in levels of lactase following weaning in

what is termed lactose non-persistance or hypolactasia.43,44 In Asian and black

groups, levels decline during early childhood, whereas in most Caucasians the

decline occurs in later childhood or adolescence. Hypolactasia leads to incomplete

digestion of lactose, resulting in a rise in osmotic load in the colon after milk product

consumption, causing diarrhoea. In some groups, particularly northern Europeans,

lactase activity persists into adulthood, allowing digestion of lactose as adults.43

Lactose intolerance may also be caused by colonization of the gastrointestinal tract

by lactose-metabolizing bacteria leading to gas production and aberrant flatulence.44

The symptoms of lactose intolerance can be managed by reducing consumption of

lactose-containing foods.

The bacterium Escherichia coli can metabolize lactose to D-glucose and

D-galactose. The genetic system that controls this function, the lac operon, was

described by Jacob and Monod in 1961.d,45,46 The lac operon, a series of three

genes (lacZ, lacY and lacA), a promoter and terminator region, and an operator,

transports and hydrolytically cleaves lactose. In the absence of lactose as a food

source, lactose permease LacY and the b-galactosidase LacZ are constitutively

expressed at only low levels, as the lac repressor protein LacI, which binds to a

region of the lac operon termed the lac operator, prevents their transcription by RNA

polymerase. When lactose is supplied, the constitutively expressed LacZ b-galacto-
sidase catalyses its hydrolysis and its transglycosidation, producing D-glucose and

D-galactose, and a small amount of a lactose isomer, allolactose. Allolactose binds

tightly to LacI, preventing the lac repressor binding to the lac operator and leading to

high-level expression of lactose-metabolizing enzymes. This system of genetic

regulation was one of the first to be described in any organism and forms the basis

of an expression system used for recombinant production of proteins. In this system

the gene of interest is cloned downstream of the lac promoter. Addition of the non-

hydrolysable allolactose analogue isopropyl 1-thio-b-D-galactopyranoside (IPTG)

leads to induction of protein expression by preventing the lac repressor LacI from

binding to the lac operator.

d François Jacob (1920–), Ph.D. (1947) at the Faculty of Paris, D.Sc. (1951) at the Sorbonne, professor-

ship at the Collège de France (1964); and Jacques Monod (1910–1976), Ph.D. (1941) at the Faculty of

Paris, professorship at the Collège de France (1967). Nobel Prizes in Physiology or Medicine (1965).
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Fructans

Fructans are fructose polymers of four to several hundred residues that possess a

sucrose core. Fructans are found widely in plants and appear to act as reserve

carbohydrates, and also improve cold and drought tolerance.47 Some bacteria and

fungi can produce fructans. There are three main types of fructans: inulins, levans (or

phleins) and gramminans. Linear inulin consists of b-1,2-linked fructose residues

attached to a sucrose core and is found in members of the Asterales family (e.g.

chicory). Inulin neo-series possesses two b-1,2-linked fructose chains attached to the
sucrose core and is found in members of the Liliacae family (e.g. onions). Levan

fructans are found in grasses and consist of a b-2,6-linked fructose chain attached

to sucrose. Mixed fructans consisting of b-2,6-linked fructose residues with

b-1,2-branches are termed gramminans and are also found in grasses.

Fructans are used widely in the food industry. Chicory inulin is the main fructan

food additive and forms an emulsion with water that possesses a similar texture to fat

and is used in yoghurts and ice-cream as a fat substitute.48 Fructans are classified as

soluble fibres and are available as a food supplement. Fructans are touted to have the
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capability of promoting the growth of beneficial bacteria within the gastrointestinal

tract and may provide relief from inflammatory bowel disease. 1-Kestose (isoketose)

and nystose are inulin oligosaccharides comprised of one or two b-1,2-linked
fructose residues, respectively, attached to sucrose. They are obtained from sucrose

using a fructosyltransferase and are marketed as low-calorie, non-cariogenic

sweeteners.49 Fructan biosynthesis takes place in the vacuole of the plant cell

and uses 1-kestose as a primer.50 Unusually, for a polysaccharide biosynthesis

pathway, fructan biosynthesis uses sucrose as a fructosyl donor, rather than a sugar

phosphate donor.

Chitin and Chitosan

Chitin is a b-1,4-linked polymer of N-acetyl-D-glucosamine and is the major struc-

tural component of the exoskeletons of insects and crustaceans such as crabs and

shrimps, and the cell wall of many fungi (edible mushrooms contain approximately

20% chitin by dry weight).51 At least 1013 kg of chitin is synthesized each year, and it

is estimated to be the most abundant nitrogenous compound in nature.52 Chitin

usually occurs in microfibrils that are embedded within a matrix of proteins,

waxes, carotenoids, calcium carbonate and lipoproteins.53 Chitin isolated from

various sources possesses differing degrees of N-acetylation – rarely are more than

90% of amino groups found N-acetylated.52

Chitin is synthesized from UDP-N-acetylglucosamine by the action of

glycosyltransferases termed chitin synthases.54 In insects, UDP-N-

acetylglucosamine is formed from trehalose, the major sugar of insect hemolymph

(the insect equivalent of blood).55 Chitin is degraded by glycoside hydrolases termed

chitinases. Chitinaceous organisms typically possess both chitin synthases and

chitinases, which work in partnership to remodel chitinous structures. For

example, the chitinaceous exoskeleton of insects and crustaceans is synthesized by

chitin synthases but has only limited abilities to expand and cannot keep pace with

body growth. Such organisms must therefore periodically replace their old cuticle

with a newer, loose one during molting. Molting is assisted by release of a molting

fluid that separates epidermal cells from the old exoskeleton. The molting fluid

contains proteases and chitinases, allowing partial digestion and recovery of

exoskeleton components for recycling.55 Chitinases are also used by plants as a
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defence against fungal pathogen attack,56 and many bacteria produce chitinases and

N-acetylglucosaminidases, presumably to liberate N-acetylglucosamine as a nutrient

source. Chitinolytic bacteria have been used in agriculture as biocontrol agents to

protect against fungus attack.56 The use of chitinolytic enzymes has been proposed to

convert shell-fish waste into N-acetyl-D-glucosamine and D-glucosamine; however,

the major approach to the degradation of such wastes is hydrolysis with cold, dilute

sulfuric acid to give N-acetyl-D-glucosamine.53

Chitin is widely used in industry as non-toxic and antibactericidal wound

dressings, as a pharmaceutical excipient, and for the production of biodegradable

packaging materials. Additionally, chitin is a feedstock for the production of

D-glucosamine and chitosan.

Chitosan is a b-1,4-linked polymer of D-glucosamine; it occurs naturally or can

be made from chitin by alkaline N-deacetylation.53 Alternatively, enzymes termed

chitin deacetylases produced by a range of fungi and bacteria can be used to

hydrolyse the N-acetyl group of chitin.57 Unlike chitin, chitosan is water soluble,

and the amino groups of the polymer can be modified to introduce substituents onto

the chitosan chain. Chitosan and its derivatives have a variety of uses including the

following: on wound dressings as a hemostatic agent for rapid clotting of blood; in

filtration devices for the removal of particulates and various ions, and as a flocculant

(Flonac); as food additives with anticholesterolemic activity; in agriculture as a

seed- or fruit coating, a fertilizer and a fungicide; and as an antibactericidal

agent.53,57,58

Trehalose and Trehalose Oligosaccharides

Trehalose (a-D-glucopyranosyl a-D-glucopyranoside) is a non-reducing disaccharide
in which the two D-glucose residues are linked through the anomeric positions to one

another. Trehalose is widespread in bacteria, fungi, yeast, insects and plants, but is

absent from vertebrates.59 Trehalose is the major sugar in the blood equivalent of

insects, the hemolymph, and is rapidly consumed during highly energy intensive

activities such as flight. Relative to many other sugars, trehalose possesses a power-

ful ability to stabilize membranes and proteins against dehydration.60 Some organ-

isms can survive even when greater than 99% of their water content is removed, and

this ability is in many cases linked to the production of large quantities of trehalose

(and in some cases sucrose and oligosaccharides).61 For example, upon slow

dehydration the nematode Aphelenchus avenae converts up to 20% of its dry weight
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into trehalose, and its survival is correlated with production of this sugar. In addition,

trehalose can protect cells against heat and oxidative stress.59 The ability of trehalose

to act as a protectant for lipid bilayers appears to relate to its unique solid and

solution structure, in which it exists in a so-called clam-shaped conformation with

the two sugar rings opposed to one another; trehalose is also able to form a non-

crystalline glass upon dehydration.60

There are five known trehalose biosynthesis routes, of which three are more

common.62 The first was described in yeast63 and involves the condensation of UDP-

glucose and glucose-6-phosphate by the glycosyltransferase trehalose-6-phosphate

synthase (OtsA)64 to afford trehalose-6-phosphate, and the hydrolysis of the phos-

phoric acid ester by trehalose-6-phosphate phosphatase (OtsB). The second route

was first described in Pimelobacter sp.65 and involves the rearrangement of maltose

to trehalose catalysed by the transglycosidase, trehalose synthase (TreS). The third

route to trehalose was first reported in Rhizobia,66 Arthrobacter sp.67 and Sulfolobus

acidocaldarius68 and involves the isomerization of the terminal residue of maltoo-

ligosaccharides at the reducing end to maltooligosaccharyltrehalose by the action of

maltooligosaccharyltrehalose synthase (TreY), and hydrolysis of this product by

maltooligosaccharyltrehalose trehalohydrolase (TreZ) to yield trehalose. While

most organisms possess only one of these pathways, mycobacteria69,70 and coryne-

bacteria71 possess all three.

Trehalose is hydrolysed by glycoside hydrolases termed trehalases. While

vertebrates do not biosynthesize trehalose, trehalase is found in the intestinal villae
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membranes where it can hydrolyse ingested trehalose. Like other intestinal hydrolases,

trehalase is a glycosylphosphatidylinositol-anchored protein.72 Individuals with a

defect in intestinal trehalase suffer diarrhoea when foods with high trehalose content

are ingested.

While trehalose is a significant sugar in its own right, it is also found at the core

of a range of oligosaccharides. Bemisiose is a trehalose-containing trisaccharide

originally isolated from the honeydew of the whitefly Bemisia argentifolia73 and is

also found in a number of bacteria. Mycobacteria and corynebacteria produce a

range of trehalose-containing molecules including methylated, pyruvylated,

acylated, sulfated and phosphorylated metabolites (see Chapter 10). In addition

they produce a compendium of trehalose-containing oligosaccharides including

D-galactosylated and D-glucosylated species.74

1,3-b-Glucans75

No trivial name for 1,3-b-glucans is in common use. Materials isolated from

different sources and bearing subtle structural nuances frequently bear different

names (e.g. callose from plant cells, paramylon from Euglena spp., laminarin from

Laminaria sp., lichenin from lichens, scleroglucan from Sclerotium glucanicum,

lentinan from Lentinus edodes, laricinan from Larix laricina and chrysolaminarin

from plankton and diatoms). In plants 1,3-b-glucans are found in relatively small

amounts but are widespread throughout the tissues. Callose is a 1,3-b-glucan that is

found in cell walls of plants and in pollen grains and tubes. It is also produced at

the plasma membrane/wall interface in response to wounding and may provide a

temporary scaffold while the wound repair process proceeds. Phytoplankton and

diatoms produce 1,3-b-glucans that may bear various branching and capping
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groups.76 The ubiquity of these organisms in the oceans and their high productivity

make their carbohydrate production capability a major contributor to the global

carbon cycle. Mixed linkage b-1,3;b-1,4-glucans are found in the seeds of barley

and oats, where they are the major components of endosperm walls; these materials

are important components of the human diet and are related to beneficial colonic and

cardiovascular function.77

Mannans

Linear mannose polymers are found in plants, fungi and protists. Plants produce a

linear b-1,4-mannose polymer that is typically modified with varying amounts of

a-linked galactose and which is frequently called galactomannan. The seed of the

ivory nut tree Phytelephas macrocarpa contains an essentially unmodified

b-1,4-mannan, which was the original source of D-mannose (see Chapter 1).78 Leish-

mania sp. produces an intracellular b-1,2-mannan; this carbohydrate appears to func-

tion as an intracellular reserve material and confers protection against stress.79 Fungi

such as Candida albicans produce a range of mannans in their cell wall including

a-1,2-, a-1,3-, a-1,6- and b-1,2-linked structures.80
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Chapter 10

Modifications of Glycans
and Glycoconjugates

Glycans and glycoconjugates possess diversity over and above that of polymers of

amino acids and of nucleic acids through their capacity for stereochemical (a and

b), linkage (1,2-, 1,3-, 1,4-, etc.) and ring (furanose, pyranose) isomerism, as well

as the possibility of branching of carbohydrate chains. Additional diversity is

possible through the installation of various organic and inorganic esters onto the

carbohydrate units, or as linking groups between them. Examples of such groups

include simple acetic acid esters found on bacterial metabolites, sulfate esters

found on various glycosaminoglycans (GAGs) and, less commonly, phosphate

esters located on, or within, glycan chains. Alkylation of hydroxyl groups and

epimerization reactions are also common modifications of mature carbohydrate

structures. Modified glycans and glycoconjugates have three possible origins: pre-

glycosylational, where the modification is performed prior to the construction of a

glycosidic linkage; co-glycosylational, where the modifying group is installed

during the construction of, and forms part of, a linkage between neighbouring

sugars; and post-glycosylational, where the modifying group or epimerization

occurs on a mature glycan or glycoconjugate.1 Examples of each of these are

known, with the post-glycosylational modification being the most widely encoun-

tered. This chapter will give an overview of the occurrence, function (where

known) and biosynthesis of co- and post-glycosylationally modified carbohydrates

that are modified by carboxylate, sulfate and phosphate esters, by methylation and

by epimerization reactions. Pre-glycosylational modifications of simple monosac-

charide derivatives, or modifications involved in central metabolism, will not be

discussed here as they were discussed in Chapter 6.

Before we begin, it is worth commenting that many of the problems that

plague advances in studying glycoconjugates in general, such as structure

elucidation and supply of homogeneous materials, are compounded in the case

of modified glycoconjugates. As a result, while a great many modified glyco-

conjugates are known, a detailed knowledge of their roles and functions is clear

only for a few.
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Epimerization

One of the simplest carbohydrate modifications is the epimerization of a single

stereocentre in a sugar residue. Epimerizations may occur pre-glycosylationally at the

level of the sugar nucleotide, which have been discussed in Chapter 6. Alternatively,

epimerizations can occur after the synthesis of the glycan or glycoconjugate, as seen in

the biosynthesis of certain polysaccharides that contain hexuronic acid residues.2

Epimerizations are involved in the biosynthesis of threemajor glycans: b-D-mannuronic

acid (ManA) to a-L-guluronic acid (GulA) in alginate biosynthesis, and b-D-glucuronic
acid to a-L-iduronic acid in heparin/heparan sulfate and dermatan sulfate biosynthesis.

The biosynthesis of alginates will be discussed here, and the biosynthesis of heparin/

heparan sulfate is briefly described in the next section and in Chapter 11.

Alginates are linear polysaccharides produced by brown seaweeds and certain

bacteria. Bacterial alginates have attracted the greatest attention as they are produced

by infectious organisms including Pseudomonas aeruginosa and Burkholderia cepa-

cia, and allow these bacteria to colonize the airways of patients with cystic fibrosis.3

P. aeruginosa alginates consist of random polymers of 1,4-linked b-D-mannuronic acid

and a-L-guluronic acid, which may bear acetyl groups at O2 and O3 of the b-ManA

residues. Biosynthesis commences by polymerization of GDP-D-mannuronic acid to

give a linear b-D-mannuronic acid homopolymer. Next, the linear polymer is modified

by the addition of acetic acid esters to some D-mannuronic acid residues. Finally,

epimerization of non-acetylated b-D-mannuronic acid residues to a-L-guluronic acid

occurs through the action of a C5 epimerase.4 The mechanism of C5 epimerase is

proposed to involve a general base, which removes the proton a to the carboxyl

group, followed by reprotonation from the opposite face, leading to epimerization.2

The mechanism of such epimerases is thus similar to that of lyases, which instead lead

to elimination across the C4–C5 bond of uronates (see Chapter 7).2
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Sulfation

Carbohydrate sulfation occurs only as a post-glycosylational modification. Examples

of carbohydrate sulfation have been found in lower and, more commonly, higher

organisms. Such modifications occur mostly on secondary metabolites, particularly

those found outside the cell either on the surface or as secreted species destined for

the extracellular matrix or the environment.

Sulfotransferases: Biological sulfation is mediated by enzymes termed

sulfotransferases, which catalyse the transfer of a sulfuryl group from the reactive

donor molecule 30-phosphoadenosine-50-phosphosulfate (PAPS) to a nucleophile such

as a carbohydrate alcohol or amine.5,6 In higher organisms, most carbohydrate

sulfotransferases are membrane associated and are found within the Golgi apparatus.

Many bacteria possess carbohydrate sulfotransferases, some of which are soluble

cytosolic enzymes, whereas others are membrane associated. Diseases associated

with sulfotransferase dysfunction include macular corneal dystrophy, caused by

defects in a GlcNAc 6-sulfotransferase involved in keratan sulfate biosynthesis,7 and

spondyloepiphyseal dysplasia, a hereditary skeletal dysplasia resulting from defects in

a chondroitin 6-O-transferase involved in chondroitin sulfate biosynthesis.8 X-ray

crystal structures of a variety of sulfotransferases from both bacteria and eukaryotic

sources support a mechanism involving direct in-line transfer of the sulfuryl moiety

from PAPS to the acceptor, to release 30-phosphoadenosine-50-phosphate (PAP).5

Sulfatases: Desulfation of sulfated molecules is catalysed by hydrolytic enzymes,

termed sulfatases.9
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In higher organisms, most carbohydrate sulfatases are lysosomal residents and

are responsible for the carefully orchestrated degradation of sulfated glycoproteins,

GAGs and glycolipids (see Chapter 11).10 Several carbohydrate sulfatases have also

been found in the extracellular matrix and are used in the fine tuning of sulfated

carbohydrate structures after their biosynthesis.11 In contrast, many bacteria produce

sulfatases that are secreted from the cell.12 Diseases associated with dysfunction of

carbohydrate sulfatases include several lysosomal storage disorders that lead to

defects in development with a wide spectrum of severity.13 For example, defects

in iduronate-2-sulfate sulfatase lead to Hunter syndrome (MPS III), defects in heparan

N-sulfatase lead to Sanfilippo A syndrome (MPS III A), defects in

N-acetylglucosamine-6-sulfate sulfatase lead to Sanfilippo D syndrome (MPS III D),

defects in galactose-6-sulfate sulfatase lead to Morquio A syndrome (MPS IV A) and

defects in N-acetylgalactosamine-4-sulfate sulfatase lead to Maroteaux-Lamy

syndrome (MPS VI).10 Sulfatases have been proposed to operate through a variety of

mechanisms, none of which have definitive evidence in their favour – common to all of

the mechanisms is the involvement of an unusual formylglycine residue found in the

active site and formed from a post-translational modification of the sulfatase

polypeptide.14–16 Defects in this modification machinery lead to a partial or complete

loss of all sulfatase activity in a hereditary condition, termed multiple sulfatase

deficiency.17,18

Sulfated glycosaminoglycans: GAGs are a family of linear, negatively charged

oligo- and polysaccharides that are found in animal connective tissue, in the

extracellular matrix, on cell surfaces and in some bacteria. In higher organisms,

GAGs are found in sulfated forms including heparin, heparan sulfate, chondroitin

4-sulfate, chondroitin-6-sulfate, keratan sulfate and dermatan sulfate.
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Heparin: Perhaps the most widely known sulfated carbohydrate is heparin, which

has been used as an antithrombotic anticoagulant formore than 70 years (see Chapter 12).

More than 30 tonnes are manufactured annually, representing more than half a billion

doses.19 In its action as a blood anticoagulant, heparin binds to antithrombin III

to stabilize inhibitory complexes of antithrombin III with thrombin and with factor

Xa, preventing the activation of the blood coagulation cascade. Seminal studies

by the groups of Sinaÿ and van Boeckel in the 1980s revealed highly sulfated

pentasaccharide sequences to be the minimum required for inhibition of factor

Xa,20–22 and in 2002 a related synthetic pentasaccharide was approved for clinical

use and is marketed as fondiparinux (Arixtra).23,24 The synthesis of fondiparinux

requires over 60 steps from natural carbohydrate starting materials and thus

constitutes one of the most involved synthetic routes to a commercial drug.25

The biosynthesis of heparin in eukaryotes resembles that of the other GAGs

and begins with the synthesis of the polysaccharide chain, comprised of repeating

b-GlcNAc-(1,4)-b-GlcA-(1,4)-units, in the Golgi apparatus through the action of the

two corresponding glycosyltransferases (see Chapter 11). Modification of this chain

then proceeds in a tightly orchestrated manner to remove some N-acetyl groups and

install O- and N-sulfates, and to epimerize D-glucuronic acid units to L-iduronic acid.

The bifunctional enzyme glucosamine N-deacetylase/N-sulfotransferase (NDST)

initiates the process by deacetylating random N-acetyl-D-glucosamine residues in the

chain to generate D-glucosamine residues. The N-sulfotransferase activity of this

enzyme then catalyses the installation of an N-sulfate from PAPS, although this

process is frequently incomplete with many amino groups remaining unmodified.

Following the action of NDST, a C5 epimerase converts some D-glucuronic acid

residues to L-iduronic acid. Sulfation then occurs at the 2-position of the L-iduronic

acid (catalysed by a 2-O-sulfotransferase), succeeded by the sequential sulfation

at the 6-position and then the 3-position of the D-glucosamine residues (catalysed by

a 6-O-sulfotransferase and a 3-O-sulfotransferase, respectively). After the completion
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of the biosynthesis and transport of the mature heparin chain from the Golgi apparatus

to its eventual destination, further modification may be effected by the action of Sulfs,

endo-acting sulfatases that hydrolyse 6-O-sulfate esters on heparin within the

extracellular matrix.11
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In eukaryotes, degradation of heparin (and other GAGs) occurs within the lysosome

and requires the complementary action of three different types of enzymes: glycoside

hydrolases, sulfatases and an acetyl transferase (see Chapter 11).10 There are

carbohydrate sulfatases specific for each substitution found in the heparin chain,

namely L-iduronate-2-sulfate sulfatase, glucuronate-2-sulfate sulfatase,

glucosamine-3-sulfate sulfatase, glucosamine-6-sulfate sulfatase and glucosamine-

N-sulfate sulfatase (sulfamidase). These enzymes are exo-acting and degrade the

heparin chain from the non-reducing terminus in a highly ordered fashion.

Generally, removal of the exposed sulfate(s) on the non-reducing terminus is

required before the terminal carbohydrate residue can be cleaved by the action of a

glycosidase. Finally, an acetyltransferase is required for acetylation of free amino

groups, including those exposed by the action of sulfamidase. Acetyl transfer

is achieved from acetyl CoA by the action of acetyl CoA:a-glucosaminide

N-acetyltransferase, and must be performed before N-acetyl-a-glucosaminidase can

cleave the terminal sugar.

Nodulation factors: Nodulation factors (Nod factors) are chitooligosaccharides

produced by symbiotic nitrogen-fixing bacteria as a chemical signal to elicit

morphological changes in their plant host that lead to the formation of root

nodules, which are then colonized by the bacteria.26,27 Perhaps, the best

characterized example of a sulfated carbohydrate is the Nod factor produced by

Sinorhizobium meliloti.28 In response to flavonoid signals released by the host plant

alfalfa, S. meliloti releases a sulfated chitotetraoside, which in turn binds to a specific

plant receptor, proposed to be a LysM domain-containing receptor kinase.29–31 The

presence of a single sulfate group on the S. meliloti Nod factor determines the host

specificity of the bacterium. Mutant bacteria unable to install the sulfate group

through lesions in the carbohydrate sulfotransferase NodH are unable to induce

nodulation in alfalfa but gain the ability to nodulate and colonize a new plant host,

vetch.32

Sulfated carbohydrates from halophilic bacteria: Halophilic archaebacteria

produce a rich compendium of sulfated carbohydrates, usually, di-, tri- or
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tetrasaccharide glycolipids containing the diphytanylglycerol moiety.33 Such sulfated

glycolipids are membrane components and have been suggested to play a crucial

role in maintaining membrane integrity in conditions of high salt concentration. The

halophile Natronococcus occultus and various Natronobacterium species accumulate

up to molar concentrations of trehalose-2-sulfate, which apparently acts as an

osmoprotectant.34

Mycobacterial sulfoglycolipids: Mycobacteria produce a range of sulfated

carbohydrate metabolites.35,36 Sulfolipid-1 is a trehalose-containing sulfated

glycolipid that is found in Mycobacterium tuberculosis and whose presence is

implicated in the virulence of this organism.37,38 A 4-O-sulfated 6-deoxytalose

residue was found in the glycopeptidolipid (GPL) of an ethambutol-resistant

Mycobacterium avium strain cultured from a patient with AIDS,39 and a sulfated

GPL has also been found in Mycobacterium fortuitum, in what appears to be a

constitutive modification by this organism.40
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Sulfated nucleosides: The grass spider, Holena curta, produces a venom

complex containing an unusual bissulfated and acetylated glycosylated nucleoside,

HF-7.41 Six other sulfated glycosylated nucleosides have been isolated from the

venom of the hobo spider, Tegenaria agrestis, suggesting that compounds of this

type may be widespread in spider venoms.42 A related set of antibiotics are the

liposidomycins, many of which contain sulfate groups.43,44 The liposidomycins

inhibit phosphoro-N-acetylmuramyl-pentapeptide-transferase (translocase I), an

enzyme involved in the first step of the biosynthesis of lipid intermediate I in

peptidoglycan biosynthesis.45

Sulfation in inflammation: In the inflammatory response, white blood cells

(leukocytes) that circulate through the blood vasculature patrol for sites of damage

or infection. At such sites they bind to and roll along the endothelial layer in high

endothelial venules, prior to firmly adhering and migrating through the endothelial
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layer into the surrounding tissue. The initial rolling event is mediated by binding of

carbohydrate structures to an adhesion protein, L-selectin, which is common to all

leukocytes.46 A preferred ligand for L-selectin is GlyCAM-1, found to be expressed

on high endothelial venules in response to the inflammatory insult.47 It has been

shown that the presence of a family of sulfated sialyl Lewisx structures on GlyCAM-1

is required for L-selectin binding, including 60-sulfated sialyl Lewisx.48,49

Sulfatide and seminolipid: Sulfatide and seminolipid are the two major

mammalian sulfoglycolipids.50 Sulfatide is a major lipid component of the myelin

sheath, a lipid-rich protective coating of nerve fibres in the central and peripheral

nervous systems.51 Defects in arylsulfatase A, a lysosomal sulfatase that desulfates

sulfatide, lead to accumulation of sulfatide and result in the inherited disorder,

metachromatic leukodystrophy.52 Seminolipid is the major glycolipid in the testis

and is expressed on spermatogenic cells. Genetic studies have provided evidence that

seminolipid is required for spermatogenesis.53
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Phosphorylation

Phosphorylation of carbohydrates occurs widely in primary metabolism. There are

significantly fewer phosphorylated carbohydrates that are secondary metabolites.

Generally, such phosphorylated carbohydrates are co-glycosylationally synthesized,

with post-glycosylational phosphorylation being very rare. The following subsec-

tions will give a few examples of this relatively small group of carbohydrate

modifications.

Mannose-6-phosphate: After the synthesis of proteins in the rough endoplasmic

reticulum (ER), they are transferred into the lumen of the ER where they undergo

N-linked glycosylation and other modifications. The newly synthesized proteins migrate

to the Golgi apparatus where they can be further modified and are sorted for targeting to

their ultimate destination. Proteins destined for the lysosome undergo phosphorylation

on terminal mannose groups found on a-1,3- and a-1,6-branches of N-linked high

mannose structures, to generate mannose-6-phosphate (M6P) residues (see Chapter 11).

M6P residues bind to theM6P receptor, resulting in specific targeting of such proteins to

the lysosome.54,55 The biosynthesis of M6P occurs by a two-step co-glycosylational

process.56Within the cisGolgi, a phosphate diester is first formed by the en bloc transfer

of N-acetylglucosamine 1-phosphate residues onto the 6-hydroxyls of mannosyl groups,

by the action of UDP-N-acetylglucosamine:lysosomal enzyme N-acetylglucosamine-1-

phosphotransferase (N-acetylglucosamine phosphotransferase).57 In the second step, a

glycoside hydrolase, N-acetylglucosamine-1-phosphodiester a-N-acetylglucosamidase

(uncovering enzyme, UCE),58,59 catalyses the hydrolysis of the glycosidic bond joining

the N-acetylglucosamine group to the phosphate, leaving behind a phosphate

monoester.59 With the M6P moiety in place, the protein is transported to the lysosome

through interaction with the M6P receptor. Once within the lysosome, the phosphate

ester is removed by phosphatases.60

Phosphorylation 353

References start on page 364



Phosphoglycosylation in Leishmania and other protists: Protozoa of the

genus Leishmania are sandfly-transmitted parasites that are the causative agents of

Leishmaniasis. Leishmania parasites synthesize a cell-surface lipophosphoglycan

(LPG), which functions to enable the survival of the parasite against the defences of

the host organisms. LPG also plays an important role in the colonization of the sandfly

vector by the parasite. Upon ingestion, the parasite attaches to the gut wall of the sandfly

through binding to a b-galactoside binding lectin, preventing excretion along with the

rest of the digested bloodmeal, whilst offering some protection from the digestive

enzymes of the insect.61

Leishmania LPG can be divided into four subunits: a phosphatidylinositol (PI)

lipid anchor, a glycan core, a repeating phosphorylated disaccharide unit and a small

oligosaccharide cap.62 The cap consists of short neutral oligosaccharides composed of

mannose and/or galactose. The repeating phosphorylated disaccharide unit of LPG is

well conserved, consisting of b-Gal-(1,4)-a-Man-(1,6)-phosphate repeats and may be

substituted with various branching oligosaccharide chains. Synthesis of the unique

disaccharide repeating units of LPG occurs by the stepwise addition of galactose and

mannose-1-phosphate residues from UDP-galactose and GDP-mannose, respectively.

Two enzymes,a-mannosylphosphate transferase (MPT)63 and b-D-galactosyltransferase
(b-GalT),64 are responsible for the synthesis of the disaccharide.

In addition to LPG, phosphoglycosylation is also widespread as a protein

modification in most protists. For example, Entamoeba histolytica, the aeteological

agent of amoebic dysentery, possesses glycosylphosphatidylinositol-anchored

proteophosphoglycans with mucin-like serine-rich sequences heavily modified as

phosphoserine-bearing glycan chains of general structure [a-Glc-(1,6)]n-b-Glc-(1,6)-
a-Gal-P-serine (where n= 2–23).65 Similarly, protein phosphoglycosylation is the

most abundant form of protein glycosylation in Leishmania spp. with phosphoserine

residues bearing repeating b-Gal-(1,4)-a-Man-P units and other sugars.66
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Teichoic acids: The teichoic acidsa are phosphate-rich polymers found in Gram-

positive bacteria.67 They consist of various polymers possessing phosphodiester

groups linking polyols and/or sugar residues, and commonly contain D-alanine

residues bound through an ester linkage and, occasionally, phosphorylcholine

groups.68,69 Lipophilic, non-covalently linked teichoic acids are found in most

Gram-positive bacteria and are located in the cytoplasmic membrane and are

termed membrane teichoic acids or lipoteichoic acids. Wall teichoic acids are

covalently linked to peptidoglycan and are more narrowly distributed in Gram-

positive bacteria.68 Lipoteichoic acids and wall teichoic acids from different

bacteria exhibit considerable structural diversity; however, all can be broken into

two parts: a main chain composed of repeating monomer units joined through

phosphodiester linkages and a linkage or capping unit that attaches the main chain

to peptidoglycan (for wall teichoic acids) or to a glycolipid moiety (for lipoteichoic

acids). Lipoteichoic acids contain main chains that are polymers of glycerol

phosphate or various mono- or diglycosylglycerol phosphates that may also bear

D-alanine ester or various glycosyl residues.70 The capping group is frequently a

glycosyl diacylglycerol and is joined to the main chain through a phosphodiester

link at the 6-position. The main chain of wall teichoic acids consists of phosphate

diester polymers of glycerol, ribitol or glycosylglycerol on which assorted sugars or

D-alanine esters are attached at various intervals. The linkage group usually contains

a mono- or disaccharide that is linked through the reducing end to peptidoglycan by a

phosphate diester to the 6-position of N-acetylmuramic acid.

a Teichos. noun (Greek), wall.
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The donor units of the main-chain glycerol or ribitol moieties of teichoic acids

are the unusual acyclic sugar nucleotides, CMP-glycerol and CMP-ribitol,

respectively. Wall teichoic acids and lipoteichoic acids comprise, along with

peptidoglycan, part of the polyanionic network of the cell wall that contributes to

its elasticity, porosity, tensile strength and electrostatic potential.

Other phosphoglycans: A wide range of phosphoglycans has been found in

various microorganisms, and only a representative few are mentioned here. Walls

of Staphylococcus lactis I3 contain a polymer of 1,6-linked N-acetyl-a-glucosamine-

1-phosphate.71 Various yeasts including Candida albicans contain phosphomannans

that are high mannose structures containing small percentages of a-mannose-1-

phospho-60-mannose groups.72 Sporobolomyces yeasts produce phosphogalactan

when grown on D-glucose that contains an a-galactose-1-phospho-60-galactose.73

An unusual cyclic-phosphate-containing capsular polysaccharide has been isolated

from Vibrio cholerae O139.74,75
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Carboxylic Acid Esters

We have already seen several examples of organic esters of glycans that serve to

illustrate that this modification is widespread. However, few of the biological

imperatives for these modifications are well understood. Two modes of mod-

ifications are seen: where the sugar plays the role of an alcohol and is esterified

with simple acids, or where the sugar acts as the acid, and is esterified with

simple alcohols. O-Acylation of sugars can consist of relatively simple ester-

ifications with acetic acid or longer chain fatty acids, which are common in

many bacteria and which appear to be important for interspecies cross-talk, or

with more complex cross-linked structures, such as those found in the diferulic

acid ester dimers of heteroxylans. On the contrary, esterification of sugar acids

occurs almost exclusively with methanol to afford methyl esters. This section

will give an overview of the occurrence and structures of a few representative

examples of each mode of esterification and the roles that such esterifications play.

Acylated bacterial antigens: Lipopolysaccharide (LPS) is a major component

of the outer leaflet of Gram-negative bacteria. While LPS comprises only 10–15%

of molecules in the outer membrane, it is estimated that they occupy about 75% of

the bacterial surface area.28 As such, they provide one of the first lines of defence

against antimicrobial molecules and stresses. Additionally, for many infectious

bacteria, the LPS structure determines the nature of interactions with the host,

leading to the ability to establish disease or provide a beneficial outcome. As LPS

is responsible for interspecies interactions, its structure is critical and, in many

cases, is rich with post-glycosylational modifications and, in particular,

esterification with carboxylic acids. LPS is comprised of three regions: lipid A

(also called endotoxin), core oligosaccharide and O-polysaccharide (also termed

O-antigen).
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Lipid A acts as an anchor into the plasma membrane of the cell and contains

4-phospho-b-GlcN-(1,6)-a-GlcN-1-phosphate, which is heavily acylated with long-

chain fatty acids and may be modified to bear additional sugars. Lipid A is potently

immunogenic and interacts with receptor proteins of the innate immune system such as

Toll-like receptor 4; such interactions are the body’s first line of defence against bacterial

infection.76

The core oligosaccharide of LPS is joined to the sole primary alcohol of lipid A and

usually consists of several L-glycero-D-manno-heptose and 2-keto-3-deoxyoctonoic

acid (Kdo) sugars, plus additional neutral hexoses, which may be modified with phos-

phate or sulfate groups. Finally, the O-polysaccharide is attached to the core and is

comprised of repeating units of three to five sugars, each of which may bear a range of

post-glycosylational modifications. For example, the O-specific polysaccharide from

Burholderia gladioli pv. agaricicola is a linear trisaccharide that contains D-mannose

residues acetylated at O2.77
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Mycobacterial fatty acid esters: Mycobacteria are a widespread group of

largely pathogenic bacteria that produce prodigious amounts of lipid materials,

both covalently and non-covalently attached to the cell wall macromolecule.78

Mycobacterial peptidoglycan is covalently modified by the attachment of an

arabinogalactan structure through a single phosphate diester linkage to the

6-position of N-acetylmuramic acid (or occasionally N-glycolylmuramic acid in

Mycobacterium tuberculosis).79 The arabinogalactan consists of a core structure

of alternating b-Galf-(1,6)-b-Galf-(1,5)- units, which are modified at the

5-position with branched structures comprised of D-arabinofuranosyl residues;

the chemical synthesis of these branched structures was discussed in Chapter 5.

The terminal D-arabinofuranosyl residues are themselves modified at the

5-position with a range of complex, long-chain fatty acid esters termed mycolic

acids.80 Mycolic acids are b-hydroxy fatty acids with a long a-alkyl side chain

and can contain functional groups such as cyclopropanes, ketones and methoxy

groups.81 Together the mycolylarabinogalactan–peptidoglycan (mAGP) complex

comprises part of the distinctive cell wall structure of mycobacteria, is believed

to be responsible for the resistance of these organisms to many antibiotics and

provides protection against the antibiotic responses of the immune system to

infection.82
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Good evidence has accumulated that movement of mycolic acids from their

point of synthesis within the cytoplasm to their destination in the cell wall is

facilitated by a carrier molecule, the disaccharide trehalose. Mycolic acids are

transferred onto the primary hydroxyls of trehalose to generate trehalose

dimycolate (TDM, also termed cord factor).83 TDM is transported out of the cell

where it forms a significant non-covalently-associated portion of the cell wall.84

Transfer of mycolic acid to the arabinan of the mAGP complex is catalysed by a set

of transesterases, the antigen 85 proteins (85A, 85B and 85C).85 The role of the

antigen 85 transesterases is complex; aside from catalysing the transfer of mycolic

acid from TDM to the mAGP complex, these enzymes can also catalyse the transfer

of mycolic acids between TDM and trehalose to form two molecules of trehalose

monomycolate, a reaction that presumably provides a ready flux of mycolyl groups

for delivery to the cell wall. The antigen 85 proteins are major secreted proteins of

M. tuberculosis, consistent with their role in cell wall manufacture. They share a

common a/b hydrolase fold and possess a catalytic triad, Ser-Glu-His, which they

share with lipases.86,87

Carboxylic acid esters in hemicelluloses: Plant cell wall polysaccharides

are the most abundant organic materials on earth. Hemicelluloses are second

only to cellulose as the most common type of polysaccharide found within

plants.88 Hemicelluloses include a range of non-cellulosic components (e.g.

arabinoxylans, pectins, galactomannans, xyloglucans and b-glucans) and can

again be modified to form esters in two possible ways: where the sugar acts as

an alcohol and is esterified with various carboxylic acids (e.g. heteroxylans) or

where the sugar is the acid and is esterified with the simple alcohol, methanol

(e.g. pectins).89

Heteroxylans include various heterogeneous branched polymers consisting

of a b-1,4-linked xylan core appended with L-arabinose, hexoses (D-mannose,

D-glucose, D-galactose) and uronic acids (D-glucuronic, 4-O-methyl-D-glucuronic

acids); these polymer chains may be further O-methylated, or esterified with

acetic, ferulic (4-hydroxy-3-methoxycinnamic acid) or p-coumaric acids. The

major roles of heteroxylans are to confer structural rigidity upon plant cell

walls and provide protection against microbial and herbivore attack.90 Ferulic

acid esters enhance the strength of the plant cell wall by forming diferulyl

cross-links between glycan polymer chains or with lignin, a complex polyphe-

nolic compound found in the extracellular matrix. In vivo, peroxidase catalyses

the oxidative coupling of ferulic acid side chains, resulting in the formation of

ferulic acid dehydrodimers.90
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Pectins are heterogeneous, branched and highly hydrated polysaccharides

that are rich in D-galacturonic acid residues. Homogalacturonans have a core

structure composed of repeating a-1,4-linked galacturonic acid residues, and

rhamnogalacturonan I pectins have a core of a-L-Rha-(1,4)-a-GalA-(1,2)-residues.88
The pectin cores are modified with other carbohydrates and are heavily modified with

methyl esters. They are synthesized in the Golgi of the plant cell and are de-esterified in

the cell wall by enzymes termed pectin methylesterases.91

Biological degradation of hemicelluloses occurs through the synergistic action

of main-chain degrading glycosidases and a series of carbohydrate esterases, includ-

ing acetylesterases, methylesterases, p-coumaryl esterases, ferulyl esterases and

pectin methylesterases.92,93 Carbohydrate esterases are found within bacteria and

fungi that catabolize hemicelluloses and have also been identified through sequen-

cing efforts in plant genomes, where they presumably function to allow remodelling

of cell wall hemicellulose during development.94 X-ray crystal structures of

most ferulyl, cinnamyl and acetylxylan esterases, and pectin methylesterases, show

an a/b hydrolase fold and a conserved catalytic triad, Ser-His-Asp, which is common

to lipases, suggesting that these enzymes are a subclass of this group.95,96 A smaller

subset of carbohydrate esterases is metal-ion dependent.93,97
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Modifications of Sialic Acids

Sialic acids include the sugarsN-acetylneuraminic acid (Neu5Ac),N-glycolylneuraminic

acid (Neu5Gc), 2-keto-3-deoxy-D-glycero-D-galacto-nonulosonic acid (Kdn), and the

rarer legionaminic and pseudaminic acids. These nine-carbon chain sugars are

ubiquitous among vertebrates and are also found among certain lower orders of

life. The sialic acids possess possibly the greatest post-glycosylational diversity of

any of the sugars and have been found in over 50 different forms, bearing modifica-

tions including sulfation, phosphorylation, methylation, acetylation and lactylation,

thereby possessing representatives of all the major classes.98 In the case of neur-

aminic acid, additional diversity has been seen in mature glycoconjugates by inter-

or intramolecular lactonization with the acid at C1, or intramolecular lactamization

of the de-N-acetylated amino moiety. Such modifications possess profound impli-

cations for biological recognition processes. For example, lactamization of neur-

aminic acid (itself derived by de-N-acetylation of Neu5Ac) to Neu-1,5-lactam

occurs in sialyl 6-sulfo Lewisx structures found on human leukocytes.99 While

de-N-acetylsialyl 6-sulfo Lewisx and the parental sialyl 6-sulfo Lewisx retain the

ability to bind L-selectin, the lactam is devoid of selectin-binding activity. In a

similar vein, the preferred ligand for influenza A and B binding is Neu5Ac, and it

does not bind to 9-O-acetyl-Neu5Ac residues, whereas the reverse is true for the

influenza C virus.100

Finally, an intriguing difference between humans and the African great apes (the

chimpanzee, the bonobo and the gorilla) occurs through a mutation in the gene
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encoding CMP-Neu5Ac hydroxylase, an enzyme that converts CMP-Neu5Ac to CMP-

Neu5Gc.101 As a result, the African great apes possess appreciable quantities of

Neu5Gc residues in tissues, whereas no Neu5Gc is detectable in human tissues, with

Neu5Ac being the abundant sialic acid.102 Such differences in a key carbohydrate

involved in intercellular cross-talk may help explain the differences in susceptibility

and response of humans and the great apes to diseases involving sialic acid

recognition.103

Other Carbohydrate Modifications

The above sections have endeavoured to provide a brief overview of the major

classes of carbohydrate modifications seen in nature. In addition to those discussed

above, there are other carbohydrate modifications that endow glycoconjugates

with intriguing structural accents. These are either seen more rarely, or less is

understood regarding their biological roles. For example, O-methylation is

widespread and occurs through various carbohydrate O-methyltransferases that

utilize S-methyladenosine as the methyl donor. O-Methylation typically occurs

post-glycosylationally but has been observed pre-glycosylationally, at the level of

the sugar nucleotide.104 Aside from antigenic variation, O-methylation results in

large changes in hydrophobicity of the resultant methylated glycoconjugate. For

example, some mycobacteria produce various 3-O-methylmannose-containing poly-

saccharides (MMP) and 6-O-methylglucose-containing LPSs that form stoichio-

metric complexes with C16- or longer acyl-CoA and that influence fatty acid

biosynthesis in Mycobacterium smegmatis.105
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The lactyl ether in the muramic acid residue found in bacterial peptidoglycan is,

of course, widespread and is a pre-glycosylational modification resulting from

conversion of UDP-N-acetylglucosamine to UDP-N-acetylmuramic acid; its

biosynthesis from phosphoenolpyruvate is covered in Chapter 6. A not uncommon

relative of the lactyl ether modification is the pyruvyl acetal, which is found in yeast

and a variety of bacterial cell surface carbohydrates,106 particularly those from

Rhizobia,107 and also in the extractable glycolipid A from M. smegmatis.108,109
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Chapter 11

Glycoproteins and Proteoglycans

Proteins produced by the cell may be modified with a range of carbohydrate

structures. The modifications may occur prior to delivery to intracellular organelles,

secretion from the cell or incorporation into membranes, or they may occur on a

mature protein present in the cytosol or nucleus of the cell. There are three main

types of protein modification: N-linked glycosylation, O-linked glycosylation and

the attachment of glycosylphosphatidylinositol (GPI) anchors. A relatively rare

modification is C-linked glycosylation. The reasons for protein glycosylation are at

best only partly understood but include roles in ensuring proper folding of proteins

and their degradation when incompetently folded, ensuring correct targeting of

glycoproteins to intra- and extracellular destinations, altering susceptibility to degra-

dation, modulation of immunological properties and the engagement of lectins. This

chapter will review the major types of protein glycosylation found in higher organ-

isms, with a particular emphasis on mammalian biology. While an immense number

of structures is possible through the connection of the 10 common mammalian

monosaccharides (Glc, Gal, Man, Sia, GlcNAc, GalNAc, Fuc, Xyl, GlcA and

IdoA), systematic structural analysis reveals that only a small number of monosac-

charide connections accounts for the majority of the linkages. Werz et al. have

reported that of a set of 3299 oligosaccharides obtained from 38 mammalian species,

11 monosaccharide connections accounted for >75% of all glycosidic linkages.1

Glycoproteins are proteins that bear one or more O-, N- or C-linked glycan

chains. These chains comprise typically up to 20% but, occasionally, more than 90%

of the mass of the resultant conjugate. A proteoglycan is a peptide or protein that

bears one or more covalently attached glycosaminoglycan chains. As has been noted,

the distinction between a glycoprotein and a proteoglycan is somewhat arbitrary,

as the same polypeptide may bear both glycosaminoglycan chains and O-, N- or

C-linked glycans.2,3 A mucin is a glycoprotein that carries many O-linked glycan

chains that are clustered together. A glycosphingolipid is a mono- or oligosaccharide

that is (usually) attached via glucose or galactose to ceramide. A ganglioside is an

anionic glycolipid that contains one or more residues of sialic acid. A GPI anchor is

a glycan structure that links a phosphatidylinositol (PI) to a phosphoethanolamine,

attached as an amide, to the C-terminus of a protein.
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Eukaryotic cells contain an interconnected network of membrane-bound cister-

nae, vesicles and vacuoles that are connected to the plasma membrane and comprise

the secretory and endocytic pathways.4 Newly synthesized proteins destined for the

cell surface, secretion or other compartments in the secretory pathway are initially

translocated into the endoplasmic reticulum (ER). The ER comprises the start of the

secretory pathway and is a relatively large, highly dynamic organelle, which is

adjoined to the nucleus of the cell and can be divided into three domains: the

ribosome-studded rough ER, the ribosome-free smooth ER and the nuclear envelope.

Proteins are assembled by translation in the rough ER by ribosomes, multicomponent

systems comprised of proteins and RNA. Protein folding occurs in the ER, and

various carbohydrates may also be added here (e.g. N-linked glycan core structures

and GPI anchors). Proteins may leave the ER directly or by passage through

the Golgi apparatus,a which contains a complex post-translational modification

machinery. Alternatively, folding-incompetent proteins are detected and degraded

by an ER-associated degradation (ERAD) pathway. The Golgi apparatus is a polar

organelle comprised of a stack of membrane-bound sacs termed cisternae. The

cis face accepts vesicular traffic from the ER, and the trans face acts as the exit

site for vesicular traffic. In the Golgi apparatus a complex array of protein modifica-

tions may occur including glycosylation, deglycosylation, O- and N-sulfation, and

O-acetylation, resulting in the formation of O-linked glycans (e.g. mucin-type

O-linked glycans and proteoglycans) and the elaboration of N-linked glycans.

Additionally, specific carbohydrate structures (mannose-6-phosphate groups) may

be added to ensure targeting of various, generally catabolic, enzymes to an intracel-

lular organelle termed the lysosome. The lysosome is a digestive organelle rich in

hydrolases that receives (glyco)proteins from the cytosol, the plasma membrane and

the extracellular milieu that are destined for degradation, thereby allowing their

constituents to re-enter cellular metabolic processes.

N-Linked Glycosylation5

N-Linked glycans are added to the majority of proteins that enter the secretory

pathway and are important for their folding, stability and function. N-Linked

glycosylation involves en bloc transfer of preformed glycans (see below) through a

b-linkage to the side-chain nitrogen of asparagine. The asparagine residue is found in
the highly conserved sequence Asn-Xxx-Thr, where Xxx is any residue but proline.

While N-linked glycans possess complex and diverse structures dependent on their

origin, when they are initially added to growing peptides, these glycans share a

a Camillo Golgi (1843–1926), M.D. (1865). Professor at Pavia University, Italy. Nobel Prize in

Physiology or Medicine (1906).
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common 14 sugar oligosaccharide. This oligosaccharide is biosynthesized as a

glycophospholipid, dolichol-PP-GlcNAc2Man9Glc3.

One particularly well-understood pathway to N-linked glycoprotein synthesis is

one that occurs upon infection of mammalian cells with vesicular stomatis virus

(VSV). Infection with this virus results in cooption of essentially all of the cells

protein synthesis apparatus to produce a single homogeneous viral coat glycoprotein,

the VSV G-protein, thereby providing a useful model system for the study of

glycoprotein biosynthesis, and much of the discussion that follows refers to data

obtained from these studies.5

Biosynthesis of the lipid-linked oligosaccharide:6 The biosynthesis of the

14 residue dolichol-PP-GlcNAc2Man9Glc3 oligosaccharide occurs on a lipid-linked

acceptor, the isoprenoid dolichol, in the ER. Biosynthesis commences on the

cytoplasmic face of the ER membrane with the addition of N-acetylglucosamine

phosphate from UDP-N-acetylglucosamine to dolichol phosphate by the action

of N-acetylglucosaminyl phosphate transferase. The second GlcNAc residue is

added by a UDP-N-acetylglucosamine-dependent glycosyltransferase. A series of

GDP-mannose-dependent mannosyltransferases (ManTs) then add five mannose

residues to the dolichol-PP-GlcNAc2 core yielding a heptasaccharide, dolichol-

PP-GlcNAc2Man5. At this stage the heptasaccharide must be transferred from

the cytoplasmic face of the ER to the luminal face. It remains to be determined

whether the translocation of this large glycolipid is mediated by a membrane-

embedded flippase protein, or whether the ER membrane is sufficiently fluid

to allow its rapid and spontaneous movement across the bilayer. The final steps

in the construction of the dolichol-PP-GlcNAc2Man9Glc3 tetradecasaccharide

are accomplished by the sequential action of a series of ManTs and

glucosyltransferases on the luminal face of the ER. Each of these sugar residues

is provided by a lipid-linked glycosyl donor, dolichol-P-mannose or dolichol-

P-glucose.
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Evidence for the occurrence of steps on the exterior and interior faces of the

ER was provided by the ability of membrane-impermeable reagents to disrupt early

steps in the process, and the inability of the mannose-binding lectin concanavalin A to

bind to the products of these reactions until the ER membrane was permeabilized.7

Transfer of the lipid-linked oligosaccharide: N-Linked glycosylation is a

co-translational modification that occurs after synthesis of dolichol-PP-

GlcNAc2Man9Glc3. A glycosyltransferase called oligosaccharyltransferase (OST),

comprising a complex of up to 10 proteins (depending on the cell type), transfers the

entire glycan structure en bloc to the side-chain nitrogen of asparagine, found within

a nascent peptide chain, during the process of translation. OST recognizes a specific

conformation of the target protein, which cannot be achieved with a proline residing

adjacent to the Asn acceptor, explaining the inability of the sequence Asn-Pro-Ser/

Thr to be N-glycosylated.
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N-Glycan trimming and the calnexin/calreticulin cycle: Immediately after

the transfer of the pre-assembled core glycan to the Asn of an acceptor protein, two of

the three terminal glucose residues are removed by a-glucosidase I. Concomitantly,

synthesis of the protein is completed, and the unfolded N-glycosylated peptide chain is

released from the ribosome into the lumen of the ER. The unfolded monoglucosylated

N-glycan interacts with two carbohydrate-binding lectins, calnexin (CNX, a membrane-

associated protein) and calreticulin (CRT, a soluble protein). CNX and CRT are

chaperones that assist in protein folding. Some data suggest that the nascent

N-glycoprotein can interact with CNX and CRT co-translationally, before release

from the ribosome.8 The resulting lectin/glycan complex interacts with ERp57, a

thiol oxidoreductase that assists in the formation of disulfides in the protein. The

CNX/CRT glycoprotein complex with ERp57 and other luminal factors are believed

to form a ‘folding cage’, an environment that protects the unfolded peptide from

interacting with other unstructured nascent chains and prevents the formation of

aberrant protein aggregates. Also, formation of the lectin/glycan complex increases

the residence time of the protein within the ER, allowing time for correct folding.

Upon release of the glycoprotein from CNX/CRT, the last glucose residue

is trimmed from the N-glycan by a-glucosidase II. Deglucosylated but unfolded
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N-linked glycoproteins are substrates for a luminal UDP-glucose-dependent

glycoprotein glucosyltransferase (UGT1, also termed UGGT), which recognizes

unfolded proteins and adds a single glucose residue to uncapped high mannose

N-glycans. This allows rebinding to CNX and CRT and another attempt at correct

folding. Thus, UGT1 acts as a sensor for correct folding of a protein, with addition of a

glucose residue occurring only if folding is incomplete and thus allowing re-entry into

the CNX-CRT cycle. Deletion of UGT1 from cells does not result in a reduction in ER

quality control, suggesting that UGT1 is not the gatekeeper that prevents non-native

polypetides from exiting the ER. Instead it appears that UGT1 delays the exit of

unfolded proteins from cells by allowing them to re-enter the CNX/CRT cycle, in what

would be a futile cycle for folding-incompetent proteins unless folding defective

proteins could exit the cycle, a process achieved by ERAD. The final step of

N-linked oligosaccharide processing, which occurs only for properly folded proteins

in the ER prior to exit to the Golgi, is the trimming of a single mannose residue by ER

a-1,2-mannosidase I to yield a GlcNAc2Man8 decasaccharide. Up until this point, the

biosynthesis of all N-linked oligosaccharides is identical, but from here the

biosynthetic pathways diverge dramatically.

Golgi processing of N-linked glycans: The Golgi apparatus is comprised of a

series of membranous sacs termed cisternae and is separate from the ER. Proteins and

lipids are transferred between these two organelles by vesicular transport. The Golgi

contains functionally distinct cisternae, termed the cis, medial and trans cisternae.

These cisternae retain an approximately constant composition while allowing most

proteins to pass through the structure by a process of anterograde and retrograde

vesicle traffic and cisternal maturation. Finally, vesicles bud off the trans Golgi

complex, allowing for the delivery of product glycoproteins to their (extra)cellular

destinations. The Golgi apparatus plays a major role in the late-stage modification of

N-linked glycoproteins and contains a large number of luminally oriented

glycosyltransferases, trimming glycoside hydrolases and enzymes that install

functional groups such as O-acetyl and O- and N-sulfate residues. In the case of VSV

G-protein biosynthesis, following transport of the GlcNAc2Man8 decasaccharide via

vesicles to the cis Golgi, Golgi a-mannosidase I trims three mannose residues to

form a GlcNAc2Man5 structure. This is transferred by vesicles to the medial

Golgi, and an orchestrated modification process occurs through which

N-acetylglucosaminyltransferase I adds one N-acetylglucosamine residue, Golgi

a-mannosidase II trims two mannose residues and N-acetylglucosaminyltransferase

II adds two additional N-acetylglucosamine residues. Finally, a fucosyltransferase

(FucT) fucosylates the core N-acetylglucosamine residue. The resulting

GlcNAc3Man3(Fuc)GlcNAc2-modified protein is transferred by vesicular transport to

the trans Golgi, then first galactosylated by a galactosyltransferase and then sialylated

by a sialyltransferase before exit from the trans Golgi network in vesicles.
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ER-associated protein degradation:9–11 Misfolded proteins occur during normal

cellular processes and are produced in greater abundance in conditions of stress. Proteins

that fail to fold to their correct conformation in the ER are prevented from entering the

Golgi apparatus and secretory pathways and are eliminated and degraded in a still

incompletely understood pathway termed ERAD. ERAD plays a crucial clearance role,

extracting folding-incompetent proteins from the CNX/CRT cycle and retrotranslocating

unfolded glycoproteins to the cytosol, where they are ubiquitinylated and then

proteasomally degraded. While it has been shown that N-glycans on folding-defective

proteins are extensively demannosylated, the most important step appears to be the a-
mannosidase-catalysed removal of the a-1,2-linked mannose residue that is

reglucosylated by UGT1, enabling rebinding to CNX/CRT. The a-mannosidase(s)

that performs this task are newly discovered proteins, EDEM1, EDEM2 and/or
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EDEM3.8 Removal of the acceptor mannose residue, which can be reglucosylated by

UGT1, results in irreversible interruption of futile folding attempts in the CNX/CRT

cycle. The steps leading to further degradation of theN-glycan, and retrotranslocation of

the incompetently folded protein to the cytosol for degradation are poorly understood.

Diversity of N-linked glycans: The above discussion describes the biosynthesis of

only one N-linked glycan. In nature, N-linked glycans display an extraordinary

diversity, and even N-linked glycans on the same protein may have different

structures. However, the processing of all N-linked oligosaccharides is identical up to

the formation of the GlcNAc2Man8 structure formed immediately after the CNX/CRT

cycle, so that all N-linked glycans share a common GlcNAc2Man3 pentasaccharide core

(five non-core Man residues are cleaved in the case of VSV G-protein glycans). The

oligosaccharides that result from this common pentasaccharide can be classified into

three groups. High mannose oligosaccharides have two to six mannose residues added

to the core pentasaccharide; complex oligosaccharides contain varying numbers of

sialylated N-acetyllactosamine units as well as a fucose residue attached to the core

GlcNAc, and a bisecting GlcNAc residue linked to the b-linked mannose residue;

hybrid oligosaccharides contain features of both the complex and the high mannose

structures and usually contain a bisecting GlcNAc. The complex oligosaccharides may

be further modified by the addition of extra branches on the a-linked mannose residues

or the addition of extra sugars that elongate and introduce branching into the outer

chains. Further post-glycosylational modifications occur through the action of Golgi-

resident sulfotransferases and O-acetyltransferases that add N- and O-sulfate and

O-acetyl groups, respectively, to maturing N-linked oligosaccharides.
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Inhibitors of N-linked glycoprotein biosynthesis: Inhibitors of N-linked

glycoprotein biosynthesis and degradation have proven important tools in the study

of these pathways. Tunicamycin inhibits the synthesis of dolichol-PP-GlcNAc, the

first lipid-linked carbohydrate in the pathway for the synthesis of dolichol-PP-

GlcNAc2Man9, through inhibition of GlcNAc phosphorotransferase. Tunicamycin

therefore decreases the amount of dolichol-PP-GlcNAc available for the synthesis of

N-linked glycoproteins and is a widely used reagent for the study of the effect of the

complete loss of N-linked glycosylation. Bacitracin, a cyclic polypeptide, forms a

complex with dolichol-PP that prevents its dephosphorylation, thereby preventing

the biosynthesis of lipid-linked glycoprotein precursors. Amphomycin, also a

peptide antibiotic, forms a complex with dolichol-P, thereby preventing its

utilization in N-linked glycoprotein biosynthesis.12 As mentioned in Chapter 8,

Imperiali and co-workers have reported the development of a membrane-

permeable cyclic peptide inhibitor of OST. This compound was designed with

knowledge of the preference of this enzyme for a specific conformation of the

Asn-Xxx-Ser/Thr consensus sequence and has been modified by the inclusion of a

membrane-permeable peptide to ensure that the inhibitor crosses the intracellular

membrane of the ER.13

Various sugar-shaped nitrogen heterocycles are especially useful in blocking

processing glycosidases involved in N-linked glycan biosynthesis and degradation.14,15

These inhibitors do not interfere with protein folding but lead to glycoproteins bearing

truncated N-glycans. Examples include glucosidase inhibitors: australine, an inhibitor

of a-glucosidase I, and castanospermine and deoxynojirimycins (see Chapter 7),

inhibitors of a-glucosidase I and II. These inhibitors lead to accumulation of

N-glycans bearing varying numbers of glucose residues. Swainsonine and mannostatin
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A are inhibitors of Golgi a-mannosidase II, which cause accumulation of high-mannose

oligosaccharides.14,16 Deoxymannojirimycin and kifunensine are inhibitors of

a-mannosidase I and lead to accumulation of GlcNAc2Man7-9 oligosaccharides.

Kifunensine is also an inhibitor of the demannosylation step that leads to ERAD.11

Enveloped viruses such as HIV can evade immune recognition by using host

N-glycosylation machinery to protect potentially immunogenic coat proteins. The

major protein component of the HIV-1 coat is gp160, a heterodimer of gp120 and

gp41. When gp120 is expressed in the presence of N-butyldeoxynojirimycin, an

inhibitor of glucosidases I and II, part of this protein is misfolded. This misfolding

does not prevent formation of the viral coat but prevents fusion of the virus with the

host cell and prevents entry into the cell.

Modification of N-Linked Glycans for Lysosomal Targeting

Proteins destined for lysosomes undergo modification to install mannose-6-

phosphate residues, which interact with the mannose-6-phosphate receptor resulting

in translocation to the lysosome. Two enzymes in the cis Golgi generate this

residue; first UDP-N-acetylglucosamine:lysosomal-enzyme N-acetylglucosamine-

1-phosphotransferase (N-acetylglucosamine-phosphotransferase) transfers N-acetyl-

glucosamine 1-phosphate onto the 6-hydroxyl of a mannose residue and, secondly,

a glycoside hydrolase, N-acetylglucosamine-1-phosphodiester a-N-acetylgluco-
samidase (uncovering enzyme, UCE),17,18 cleaves the glycosidic bond joining the

N-acetylglucosamine group to the phosphate, leaving behind a mannose-6-phosphate

group. Upon arrival in the lysosomes, the phosphate ester is cleaved by lysosomal

phosphatases. Other details of these processes have already been discussed in

Chapter 10.

378 11 Glycoproteins and Proteoglycans



O-Linked Mucins/Proteoglycans, Blood Group Antigens

and Xenorejection

Linkage of a glycan to oxygen of a serine, threonine or tyrosine side chain on a

protein results in O-linked glycosylation, which occurs in lower and higher organ-

isms. While some use the term O-glycosylation to refer solely to modification of

serine or threonine with GalNAc, necessitating the activity of a polypeptide GalNAc

transferase, here, the term will be used in its broadest sense and different structures

will be qualified with other, more specific terms.

‘Mucin-type’ O-linked glycosylation:3 The most abundant form of O-linked

glycosylation in higher eukaryotes is the ‘mucin-type’, which is characterized by the

presence of an N-acetyl-a-D-galactosamine attached to the hydroxyl group of serine

or threonine. Mucin-type O-linked glycans are typically found clustered together in

‘mucin domains’ on membrane-bound and secreted proteins. Dense clusters of

10–100 O-linked glycans can occur in a single mucin and can comprise the major

proportion of the molecular weight of the resultant conjugate. For example, the

mucin polypeptides are proteins that are highly modified by O-linked glycans and

form epithelial mucins. O-Glycosylation in mucins occurs on tandem repeat

sequences rich in proline, serine and threonine that lack conserved structures and

upon O-glycosylation likely adopt extended solution conformations. Other proteins

possess relatively few scattered O-glycans that can coexist with N-linked glycans in

proteins with well-defined folded structures.
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O-Linked glycan biosynthesis is in many ways simpler than N-linked glycan

biosynthesis, in that it occurs post-translationally, by the addition of single sugar

residues, rather than through the biosynthesis of a preformed lipid-linked glycan that

is transferred en bloc. The enzymes responsible for the initiation of mucin-type

O-linked glycosylation through transfer of an N-acetyl-a-D-galactosamine residue to

the polypeptide substrate are Golgi resident polypeptide a-GalNAc transferases;19

analysis of the human genome reveals 24 putative ppGalNAcTs.20 In contrast to

N-linked glycosylation, there is no simple sequence consensus for the addition of

GalNAc residues, although predictive methods exist.21 Following formation of the

a-GalNAc-Ser/Thr linkage, many different reactions occur to form a mature O-linked

glycan. These mature glycans possess a range of different core structures, which can be

used to classify their subtype. Themost common subtypes are those that possess a ‘core 1’

structure (also known as the Thomsen-Friedenreich [TF] or T antigen), resulting from

the addition of a b-1,3-linked galactose residue by core 1 b-1,3-galactosyltransferase.
Core 2 O-glycans possess a b-1,6-GlcNAc residue added to core 1 structures;

the corresponding core 2 GlcNAcT requires core 1 as a substrate. Core 3 O-glycans

possess a b-1,3-GlcNAc linked to a-GalNAc-Ser/Thr, and core 4 O-glycans possess a

b-1,6-GlcNAc linked to core 3. Core 1–4 O-glycans comprise the majority of O-glycan

structures found in nature; however, many other modifications are possible.
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All mucin-type O-linked glycans are formed from a-GalNAc-Ser/Thr through
the action of Golgi resident glycosyltransferases.20 The core structures are built by

individual core-specific glycosyltransferases. It is likely that the production of

individual O-linked glycoforms depends on competition between individual

glycosyltransferases that are expressed in different regions within the Golgi, and

in different amounts depending on developmental and pathological cues. Despite

considerable recent progress in the understanding of the biosynthesis of mucin-

type O-linked glycosylation, only a few functions for this abundant type of post-

translational modification have been reported, some of which are discussed below.

Chapter 10 has already detailed the function of another example of O-linked

glycans, as ligands for carbohydrate-binding proteins, termed selectins, that are

involved in inflammation.
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The blood group antigens: The first human blood group division, the ABO

system (also known as the ABO histo-blood group system),22 was discovered by

Landsteiner and colleagues.23,b These workers were able to show that human blood

could be separated into groups on the basis of whether the serum from one

individual would cause the red blood cells of another to clump together, or

agglutinate. At the time the underlying molecular reason(s) for this behaviour

was unknown, but the result proved invaluable for the safe practice of blood

transfusion and led to the discovery of other blood systems (e.g. rhesus). The

cause of agglutination seen by Landsteiner is now known: the serum constituents

are antibodies, and the antigens that react with these antibodies are mainly three

oligosaccharides displayed on the surface of red blood cells. The differences

between individuals arise from differences in a series of genetically encoded

glycosyltransferases.

The A, B and O (or H, for heterogenic, being present on most red blood cells,

independent of blood type) blood group antigens are oligosaccharides displayed on

various types of N-linked, O-linked or lipid-linked precursor glycans.22,24 Type 1

chains correspond to N-linked, O-linked or lipid-linked glycan cores where the

terminal GlcNAc residues are modified by b-1,3-linked galactose to generate a

‘neo-lactosamine’ unit; type 2 chains refer to N-linked, O-linked and lipid-linked

glycan cores where the terminal GlcNAc is modified by b-1,4-linked galactose to

generate an N-acetyllactosamine unit; type 3 chains refer to O-linked glycans where

the Tn antigen is modified with a b-1,3-linked galactose (core 1); and type 4 chains

refer to lipid-linked glycans bound to ceramide bearing a terminal b-1,3-linked
galactose residue.

b Karl Landsteiner (1868–1943), professorships at University of Vienna, Rockefeller Institute. Nobel

Prize in Physiology or Medicine (1930).
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The A, B and H antigens are formed on these precursor glycans through the

action of distinct glycosyltransferases found at three locations within the

genome: the ABO, H and Secretor (Se) loci. Each individual will have two

copies of each gene, corresponding to alleles. The synthesis of the antigens

commences with the action of two a-1,2-FucTs found at the H and Se loci.

The H a-1,2-FucT is expressed on red blood (erythrocyte) progenitor cells

and modifies type 2 and 4 precursors to generate type 2 and 4 H antigens.3

The Se a-1,2-FucT is expressed in epithelial cells and uses type 1 and 3

precursors to generate type 1 and 3 H antigens, which are found in epithelia

within the gastrointestinal tract and on secreted proteins.3 The A or B

blood group antigens are formed from the type 1, 2, 3 or 4 H antigens by

glycosyltransferases encoded at the ABO locus. Blood group A glycan is

formed by the A a-1,3-GalNAcT encoded by the A allele at this locus. Blood

group B glycan is formed by the B a-1,3-GalT encoded by the B allele at this
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locus. The O allele encodes a non-functional truncated glycosyltransferase that is

unable to modify the preformed H antigen and thus is a null allele at the ABO

locus. Alternatively, blood group O can arise from the O2 enzyme, which is a

full-length form of the A transferase with three substitutions (Pro74Ser,

Arg176Gly and Gly268Arg) that possesses no detectable transferase activity.25

As every individual has two alleles, a range of possible gene combinations exist.

AA or AO individuals will produce A antigen along with some H antigen (arising

from incomplete utilization of precursors); BB or BO individuals will produce B

and H antigens; AB individuals will produce A, B and H antigens; and OO

individuals will produce only H antigen.

The ABO blood system arises because of the formation, early in life, of two

antibodies towards the A and B antigens found on red blood cells: the anti-A and

anti-B antibodies, respectively. These antibodies always occur in the serum when the

corresponding antigen is absent from the red blood cell, likely because of exposure to

ubiquitous environmental bacteria and fungi that display these antigens on their

surface. If an individual displays a particular antigen on their cell surface, they

perceive this structure as self and cannot generate an antibody response; thus, most

individuals will not generate anti-H antibodies because a substantial fraction of their

H structures are not converted to A or B structures even in the presence of functional
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A or B genes.c Incorrectly matched blood transfusions result in a strong immune

response by IgM-class antibodies against ABO oligosaccharide structures that are

absent from the recipient’s red blood cells. These IgM antibodies result in

complement-dependent lysis of the red blood cells, leading to hypotension, shock,

renal failure or death from circulatory collapse. Such complications can be avoided

by the simple practice of ensuring blood types are a match between donor and

recipient, and thus that red blood cells of the donor are deficient in ABO antigens

that are lacking in the recipient. In practice this is done by blood typing and cross-

matching. In typing, blood from the donor is chosen to match the recipients ABO

blood type. In cross-matching, a sample of the recipient’s serum is mixed with red

blood cell from the prospective donor and examined under a microscope to ensure

that agglutination does not occur. By such simple means, essentially all ABO blood

incompatibility transfusion events have been eliminated.

The genes for the ABO locus were cloned in 1990.24 Remarkably, the A and B

glycosyltransferases differ by only four amino acid substitutions: Arg176Gly, Gly235-

Ser, Leu266Met and Gly268Ala. These two glycosyltransferases utilize a common

acceptor, the H antigen, and the differences in their donor specificity (UDP-galactose

versus UDP-N-acetylgalactosamine) must arise from these mutations. X-ray structures

of the A and B glycosyltransferases in complex with an H antigen acceptor and UDP

have revealed that two of the four amino acids are in proximity to the donor or the

acceptor.26 Despite this conceptually appealing structural basis for the differences in

specificity of these enzymes, mutagenesis studies reveal that all four amino acids are

required for the observed activity and specificity of the glycosyltransferases.27

Enzymatic removal of antigen structures from the surface of red blood cells was

originally proposed as a means to generate universal blood cells that should not result in

Blood group

(phenotype)

Genotype Antigen on

red cells

Antibodies

in serum

Compatible

recipient

Compatible

donor

A AA, AO A anti-B A,O A,AB

B BB, BO B anti-A B,O B,AB

AB AB AB A,B,O,AB AB

O OO anti-A and

anti-B

O A,B,O,AB

cA rare ABO blood group called the Bombay phenotype has been reported, where individuals lack

functional H and Se a-1,2-fucosyltransferases. This leads to an absence of H, A and B antigens and the

production of antibodies that react with blood from all standard donors. The first individual with this

blood group was from the city of Bombay. para-Bombay refers to individuals who lack only functional

H a-1,2-fucosyltransferases.
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ABO blood group incompatibility reactions. Clinical trials of B red blood cells treated

with coffee bean a-galactosidase to remove a-galactose residues yielded positive

results;28 however, the low activity of the enzyme towards the B antigen required as

much as 1–2 g of enzyme per unit of blood for adequate conversion.29 Through the

screening of 2500 fungal and bacterial isolates, two glycoside hydrolases with high

specificity for the A and B antigens were isolated. Elizabethkingia meningosepticum

N-acetyl-a-galactosidase and Streptomyces griseoplanus a-galactosidase were identi-

fied as optimal enzymes for conversion of A or B red blood cells to group O, requiring

60mg and 2mg of each enzyme, respectively, for conversion of a single unit of red

blood cells in 60 min.30 Such ‘enzyme-converted universal O group’ cells hold great

promise for overcoming limited supplies of donor blood for a variety of applications.31

Xenotransplantation and the a-1,3-Gal epitope: Xenotransplantation refers

to the transplantation of organs between species and has the potential to overcome the

critical shortage of organs such as kidney, lung and heart, and also to provide a cure for

type 2 diabetes through supply of pancreatic islet cells.32 The pig is considered to be

the most likely species to act as a transplant donor for humans owing to its ability to

breed rapidly and have large litters and owing to its similar organ size and physiology

to humans. However, transplantation of organs from most mammals into humans

results in hyperacute rejection within minutes to hours, and later rejection events.

Initial rejection of the xenograft occurs because of antibody responses to carbohydrate

antigens present on the graft tissue surface, including the ABO blood group antigens

described earlier, and the xenograft antigen, a-Gal-(1,3)-b-Gal-(1,4)-GlcNAc (termed

‘a-1,3-Gal’). Hyperacute rejection is not unique to xenotransplantation and also occurs
when organs are transplanted across blood group compatibility groups.

Biosynthesis of the a-1,3-Gal epitope occurs by the action of a-1,3-galactosyl-
transferase and UDP-galactose on N-acetyllactosamine of a type 2 precursor. This

galactosyltransferase is present in most mammals but is not functional in humans and

Old World monkeys. As a-1,3-Gal is expressed by many environmental microorgan-

isms to which we are exposed, humans possess natural antibodies against this antigen;

these specific antibodies comprise approximately 1% of all circulating antibodies.
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Hyperacute rejection can be prevented by absorbing a-1,3-Gal antibodies in

vivo through competitive binding to externally administered soluble a-Gal
epitope or ex vivo by immunoabsorption.32 However, a secondary rejection

process, acute humoral xenograft rejection, develops days or weeks after

transplantation. A more promising route to reducing xenograft rejection has

been to genetically modify the donor animal. The greatest attention has

focussed on deleting or modifying the a-1,3-Gal epitope. Pigs with

homozygous deletion of a-1,3-galactosyltransferase have been developed, and

these pigs are negative for a-1,3-Gal as determined using a lectin.33 These pigs

have been used as xenograft donors in transplantation experiments into baboons;

transplanted hearts survived up to 6 months, and kidney transplants survived for

up to 83 days.34 However, these experiments used powerful immunosuppression

techniques that are not feasible for humans. In the future, a-1,3-Gal-deficient
pigs should provide an experimental model for studying the finer details of

xenograft destruction and a genetic platform for engineering additional genetic

modifications to overcome other barriers to xenograft survival.

O-Linked N-Acetyl-b-D-glucosamine35–37

O-Linked N-acetyl-b-D-glucosamine (O-GlcNAc) on Ser or Thr is found on a

wide variety of nuclear and cytoplasmic proteins within plant and animal cells.

O-GlcNAc has several differences from classical N-linked glycosylation and

O-linked glycosylation discussed earlier. First, O-GlcNAc is not formed within

the luminal compartments of the ER or Golgi apparatus but occurs within the

cytoplasm or nucleoplasm. Secondly, O-GlcNAc is not elongated through the

addition of further sugars. Finally, O-GlcNAc is a dynamic modification and can

be added and removed on a timescale similar to that of protein phosphorylation.

Cycling of O-GlcNAc occurs through the action of two proteins, the UDP-N-

acetylglucosamine-dependent O-GlcNAc transferase, and O-GlcNAcase, a

retaining glycoside hydrolase that uses neighbouring group participation by the

2-acetamido group of the GlcNAc residue.38

A clear and demonstrable role for O-GlcNAc has remained elusive; however,

many interesting features of this dynamic post-translational modification have been

noted. O-GlcNAc has been observed to exhibit several types of competitive interplay

with O-phosphate.35 Reciprocal same-site occupancy, where the two post-

translational modifications compete at the same site within a protein, occurs in

several proteins including the transcription factor c-Myc and endothelial nitric

oxide synthase. Adjacent-site occupancy can occur where O-GlcNAc and

O-phosphate are found at adjacent sites, and occupancy of one site by one modifica-

tion precludes the other occurring at the adjacent site. This situation has been

observed in the tumour suppressor p53.

O-Linked N-Acetyl-b-D-glucosamine 387

References start on page 410



Humans possess three genes encoding N-acetylhexosaminidases capable of

degrading terminal N-acetyl-b-glucosaminides: HexA and HexB, lysosomal

resident proteins that form dimeric isozymes, and O-GlcNAcase. Highly selective

inhibitors of O-GlcNAcase have been developed that take advantage of differences

in the tolerance of these GlcNAcases for N-substitution. Lysosomal hexosaminidases

were found to be intolerant of increasing steric bulk at nitrogen, whereas

O-GlcNAcase can tolerate modestly sized substituents.38 The known broad-

spectrum GlcNAcase inhibitors NAG-thiazoline38 (also discussed in Chapter 7)

and PUGNAc39,40 were modified to install a bulky substituent on nitrogen, in the

former case providing inhibitors with 1500-fold selectivity against O-GlcNAcase

over the lysosomal enzymes.

388 11 Glycoproteins and Proteoglycans



Glycosylphosphatidylinositol Membrane Anchors

Many cell surface proteins in eukaryotes are anchored to the membrane through a

glycophospholipid termed GPI that is covalently attached to the C-terminus of the

protein through an amide bond. GPI anchors are found in many different organisms

and are particularly abundant in single-celled eukaryotes, including fungi and protists.

A wide range of proteins can be found attached to a GPI anchor including hydrolytic

enzymes, cell adhesion molecules, prion proteins and various antigenic proteins.41 GPI

anchors provide a way to anchor proteins to a membrane that is complementary to

peptide transmembrane domains; examples of the same gene product attached to a

membrane through either a GPI anchor or a peptide transmembrane domain are

known, the latter resulting from differential RNA splicing. GPIs in all organisms

share a common core structure but possess wide differences in the adorning groups.

The majority of research into GPI structure and biosynthesis has been performed

in mammals, yeast and protozoan pathogens including the African trypanosomes. The

African trypanosome has proved a particularly useful object for study, as each parasite

is covered with a dense monolayer of 107 molecules of variant surface glycoprotein

(VSG), which is anchored to the cell surface with a GPI anchor.42 A single

trypanosome expresses only a single type of VSG at a time but has hundreds of

genes encoding immunologically distinct VSG variants. The expressed variant

changes regularly, allowing the organism to evade the host immune response;

despite significant differences in primary sequences, all VSG molecules are believed
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to share similar three-dimensional structures allowing them to pack into functionally

identical protective coats. The ease of cultivation of the parasite and the abundance

and homogeneity of its coat protein allow purification of substantial quantities of the

VSG and led to the first complete structural characterization of a GPI anchor,43

followed shortly thereafter by the determination of the structure of a mammalian

GPI anchor, from Thy-1 glycoprotein.44,45

GPI is synthesized and installed onto proteins post-translationally in a process that

bears considerable similarity to the initial stages of N-linked glycoprotein

biosynthesis.46,47 The carbohydrate backbone of the GPI anchor is prepared on the

exterior and interior membrane of the ER and, once complete, is transferred to the

protein. The first step of GPI synthesis is the transfer of N-acetylglucosamine from UDP-

N-acetylglucosamine to PI. This step occurs on the cytoplasmic face of the ER, and in

mammals it is catalysed by a complex of a UDP-N-acetylglucosamine-dependent

glycosyltransferase, PIG-A, and several auxiliary proteins. The second step in GPI

synthesis is catalysed by the deacetylase PIG-L, which results in the deacetylation of

GlcNAc-PI to form GlcN-PI. Next, GlcN-PI is acylated on inositol to form GlcN-

(acyl)PI. Acyl-CoA is the acyl donor and, in humans, this step is catalysed by PIG-W.

While a range of acyl groups may be transferred, palmitylation is the major form

observed. At this stage it is hypothesized that the GlcN-(acyl)PI intermediate

undergoes a shift across the ER membrane to the luminal face in a process catalysed

by a hypothetical flippase. Next, the internalized GlcN-(acyl)PI is mannosylated twice

by two dolichol-P-mannose-dependent ManTs to generate Man2GlcN(acyl)PI, and then

ethanolaminephosphate (EtN-P) is transferred to the 3-position of the first mannose

residue. One more mannose residue is added by a dolichol-P-mannose-dependent

mannosyltransferase to generate Man2(EtN-P)ManGlcN(acyl)PI. A second unit of

EtN-P is added to the 6-position of the reducing end mannose, generating (EtN-

P)ManMan(EtN-P)ManGlcN(acyl)PI. At this stage a third EtN-P may be added to the
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second mannose to generate a GPI bearing three phosphoethanolamine units. The outline

provided above gives a general description of GPI biosynthesis in mammals, but

differences exist both in the order of biosynthetic steps and in the attachment of other

groups onto the core structure in yeast, trypanosomes and other protozoa.42,48 GPI

anchors have been found to be essential for the virulence or survival of various

pathogenic protozoa, and the differences in the GPI biosynthesis pathways have been

proposed as potential drug targets.

Transfer of the mature GPI to a protein generates an amide bond to the

C-terminus of the protein. Proteins to be GPI anchored possess two signal

sequences.49 One signal sequence encodes for translocation across the ER

membrane and is common to secreted and cell surface membrane proteins. The

other is a C-terminal sequence that encodes for its own cleavage and replacement

with the GPI anchor in what is believed to be a transamidation reaction, catalysed

by a transamidation complex containing the transamidase enzyme GPI8.49 After

attachment of the GPI to a protein, inositol deacylation can occur resulting in the

removal of the palmityl group on the inositol ring. This step is catalysed by the
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ER-resident deacylase PGAP1 in mammalian cells. GPI-anchored proteins are then

transported to the cell surface through the Golgi apparatus. A variety of post-ER

modifications can occur on mature GPI-anchored proteins to install side-chain

carbohydrates and are believed to occur in the Golgi apparatus.42

A mutation in the glycosyltransferase PIG-A, required for the first step of GPI

biosynthesis in humans, leads to the haemolytic disease paroxysmal nocturnal

haemoglobinuria (PNH).50 PNH is an acquired haematopoietic stem cell disorder

that results from cells being deficient in the expression of GPI-anchored proteins. A

clinical symptom is intravascular haemolysis caused by own complement.

Other Types of Protein Glycosylation

Above, the major types of O- and N-linked glycosylation have been discussed.

However, there are many other types of glycosylation found in higher organisms.

Some of the more abundant forms found in mammals are discussed below.

O-Fucose: O-Fucosylation is relatively widespread in higher organisms and has

been found on proteins involved in blood coagulation, cell signalling

and metastasis.51–53 In O-fucosylation, L-fucose is a-linked to serine or threonine

resides in the consensus sequence Cys-X-Ser/Thr-X-Pro-Cys. Examples of

O-fucosylated proteins include urokinase, tissue plasminogen activator, factor VII,

factor XII and Notch-1. O-Fucose is installed by the GDP-fucose-dependent protein

FucT OFut1, a soluble enzyme found in the ER.51 O-Fucose is frequently extended by

other sugars; a-Neu5Ac-(2,6)-b-Gal-(1,4)-b-GlcNAc-(1,3)-a-Fuc-Ser is found on

factor XI. While the roles of O-fucosylation are poorly understood, O-fucosylated

proteins termed Notch receptors are known to play key roles in determining cellular

fate and in the control of growth during development.51 Notch receptors are membrane

associated and their ligands, Delta and Jagged/Serrate, are also O-fucosylated. The

ability of Notch to bind its ligands is modulated by the O-fucose-specific b-1,3-N-
acetylglucosaminyltransferase Fringe, which is found in the Golgi apparatus.54
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C-Mannose: An unusual form of protein glycosylation is C-mannosylation

wherein C2 of tryptophan is mannosylated through an a-C-glycosidic linkage.

C-Mannosylation was first reported in the mid-1990s, and relatively little is

known of its function. C-Mannosylation occurs through a microsomal

mannosyltransferase that utilizes dolichol-P-Man as donor;55 this suggests that

C-mannosylation occurs within the ER.56 The consensus sequence for

C-mannosylation is Trp-Xxx-Xxx-Trp, with C-mannosylation occurring on the

first tryptophan residue. C-Mannosylation may occur in closely positioned repeat

sequences in one protein and can coexist with other forms of protein glycosylation.

The protein thrombospondin-1 is a platelet protein that possesses four C-mannosyl

groups and two O-linked fucose residues.57

O-Mannose glycans: O-Mannosylation of serine and threonine residues is a

modification common to fungi such as Saccharomyces cerevisiae and Pichia

pastoris.58 These structures include high mannose mannans that possess linear

a-Man-(1,3)-a-Man-(1,3)-a-Man-(1,2)-a-Man-(1,2)-a-Man-Ser/Thr and that may

also be modified by mannose-1-phosphate residues. The majority of mammalian

O-mannose glycans are variations of the tetrasaccharide a-Neu5Ac-(2,3)-b-Gal-
(1,4)-b-GlcNAc-(1,2)-a-Man-Ser/Thr. O-Mannose glycans have been found in

brain glycopeptides and in a-dystroglycan, a highly glycosylated transmembrane

protein that is part of the dystrophin-associated glycoprotein complex and that is

involved in the pathogenesis of many forms of muscular dystrophy. The biosynthesis

of O-mannose glycans is best understood in S. cerevisiae where the initial step is the

formation of an a-mannosyl serine or threonine catalysed by a dolichol-P-Man-

dependent protein, O-mannosyltransferase, in the ER.59 The S. cerevisiae protein

O-mannosyltransferase PMT4 will only glycosylate proteins that are membrane

associated with a Ser/Thr-rich domain facing the lumen of the ER.60 Further

mannosylation events occur in the Golgi apparatus. Defects in the synthesis of

O-mannose chains lead to several forms of congenital muscular dystrophies

including Walker–Warburg syndrome (WWS), Fukuyama congenital muscular

dystrophy and muscle-eye-brain disease.58 These diseases lead to abnormal

glycosylation of a-dystroglycan, and mutations in the human protein

O-mannosyltransferase gene have been found in some sufferers of WWS.
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Rare protein modifications: A range of other protein glycosylations have been

observed.56 These include a-Glc-(1,2)-b-Gal-O-hydroxylysine as found in collagen;

O-b-glucose to serine or threonine, which may be further elaborated with xylose

residues as found in epidermal growth-factor-like domains for factors VII and IX and

protein Z;61 and glucose a-linked to tyrosine as found in the core of glycogen. Other
types of glycosylation different from those discussed above have been observed in

plants and bacteria, but are outside the scope of this discussion. The apparent rarity

of such modifications may be a result of limitations in analytical techniques for their

detection rather than being a true reflection of their abundance.
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Proteoglycans and Glycosaminoglycans

Glycosaminoglycans (GAGs) are linear polysaccharides comprised of disaccharide

units, each of which is composed of an acetamido sugar (N-acetyl-D-glucosamine or

N-acetyl-D-galactosamine) and a uronic acid (D-glucuronic or L-iduronic acid) or

D-galactose units. GAGs are commonly O-sulfated to varying degrees and may also

be N-deacetylated and sulfated on nitrogen.

Proteoglycans are proteins to which one or more glycosaminoglycan chain is

attached.2 Proteoglycans may contain only a single GAG chain (e.g. decorin) or

more than 100 chains (e.g. aggrecan). Proteoglycans are found secreted from the cell

in the extracellular matrix (e.g. aggrecan) or in intracellular secretory granules (e.g.

serglycin) or may remain attached to the cell through a GPI anchor (e.g. glypican) or

through a membrane-spanning domain (e.g. syndecan). Most proteoglycans also

possess O- and N-linked glycans that are typical of those found on other

glycoproteins.

GAGs include hyaluronan, chondroitin and dermatan sulfate, keratan sulfate,

heparin and heparan sulfate. With the exception of hyaluronan, all GAGs are

synthesized as proteoglycans in the Golgi apparatus and possess a covalent linkage

to protein. In the case of chondroitin sulfate/dermatan sulfate and heparin/heparan

sulfate, the core linkage is through a xylose residue that is b-linked to serine.

This core xylose residue is elaborated to b-GlcA-(1,3)-b-Gal-(1,3)-b-Gal-(1,4)-b-
Xyl-Ser, which forms a bridge to the GAG chain. The biosynthesis of the

linkage tetrasaccharide commences through the action of UDP-xylose-dependent

proteoglycan core protein b-xylosyltransferase, an enzyme localized to the Golgi

apparatus.62,63 The second step of the biosynthesis occurs through the action

of proteoglycan UDP-galactose-dependent b-xylose b-1,4-galactosyltransferase
I.64 Defects in this enzyme have been detected in individuals with progeroidal

Ehlers–Danlos syndrome, a condition that is associated with a reduction in the

number of GAG chains attached to certain proteoglycans. The third step of the

core tetrasaccharide biosynthesis is catalysed by b-1,3-galactosyltransferase II.65

The final step is catalysed by a UDP-glucuronic acid–dependent b-1,3-
glucuronosyltransferase.66
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The linkage tetrasaccharide may be phosphorylated on O2 of xylose and sulfated

on the 4- and 6-positions of either of the galactose residues. It is unclear whether these

modifications precede or follow installation of the GAG chain onto the core

tetrasaccharide; however, it is clear that phosphorylation of the core xylose residue

follows elaboration by b-1,4-galactosyltransferase I, and sulfation of the core

galactosides promotes transfer by b-1,3-glucuronosyltransferase.67 The core

tetrasaccharide may be elaborated into different GAG chains dependent on the next

processing step. Addition of a-GlcNAc leads to heparin and heparan sulfate, and

addition of b-GalNAc leads to chondroitin sulfate and dermatan sulfate.

Hyaluronan: Hyaluronan is the simplest glycosaminoglycan and one of the

longest linear carbohydrates found in vertebrates. It consists of b-GlcNAc-(1,3)-b-
GlcA-(1,4)- repeats. Hyaluronan is an important component of skin, cartilage,

connective tissues, umbilical cord, synovial fluid and the vitreous of the eye. Chains

range from 105 to 107 Daltons and a polymer of 106 Daltons is approximately 2mm in

length.3 At a concentration of 10mg ml�1, the viscosity is 5000 times that of water,

and this confers rigidity to its solution in tissues. Hyaluronan is the only GAG not

found attached to a protein core and is synthesized at the inner face of the plasma

membrane by hyaluronan synthases using UDP-glucuronic acid and UDP-N-

acetylglucosamine.68 Hyaluronan synthases are transmembrane proteins that encode

two distinct glycosyltransferase activities in a single polypeptide chain.
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Chondroitin sulfate/dermatan sulfate: Chondroitin sulfate and dermatan

sulfate proteoglycans are produced by most vertebrate cells and are major

components of connective tissue matrix and the cell surface and basement

membranes. They are involved in the control of basic cellular processes

including cell division, scaffolding functions in connective tissue and promotion

of neurite outgrowth in the brain.69 Chondroitin sulfate contains repeating chains

of b-GlcA-(1,3)-b-GalNAc-(1,4)- units. Dermatan sulfate is closely related to

chondroitin sulfate and contains some b-L-IdoA-(1,3)-b-GalNAc-(1,4)- units.

The carbohydrate backbone of chondroitin sulfate is formed from the

core tetrasaccharide b-GlcA-(1,3)-b-Gal-(1,3)-b-Gal-(1,4)-b-Xyl-Ser discussed

above by the action of a bifunctional glycosyltransferase, chondroitin

synthase, which possesses both N-acetyl-b-galactosaminyltransferase and

b-glucuronosyltransferase activities.69,70 This enzyme is located in the medial

and trans Golgi. Chondroitin sulfate is variably sulfated, with sulfate esters

found as GalNAc-4-sulfate, GalNAc-6-sulfate, GalNAc-4,6-disulfate and small

amounts of GlcA-2-sulfate. These sulfation steps appear to occur in the Golgi

apparatus concomitant with the formation of the carbohydrate backbone of the

GAG chain. Dermatan sulfate is formed from the polymer backbone of

chondroitin sulfate by the action of chondroitin-glucuronate C5 epimerase,

which epimerizes individual D-glucuronic acid residues to L-iduronic acid.71

Epimerase activity appears to be closely associated with O-sulfation steps that

may preclude re-epimerization back to D-glucuronic acid. The sulfation pattern

of dermatan sulfate is similar to that of chondroitin sulfate, but while

GlcA-2-sulfate is rare in chondroitin sulfate, IdoA-2-sulfate is common in

dermatan sulfate.
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Keratan sulfate: Keratan sulfate is a b-1,3-linked poly-N-acetyllactosamine, with

sulfate residues found on the 6-positions of both galactose and N-acetylglucosamine,

and is found in cartilage, cornea and brain. In the eye, keratan sulfate proteoglycans

maintain the regular spacing of collagen fibrils, allowing passage of light; defects

in sulfation cause distortions of fibril organization and corneal opacity, resulting in

macular corneal dystrophy. The GAG chain of keratan sulfate may be attached in

three different ways to the core protein.72 Keratan sulfate I refers to proteoglycans

where the GAG chain is attached to Asn in core proteins by a complex-type N-linked

branched oligosaccharide. Keratan sulfate II refers to proteoglycans where the GAG

chain is attached to a core protein through an O-glycan linked through a-Gal-Ser/
Thr. Keratan sulfate III refers to attachment of the GAG chain to the core protein

through a mannose–Ser linkage.72 Most keratan sulfate chains are capped with

N-acetylneuraminic acid, N-acetyl-b-D-galactosamine, or a-D-galactose.72
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The keratan sulfate carbohydrate chain is formed by the action of the

b-1,4-galactosyltransferase b4GalT4 and b-1,3-N-acetylglucosaminyltransferase

b3GnT7. Sulfation of N-acetylglucosamine residues occurs by the action of

N-acetylglucosaminyl-6-sulfotransferase (GlcNAc6ST), and sulfation of galactose

residues is performed by keratan sulfate galactose-6-sulfotransferase (KS Gal6ST).

The former enzyme transfers sulfate only to terminal N-acetylglucosamine residues,

whereas the latter enzyme can sulfate internal galactose residues.73 This suggests that

sulfation of keratan sulfate on N-acetylglucosamine must occur during elongation of the

GAG chain, whereas sulfation on galactose can occur after polymerization.

Heparin and heparan sulfate: Heparin and heparan sulfate are two closely related

GAGs. Heparin is produced exclusively by mast cells, which are specialized cells found

in the skin, the mucosa of the lungs and the digestive tract, as well as in the mouth,

parts of the eye and the nose. In these cells, heparin is found attached to the protein

serglycin and resultant proteoglycan is localized in granules within mast cells.74
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Pharmaceutical heparin, a protein-free degradation product of heparin proteoglycans, is

used widely as an anticoagulant and is prepared from various tissues obtained from

slaughterhouses (see Chapters 10 and 12).74 Heparan sulfate is found as a component of

proteoglycans produced by a range of cells in essentially all animal tissues. Considerable

confusion surrounds the precise definition of heparin and heparan sulfate.3 Heparin may

be defined as having more than 1.8 sulfate groups per hexosamine, an L-iduronic acid

content �70% and a high proportion of glucosamine-N-sulfates. Heparan sulfate has

fewer than 1.8 sulfate groups per hexosamine, a lower L-iduronic acid content and a

lower proportion of glucosamine N-sulfation.

Heparin and heparan sulfate are synthesized as proteoglycans in the

Golgi apparatus on proteins that are modified with the core tetrasaccharide

b-GlcA-(1,3)-b-Gal-(1,3)-b-Gal-(1,4)-b-Xyl-Ser by the action of the bifunctional

co-polymerases of the EXT family.75,76 These proteins contain both a-1,4-
N-acetylglucosaminyltransferase and b-glucuronosyltransferase activities in a

single polypeptide chain, and use the Leloir donors UDP-N-acetylglucosamine and

UDP-glucuronic acid. Whilst the chain undergoes polymerization, several

modification steps occur. The first step is performed by a bifunctional

N-deacetylase/N-sulfotransferase, which acts to N-deacetylate some GlcNAc

residues in the growing carbohydrate, and install N-sulfate groups. Usually, the

two activities are tightly coupled, but some free amino groups escape

N-sulfation, resulting in a mixture of N-acetyl, N-sulfate and free amino groups in

the final polymer. Second, C5 epimerization of D-glucuronic acid residues to

L-iduronic acid occurs through the action of glucuronic acid C5 epimerase. This

enzyme prefers to act on glucuronic acid residues that are located on the

reducing side of GlcNSO3 but does not act on 2-O-sulfated uronic acid

residues or those that are adjacent to O-sulfated glucosamine residues,

suggesting that it acts after N-deacetylation/N-sulfation but prior to any

O-sulfation reactions. The third step is the 2-O-sulfation of uronic acid

residues by uronosyl-2-O-sulfotransferase. This enzyme acts on both

D-glucuronic acid and L-iduronic acid residues but has greater activity on the
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latter. There is some evidence that GlcNAc deacetylation, N-sulfation, uronic

acid C5 epimerization and uronic acid 2-O-sulfation occur simultaneously during

polymer biosynthesis. The final modification to the GAG chain leading to the

mature heparin or heparan sulfate occurs through the action of GlcNAc 3-O-

sulfotransferase and 6-O-sulfotransferase.
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Lysosomal Degradation of Glycoconjugates3,77

Lysosomes are acidic membranous organelles populated by a range of degradative

enzymes. Lysosomes represent the final destination for most glycoproteins, proteo-

glycans and glycolipids. The lumen of the lysosome has pH approximately 5, and

most enzymes that act within the lysosome have their pH optima between 4 and 5.5.

Most carbohydrate structures destined for degradation in the lysosome undergo

highly sequenced deconstruction. Substitutions such as O-acetyl, O- and N-sulfate,

and O-phosphate groups must be removed before exo-acting glycosidases cleave the

sugar chain. The enzymes associated with these steps have been unravelled with the

help of a series of rare human genetic disorders termed lysosomal storage disorders

(Tables 1, 2 and 3). Lysosomal storage disorders represent a group of greater than

Table 1 Disorders of glycoprotein degradation: glycoproteinoses

Diagnosis Deficiency

a-Mannosidosis types I and II a-Mannosidase

b-Mannosidosis b-Mannosidase

Aspartylglucosaminuria Aspartyl-N-acetyl-b-glucosaminidase

Sialidosis (mucolipidosis I) Sialidase

Schindler (Kawasaki) types I and II N-Acetyl-b-galactosaminidase

Galactosialidosis Protective protein/cathepsin A

Fucosidosis a-Fucosidase

Table 2 Disorders of glycosaminoglycan degradation: mucopolysaccharidoses

Diagnosis Deficiency

MPS I; Hurler-Scheie a-Iduronidase
MPS II; Hunter Iduronate-2-sulfatase

MPS III A; Sanfilippo A Heparan N-sulfatase

MPS III B; Sanfilippo B N-Acetyl-a-glucosaminidase

MPS III C; Sanfilippo C Acetyl CoA:a-glucosaminide acetyltransferase

MPS III D; Sanfilippo D N-Acetylglucosamine-6-sulfatase

MPS IV A; Morquio A Galactose-6-sulfatase

MPS IV B; Morquio B b-Galactosidase
MPS VI; Maroteaux-Lamy N-Acetylgalactosamine-4-sulfatase

MPS VII; Sly b-Glucuronidase
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40 distinct genetic diseases that result from deficiencies of specific lysosomal

proteins or proteins involved in lysosome biogenesis. Individually, lysosomal sto-

rage disorders are rare but as a group have a prevalence of 1 per 7700 live births in

Australia.78 Lysosomal storage disorders lead to defective processing of specific

lysosomal substrates, resulting in their accumulation within lysosomes, tissues or

excretion in urine. The lysosomal disorders result in a range of developmental and

neurological diseases with a wide spectrum of severity.

N-Linked glycoprotein degradation:79 Proteases degrade the protein of an

N-linked glycoprotein before N-glycan catabolism commences, resulting in the

glycan being linked only to the amino acid asparagine. a-Fucosidase cleaves core

and peripheral fucose residues, and then aspartyl-N-acetyl-b-glucosaminidase

cleaves the N-acetylglucosamine-Asn bond. endo-N-Acetyl-b-glucosaminidase

cleaves the reducing-end N-acetylglucosamine residue, and then sialidase,

b-galactosidase, N-acetyl-b-hexosaminidase, a-mannosidase and b-mannosidase

sequentially break down the remaining glycan chain. Excess N-glycan precursors

and N-glycans released by cytosolic peptide N-glycanase are also targeted to the

lysosome and degraded through a similar process.

Table 3 Disorders of glycolipid, O-linked mucin-type glycosylation degradation, glycogen

storage or lysosomal targeting

Diagnosis Deficiency

Tay-Sachs b-Hexosaminidase A

Sandhoff b-Hexosaminidase A and B

GM1 gangliosidosis b-Galactosidase
GM2 gangliosidosis b-Hexosaminidase

Sialidase Sialidase

Fabry a-Galactosidase
Gaucher b-Glucosylceramidase

Krabbe b-Galactoceramidase

Metachromatic leukodystrophy Arylsulfatase A (cerebroside sulfatase)

Multiple sulfatase deficiency Formylglycine-generating enzyme

I-cell disease UDP-N-acetylglucosamine-1-

phosphotransferase

Pompe disease (glycogen storage disease

type II)

a-Glucosidase
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Glycosaminoglycan degradation: The various GAGs are degraded in highly

ordered processes. Hyaluronan is found unattached to protein and is degraded

through the action of hyaluronidase, which breaks the long chain into

tetrasaccharides and longer fragments, through the cleavage of the b-GlcNAc
linkage. The smaller fragments are then broken down to monosaccharides by

b-glucuronidase and N-acetyl-b-hexosaminidase.
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Heparan sulfate chains are cleaved by an endo-glucuronidase, termed

heparanase, to shorter chains. These shorter chains are cleaved in a highly

sequenced fashion from the non-reducing terminus. IdoA-2-sulfatase or GlcA-2-

sulfatase cleaves 2-O-sulfate residues from a terminal uronic acid residue,

enabling cleavage of the uronic acid by a-iduronidase or b-glucuronidase.
The glucosamine residue is next targeted for cleavage. However, prior to

cleavage O-sulfate residues must be removed by 3-, 4- and 6-O-sulfatases. If

the glucosamine residue is N-sulfated, this residue must also be removed by the

action of N-sulfatase. The resulting glucosamine residue is not a substrate for a

glycoside hydrolase and must first be N-acetylated by a membrane-bound N-

acetyltransferase. This enzyme utilizes acetyl-CoA from the cytosol and transfers

the acetyl moiety to the terminal glucosamine, generating N-acetylglucosamine.

This terminal residue can be cleaved by N-acetyl-a-glucosaminidase.
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A process similar to that of heparan sulfate degradation applies to chondroitin

sulfate and dermatan sulfate degradation. Thus, parent chains are first cleaved into

smaller fragments by endo-hexosamindases. Next, sulfatases cleave sulfate residues

from terminal sugars before exo-acting a-iduronidase, b-glucuronidase or N-acetyl-
b-hexosaminidases A or B, act to remove single sugar residues. An alternative

pathway exists for degradation of dermatan sulfate/chondroitin sulfate where N-

acetyl-b-hexosaminidase A removes N-acetylgalactosamine-4-sulfate, followed by

sulfatase cleavage of the sulfate ester on the monosaccharide.
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Keratan sulfate is degraded through the sequential action of sulfatases and exo-

glycosidases without the involvement of endo-glycosidases. Desulfation of galactose

residues precedes b-galactosidase cleavage of terminal galactose residues, leaving

exposed GlcNAc-6-sulfate. This may be cleaved by desulfation followed by N-

acetyl-b-hexosaminidase A or B cleavage or, alternatively, N-acetyl-b-
hexosaminidase A can remove GlcNAc-6-sulfate prior to sulfatase cleavage of the

sulfated monosaccharide.
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Treatment of lysosomal storage disorders with imino sugar

inhibitors:80 Cellular homeostasis requires that a balanced cycle of biosynthesis

and degradation occurs, preserving cellular function. The lysosomal storage

disorders generally arise because of disruption to the catabolic processes mediated

by the lysosome, leading to various pathologies. Several approaches have been

proposed for the treatment of lysosomal storage disorders. Enzyme replacement

therapy has been utilized where the aberrant enzyme is supplied exogenously,

through bone marrow transplantation, or by gene therapy. However, the high cost

of this approach is a significant burden on the health-care system. Two alternative

approaches have emerged in recent years that use small molecules to treat lysosomal

glycolipid storage disorders: substrate reduction therapy and chaperone-mediated

therapy.

Substrate reduction therapy aims to use drugs to partially inhibit biosynthetic

enzymes, thereby reducing accumulation of undegraded substrates.80 N-Butyldeox-

ynojirimycin (miglustat, Zavesca), previously discussed in Chapters 7 and 8, is the

first drug that acts by substrate reduction to be approved and is used for the treatment
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of type I Gaucher disease.81 Gaucher disease occurs through defects in the action of

b-glucosylceramidase, causing accumulation of glycosphingolipids. N-Butyldeoxy-

nojirimycin is an inhibitor of ceramide glucosyltransferase and acts to reduce the

formation of glycosphingolipids, preventing their accumulation.

Chaperone-mediated therapy aims to restore function to defective lysosomal

enzymes by assisting in protein folding and trafficking, thereby preventing

clearance and degradation of folding-defective proteins by normal cellular

proteolysis pathways.80 Many imino sugars are reversible, tight-binding inhibitors

of lysosomal enzymes and confer sufficient stability on their target enzymes to

protect against misfolding or inactivation. For this to occur, these inhibitors

must bind to their target enzyme in the ER or later stages of the secretory pathway

en route to the lysosome. Several alkylated deoxynojirimycin-type imino

sugars such as deoxygalactonojirimycin, N-butyldeoxygalactonojirimycin, and

N-adamantylmethyloxypentyldeoxynojirimycin82 are currently under investigation

in clinical and pre-clinical settings for the treatment of heritable

glycosphingolipidoses. A series of hexosaminidase inhibitors has been assessed as

pharmacological chaperones for the treatment of Tay-Sachs and Sandhoff diseases,

which result from mutations that prevent the obtention and retention of the native

fold of N-acetyl-b-hexosaminidase A. The most promising compound, NAG-

thiazoline, could restore intralysosomal hexosaminidase levels well above the

critical 10% level believed to be the threshold for disease.83
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Chapter 12

Classics in Carbohydrate Chemistry
and Glycobiology

Increasingly, the greatest advances in science are being made at the interfaces of

disciplines. In the areas of carbohydrate chemistry and glycobiology, synergistic

interactions among synthetic organic chemists, biochemists and biologists are

leading to new therapies that promise to improve human health through

combating disease. The ultimate goal is the design of new therapeutics with

exquisite selectivity and without deleterious side-effects. These studies are being

enabled by the development of detailed molecular-level insights into the role of

carbohydrates in various disease states and the power of chemical synthesis to

deliver molecules of remarkable complexity on demand. This last chapter

presents four accounts of interdisciplinary research aimed at the development

of carbohydrate-based therapeutics where synthetic chemistry efforts have

played a vital role.

The Immucillins: Transition-state Analogue Inhibitors

of Enzymic N-Ribosyl Transfer Reactions

Enzymes achieve their remarkable catalytic capabilities largely through preferential

binding of the transition-state structures over ground-state structures. Transition-

state theory demands that the ratio of the affinity of an enzyme for the transition state

over the ground state is equal to its catalytic prowess: Kts/Kd= kcat/kuncat.
1,2 For

effective enzyme catalysts, particularly those that catalyse difficult, intrinsically

slow reactions, the rate accelerations achieved can approach 1019. As enzyme

affinities for substrates are typically in the range of micromolar to millimolar,

molecules that are able to perfectly mimic the structure of the transition state are

expected to bind especially strongly, with dissociation constants (Ki)> 10�20M

being possible.3
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In practice a transition-state structure has partial bonds, unnatural bond angles

and non-integer charge distributions, meaning that it is essentially impossible to

create a perfect chemically stable mimic. Nonetheless, transition-state mimicry

remains a highly sought ideal. One exceptionally successful application of this

principle has arisen from a 15-year collaboration between the research groups of

Vernon Schramm at the Albert Einstein College of Medicine, USA, and Richard

Furneaux at Industrial Research Limited, New Zealand, leading to some of the most

effective inhibitors known for any enzyme, and a series of promising new drugs that

are in clinical trials.4 The approach has been to (1) conduct basic studies to

determine the structure of the transition state for the enzyme of interest, (2) design

and synthesize molecules that mimic the transition state and, finally, (3) integrate

medicinal chemistry principles to mature rationally designed lead compounds into

clinical candidates.

N-Ribosyl transfer reactions occur widely in a range of processes essential

for cellular function. N-Ribosyl hydrolases catalyse the hydrolytic cleavage of

purine, pyrimidine and related bases from nucleosides and nucleotides. These

enzymes are involved in DNA repair, RNA depurination by plant toxins

(e.g. ricin) and salvage pathways that allow cellular recycling. Nucleoside

phosphorylases are related enzymes that cleave nucleosides by phosphorolysis

and have roles in nucleoside salvage, with the resulting ribosyl phosphates

re-entering cellular biosynthetic processes. These two classes of enzymes can

act by inversion or retention of stereochemistry, the latter being achieved by a

two-step mechanism involving stepwise inversions by an enzymic nucleophile.

The transition states for these processes can differ substantially, even for

enzymes that share a common mechanism. Design of an inhibitor requires

detailed information about the structure of the transition state for the enzyme

of interest – a blueprint for inhibitor design. The two enzymes to be discussed

here are purine nucleoside phosphorylase (PNP), and 50-methylthioadenosine-

S-adenosylhomocysteine nucleosidase (MTAN).
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PNP is a human enzyme that catalyses the phosphorolysis of N-ribosidic bonds

of 6-oxypurine nucleosides and 6-oxypurine-20-deoxynucleosides and is involved in

nucleoside recycling. A rare genetic deficiency of PNP results in accumulation of

deoxynucleoside substrates, causing a disease termed T-cell deficiency. Inhibition of

this pathway has the potential to treat T-cell proliferative diseases such as T-cell

lymphomas.

MTAN is found in pathogenic bacteria and catalyses the hydrolysis of

50-methylthioadenosine (MTA) to adenine and 5-methylthioribose. Adenine is

recycled into the nucleotide pool. MTA is also a by-product of polyamine

synthesis, and its accumulation leads to feedback inhibition of this pathway.

Inhibition of MTAN has therefore been proposed as an antibiotic target.

PNP transition-state structure and inhibitor design:5 Kinetic isotope

studies using isotopically labelled substrates, in combination with computational

chemistry, can deliver profound insight into transition-state structure. Kinetic isotope

effects reveal the effect upon reaction rate of substrates modified by the introduction

of isotopes at specified positions. Synthesis of a range of purine nucleosides with
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isotopes at specific positions allows the investigation of kinetic isotope effects for the

enzyme-catalysed reaction. However, as the enzyme initially chosen for study, bovine

PNP, has a large forward commitment factor for phosphorolysis, the arsenolysis

reaction was studied instead.6 These kinetic isotope studies revealed that, at the

transition state, bond formation to the nucleophile was only nascent (bond order

0.01) and the leaving group still possessed a significant partial bond to the anomeric

centre (bond order 0.37). In addition, partial charge development occurs on the

anomeric carbon and endocyclic oxygen. Given these characteristics of the

transition-state structure, the design of an inhibitor incorporating these features was

undertaken, namely immucillin H. This molecule incorporates a single bond

(approximately 1.5 Å) between the anomeric centre and the nucleobase (now a

linkage to carbon, not nitrogen), mimicking the partial bond to the base in the

transition state, and the endocyclic nitrogen can be protonated, providing mimicry

of the charge development on the anomeric centre and endocyclic oxygen in the

transition-state structure.

Immucillin H was synthesized from ‘D-gulonolactone’.8 Formation of the

diisopropylidene derivative was achieved by transacetalation with

2,2-dimethoxypropane, followed by reduction with LiAlH4 to a diol. The diol was

converted to the dimesylate, and then cyclized to the pyrrolidine with benzylamine.

Selective hydrolysis of the 5,6-isopropylidene group gave a vicinal diol, which was

cleaved with periodate followed by borohydride reduction of the intermediate

aldehyde to afford an alcohol. Protection of the alcohol as a silyl ether and

hydrogenolytic debenzylation afforded a new pyrrolidine.
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With the silylated pyrrolidine in hand, synthesis of the imino-C-glycoside

needed to be achieved. The imine was generated by oxidation of the pyrrolidine

to the N-chloro derivative with N-chlorosuccinimide, followed by elimination

with LiTMP. Addition of the lithiated-protected heterocycle to the imine was

achieved in diethyl ether containing anisole.9 Finally, deprotection afforded the

hydrochloride of immucillin H.

MTAN transition-state structure and inhibitor design: Kinetic

isotope effect studies for the MTAN-catalysed hydrolysis of MTA revealed

that at the transition state, almost complete bond cleavage to the nucleobase
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has occurred while at the same time there is essentially no participation by the

nucleophilic water.7 This leads to significant charge development on the

anomeric carbon and endocyclic oxygen. These features were proposed to be

mimicked by a 50-MeT-DADMe-immucillin A. This molecule possesses a

methylene spacer between the nucleobase and the ribose moiety, resulting in

lengthening of the spacing between the anomeric centre and the nucleobase

(approximately 2.5 Å). Charge development at the transition state should be

replicated by protonation of the nitrogen incorporated in place of the anomeric

carbon.

50-MeT-DADMe-immucillin A was prepared from D-xylose. Conversion of

D-xylose to the 1,2-isopropylidene acetal, followed by silylation of the primary

hydroxyl of the diol, gave a secondary alcohol.8 This alcohol was converted to

the exo-cyclic methylene derivative via the ketone. Hydroboration/oxidation,

activation as a mesylate, and substitution with azide gave the primary azide,

possessing a branched-carbon backbone. Treatment of this azide with acid

afforded an intermediate aldehyde, which was converted to the pyrrolidine by

intramolecular reductive amination. Protection of the amine with a Boc group

and periodate cleavage/reduction afforded an N-Boc-protected diol. Introduction

of the 5-methylthio substituent was achieved by way of an intermediate

mesylate and subsequent treatment with sodium methanethiolate.9 Removal of

the Boc group was achieved by treatment with methanolic HCl. Finally,

introduction of the heterocycle was achieved by a Mannich reaction with the

nucleobase and formaldehyde.10
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Immucillin H was assessed as an inhibitor of calf spleen PNP and erythrocyte

PNP. The inhibitor exhibited slow-onset, tight binding inhibition, where addition of

the inhibitor to reaction mixtures of the enzyme and substrate first results in modest

inhibition, which increases as a function of time. These results are consistent with a

two-step mechanism in which the inhibitor binds to form a reversible enzyme–

inhibitor complex (Eþ I!E.I), which converts into a more tightly bound

enzyme–inhibitor complex (E.I!E.I*). Two inhibition constants can be extracted:

Ki, representing the equilibrium constant between Eþ I and E.I; and Ki*,

representing the equilibrium between Eþ I and E.I*. Accordingly, immucillin H

was shown to be an extremely potent inhibitor, with a Ki value of 41 nM and a Ki*

value of 23 pM for bovine PNP, and a Ki* value of 56 pM for human PNP.11 More

recently, kinetic isotope effect studies of the arsenolysis reaction of human PNP

revealed it to possess a dissociative transition-state structure more akin to that for

MTAN described above, with almost complete formation of an oxocarbenium ion

and complete cleavage of the bond to leaving group, whilst at the same time the bond
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to nucleophile is essentially non-existent. Accordingly, the ‘second generation’

inhibitor, DADMe-immucillin H, was investigated as an inhibitor of human PNP

and was found to be an 8.5 pM inhibitor of this enzyme.12

X-ray crystallographic analysis of the enzyme–inhibitor complex of bovine PNP

and immucillin H reveals that essentially every hydrogen-bond donor/acceptor site is

fully engaged in favourable interactions, providing a structural rationale for the

effective inhibition of the enzyme by this compound.13

The exceptional potency of immucillin H and DADMe-immucillin H

suggested their potential for the inhibition of T-lymphocytes. Previous studies

with nanomolar inhibitors of PNP had failed to inhibit T-lymphocytes because of

lack of potency – it is known that >95% inhibition of PNP is required for

significant reduction in T-cell function. Gratifyingly, immucillin H was an

inhibitor of human T-lymphocytes, suggesting that it may have utility in the

treatment of diseases characterized by abnormal T-cell growth or activation.14

Oral dosing of immucillin H in mice resulted in effective inhibition of PNP

activity within minutes, and it required 4 days for recovery to 50% PNP activity

from a single dose (0.8mg kg�1).15 Oral administration of DADMe-immucillin H

at the same dosage leads to similarly effective inhibition of PNP activity. How-

ever, the rate of recovery of PNP activity after a single dose of DADMe-

immucillin H was lower, with 11.5 days being required for recovery to 50%

activity, a rate that approximately matches the rate of protein resynthesis,

suggesting that the off-rate for inhibitor dissociation is not higher than resynthesis

of the target enzyme! At the time of writing, immucillin H (Fodosine) is in Phase II

clinical trials for relapsed/resistant T-cell leukaemia and cutaneous T-cell leukae-

mia.16 Further investigations have shown that related acyclic derivatives are

effective inhibitors of human PNP.17 These ‘third generation’ PNP inhibitors

include a triol that has been found to be as effective as DADMe-immucillin H

for inhibition of human PNP, with a Ki* value of 8.6 pM, and an achiral deriva-

tive of ‘tris base’ that is a sub-nanomolar inhibitor of malarial PNP. More recent

studies have reported the synthesis of an achiral azetidine that is a sub-nanomolar

inhibitor of PNPs.18
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50-MeT-DADMe-immucillin A was initially assessed as an inhibitor of E. coli

MTAN.9 Analogous to immucillin H, this compound was found to exhibit slow-

onset, tight binding inhibition, with a dissociation constant (Ki*) value of 2 pM. Also

studied was 50-MeT-immucillin A, which was also an effective inhibitor with Ki*

value of 77 pM. A structural rationale for inhibitor binding was provided for these

two inhibitors and the E. coli enzyme by X-ray crystallography of enzyme–inhibitor

complexes.19 A key feature of both structures was the formation of favourable

interactions between the protonated nitrogens of the inhibitors and a water

molecule in the active site, which was proposed to take the role of the nucleophilic

water involved in substrate hydrolysis. Distance analysis of the ‘nucleophilic’ water,

the ‘leaving group’ base and the anomeric centre showed that 50-MeT-immucillin

A was a better mimic of an early transition state than 50-MeT-DADMe-immucillin

A, whereas the latter was a better mimic of the highly dissociated transition state of

the E. coli MTAN. These features have been exploited to allow the use of these two

inhibitors as probes for transition-state structure. Thus, the ratio of the inhibition

constants for 50-MeT-DADMe-immucillin A and 50-MeT-immucillin A can be used

to distinguish between early and late transition states for a range of bacterial MTAN

enzymes. MTANs with early transition states exhibit a ratio of Ki*(ImmA)/

Ki*(DADMe) of approximately 2, whereas for MTANs with late transition states

the ratio is >10.20

Further improvements to the potency of 50-MeT-DADMe-immucillin A were

achieved by systematic structural variation.9 It was known that the pocket in MTAN
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that binds the 50-methylthio substitituent of the substrate is hydrophobic and can

bind groups larger than a simple MeS moiety. Consequently, substituents were

introduced into 50-MeT-DADMe-immucillin A, on sulfur, to investigate the effect

upon inhibition. 50-Me, 50-Et, 50-Pr and 50-Bu groups led to an increase in affinity,

reflected in Ki* values of 2000, 950, 580 and 296 fM, respectively. A range

of substituents was introduced into the 50-position, ultimately leading to

50-pClC6H4T-DADMe-immucillin A, with a Ki* value of 47 fM. This inhibitor

binds 43-fold tighter than 50-MeT-DADMe-immucillin A and is one of the most

powerful non-covalent inhibitors known for any enzyme.

Development of a Candidate Anti-toxic Malarial Vaccine

Vaccination is undoubtedly one of the most elegant methods for combating disease.

By marshalling the formidable resources of the immune system, vaccines prompt the

body to provide its own defences against infection. The process of immunization was

probably first achieved by Edward Jennera who used cowpox to vaccinate against

smallpox.b Ultimately, a more sophisticated but related approach has led to the

eradication of smallpox from the world, as declared by the World Health Organiza-

tion in 1980.

Malaria is caused by the parasite Plasmodium falciparum, which infects 5–10%

of the world’s population and kills 2 million people annually. The malarial

infection typically results in fever, seizures, coma and cerebral edema, symptoms

that have striking similarity to bacterial infection and that can be mimicked by

chronic salicylate poisoning.21 Over a century ago, Camillo Golgi and other malaria

a Edward Jenner (1749–1823), M.D. University of St Andrews (1792). Elected Fellow of the Royal

Society for observations on the nesting behaviour of the cuckoo (1788). In 1796 he carried out the first

vaccination experiment on 8-year-old James Phipps, by inserting pus from a cowpox pustule into the

boy’s arm. Jenner subsequently proved that having been inoculated with cowpox, Phipps was immune

to smallpox.
b Coined by Jenner from the Latin vaccinus, from vacca= cow.
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scientists demonstrated that malarial fever is synchronous with the developmental

cycle of the blood-stage parasite. Together, these observations support the hypoth-

esis that the pathological reactions that occur upon infection by the parasite are

initiated by a malarial toxin.22 Glycosylphosphatidylinositol (GPI) of the parasite,

which is expressed in free and protein conjugated forms, has the properties predicted

for a toxin, can induce cytokine and adhesion expression in macrophages and

vascular endothelium, and can be lethal in vivo.23,24 Anti-toxin vaccines are effec-

tive public health measures that are used for protection against tetanus and diphtheria

and prevent subjects from becoming ill, rather than preventing parasite multiplica-

tion. These vaccines use a ‘toxoid’, an inactivated form of the toxin, to induce host

immunity and protect against subsequent toxin. This section will describe work by

the groups of Louis Schofield at the Walter and Eliza Hall Medical Institute,

Australia and Peter Seeberger, at the Massachusetts Institute of Technology, USA,

and the ETH, Switzerland, to develop a candidate anti-toxin vaccine for malaria.

Determination of the structure and biological activity of the malarial

GPI: Glycolipids were extracted from P. falciparum cultured in the presence of

radiolabelled [3H]mannose, [3H]glucosamine and [3H]ethanolamine precursors.

Determination of the results of cleavage by a range of enzymes allowed definition

of the major structures of the GPI-anchor precursors as containing three and four

mannose residues.25 Different parasite lines were subsequently investigated,

revealing that all investigated strains showed a very similar series of GPIs.26 These

studies demonstrate that the GPI structure is likely to be conserved among all

P. falciparum subtypes, even those isolated from geographically diverse locations,

and emphasize the potential for a general anti-toxin vaccine. Isolated P. falciparum

GPI elicits a range of inflammatory effects, and deacylation by enzymatic or

chemical means renders the resulting carbohydrate non-toxic.27
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A delipidated glycan can be generated by sequential treatment of the GPI with

methanolic ammonia and phosphatidylinositol phospholipase C.25 This non-toxic

carbohydrate structure was chosen as the antigen from which to develop a vaccine

candidate.

A widely used approach to the development of synthetic vaccines is to conjugate

the antigen (the hapten) to an immunogenic carrier protein. Conjugation to generate

a large molecular species ensures long-term residence of the resultant conjugate in

the blood system, and the immunogenicity of the carrier protein ensures that the

hapten is recognized by the immune system and results in an immune response.

However, acquisition of the glycan in homogeneous form and sufficient quantities

requires chemical synthesis.

The initial route described to the GPI glycan was performed candidate anti-

toxin vaccine was performed entirely in the solution phase.22 The synthetically

challenging construction of the a-linkage between glucosamine and inositol was

the first glycosylation performed. Thus, a 2-azido thioglycoside was condensed

with a selectively protected inositol derivative to provide the masked a-GlcNH2-

myo-inositol core. Elaboration of the core with a series of mannose-derived

trichloroacetimidate donors generated the complete glycan structure, in fully

protected form.
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Installation of the cyclic phosphate and the phosphoethanolamine side chain was

achieved prior to cleavage of the cyanoethyl group (DBU); subsequent reductive

debenzylation under Birch conditions then gave the GPI glycan.

The antigen next needed to be presented in a form that allowed generation of an

antigen-targeted immune response. A widely used carrier protein is keyhole limpet

haemocyanin (KLH), which is potently immunogenic and displays free lysine-

derived amino groups that are available for conjugation. The immunogen was

prepared by treatment of the synthetic GPI glycan with 2-iminothiolane,
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generating a thiol off the phosphoethanolamine group. Finally, the resultant thiol was

conjugated to KLH pre-activated with maleimide.

Solid-phase oligosaccharide synthesis of glycans promises to simplify

significantly the preparation of complex carbohydrate structures and has been

discussed in Chapter 5.28,29 However, owing to the complexity of many glycans

and the intricacies of carbohydrate chemistry, a generalized approach to

solid-phase oligosaccharide synthesis has proved elusive and may never be

entirely achievable. However, many remarkable inroads into the area of solid-

phase synthesis have been made. Seeberger and co-workers have applied

automated solid-phase oligosaccharide synthesis technology to develop an

improved synthesis of the mannan portion of the vaccine candidate glycan.30

Thus, the tetramannoside was rapidly assembled using an octenediol-

functionalized Merrifield resin and glycosylations with five equivalents of

donor, with each glycosylation being performed twice to ensure high

coupling efficiencies. Removal of the acetyl protecting group at each step was

achieved with sodium methoxide, providing a glycosyl acceptor ready for the

next glycosylation. The tetramannoside was cleaved from the resin by olefin

cross-metathesis with ethylene using Grubbs’ catalyst, affording a 4-pentenyl

tetrasaccharide. The overall yield for the 4-pentenyl tetrasaccharide over the

entire sequence of glycosylations was 44% (HPLC peak area) and was

achieved in just 9 hrs from the pre-assembled monosaccharide glycosyl

donors.29
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Whilst the 4-pentenyl tetrasaccharide might conceivably act as a glycosyl donor

to a suitably protected GlcNH2-myo-inositol acceptor, model studies revealed that

4-pentenyl donors failed to yield the expected products. Thus, the tetrasaccharide

was converted to a trichloroacetimidate, which functioned as a moderate glycosyl

donor, yielding the complete glycan structure.
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The synthetic GPI–KLH conjugate was used to vaccinate mice, and gave rise to

antibodies with activity against glycan.22 Notably, the anti-GPI antibodies did not

cross-react with mammalian GPIs, possibly owing to the structural differences

between malarial and mammalian GPI structures. Mice immunized with the

synthetic GPI–KLH conjugate were significantly protected against severe malaria,

as indicated by improved rates of survival, when challenged with Plasmodium

berghei, a murine model for human malaria. Consistent with the mode of action of

the vaccine being against the malaria toxin, parasite levels in immunized animals

were not significantly different from non-immunized animals. Current work is

focused on defining the optimal structure and presentation of the glycan

antigen,31,32 developing an effective immunogenic carrier protein (of parasite or

bacterial origin), and establishing optimum dosing regimes in pre-clinical studies.24

Ultimately, clinical trials will be needed to evaluate whether a synthetic GPI anti-

toxin vaccine will reduce malarial mortality and morbidity in the field with a suitable

safety profile.

Synthetic Carbohydrate Anti-tumour Vaccines

Aberrant glycosylation is a hallmark of the cancer phenotype. Thus, a

carbohydrate vaccine against tumour cells has long been a keenly sought

goal.33,34 Unlike anti-infection vaccines, which protect against future infections,

anti-cancer vaccines aim to assist in the eradication of malignant cells post-

diagnosis and face a long list of potential problems including tumour cell–induced

immunosuppression even in the presence of immunogenic antigens, the intrinsi-

cally poor immunogenicity of most carbohydrates and the fact that many tumour

antigens are self-antigens that are present in lower amounts on healthy tissues.

The following section details research aimed at exploiting the identification of

specific glycolipid and glycoprotein glycans that are over-expressed on the sur-

faces of malignant cells. The work has aimed to develop a cell-free, fully

synthetic anti-tumour vaccine that could be used to elicit highly specific and

robust immune responses against malignant cells that bear the requisite glycans.

The goal is to induce the body to produce antibodies that could act within the

blood system to clear circulating tumour cells and micrometastases, through

complement-mediated cell lysis, or other mechanisms.

Globo-H is a hexasaccharide that was originally isolated as a ceramide-linked

glycolipid from the human breast cancer cell line MCF-7.34 The glycolipid is found at

the cell surface and has been characterizedwith the aid of amonoclonal antibody,MBr1.

Immunohistological analysis usingMBr1 demonstrated thatGlobo-H is found in a range

of other cancers including pancreas, stomach, uterine endometrium and prostate. While

there is some evidence that Globo-H is found on normal tissues, it is believed to be

localized on these tissues in areas where the immune system has restricted access.
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Globo-H was therefore chosen as a candidate glycan for the development of an

anti-tumour vaccine.

Several total syntheses of Globo-H have been achieved. The first, by

Danishefsky and co-workers and outlined here, utilized the glycal assembly

method for the construction of three of the six glycosidic linkages and was

partially discussed in Chapters 4 and 5.35,36 The synthetic approach used by

these workers favoured the disconnection of the hexasaccharide into two

trisaccharides, which were joined in a [3þ 3] coupling. Synthesis of the non-

reducing-end trisaccharide was achieved using two sequential glycosylations.

Thus, regioselective glycosylation of the allylic 3-hydroxy group of a D-galactal

acceptor with a 1,2-anhydrosugar, itself obtained from dimethyldioxirane

oxidation of a 3,4-carbonate-protected D-galactal donor, gave a disaccharide

glycal.

The disaccharide glycal was regioselectively glycosylated on the 20-hydroxy
group, formed in the preceding glycosylation, by an L-fucosyl fluoride donor.

While the resulting trisaccharide glycal could conceivably be used in a

sulfonamidoglycosylation with the reducing-end trisaccharide, it was found to

lack the required reactivity and was therefore converted to a thioglycoside

donor. Thus, treatment of the glycal with iodonium dicollidine perchlorate

and phenylsulfonamide generated a 2-deoxy-2-iodo glycosyl sulfonamide.

Treatment of this species with lithium ethanethiolate resulted in migration of

the sulfonamido group from C1 to C2, via an intermediate aziridine, yielding

the thioglycoside.
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The reducing-end trisaccharide was assembled by the condensation of a

D-galactosyl fluoride and a lactal acceptor (itself assembled from D-galactal and

D-glucal). Removal of the sole 4-methoxybenzyl protecting group afforded a new

glycosyl acceptor, and methyl triflate–mediated glycosylation by the non-reducing-end

thioglycoside afforded a fully protected hexasaccharide in a 10:1 anomeric ratio in

favour of the desired b-anomer. A remarkable feature of this glycosylation is the

presence of an unprotected hydroxyl in the glycosyl donor. In a related work, it was

shown that protection of this hydroxyl as an acetate led to a reversal in stereoselectivity

of the glycosylation to 1:5 in favour of the unwanted a-anomer.
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Most tumour antigens, including carbohydrates, are generally poor

immunogens and require conjugation with an immunogenic carrier in order to

elicit a significant immune response. Global deprotection of the protected

hexasaccharide glycal prepared above, and reacetylation, afforded an

acetylated hexasaccharide. This was epoxidized with dimethyldioxirane and the

resultant 1,2-anhydrosugar used to glycosylate allyl alcohol. Deacetylation then

provided the deprotected allyl glycoside. The alkene of the allyl glycoside was

converted to an aldehyde by ozonolysis, and this was reductively coupled to

KLH, resulting in presentation of approximately 350 Globo-H epitopes per

molecule of KLH.
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As mentioned above, the carbohydrate antigen of Globo-H was conjugated

to a carrier protein with the expectation that this would enhance its

immunogenicity. Even so, such subunit vaccines are inherently less

immunogenic than those employing attenuated microorganisms. Many antigens

are therefore administrated with adjuvants, immunostimulatory molecules that

are themselves not immunogenic but serve to enhance or prolong the immune

response. One of the most promising adjuvants in terms of potency and

favourable toxicity is a semi-purified extract from the South American tree

Quillaja saponaria Molina, termed QS-21.37 This extract consists of a range

of complex triterpenoid saponins, including QS-21Aapi/xyl.
38,c QS-21 is currently

in use in a range of clinical trials for cancer, HIV-1 and malaria, and has been

converted to a semi-synthetic analogue, GPI-0100, which shows improved

tolerance, lower toxicity and greater aqueous stability.39

c ‘21’ refers to it being isolated in the 21st fraction by HPLC.
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Immunization of mice with the Globo-H-KLH conjugate in the presence of

QS-21 resulted in high-titre IgM and IgG responses against the Globo-H

antigen.40 The vaccine also elicits high-titre IgM antibodies against Globo-H

in humans and was shown to be safe. At the time of writing, this conjugate is

scheduled for Phase II/III clinical trial evaluation for the treatment of breast

cancer.

A potential limitation to vaccine constructs such as those detailed above,

which bear a single tumour–associated carbohydrate antigen, is a consequence of

the heterogeneity of carbohydrates displayed on the cell surface of tumour cells.

Even within a particular cancer type in a single patient, tumour cells display a

range of cell-surface antigens, and a vaccine targeted towards a single tumour–

associated antigen would likely lead to only limited benefit. For this reason,

Danishefsky and co-workers have focused on the construction of so-called

unimolecular, multivalent vaccines. In these vaccines, several carbohydrate

antigens are displayed on a single polypeptide backbone, which is itself con-

jugated to a carrier protein. Among one of the most advanced such constructs is

a unimolecular pentavalent vaccine construct that displays Lewisy, Globo-H,

Sialyl-Tn, Tn and TF antigens, all of which are associated with breast and

prostate cancer.33,41

Carbohydrate antigens coupled to foreign carrier proteins such as KLH may

cause strong B-cell responses against the carrier protein itself, resulting in

suppression of antibody responses against the carbohydrate antigen.

Additionally, carbohydrate antigens have typically resulted in the formation of

relatively weak and short-lived IgM antibodies, without involvement of helper

T-cells that would lead to more prolonged and higher-affinity IgG antibodies. As

more detail has emerged on the function of the immune system, alternative
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strategies have been put forward to overcome these problems. Typically, upon

administration of a carbohydrate-carrier protein conjugate, the entire construct

must be taken up by B-cells, leading to the production of relatively low avidity

IgM antibodies. Ideally, maturation of the antibody recognition of the

carbohydrate antigen requires a class switch of IgM antibodies to IgG

antibodies, leading to more efficient soluble antibodies and a stronger immune

response. Such a class switch requires that antigen-presenting cells, which

process the construct and present smaller peptide fragments bearing the

carbohydrate entity on the major histocompatibility complex class II molecule

(MHC II), recruit helper T-cells. In practice, with vaccines derived from

conjugation of a carbohydrate epitope and a carrier protein, after processing of

the conjugate, unmodified peptides derived from the carrier protein are typically

presented by MHC II molecules to helper T-cells, resulting in the observed

immune suppression.

Boons and co-workers have recently demonstrated an alternative approach to

generating a strong IgG response to a synthetic carbohydrate-based vaccine,

through the synthesis of a three-component vaccine.42,43 Presentation of the

construct by an antigen-presenting cell was ensured by incorporation of

tripalmityl-cysteine-tetralysine (PAM3CysK4). PAM3CysK4 is a known ligand

for a class of cell-surface receptors called the Toll-like receptors, which are

components of the innate immune system and ensure cellular activation by the

conjugate. The PAM3CysK4 moiety was attached to a polio-derived peptide that

is documented to be presented by mouse MHC II, thereby ensuring efficient

presentation of the carbohydrate antigen. The carbohydrate antigen (B epitope)

was a peptide-borne Tn antigen, which was conjugated to generate a tripartite
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construct. Upon presentation of this antigen by MHC II molecules on the

surface of an antigen-presenting cell, interaction with a helper T-cell results in

the release of cytokines and antibody maturation to IgG class. Notably, this

construct contains only those parts needed for presentation by the immune

system, ensuring that antibody responses against unwanted parts of the

construct are limited and the potential for immune suppression is reduced. The

tripartite construct was administered with the immunoadjuvant QS-21 and led to

exceptionally high titres of IgG-class antibodies that could recognize cancer

cells expressing the tumour-associated carbohydrate.

New and Improved Anticoagulant Therapeutics Based

on Heparin

The clotting of blood is a natural response to injury to the vascular system,

without which the body would be unable to stem the flow of blood from a cut.

However, the normal propensity for blood to clot must be overcome in many

surgical procedures and in extra-corporeal procedures such as heart-lung

oxygenation and kidney dialysis.44 Moreover, the clotting of blood must be

controlled in diseases such as coronary heart disease, where atherosclerosis

leads to disruption of blood flow and platelet activation resulting in the forma-

tion of a blood clot, which can lead to a heart attack or stroke. One of the major

anticoagulant therapeutics is the glycosaminoglycan heparin, and related deriva-

tives. Heparin is one of the most effective and widely used drugs but suffers

from a range of problems. This section will discuss the discovery of heparin and

the development of new and improved heparin analogues that overcome the

many shortcomings and problems associated with heparin.
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The discovery and development of heparin: In a search for substances

from mammalian tissues that cause blood to clot, in 1916 McLean and Howell

found a substance, first termed ‘heparophosphatide’, and later heparin, which

prevented blood coagulation.44,45 More than 50 years passed before even the

most rudimentary structural characterization was finally completed, revealing

that heparin was a sulfated polymer of D-glucosamine, L-iduronic acid and

D-glucuronic acid.44 Nonetheless, the therapeutic potential of heparin was

rapidly recognized, and a number of groups attempted to develop a

commercial process for its production, first from dog liver and then from

more abundant beef liver. However, the concurrent development of a pet food

industry in Canada and the USA drove up the cost of this raw material and

required the development of an alternative source. A collaboration between the

University of Toronto and Connaught Laboratories led to a commercial process

for heparin production from beef lung and intestines (and later porcine

intestines), allowing preparation of sufficient material for human trials.44,46

Heparin was approved for use in humans in 1937, 1 year before the Federal

Food, Drug, and Cosmetic Act of 1938 was passed by the US Congress,

containing new provisions including the requirement that new drugs must be

shown safe before marketing. Possibly, as a consequence of the lax rules in

place during the time of its approval, heparin use has many serious side-effects

including a risk of osteoporosis, haemorrhagic complications and heparin-

induced thrombocytopoenia (HIT), which in severe cases can lead to death.

Heparin has been cited as the drug responsible for a majority of drug-related

deaths in patients who are otherwise ‘reasonably healthy’.47 Owing to its

complex dose/activity profile and narrow safety window, heparin is typically

only used in in-patients, in which case, careful monitoring of the patient can be

performed.

The coagulation cascade:44,48 Blood coagulation is a complex process

that involves signal amplification of a blood-clotting stimulus by a series of

enzymes where enzyme precursors (denoted by Roman numerals) are converted

to active enzymes (denoted by Roman numerals, followed by lowercase ‘a’),

which then act on the next set of enzyme precursors, converting them in turn

into active enzymes. The intrinsic (or contact activation) pathway is activated by

the contact of blood with foreign surfaces and to sub-endothelial surfaces

exposed during blood vessel damage. The extrinsic (or tissue factor) pathway

is activated by the excretion of tissue factor by injured cells. Both of these

pathways converge to form factor Xa, an enzyme that catalyses the formation of

a burst of thrombin. Thrombin catalyses the conversion of soluble fibrinogen to

insoluble strands of fibrin, which are cross-linked by a transglutaminase,

factor XIIIa, to form a cross-linked blood clot.

436 12 Classics in Carbohydrate Chemistry and Glycobiology



An imbalance in the blood-clotting system leads to either a pro-thrombotic

or a pro-haemorrhagic state. The body contains several natural inhibitors of the

coagulation cascade that prevent pro-thrombotic states arising and assist in

maintaining hemostasis. One of the most important of these inhibitors is the

protein antithrombin III (ATIII), which upon binding to heparin causes

inactivation of factors VIIa, IXa, Xa, XIa and XIIa, and thrombin. All of

these interactions may potentially contribute to hemostasis; however, clinicians

have found that low doses of heparin, which do not result in significant blood

coagulation when assessed in simple coagulation assays, nonetheless effectively

prevent thrombosis.48 This has led to the hypothesis that inhibition of factor Xa

may be more clinically relevant for an anti-thrombotic therapeutic than

inhibition of thrombin. As a consequence, significant efforts have been

directed at developing modified heparins with improved factor Xa inhibition

activity and reduced anti-thrombin activity so as to exert a fine control over the

blood clotting process.

The simplest approach to enhance ATIII-mediated factor Xa inhibition over

ATIII-mediated thrombin inhibition is to reduce the molecular weight of the

heparin preparation.48 Low molecular weight heparins (LMWHs) are produced

from heparin by various enzymatic or chemical depolymerization processes

followed by fractionation.44 Studies of the biochemical, pharmacological and
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chemical structures of LMWHs from different sources demonstrate that they are

not chemically or biochemically equivalent and have different pharmacological

properties.49 Despite the potential complications that these variations may cause,

LMWHs have largely displaced heparin from the drug market, and their

improved safety profile, more predictable dose/activity response and prolonged

anti-thrombotic activity allow their use in an outpatient setting. However,

LMWHs still suffer from some side-effects, in particular HIT.50

In the 1970s several crucial observations were made that helped cast light on

the mechanism of action of heparin.51 It was found that only a small fraction of

heparin molecules bind with high affinity to the blood-clotting inhibitor ATIII.

Moreover, the high affinity fraction accounted for essentially all of the anti-

coagulant activity of unfractionated heparin. This suggested that there was a

specific chemical structure within some heparin chains that was the preferred

ligand for ATIII. A Herculean effort by a number of research groups led to the

identification of several related pentasaccharides, which are the minimal

structure required for high-affinity binding to ATIII.51 The biological activity of

these pentasaccharides was confirmed by their synthesis,52–54 which showed that

they were not only able to bind to ATIII (with an affinity of 50 nM) but also were

able to enhance ATIII-mediated inhibition of factor Xa. The ATIII-binding penta-

saccharides contain a 3-O-sulfate group on the central glucosamine, which is

especially rare in heparin and, in the absence of this group, the affinities of the

pentasaccharides for ATIII are >2mM.55

A model for the role of the pentasaccharide in catalysing the inhibition of

factor Xa by ATIII has been proposed.56 In this model, binding of the

pentasaccharide to ATIII results in a conformational change of ATIII, leading

to exposure of a loop region. This loop region is recognized by factor Xa and

allows the formation of a ternary pentasaccharide/ATIII/factor Xa complex.

Finally, the pentasaccharide dissociates from the complex, where it is able to

catalyse the formation of a new ATIII/factor Xa complex. Evidence for this

model has been obtained through X-ray crystallographic analysis of ATIII,

ATIII in complex with a synthetic pentasaccharide, and an ATIII-binding

pentasaccharide/ATIII/factor Xa complex.57,58
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Ultimately, the methyl glycoside of the ATIII-binding pentasaccharide (termed

fondaparinux) was selected as a drug development candidate and, in 2002, following

clinical trials, was registered as a drug (Arixtra) in theUSAandEurope for the prevention

of venous thromboembolic events following knee- and hip-replacement surgery and after

hip fractures.56 The synthesis of fondaparinux is one of the most complex of any small-

molecule drug synthesis and takes over 60 steps.59Nonetheless,multi-kilogram synthesis

of the drug is performed industrially. Fondaparinux possesses a half-life of 17 hrs in

healthy humans, which allows for once-daily administration, rather than two to three

times daily forLMWH.Fondaparinuxdoes not result inHITandhas been used in patients

who have previously exhibited this complication with LMWHs.60,61

As mentioned above, the synthesis of fondaparinux is complex, which has

driven efforts to simplify its structure. Detailed structure-activity studies of the

ATIII-binding pentasaccharide showed that all of the NHSO3
� groups of the

pentasaccharide can be replaced with more synthetically tractable OSO3
�

groups and that all of the hydroxy groups can be methylated, with little effect

on the activity of the resultant derivatives.48 Additionally, the 2-O-sulfate on
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the L-iduronic acid moiety can be replaced by a 2-O-methyl group. Finally,

sulfation of the 3-hydroxy group on the reducing-end sugar provides an

enhancement of ATIII-binding ability. When all of these modifications were

incorporated into a single molecule, the resulting pentasaccharide, termed

idraparinux, is not only much easier to synthesize than fondaparinux (approximately

25 steps) but also possesses higher activity and a longer duration of action (half-life

in humans of 120 hrs), potentially allowing once-weekly administration. Idraparinux

is currently in Phase III clinical trials.

While the ATIII-binding pentasaccharide is able to catalyse the binding of ATIII to

factor Xa, it does not mediate the binding of ATIII to thrombin.While in some cases this

is desirable, in other cases anti-thrombin activitymight be beneficial. For example, blood

clots exhibit pro-coagulant activity that appears to arise from clot-bound factor Xa and

thrombin,which leads to activation of the coagulation system and propagation of a clot.62

Inhibition of thrombin and factor Xa may therefore provide improved anti-thrombotic

activity over inhibition of factor Xa alone. Amodel for heparin-assisted ATIII-inhibition

of thrombin was suggested on the basis of biochemical data and structures of ATIII,

thrombin and ATIII bound to the ATIII-binding pentasaccharide.56 In this model,

ATIII-mediated anti-thrombin activity arises from the formation of a ternary complex

between ATIII, heparin and thrombin, with the ATIII-binding pentasaccharide domain

binding to ATIII and facilitating the interaction of ATIII with thrombin through a

thrombin-binding domain in the heparin chain. According to this model, the thrombin-

binding domain is found towards the non-reducing end of the ATIII-binding

pentasaccharide, and the linker between the ATIII-binding domain and the thrombin-

binding domain does not interact with either protein.
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Consideration of the heparin/ATIII/thrombin model led to the proposal of an

ingenious approach to overcome one of the most serious problems with heparin,

HIT.63 HIT is caused by an immunoallergic reaction to the immunogenic

platelet factor 4–heparin complex.50 Platelet factor 4 (PF4) appears to bind to

any anionic heparin sequence, with the size for optimal PF4 binding being a

16-mer, and with at least eight consecutive negatively charged sugars being

required for binding. The model described above for the heparin/ATIII/thrombin

ternary complex suggests that at least 14 sugar residues are required for

successful formation of the ternary complex, and biochemical studies of model

compounds demonstrated that in fact at least a 15-mer was required. Thus, at

first glance it might appear that it would be impossible to find an

oligosaccharide that exhibits thrombin inhibition without interacting with PF4.

However, the model for the pentasaccharide/ATIII/thrombin complex

described above suggests that the sugars linking the ATIII-binding domain and

the thrombin-binding domain do not interact with either protein. Taken together,

these hypotheses led to the synthesis of a 16-mer (termed SR123781),

possessing a thrombin-binding domain at the non-reducing end, a neutral

linker region and an ATIII-binding pentasaccharide (derived from idraparinux)

at the reducing end. Notably, this 16-mer does not possess any more than five

consecutive negatively charged sugars and so does not interact with PF4. This

molecule displays good anti-factor Xa activity, superior anti-thrombin activity to

heparin and no interaction with PF4. X-ray crystallographic analyses of two

SR123781/ATIII/thrombin ternary complexes are in remarkable agreement with

the proposed model for their interaction.64,65
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Appendix I

Reagents for O-Protecting Group Removal
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Appendix II

Carbohydrate Nomenclature

By now, the reader will have gained some idea of the basic rules of carbohydrate

nomenclature. Fortunately, these rules have been reformulated and are readily

available in several places as the ‘Nomenclature of carbohydrates’:

Pure Appl. Chem., 1996, 68, 1919.

Adv. Carbohydr. Chem. Biochem., 1997, 52, 43.

Carbohydr. Res., 1997, 297, 1.

J. Carbohydr. Chem., 1997, 16, 1191.

www.chem.qmw.ac.uk/iupac/2carb/index.html

These new rules are not cast in stone, and the use of older nomenclature may

have advantages in certain cases. The International Union of Pure and Applied

Chemistry (IUPAC) has very recently introduced an International Chemical Identi-

fier (InChI), which is a computer-readable chemical identifier defined by an IUPAC

standard algorithm (www.iupac.org/inchi/). Such identifiers will ultimately make the

job of naming complex molecules obsolete.

The Literature of Carbohydrates

Reference literature: Chemical Abstracts still remains the most important

reference source for literature on carbohydrates. For those who have access to the

hard copy, the 14th Collective Index enables searching up to 2001, utilizing the

Author, General Subject, Chemical Substance or Formula Indexes.

CA Selects (Plus) (http://www.cas.org/PRINTED/caselects.html) is a fortnightly pub-

lication that provides all the relevant abstracts in a certain subject area, e.g. Carbohydrates.

SciFinder (http://www.cas.org/SCIFINDER/) Scholar (http://www.cas.org/

SCIFINDER/SCHOLAR/) uses the CAS database to bring the chemical and scien-

tific literature onto one’s desktop. This extraordinary search engine has changed the

nature of chemical research forever.

Beilstein’s Handbuch der Organischen Chemie is an ingenious system

that details individual classes of chemical compounds in a particular volume

(Hauptwerk) and then updates the information with supplements; carbohydrates

are to be found in volumes 17, 18, 19 and 31. CrossFire Beilstein, an online version



in English, has essentially replaced the hard copy of Beilstein. Notably, these two

resources provide physical data on the abstracted compounds.

Rodd’s Chemistry of Carbon Compounds provides another source of literature

on carbohydrates, located in volumes IF (1967) and IG (1976) and their supplements

(1983, to IFG and 1993, to IE/IF/IG).

Methoden der Organischen Chemie (Houben-Weyl) is another multi-volume

work that describes, in volume E14a/3, various aspects of the chemistry of carbohy-

drates and their derivatives. An online searchable version is available as Science of

Synthesis.

Angewandte Chemie International Edition includes an ‘Index of reviews’ cover-

ing the past 45 years, and this contains some excellent articles on carbohydrates.

Primary literature: General papers on all aspects of the chemistry, biochemistry

and biology of carbohydrates now appear in all primary journals, and this is simply a

reflection of the increased interest in carbohydrates shown by mainstream chemists

and biochemists. There are various specialist journals devoted to carbohydrates,

namely Carbohydrate Research (1965–), the Journal of Carbohydrate Chemistry

(1982–), Carbohydrate Polymers (1981–), Glycobiology (1990–) and Glycoconjugate

Journal (1984–). Carbohydrate Polymers, in fact, regularly reports a ‘Bibliography of

carbohydrate polymers’ that lists all the papers published on each of the major

biopolymers.

Monographs and related works: Methods in Carbohydrate Chemistry (1962–)

is an excellent series that provides discussion, references and experimental

procedures for a host of transformations in carbohydrates; volume II is probably

one of the most valuable works ever published for carbohydrate chemists.

Advances in Carbohydrate Chemistry (1945–1968) and Advances in Carbohy-

drate Chemistry and Biochemistry (1969–) provide a set of excellent reviews on

many aspects of carbohydrate chemistry, biochemistry and biology.

Specialist Periodical Reports, Carbohydrate Chemistry (1968–2000) was an

annual review of the carbohydrate literature. Although the series has been discon-

tinued (there are rumours that it will return), the individual volumes still provide one

of the most rapid ways of accessing information on a particular topic.

The Monosaccharides (1963), by Jaroslav Staněk and co-authors, is a bible for

carbohydrate chemists. The four-volume treatise, The Carbohydrates. Chemistry and

Biochemistry, edited by Ward Pigman and Derek Horton, is again a ‘must’ for all

researchers in carbohydrates. The current edition (volume IA, 1972; volume IB,

1980; volumes IIA and IIB, 1970) is really showing its age, but all efforts by Horton

to organize a new edition have met with frustration (and failure).

Carbohydrates – a Source Book (1987), edited by Peter M. Collins, is of use if

one wishes to consult a ‘dictionary’ of common compounds that lists the relevant

physical data and gives references for methods of preparation. A new (second)
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edition is now available, under the banner of Dictionary of Carbohydrates (2005),

and is accompanied by a CD-ROM.

Handbook of Reagents for Organic Synthesis. Reagents for Glycoside, Nucleo-

tide and Peptide Synthesis (2005) obviously contains sections of use to the synthetic

carbohydrate chemist. This work is a follow-up to the more general but older

Encyclopedia of Reagents in Organic Synthesis (1995).

Comprehensive Natural Products Chemistry (1999) has published a whole

volume (volume 3, Carbohydrates and their derivatives including tannins, cellulose,

and related lignins) devoted to various aspects of carbohydrates.

Ullman’s Encyclopedia of Technology has useful articles on applications of

carbohydrates.

Recent edited works: A popular trend in many areas of science has been the

publication of works that emanate either from a conference or from the desire of one

person (the editor) to present recent progress in a certain field. As such, these works

contain articles by many different authors, and there are the obvious problems

associated with differing styles and presentation, and the inevitable overlap of

some material.

Modern Methods in Carbohydrate Synthesis (eds Khan, S.H. and O’Neill, R.A.;

Harwood Academic, 1996) was the first of these modern edited works and contains

many useful articles on all aspects of carbohydrate chemistry.

Preparative Carbohydrate Chemistry (ed. Hanessian, S.; Marcel Dekker Inc.,

1997) again contains many chapters, some more up to date than others, and a multi-

chapter section on unpublished aspects of the ‘remote activation’ concept. A novel

aspect of the book is the inclusion of experimental details for the theme reaction(s) of

each chapter.

Carbohydrate Chemistry (ed. Boons, G.-J.; Blackie, 1998) contains a wealth of

information about carbohydrates and has powerful chapters dealing with the synth-

esis of glycosides and the chemistry of neoglycoconjugates.

Bioorganic Chemistry: Carbohydrates (ed. Hecht, S.M.; Oxford University

Press, 1998) is the final of three volumes on bioorganic chemistry and is unique in

that the 13 chapters are designed to fit into a one-semester course.

Carbohydrate Mimics: Concepts and Methods (ed. Chapleur, Y.; Wiley-VCH,

1998) is a compilation of works from laboratories around the world that describes the

synthesis of carbohydrate mimics such as azasugars, C-linked sugars, carbasugars,

aminocyclopentitols and carbocycles.

Essentials of Glycobiology (eds Varki, A., Cummings, R., Esko, J., Freeze, H.,

Hart, G. and Marth, J.; CSHL Press, 1999) focuses on the role of carbohydrates in

biology and is probably the best text available in the area of glycobiology; a new

edition is imminent.

Carbohydrates in Chemistry and Biology (eds Ernst, B., Hart, G.W. and Sinaÿ, P.)

is a four-volume work published by Wiley-VCH (2000), which is in direct competition
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with the three-volume Glycoscience: Chemistry and Chemical Biology (eds Fraser-

Reid, B., Tatsuta, K. and Thiem, J.; Springer, 2001). Both works cover virtually every

aspect of glycochemistry and glycobiology; an update of the latter has appeared (2008).

Glycochemistry: Principles, Synthesis and Applications (eds Wang, P.G. and

Bertozzi, C.R.; Marcel Dekker, 2001) followed hard on the heels of the two multi-

volume works above, covering some of the same topics but offering the ‘basics’ in a

much smaller work.

Carbohydrates (ed. Osborn, H.M.I.; Academic Press, 2003) is the fourth in the

series, ‘Best synthetic methods’, and is very strong on the construction of the

glycosidic linkage and the subsequent oligosaccharides.

Carbohydrate-Based Drug Discovery (ed. Wong, C.-H.; Wiley-VCH, 2003) is a

two-volume work with obviously a slightly different emphasis, namely biological

aspects and therapeutic applications of carbohydrates and some derivatives.

The Organic Chemistry of Sugars (eds Levy, D.E. and Fügedi, P.; CRC Press,

2006) covers, in one volume of almost 1000 pages, most aspects of carbohydrate

chemistry and biology.

Comprehensive Glycoscience (ed. Kamerling, J.P.; Elsevier, 2007) is the latest in

these edited works and covers, in four volumes, all aspects of the subject.

Recent textbooks: As well as supplying the scientific community with the latest

literature and review articles, it is also necessary to provide textbooks for use by

undergraduates, postgraduates and young researchers. A textbook demands a certain

style of the author(s), to present a goodly part of a subject in an understandable,

friendly and readable manner.

Carbohydrate Chemistry: Monosaccharides and Their Oligomers by Hassan S.

El Khadem (Academic Press, 1988) was just about the first of a rush of new-wave

textbooks on carbohydrates. The emphasis is on monosaccharides, with only a

handful of literature references.

Modern Carbohydrate Chemistry by Roger W. Binkley (Marcel Dekker, 1988)

gives a reasonable overview of monosaccharide chemistry with a more generous

offering of literature references.

Monosaccharides: Their Chemistry and Their Roles in Natural Products by Peter

M. Collins and Robert (Robin) J. Ferrier (Wiley, 1995) is essentially the second edition

of a small book (Monosaccharide Chemistry, Penguin, 1972) that took the carbohy-

drate community by storm. The present book, written by two wise, wistful and

knowledgeable carbohydrate chemists, is a mine of information, presumably gleaned

from the years associated with ‘Specialist periodical reports, carbohydrate chemistry’.

Carbohydrates: Structure and Biology by Jochen Lehmann was originally

published in German (Kohlenhydrate. Chemie und Biologie, Thieme, 1996) and

subsequently translated by Alan H. Haines (Thieme, 1998). The English version

does not contain the chapter, ‘Chemical aspects’, which is in the German version.

Chapter 2 of the English version, entitled ‘Biological aspects’, is an excellent
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summary of the role of carbohydrates in biology (glycobiology). This book is

another ‘must’ for any self-respecting carbohydrate chemist and represents excellent

value for money.

Essentials of Carbohydrate Chemistry by John F. Robyt (Springer, 1998) is

another book with a biological emphasis; there is a heavy accent on aspects of the

chemistry of sucrose throughout the book.

The Molecular and Supramolecular Chemistry of Carbohydrates by Serge David

(Oxford University Press, 1998) provides an overview of the physical, chemical and

biological properties of carbohydrates. With 18 chapters (and 320 pages), the book is

wide ranging in its coverage.

Carbohydrate Chemistry by Benjamin G. Davis and Antony J. Fairbanks

(Oxford University Press, 2002) is an affordable Oxford Chemistry Primer most

suited to those about to enter the field.

Essentials of Carbohydrate Chemistry and Biochemistry by Thisbe K. Lindhorst

was first published in 2000 (Wiley-VCH). A second (2003) and a third (2007)

edition have appeared that include some basic references, lacking in the first edition.

Miscellaneous: Stereochemistry of Carbohydrates by J.F. Stoddart (Wiley-

Interscience, 1971) is still one of the most authoritative publications on almost all

aspects of carbohydrate constitution, configuration, conformation and isomerism.

Carbohydrate Building Blocks by Mikael Bols (Wiley, 1996) spends some 60

pages discussing the chemistry of carbohydrates and then finishes with the main

thrust of the book, a compendium of ‘building blocks’ derived from carbohydrates

for the synthesis of natural products.

Carbohydrate Synthons in Natural Products Chemistry: Synthesis, Functionali-

zation, and Applications (eds Witczak, Z.J. and Tatsuta, K.; American Chemical

Society/Oxford University Press, 2003) follows on very much from the Bols book.

Monosaccharide Sugars: Chemical Synthesis by Chain Elongation, Degrada-

tion, and Epimerization by Zoltán Györgydeák and István F. Pelyvás (Academic

Press, 1998) describes a myriad of reactions for the elongation, degradation and

isomerization of monosaccharides. A highlight of the book is the inclusion of

detailed experimental descriptions of many of the transformations discussed.
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Epilogue

Life goes on at a frenetic pace, and chemistry, of particular interest carbohydrate

chemistry, is swept up in it. With masses of information available at the press of a key,

we forge ahead, often looking neither left nor right, achieving great things that we

convey to an often despairing audience in some convention or symposium. There is

very little time for reflection before one has to move onto the next grant application, to

feed the hungry co-workers, and to keep the great ball of achievement rolling.

This was not always the case. Many of us experienced mentors who were aware

of all of the chemical literature in their chosen field, who puzzled over a result and

who questioned something that did not seem to fit in with past observations. So were

discovered new phenomena, new chemical reactions or perhaps the key to unravel-

ling a novel structure. Fortunately, some of those people are still with us today; if

not, they have left us a legacy in print.

Presented here are two very different articles, one from Stephen Angyal

(University of New South Wales, Australia) and the other, in fact, three related

pieces, from William (Bill) Whelan (University of Miami, Florida, USA). Angyal’s

article is beautiful in its simplicity, describing the preparation of an unnatural

monosaccharide, L-ribose, by metal-ion isomerization of L-arabinose. Whelan’s

three pieces (under the banner of ‘The Wars of the Carbohydrates’), dealing with

common public misconceptions concerning high fructose corn syrup, fructose and

maltose, are beautifully written and succinct. These are a ‘must read’ for any

budding postgraduate student.
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Short Communication
Amt. J.  Chem. 2005, 58, 58-59

CSIRO PUBLISHING

www.publish.csiro.au/journals/ajc

L-Ribose: an Easily Prepared Rare Sugar

Stephen J.  Angyal A

A Schoo l of Chemistry, University of New South Wales, Sydney NSW 2052, Australia.
Email: s.angyal@unsw.edu.a u

An old method has been updated to provide an easy one-step process for the synthesis of L-ribose.

Manuscript received: 6 September 2004.
Final version: 1 3 November 2004

L-Ribose (Fig. 1) does not occur in nature and is very expen-
sive to purchase. Recently , i t has been muc h i n demand as
the startin g materia l fo r the synthesis o f nucleoside enan -
tiomcrs and other biologically importan t eompounds . In the
last fe w years , si x papers'- 1 ^  hav e appeare d o n the syn-
thesis o f L-ribos e o r its derivatives (esters , acetals ) fro m a
variety o f startin g materials , suc h a s D-glueosc , D-ribosc ,
u-mannonolactone, u-galactose , an d L-arabinose. The y ai l
employ sequence s o f reactions that require som e expensiv e
reagents and several organi c solvents . Enzymic conversion s
of other sugar s have also been explored for the preparation
of L-ribose.' 7-!

However, i t shoul d b e note d tha t i n 1973 , Bflik an d
Caplovic^ publishe d a  simpl e synthesi s o f L-ribos c b y
molybdate-catalyzed epimerizatio n o f the readily availabl e
L-arabinose—a reactio n no w known a s the Bili k reaction.
The synthesis is one step, and except for a catalyic amount of
molybdic acid does not require any expensive reagents, while
the solvents used are water and a small amount of methanol.
The proces s ca n be carried ou t in 2—3 days. Although the
yield of L-ribose is only 20%, this being in equilibrium with
arabinose, most of the unreacted arabinose is recoverable and
can be used again .

Intcrcnstingly, fiv e o f th e paper s o n th e synthesi s o f
L-ribose do not quote Bilik's work at all. Only Pitsch^' J men-
tions it , but at the same tim e dismisse s i t because o f the
low yield and the cumbersome purification step . The sugars
were originall y separate d b y chromatography o n a cation -
exchange column in the barium form. Bili k himself was not
satisfied wit h thi s method and offered another , longer alter -
native via the ./V-phcnyl-L-ribosaminc intermediate. However,
cation-exchange chromatography has greatly improved since

.CHO

OH O H

Fig. 1 . Th e structure of T.-ribose.

then. Bariu m form s onl y wea k complexe s wit h sugars , but
the lanthanid e metal s for m muc h stronge r complexes . We
found tha t a neodymium column'- 9-' i s preferable t o the bar-
ium colum n a s the column ca n be much smalle r an d the
flow rat e faster . Bilik' s chromatography laste d lOOh , while
we complete d a  run half thi s siz e i n one working day . He
used a  colum n o f 12 0 em length , wherea s our s wa s only
29 cm and the solvent used was water. Bilik treated his reac-
tion mixture wit h charcoal an d then removed the molybdic
acid. We found that neither procedure was necessary because
molybdic aci d an d any coloured impuritie s com e of f the
chromatographic column before the sugars. Moreover, ribose
undergoes complexatio n muc h bette r tha n th e othe r sug-
ars presen t (arabinose . als o lyxos e an d xylose, whic h arc
by-products o f the reaction) and emerges fro m th e column
last a s a pure compound . The column ca n then be re-used
without any need for regeneration.

Without doubt, this is the simplest, quickest, and cheapest
way to make L-ribose .

Experimental

Preparation of the Neodymium Column

Dowcx A G 50W-X2(II+) resi n (200-40 0 mesh , 300ml. ) wa s gently
stirred with water in a beaker. After th e mixture settled , the water was
decanted an d the process was repeated twic e i n order to remove fin e
particles. A solution of neodymium chloride hexahydrate (5 g) in water
was added lo the resin, the resultant mixture was gently stirred, and was
then poured int o the glass column (4.3 x 29 cm) and allowed to settle.
The colum n wa s washed wit h wate r unti l the effluent wa s no longer
acidic.

Preparation of L-Ribose

L-Arabinosc (25.0 g) andmolybdcnic acid (MoOvHiO, Univar; 0.25 g)
were heate d i n wate r (100mL ) a t 90° C fo r 9h. The clear an d only
slightly coloured solution was evaporated, and the residue was dissolved
in methanol (5 0 ml.) and left a t 5°C overnight. As arabinose crystal -
lized out , it adhered t o the glass surfac e an d needed t o be broken up
and stirre d i n order to increase it s recovery. Filtratio n gav e 16. 0 g of
arabinose (64% recovery). The mother liquor was then concentrated by
evaporation (the presence of some methanol assists the chromatographic
separalon), water (20 mL) was added and the solution was poured into
the chromatographic column .

10.1071/CI 104201 0004-9425/05/010058
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The column was eluted a t the rate of 150mL h ]  wit h 50m L frac -
tions bein g collected . Th e content s o f eac h fraction  wer e teste d b y
TLC o n cation-cxchang c thin-laye r plate s (Polygra m Ioncx-2 5 SA ,
Macherey Nagel)i n th e calcium for m (ftp fo r ribose was 0.55, while lor
the other pen loses was 0.65 0.75) . The olher sugars appeared in Ihe early
fractions, while L-ribose emerged after a  distinct gap at between 700 and
1500 mL. Evaporation o f these fraction s gav e 4.8 g o f L-ribos e (19% ,
53% calculated on arabinose not recovered). This ribose was determined
to b e pur e fro m it s ]  II NMR spectrum , whic h wa s identica l t o that o f
crystalline D-ribosc and did not contain signals as a result of any other
substances.

Ribose i s not  readil y crystallize d an d evaporatio n o f it s solutio n
gives a syrup that tends to remain syrupy fo r weeks even in the presence
of see d crystals/ 1^ Th e recommended metho d fo r crystallization^ 10'
from absolut e ethanol i s not satisfactory a s much of the suga r remains
in the mother liquor . As a result, if the ribose i s only an intermediate in
the preparation o f other substances , it is not worth trying to crystallize,
and the syrup should be used for an y subsequent reactions .
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The Wars of the Carbohydrates: Part 1
William J . Whela n
e-mail: wwhelafi@miami.edu

Two sugar s ar e currentl y th e topic s o f heate d debat e i n th e
United State s in terms of their alleged undcsirabiiit y in foodstuffs .
These are fructose an d maltose .

HIGH FRUCTOS E CORN SYRU P (HFCS)
Xylose isomeras e (E C 5.3.1.5 ) interconvert s xylos e an d

xylulose. In the 1960 s a form of the enzyme was discovered tha t
would inlerconver l glucos e an d fructos e suc h that , startin g
from glucose , ther e wa s forme d a  mixtur e o f th e tw o sugar s
that wa s no t fa r fro m th e 50/5 0 compositio n o f inver t sugar ,
traditionally made by hydrolyzing sucrose and used in the food
industry instea d o f sucrose becaus e i t does no t crystalliz e an d
give a  brittl e textur e t o foodstuffs , wher e thi s would  b e
undesirable. Th e U S cor n industr y wa s quic k t o seiz e on thi s
discovery an d b y th e mid-1970 s ha d develope d a n efficien t
enzymic conversion process whereby corn starch i s hydrolyzed
to glucos e an d then isomerized . Th e name "hig h fructose cor n
syrup' i s applied  t o thi s product . Th e percentag e fructos e a t
equilibrium i s abou t 42 , bu t ca n b e increase d t o 55 % an d
products correspondin g t o both extreme s are on the market .

HFCS i s competitive in price with sucros e and ha s been a n
outstanding success . B y 198 5 i t accounte d fo r a  15 0 lb pe r
capita consumptio n i n th e US , al l gaine d a t th e expens e o f
sucrose. I t ha s becom e th e secon d mos t abundan t produc t
made from starch , after fue l alcohol . The Corn Annua l 2003 . a
publication o f th e Cor n Refiner s Associatio n (CRA) , show s
that i n th e 1 5 year s betwee n 198 7 an d 200 2 th e U S sal e o f
HFCS ha s increase d fro m th e equivalen t o f 35 8 millio n
bushels o f corn t o 54 5 million. Th e increas e i n U S per capit a
consumption o f calori c sweetener s i n tha t lim e (23. 1 lbs ) i s
mostly represente d b y th e increas e i n th e consumptio n o f
HFCS (16. 9 lbs ) whic h no w rank s equall y wit h sucros e i n
terms of the percentage of total caloric sweeteners use d (42%).
Undoubtedly, th e breakthroug h i n th e us e ot  HFC S cam e
about whe n i t wa s accepte d b y col a manufacturer s a s a
replacement fo r th e sucros e traditionall y used . Perhap s i t ha s
totally displaced sucros e in th e U S cola market . On e wonder s

Received 3 May 2004: accepted 3  May 2004
Address correspondence lo : e-mail: wwhekin(«,miami.edu

in fac t ho w much o f the sucros e use d i n colas (sucrose i s stil l
used i n Europe) , i n fac t reache s th e consume r a s sucrose ,
because o f th e hig h acidit y o f cola , whic h i s lace d wit h
phosphoric acid .

One o f th e attractiv e thing s abou t HFC S bot h t o th e
manufacturers and , i n turn , th e consumer s i s it s relativ e
sweetness. Fructos e itself , relative t o sucros e (100) , is 170 . All
this is tempting in the potential l o be able to sweeten food an d
drinks an d us e th e slogan  -  'Sam e sweetness , lowe r calorics' .
In thes e days , that would  ge t everybody' s attention .

Latterly, wit h th e realizatio n o f th e alarmin g increas e i n
obesity o f th e America n population , HFC S ha s com e unde r
fire a s a n allege d leadin g caus e o f obesity . Certainly , graph s
showing th e plo t o f increase d HFC S consumptio n agains t
increase i n obesit y ar e rathe r persuasive . Sinc e th e wor d go t
around tha t I  am supposed t o know something on the subject ,
I hav e bee n calle d b y newspape r an d magazin e reporter s
wanting mor e informatio n wit h respec t t o th e aforesai d
correlation. I  pointe d ou t tha t someon e onc e plotte d th e
salaries o f Presbyteria n minister s i n Philadelphi a ove r th e
years agains t th e pric e o f ru m i n Jamaic a an d obtaine d a n
equally persuasiv e correlation . I  followed thi s up b y pointin g
out tha t HFC S i s no t o n th e marke t i n Europ e an d ye t
Western Europ e ha s bee n seein g th e sam e sor t o f increas e i n
obesity. My contention i s that i t is all a matter o f calorics. The
real correlation wit h obesit y i s the tota l calori c consumption ,
whatever th e composition o f th e food. Th e fac t tha t HFC S i s
not sol d i n Wester n Europ e i s no t becaus e o f an y concer n
about it s nutritive properties . Rathe r i t i s the knowledge tha t
HFCS coul d pu t th e Europea n suga r bee t industr y ou t o f
business, i n th e sam e wa y tha t it s sal e i n th e US A ha s
devastated th e domesti c suga r industry . Hig h tariff s discou -
rage sale s o f HFC S i n Europe . I t i s als o a  politica l plu s fo r
HFCS tha t i t ha s damage d th e econom y o f Cub a becaus e o f
Cuba's forme r heav y dependenc e o n sucros e export s i n orde r
to obtai n har d foreig n currency .

The HFC S manufacturer s hav e no t bee n slo w t o defen d
their product s an d hav e establishe d a  websit e a t HFCSfacts. -
com Th e genera l teno r o f th e 'facts ' o n th e websit e wa s
established unde r th e heading :
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"The Trut h Abou t Hig h Fructos e Cor n Syrup" , wher e i t wa s
stated that :

"There are no published studie s regarding the effects o f HFC S
on insuli n production' .

I invite d th e CR A t o ke y "HFC S Insulin 1 int o PubMed .
Shortly thereafter , thi s claim disappeared .

The website also included anothe r since-remove d articl e by
Sandy Szwar c entitle d Tric k o r Treat? ' Th e CR A dre w
attention t o thi s b y writing :

'Finally a  repor t tha t get s i t right' .

T felt provoke d t o write t o th e CRA t o comment tha t thei r
use of the word 'right ' could not be viewed as in the context of
'accurate' bu t tha t i t wa s 'right ' i n th e sens e o f agreeing wit h
their opinion . Th e misstatement s include d th e following :

'Fructose i s i n suc h foo d a s Jerusale m artichokes' . I  pointe d
out tha t th e fructos e i n Jerusale m artichoke s i s no t food , a t
least fo r humans . Fructos e occur s ther e i n th e for m o f a
polymer no t digestibl e b y humans . Bu t the n Szwar c wen t t o
write that 'fructos e i s found i n such foods as the starch ofcor n
kernels'. Ho w thi s chemica l monstrosit y go t ont o th e websit e
of th e supplie r o f U S cor n starc h i s perplexing. Bu t th e sam e
inference i s als o t o b e foun d a t www.chemistry.eku.edu /
BROCK/Causes wher e w e rea d tha t ' a hybri d cor n ha s bee n
developed wit h hig h fructos e i n it s syrup. '

In further defens e of fructose w e read tha t 'the body uses all
types (o f sugars ) i n th e sam e way' , somethin g whic h i s
certainly no t th e cas e wit h fructos e (7 ) an d indee d i s a t th e
basis o f the concerns tha t som e people hav e abou t thi s sugar .
And the n finally :

'All carbohydrate s ar e broke n dow n t o simpl e sugar s befor e
being absorbe d b y the body' .

This highl y misleadin g statemen t shoul d i n fac t rea d 'Al l
digestible carbohydrates...' . Give n th e awarenes s o f suc h
dietary regime s a s th e Atkins' Die t an d th e South Beac h Die t
one would hav e thought tha t most people would kno w by now
what is meant by 'net carbs ' (digestible carbohydrate) vs . total
carbs (digestibl e plu s indigestible) . Ther e seem s t o b e littl e

realization tha t man y o f th e carbohydrat e polymer s tha t w e
consume ar c indigestible . Eve n th e America n Diabete s
Association wa s puttin g ou t thi s sam e misleadin g statemen t
until I  protested t o them .

Reading th e article s o n th e CR A websit e on e begin s t o
realize tha t the y hav e a  defensiv e posture . The y poin t ou t
repeatedly that , fro m a  nutritiona l poin t o f view , ther e i s
essentially n o differenc e betwee n HFC S an d sucrose , some -
thing tha t I  would find  n o difficult y i n agreeing with . Bu t th e
defenders o f HFC S ar e havin g t o contes t a  contentio n tha t
fructose i n HFC S i s metabolize d differentl y tha n fructos e i n
sucrose. I  kno w o f n o evidenc e fo r thi s an d ca n thin k o f n o
reason wh y thi s shoul d b e th e case , assumin g tha t fructos e
enters th e circulatio n directl y fro m HFC S an d fro m sucros e
after havin g bee n hydrolyzc d b y intestina l sucrasc .

What i s makin g th e HFC S defender s nervou s i s th e
abundant evidenc e tha t consumptio n o f fructos e alon e ca n
certainly giv e ris e t o problems . Thes e ar e occasione d b y th e
uncontrolled rat e a t which the live r seize s o n dietar y fructos e
and phosphorylate s it . Hypoglycemi a i s on e o f th e conse -
quences, a seeming paradox tha t th e level of circulating bloo d
glucose may fal l a s a  resul t o f consuming anothe r sugar .

Thus, th e CR A websit e state s that :

"It i s importan t tha t experimenta l studie s concerne d wit h
health effect s o f HFC S incorporat e bot h sugar s int o th e tes t
regimen i n equa l proportions . Fe w reports purportin g t o lin k
HFCS wit h healt h effect s hav e done so;  most see k to sho w an
effect fo r (sic ) exaggerated level s of fructose i n isolation fro m
glucose'. Another sectio n goes on t o state tha t 'human s rarel y
consume fructos e a s a  sol e sourc e o f sugar' .

Pure fructose i s fortunately to o expensive to be offered o n a
large scal e a s th e ultimate i n sweetnes s with lo w calories , bu t
not to o expensiv e fo r i t t o b e include d i n a  ne w bran d o f
bottled water , a  high-prollt-margin commodity .

The saving grace about HFCS, if one can express it in those
terms, i s tha t i t contain s glucose , s o tha t th e hypoglycemi c
effect o f fructose i s automatically combated .

And th e secon d suga r involve d i n th e war s o f th e
carbohydrates -  maltose? Watc h fo r th e nex t installment .
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The Wars of the Carbohydrates: Par t 2
William J . Whela n
e-mail: wwiwlan@mktmi.edu

T promised tha t m y next missiv e o n carbohydrates woul d
focus o n maltose. And it will. Bu t I could no t resist insertin g
this piece , as a follow-up t o Part 1 , on fructose (/) .

Writing i n the New York Time s fo r 7  September, 2004 , a
Thomas G . Burn s use d th e topica l subjec t o f obesit y an d
fructose consumptio n t o launch an attack o n US tariffs. Her e
arc two paragraphs fro m hi s letter:

'Although exces s consumptio n o f an y suga r ca n lea d t o
obesity, can e an d bee t suga r (glucose ) an d cor n syru p
(fructose) d o not have equa l effect s o n our digestive systems .
Ingesting large amounts o f fructose ha s been show n in animal
studies t o caus e insuli n resistance , impai r glucos e tolerance ,
increase insuli n levels , rais e triglyccride s an d contribut e t o
high bloo d pressure. '

A larg e huma n stud y ha s confirme d th e lin k betwee n
fructose an d Type 2 diabetes.

I was quick to put pen to paper (figuratively ) an d wrote the
following t o the Times. Since they did not publish it, I take the
opportunity t o add it to this series .

Under th e headin g "Suga r i s Sweet.. . an d Unhealthy" ,
Thomas G . Burns state d that : 'can e an d bee t suga r (glucose )
and cor n syru p (fructose ) d o no t hav e equa l effect s o n our
digestive systems' .

He goe s o n t o lis t severa l deleteriou s effect s o f "ingestin g
large amount s o f fructose" . Th e reader wil l b e forgive n fo r
concluding tha t cor n syru p i s bad for you in a way that can e
and bee t suga r ar e not.

'This i s voodo o chemistry . Can e an d bee t suga r ar c not
"glucose"'. The y ar e sucrose , a  molecul e containin g on e
part eac h o f glucos e an d fructos e tha t mos t o f u s ar c abl e
to absor b fro m th e gu t afte r splittin g sucros e int o th e two
parts. An d i t i s cor n syru p tha t i s glucose , no t 'fructose' .
Your corresponden t ha s confuse d cor n syru p wit h hig h
fructose cor n syru p (HFCS) , manufacture d fro m cor n
syrup. HFC S i s a  mixtur e o f approximatel y equa l part s o f
glucose an d fructose , a  kin d o f predigeste d sucrose . A s
articles o f diet , ther e ca n b e n o differenc e betwee n sucros e
and HFCS .

Consuming excessiv e amount s o f any of these products is,
nutritionally, bad news for the body. But Mr. Burns' specious
premise shoul d no t be used a s a stick wit h whic h t o bea t the
sugar quot a system .
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The Wars of the Carbohydrates: Par t 3: Maltose
William J. Whelan
w wh e.lan@, miami.edu

In 'Th e Sout h Beac h Diet ' (St . Martin' s Press , 2003 ; 8 3
weeks o n th e Ne w Yor k Time s best-selle r list ) Arthu r
Agatston, MD , a  cardiologis t fro m nearb y Moun t Sina i
Medical Center , Miam i Beach , alarmed th e major U S brewer
by criticizin g th e consumption o f bee r becaus e o f its alleged
content o f maltos e an d th e fac t tha t maltos e ha s a  hig h
glycemic index .

The glycemi c inde x (GI ) is explained o n the South Beac h
Diet website . I t is a measure of the rise in the level of glucose
that occur s i n th e bloodstrea m afte r foo d i s ingested . Th e
arrival o f glucose cause s th e release o f insulin , whic h i n turn
causes the body to store excess sugar as fat, inhibit the burning
of previousl y store d fa t an d signal s th e live r t o mak e
cholesterol.

Agatston an d other s advocat e th e consumption o f food s
with a low glycemic index, the basis of the criticism o f maltose.

The G J figure s tha t Agatsto n quote s ar e fructos e 32 ,
glucose 13 7 (relative t o white brea d a t 100 ) and maltose 150.

Evidently, Agatston' s messag e go t aroun d becaus e o n 23
April 200 4 Anheuser-Busch , th e aforesaid brewin g company ,
took ou t full-page advertisement s i n 31 newspapers, includin g
The Ne w York Times . The message read :

'Have a  Beer
With You r Sout h Beac h Diet .
There's No Maltose l o Worry About. '
Agalston, when challenged, conceded readily and with good

grace tha t Anhcuscr-Busc h wa s generally righ t abou t maltose .
There is maltose in beer but most of it is fermented out . He said
he hire d a  graduate studen t to look into the question.

I decide d t o d o th e same wit h a n undergraduat e studen t
and a n assistan t workin g i n my laboratory fo r th e summer .
Tiffany Biaso n an d Mar i Park . Togethe r w e measure d th e
total carbohydrat e conten t o f 8  beer s an d th e amoun t o f
glucose release d b y a  mixtur e o f alpha-amylas e an d glucoa -
mylase, identica l t o ih e enzymes tha t w e use in our digestive
system t o brin g abou t th e conversion o f starch int o glucose .
The measurement s provide , on the one hand, 'tota l carbs ' and
on the other the 'net carbs' tha t giv e rise to the metabolizable
glucose tha t determine s th e glycemic index .

We also carried out paper chromatography of the beers and
confirmed wha t generall y ha d been agree d bot h b y Agatsto n
and Anheuser-Busch , tha t ther e was essentially n o maltose to
be seen . Bu t we could se e very clearl y large r molecule s tha t
corresponded t o th e ne t carb s w e had measured . Thes e ar e
collectively terme d maltodextrins .

In the beer-making process , starch i s acted on by a mixture
of amylases to form glucose , maltose, maltotriose , and higher
saccharides containin g bot h alpha-1 , 4 - an d alpha- 1 6 -
glucosidic linkages . Yeas t readil y ferment s glucos e an d
maltose t o ethanol , bu t ha s a  harde r tim e wit h th e highe r
saccharides, the maltodextrins.

What i s the significance o f all this? The significance i s that
the glycemic index of mallodextrins i s exactly the same as that
of maltose . A s lon g a s ther e ar e significan t amount s o f
maltodextrins i n th e beer, th e claim b y Anheuser-Busch tha t
there i s no maltose i n bee r i s irrelevant . I f Agatston' s clai m
that maltos e give s you a beer bell y i s correct, the n s o should
the maltodextrins. I  have not seen thi s aspect mentioned in the
debate abou t maltose .

It seem s t o me that Anheuser-Busch , b y proclaiming tha t
'there i s no maltose to worry about' , whil e ignorin g tha t bee r
contains something , i n term s o f what i s being argue d about ,
that ma y be just a s bad as maltose, has succeeded i n grasping
the ta r baby o f American folklore .

And, whe n a  Washingto n Universit y Schoo l o f Medicin e
nutritionist i s quote d o n Realbeer.co m a s sayin g tha t 'th e
carbohydrates i n beer are not sugar, Basicall y al l the sugar is
converted t o alcohol durin g fermentation' , h e is also beggin g
the question . Whateve r on e ma y choos e t o cal l th e ne t
carbohydrates i n beer , the y underg o exactl y th e sam e
metabolic fat e a s doe s maltose , whe n w e diges t them , an d
they hav e the same glycemi c index .

For th e record, the net carbs determined b y Ms. Biason in
Budweiser bee r corresponde d t o 2.5% wt/vol an d about hal f
that amoun t i n Bud Light. The lowest quantitie s o f net carbs
that sh e found wer e i n Michelo b Ultr a Beer , a t 0.14 % and
Miller Lit e at 0.11%, whic h borde r o n the insignificant .

Received 27 September 2004; accepted 30 September 2004
Address correspondence to: e-mail: wwhelan@miami.ed u

ISSN 1521-654 3 print/ISS N 1521-655 1 onlin e ©  200 4 IUBM B
DOI: 10.1080/1521654040002245 8

This article is reproduced wit h permission fro m the publisher, Taylor & Francis.
Copyright of IUBMB Life is the property of Taylor & Francis Ltd and its content may not be copied or
emailed to mutiple site s or posted to a listserv withou t the copyright holder' s expres s written permis -
sion. However, users may print, download, or email article s for individual use.



This page intentionally left blank 



Index

ABO blood system, 382, 384–385
absolute configuration, 8
acarbose, 270–271
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acyclic thioacetals, 58–59
benzylidene acetals, 50
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diacetals, 57
dithioacetals, 58
isopropylidene acetals, 54
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stannylene acetals, 59
thioacetals, 58
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2-acetamido-2-deoxy-D-glucopyranose
(GlcNAc), 174

2-acetamido-2-deoxy-D-glycopyranosides,
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2-acetamido-2-deoxy glycosides, 176
acetates, 36
acetobromoglucose, 95, 145
N-acetylation, 241
acetylation of D-glucose, 36–38
N-acetyl-D-glucosamine, 347–349
N-acetyl-D-glucosamine, 61, 107–108
N-acetylglucosamine-1-phosphodiester

a-N-acetylglucosamidase, see
uncovering enzyme

N-acetylneuraminic acid, 108–109
N-acetylneuraminic acid, biosynthesis

of, 245
N-acetyl-N-trichloroethoxycarbonyl

protection, 62
acylation, 60
O-acylation of sugars, 357
acyl migration, of esters, 42
aerobic metabolism, 225

alcoholic fermentation, 230–231
aldaric acids, 3–4
alditol, 4, 80–81
aldohexoses, 101
D-aldohexoses, 12, 21, 26
aldonic acids, 3, 5–6
aldonolactonase, 247–248
D-aldopentoses, 26
aldopentoses/aldohexoses, 1
aldoses, 1, 21–22
alexine, 121–122
alginates, biosynthesis of, 344–345
alkenes,

anomeric alkenes, 94
non-anomeric alkenes, 93
oxidation of, 100

alkenyl glycosides, 182
alkylation, 60
allolactose, 332–333
allosamidin, 271
allyl ethers, 45
Amadori rearrangement, 110–111
amide acetals, 116
amines, protection of, 61
amino deoxy sugars, 107
amino sugars, 61, 107
ammonium carbamate, 110
amphomycin, 377
amylopectin, 324–325

biosynthesis of, 325
amylose, 324–325

biosynthesis of, 325
anaerobic metabolism, 225
1,6-anhydro-b-D-glucopyranose, 101–102
1,5-anhydro-hex-1-enitols, 94–95
1,2-anhydro hexopyranoses, 104
1,6-anhydro hexopyranoses, 101–102
anhydro sugars

anomeric anhydro sugars, 101
non-anomeric anhydro sugars, 99



anhydro sugars, functionalized, 102–103
anomer, 19
anomeric alkenes, 93
anomeric anhydro sugars, 101
anomeric carbon, 19
anomeric dithioacetals, 58
anomeric effect, 27–28
anomeric halogenation, 89
anomeric hydroxyl group, 48
anticoagulant therapeutics based on

heparin, 435
coagulation cascade, 436
discovery and development, 436

O-antigen, 357–358
anti-periplanar arrangement, 29
anti-protonators, 264–265
antithrombin III (ATIII), 437–438
anti-toxic malarial vaccine, 422

malarial GPI, 423
anti-tumour vaccines, synthetic

carbohydrate, 428
apiose, 111
arabinan, synthesis of, 209–210
arabinaric acid, 10–11
arabinitol, 10
arabinofuranose, 243
arabinogalactan, 359–360
arabinose, 10
(+)-arabinose, 7
ArgoPore�, 211–212
Arixtra, 347, 439
‘armed/disarmed’ concept, 137
L-ascorbic acid, 247–248

biosynthesis, 247
australine, 377–378
aza and imino sugars, 121
azide group, 65, 108, 303–305
2-azido-2-deoxy glycosyl

donors, 176
azidonitration, 108

bacitracin, 377
back-bonding, 29
back donation, 29–30
‘bacterial coupling’, 315–316
Barton–McCombie deoxygenation,

83–84
bemisiose, 337

benzoates, 38
robustness of, 38

benzoylation, 38–39
benzylation, 43–44
benzyl ethers, 43
benzylidene acetals, 51
4,6-O-benzylidene-D-glucal, 95–96
Bernet–Vasella reaction, 94
Bı́lik reaction, 454
bioethanol, 323, 326
bioorthogonal conjugations, 303–305
bisdihydropyran reagent, 57
blasting gelatine/gelignite, 324
blood coagulation, 436–437
blood glucose levels, 227–228
blood group antigens, 382
‘bond–no bond’, 29
borates, 40
boron trifluoride diethyl etherate, 154–155
branched-chain sugars, 111
‘Brigl’s anhydride’, 104
N-bromoacetyl glycosides, 267–268
but-3-en-2-yl 3,4,6-tri-O-benzyl-b-D-

glucoside, 139
N-butyldeoxygalactonojirimycin,

409–410
N-butyldeoxynojirimycin (miglustat,

Zavesca), 299–300, 378, 408–409

calnexin (CNX), 373
calreticulin (CRT), 373
capture-release strategies, 217
carbocycles, 93, 96

synthesis, 97–98
carbohydrate,

defined, 1
esterases, 361
polyols, 60–61

carbohydrate active enzyme (CAZy) server
(World Wide Web), 255–256,
292–293

carbohydrate sulfation, 345
carbonates, borates, phosphates, sulfates

and nitrates, 40
carboxylic acid esters, 357

acylated bacterial antigens, 357
in hemicelluloses, 360
mycobacterial fatty acid esters, 359
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carboxymethylcellulose, 324
caspofungin (Cancidas), 295–296,

299–300
castanospermine, 269, 377–378
catalytic transfer hydrogenation, 81
CDG type 1a see classical Jaeken syndrome
cellulolytic enzymes, 323–324
cellulose, 321–323

biosynthesis in plants, 323
and cellobiose, 321
constituent of paper, 323
degradation, 323
structure, 323
uses, 324

cellulose acetate, 324
cellulosomes, 323
chaperone-mediated therapy, 409–410
chemoselective activation, 205
chemoselective reagents, 75–76
chitin, 334

and chitosan, 334
proteases and chitinases, 334–335

chitinases, 334–335
chitin synthase, 295
b-chitobiosylamine, 110
chitooligosaccharides, 349
chitosan, 335
chloroacetates, 39
3-chloroperbenzoic acid, 165
chondroitin sulfate/dermatan sulfate

biosynthesis, 397–398
degradation, 406–407

citric acid cycle, 225
see also aerobic metabolism

classical Jaeken syndrome, 240
CMP-Neu5Ac hydroxylase,

362–363
CMP-sialic acids, 244–245
CMP-Kdo, 245–246
combinatorial synthesis, 218
conduritol aziridine, 267
conduritol C epoxide, 267
conformations, 15–16, 26–27
convergent synthesis, 206
cord factor, 360
CuAAC reaction, 303–305
cyanoethylidene donor, 148–149
cyclic acetals, 49

cyclic carbenium (1,3-dioxolenium)
ion, 147

cyclic carbonates, 40
cyclic phosphate, 425
cyclic sugars, conformation and anomeric

effect, 23
cyclic sulfates, 41
cyclic thioacetals, 58–59
cyclodextrins, 262, 327
cyclodextrin glucosyltransferase, 262
cyclohexane, 24
cyclohexylidene acetals, 58
(+)-cyclophellitol, 267

DAST see (diethylamino)sulfur trifluoride
(DAST)

N-deacetylase/N-sulfotransferase (NDST),
347–349

deacetylation, 431–432
debenzylation, 43–44
debranching enzyme, 327
deglycosylation, 257, 278
dehydrative glycosidation, 143–144
2-deoxy-b-D-erythro-pentofuranose, 105
2-deoxy-D-galactose, 302–303
3-deoxy-D-glucose, 35
deoxyfluoro sugars, 88
2-deoxy-2-fluoro sugars, 88
deoxygalactonojirimycin, 409–410
deoxygenation, 105–106
2-deoxy glycosides, 178
2-deoxy glycosyl donors, 178–179
deoxyhalogeno sugars, 84, 89
1-deoxymannojirimycin, 122–123,

377–378
1-deoxynojirimycin, 122–123, 261,

268–270
deoxy ribose, 105
deoxy sugars, 107
3-deoxy sugars, 106
4-deoxy sugars, 106
6-deoxy sugars, 105–106
dermatan sulfate see chondroitin sulfate/

dermatan sulfate
Dess–Martin periodinane, 77
diacetals, 57
diacetone glucose, 107
dibutylstannylene acetals, 143
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(diethylamino)sulfur trifluoride
(DAST), 87

dimethyldioxirane, 162
dimethyl(methylthio)sulfonium

triflate, 157
2,6-dimethylphenylthio group, 160
dimethyl sulfoxide, activation of, 77
diol, 416–417
diphenyl sulfoxide/triflic anhydride, 158
disaccharides, 119, 321

cellobiose, 321
common, 322t
lactose, 331
sucrose and sucrose analogues, 328
trehalose, 335

dithioacetals, 58
DNJ see 1-deoxynojirimycin, 121–123,

268–269
dolicholphosphomannose, 290–291
dolichol-PP-GlcNAc2Man9Glc3, 370–371
DXD amino acid sequence, 288

E. coli MTAN, 421
Edman degradation, 67
Ehlers–Danlos syndrome, 395–396
Embden–Meyerhof–Parnas pathway,

see glycolysis
endo-glycoside hydrolases, 254–255, 275
endoplasmic reticulum (ER), 370
endotoxin, 357–358
epimerization, 344
epoxides, 99–100, 266–267
epoxyalkyl glycosides, 266–267
equilibrium control see thermodynamic

control (reversed hydrolysis)
ER-associated degradation (ERAD),

370, 375
(�)-erythrose, 15
esters, 36, 137, 181–182

acetates, 36
benzoates, 38
carbonates, borates, phosphates, sulfates

and nitrates, 40
chloroacetates, 39
levulinates, 39
pivalates, 39
sulfonates, 41

ethambutol, 299–300

ethers, 42
allyl ethers, 45
benzyl ethers, 43
4-methoxybenzyl ethers, 44
methyl ethers, 42
role of, 137
silyl ethers, 45
trityl ethers, 45

exo-anomeric effect, 29–30
exo-cyclic alkoxy group, 29–30
exo-glycoside hydrolases,

254–255, 275

fagomine, 122–123, 269–270
[18F]FDG, 88
Ferrier’s photobromination, 92
Ferrier rearrangement

carbocycle synthesis, 96
reaction of glycals, 164

Fischer, Emil, 2f, 16f, 1, 4
Fischer glycosidation, 141–142
Fischer/Haworth ‘interconversion’, 21
Fischer projection formulae, 8
fluorine, 87
fondiparinux (Arixtra), 347, 439
fosfomycin, 242
fructans, 333–334
fructose, 7, 117, 230
fucans, 144–145
L-fucose, 242–243
O-fucose, 392
fucosyltransferases, 298–299
fungiculture, 323
furanoid glycals, 95–96
furanose, 19

see also D-glucose
furanosides, 181
furanosyl esters, 42

GAGs see glycosaminoglycans (GAGs)
galactinol, 329–330
galactofuranose, 243
b-galactofuranosyltransferases,

291–292
galactonojirimycin, 122
D-galactose, 7, 12, 237–238
L-galactose, 248–249
galactosyltransferases, 292, 306, 331–332, 354
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a-1,3-Gal epitope, 386
ganglioside, 369
Gaucher disease, 408–409
GDP-fucose, 242–243

biosynthesis of, 242
GDP-L-galactose, 248
GDP-mannose, 239–240

biosynthesis of, 239
defects in, 240

gentiobiose, 134, 321
methylation of, 42–43

GlcNAc2Man3 pentasaccharide core,
376–377

Globo-H, 428–429, 433
1,3-b-glucans, 337
glucaric acid(s), 11–12
gluconeogenesis, 231

steps, 232
b-D-glucopyranose, 24
a-L-glucopyranose, 21
a-D-glucopyranose, 149
b-D-glucopyranoside, 170
D-glucosamine, 62
glucosamine-6-phosphate, 240–241

conversion in prokaryotes, 241
formation

eukaryotes, 240–241
prokaryotes, 241

synthase, 240–241
glucose, 10

constitution of, 7
D-glucose, 11–12, 15, 21

acetylation of, 36–37
L-glucose, 11–12
glucose-6-phosphate

central molecule in carbohydrate
metabolism, 226–227

importance, 225
roles, 226–227

a-glucosidase, 327
but-2-en-2-yl b-D-glucoside, 139
glucosinolates, 259–260
b-glucosyltransferase GtfB,

286–287
GLUT-5, 230
glycals, 93, 102–103, 106, 164, 216
exo-glycals, 96
GlyCAM-1, 351–352

glycan chain termination, 302–303
O-glycan cores, 380–381
glycans, 424

solid-phase oligosaccharide synthesis of,
426–427

N-glycan trimming and calnexin/calreticulin
cycle, 373

(+)-glyceraldehyde, 15
glycoconjugates

chemical modification using metabolic
pathway promiscuity, 303

lysosomal degradation of, 402
glycosaminoglycan degradation, 404
lysosomal storage disorders, treatment

of, 408
N-linked glycoprotein

degradation, 403
preparation of, 307–308

glycogen, 326
biosynthesis, 326–327
degradation, 327

glycogenin, 326–327
glycogen phosphorylase, 261–262,

286, 327
classified family see starch phosphorylases

(GT35)
glycolipids, 423–424, 428–429

disorders of, 403t
glycolipid A, from M. smegmatis, 364
glycolysis, 227–228
glycopeptidolipid (GPL), 350–351
glycoproteins, 369

degradation, disorders of, 402t
glycoproteinoses, 402t
glycosaminoglycan degradation, 404

disorders of, 403t
glycosaminoglycans (GAGs), 343, 395–396
glycosans, preparation of, 102
glycosidases see glycoside hydrolases
glycosidations, 175–176

mechanism of, 136
1,2-cis glycosides, 151, 184
C-glycosides, 186

carbanions to anomeric
electrophiles, 187

electrophiles to anomeric
carbanions, 188

glycosyl radicals, 190
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glycoside hydrolase (GH) families,
sequence-based, 255–256

classification database see carbohydrate
active enzyme (CAZy) server (World
Wide Web)

glycoside hydrolases (glycosidases), 253–283
affinity labelling reagents, 265
bicyclic inactivators, 267
classification, 254–255
enzyme-linked covalent intermediate,

265–266
enzymic nucleophile identification see

mass spectrometric sequencing
methods

exploitation in synthesis, 272
kinetic control, 273
thermodynamic control (reversed

hydrolysis), 273
glycosynthases, 276
Hehre resynthesis/hydrolysis mechanism,

279
inhibitors, 268
labelling of enzymic acid/base residue,

267–268
mechanisms, 254
reagents and tools for glycoside

hydrolases, 265
retention or inversion, 253–254
retaining and inverting mechanisms, 255

substrate-assisted catalysis, 258
tyrosine as catalytic nucleophile, 258
carboxylic acids as nucleophiles, 256
sequence-based classification, 255

structure-based studies, 263
thioglycoligases, 278
time-dependent covalent inactivators,

266–267
transglycosidases, 262

glycoside primers, 301–302
conversion to peracetylated

derivatives, 302
glycosidic linkage, 133, 135, 182

2-acetamido-2-deoxy glycosides, 174
alkenyl glycosides, 182
‘armed/disarmed’ concept, 137
2-deoxy glycosides, 178
furanosides, 181
glycals, 164

glycosidation, mechanism of, 136
C-glycosides, 186

carbanions to anomeric
electrophiles, 187

electrophiles to anomeric
carbanions, 188

glycosyl radicals, 190
glycosyl acceptor, activation of, 139
glycosyl esters, 144
glycosyl halides and orthoesters, 145

glycosyl fluorides, 152
glycosyl imidates, 153
glycosyl sulfoxides, 162
halide catalysis, 150
Koenigs–Knorr reaction, 146
orthoester procedure, 148
seleno- and telluroglycosides, 160
thioglycosides, 156

hemiacetals, 141
ion pairs and solvent, 136
‘latent/active’ concept, 139
b-D-mannopyranosides, 169

b-D-glucopyranoside to
b-D-mannopyranoside, 171

glycosyl halides, 169
glycosyl sulfoxides, 170
intramolecular aglycon

delivery, 172
4-pentenyl activation, 166
reciprocal donor/acceptor

selectivity, 140
remote activation, 183
b-rhamnopyranosides, 174
sialosides, 180
substituent at C2, 137
‘torsional control’ concept, 138

glycosphingolipid, 369
glycosyl acceptor, 173–174, 177

activation of, 139
glycosyl acetates, 144
glycosylamines, 109–110
glycosylation see glycosidic linkage
glycosyl azides, 110
glycosyl bromides, 89–90,

145–146, 152
glycosyl chlorides, 89, 145–146, 175
glycosyl donors, 134–135, 139,

204–205, 213
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glycosyl esters, 144
glycosyl fluorides, 90–93, 145–146, 152
glycosyl halides, 89, 145

and orthoesters, 145
glycosyl fluorides, 152
glycosyl imidates, 153
glycosyl sulfoxides, 162
halide catalysis, 150
Koenigs–Knorr reaction, 146
orthoester procedure, 148
seleno- and telluroglycosides, 160
thioglycosides, 156

glycosyl imidates, 153
N-glycosylimidazolium salts, 30
glycosyl iodides, 89–90, 151–152
glycosyloxytriphenylphosphonium iodides,

151–152
glycosylphosphatidylinositol (GPI),

389–391, 422–423
glycosylphosphatidylinositol membrane

anchors, 389
N-glycosylpyridinium salts, 30
glycosyl radicals, 190
O-glycosyl S-(2-pyridyl) thiocarbonates

(TOPCAT), 184
glycosyl sulfenates, 163
glycosyl sulfoxides,

162, 215
glycosyltransferases (GTs), 285,

306–307, 372
chemical modification of glycoconjugates,

303
classification, 286
mechanism, 286
‘direct’ inhibition of, 294

carbohydrate-based products,
294–295

cyclic peptides, 295–296
nikkomycins, 295

glycosyl donors for, 285–286
GT-A and GT-B groups, 287–288
‘indirect’ inhibition by metabolic

interference, 301
use of glycoside primers, 301–302
use of metabolic chain terminators,

301–303
inhibitors of, 294,

see also individual GT inhibitors

inverting, 286
kinetic analyses, 288
‘one-enzyme one-linkage’

hypothesis, 291
retaining, 287–288
reversibility of glycosyl transfer, 293
sequence-based classification and

structure, 292
solid-phase synthesis, 308–309
sugar (di)phosphonucleoside

dependent see Leloir-type GTs
independent see Non-Leloir-type GTs

synthesis of glycoconjugates,
use in, 305

enzymatic synthesis using sugar
(di)phosphonucleoside donors
and, 306

large scale, problems, 309–310
multienzyme systems including sugar

(di)phosphonucleoside generation
and recycling, 311

synthesis in engineered whole cell
systems using, 314

therapeutically-useful inhibitors, 299
glycosyl triflates, 158, 163
glycosynthases, 276–278
glyoxylate cycle, 234

acetyl-CoA, 235
reactions, 234

Golgi apparatus, 370–371, 374
Golgi processing of N-linked

glycans, 374
Golgi resident polypeptide a-GalNAc

transferases, 380
GPI see glycosylphosphatidylinositol

(GPI)
GPI–KLH conjugate, 428
gramminan fructans, 333
Grubbs’ first generation catalyst, 98
GT see glycosyltransferases (GTs)
4-guanidino-Neu5Ac2en see zanamivir
L-gulono-1,4-lactone dehydrogenase (GLO),

247–248

half-chair conformation, 26–27
halide ion catalyzed glycosidation,

150, 152, 157
halides, 181–182
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a-halocarbonyl compounds, 267–268
a-halo ether, 85
halogenation, 84

anomeric halogenation, 89
non-anomeric halogenation, 85

Hanessian–Hullar reaction, 85
Haworth formula, 23
Hehre resynthesis/hydrolysis

mechanism, 279
hemiacetals, 181–182, 188, 141
hemicelluloses, 361
Hen Egg White Lysozyme (HEWL),

256–257
carboxylic acid residues, 257
mechanism utilized by, 257–258

heparan sulfate
biosynthesis, 399–401
degradation, 405–406

heparin, 347, 388, 436
anticoagulant therapeutics based

on, 435
coagulation cascade, 436
discovery and development, 436

biosynthesis, 347–349
and heparan sulfate, 399

heteroxylans, 360–361
HexA, 388
HexB, 388
Heyns rearrangements, 111, 120–121
HF-7, 351
high fructose corn syrup, 456–458
HIT, 441–442
HIV, 378
homofuconojirimycin, 262
homogalacturonans, 361
homolactic/alcoholic fermentation, 225

see also anaerobic metabolism
homolactic fermentation, 230–231
Horner–Wadsworth–Emmons reaction,

112–113
Huisgen [3+2] cycloaddition, 303–305
Hunter syndrome (MPS III), 346
hyaluronan, 404–405
hydroboration/oxidation, 418–419
hydrophobic tag, 217
hydroxyl groups, reactivity of, 48
hyperacute rejection, 386
hypolactasia, 332

D-idose, 101, 116–117
imidazylate, 41
immucillin H, 416–417, 419–420
immucillins, 269–270, 413

MTAN transition-state structure
and inhibitor design, 417

PNP transition-state structure
and inhibitor design, 415

immunogen, 425–426
inositols, 96, 246–247
inulin, 333–334
invert sugar, 329
invertase, 329
N-iodosuccinimide/triflic acid, 158–159
ion pairs and solvent, 136
IPTG, 332–333
isofagomine, 122–124, 269–270
isomalt, 119–120, 330–331
isomaltose, 119, 322t
isomaltulose, 119, 322t
isopropylidene acetals, 54

Kdn, 109, 244–245, 362
Kdo, 245–246

biosynthesis of, 245–246
resemblance to sialic acid, 244–245

keratan sulfate
biosynthesis, 345, 398–399
degradation, 407–408

ketohexose, 1, 12, 119
ketopentoses/ketohexoses, 1
ketoses, 1, 3
2-ketoses, 14f
ketoses, industrially important, 117

D-fructose, 117
isomaltulose, 119
lactulose, 120
L-Sorbose, 119

keyhole limpet haemocyanin (KLH),
425–426, 431–433

kifunensine, 377–378
Kiliani–Fischer synthesis, 6, 10, 81–82,

113–114
Kinetic control, of transglycosylation, 273
Koenigs–Knorr reaction, 170

lac operon, 332–333
a-lactalbumin, 331–332
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lactone formation, 4
lactose, 331–332

digestion, 332
Escherichia coli metabolizing, 332–333
and milk oligosaccharides, 331
non-persistance see hypolactasia
precursor of lactulose, 120
synthesis by b-GalT1, 292, 331–332

lactose synthase, 331–332
lactosucrose, 329–330
lactulose, 120
lactyl ether, 364
‘latent/active’ concept, 139
Leishmania

LPG, 354
phosphoglycosylation in, 354

Leloir pathway, 237–238
Leloir-type GTs, 286, 289
levan fructans, 298, 333
levulinates, 39
Lewis acids, 43–44, 148
libraries, combinatorial synthesis and

generation of, 217
limit dextran, 327
linear syntheses, 204
N-linked glycans, 376
N-linked glycans for lysosomal targeting,

modification of, 378
N-linked glycoproteins, 373–374
N-linked glycoprotein biosynthesis, 377
N-linked glycoprotein degradation, 403
N-Linked glycosylation, 370

ER-associated protein degradation, 375
N-Glycan trimming and calnexin/

calreticulin cycle, 373
Golgi processing of N-linked

glycans, 374
N-linked glycans, 376
N-linked glycoprotein biosynthesis, 377
lipid-linked oligosaccharide, biosynthesis

of, 371
lipid-linked oligosaccharide,

transfer, 372
O-Linked N-acetyl-b-D-glucosamine

(O-GlcNAc), 387
O-linked glycan biosynthesis, 380–381
linkers, 212
lipid A, 358

lipid-linked oligosaccharide
biosynthesis of, 371
transfer, 372

lipophosphoglycan (LPG), 354
lipopolysaccharide (LPS), 357–358
liposidomycin, 351
lipoteichoic acid, 355–356
LMWH see low molecular weight heparin

(LMWH)
Lobry de Bruyn–Alberda van Ekenstein

rearrangement, 111
low molecular weight heparin (LMWH),

437–438
LPG see lipophosphoglycan (LPG)
LPS see lipopolysaccharide (LPS)
Lufenuron, 300
lyases, 260–261
lysosomal hexosaminidases, 388
lysosomal storage disorders, 402–403

treatment of, 408
lysosomes, 370, 402–403

mannans, 338
mannaric acid, 11
Mannich reaction, 418–419
(+)-mannitol, 7
b-D-mannopyranosides, 169, 177, 169

b-D-glucopyranoside to, 171
glycosyl halides, 169
glycosyl sulfoxides, 170
intramolecular aglycon delivery, 172

mannose, 10
O-mannose glycans, 393
mannose-6-phosphate (M6P), 353, 378
mannostatin, 270–271, 377–378
C-mannose, 393
mannosylfructose, 328–329
a-mannosylphosphate transferase

(MPT), 354
Maroteaux-Lamy syndrome (MPS VI), 346
mass spectrometric sequencing

methods, 266
melezitose, 329–330
mesylate, 41, 418–419
metabolic labelling of glycans,

303–305
metabolic reactions, biosynthetic

intermediates of, 225–226
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metabolism
aerobic, 225
anaerobic, 225

4-methoxybenzyl ethers, 44
4-methoxybenzylidene acetals, 53
2-methoxypropene, 55–56
3-methoxy-2-pyridyl (MOP) glycosides, 184
methyl a-D-glucopyranoside, 124
methyl a-D-mannopyranoside, 57
methylation

analysis, 22, 42–43
of gentiobiose, 42–43

O-methylation, 363–364
methyl ethers, 42
3-O-methylmannose-containing

polysaccharides (MMP),
363–364

50-methylthioadenosine (MTA), 415
50-methylthioadenosine phosphorylase,

269–270
50-methylthioadenosine/

S-adenosylhomocysteine
nucleosidase (MTAN), 269–270,
414–415

inhibitor see immucillins
(methylthio)methyl ethers, 76
methyl uronate, 115
microanalysis, 2–3
miglitol, 268–269
miglustat see N-butyldeoxynojirimycin

(miglustat, Zavesca)
milk oligosaccharides, 331

lactose and, 331
Mitsunobu reaction, 114, 173–174
moenomycin, 294–295
monosaccharide, 1

biosynthesis of, 225
monosaccharide metabolism, 225–251
MOP glycoside approach, 185
Morquio A syndrome (MPS IV A), 346
MTA see 50-methylthioadenosine (MTA)
MTAN see 50-methylthioadenosine/

S-adenosylhomocysteine
nucleosidase (MTAN)

MTAN transition-state structure and
inhibitor design, 417

mucin, 369
‘mucin-type’ O-linked glycosylation, 379

mucopolysaccharidoses, 402t
mutarotation, 22
mycarose, 111
mycobacterial b-

galactofuranosyltransferases,
291–292

mycobacterial peptidoglycan, 359–360
mycobacterial sulfoglycolipids, 350
mycolic acids, 360
mycolylarabinogalactan–peptidoglycan

(mAGP), 359–360
myo-inositol, 246–247

biosynthesis of, 96, 246
myrosinases, 259–260

NAG-thiazoline, 271, 388, 409–410
nagstatin, 270
(2-naphthyl)methyl group, 44
(2-naphthyl)methylene acetals, 54
neuraminic acid, 362
neuraminidases (sialidases), retaining, 258
nikkomycin family, natural products

of, 295
see also chitin synthase

a-nitrilium ion, 155
nitrocellulose (cellulose nitrate), 324

stable combination see blasting gelatine/
gelignite

4-nitrophenyl b-D-xylopyranoside,
301–302

nodulation factors, 349
nojirimycin, 121–122
non-anomeric anhydro sugars, 99
non-anomeric halogenation, 85
non-hydrolysable substrate analogues, 272
non-Leloir-type GTs, 286, 290–291
NPG (n-pentenyl glycoside) method of

glycosidation, 167
nucleoside phosphorylases, 414
nucleotidylyltransferases, 235–236

oligosaccharides, 30
oligosaccharide synthesis

automated, 217
glycals, 216
glycosyl donors used, 213
glycosyl sulfoxides, 215
insoluble versus soluble polymers, 213
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libraries, combinatorial synthesis and
generation, 217

linkers, 212
pentenyl glycosides, 215
polymers, types of, 211
strategies in, 203

convergent synthesis, 206
linear syntheses, 204
‘one-pot’ syntheses, 207
polymer-supported synthesis, 210
two-directional syntheses, 206

sugar to the linker/polymer, attachment,
213

thioglycosides, 216
trichloroacetimidates, 214

oligosaccharyltransferase (OST), 296, 372
‘one-pot’ syntheses, 207
orthobenzoates, 148
orthoesters, 115

procedure, 148
synthesis of, 115

oseltamivir (Tamiflu), 271–272
oxaloacetate, 231–232
oxidation, 3, 75
oxocarbenium ion, 136
oxymercuration, 96–97

PAM3CysK4, 434–435
papulacandin B, 295
paroxysmal nocturnal haemoglobinuria, 392
Payne rearrangement, 100
pectins, 361
pentasaccharide/ATIII/thrombin complex,

441–442
4-pentenyl activation, 166
pentenyl glycosides, 215
pentose phosphate pathway, 225, 232

stages, 233
peptidoglycan transglycosylases, 256–257
PET see positron emission tomography

(PET)
phenylhydrazine, 4–5
phenylhydrazinium salts, 4
phenylosazones, 5
2-(phenylsulfonyl)ethylidene acetals, 54
N-phenyltrifluoroacetimidates, 156
30-phosphoadenosine-50-phosphosulfate

(PAPS), 345

phlein, 333
phosphoethanolamine, 425
phosphoglycosylation in Leishmania, 354
phosphonates, 300–301
phosphoro-N-acetylmuramyl-pentapeptide-

transferase, 351
phosphorylases, 261–262
phosphorylation, glycans and

glycoconjugates, 353
mannose-6-phosphate, 353
phosphoglycans, 356
phosphoglycosylation in Leishmania, 354
teichoic acids, 355

phytic acid, 246–247
pivalates, 39
platelet factor 4 (PF4), 441–442
PNP see purine nucleoside phosphorylase

(PNP)
PNP transition-state structure and inhibitor

design, 415
poly(ethyleneglycol), 213
polymers, types of, 211
polymer-supported synthesis, 214, 219, 210
polypeptide GalNAc transferase, 379
polysaccharides, 1
polystyrene-supported organotin hydride, 83
positron emission tomography (PET), 88–89
protecting groups, 35

acetals, 47
amines, 61
esters, 36
ethers, 42

protein glycosylation, 392
O-fucose, 392
O-mannose glycans, 393
C-mannose, 393

protein modifications, 394
proteoglycans, 369

and glycosaminoglycans, 395
chondroitin sulfate and dermatan

sulfate proteoglycans, 397
heparin and heparan sulfate, 399
hyaluronan, 396
keratan sulfate, 398

proton coupling, 1H NMR, 25
PUGNAc, 388
purine nucleoside phosphorylase (PNP),

414–415
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pyruvate, 225
in primary metabolism, 230

under aerobic conditions, 230
under anaerobic conditions, 230
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N-ribosyl hydrolases, 414
N-ribosyl transfer reactions, 414
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seleno- and telluroglycosides, 160
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sialic acids, 244–245, 362

modifications of, 362
sialosides, 180
a-2,6-sialyltransferase, 262
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per-O-silylation of monosaccharides, 45–46
silyl ethers, 46–47
Smirnoff–Wheeler pathway, 248–249
sodium-glucose transporters (SGLT),
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soluble polymers, 212
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starch phosphorylases (GT35), 262
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sucrose, 328–329

biosynthesis of, 329
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sucrose analogues and sucrose
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sucrose-6-phosphate synthase, 329
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sugar(s)

acids, 4
cyclic forms of, 15
cyclic structure for, 21
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phosphates, 40
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290–291
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generation and recycling, 311
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low endogenous levels of, 315
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sugar-shaped heterocycles

related to DNJ, 269
sp2 hybridized ’anomeric’

centres, 270
sulfatases, 345–346
sulfates, 40–41
sulfated carbohydrates from halophilic
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sulfated glycosaminoglycans, 346
sulfated molecules, desulfation

of, 345–346
sulfated nucleosides, 351
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Toll-like receptors, 434–435
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326–327
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transition-state analogue inhibitors of
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transition-state theory, 413–414
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biosynthesis, 336
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trityl ethers, 45
tumour antigens, 431–432
tunicamycin, 295, 377
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‘two-stage activation’ methods, 205
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biosynthesis of, 243–244
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uni-chemo protection, 67
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Wittig reaction, 112

xanthate, 83
xenotransplantation, 386
xylans, 360–361
xylaric acid, 10
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xylose, 7
b-xylosyltransferase, 288, 395–396

zanamivir, 109, 271–272
Zavesca see N-butyldeoxynojirimycin

(miglustat, Zavesca)

474 Index


	Front Cover
	Carbohydrates: The Essential Molecules of Life
	Copyright Page
	Table of Contents
	Preface and Acknowledgements
	Abbreviations
	CHAPTER 1: The 'Nuts and Bolts' of Carbohydrates
	The Early Years
	The Constitution of Glucose and Other Sugars
	The Cyclic Forms of Sugars, and Mutarotation
	The Shape (Conformation) of Cyclic Sugars, and the Anomeric Effect
	References

	CHAPTER 2: Synthesis and Protecting Groups
	Esters
	Acetates
	Benzoates
	Chloroacetates
	Pivalates
	Levulinates
	Carbonates, borates, phosphates, sulfates and nitrates
	Sulfonates

	Ethers
	Methyl ethers
	Benzyl ethers
	4-Methoxybenzyl ethers
	Allyl ethers
	Trityl ethers
	Silyl ethers

	Acetals
	Cyclic acetals
	Benzylidene acetals
	4-Methoxybenzylidene acetals
	Isopropylidene acetals
	Diacetals
	Cyclohexylidene acetals
	Dithioacetals
	Thioacetals
	Stannylene acetals

	The Protection of Amines
	Orthogonality
	References

	CHAPTER 3: The Reactions of Monosaccharides
	Oxidation
	Reduction
	Halogenation
	Non-anomeric halogenation
	Anomeric halogenation

	Alkenes and Carbocycles
	Non-anomeric alkenes
	Anomeric alkenes
	Carbocycles

	Anhydro Sugars
	Non-anomeric anhydro sugars
	Anomeric anhydro sugars

	Deoxy, Amino Deoxy and Branched-chain Sugars
	Deoxy sugars
	Amino deoxy sugars
	Branched-chain sugars

	Miscellaneous Reactions
	Wittig reaction
	Thiazole-based homologation
	Mitsunobu reaction
	Orthoesters

	Industrially Important Ketoses
	D-Fructose
	L-Sorbose
	Isomaltulose
	Lactulose

	Aza and Imino Sugars
	References

	CHAPTER 4: Formation of the Glycosidic Linkage
	General
	The different glycosidic linkages
	The mechanism of glycosidation
	Ion pairs and the solvent
	The substituent at C2
	The 'armed/disarmed' concept
	The 'torsional control' concept
	The 'latent/active' concept
	Activation of the glycosyl acceptor
	The concept of 'orthogonality'
	'Reciprocal donor/acceptor selectivity'

	Hemiacetals
	Glycosyl Esters
	Glycosyl Halides and Orthoesters
	The Koenigs–Knorr reaction (1,2-trans)
	The orthoester procedure (1,2-trans)
	Halide catalysis (1,2-cis)
	Glycosyl fluorides (1,2-cis and 1,2-trans)

	Glycosyl Imidates (1,2-cis and 1,2-trans)
	Thioglycosides (1,2-cis and 1,2-trans)
	Seleno- and Telluroglycosides
	Glycosyl Sulfoxides (sulfinyl glycosides; 1,2-cis and 1,2-trans)
	Glycals
	4-Pentenyl Activation (1,2-cis and 1,2-trans)
	β-D-Mannopyranosides (1,2-cis)
	Glycosyl halides
	Glycosyl sulfoxides (and thioglycosides)
	β-D-Glucopyranoside to β-D-mannopyranoside
	Intramolecular aglycon delivery
	Other methods

	β-Rhamnopyranosides (1,2-cis)
	2-Acetamido-2-deoxy Glycosides
	2-Deoxy Glycosides
	Sialosides
	Furanosides
	Miscellaneous Methods
	Alkenyl glycosides
	Remote activation

	C-Glycosides
	The addition of carbanions to anomeric electrophiles
	The addition of electrophiles to anomeric carbanions
	Glycosyl radicals
	Miscellaneous

	References

	CHAPTER 5: Oligosaccharide Synthesis
	Strategies in Oligosaccharide Synthesis
	Linear syntheses
	Convergent syntheses
	Two-directional syntheses
	'One-pot' syntheses

	Polymer-supported Synthesis
	Types of polymers
	Linkers
	Attachment of the sugar to the linker/polymer
	The glycosyl donors used
	Insoluble versus soluble polymers
	Trichloroacetimidates
	Pentenyl glycosides
	Glycosyl sulfoxides
	Thioglycosides
	Glycals
	Automated oligosaccharide synthesis
	Combinatorial synthesis and the generation of 'libraries'

	References

	CHAPTER 6: Monosaccharide Metabolism
	The Role of Charged Intermediates in Basic Metabolism
	Glucose-6-phosphate: a Central Molecule in Carbohydrate Metabolism
	Glycolysis
	The Fate of Pyruvate in Primary Metabolism
	Under aerobic conditions
	Under anaerobic conditions

	Gluconeogenesis
	The Pentose Phosphate Pathway
	The Glyoxylate Cycle
	Biosynthesis of Sugar Nucleoside Diphosphates
	Nucleotidylyltransferases
	Biosynthesis of UDP-glucose, UDP-galactose and galactose
	Biosynthesis of UDP-glucuronic acid and UDP-xylose
	Biosynthesis of GDP-mannose
	Biosynthesis of UDP-N-acetylglucosamine and UDP-N-acetylgalactosamine
	Biosynthesis of UDP-N-acetylmuramic acid
	Biosynthesis of GDP-fucose
	Biosynthesis of furanosyl nucleoside diphosphates: UDP-galactofuranose and UDP-arabinofuranose

	Biosynthesis of Sialic Acids and CMP-Sialic Acids
	Biosynthesis of myo-Inositol
	Biosynthesis of L-Ascorbic Acid
	References

	CHAPTER 7: Enzymatic Cleavage of Glycosides: Mechanism, Inhibition and Synthetic Applications
	Glycoside Hydrolases
	Retaining and Inverting Mechanisms
	Sequence-based classification of glycoside hydrolases
	Mechanism of inverting glycoside hydrolases
	Mechanism of retaining glycoside hydrolases that use carboxylic acids as nucleophiles
	Mechanism of retaining glycoside hydrolases that use tyrosine as a catalytic nucleophile
	Mechanism of retaining glycoside hydrolases that use substrate-assisted catalysis

	Unusual Enzymes that Catalyse Glycoside Cleavage
	Transglycosidases
	Structure-based Studies of Glycoside Hydrolases
	Reagents and Tools for the Study of Glycoside Hydrolases
	Non-covalent Glycoside Hydrolase Inhibitors
	Exploitation of Glycoside Hydrolases in Synthesis
	Thermodynamic control (reversed hydrolysis)
	Kinetic control (transglycosidation)

	Glycosynthases: Mutant Glycosidases for Glycoside Synthesis
	Thioglycoligases: Mutant Glycosidases for Thioglycoside Synthesis
	Hehre Resynthesis/Hydrolysis Mechanism
	References

	CHAPTER 8: Glycosyltransferases
	Classification and Mechanism
	Classification
	Mechanism

	Glycosyltransferases and the 'One-enzyme One-linkage' Hypothesis
	Sequence-based Classification and Structure
	Reversibility of Glycosyl Transfer by Glycosyltransferases
	Inhibitors of Glycosyltransferases
	'Direct' inhibition of glycosyltransferases
	Therapeutically-useful glycosyltransferase inhibitors
	'Indirect' inhibition of glycosyltransferases by metabolic interference

	Chemical Modification of Glycoconjugates Using Metabolic Pathway Promiscuity
	Use of Glycosyltransferases in Synthesis
	Enzymatic synthesis using glycosyltransferases and sugar (di)phosphonucleoside donors
	Multienzyme systems including sugar (di)phosphonucleoside generation and recycling
	Synthesis using glycosyltransferases in engineered whole cell systems

	References

	CHAPTER 9: Disaccharides, Oligosaccharides and Polysaccharides
	Cellulose and Cellobiose
	Starch, Amylopectin, Amylose and Maltose
	Glycogen
	Cyclodextrins
	Sucrose, Sucrose Analogues and Sucrose Oligosaccharides
	Lactose and Milk Oligosaccharides
	Fructans
	Chitin and Chitosan
	Trehalose and Trehalose Oligosaccharides
	1,3-β-Glucans
	Mannans
	References

	CHAPTER 10: Modifications of Glycans and Glycoconjugates
	Epimerization
	Sulfation
	Sulfotransferases
	Sulfatases
	Sulfated glycosaminoglycans
	Heparin
	Nodulation factors
	Sulfated carbohydrates from halophilic bacteria
	Mycobacterial sulfoglycolipids
	Sulfated nucleosides
	Sulfation in inflammation
	Sulfatide and seminolipid

	Phosphorylation
	Mannose-6-phosphate
	Phosphoglycosylation in Leishmania and other protists
	Teichoic acids
	Other phosphoglycans

	Carboxylic Acid Esters
	Acylated bacterial antigens
	Mycobacterial fatty acid esters
	Carboxylic acid esters in hemicelluloses

	Modifications of Sialic Acids
	Other Carbohydrate Modifications
	References

	CHAPTER 11: Glycoproteins and Proteoglycans
	N-Linked Glycosylation
	Biosynthesis of the lipid-linked oligosaccharide
	Transfer of the lipid-linked oligosaccharide
	N-Glycan trimming and the calnexin/calreticulin cycle
	Golgi processing of N-linked glycans
	ER-associated protein degradation
	Diversity of N-linked glycans
	Inhibitors of N-linked glycoprotein biosynthesis

	Modification of N-Linked Glycans for Lysosomal Targeting
	O-Linked Mucins/Proteoglycans, Blood Group Antigens and Xenorejection
	'Mucin-type' O-linked glycosylation
	The blood group antigens
	Xenotransplantation and the α-1,3-Gal epitope

	O-Linked N-Acetyl-β-D-glucosamine
	Glycosylphosphatidylinositol Membrane Anchors
	Other Types of Protein Glycosylation
	O-Fucose
	C-Mannose
	O-Mannose glycans
	Rare protein modifications

	Proteoglycans and Glycosaminoglycans
	Hyaluronan
	Chondroitin sulfate/dermatan sulfate
	Keratan sulfate
	Heparin and heparan sulfate

	Lysosomal Degradation of Glycoconjugates
	N-Linked glycoprotein degradation
	Glycosaminoglycan degradation
	Treatment of lysosomal storage disorders with imino sugar inhibitors

	References

	CHAPTER 12: Classics in Carbohydrate Chemistry and Glycobiology
	The Immucillins: Transition-state Analogue Inhibitors of Enzymic N-Ribosyl Transfer Reactions
	Development of a Candidate Anti-toxic Malarial Vaccine
	Synthetic Carbohydrate Anti-tumour Vaccines
	New and Improved Anticoagulant Therapeutics Based on Heparin
	References

	APPENDIX I
	Reagents for O-Protecting Group Removal
	Reagents for N-Protecting Group Removal

	APPENDIX II
	Carbohydrate Nomenclature
	The Literature of Carbohydrates
	Reference literature
	Primary literature
	Monographs and related works
	Recent edited works
	Recent textbooks
	Miscellaneous


	EPILOGUE
	INDEX

