Hand in glove

BENJAMIN G DAVIS

With their language of sophisticated handshakes ancessigns, sugars play a vital
role in cellular communication. Cracking their code offers huge therapeutic potential
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Molecular fleemasony: sugars convey vast amounts of information

organism can be described using a code of just four letation — a mechanism for transmitting information.
ters. Each letter represents a base within a DNA moleculglectronically we choose the simplest: zero or oné,aofon.
— adenine (A), thymine (T), guanine (G) and cytosine (C). Th&his simple system derives its power from sheer bulk — many
order these bases appear in the DNA determines the moteculeéros and ones. DNA takes this a step further to a set oBour
function. Each of these letters is coded for by a molecule @& vocabulary of four words does not lend itself well to subtle
ribonucleic acid and theyn turn, act as a blueprint for the pro conversation. ‘IS IT NOT GOOD?' ‘GOOD IS NOT.ITIT IS
duction of proteins, providing the structure and function for aNOT GOOD.’
organisms. Of the three classes of abundant biomolecules — nucleic
The idea that the rich variety of life can be reduced to just fowacids, peptides and carbohydrates — science has understand
letters once seemed overwhelming, but it is now acceptedbly focused on the simplest of these: the nucleic acids. Perhaps
Indeed, scientists can manipulate this code, and study it in @ndoing so it is overlooking a higher level of subtlety and preci
effort to understand the evolutionary cryptography that Natursion in the way our bodies function.eVére comfortable with
has been playing with it for billions of years. The varioudinear communication, for example, the lines of letters on this
genome projects seek to map all of these codes as an invaluagtége. The simplicity allows us to comprehend the meaning. But
guide to the corresponding protein sequences and a sourcewdfy should communication be limited to one dimension? What
molecular knowledge of ourselves. But what if thistifme fnal  if we added a second or a third? Nature is ot fl
code? What if there is an extra, as yet virtually untapped layer ofIn contrast with nucleic acids and peptides, which typically
complexity? There are good reasons for thinking that this mdink to each other through only two attachment points, carbohy
be the case. drates have many potential attachment points. Instead of just a

At its most basic level, genetics implies that every living Simple parallels show that codes are just a form of communi
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Carbohydrate connectivity

Sugars offer a wide variety of linkages, as can be seen in the joining of two pyranoses

residues, andO-linked @),
where the sugar is bound to
the side-chain of serine or

OH OH threonine residues (see Figure

HO O. _OH oH 2). These proteins are found

OH ) o o either at the surfaces of cell
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< ., o 0 o o o The o@her major class o_f _gly
HO OH 1 i oH coconjugate is glycolipids,
\QOV o on 1o o on such as 3). These contain a
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Multple cL.co C1.C3 Ccl.ca itself in the lipid bilayer of cell
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membranes, attached to a-car
bohydrate portion that pro

Further modifications such as different ring size, methylation, acylation, phosphorylation and sulphation can expand the code trudes from the membrane.

Methylation —————> ’Y'e

Decoding the message
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o) Glycocodes are usually
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oytation Me%oj\g decoded by sugdiinding
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i binding sites, lectins are

remarkably specific in their
binding of multivalent com

left or a right, a back or a front, theyf@f multiple connection plex carbohydrate structuré8inding takes place in part of the
points — they branch. This means that carbohydrates are ungctin known as the carbohydrate recognition domajpicglly,
valled in the density of information that they can con®gcise this involves hydrogen bonding from backbone and side-chain
differences in the nature of the linkages between two carbohgmide group donors to oxygen lone pair acceptors, and from
drate residues — for example, C1-C2, C1-C3, C1-C4, C1-@arbohydrate hydroxyl group donors to backbone and side-chain
for two pyranoses — contrast with the linear nature of proteinsarbonyls. Protein-bound calcium ions can also play a role both
and nucleic acids (see Figure 1). Comparing the permutationsiaf coordinating carbohydrate hydroxyl groups and in ‘shoring
hexamer formation illustrates this point. Whereas DNA (with aip’ the lectins backbone, helping to position correctly potential
basis set of four) and amino acids (with a basis set of 20) céiydrogen-bond donors and acceptors. Moreotrese polar
construct a biological language for information transfer of 4096teractions are ampléd by non-polar van der dls interac

and 6.4x 10’ ‘words’, respectivelycarbohydrates have accesstions between aromatic side-chains and hydrophobic ‘patches’
to more than 1.0% 10" variationst Add to this the additional on the carbohydrates. The resulting cradle of non-covalent inter
variety aforded by anomeric stereochemisting size and sub-
unit modification — for example, sulphation, phosphorylation
methylation or acylation — and it is clear that the language (¢
carbohydrates has exquisite eloquence. This language has b
christened ‘glycocode’ — a term that well represents the pote
tial level of complex information that carbohydrates can canve

Glycocode basic building blocks

Reassessing sugar Me orH e
We tend to think of sugars only as sources ofgner structure, @)

but in reality they are much more. The presence of carbohydrg

units in naturally occurring structures has a dramafecebn OH HO -

. . . . . N (CHy)s
their physical, chemical and biological propertes. o o J\/\OAAM
Carbohydrates project from cell surfaces in abundance wi HO © NSNS (Gl

OH H

what was thought for a long while to be seemingly little func
tion. Scientists now realise that all along these sugary han
have been passing on subtle messages — freemasonry on a r
ecular scale.

Over the past 25 years, example after example has demactions places a Ige degree of spatial constraint on which lig
strated that when Nature wants to say more than ‘IT IS GOOD&nds can bind and is part of the source of lectin spig if
sugars are the language of choice. They give the interactiotig glove fis, it's worn.
between biomolecules a precision that prevents mistakes byWhen more than one sugar of the right type and in the right
allowing only those molecules with the correct sugar structurerientation are clustered togethérere is a rapid increase in
— or glycocode — to cause aregit. Their remarkable structur both afinity and specificity by the corresponding lectin. This
al diversity means that carbohydrates can mediate highly speciéluster or ‘multivalent efect’ is only partly explained by an
ic and therefore complex processes. increase in local carbohydrate concentration, and a high degree

The sugars involved are usually presented as conjugates.cooperativity is implied. As a result, other ‘wrong’ sugars
Mainly they appear as glycoproteins of two tydedinked (1),  present will not inhibit any process that the lectin concerned
where the sugar is bound to the side chain of asparagingediates. In addition, the specify of this type of binding is

(3) n=6,8,10...
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very finely-tuned. It relies not only on the complementarity Damage to tissue as a result of injury or infection sets in
between the individual lectin binding sites and a particular suganotion a complex process designed to recruit white blood cells
ligand, but also on the relative arrangement of the binding sites the body$ foot soldiers — to the sceneo @eal with the
to each other in space and therefore the corresponding displaypobblem, the blood cells need to know where it is and then have
each sugar ligand relative to the next. to be able to get out of the blood stream into the damaged tissue.
In Nature, multivalent arrays are built on the surface of cellslowevey this process — by virtue of making the walls of the
either by branched oligosaccharides of glycoproteins, which abtood vessels in the location ‘leaky’ — allows for a build up of
like sugary hands with eachrifier tip’ grasping a lectin ‘bowl  fluid in the tissue, resulting in iafihmation.
ing ball’, or by the sliding together of glycolipids within the Damage to tissues surrounding a blood vessel causestan infl
lipid bilayers to form carbohydrate-dense, ‘sticky’ patches.of signalling molecules to the injurfhese encourage selectins
Diverse carbohydrate bonding gives way to diverse oligosae— a particular class of sughinding lectins — to be expressed
charide patterns (Bt-order patterns of sugars in clusters). Thisn the inner surface of blood vessels (E-selectin) and on platelets
gives way to diverse cluster patterns (for example, second-order the blood stream (P-selectin). Handshaking interactions
arrangements of dérent clusters on the same glycoprotein)between the selectins and the sugars on the cells’ surfaces
which in turn gives way to diverse glycoconjugate patterngncourages white blood cells to roll along the blood vessels to the
(such as third-order arrangements of glycoproteins on a cell sutamage site. Here the cells stick to the blood vessel walls via pro
face). In essence, glycocode is a biological fractal with eadein—protein interaction, completing this two-way binding
layer of structural diversity generating another layer of stilprocess by expressing L-selectins. Ultimatéfe white blood
greater diversity cells are able to escape through the vessel wall into the surround
There is also a corresponding number of multireceptor displagg tissue. While this is a well-controlled process in healthy indi
methods, ranging from the presence of many single-binding preiduals, if too many blood cells escape the blood vessel, they can
teins on one cell surface, such as the asialoglycoprotein receptause damage to healthy tissue, resulting in a range of problems
in the liver which forms hexamers, through to single proteingicluding septic shock, arthritis, asthma and heart disease.
that have more than one binding site — for example, mannose-The precise identity of the ligands on the carbohydrates that
binding snowdrop lectin which has three per monomer bind to the selectins is not known, but the tetrasaccharide sialyl
The efects of glycocode can be
viewed on three levels, though o
course these only represent points on
spectrum of activities and the interplay Ho _—OH Ho _—OH HO Ho LOH on
between these areas is a crucial part g& o "o HO.C &QL
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Examples of sugar ‘hands’ and ‘fingers’

HO
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depend more on the physical propertig
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attack in the protein. In this context

these sugary hands are protective, fen HOHO

ing off enzymes by virtue of their size

or changing polarities of local regions o 055071

using polar hydroxyl ‘fnger tips’. o OJKNH Meozﬁm
Another fascinating example of thig PR : o OH OH

type of more physical fct is that of BT e % o o o o 5 °

antifreeze proteins such ad) ((see Nve 0TS T HO Ho O = Ao

Figure 3). Found in the blood of deep Crcrecrcrme NHAC NHAC

sea fgh, these proteins disrupt ice crys ©

tallisation, allowing the §h to survive
at temperatures as low as’€4

Lewis x (sL&, (5)) is bound by all types of selectin and serves as
Hands that shake a useful benchmark (see Figure’ §everal copies of skare
Correct spatial arrangement is crucial to the next level of suggresent in glycoproteins, such as GlyCAM-1 and PSGL-1, that
role: binding and docking. The past 25 years have seen atevoaue present in high concentrations on the surface of certain white
tion in glycobiology as scientists have realised the key role su@lood cells. This opens the door to a host of therapeutic applica
ars play in highly specti‘handshaking’ reactions. One impor tions using sugars to inhibit the initial selectin—blood cell inter
tant example is that of the infhmatory responge. actions and so regulate the early stage cdimfhation.
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of kidney red-blood cells.

Creating glycocode Treatments being devel

(a) Exploiting Nature’s machinery — enzymes — allows complex sugars to be formed quickly and easily oped exploit this speodﬁ-
HO OH o ty. For example, attaching

Ho% ” many copies of§) to a
Hol o o L L polymer provides an
POp0T_o N © ingestable treatment —
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o
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Molecular masons

The fnal and, as yet ther
apeutically  untapped,
Side-chain of newly type of role takes sugar
introduced cysteine m T HO docking one step further

I e
Stodirestod / / m/ 7@5 by eliciting a response as

e et a result of their interac
CProtein) —————— = - G — tions. Unlike handshak
o HO @ ing, these interactions do
more than facilitate; they
cause the transmission of
a signal, often across eel
lular membranes. Wo
For example, the sEenimic (6) is an 800-times more potent examples are Nod factors and the Mannan-binding lectin (MBL).
selectin binder than stiself.s Furthermore, the high specifi Nod(ulation) factors, such as hexasacchari@f @re
ty of this type of docking means that these compounds willeleased byRhizobiumbacteria, which are responsible for
inhibit only this interaction, providing a treatment that is potennitrogen fixationt These Nod factors bind to lectins on the
tially devoid of side décts. Another example of this kind of root hairs of legumes and initiate a cascade of signalling and
docking interaction involveslelicobacter pylorj the bacteria deformation within root hair cells. As a result, nodules devel
that cause gastric ulcers. These micgaoisms attach them op on the roots where these symbiotic bacteria reside. Nod
selves to gut cells during the infection process by binding ttactor structures are highly specific to both the corresponding
extracellular glycoproteins containing the sugar sialic acid. Aplant and bacterial species, so that only a particular species of
part of an anti-ulcer strategthis adhesion can be inhibited by bacteria will nodulate a given legume species. Sugars with
conjugates glycosylated with-8ialyllactosyl residues’], such  different stereochemistry or substituents cause little or no
as the phase Il drug candidate NE-0880. such efect, again illustrating the importance of the glycocode
Several toxins also act as a result of sugar handshakinn in sending messages.
Notorious examples are ricin and abrin from cast~~ Cracklng The complement system, which is an essential
beans and the rosary pea, respectivEhese the al d part of the innate immune response, can be
related proteins can act as both galactose-b’ € grycocoae started by the binding of the serum protein
ing lectins and base-speciRNAN-glycost  should enab e treatments mannan-binding lectin (MBL) to the sugar
dase enzymes. As enzymes, they hydroly . mannose, which is found on many bacterial
specift purine base from the sugar backb [0 De de vised that are cell surfacest Upon binding, MBL acti
of the lage RNA subunit of the ribosome (tl 1 - ; vates the complement system via a long cas
site of protein synthesis in a cell). This sing, vir tual/y devoid of side cade of protein-mediated signals starting with

(b) A combination of protein mutagenesis and chemical modification provides high levels of control in code construction

modification inactivates the ribosome, stoppn._ effects an associated peptidase enzyme called MASP-
the synthesis of cellular proteins and ultimatery 1. This protein cuts, and in doing so activates,
causing cell death. This has earned this family of proteins another enzyme called MASP-2, which in turn cuts and
the apt acronym RIPs — ribosome inactivating proteins. activates a further peptidase enzyme (C4) and so on. Further

The toxin enters the cell by binding to sugars on its surfaceycles of cutting and activation leadstito the ‘tagging’ of the
This is followed by a process of internalisation and release inteacteria that MBL fist bound to and then the selective killing of
the cell’s cytoplasm where ribosomes are then inactivated. Justis tagged intruder by a collection of hydrolysing enzymes.
one internalised RIP molecule is needed to kill a cell. The lectifhus, the precise docking of a bacterial mannose glycocode
subunits of RIPs account for their extreme cytotoxicity (thresparks dfa rapid and remarkable signal that leads to a powerful
orders of magnitude more potent than cyanide) — proteirantibacterial activity
which only have RNAN-glycosidase activity are, in general, o
much less toxic than those carrying a second lectin subunit. ~ Investigating glycocode

A similar mechanism of action is shown by the toxin releaseficcess to well-defined biomolecules to probe the nature of
by Escherichia coliO157:H7 —which causes ‘hambger dis  sugarbased interactions is essential. The elucidation of the
ease’ — and byhigella dysenteriaéThis toxin gains access to mechanisms of many of the examples discussed above and their
kidney cells by binding only to the trisacchariBpdn the surface consequences is a major goal in glycoscience and has driven,
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and continues to drive, the synthesis of novel glycoconjugatethe biosynthesis of glycoproteins falls into two halves: transla
These are the tools of the glycobiology trade. tion — the reading of the letters of the nucleic acid code to pro
Unlike the biosynthesis of proteins and nucleic acids, therduce the protein backbone — and madifion — the attach
appears to be no associated mechanism for proof-reading amént to or alteration of groups on the protein after backbone
correcting diferently glycosylated biomolecules — the result isconstruction. While the former can be confidently predicted
mixtures. Therefore, glycoproteins occur naturally in a numbehrough genomics, the latter is only known through hindsight.
of forms (glyce  Only by examining the protein after moddtion and relating its
The poten[ia/ of this resear ch forms)2 that have the properties to its structure can we begin to understand some of
. same peptide baek the relationships and principles. The challenges of this-disci
IS enormous — more and  pone, but dier in both  pline — glycomics — are enormous but the rewards are a far
more sugar S will emer ge as the nature and site of more direct knowledge of biological function.
glycosylation. The dif
codes that ma y be used to  ferent properties shown References

. . 1 Laine, R.A.Glycobiol, 1994 4, 759-67
contr ol disease with an~ ©Y,.8ach component. 5 1"z 'Giycobiol, 10933, 97-130

. . within these mixtures 3 poyd, We., Science1954.119, 419
unriv alled precision  presents problems in 4 Sharon, N. & Lis, HEssays Bioche99530, 59-75

determining their exact 5 Roy R.,Cur. Opin. Stuct. Biol, 19966, 692-702

function through structure-activity relationships. It has even® E'mafg'ggggEgg“gcgza”e“ Jablonowski, J.A. & g, C.H.Chem.

i i ev, 98, 833-

been sugggsted that these natur_al_ly-occumng mixtures of-_glyco7 Lasky LA, Annu. RevBiochem, 199564, 113-39

fo'rms'prowde a spectrum of activities that can be blased iN ONG 7ot D. & Roth, S.Lancet 1996.347, 1017-21

direction or another as a means of rapid fine-tuding. 9 Takeda, T Yoshino, K., Adachi, E., Sato, % Yamagata, K Microbiol.

Consequentlythe very few studies that have compared single Immunol, 199943, 331-7

glycoforms successfully have required abundant sources andlg ?ficle' ’\;Péﬁart;\;’hédf Rle& tlgﬁggﬂ E‘9| 10988, R250.61
; ; aylot P, Botto, M. & Walport, M.,Curr. Biol., 8, -
extensive separation. Thegent need for sources of puregly 5 > demache\W.. Parekh R.B. & Dwek, R.AANNU. RevBiochem.

cocodes is being satiell by chemistry 198857, 785-838

Sugar chemistry has often been perceived as tricky fr dif 13 Rudd, BV, et al Biochemisty, 1994,33, 17-22
cult, but a host of exciting and powerful techniques give the lig4 Crout, D.H.G. & \ic, G.,Curr. Opin. Chem. Bio].1998,2, 98-111
to this myth (see Figure 4). One approach adapts the natufgl \chikawa, Y, et al J. Am. Chem. Sqcl992,114, 9283-98
machinery for processing carbohydrates — glycosidase and gitf Pavis: B.G.J. Chem. Soc., Perkindns 1 1999, 3215-37
cosyltransferase enzymegdhese environmentally benign cata pr Davis is a lectuer in oganic and biological chemistrat the
lysts allow the dfcient formation of complex sugars. For exam Depatment of Chemisgr University of Duham, South Road,
ple, the conventional synthesis of SI(B) takes 31 steps, but Durham DH1 3LE, UK. Email: Ben.Davis@dam.ac.uk
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New, highly selective methods for attaching these sugars |
their protein or lipid carriers are also being develofsdebr
example, by combining protein mutagenesis with chemic:
modification, both the site of glycosylation and the sugar code
be placed there can be controlled. Such glycosylation techniqu
will allow scientists to probe glycocode with absolute precisior
— in effect testing out each letter of the code.

Therapeutics and the future
By cracking the glycocode, scientists can use it to send, or mc
usually to block, messages in ways that will be interpreted k
the body with a high degree odiéility. The fact that these inter
actions are so remarkably spegifindicates that the drugs that
are being developed as false codes will be just as spasithe
genuine codes. This should enable treatments to be devised 1
are virtually devoid of side fcts. Moreoverthis precision will
give a much greater chance of success in trials, leading tc dra:
cally shorter lag times to market and lower development costs

The potential of this research is enormous — more and mo
sugars will emeage as codes that may be used to control disea:
and biological function safely and with an unrivalled precision
Carbohydrate—protein interactions in sperm—egg recognitic
could be exploited by using glycoconjugates in contraception
fertility treatments, and the cellular recognition processes idel
tified in cancer are examples of newly egireg glycocodes that
may have profound fcts once deciphered.

It is a sobering thought that as a result of the way carboh
drates are introduced to cell surfaces, the cataloguing of tl
human genome will tell us little of the sugar code. For examplc,
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