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Abstract.

Carbohydrates are ubiquitous in nature and have become the focus of much scientific 

investigation. The proteins which recognise carbohydrates have become widely used in 

the areas of cell and molecular biology. Protein - carbohydrate interactions have been 

probed by theoretical, structural and thermodynamic techniques. The lectins are a class of 

carbohydrate binding proteins which bind carbohydrates through non covalent 

interactions such as hydrogen bonds and van der Waals interactions. In addition to these 

interactions, other factors play an important role in determining affinity such as 

carbohydrate conformation, solvent reorganisation and changes in the protein binding 

site.

The legume lectin concanavalin A specifically recognises mannose and glucose terminal 

residues. The thermodynamics of concanavalin A binding to carbohydrates has been well 

documented. Concanavalin A binds the core trimannoside and pentasaccharide of the 

biantennary glycan found on mammalian cell surfaces with a high affinity. This thesis 

describes the structural basis of carbohydrate binding by con A, through the interpretation 

of crystal structures of concanavalin A bound with a l-2  mannobiose, methyl a l -  

2mannobioside, the core pentasaccharide of the biantennary glycan and fructose. The 

structural information obtained from these stractures is related to thermodynamic 

information available and unravels the importance of the role played by carbohydrate 

conformation, solvent reorganisation and statistical population of ligand in determining 

affinity. This work helps to develop an understanding of the physical basis of 

carbohydrate recognition.
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Chapter 1 

Protein - Carbohydrate Interactions.
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1.1. Summary

Carbohydrates are ubiquitous in biological systems. A sophisticated array of these 

molecules are found on cell surfaces and they are recognised with varying degrees of 

specificities by carbohydrate binding proteins such as lectins, anti-carbohydrate 

antibodies, bacterial periplasmic binding proteins and some enzymes. The interactions 

between proteins and carbohydrates are attractive therapeutic targets. However, the 

ubiquity of carbohydrates presents a huge challenge for rational design of therapeutics. 

The physical basis of protein - carbohydrate interactions is still too poorly understood to 

permit such design. Improving our understanding needs an atomic level understanding of 

the recognition of a carbohydrate by a protein. In recent years. X-ray crystallography 

together with isothermal titration microcalorimetry has begun to provide a powerful 

insight into the molecular processes governing protein - carbohydrate interactions. This 

chapter will summarise the current information available from X-ray structures and 

thermodynamics studies, identifying common features of protein - carbohydrate 

interactions.

Concanavalin A from the Jack bean {Canavalia enisformis\ is the most well studied 

lectin. It was the first of the lectins to have its three dimensional structure solved by X- 

ray crystallography, the first to have a carbohydrate bound structure solved and the first 

lectin to be solved to atomic resolution. The thermodynamics of its binding to both 

natural and modified carbohydrates have been extensively analysed and are discussed.

1.2. Introduction.

As the wealth of information regarding protein structure increases, common features such 

as sequence, fold and function have been identified enabling proteins to be grouped

18



accordingly. Proteins which recognise carbohydrates are ubiquitous and their functions 

are extremely diverse, from defense to metabolism (Sharon and Lis, 1989). They 

recognise carbohydrates with varying degrees of specificity, and bind them with varying 

degrees of affinity. As more structural and thermodynamic information becomes 

available, the deconvolution of molecular processes which control specificity and affinity 

becomes possible. The most well studied group of carbohydrate binding proteins are the 

lectins. The lectins bind carbohydrates reversibly and with a high degree of specificity but 

are devoid a catalytic activity (Goldstein and Portez, 1986). Classically, lectins have been 

grouped according to their source, for example legume, cereal, bacterial etc. The number 

of lectin crystal structures available is now approaching 150, the majority of which are 

with bound carbohydrate (for a comprehensive listing see http:// 

www.cermav.cnrs.fr/databank/). Lectins were first characterised early in this century, 

when concanavalin A (con A) was isolated from the Jack Bean (Sumner, 1919). Since 

that time plant, animal, bacterial and viral lectins as well as the other carbohydrate 

binding proteins have been isolated and characterised. To date, con A is the most well 

studied lectin. The thermodynamics of con A - carbohydrate binding have been 

extensively studied (discussed in section 1.3) and its structure has been solved to atomic 

resolution (Deacon et al., 1997). The monosaccharide binding site of con A was 

characterised in the first lectin carbohydrate complex studied by crystallography 

(Derewenda et al., 1989). The 2.0Â structures of con A complexed with methyl a-D- 

mannopyranoside (Figure 1.1) (Naismith et al., 1994) and methyl a-D-glucopyranoside 

(Harrop et al., 1996) have allowed a detailed description of monosaccharide binding. The 

sugar is anchored to the protein by several direct hydrogen bonds, polar contacts and van 

der Waals interactions burying some 75% of its surface accessible area.

19
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Figure 1.1. The con A tetramer. Bound methyl a-D-mannopyranoside is shown as ball 

and stick representation, the metal ions are shown as red spheres (Naismith et ai, 1994).

Con A shows an enhanced affinity for the trimannoside core of the biantennary glycan 

found on mammalian ceil surfaces (Figure 1.5.d) (Brewer, 1993; Toone, 1994) and the 

structural basis for this became clear with the 2.3À resolution structure of this 

trimannoside complexed with con A (Naismith and Field, 1996). This structure showed 

that all three residues were involved in direct interactions with the protein (Figure 1.2.), 

in contrast with other lectin - oligosaccharide structures such as the pea lectin 

trimannoside structure (Rini et al., 1993) in which only the sugar at the monosaccharide 

site makes direct interactions with the protein. The 1-6 arm terminal mannose is 

recognised at the monosaccharide binding site in a very similar way to MeaMan. A water

20



molecule was identified which plays an important role in anchoring the reducing Man to 

the protein. A second report o f the con A trimannoside complex found that in one of the 

four subunits the trimannoside adopts a different conformation, although it is unclear 

whether or not this is an artefact of crystallisation (Loris et al., 1996).

Figure 1.2. The extended binding site o f  con A. The 1-6 arm terminal mannose residue is 

bound at the monosaccharide binding site (shown in red). All three mannose residues 

make direct contact with the protein (Naismith and Field, 1996).

Thr15

Tyr12

TyrlOO

N H -- ..

Leu99

Asp 16

A sn14

. Asp208

HjN NH2

,NH

Arg228

As well as the lectins, other proteins whose role is to bind carbohydrates have come 

under investigation in recent years including carbohydrate processing enzymes.
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periplasmic binding proteins and antibodies directed against carbohydrates. Isothermal 

titration microcalorimetry has enabled the direct measurement of the association constant 

Ka and the stoichiometry of binding interactions. Changes in free energy, specific heat 

capacities entropy can then be derived (Toone, 1994).

Figure 1.3 shows an example of the numbering scheme for carbohydrates, Figures 1.4 

and 1.5 illustrate the carbohydrates discussed in this chapter. Table 1.1 lists the protein - 

carbohydrate structures discussed in this chapter, their PDB accession codes and their 

abbreviations used.

Figure 1.3. Numbering scheme fo r  mannose. The dotted bonds show the N-Acetyl group 

in GlcNAc.

Ofi
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Figure 1.4. Monosaccharides: Structures and abbreviations.

OHOH
OH

HO
HOHO,

\  ^  OH
OH

P-D-galactopyranose (Gal)

\  ^  OH
OH

p-D-glucopyranose (GIc)

OH
HO

HO
HO 1— O OH

HO

HO

p-D-arabinopyranose (Ara)Methyl a-D-mannopyranose (MeocMan)

OH HO

HO
OHHO

OH
HONH

HO

a-L-fucopyranose (Fuc)AT-Acetyl glucosamine (GlcNAc)



Figure I A. Continued.

HO

OH

HOQi

QH

N-Acetyl neuraminic acid (NeuNAc) abequose (Abe)

OH

HO

OH
NHCOOH

H3COC

jV-Acetyl muramic acid (NAM)
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Figure 1.5. Oligosaccharides; Structures and abbreviations.

a)

Gal pi-3GaINAc

b)
Gal pi-4G lc

c)
Gal pl-4G lcNAc

T-antigenic disaccharide 

Lactose (Lac)

N-acetyl lactosamine (LacNAc)

d)
GlcNAc P1,4 GlcNAc P1,2 Man a  1, 6  

1,6 arm

GlcNAc p i,4 GlcNAc p i,2  Man a  1,3 

1,3 arm

Man p i,4  GlcNAc p i,4  GlcNAc p Asn

F u c a l - 6

e)
Gal a  1-2Abe al-3M an

Biantennary Glycan. In red is the trimannoside core, boxed is the 
pentasaccharide core.

Salmonella O-antigen trisaccharide

f)
Fuc a l-2G al pi-4(Fuc al-4)G lcN A c Lewis b antigen

g)
Man a l ,2  Man a l , 6

Man a  1,6
\

Man a l , 2 Man a  1,3

/
Man a l ,2  Man a l ,2  Man a  1,3

h)

NeuAc a2,3G al P3

NeuAc a2,6''

GalNAc-Thr

Branched high mannose oligosaccharide. In red is the 
branched pentamannose.

Sialyl Glycopeptide
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Figure 1.5. Continued.

i)

O 9

HO,
HO

OH

:

Synthetic cross-linker

j)

Glc al-4G lc Maltose

k)

NAM pl-4GIcNAc pi-4NAM Bacterial cell wall trisaccharide

1) OSO 3 *

'000

OSO 3  

OH

iduronate-2-sulfate

O3 SO

Heparin repeating unit

iV-sulfo-GlcNAc-6-sulfate
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Table 1.1. Protein structures discussed in Chapter 1.

Protein abbreviation Ligand PDB code

Concanavaiin A con A MeotMan SCAN

Concanavalin A con A core trimannoside ICVN/ IONA

Concanavaiin A con A none lAPN

(demetallised)

Erythrina corallodendron Ecor L Gal lAXZ

Erythrina corallodendron Ecor L Lac ILTE/ lAXl

Erythrina corallodendron Ecor L LacNAc 1AX2

Mannose binding protein- A MBP-A branched oligomannose 2MSB

Wheat germ agglutinin WGA sialyl lactose IWGC

Wheat germ agglutinin WGA sialyl glycopeptide 2CWG

Lathyrus ochrus isolectin I LOLI MeotMan ILOB

Lathyrus ochrus isolectin I LOLI linear trisaccharide ILOG

Lathyrus ochrus isolectin I LOLI biantennary ILOF

octasaccharide

Lathyrus ochrus isolectin II L O L n biantennary ILGC

glycopeptide

Winged bean agglutinin WBA Gal IWBL

Galanthus nivalis GNA pentamannose IMSA

Soybean agglutinin SBA biantennary glycan ISBA

peanut lectin PNA T-antigenic disaccharide ITEP

Jacalin Jacalin MeaGal IJAC

Griffonia simplicifolia GS4 Lewisb ILED

Galectin 1 Gal-1 biantennary ISLB, ISLC,

octasaccharide ISLT

Galectin 2 Gal-2 Lac IHLC

L-arabinose binding protein ABP Gal 5ABP

Glc/ Gal binding protein GGBP Gal IGLG

Glc 2GBP

Staphylococcus aureus ET Lac 1SE3

Vibrio cholera CT GMl oligosaccharide ICHP
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Table 1.1. (Continued).

Protein abbreviation Ligand PDB code

Bordetella pertussis PT sialyl galactose IPTO

Polyoma virus none sialyl lactose ISID

acidic fibroblast growth “ aFGF Heparin octasaccharide 2AXM

factor

Se 155-4 antibody fragment Sel55-4 Salmonella O-antigen IMFD

Lysozyme Lysozyme bacterial cell wall 9LYS

trisaccharide

Lysozyme Lysozyme T ri-N-Acetyl-Chitotriose ILZB

Glycogen phosphorylase GP maltoheptaose 6GPB

This chapter discusses protein - carbohydrate interactions with reference to the common 

themes in energetics that have emerged over the past few years.

1.3. Energetics of protein - carbohydrate interactions.

Prior to isothermal titration microcalorimetry, the principal method for investigating 

protein - carbohydrate interactions was inhibition of hemagglutination or oligosaccharide 

precipitation (Sharon and Lis, 1989). These methods were useful in identifying specificity 

but they did not measure thermodynamic data. These techniques measure Kj which can be 

dominated by kinetic parameters. Direct measurement of thermodynamic data is now 

possible by isothermal titration calorimetry. Contributions to the overall free energy by 

each hydroxyl can be estimated by utilising saccharide analogues such as methoxy, 

fluorodeoxy and deoxy derivatives (Quiocho, 1993; Schwarz et al., 1996, Brewer et al., 

1997). These are discussed more fully in section 1.4.

Specific recognition of oligosaccharides is indicated by a more negative enthalpy 

(valence corrected where necessary) of binding than that seen for the cognate
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monosaccharide. This is seen for many of the carbohydrate complexes of con A 

(Chervenak et a i,  1992; Mandai et al., 1994b), the Erythrina corallodendron lectin (Ecor 

L) (Gupta et a l ,  1996; Surolia et a l,  1996), mannose binding protein C (MBP-C) 

(Quesenberry et a l, 1997) and wheat germ agglutinin (WGA) (Bains et a l, 1992). The 

data shows that almost all lectin - carbohydrate interactions are entropically unfavourable 

in water (Chervenak and Toone, 1994). Calorimetric studies have shown that in general, 

a significant proportion of the enthalpy arises from solvent reorganisation (Chervenak 

and Toone, 1994) (the transfer of solvent molecules between the bulk of the solvent and 

the solvation shell of the protein and ligand). This was shown experimentally by 

evaluating the thermodynamics of several binding systems in H2O and D2 O (Chervenak 

and Toone, 1994).

Enthalpy - entropy compensation is a general feature in many biological systems, 

especially those occurring in aqueous solution and involving changes in hydrogen 

bonding (Grunwald and Steel, 1995). For the lectins, a strong trend of enthalpy - entropy 

compensation can be seen in oligosaccharide binding (Dunitz, 1995). The binding of 

larger oligosaccharides has a more favourable enthalpy term which is offset by an 

increasingly unfavourable entropie term. This has been interpreted both in terms of 

changes in rotational degrees of freedom as glycosidic torsion angles are frozen and in 

terms of solvent reorganisation upon binding (Toone, 1994). Two extensive 

thermodynamic investigations involving con A - carbohydrate binding are available 

(Mandai et a l ,  1994) (Chervenak and Toone, 1995). Although the binding constants and 

hence free energies are in agreement between the two studies, the magnitudes of the 

entropy change is uniformly smaller in the work by Toone and co-workers. Discrepancies 

between calorimetry experiments are due to the dependence of the results on pH, ligand 

concentration experimental design and temperature. Further derivation of AH° and AS”
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from raw data is problematic. The results of Mandai and co-workers (Mandai et a i, 

1994b) are quoted in Table 1.2 as it encompasses all of the oligosaccharides used 

throughout this thesis. However, it should be noted that the results of the other 

investigations are very different. The con A studies can be used to illustrate entropy - 

enthalpy compensation. A plot of enthalpy versus entropy for the con A complexes is 

shown in Figure 1.6.

Table 1.2. Thermodynamics o f con A - carbohydrate binding. (Mandai et al., 1994b). 

Enclosed in [] are shown values from (Chervenak and Toone, 1995) to illustrate the 

discrepancies between the studies.

Ka(X 10  ̂M**) -AH (kcal mol'*) -TAS (kcal mol**)

Me-a-Man 0.82 [0.76] 8.2 [6.8] 2.9 [1.5]

a l-2  mannobiose 4.17 9.9 3.6

a  1-6 mannobiose 1.34 9.4 3.8

a  1-3 mannobiose 1.41 10.2 4.5

methyl a l-2  mannobioside 14.1 10.5 3.5

Trimannoside^ 33.7 14.1 6.6

biantennary 140 10.6 2.2

pentasaccharide*^

“ Trimannoside core of the biantennary glycan shown in red in Figure 1.4.d ‘’Pentasaccharide core (boxed) 

from the biantennary glycan in Figure 1.4.d.
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Figure 1.6. Enthalpy - Entropy compensation plot for con A data.

 ̂ -AH

The interactions between lectins and monosaccharides are relatively weak and non 

specific. Affinities and specificities increase for cognate oligosaccharides. Thus multiple 

protein - carbohydrate interactions co-operate to give high specificity and affinity. 

Monosaccharide binding sites are very varied amongst carbohydrate binding proteins, and 

they have been divided into two major groups termed groups I and II (Rini, 1995). 

Members of group I completely envelope their ligand and include bacterial periplasmic 

transport proteins and enzymes. Group II carbohydrate binding proteins include lectins, 

viral proteins, toxins, anti-carbohydrate antibodies and pentraxins; they bind their ligands 

in shallow pockets on their surfaces. Binding by group I proteins is high affinity, typically 

with sub-micromolar dissociation constants. This is illustrated for the periplasmic 

binding proteins, with K» values in the micromolar range (Miller et al., 1983). These 

proteins are promiscuous in their specificity for monosaccharides, for example, arabinose 

binding protein (ABP) recognises fucose (Ka = 0.26|iM'*) and galactose (Ka = 4.35pM"*) 

as well as arabinose (Ka = 10.20fiM‘*) (Quiocho, 1988). These associations are also
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characterised by a favourable entropie contribution (Sigurskjold and Bundle, 1992) which 

has been interpreted in terms of a dominant role of the hydrophobic effect in carbohydrate 

binding. The favourable entropie contribution is explained by the expulsion of water from 

the binding site and complete exclusion of the ligand from bulk solvent. Favourable 

entropies have been seen for the group II proteins, the ScFv antibody - O-antigen 

trisaccharide complex (Cygler et al., 1991) and the snowdrop lectin (GNA). Antibody 

recognition falls between Group I and Group B as a single Abe sugar is almost 

completely enveloped. GNA recognises oligomannosides with much weaker affinity than 

the legume lectins (in fact the monosaccharide binding falls below the range of sensitivity 

for calorimetry (Shibuya et al., 1988; Kaku and Goldstein, 1992)). The tightest GNA 

complex is with the trimannoside (Ka = 3.0 x 103 M-1), some 100 times weaker than 

seen for con A. The only other oligosaccharides for which binding to GNA is detectable 

by calorimetry are the a l-6  and a l-3  mannobioses. The trimannoside, and the a l-3  and 

a l-6  mannobioses all bind GNA with a positive entropie contribution. However, as this 

binding is weak, GNA may be a special case.

1.4. Hydrogen bonding and van der Waals interactions.

The most significant contribution to specificity is made by polar interactions. In the case 

of lectins, generally, one acidic side chain acts as a hydrogen bond acceptor from one or 

two of the carbohydrate hydroxyls. The functional groups (mainly hydroxyls) on 

carbohydrates are exposed and therefore heavily involved in recognition. The hydroxyl 

oxygen is sp^ hybridised, resulting in a tetrahedral arrangement of two lone pairs and a 

proton. Thus the hydroxyl group has the capacity to act simultaneously as an acceptor and 

donor of hydrogen bonds (Figure 1.7.).
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Figure 1.7. Cooperative hydrogen bond (A is acceptor, D is donor).

When two adjacent hydroxyl groups interact with different atoms of the same amino acid, 

a bidentate hydrogen bond is formed (Figure 1.8). This is common in protein - 

carbohydrate complexes. An example of this is in the mannose binding legume lectins, 

where the 4- and 6- hydroxyls form a bidentate hydrogen bond with an aspartic acid. 

Other bidentate ligands are glutamic acid, glutamine, asparagine and arginine.

Figure 1.8. Bidentate hydrogen bond.
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A bidentate hydrogen bond is more stable than two monodentate interactions. The 

chelating interaction is more stable as two hydrogen bonds are formed whilst only one 

side chain is immobilised. The entropie penalty is therefore much less. This is the chelate 

effect and is well known in biology (Page and Jencks, 1971).

Main chain amide groups, the asparagine side chain amide group and sometimes a 

glutamine serve as hydrogen bond donors. In addition, charged side chains such as 

arginine often act as hydrogen bond donors, and in some cases, -OH containing amino 

acids such as tyrosine or serine can act as either hydrogen bond donors or acceptors. The 

torsional freedom of the proton and lone pairs of a hydroxyl group on the carbohydrate
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presumably allows optimisation of hydrogen bonds with the protein with some entropie 

cost due to fixing the rotamer. The ring oxygen of the sugar is sp^ hybridised, with the 

two bound carbons and the lone pairs of electrons of the ring oxygen arranged 

tetrahedrally allowing it to act as an acceptor of hydrogen bonds.

Chemically designed ligands have been used to assess the contribution made by 

individual hydrogen bonds (Withers et al., 1986; Bhattacharyya and Brewer, 1988; 

Quiocho, 1993). By using deoxy- and fluorodeoxy- saccharides, estimates for the strength 

of a hydrogen bond ranged from 0.5 to 3kcaJ mol"’. The experiments are useful for 

determining which hydroxyl group on the ligand is involved in hydrogen bonding. 

However, the strength of an individual hydrogen bond remains ambiguous as the 

elimination of a hydroxyl group also abolishes van der Waals interactions, and there are 

differences in the free energies of solvation between the neutral and analogue ligands. 

Thus these compounds have not accurately measured hydrogen bonding energies as 

pointed out by Quiocho and co-workers. In their studies of deoxy- and fluorodeoxy- 

analogues of galactose binding to ABP, they highlight the neglect of the contribution of 

van der Waals interactions in complex formation, and found that the compounds proved 

to be inadequate probes due to the binding of new water molecules and structural changes 

arising from the electronegative fluoro- group (Vermersch et al., 1992).

Hydrogen bonds between a carbohydrate and a protein which are mediated by a single 

water molecule can be as strong as a direct protein - carbohydrate hydrogen bond (Toone, 

1994). A water molecule can make four hydrogen bonds. Recruitment of water to the 

binding site to mediate carbohydrate binding has been observed, and proposed to play an 

important role. In the structure of the isolectin I from Lathyrus ochrus (LOL I) bound 

with the trisaccharide Man al-3M an (3l-4GlcNAc (Bourne et a l, 1990), direct contact 

with the protein is only seen with the a l-3  terminal mannose sitting in the

34



monosaccharide binding site. The two remaining sugars contact the protein only through 

long chains of water molecules. A total of 20 water molecules are involved in the binding 

of the trisaccharide to the protein, the majority of which are not found in a similar 

position in the native structure. Interestingly, in the structure of peanut lectin (PNA) 

complexed with the T-antigen disaccharide (Figure 1.5.a) (Ravishankar et al., 1997), 

PNA binds the disaccharide with a 20 fold higher affinity than with lactose (Figure

1.5.b), although the structure showed that overall there are no additional direct 

interactions with the protein. The A-acetyl group of the T-antigenic disaccharide makes 

water mediated contact with the protein. This is the only example so far where the 

increase in affinity seems to be due entirely to water mediated protein-carbohydrate 

interactions.

Recently, the complexes of con A (Naismith and Field, 1996), the Sel55-4 antibody 

(Figure 1.9) (Cygler et al., 1991) and enterotoxin (Sixma et al., 1992), identified water 

molecules in the binding site of the native structure which are seen in similar positions in 

the carbohydrate bound structures ligating the carbohydrate. These structural water 

molecules can be considered part of the protein binding site.
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Figure 1.9. Conserved water molecule in an antibody fragment - trisaccharide complex. 

H and L refer to the heavy and light chains respectively (Cygler et al., 1991).
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The hydrophobic face of the saccharide, for example in mannose - the face of the sugar 

with the 2- and 6- hydroxyls, commonly interacts with the partial negative charge on the 

7i-electrons of the aromatic ring in a stacking arrangement. This stacking arrangement has 

been observed in all of the legume lectin structures and almost all other protein - 

carbohydrate structures. In the Se 155-4 antibody - O-antigen trisaccharide complex 

(Zdanov et al., 1994) the only protein side chains which interact with the ligand are 

aromatic. Carbohydrates have significant nonpolar substituents such as the glycerol 

moiety of neuraminic acid. In the lectin structures, the nonpolar groups interact with the 

hydrophobic residues present in the binding site.
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1.5. Carbohydrate conformation

It has been demonstrated by theoretical models and NMR calculations that 

oligosaccharides are relatively flexible molecules, and in solution exist in a number of 

low energy conformations (Homans, 1995). When a carbohydrate binds to a protein, most 

of the rotatable bonds of the carbohydrate are frozen, creating an entropy penalty to 

binding.

Carbohydrate conformation has been found in some cases, to have a global effect on 

organisation of molecules in the crystallisation process. For example, in the cross-linked 

arrays of galectin-1 (Gal-1) dimers, the three different crystal forms are brought about by 

different low energy conformations of the cross-linking oligosaccharide, for example in 

the triclinic crystal form the oligosaccharides are bent (Bourne et al., 1994) (discussed in 

section 1.9). Most carbohydrates do appear to be bound in one of the conformational 

energetic minima, thus no additional entropy penalty is paid.

In the O- antigen trisaccharide (Figure 1.5.e) - Se 155-4 antibody complex structure 

(Cygler et al., 1991) the Gal al-2M an inter-glycosidic torsion angle is shifted about 40° 

from the calculated minimum energy conformation, ~4 kcalmol'* from the calculated 

global energy minimum. This conformation is essential for a network of inter-molecular 

hydrogen bonds between the abequose and the galactose and is the result of a trade off. 

In the structure of the Se 155-4 variable domain fragment complexed with the same 

trisaccharide (Zdanov et a l, 1994), the Gal al-2M an inter-glycosidic linkages are 

different from those seen in the parent Fab - trisaccharide complex. As a result, the 

intermolecular hydrogen bond between the abequose and the galactose does not exist in 

the scFv - trisaccharide complex and the two hydroxyls are bridged by a water molecule. 

The calculated minimum energy structure lies between the two conformations. There is 

no obvious reason as to why the conformations of the saccharide should differ. There are
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more ordered water molecules around the trisaccharide in the scFv structure and the 

authors suggest that reordering of water molecules near the galactose could have 

triggered the rotation observed.

In the case of LOL H, which requires a fucose moiety for high affinity binding of the 

biantennary glycan (Figure 1.5.d) different carbohydrate conformations are observed in 

structures of the protein bound to the glycan with and without the fucose (Bourne et al., 

1992; Bourne et al., 1994). When the fucose moiety is present, the M ana l-3Man inter

sugar glycosidic torsion angle adopts a low energy conformation which is ~3kcalmor^ 

above the global energy minima. In the complex where the fucose moiety is absent, the 

inter-sugar glycosidic torsion angle is remote from any minima (Imberty et al., 1990). 

This points to the role of the fucose in attaining a more favourable conformation for 

binding. Distortion of carbohydrate conformation is seen in con A complexes and is 

discussed in Chapters 2 and 4 of this thesis.
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1.6. Monosaccharide binding site geometry and specificity.

Members of group I binding proteins, such as the bacterial periplasmic binding proteins, 

undergo a large conformational change upon binding that buries the entire saccharide 

from solvent (Figure 1.10)

Figure 1.10. Group I  binding. Arabinose binding protein complexed with Galactose 

(Quiocho, 1993).
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In contrast, the binding sites of group II proteins seem to be preformed undergoing no 

substantial main chain conformational changes upon binding, and only one or two edges 

of the carbohydrate ligand generally bind to the protein. A significant proportion of the 

sugar is exposed to solvent. This iss illustrated in the lectin crystal structures, one 

example being con A which is shown in Figure 1.11.

Figure 1.11. Group II binding. Concanavaiin A complexed with MeaMan (Naismith et 

al., 1994).

In general in group I carbohydrate binding proteins such as the bacterial periplasmic 

binding proteins, virtually all of the hydrogen bonding potential of the saccharide is used. 

Members of group II such as the lectins seem not to harness the full binding potential of 

the saccharide. Structural studies of the bacterial periplasmic protein ABP (Quiocho, 

1993) bound to arabinose, galactose and its derivatives showed the pyranose rings 

embedded deeply between two domains of the protein (Figure 1.10) making 11 hydrogen
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bonds compared with 6 made between con A and methyl a-D-mannopyranoside (Figure 

1.12). Noticeably, there are two bidentate hydrogen bonds and one bidentate water 

mediated bond.

Figure 1.12. Extensive hydrogen bonding in the ABP - galactose complex (Quiocho, 

1993).

Arg 151

Asn 232

Asn 205
Asp 89

Asp 90

Another bacterial periplasmic protein studied is the glucose/galactose binding protein 

(GGBP) (Vyas et a l, 1994). The tight binding of this protein to its ligands is due to 

extensive hydrogen bonding, again with every oxygen making hydrogen bonds with the 

protein. The higher affinity for glucose than galactose by the GGBP is explained by more 

favourable hydrogen bonding and van der Waals interaction for the equatorial 0 4  of 

glucose. In the structure of the O-antigen trisaccharide fragment bound to the antibody
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Se 155-4 (Zdanov et a i, 1994), every hydroxyl group of the sugar is observed to make 

hydrogen bonds with the protein with the exception of the 6- hydroxyls on the galactose 

and mannose (Figure 1.9).

Legume lectins are highly conserved (Sharon and Lis, 1990) and irrespective of their 

specificity bind ligands through the side chains of an aspartic acid, an asparagine and an 

aromatic amino acid or a leucine. A single bidentate hydrogen bond is conserved in the 

monosaccharide binding site of the mannose and galactose specific legume lectins. The 

aspartic acid and asparagine, as well as interacting with the ligand also coordinate with a 

Ca^^ ion. The legume lectins also all have a non-proline cis peptide between the 

conserved asparagine and the preceding amino acid, which is typically an alanine. The 

cis peptide is necessary for the correct orientation of the asparagine. In the absence of the 

metals ions this peptide linkage is in the normal trans conformation (Bouckaert et a l, 

1990), thus directing the asparagine away from the binding site and abolishing sugar 

binding. The legume lectins can be split into two main groups based on their 

monosaccharide specificity; those which are specific for galactose such as EcorL and 

those which are specific for glucose and mannose such as con A. In addition there are a 

small number which are specific for fucose and for GlcNAc, Most of the monosaccharide 

interactions are with backbone atoms suggesting that the length and position of the 

binding loops are more important than the precise sequence of the side chains in these 

loops. The shape of the monosaccharide binding site is well conserved. The three 

conserved residues, the aspartic acid, the asparagine and the hydrophobic residue belong 

to three of four binding loops. The main difference between the galactose specific and 

mannose/ glucose specific lectins is seen in a fourth binding loop termed the D loop 

(Sharma and Surolia, 1997) (Thr-97 to Glu-102 in con A, Thr-216 to Glu-224 in Ecor L 

(Sharon and Lis, 1990)) which makes additional interactions with the monosaccharide.
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This loop is the same length in all mannose/ glucose specific lectins and is two or more 

residues longer in almost all galactose specific lectins (Figure 1.13). It confers specificity 

between the mannose/ glucose and galactose specific lectins. In the galactose specific 

lectins, the extended D loop interacts with the axial 4- OH of galactose, but not an 

equatorial 4- OH. The shorter loop in the mannose specific lectins would clash with an 

axial 4- OH.

Interestingly, the recent structure of winged bean lectin (WBA) in complex with 

galactose (Prabu et a i,  1998), the D loop is longer than seen in any of the other lectins 

structures, it is seven residues longer than any of the mannose/ glucose binding lectins. 

Unlike the other galactose specific lectins, WBA shows specificity for galactose moieties 

with a- linkages. The structure shows that a P- linkage (such as lactose) would make a 

steric clash with this long D loop. This loop not only confers specificity between the 

glucose/ mannose and galactose specific lectins, but also recognises glycosidic linkages 

in the galactose specific lectins.
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Figure 1.13. The D Loop o f  the legume lectins. Superposition o f  ECor L and con A 

binding sites (Shaanan et al., 1991).

Given the similarities between the mannose/ glucose and galactose binding sites it is 

instructive to compare the bound sugar complexes. In con A (Derewenda et al., 1989; 

Naismith et al., 1994), lentil lectin (Loris et al., 1994) and LOL I (Bourne et al., 1990), 

the 4- and 6- hydroxyls form a bidentate hydrogen bond with an aspartic acid. In the 

structures of the galactose specific lectins EcorL (Shaanan et al., 1991), PNA 

(Ravishankar et al., 1997), SBA (Dessen et al., 1995), the same protein residues form 

bidentate hydrogen bonds with the 3- and 4- hydroxyls of the saccharide. This is 

illustrated in Figure 1.14.
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Figure 1.14. Binding o f  Man and Gal by the legume lectins. The con A monosaccharide 

binding site is shown on the left, and that o f  Ecor L on the right (Shaanan et al., 1991; 

Naismith et al., 1994).
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The C-types lectins belong to a different family, however similar to the legume lectins 

they can be grouped into those which are specific for galactose and those which are 

specific for mannose. Two glutamic acid residues and two asparagine residues coordinate 

the Ca^  ̂ ion in all o f the C-type lectins. However, in the galactose specific C-type lectins, 

one glutamic acid is replaced by a glutamine and one asparagine by an aspartic acid. In 

both cases, the 4- and 3- hydroxyls coordinate the bound calcium. Mutation of Glu-185 

and Asn-187 in MPB-A gave a mutant specific for galactose (Drickamer, 1992).

In contrast to the legume lectins, the bulbs of plants of the amaryllis, orchid and garlic 

families contain lectins that bind mannose and not glucose (Kaku and Goldstein, 1992). 

The residues making up the binding sites are invariant and are glutamine, aspartic acid, 

asparagine, valine and tyrosine. Unlike the mannose/ glucose binding legume lectins
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which recognise the monosaccharide principally via the 3-, 4- and 6- hydroxyls, the bulb 

lectins specifically recognise the axial 2- hydroxyl (Hester and Wright, 1996), thus 

differentiating glucose from mannose. The binding is like that seen for the legume lectins 

in that the saccharide makes contacts with an aspartic acid and an asparagine (Figure 

1.15). However, the interactions are less extensive, for example there are no bidentate 

interactions, and no stacking interactions with aromatic residues which would explain 

why the binding is so much weaker - monosaccharide binding by GNA falls below the 

range of sensitivity for calorimetry and it binds the trimannoside core of the A-linked 

glycan (Figure 1.5.d) with a Ka of 3.0 x 10  ̂ M'% some 100 times weaker than measured 

for con A (Chervenak and Toone, 1995).

Figure 1.15. Monosaccharide binding by GNA. A bound water molecule is shown as a 

red sphere.
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In some proteins, residues from different subunits form the binding sites. WGA contains 

four binding sites per monomer, in only two of which is binding detected by calorimetry 

(Wright and Kellog, 1996). This is due to variability between the binding sites as the 

residues which form each binding site originate from different subunits (Figure 1.15). 

The similarities between the binding sites lie in three tyrosine residues and a serine from 

one subunit while variability between the binding sites is seen in interaction involving 

residues from the other subunit (Wright, 1990; Nagahora et al., 1995).

Figure 1.16. The binding site o f  WGA. The residues forming the binding site originate 

from different monomers.

A different binding site was observed in the crystal structure of the galactose specific 

lectin Jacalin complexed with MeaGal (Sankaranarayanan et al., 1996). This protein 

binds the monosaccharide about 10 to 20 times more tightly than other lectins (Gupta et 

al., 1992) and this was reflected in the crystal structure in which the ligand was
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substantially enclosed by the protein, burying 80% of the surface accessible area of the 

sugar compared with 75% of MeaMan buried by con A (Figure 1.17).

Figure 1.17. Monosaccharide binding site o f  jacalin.
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Modelling glucose and mannose into the jacalin binding site (equatorial 4- hydroxyl) 

revealed that although Asp-125 can still hydrogen bond the 4- hydroxyl, Gly-1 cannot, 

thus demonstrating that the specificity of Jacalin for galactose over glucose and mannose 

is chiefly determined by the terminal amino group.

Many of the lectins require metals for carbohydrate binding. These can play either a 

direct role in contacting the carbohydrate as in the case of the C-type lectins, or an 

indirect role, in forming the shape o f the binding site, as in the case of the legume lectins. 

The legume lectins require Mn^^ and Ca^^ for carbohydrate binding. The Ca^^ ion ligates 

the side chain carboxyl oxygen of the conserved asparagine while the side chain of the 

same residue donates a hydrogen bond to the monosaccharide. One carboxyl oxygen of 

the acidic amino acid is bound to a water molecule which is in turn ligated to the Ca^^
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ion. In this way the ion fixes side chains for optimal carbohydrate binding. The 

Mn^^ ion holds the Ca^^ ion in place (Figure 1.18).

In the C-type lectins, the Ca^^ ion ligates directly with the carbohydrate. Two lone pairs 

o f electrons each from adjacent carbohydrate hydroxyls coordinate the Ca^  ̂ ion in a 

bidentate fashion. These hydroxyls accept a hydrogen bond from side-chain amide groups 

(Figure 1.18). The only other direct sugar - metal interaction known is xylose isomerase 

in which the sugar ligates two Mg^^ ions (Allen et al., 1994; Lavie et al., 1994).

Figure 1.18. Involvement o f  metals in carbohydrate binding. On the left is the indirect 

role played by con A and on the right is the direct role played by MBP-A (Naismith et al., 

1994; Allen et al., 1994).
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1.7. Oligosaccharide binding.

In many cases, enhancements in affinity and specificity are observed for oligosaccharides 

relative to monosaccharides. This has been visualised extensively in the lectins, for which 

there are many crystal structures of oligosaccharide bound complexes.

Some extended binding sites use water molecules extensively to mediate interactions 

between the oligosaccharide and the protein. Water molecules also serve to stabilise
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sugar conformation. Both of these roles have been observed in oligosaccharide bound 

structures of LOL H (Bourne et a l,  1994), pea lectin (Rini et a l, 1993), WGA (Wright, 

1992), MBP (Weis et a l,  1992) and the bluebell lectin (SCA) 

(http://plab.ku.dk/tcbh/Lectinsl2AVright/paper.htm). These complexes, which show no 

significant enhancement in affinity over the monosaccharide are not specific and the 

relevance to understanding recognition has been questioned (Naismith and Field, 1996). 

In LOL n  and pea lectin, an 8 to 16 fold increase in affinity is observed for a fucosylated 

glycan (Figure l.S.d) (Goldstein and Portez, 1986) even though they do not bind free 

fucose. This increase is not seen for other mannose specific legume lectins such as con A. 

The structure of LOL II complexed with a fucosylated glycan (Bourne et a l, 1990) 

reveals that LOL II possess a spatially separate binding site for fucose (Figure 1.19). 

Superposition of con A and LOL H reveals that the oligosaccharide interaction is 

conserved but that fucose would clash with His-205 in the con A structure.
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Figure 1.19. LOL II complexed with a fucosylated biantennary glycan (Boume et al., 

1990).

fucose

monosaccharide bmdmg site

For some proteins, binding can only be detected at the oligosaccharide level, with no 

measurable affinity for monosaccharides. This includes the selectins which require both 

fucose and a charged group for high affinity binding, the Griffonia simplicifolia lectin 

(GS4) which binds the Lewis b antigen (Figure 1.5.f) and the galectins which have a low 

affinity for galactose, but bind lactose (Figure 1.5.b) and LacNAc (Figure 1.5.c). The 

galectins specificity appears to be due to the formation of four additional hydrogen bonds 

upon binding the disaccharide over the monosaccharide . Two of the residues (an 

arginine and a glutamic acid) which are involved in binding the glucose of lactose are 

also involved in monosaccharide binding, thus the entropy penalty for freezing the 

protein side chains is already paid on monosaccharide binding, but makes twice the 

number of hydrogen bonds upon disaccharide binding. In addition the glutamic acid
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bidentate ligand upon disaccharide binding. These factors explain the 6-foid increase in 

binding affinity for the galectins in binding LacNAc over galactose.

The GS4 - Lewis b complex (Delbaere et a i, 1993) shows that the galactose residue is 

recognised by the monosaccharide binding site in a similar way to monosaccharide 

binding by EcorL. The main difference between the binding sites of GS4 and EcorL is in 

the D loop which is truncated in GS4. In the EcorL complex (Shaanan et al., 1991), the D 

loop forms hydrogen bonds with the galactose. In the GS4 complex the loop forms 

hydrogen bonds with the a l-4  linked fucose (Figure 1.20). The result is that the 

interactions between the galactose in the monosaccharide binding site and the D loop 

have been removed weakening the monosaccharide binding. Additional interactions are 

generated between the protein and other residues of the tetrasaccharide. The lectins which 

do recognise monosaccharides do so weakly, so it is not surprising that the removal of 

one or two hydrogen bonds abolishes monosaccharide binding, which is what seems to 

have happened with GS4. This is further evidence that lectins do not bind 

monosaccharides in nature.
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Figure 1.20. The GS4 - Lewis b binding site. The galactose residue sits in the 

monosaccharide binding site and forms hydrogen bonds with the protein with its 3- and 

4- hydroxyls. Due to the truncated D loop, 2 hydrogen bonds, 1 from the 3- hydroxyl and 

1 from the 6- hydroxyl are lost compared with monosaccharide binding by EcorL 

(Delbaere et al., 1993).
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The binding sites of the mammalian galectins are made up from four adjacent p-strands 

which are conserved among the members of the family. The side chains of three invariant 

amino acids, a histidine, an asparagine and an aspartic acid are hydrogen bonded to the 4-
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OH of the galactose. A conserved tryptophan stacks against the face of the saccharide and 

the 6- OH is also hydrogen bonded with the protein (Lobsanov et a i, 1993). Structures of 

Gal-1 with branched oligosaccharides containing LacNAc at the non-reducing end of the 

branches (Boume et a l, 1994) leads to cross-linked arrays which are discussed in section 

1.9.

Extended binding sites have been seen in several enzyme - substrate complexes. One very 

well studied example is lysozyme (Cheetham et a l,  1992). Enzyme - carbohydrate 

recognition is characterised by similar features to those described for other protein - 

carbohydrate interactions in this chapter, stacking interactions between an aromatic ring 

and the carbohydrate, hydrogen bonding and participation of water molecules. In the 

structure of the lysozyme - tri-A^-Acetylchitotriose ((GlcNAc)3 ) complex (Cheetham et 

al., 1992), all three residues of the carbohydrate make hydrogen bonds with the active 

site. One GlcNAc residue is buried in a 6Â deep pocket and makes 4 hydrogen bonds and 

25 van der Waals interactions. In addition this GlcNAc forms hydrogen bonds with 2 

conserved water molecules. The remaining 2 GlcNAcs of the trisaccharide lie on the 

surface of the protein, each making a hydrogen bond with the protein via their 6- 

hydroxyls, and a total of 18 van der Waals interactions. In the stracture of lysozyme 

complexed with the bacterial cell wall trisaccharide (Strynadka and James, 1991) (Figure

1.5.k) again all three sugar residues form hydrogen bonds with the protein. Interestingly, 

in this structure, one of the N-acetyl muramic acid (NAM) residues adopts a 

conformation which is distorted from the expected chair conformation. The C-2, C-1, 

0-5, C-5 and C-4 atoms are approximately coplanar. The result is that the CH2 OH group 

on C5 is pseudo axial (Figure 1.21). A hydrogen bond between the 6- hydroxyl and Val- 

109 would not be favourably oriented in the chair conformation.
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Figure 1.21. Distortion o f a sugar ring by lysozyme; schematic representation o f the 

NAM sugar in the lysozyme - bacterial cell wall trisaccharide complex. On top is the 

expected ^Ci chair conformation. Below is the more planar sofa conformation seen in the 

complex (Cheetham et al., 1992).
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A maltoheptose bound structure of the inactive form of glycogen phosphoryiase (T state 

phosphorylase b) (Johnson et al., 1990) showed the oligosaccharide sitting in the 

glycogen binding site of the enzyme, remote from the active site. All five saccharide 

residues located in electron density are seen making direct van der Waals contact with the 

protein, four of them form direct hydrogen bonds. (Figure 1.22). One sugar makes 

extensive hydrogen bonds with the protein, including one bidentate hydrogen bond. Two 

of the sugars form a groove in which a tyrosine ring fits. Hydrophilic interactions play an 

important role with five non-polar side chains involved in the binding site.
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Figure 1.22. The extended oligosaccharide binding site o f  glycogen phosphorylase 

(Johnson et al., 1990).
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1.8. Charged carbohydrate groups.

Sialic binding proteins include cholera toxin (Merritt et al., 1994), influenza 

hemagglutinin (Weis et al., 1988; Sauter et al., 1992; Watowich et al., 1994), pertussis 

toxin (Stein et a i, 1994) and WGA (Wright, 1990). With the exception of polyoma virus 

(Stehle et al., 1994) the carboxylate moiety of NeuNAc interacts with main chain amide 

groups, polar side chains and ordered water molecules rather than forming salt bridges 

with positively charged amino acids as one might expect. However, formation of salt 

bridges is a common feature of neuraminidases (Colman et al., 1983; Burmeister et al..
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1992; Crennell et a l, 1994). And in the structure of polyoma virus complexed with 

sialyllactose, the NeuNAc carboxylate interacts with an asparagine side chain (Stehle et 

al., 1994). Based on this structure and modelling, it was suggested that the inability of 

one particular polyoma strain to bind branched ligands containing both a2-3 and a2-6 

linked NeuNAc is due to charge repulsion by a glutamic acid at a putative second site. 

Charge repulsion has been seen in WGA structures where GlcNAc and NeuNAc both 

bind in the primary binding site but only GlcNAc binds in the secondary binding site. 

Acidic residues near the secondary site are thought to cause this and is consistent with the 

observation that the neutral methyl ester of NeuNAc will bind at the secondary site 

(Wright, 1984). In the case of the selectins, sialic acid is required for binding.

Charged carbohydrate moieties have been seen in legume lectin - carbohydrate 

complexes; a structure of LOL I complexed with muramic acid (Figure 1.4) showed that 

the acid moiety is solvent exposed and interacts with the protein only through water 

molecules (Bourne et a l,  1994).

The structures of acidic fibroblast growth factor (aFGF) highlight the importance of 

charged carbohydrates for activity (Zhu et a l,  1993; DiGabriele et a l, 1998). The first 

structure, that of aFGF complexed with the anti-cancer drug sucrose octasulfate (SOS) 

demonstrated how SOS stabilises the aFGF dimer by neutralising several positively 

charged residues that would otherwise destabilise the dimer by electrostatic repulsion. 

Two lysine residues interact with at least two sulfates from each sugar ring, and in 

addition two arginine side chains interact with sulfate groups. Other heparin like 

molecules (Figure 1.5.1) - linear anionic polysaccharide chains, typically heterogenously 

sulfated on alternating L-iduronic and glucosamino sugars have been seen to function in a 

similar manner; the recent stmcture of aFGF bound with a heparin decasaccharide was 

the first of an active complex. The resulting dimer (Figure 1.23) has no protein - protein
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interface, instead the monomers are bridged by heparin. The monomers bind sulfate 

groups of 5 or 6 monosaccharide units on opposite sides of the heparin helix axis. Most 

of the contacts are ionic contacts between basic residues such as lysine and the sulfate 

and carboxylate groups of heparin.

Figure 1.23. The heparin linked dimer o f aFGF (DiGabriele et al., 1998).

1.9. Ligand Multivalency.

The binding of monosaccharides by some proteins is too weak to be of therapeutic value, 

and oligosaccharides are too polar for satisfactory uptake. Apparently high affinity for 

monosaccharide binding can be achieved by multivalent ligands. A synthetic polymer 

containing multiple mannose residues was recognised by con A with a 10̂  - fold higher 

Ki than MeaMan (Mortell et a i, 1996). Indeed, in nature, many carbohydrate binding 

proteins appear to function as olgimers. Multivalent oligosaccharides are capable of 

binding at spatially separate sites on the protein. Linear arrays of protein - carbohydrate 

molecules can be formed with divalent oligosaccharides and dimeric lectins. This has 

been seen in the oligosaccharide bound structures of the bovine heart muscle lectin Gal-1

58



(Boume et al., 1994). For each of the oligosaccharide complexes (an octasaccharide, an 

asparaginyl-nonasaccharide, both branched and containing LacNAc at the non-reducing 

end of the branches) three crystal forms are obtained - hexagonal, trigonal and triclinic. 

The structures are infinite chains of lectin dimers cross-linked through the LacNAc 

moieties (Figure 1.24).

Figure 1.24. Cross-linked bovine heart Gal-1. The dimers are cross-linked by a 

biantennary octasaccharide, the arrangement shown is found in the hexagonal crystal 

form  (Bourne et al., 1994).
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The monosaccharide binding site of the bulb lectins is made up from 3-fold internal 

repeats within the monomer; GNA is a tetrameric dodecavalent molecule. Each monomer 

contains 3 carbohydrate recognition domains; CRDl, CRD2 and CRD 3. In the structure 

of GNA complexed with a branched pentamannose (Figure l.S.g) (Wright and Hester, 

1996) two modes of binding are observed. At CRDl, the highest affinity monosaccharide 

binding site, the pentamannose cross-links GNA dimers. At CRD3, the outer arm 

interacts with a single subunit with three of the mannose residues contacting the protein. 

These binding modes are illustrated in Figure 1.24. None of the legume lectins have yet 

been complexed with this sugar, but one would expect to see a similar cross linking 

effect.

Figure 1.25. The two modes o f  oligomannose binding by GNA (Wright and Hester, 1996).
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This kind of multivalency is also seen for WGA which has multiple binding sites due to 

the 4- fold internal repeats. The binding sites in this case are located at the interface 

between the subunits which form the molecular dimer. There are eight sites per dimer, 

four of which are unique. In the complex of WGA with a sialylglycopeptide (Wright, 

1992) (Figure 1.5.h) the carbohydrate binds to the protein so that the a2-6 linked sugar 

occupies the binding site in one domain of one dimer and the a2-3 linked sugar binds a 

different domain of a crystallographically related dimer.

The first structure of a lectin with a synthetic polyvalent ligand has recently been reported 

(Moothoo and Naismith, 1998b; Dimick et al., 1998). The ligand is a bidentate ligand 

(Figure 1.5.i) which cross-links con A monomers (Figure 1.25) leading to an infinite 

cross-linked array of con A molecules.

Figure 1.26. Cross linked con A monomers.

Monosaccharide binding affinities by the C-type lectins MBP-A and MBP-C are 

comparable with con A (Quesenberry et a i,  1997). However, MBP-C binds branched 

oligomannosides more strongly than MBP-A. Binding studies using mono- and 

oligosaccharides and synthetic cluster glycosides, led to the conclusion that MBP-C has
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two binding sites per subunit, one for Man, the other for both Man and GlcNAc, and that 

MBP-A has only one binding site per subunit.

1.10. Concluding remarks. _

The widespread occurrence of protein - carbohydrate interactions in nature has led to 

them becoming investigated by a number of techniques. In order to be able to rationally 

exploit protein - carbohydrate interactions for therapeutic purposes, they must become 

well understood at the molecular level. This points to a need for accurate 

parameterisation of the factors which control the interactions. This Chapter has 

highlighted the important aspects of protein - carbohydrate interactions which are known 

through structural and thermodynamic studies. Con A is a carbohydrate binding protein 

which has been well characterised. Its carbohydrate binding properties have been 

described and the structure is known at an atomic level. In addition, the protein is readily 

available and crystallises with ease. Therefore, con A provides a useful model in this 

thesis for exploring protein - carbohydrate interactions. This thesis attempts to delineate 

and quantify the components of protein - carbohydrate recognition.
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Chapter 2

The 1.75Â structure of concanavalin A complexed with

al-2  mannobiose.
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2.1. Summary

The three-dimensional structure of the complex between a l-2  mannobiose and 

concanavalin A has been determined to 1.75Â resolution. Diffraction data were first 

recorded from a single crystal to a resolution of 2.0Â. The structure was determined by 

molecular replacement and refined to 2.0Â. Subsequently, further data were collected 

from a second crystal which diffracted to a resolution of 1.75Â. The final model, refined 

to 1.75Â has good geometry, an R factor of 18.5% for 27201 reflections and a free R 

factor of 21.8%. The asymmetric unit contains one monomer which binds one 

disaccharide molecule via hydrogen bonds and van der Waals interactions. The non 

reducing terminal mannose is recognised at the so called monosaccharide binding site. 

The reducing terminal mannose is bound by residues Tyr-12, Asp-16 and Arg-228 and a 

single water molecule which interacts with the protein. The interactions for this sugar 

ring are less extensive than observed for the reducing sugar in the trimannose bound and 

pentasaccharide bound complexes, but are more than predicted by molecular modelling 

studies. However, buried surface area analysis shows that the reducing sugar of a l-2  

mannobiose buries more apolar surface accessible area than the reducing sugar of a l-6  

mannobiose. This observation and the relative rigidity of a l-2  mannobiose may explain 

its high affinity for con A.

This complex crystallises in the same space group and has similar cell dimensions to the 

native con A structure. This allows a detailed description of the changes in protein 

structure, bound solvent and crystal packing which occurs upon sugar binding.
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2.2. Introduction.

Several studies have addressed con A binding to a l-6 , a l-3  and a l-2  mannobiosides. 

Studies by Goldstein and co-workers (Goldstein et al., 1965; So and Goldstein, 1968) 

grouped linear oligosaccharides into two classes based upon their affinities for con A. 

The first group, including a l-3 , a l-4  and a l-6  linked oligosaccharides with non

reducing terminal glucose or mannose residues, display weak affinity for the protein, 

similar to monosaccharide binding. The second group includes the a l-2  linked 

oligomannosides and show 5 to 20 fold higher affinities for con A. The authors 

speculated that the higher affinity displayed by the a l-2  linked oligomannosides was due 

to the presence of an extended binding site present which could accommodate them. 

Studies investigating con A - dextran precipitation by oligosaccharides with varying 

number of mannose or glucose residues were carried out (Goldstein, 1975). The enhanced 

affinities of the a l-2  linked oligomannosides with respect to methyl a-D- 

mannopyranoside led to the postulation that con A possesses an extended binding site 

consisting of sub-sites, each of which is complementary to a l-2  mannobiose (Figure 2.1).
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Figure 2.1. a l-2  mannobiose. The inter-sugar glycosidic torsion angles are defined as: (p 

= 05-C1-0X-CX, ij/ -  Cl-OX-CX-C(X+l), cû -  C4-C5-C6-06 and are shown in red.

0 4 - ^ ^  Ce

\ l
Cl

cCe O2 \j/

Oi

Further biophysical techniques have been employed to addiess the binding behaviour of 

con A, such as the solvent proton nuclear magnetic relaxation dispersion teclmique, near 

ultraviolet circular dichioism and rapid flow kinetic analysis using fluorescent labelled 

ligands (Goldstein, 1975; Reddy and Rao, 1992; Mandai et al., 1994; Mandai et al., 

1994) (Brewer and Brown, 1979). Interestingly, another oligosaccharide, melezitose (Glc 

pl-3Fru a2-lG lc) has a similar enhanced affinity for con A to a l-2  mannobiose. 

Although melezitose is structurally different to a l-2  mannobiose, both sugars have more 

than one residue with free hydroxyls at the 3-, 4- and 6- positions, i.e. they both have 

more than one residue able to bind in the monosaccharide binding site. These studies led 

to the postulation that the higher affinities displayed by con A for the a  1 -2mannobiosides 

were not due to the extended binding site of con A as previously postulated, rather the 

forward rate constant for complex formation being increased through an enhanced 

probability of binding and recapture of the ligand.
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Table 2.L Thermodynamic data fo r  binding o f mannobioses to con A

Ka (X 10"* M" )̂ -AH (kcal mol* )̂ -TAS (kcal mol‘‘)

Me-a-Man 0.82 8.2 2.9

a l-2  mannobiose 4.17 _ 9.9 3.6

a l-6  mannobiose 1.34 9.4 3.8

a l-3  mannobiose 1.41 10.2 4.5

Table 2.1 shows thermodynamic data for con A binding to a l-3 , a l-6  and a l-2  

mannobiose (Mandai et al., 1994). Another study also investigated thermodynamics of 

con A binding (Chervenak and Toone, 1995). Although the relative magnitudes of the 

binding constants and enthalpies of binding are in agreement between the two studies, the 

enthalpies of the work by Chervenak and co-workers are uniformly smaller. 

Discrepancies between calorimetry experiments are due to the dependence of the results 

on pH, ligand concentration and temperature. The thermodynamic results of Brewer and 

co-workers (Mandai et al., 1994) are quoted here as it encompasses all of the 

oligosaccharide used throughout this thesis. The interactions are characterised by an 

unfavourable entropie term, as are most lectin - carbohydrate interactions, a l-2  

Mannobiose stands apart from the other two mannobiosides as having an enhanced 

association constant.

Prediction of the modes of binding of a l-2  mannobiose to con A using energy 

minimisation methods (Reddy and Rao, 1992) docked the disaccharide to the protein with 

the non-reducing terminal sugar in the previously designated primary binding site with a 

more favourable energy than the reducing terminal sugar. This is in agreement with the 

mode of binding observed in the crystal structure described in this chapter. However, the
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structure presented here allows observation of detail not seen in modelling studies such as 

reorganisation of bound solvent, precise position of the sugar and changes in the protein 

structure - the native structures was used for the ligand docking in the modelling study. 

This highlights the need for increased parameterisation of protein - carbohydrate 

interactions to enable meaningful modelling studies.

This chapter describes the 1.75Â resolution structure of con A complexed with a l-2  

mannobiose. The basis for high affinity of con A for al-2mannobiose over its a l-3  and 

a l-6  counterparts is discussed and comparisons made with the high resolution native 

structure.
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2.3. Experimental.

Crystallisation and Data Collection.

Co-crystals of the con A - a l-2  mannobiose complex were obtained after an initial screen 

consisting of 10, 15, 20 and 25% Polyethylene Glycol (PEG) 6K, pH 4.0, 5.0, 6.0 and 

7.0. Optimisation of pH and PEG concentration then followed (Moothoo et a i, 1998b). 

Large crystals were obtained from lOjjl of a solution containing 18mM a l-2  mannobiose 

(Dextra Laboratories, Reading, UK), 0.6mM con A (Sigma, Poole, UK), ImM CaCl2 , 

ImM MnCli, 20mM TRIS pH 7.0 and O.IM NaCl, mixed with 10 pi of a reservoir 

containing 10% PEG 6K, O.IM citric acid pH 5.0 in a sitting drop tray (Charles Supper 

Co.) and left to equilibrate against 1ml of the reservoir. Some crystals grew within one 

week but were prone to cracking. Slower growing crystals which took two weeks to reach 

optimum size showed no signs of cracking and these were used for data collection.

Data from the largest crystal (0.8 x 0.8 x 0.6 mm^) mounted in a glass capillary were 

collected to 2.0Â as 200 1.0° 25 minute non - overlapping oscillations using a Nonius 

DIP2000 dual image plate at 20.5°C. The data had a mosaic spread of 0.7°. Data were 

indexed and merged using DENZO and SCALEPACK (Otwinowski, 1993). Data were 

indexed in lattice groups I centred tetragonal, I centred orthorhombic and F centred 

orthorhombic. A stable unit cell matrix could not be obtained in I centred tetragonal or F 

centred orthorhombic lattices. Data were integrated and merged in space groups 1222 and 

I2i2i2i to give an R-merge of 7.2%, with unit cell parameters a = 91.75Â, b = 86.68Â, c 

= 66.64Â. 0.8% Of observations were rejected. A monomer in the asymmetric unit gives 

a Matthew’s number of 2.6 DaA'^, corresponding to a solvent content of 52%. Data 

quality is summarised in Table 2.2.
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Table 2.2. Quality of data of the 2.0Â al-2 mannobiose - con A data.

Resolution No. Reflections % Complete R-Merge/ % Redundancy

25.00-4.30 1897 97.2 5.3 7.5

4.30-3.42 1847 _ 100.0 6.2 7.8

3.42-2.99 1839 99.9 7.1 8.0

2.99-2.71 1837 99.9 8.0 8.3

2.71-2.52 1815 100.0 9.2 8.1

2.52-2.37 1795 99.9 10.0 8.1

2.37-2.25 1822 100.0 11.0 8.1

2.25-2.15 1796 100.0 12.1 8.0

2.15-2.07 1815 100.0 13.2 7.9

2.07-2.00 1670 93.3 13.5 5.6

25.00-2.00 18133 99.0 7.2 7.8

Several months later, inspection of the crystallisation plates revealed several large 

crystals. Data were collected from the largest crystal (1.2 x 1.0 x 0.8 mm^) which 

diffracted to a resolution of 1.75Â. Data were recorded as 141 non-overlapping 25 minute 

0.75° oscillations. A second data set was collected with the crystal to detector distance set 

to 150mm. This enabled low resolution data to 3.0Â which was obscured by the backstop 

in the high resolution data collection to be collected. The data had a mosaic spread of 

0.6°. The observations from both passes were merged together. Data quality is shown in 

Table 2.3.
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Table 2.3. Quality of data of the I.75Â al-2 mannobiose - con A data.

Resolution No. Reflections % Complete R-Merge/ % Redundancy

25.00-3.77 2608 91.1 4.8 6.3

3.77-2.99 2761 99.9 6.0 8.0

2.99-2.61 2648 97.1 6.6 4.0

2.61-2.37 2605 96.9 7.2 3.1

2.37-2.20 2650 97.2 7.9 3.0

2.20-2.07 2610 96.9 8.9 3.1

2.07-1.97 2587 96.2 10.0 3.0

1.97-1.89 2596 97.0 13.5 3.0

1.89-1.81 2613 96.4 19.4 3.0

1.81-1.75 2127 80.3 23.9 2.8

25.00-1.75 25805 94.9 6.1 3.9

Structure solution.

The structure was determined using the molecular replacement method as implemented in 

the CCP4 (CCP4, 1994) program AMORE (Navaza, 1994) with data from 12.0Â to 3.5Â. 

One monomer of the methyl a-D-mannopyranoside - con A complex (PDB code 5CNA) 

was used as the search model, with all metal ions, sugar molecules and water molecules 

removed, and with all atoms set to full occupancy. This was carried out for both 1222 and 

I2i2i2i space groups. A cross rotation function gave only one solution a  = 60.48, p = 

14.96, Y = 34.92 with a correlation coefficient of 0.33, 11 standard deviations above 

noise. The translation search found one solution in each of the space groups. For space 

group 1222 the translation solution was x = 0.3489, y = 0.1270, z = 0.2859, correlation 

coefficient 73.8, R-factor 32.3%, 52 standard deviations above noise and this solution 

rigid body refined to give a correlation coefficient of 0.79 and an R factor of 28.9%, for 

values a  = 59.83, p = 15.53, y = 34.64, x = 0.34927, y = 0.12700, x = 0.28705. For space
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group I2i2i2i, the translation solution was x = 0.1001, y = 0.0849, z = 0.2869 with a 

correlation coefficient of 0.40, an R-factor of 46.4%, 29 standard deviations above noise. 

This solution rigid body refined to give a correlation coefficient of 0.45 and an R-factor 

of 45.0%, for values a  = 58.89, p = 15.54, y = 34.36, x = 0.09878, y = 0.08490, z = 

0.28799. At this point the space group was assigned as 1222.

Refinement

The solution in 1222 was imported into X-PLOR (Brunger, 1992) and refinement carried 

out using the free R-factor (Rfree) as a guide. Rfn» was calculated on 10% of data which 

were excluded from all refinement calculations. The first round of X-PLOR (rigid body 

refinement) reduced the R-factor to 23.2% and gave an Rf^e of 27.7%. Fq-Fc and 2Fq-Fc 

electron density maps were calculated and strong density was observed for both metal 

ions and the two mannose residues. A number of changes in protein structure were made 

manually at this stage (Table 2.4) using ‘O’ (Jones et a t, 1991). The metal ions were 

included in the model with zero electrostatic charge and the sugar molecules included. 

Further refinement proceeded smoothly by alternating cycles of automated refinement 

(X-PLOR restrained positional and temperature factor refinement) and manual 

intervention using ‘O’. The protein was refined with the Engh & Huber stereochemical 

parameter dictionary (Engh and Huber, 1991). Individual temperature factors were reset 

to the overall average for the structure after each manual intervention. Apart from the 

10% of measured data excluded to monitor refinement no cut-offs were applied to the 

data. A bulk solvent correction was included in the X-PLOR refinement with parameters 

for solvent density 0.33eA'^, solvent radius 0.25Â and B factor 50Â^. Electron density 

maps were calculated using SIGMAA (Read, 1986) modified coefficients with all data to 

2.0Â. Water molecules were added to the model in batches if they satisfied the following

72



criteria: (1) they corresponded to a peak > 3.5a in the Fq-Fc map, (2) they made hydrogen 

bonds with reasonable stereochemistry, (3) they reappeared in at least l a  in subsequently 

calculated 2Fq-Fc maps and (4) a drop in the Rfree was observed. The progress of the 

refinement is summarised inJTable 2.4. The quality of the final 2.0Â model is shown in 

Table 2.5.

Table 2.4. Progress o f refinement fo r  the 2.0Â a l-2  mannobiose - con A model.

Refinement R factor/ Rfree

X-Plor: Rigid body fitting (30 cycles). 23.2/ 27.7

O: Mn^^, Ca^^ a l-2  mannobiose and 66

waters added. 51 Atoms set to zero

occupancy from residues 39, 60, 69,

118- 122,132, 136,158, 162,185,

217, and 228.

>20 side chains moved into electron

density.

X-Plor: 70 cycles of positional refinement.

45 cycles of temperature factor

refinement. 17.4/21.1

O: 11 waters deleted, 39 waters added.

Residues 69, 132, 136, 185,217 and

228 were modelled into density.

X-Plor: 80 cycles of positional refinement.

50 cycles of temperature factor

refinement. 17.4/21.7

O: 27 Waters added. Atoms from residues

13, 59, 60, 71, 76, 101, 156, 158, 162,

164, 200, 202, 223 and 102 modelled

into density.

X-Plor: 40 cycles of positional refinement.

40 cycles of thermal refinement. 17.3/21.6
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Table 2.5. Quality o f the final model o f the 2.0Â al-2 mannobiose - con A complex.

Resolution range (Â) oo - 2.00

Rh=(%) 2^6

R factor (%) 17.3

Bond r.m.s. deviation (Â)“ — 0.009

Angle r.m.s. deviation (°)* 1.887

B-factor bonded atoms r.m.s. deviation (A^)^ 2.543

Ramachandran core/additional {%Ÿ 85.1/ 14.9

Protein mean B-factor (all) 20.8

Protein mean B-factor (A^)  ̂(main chain) 19.4

Protein mean B-factor (Â )*̂  (side chain) 22.3

Sugar mean B-factor (A^) 32.8

Solvent mean B (A^) 36.0

* r.m.s. deviation from Engh and Huber ideal values (Engh and Huber, 1991). ‘’Core 

and additionally allowed regions as defined by PROCHECK (Laskowski, MacAithur 

et al., 1993).®CalcuIated with MOLEMAN (G.J. Kleywegt, unpublished program). All 

stereochemically modelled atoms were removed prior to B-factor analysis, all bonded 

atoms including those in the sugars are included in the calculation of r.m.s. ‘‘B-factor 

deviation for bonded atoms.

The refined 2.0A a l-2  mannobiose - con A complex co-ordinates were then used as the 

starting model against which to refine the 1.75A data. The UNIQUEFY procedure from 

the CCP4 suite was implemented in order to flag the same reflections for the R (^  set as 

were used in the refinement of the 2.0A structure. Refinement proceeded using CNS 

(Crystallography and NMR System) (Brunger and Adams, 1998). This programme is the 

most recent software from the developers of X-PLOR. It includes as an option the 

maximum likelihood method of minimisation rather than the least squares method 

utilised in X-PLOR. In addition, the bulk solvent parameters are calculated automatically 

during refinement and the data is corrected for anisotropy. Addition of 5 waters, 100
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cycles of restrained positional refinement and 65 cycles of restrained temperature factor 

refinement gave a final R factor of 18.5% and an Rfree of 21.8%.

2.4. Analysis of the Hnal model.

The final structure contains one monomer of 237 residues (1089 protein atoms), 23 sugar 

atoms, one Ca^^ ion, one Mn^^ ion and 126 water molecules. The N terminal residue and 

surface loops at residues 120, 150, 160 and 202 were poorly defined by electron density 

and the side chains of residues 39, 46, 60, 135 and 223 were stereochemically modelled. 

The quality of the final model is shown in Table 2.6 and the Ramachandran plot 

(Ramakrishnan and Ramachandran, 1965) for the final model is shown in Figure 2.2. The 

Ramachandran plot was calculated using PROCHECK (Laskowski et a i,  1993). Glycine 

residues (not restricted to any particular region of the plot) are represented by a ▲, Non 

glycine residues by a ■. The darker the shaded region, the more favourable is the (j>, \]/ 

combination. No residues lie outside the additionally allowed regions. Regions are 

labelled as follows: A = core alpha, a = allowed alpha, ~a = generous alpha, B = core 

beta, b = allowed beta, -b  = generous beta, L - core left handed alpha, 1 = allowed left 

handed alpha, ~1 = generous left handed alpha, p = allowed epsilon, ~p = generous 

epsilon.
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Table 2.6. Quality o f the 1.75A a l-2  mannobiose - con A model.

Resolution range (A) 00-1.75

Rfiee(%) 21.8

R factor (%) 18.5

Bond r.m.s. deviation (Â / 0.007

Angle r.m.s. deviation (°)® 1.70

B-factor bonded atoms r.m.s. deviation (Â2)‘̂ 1.832

Ramachandran core/additional (%Ÿ 86.6/13.4

Protein mean B-factor (Â^)‘̂ all/ core (all atoms) 20.7/ 17.3

Protein mean B-factor (Â̂ )*̂  all/ core (main chain) 19.4/ 15.7

Protein mean B-factor (Â̂ )® all/ core (side chain) 22.2/ 18.9

Sugar mean B-factor (Â^) 28.0

Solvent mean B (Â^) 37.9

* r.m.s. deviation from Engh and Huber ideal values (Engh and Huber, 1991). ‘’Core 

and additionally allowed regions as defined by PROCHECK (Laskowski et aL, 1993). 

‘̂ Calculated with MOLEMAN (G.J. Kleywegt, unpublished program). All 

stereochemically modelled atoms were removed prior to B-factor analysis, all bonded 

atoms including those in the sugars are included in the calculation of r.m.s. B-factor 

deviation for bonded atoms.

76



Figure 2.2. Ramachandran plot for the 1.75A con A - al-2  mannobiose model.* 

180

I

3Ô 4580 -135

-135

Phi (degrees)

* See section 2.4 for an explanation of the Ramachandran plot.

The temperature factors along the residues of the protein for the subunit are shown in 

Figure 2.3. The highest peaks correspond with regions found to be consistently 

disordered in previous crystal structures of con A (Naismith et at., 1993; Naismith et al., 

1994; Naismith and Field, 1996; Moothoo and Naismith, 1998).
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Figure 2.3. Backbone temperature factor plot for the con A - a i -2 mannobiose model.
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To investigate the effect of sugar binding on the tryptophans, in particular Trp-182 which 

adopts an unusual conformation in the complexed structures, fluorescence experiments 

were carried out on a Perkin Elmer luminescence spectrophotometer (LS50B). A solution 

of IM glucose was titrated up to a concentration of 170mM into a solution containing 1.5 

mgml"^ con A (0.06mM), ImM CaClz, ImM MnCla and 20mM TRIS pH 7.0. No change 

in the A2 8 0  absorbance was observed indicating that no change in the hydrophobic 

environment of tryptophan in the protein occurs upon binding glucose in solution.
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2.5. Results and Discussion.

Tetramer organisation.

The dimer of con A is formed by applying the transformation (-x+l, -y, z) (a two fold 

rotation axis) to the asymmetric unit. The tetramer is generated by a further two 

operations ((-x+l, y, -z+1) and (x, -y, -z+1)). The four monomers are labelled A, B, C 

and D in agreement with previous structures. Monomers AB and CD are the two 

characteristic dimers.

The dimer interaction AB buries 2600Â^ of protein surface accessible area and comprises 

18 hydrogen bonds, 14 bridging interactions via water molecules and 158 van der Waals 

interactions. This is comparable with other con A complexes except for an increase in the 

water mediated contacts (probably because more waters are observed in this higher 

resolution structure) but less extensive than observed in the native (sugar free) structure. 

The interactions between monomers A and C, (and B and D) stabilise the tetramer. The 

interaction consists of 6 hydrogen bonds, 10 hydrogen bond interactions through single 

water molecules, 82 van der Waals interactions and 6 polar contacts. These interactions 

are also comparable to those in other con A complex crystal structures but are less than 

those seen in the native crystal structure. Formation of the complex tetramer buries 

9169Â2 of protein surface accessible area, almost lOOOÂ  ̂ less accessible surface area 

than the native.

Metal sites

Table 2.7 gives metal to ligand distances and the temperature factors relative to the core 

(p-sheet) residues of the protein for both the a l-2  mannobiose structure and the 0.94Â 

native structure. The p-sheets are made up from residues 4 to 10, 24 to 29, 36 to 39,47 to 

55, 60 to 66, 73 to 78, 88 to 96, 103 to 117, 123 to 130, 140 to 144, 147 to 148, 154 to
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155, 170 to 175, 186 to 200 and 209 to 216. A value close to 1.0 represents a temperature 

factor close to the average for the core of the protein. A value below 1.0 represents a 

lower temperature factor than the average for the core of the protein. These ratios allow 

one to see that this is a well ordered part of the protein, but less well ordered than the 

metal ligands in the native structure. As this is seen in all of the con A - saccharide bound 

structures (Chapters 3 to 5), this suggests that this region of the protein is destabilised 

upon binding sugars or by crystal contacts. The distance between the Ca^^ and Mn^^ ions 

is 4.2Â
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Table 2.7. Metal - Ligand distances in the al-2 mannobiose - con A complex.

Metal Ligand Distance iK f Temperature 

factor Ratio’’

Temperature factor 

Ratio’’ for native

C a^ AsplO ODl 2.48(2.51) 0.83 0.67

Asp 10 0D2 2.48 (2.47) 0.67 0.62

Tyrl2 O 2.38 (2.38) 1.01 0.75

A snl40D l 2.46 (2.35) 0.99 0.75

Asp 19 OD2 2.32 (2.41) 0.83 0.69

W A O 2.47 (2.43) 0.98 0.78

W BO 2.29 (2,36) 0.90 0.73

Average 2.41 (2.41) 0.93 0.71

Glu8 OE2 2.25 (2.16) 0.79 0.65

AsplO OD2 2.18(2.15) 0.83 0.62

Aspl9 ODl 2.28 (2.19) 0.89 0.70

His24 NE2 2.27 (2.23) 0.73 0.64

w c o 2.17 (2.18) 0.87 0.82

W D O 2.28 (2.26) 0.74 0.70

Average 2.24 (2.20) 0.82 0.69

'Values for 0.94Â native structure shown in parentheses. 'Temperature factor/ average temperature factor 

of P-sheet residues.

Sugar Binding

Clear difference electron density is observed in the binding site for the disaccharide 

(Figure 2.4).
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Figure 2.4. Fo-Fc omit map contoured at 2.8G.

Reducing Mannose

Non Reducing Mannose

The monosaccharide binding site is formed by residues 12-14, 98-100, 207-208 and 227- 

228 as described previously (Naismith et al., 1994). The non-reducing mannose binds in 

the monosaccharide site making a total of a total of six hydrogen bonds (Figure 2.5), 36 

van der Waals interactions and 4 polar contacts with the protein (Tables 2.8 and 2.9). The 

reducing sugar sits in an extended binding site formed by Tyr-12, Asp-16 and Arg-228. 

The binding site is surrounded by crystal contacts, the closest being 2.6Â from 01 of the 

reducing sugar. Ser-185 from a symmetry related molecules occupies the site of the 1,3 

linked mannose in the trimannoside - con A structure (Naismith and Field, 1996).
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Table 2.8. Hydrogen bonds and polar contacts (< 3.5 A) between a l-2  mannobiose and 

con A.

Sugar atom Protein atom Distance/ A

Non-reducing mannose —

03 Arg-228 N 3.0

0 4 Asn-14 ND2 3.0

0 4 Asp-208 0D2 2.5

0 4 Arg-228 N 3.1"

05 Leu-99 N 3.3

0 6 Gly-98 N 3.1"

0 6 Leu-99 N 3.1"

0 6 Tyr-100 N 3.1

06 Tyr-100 O 3.4"

0 6 Asp-208 ODl 2.8

Reducing mannose

o i Tyr-12 OH 3.5

05 OW 2.8

0 6 Asp-16 OD2 3.4"

These are polar contacts; the distance is < 3.5Â but geometry deviates from the linearity expected for a 

hydrogen bond.
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Table 2,9. Van der Waals interactions (< 4.0 Â) between a l-2  mannobiose and con A.

Sugar atom Residues Number of contacts

The non-reducing sugar

Cl Leu-99 1

02 Gly-98, Leu-99 2

C3 Arg-228 1

03 Gly-227, Arg-228 5

C4 Asp-208, Arg-228 4

0 4 Asn-14, Asp-208, Gly-227, Arg-228 6

05 Leu-99 2

C6 Tyr-12, Leu-99, Tyr-100, Ala-207, 

Asp-208

7

0 6 Gly-98, Leu-99, Tyr-100, Ala-207, 

Asp-208

8

The reducing sugar

C l Tyr-12 1

O l Tyr-12 1

€6 Asp-16 1

0 6 Arg-228 1

In this complex, the reducing mannose makes a hydrogen bond with Tyr-12, a polar 

contact with Asp-16 and in addition a water bridged hydrogen bond to the protein (Table 

2.8). This is the ‘structural’ water molecule (Naismith and Field, 1996) and plays an
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important role in mediating con A - oligosaccharide contacts. In addition the reducing 

sugar makes 4 van der Waals interactions with the protein (Table 2.9).

Figure 2.5. Hydrogen bond diagram o f  the al-2mannobiose - con A complex. The sugar 

residue coloured red is bound at the monosaccharide binding site.

Tyr12

/  Asp16

HO
HOTyrlOO

HO

; o — H Asn14Leu99 N H-
HO

Asp208

 XNHg

.NH

Arg228

Fondation of the a l-2  mannobiose - con A complex buries 179Â“ of protein surface area 

and 289Â^ of sugar surface area. For the sugar this comprises 206Â“ of the non-reducing 

sugar buried and 83Â^ of the reducing sugar. Buried protein surface area is increased by 

59Â“ over the methyl a-D-mannopyranoside - con A structure (see appendix 1) and 

buried surface area of the monosaccharide binding sugar is reduced by 15Â". Asp-16
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which was not buried by the carbohydrate in the methyl a-D-mannopyranoside - con A 

structure now has 19Â  ̂ of surface accessible area buried and is newly recruited into 

binding. Tyr-12 and Arg-228 are less accessible due to interactions with the reducing 

sugar. Breaking this down ^rther in to buried polar and apolar surface accessible area, a 

total of 55% of the total protein buried surface accessible area is polar and 45% is apolar. 

70% of the sugar buried surface accessible area is polar, 30% apolar. The glycosidic 

linkage conformation angles of the disaccharide in this structure are close to those 

observed in solution by NMR and lie in an energy minima (Imberty et aL, 1990) (NMR 

structure: tp = 59°, \j/ = -140°, crystal structure: tp = 65°, \\f = -141°, for definitions of (p 

and y\f see Figure 2.1).

Prediction of the modes of binding of a l-2  mannobiose to con A using energy 

minimisation methods (Reddy and Rao, 1992) docked the disaccharide to the protein with 

the non-reducing sugar in the monosaccharide binding site with a more favourable energy 

than the reducing sugar. The reducing sugar makes a hydrogen bond as well as several 

van der Waals interactions with the protein. The crystal structure of the complex 

confirms that it is the non-reducing sugar which is recognised by the monosaccharide 

site. However, the reducing sugar makes interactions with the protein which are different 

from those proposed by the minimisation study. This reflects the insufficient parameters 

available for protein - saccharide interactions. The importance of the so-called conserved 

structural water first observed in the trimannose bound structure (Naismith and Field, 

1996) was unknown and not included in modelling. In addition, the native con A 

structure was used in the modelling studies and changes in the protein structure upon 

carbohydrate binding were not taken into account.
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Effect o f sugar binding on the protein structure

The dimannose bound structure superimposes onto the 0.94Â native structure with a root 

mean square deviation (r.m.s.d.) of 0.50Â for ail Coe backbone atoms and 0.25Â for the 

C a  atoms of the p-sheet residues. Table 2.10 shows average r.m.s.d.’s when 

superimposing the C a  atoms of the various con A structures onto each other. The native 

structure has a consistently higher r.m.s.d. for superposition to any of the other complex 

structures. This suggests that sugar binding brings about substantial changes in the 

protein structure, even in regions remote from the binding site itself.

Table 2.10. R.m.s. deviations fo r  the C a  superposition o f con A complexes.

r.m.s. deviation /A r.m.s. deviation /Â 

p-sheet C a  only

Dimannose —> Native 0.50 0.25

Dimannose —> Man OMe® 0.36 0.18

Dimannose —> Trisaccharide’’ 0.35 0.17

Dimannose Pentasaccharide^ 0.28 0.17

Me-a-Man -4  Native’̂ 0.50 0.27

Trisaccharide Native’’ 0.57 0.30

Pentasaccharide -»  Native'’ 0.51 0.27

“Averaged over three of the four subunits present in the asymmetric unit. ’’Averaged over the 4 

subunits present in the asymmetric unit. ’’Averaged over the 6 well ordered subunits present in the 

asymmetric unit.

The sugar binding site is remote from the core of the protein and involves only loop 

regions. Thus it seems unlikely that the sugar could exert such effects throughout the
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protein, nor is there any evidence for transmission of conformation. From the con A - 

pentasaccharide complex (Moothoo and Naismith, 1998)(Chapter 4) with two tetramers 

in the asymmetric unit, the details of the tetramer organisation depends upon the precise 

environment of the protein in the crystal. In addition, from the fluorescence 

measurements of sugar binding, there is no change upon binding of glucose in solution. 

On a residue by residue comparison of the native structure with any con A complex the 

most obvious change is centred around Trp-182, this change has been discussed in detail 

(Naismith et aL, 1994). Trp-182 is remote from the sugar binding site but sits close to the 

dimer interface and interacts with the p sheet. The change in its conformation thus has a 

significant effect on global comparison of the structure. Fluorescence measurements 

show that this Trp movement does not occur upon sugar binding in solution, therefore it 

is almost certainly due to crystal packing. No changes in the metal co-ordination number 

result from binding the dimannose molecule, however there are some subtle changes in 

co-ordination distances, particularly the Ca^^ ligands Asn-14 and Asp-19. These appear 

to be due to the movement of the protein to accommodate the disaccharide.
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Effect o f sugar binding at the sugar binding sites

Figure 2.6. Comparison o f  native and a l-2  mannobiose-bound monosaccharide binding 

sites. Superposition o f  the a l-2  mannobiose binding site (black) onto the binding region 

in the native structure (blue) was carried out via the protein C a atoms.

Conformations o f Tyr-100 and Leu-99 are different with respect to the native structure 

and are consistent with the other saccharide bound con A structures, the only exception 

being in the pentasaccharide bound structure where there is a 0.5Â movement in the 

position o f the Tyr-100 side chain (Chapter 4) (Moothoo and Naismith, 1998). The loop 

from Pro-202 to Pro-206 varies almost 2À from the native structure. Most pronounced is 

the conformation of the side chain o f His-205. In this structure, the residue is in the same 

conformation as that observed in the native, trimannose and pentasaccharide structure. 

NE2 of the histidine is 3.11Â from a symmetry related water molecule, 2.98Â from a 

symmetry related Asp-82 O and is less than 4.0Â away from Trp-182 of the same 

symmetry related molecule. Tyr-12 makes a weak hydrogen bond with the sugar. At 3.5Â 

it is at the limit for the length of a hydrogen bond (Baker and Hubbard, 1984). In the 

trimannose and pentasaccharide bound structures, this interaction is much stronger. This
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is due to the conformation of the 1-2 linkage of the disaccharide placing the hydroxyls of 

the sugar in a different position (Figure 2.7). The loop from Thr-15 to lie-17 is pulled in 

towards the sugar significantly, 1.3Â at Asp-16, the residue which interacts with the 

structural water molecule. This loop is more removed from the native structure than in 

the trimannose and pentasaccharide bound structures. The side chain of Arg-228 is 

moved up to 1.9Â from its position in the native structure as observed in the other 

saccharide bound structures, allowing a weak hydrogen bond with the sugar. The side 

chain of this residue was not observed to previously interact significantly with the 

sugars, except for a 3.7Â van der Waals interaction in the trimannose bound structure.

The difference in the conformation of the 1-2 linkage compared with the longer 1-6 

linkage (Figure 2.7) which is present in the other oligosaccharide bound structures results 

in the loss of the hydrogen bond between Arg-228 and the structural water.
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Figure 2.7. Comparison o f the sugar positions in the al-2mannobiose~bound and 

trimannose-bound structures. The reducing and non reducing sugar o f the al-2  

mannobiose (Di) and trimannoside complex (Tri) have been superimposed through the 

protein backbone illustrating the effect on sugar position o f the al-2 and al-6 linkage.

Tri

Monosaccharide bindh% site

Table 2.11 shows the ratios of the average temperature factor of each of the binding loops 

to that of the protein core residues. Also shown are the values for the native structure. 

These figures suggest that these loops are somewhat better ordered in the native structure 

relative to the core. The loop 207 - 208 is still the better ordered of these loops, and loop 

227-228 is still the most disordered. This is seen in all of the con A - carbohydrate 

structures discussed in this thesis. Destabilisation of the binding loops upon binding is 

somewhat unexpected as the extensive interaction between the ligand and the 

carbohydrate mean that the loops should become tied down relative to the native 

structure. The temperature factor of the carbohydrate is above the core of the protein 

(ratio of 1.6). It is possible that mobility of the ligand results is some disordering of the
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binding loops relative to the native structure. However it may reflect the unusual 

tightness of crystal contacts.

Table 2.11. Temperature factor ratios o f saccharide binding loops

Binding loop Temperature factor Temperature factor

ratio‘s ratio for native^

Tyr-12 - Asn-14 1.11 0.80

Gly-98 - Tyr-100 1.09 0.77

Ala-207 - Asp-208 0.83 0.67

Gly-227 - Arg-228 0.93 0.81

tem perature factor of binding loop/ average b factor of p-sheet residues.

Effect o f sugar binding: water structure

When making a comparison of the water structure between the con A structures, it should 

be noted that the number of waters observed is highly dependant on the resolution of the 

structure. For instance, 319 waters were included in the final model of the 0.94Â native 

structure (Deacon et aL, 1997), 175 more than were included in the earlier 2.0Â native 

structure and the 1.75Â refined a l-2  mannobiose - con A structure contains 5 extra water 

molecules than the 2.0Â refined structure.

The disaccharide molecule displaces a total of 5 water molecules from its binding site 

(Figure 2.8). The ‘structural’ water (Naismith and Field, 1996) which is conserved in all 

con A structures is present but undergoes a 2.1Â movement from its position in the native 

structure (Deacon et aL, 1997). In the native structure, instead of co-ordinating Asn-14 it 

co-ordinates an additional water which in turn co-ordinates with Asn-14. Three of the 

five displaced waters correspond with the positions of 04, 05 and 06  of the non
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reducing sugar and were observed in the lower resolution studies (Naismith e t aL , 1993). 

An additional water molecule sits close to the position of C6 of the non-reducing sugar 

was not present in the 2.0Â native structure. The fifth displaced water sits < 1.5Â from 

the position of Cl of the reducing sugar. There are four water molecules occupying the 

site of the 1,6 arm tenninal GlcNAc in the pentasaccharide structure (Chapter 4) 

(Moothoo and Naismith, 1998) one of which bridges the non reducing sugar and the 

protein.

F ig u re  2.8. D isp la c e m e n t o f  w a te r  f r o m  the b in d in g  site . S u p erim p o sitio n  o f  the a l - 2  

m a n n o b io se  b in d in g  s ite  (red) on to  the n a tive  b in d in g  s ite  (b lue) th rou gh  the b a ck b o n e  o f  

the b in d in g  s ite  residu es. The r e d  sp h e re  is the ‘s tru c tu ra l  ’ w a ter.

Structural basis o f affinity for the al-2 linked disaccharide

Table 2.1 shows thermodynamic data for con A binding to a  1-3, a l-6  and a l-2  

mannobiose (Mandai e t a i ,  1994). The Kg observed for the association between con A 

and a l-2  mannobiose has a five fold increase over methyl a-D-mannopyranoside and a 

three fold increase over a  1-3 and a l-6  linked disaccharides. The comparison with both
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a l -3 and a l-6  disaccharides is pertinent as they are constituent fragments of the 

trisaccharide Man a  1-3(Man a l-6 ) Man which is recognised with high affinity. It may be 

thought that they should bind in this manner to the protein. From studies of the 

monosaccharide complex of con A, only one mannose was observed bound to the 

complex at the monosaccharide site, despite being crystallised from 30 fold excess of 

sugar to monomer. This would indicate that for both a l-3  and a l-6  mannobiose the non

reducing terminal mannose is bound at the monosaccharide site. Modelling a l-3  and a l -  

6 mannobiose into the binding site with the non-reducing terminal mannose 

superimposed onto that in the a l-2  mannobiose structure, there is no apparent steric 

hindrance to the binding of either the a l-3  or a l-6  mannobiose.

Comparison with the methyl a-D-mannopyranoside -  con A complex

In the methyl a-D  mannopyranoside complex (see appendix 1) (Naismith et aL, 1994), 

the saccharide made an average of 46 van der Waals interactions with the protein, two of 

which are made by the methyl group. In the dimannose bound structure the corresponding 

atom (C2 of the reducing sugar) is more than 4.0Â from the nearest protein atom. The 

plane of the non-reducing mannose ring is rotated slightly from its position in the 

monosaccharide bound complex (Figure 2.9).
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Figure 2.9. Differences in the monosaccharide binding site. aI-2 Mannobiose and 

methyl a-D-mannopyranoside superimposed through the protein backbone, illustrating 

the slight rotation o f the ring resulting in a shift in the position o f 02.

02

A similar but more pronounced disturbance at the monosaccharide site was seen in the 

pentasaccharide bound stmcture (Chapter 4; Moothoo and Naismith, 1998). The 

movement observed here is sufficient that 0 2  is displaced by 0.6Â from its position in 

the monosaccharide complex structure. Buried surface analysis detects a slight reduction 

in the amount of surface area buried at the monosaccharide site. Thus it appears that the 

monosaccharide site is marginally destabilised with respect to that seen in the methyl a- 

D-mannopyranoside - con A complex. Assigning values to this destabilisation is not 

possible without more accurate modelling technologies than are currently available. 

Mobility of the monosaccharide in the binding site was investigated recently by Helliwell 

and co-workers (Bradbrook et al., 1998). This work encompassed structural information 

along with static and dynamic calculations to investigate the contributions which give rise 

to the tighter binding of mannoside than glucoside by con A (Bradbrook et al., 1998). 

This work highlighted the need for dynamic models to help relate thermodynamic and 

structural information in order to provide a more complete picture of ligand recognition.
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It has been suggested that both mannose residues in a l-2  mannobiose, with free hydroxyl 

groups at 3-, 4- and 6- positions, can independently bind at the monosaccharide site 

(Mandai et a l ,  1994). We see no evidence of disorder in this complex, however, 

crystallisation is a kinetic process and an equilibrium between two binding modes may 

exist in solution. In the structure of con A complexed with methyl a l-2  mannobioside, 

two binding modes for the disaccharide are observed to exist in identical binding sites 

(Chapter 3).

The a l-6  linkage contains three rotatable bonds rather than the two in the a l-2  

mannobiose. Further, in the a l-6  disaccharide, the linkages are known from solution 

studies to extremely flexible. Presumably, freezing three bonds will be more entropically 

unfavourable than freezing two lowering the overall affinity for the sugar. Precise values 

are unavailable for this although a figure of 0.5 kcalmol'^ per rotatable bond is often 

quoted as guide.

The different conformation and length of the a l-2  linkage which links the reducing sugar 

to the monosaccharide binding sugar compared with the a l-6  linkage found in the 

trimannoside, forces the ring of the reducing sugar to sit in a different position relative to 

the protein (Figure 2.7). The result is that the protein uses the same residues to recognise 

a different spatial distribution of oxygen and carbon atoms of the carbohydrate. This 

effect is reminiscent of the way similar sites in con A and Ecor L are able to 

acconunodate mannose and galactose, respectively, illustrated in Figure 1.14. In 

comparison to the trisaccharide complex the reducing sugar contacts are less extensive 

for the a l-2  mannobiose. In particular, the hydrogen bonds between the sugar and 

residues Tyr-12 and Asp-16 are lost. However, buried surface area analysis of the 

dimannose bound complex shows that the reducing sugar buries an additional 2Â^ of

96



polar surface area and 105Â“ of apolar surface area. Assuming that the a l-6  mannobiose 

from the trisaccharide structure provides a reasonable approximation to the binding of 

a l-6  mannobiose, buried surface area calculations can be carried out for this complex. In 

the a l-6  mannobiose complex then, an additional 23Â^ of polar surface area and 7Â^ less 

apolar surface area is buried relative to a l-2  mannobiose. Despite making fewer 

hydrogen bonds, the reducing sugar in the a l-2  dimannose complex buries more apolar 

surface area. Superimposing a l-3  mannobiose into the binding site via the non-reducing 

terminal mannose reveals that the reducing sugar makes no hydrogen bonds or polar 

contacts with the protein. Furthermore, 35Â^ less polar and lÂ^ less apolar surface 

accessible area is buried by the con A - a l-3  mannobiose complex than the con A - a l-6  

mannobiose complex. It appears that the origin of the increased affinity of the a l-2  

mannobiose lies in a complex mixture of factors. Amongst the disaccharides it alone 

seems able to enhance its affinity by burying sufficient additional apolar surface area 

without paying entropie or enthalpic penalties.

2.6. Conclusions

Con A specifically recognises both the a l-6  and a l-2  linkages within the same binding 

site. The non-reducing sugar of each of these disaccharides is bound at the 

monosaccharide site in an almost identical manner. However, the reducing sugar rings are 

rotated and translated relative to each other and the details of the interactions are quite 

different. From the three fold increase in affinity displayed by a l-2  mannobiose over its 

a l-6  linked counterpart one might expect to see strong interactions between the reducing 

sugar and the protein. However, modelling the a l-6  mannobiose complex from the 

trisaccharide complex, it can be seen that the reducing mannose of 1-6 linked dimannose
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makes more numerous contacts with the protein than it does in the 1-2 linked sugar. It 

appears that a combination of the entropy penalty for immobilising the a l-6  linkage and 

the increase in apolar surface area buried by the a l-2  mannobiose may explain the 

difference in affinity. A con^arison to the native structure, which crystallises with a very 

similar packing arrangement, identifies clear differences in protein conformation affected 

by the carbohydrate. This high resolution study increases our knowledge about the forces 

governing protein saccharide interactions, providing an insight to the balance of forces 

involved in the affinity of protein for a carbohydrate.

2.7. Future Work

In this Chapter, it has been assumed that the 1-6 arm in the trimannoside and 

pentasaccharide bound con A structures provides a reasonable approximation to the 

binding of a l-6  mannobiose to con A. Experimental evidence to support this would be 

valuable and therefore an important next step would be to obtain the crystal structure of 

a l-6  mannobiose with con A. In addition, further valuable information would be 

provided by the crystal structure of a l-3  mannobiose with con A and extending the 

resolution of this structure, particularly using neutron diffraction.
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Chapter 3

The 2.75A structure of concanavalin A complexed with 

methyl al-2 mannobioside.
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3.1. Summary.

The free energies of binding a l-3  and a l-6  mannobioses and their methylated 

counterparts by con A are comparable with monosaccharide binding. Con A has an 

enhanced affinity for al-2mannobiose corresponding to both more favourable enthalpic 

and entropie contributions to the binding energy. The methyl glycoside of a l-2  

mannobiose (methyl a l-2  mannobioside) binds to con A with an increased affinity over 

al-2mannobiose.

Methyl al-2mannobioside was synthesised and its crystal structure in complex with con 

A determined to 2.75 Â. The crystals of the methyl a l-2  mannobioside - con A complex 

form in the space group P2i2i2i with cell dimensions a = 119.7Â, b =  119.7Â, c = 68.9Â 

and diffract to 2.75Â. The final model has good geometry and an R factor of 19.6% (Rfree 

= 22.8%). One tetramer is present in the asymmetric unit in which the disaccharide 

clearly displays two different modes of binding. In one mode, the non-reducing terminal 

mannose is recognised at the monosaccharide binding site. The oligosaccharide adopts an 

unfavourable conformation about the psi inter-sugar dihedral angle in order to maximise 

the interaction of the anomeric methyl group with the protein. In the other binding mode 

the reducing terminal mannose is recognised at the monosaccharide binding site. No 

distortion of the inter-sugar glycosidic linkage is seen, but the hydrophobic interactions 

with the secondary sugar are much less extensive. This provides structural evidence to 

support the hypotheses that the a l-2  linked disaccharide has 2 distinct binding modes in 

that either mannose residue can be accommodated in the monosaccharide binding site. 

Thus a balance between the strain of oligosaccharide conformation and the difference in 

the interactions made between the sugar and protein on the different binding modes 

means that the energy barrier between the different binding sites is relatively low, so that
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either may be adopted, giving rise to a more favourable binding energy than the a l-3  and 

a l-6  linked mannobioses.

3.2. Introduction. —

In chapter 2, the 1.75Â structure of a l-2  mannobiose complexed to con A was described, 

in which the non-reducing terminal mannose occupies the monosaccharide binding site 

and the reducing mannose occupies the region of that in the trimannoside complex. 

Méthylation at the anomeric position of a l-2  mannobiose leads to an enhancement in 

affinity. Table 3.1 shows thermodynamic data for binding of the mannobioses and their 

methylated counterparts by con A. The values for a l-6  mannobiose are very similar with 

binding methyl a-D-mannopyranoside. The values for a l-3  mannobiose show a relative 

favourable enthalpy term, more favourable than a l-2  mannobiose, however the overall 

free energy is still similar with monosaccharide binding due to an unfavourable entropie 

term, a l-2  Mannobiose is unusual amongst these disaccharides in its enhanced affinity 

for con A due to a favourable relative entropie term. The effect of méthylation varies in 

all cases. In a l-3  Mannobiose, méthylation leads to a slightly enhanced affinity due to an 

increased enthalpic term which suggests that extra interactions are made over a l-3  

mannobiose. For a l-6  mannobiose, méthylation leads to a decrease in affinity. In the case 

of a l-2  mannobiose however, méthylation leads to a 3 fold increase in affinity.
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Table 3.1. Thermodynamics o f con A binding mannobioses and their methylated 

counterparts. (Mandai et a i, 1994b)

Ka

(X lO^M ')

-AH°

(kcal mol'^)

-TAS®

(kcal mol’‘)

AG°

Me-oMan 0.82 8 .2 2.9 -5.3

al-2mannobiose 4.17 9.9 3.6 -6.3

methyl- al-2mannobioside 14.1 10.5 3.5 -7.0

al-6mannobiose 1.34 9.4 3.8 -5.6

methyl- a  1 -ômannobioside 0.81 8.4 3.1 -5.3

al-3mannobiose 1.41 10.2 4.5 -5.7

methyl- al-3mannobioside 3.35 10.7 4.5 -6.2

Goldstein’s rules (Goldstein et al., 1974) describe the requirements for monosaccharide 

binding to con A as being free equatorial hydroxyl groups at the 3- and 4- and 6- 

positions. Both sugar rings in a l-2  mannobiose can potentially be recognised by the 

monosaccharide binding site. It has been proposed that this enhances the probability of 

binding the carbohydrate and leads to a more favourable entropy contribution to the 

binding energy (Mandai et al., 1994b). On the basis of thermodynamic data, another 

group proposed that the increased affinity is due to the presence of additional sites for 

binding the disaccharide (Goldstein, 1975). Neither hypothesis has been confirmed 

experimentally.

In order to continue these studies and to further answer the questions posed by 

calorimetry, a l-2  mannobiose has been methylated at its anomeric position (Figure 3.1) 

and the structure in complex with con A has been determined to 2.15k  resolution.
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Figure 3.1. methyl al-2 mannobioside.
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3.3. Experimental.

Crystallisation and Data Collection,

Co-crystals of the con A - methyl a l-2  mannobioside complex were obtained after an 

initial screen consisting of 10, 15, 20 and 25% Polyethylene Glycol (PEG) 6K, pH 4.0, 

5.0, 6.0 and 7.0. Optimisation of pH and PEG concentration then followed. Crystals were 

obtained from lOpl of a solution containing 0.6mM con A (sigma, Poole, UK), 18mM 

methyl a l-2  mannobioside (synthesised by Booma Canan and Robert A. Field at the 

University of St. Andrews), ImM MnCl2 , ImM CaCli, 20mM TRIS pH 7.0 and O.IM 

NaCl was mixed with 10p,l of a reservoir which contained 13.5% PEG 6K, l.OM LiCl, 

O.IM TRIS pH 7.0 and left to equilibrate (Moothoo et al., 1998b). The crystals were 

elongated rods and varied considerably in size. Some crystals grew as hollow rods. The 

crystals took 2 to 4 weeks to grow and a hollow crystal with dimensions 0.5 x 0.2 x 0.2 

mm^ mounted in a glass capillary was used for X-ray analysis. Data to 2.75Â were 

recorded at room temperature as 190 non-overlapping 32 minute 0.8° oscillations on an
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"̂ 1

Enraf-Nonius/ MacScience DIP2000 dual image plate. Auto indexing with DENZO 

(Otwinowski, 1993) suggested two different lattice types: primitive tetragonal and 

primitive orthorhombic. A stable unit cell matrix was obtained in both lattice types. Data 

were integrated in both lattices. Frames 1 to 30 showed a high R factor and low 

<I/sigma> compared with the remaining data. Inspection of the images showed that the 

cell contracted -1.5Â  along the c dimension during the first 30® of data collection after 

which the cell became more stable. This is shown in Table 3.2.
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Table 3.2. Cell output from DENZO during the first 40 frames of data collection.

a b c cell volume/ Va

Frame 1 68.71 119.8_6 121.46 1000294 3.1
Frame 2 68.75 119.98 121.47 1001960 3.3
Frame 3 68.79 120.06 121.55 1003873 3.5
Frame 4 68.76 120.03 121.43 1002194 3.8
Frame 5 68.77 120.03 121.55 1003330 3.4
Frame 6 68.75 120.05 121.52 1002958 3.2
Frame 7 68.81 120.15 121.61 1005413 3.2
Frame 8 68.75 120.19 121.42 1003301 3.1
Frame 9 68.75 119.76 121.60 1001194 3.3
Frame 10 68.67 119.93 121.35 999389 3.5
Frame 11 68.69 119.88 121.39 999593 3.3
Frame 12 68.73 120.21 121.33 1002433 3.6
Frame 13 68.64 119.81 121.39 998282 3.7
Frame 14 68.67 120.11 121.29 1000394 3.9
Frame 15 68.58 119.74 121.31 996170 4.2
Frame 16 68.56 119.96 121.04 995488 3.7
Frame 17 68.55 119.84 120.80 992376 3.8
Frame 18 68.71 120.18 120.72 996854 4.3
Frame 19 68.56 119.70 120.27 987012 4.4
Frame 20 68.71 119.91 120.24 990659 4.2
Frame 21 68.72 119.56 120.27 988158 4.4
Frame 22 68.80 120.12 120.04 992041 4.6
Frame 23 68.89 119.69 120.26 991597 4.9
Frame 24 68.87 119.74 120.14 990734 4.7
Frame 25 68.89 119.88 120.18 992511 5.3
Frame 26 68.93 119.90 120.00 991765 5.2
Frame 27 68.88 119.68 120.13 990299 4.8
Frame 28 68.89 119.82 119.84 989207 5.6
Frame 29 68.90 119.57 120.00 988605 5.4
Frame 30 68.94 119.92 119.80 990421 5.5
Frame 31 68.96 119.49 120.16 990122 5.6
Frame 32 68.97 119.90 119.99 992258 5.4
Frame 33 68.96 119.67 120.27 992521 5.7
Frame 34 68.95 119.87 120.09 992548 6.3
Frame 35 68.91 119.78 120.16 991805 5.9
Frame 36 68.93 119.97 119.93 991765 5.7
Frame 37 68.91 119.86 120.19 992716 6.0
Frame 38 68.93 119.93 120.10 992840 5.7
Frame 39 68.89 119.74 120.27 992094 6.1
Frame 40 68.88 119.94 120.13 992450 6.0
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Contraction of the cell could possibly be due to drying out of the crystal. The diffraction 

intensity clearly increases as the cell decreases. Frames 1 to 30 were excluded from all 

further analysis. Merging the data in Laue group 4/m gave an R-merge of 47.4% and 

50.8% for Laue group 4/mmm. Merging the data using SCALEPACK (Otwinowski, 

1993) in Laue group 2/mmm gave an R-merge of 10.1%. The space group was assigned 

as P2i2i2i (on the basis of systematic absences) with unit cell parameters a = 119.7Â, b = 

119.7Â, c = 68.9Â to give an Rmergc of 10.1%, an average I/a  of 8.9, a multiplicity of 

3.29, and 99.7% completeness. The data had a mosaic spread of 0.8®. The asymmetric 

unit contains one tetramer, approximately 49% solvent. Data collection and reduction 

statistics are shown in Table 3.3.

Table 3.3. Quality o f the data fo r  the con A - methyl a l-2  mannobioside complex.

Resolution No.Reflections % Complete R-Merge/ % Redundancy

20.00-5.88 2772 98.0 6.2 4.9

5.88-4.69 2680 100.0 7.4 5.1

4.69-4.10 2672 100.0 8.4 5.1

4.10-3.73 2620 100.0 9.8 5.2

3.73-3.46 2609 100.0 10.8 5.2

3.46-3.26 2636 99.9 13.2 5.1

3.26-3.10 2625 99.9 15.8 5.1

3.10-2.96 2603 100.0 19.4 5.1

2.96-2.85 2590 99.9 24.6 5.0

2.85-2.75 2585 99.5 29.0 4.9

20.00-2.75 26392 99.7 10.5 5.0
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Structure Solution.

The structure was determined by the molecular replacement method as implemented in 

the CCP4 (CCP4, 1994) program AMORE (Navaza, 1994) using all data from 10Â to 

3.8Â. The trimannoside - con A complex (Naismith and Field, 1996) was used as the 

search model, with all metal ions, sugar molecules and water molecules removed and all 

atoms given full occupancy. A cross rotation function gave seven solutions, 10 to 11 

standard deviations above noise (Table 3.4). Rotation solution 3 gave the best translation 

correlation coefficient 0.71, R-factor 33.3% which refined to give a correlation 

coefficient of 0.76 and R factor of 31.4%.

Table 3.4. Rotation and translation solutions.

Sol® Rotation Translation cc® R^

a P Y X y z

Rl® 77.43 7.14 82.49 - - - 0.52 -

R2 113.74 7.12 82.41 - - - 0.52 -

R3 519.71 0.00 0.00 - - - 0.47 -

R4 159.73 0.00 0.00 - - - 0.47 -

R5 339.67 0.00 0.00 « - 0.47 -

R6 376.27 0.00 0.00 - - - 0.46 -

R7 196.20 0.00 0.00 " - - 0.46 -

rj»d 519.71 0.00 0.00 0.1470 0.2582 0.4512 0.71 33.3

R® 476.24 0.69

• b

42.99 0.1469 0.2587 0.4520

_ ^ d m

0.76 31.4

from R solution 3. ® Refined solution which was imported into CNS.
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Refinement
The solution was imported into CNS (Brunger and Adams, 1998) and refinement carried 

out using the Rfrec as a guide. Rfn» was calculated on 10% of data which were excluded 

from all refinement calculations. The raw molecular replacement solution had an initial R 

factor in CNS of 44%. Rigid body refinement of the tetramer followed by each subunit 

lowered this to 28.0%. Fq-Fc and 2 Fq-Fc electron density maps were calculated from this 

model. Strong density was observed for a single sugar sitting in the monosaccharide 

binding site in each of the subunits. Weak density was observed for the second sugar in 

some subunits and only methyl a-D-mannopyranoside was included in the model at this 

stage. A number of changes in the protein structure were made manually at this stage 

using ‘O’ (Jones et a l  , 1991) (summarised in Table 3.5). The metal ions were included 

in the model with zero electrostatic charge and the sugar molecules included when the Fq- 

Fc map showed density stronger than 3o for all atoms in the sugar residue. Further 

refinement proceeded smoothly by alternating cycles of automated CNS (Brunger and 

Adams, 1998) (restained positional and temperature factor) refinement and manual 

intervention using ‘O’. The protein was refined with the Engh & Huber (Engh and Huber, 

1991) stereochemical parameter dictionary. A bulk solvent and anisotropic temperature 

factor correction are calculated automatically during CNS refinement. In the final round 

of refinement, the parameters for the bulk solvent density were 0.36 eÂ‘̂ , solvent radius 

0.67Â and B factor 39.4Â^. The initial anisotropic B factor correction applied to the data 

had parameters B ll  = 2.30, B22 = -1.97, B33 = -0.33. The non-diagonal terms were 0. 

Non-crystallographic symmetry (NCS) restraints were applied throughout for both 

positional and temperature factor refinement (Table 3.6). All individual temperature 

factors were reset to the overall average after each manual intervention. Apart from the 

10% of measured data excluded to monitor refinement no cut-offs were applied to the
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data. Electron density maps were calculated using SIGMAA (Read, 1986) modified 

coefficients with all data to 2.75Â. Water molecules were added to the model in batches 

if they satisfied four criteria: they corresponded to a peak > 3.5a in the Fq-Fc map; they 

made hydrogen bonds with i^ o n a b le  stereochemistry; they reappeared in at least l a  in 

subsequently calculated 2Fo-Fc maps and that a drop in the Rfree was observed.
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Table 3.5. Progress o f refinement o f the con A - methyl a l-2  mannobioside complex. 

Refinement R factor/ Rfrec

CNS: Rigid body refinement of tetramer (30 cycles) followed by

each monomer (11 cycles). 28.0/ 28.2

O: Two Mn^”̂ ions, two Câ "̂  ions, 19 waters and 4 methyl

a-D-mannopyranoside molecules added. -40 residues 

modelled into electron density.

CNS: 80 Cycles of positional refinement, 75 cycles of

temperature factor refinement. 21.7/ 26.9

O: Second sugar included in subunits A and D (minus the

methyl group (C6) in subunit D). 4 Waters deleted, 46 

waters added. Residues 101, 135, 204 and 237 modelled 

into electron density.

CNS: 80 Cycles of positional refinement, 50 cycles of

temperature factor refinement. 21.6/ 26.1

O: Saccharide methyl group added in subunit D, 7 waters

added.

CNS: 40 Cycles of positional refinement, 40 cycles of

temperature factor refinement. 21.6/26.1

O: 5 waters added. Residues 46, 59, 160, 161,200 modelled

into density.

CNS: 100 cycles of positional refinement, 60 cycles of

temperature factor refinement. 19.6/22.8
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Table 3.6. NCS restraints used in positional and temperature factor refinement.

Weight® _  b 
Ones

Group 1. p-sheet backbone. — 150 1.8

Group 2. p-sheet side chains. 80 2.8

Group 3. Non P-sheet backbone. 80 2.5

Group 4. Non P-sheet side chains. 60 3.5

Group 5. Sugars. 40 9.0

“ Energy constant for positional restraints/ kcal mol * k^.

** Target deviation for b factor restraints/ Â .̂

3.4. Analysis of the final model.

The final structure contains 4 subunits of 237 residues (7236 atoms), 4 Câ '*' ions, 4 Mn̂ "̂  

ions, 75 water molecules and 74 sugar atoms. Statistics on the final model are shown in 

Table 3.7. Poorly ordered regions occur at residues 118 to 122 and 204. These are 

consistent with poorly ordered regions found in previous con A complex structures 

(Naismith et a/., 1994; Naismith and Field, 1996; Moothoo and Naismith, 1998). In the 

final model, 202 atoms were stereochemically modelled and set to zero occupancy as they 

could not be located in the electron density. The Ramachandran plot for the final model is 

given in Figure 3.2. Four residues lie in the generously allowed region, these are residues 

Asp-203 from subunit A, and Ser-204 from subunits B, C and D. These regions are in 

poorly defined regions of the structure. The structure superimposes onto the native 

structure with an average r.m.s. deviation for C a atoms of 0.34A^ (0.2 lÂ^ for P-sheet
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residues only) and onto the a l-2  mannobiose structure with an r.m.s. of 0.19Â^ (0.12Â^ 

for p-sheet residues only).

Table 3.7. Quality o f the final model o f the con A - methyl a l-2  mannobioside complex.

Resolution range (A) »-2.7

Rfrec (%) 26.09

R factor (%) 21.51

Luzzati co-ordinate error (A) (5.0 - 2.75Â) 0.30

Bond r.m.s. deviation (Â)® 0.015

Angle r.m.s. deviation (°)® 1.913

Non-crystallographic symmetry r.m.s. deviation (ca atoms) (Â) 0.04

B-factor bonded atoms r.m.s. deviation (Â^)^ (main chain) 1.403

B-factor bonded atoms r.m.s. deviation (Â^)’’ (side chain) 1.833

Ramachandran core/additional/generously allowed (%)® 83.2/16.3/0.5

Protein mean B-factor (Â^)^ all/ core (all atoms) 27.21/ 26.5

Protein mean B-factor (Â^)^ all/ core (main chain) 27.02/ 26.4

Protein mean B-factor (Â^)^ all/ core (side chain) 27.42/ 26.7

Sugar mean B-factor (Â^) 35.42

Solvent mean B (Â^) 23.63

*r.m.s. deviation from Engh and Huber ideal values (Engh and Huber, 1991). Calculated with MOLEMAN 

(G.J. Kleywegt, unpublished program). All stereochemically modelled atoms were removed prior to B- 

factor analysis, all bonded atoms including those in the sugars are included in the calculation of r.m.s. B- 

factor deviation for bonded atoms.  ̂ core and additionally allowed regions as defined by PROCHECK 

(Laskowski eta l., 1993).
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Figure 3.2. Ramachandran plot for the con A - methyl a l-2  mannobioside complex/ 
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* See section 2.4 for explanation of the Ramachandran plot.

Temperature factors for the atoms in each of the subunits are shown in Table 3.8. Atoms 

which were stereochemically modelled were excluded from the calculations. The overall 

temperature factors for subunits C and D are higher than subunits A and B and this is not 

simply due to loop regions; the temperature factors for the core (p-sheet residues) are also 

higher in subunits C and D. Figure 3.5. shows the temperature factor plot along the 

backbone of the protein.
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Table 3.8. Average temperature factors for each subunit.

Subunit Main chain (Â)/ core ^ Side chain (Â)/ core ^ All atoms (À)/ core ^

A 25.6/ 20.2 26.2/20.4 25.8/20.3

B 26.2/ 20.8 26.5/21.0 26.3/20.9

C 28.5/22.7 28.9/23.0 28.7/22.9

D 27.9/22.2 28.1/22.3 28.0/22.3

‘Temperature factor calculated for |3-sheet residues only, listed in Chapter 2.

Figure 3.3. Temperature factor plots along the backbone o f each subunit. The y-axis 

represents the average temperature factor along the backbone o f each residue, the x-axis 

represents residue number.
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3.5 Results and discussion.

Dimer Formation. Formation of the AB dimer buries 1157Â^ of subunit A and 1148Â^ 

of subunit B surface accessible area. Formation of the CD dimer buries Î145Â^ of 

subunit C and 1152Â^ of subunit D surface accessible area. This is very similar with the
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con A - a l-2  mannobiose - con A structure described in chapter 1. The interaction 

involves 16 hydrogen bonds and 138 van der Waals interactions between A and B and 16 

hydrogen bonds and 139 van der Waals interactions between C and D.

Tetramer formation.

Formation of the tetramer buries 8953Â^ of surface accessible area comprising 2245Â^ of 

subunit A, 2242A^ of subunit B, 225 lÂ^ of subunit C and 2215Â^ of subunit D. This is 

slightly less than seen in the con A - a l-2  mannobiose structure and much less than the 

native tetramer and supports the observation that binding of the sugar results in a more 

loosely packed tetramer. The tetramer is stabilised by interactions between subunits A 

and C (2 hydrogen bonds, 1 polar contact and 38 van der Waals interactions) and subunits 

B and D (1 hydrogen bond, 1 polar contact and 33 van der Waals interactions).

Metal sites.

Metal co-ordination is unchanged in this structure from the previous con A structures. 

Metal to ligand distances and ligand temperature factors are given in Table 3.9. This 

shows that Asp-19 and Tyr-12 ligands are above the average temperature factors. The 

average Mn^^ to Ca^^ distance is 4.2Â.
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Table 3.9. Metal to ligand distances and ligand temperature factors.

Ligand Average distance/ A Average temperature factor 

ratio®

Glu-8 0E2 2.18 0.99

Asp-10 0D 2 2.42 0.90

Asp-19 ODl 2.24 1.4

His-24 NE2 2.29 0.98

OW 1.92 0.60

OW 2.33 0.48

Average 2.23 0.89

Ca^+ Asp-10 ODl 2.56 0.88

Asp-10 OD2 2.53 0.90

Tyr-12 O 2.24 1.21

Asn-14 ODl 2.55 0.94

Asp-19 OD2 2.35 1.34

OW 2.73 0.71

OW 2.29 0.69

Average 2.46 1.01

^temperature factor/ average temperature factor o f p-sheet residues (defined in Chapter 2).

Sugar Binding,

The structure shows well defined difference density for both sugars of the disaccharide in 

two of the four subunits denoted A and D (Figure 3.4). In these two subunits the mode of 

binding is clearly different (Figure 3.5). It was not possible to unambiguously model a 

second sugar into residual electron density in the remaining two subunits (B and C). In 

subunit B difference density is visible for a second sugar sitting in an extended binding
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region framed by residues 12-14, 98-100, 207-208 and 227-228 as seen in subunit A. 

Surprisingly however, electron density is also visible for the binding region framed by 

residues Gly-98, Ser-168 and the loop Thr-226 to Leu-229 as seen in subunit D. In 

subunit C no density for a se^n d  saccharide is seen.

Figure 3.4. Fq-Fc electron density observed in the binding sites. Subunits A and D are 

shown above, (contoured at 3 (j) and subunit B is shown below (contoured at la). Maps 

were calculated after CNS simulated annealing with all sugars omitted.

Reducing maraiose, A subunit -  
Monosaccharide binding site.

Non-reducing mannose, D subunit • 
Monosaccharide binding site.

Monosaccharide binding site -  
B subunit

Subunit A: Figure 3.5 shows a schematic diagram of the hydrogen bonding network 

between the sugar and the protein. The non-reducing sugar is recognised by the
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monosaccharide binding site via a combination of hydrogen bonds, a polar contact and 

van der Waals interactions (Tables 3.10 and 3.11). The interaction is similar to that 

observed for methyl a-D-mannopyranoside.

F igu re  S. 5. S ch em a tic  d ia g ra m  o f  the h yd ro g en  bon ds in the b in d in g  s ite  o f  su bu n it A. 

The su g a r  r in g  b o u n d  a t the m o n o sa cch a r id e  b in d in g  s ite  is sh o w n  in red.
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Arg228
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Table 3.10. Hydrogen bonding and polar contacts between methyl al-2 mannobioside

and con A.

Sugar Protein Distance

monosaccharide binding sugar

03 Arg-228 N 3.1

0 4 Asn-14 ND2 3.0

0 4 Asp-208 ODl 2.7

0 4 Arg-228 N 3.2"

05 Leu-99 N 3.2

0 6 Gly-98 N 3.3"

0 6 Leu-99 N 3.0"

0 6 Tyr-IOON 3.1

0 6 Asp-208 OD2 3.0

Second sugar

0 6  (A subunit) Tyr-12 OH 3.0"

0 3  (D subunit) Thr-226 OGl 3.3

0 4  (D subunit) Ser-168 OG 3.3"

Averaged across the four subunits, typically ± 0.1Â, " In subunit A this is the non-reducing sugar, in 

subunit D this is the reducing sugar. Distance is less than 3.5Â but the donor-H-acceptor angle deviates 

substantially from the linearity expected for a hydrogen bond.
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Table 3.11. Van der Waals interaction (< 4.OÂ) between methyl al-2 mannobioside and

con A.

Sugar Contacts Residue

Primary binding sugar ^ ^  42 Tyr-12, Asn-14, Gly-98, Leu-99, Gly-207,

Asp-208, Gly-277, Arg-228

Secondary sugar 15 Tyr-12, Leu-99, Tyr-100

(A subunit)

Secondary sugar 10 Gly-98, Ser-168, Thr-226

(D subunit)

b T

reducing sugar.

There is a shift in the position of the sugar ring of 0.3Â out of the monosaccharide 

binding site with respect to the methyl a-D-mannopyranoside complex. Such a distortion 

has been seen in the con A - pentasaccharide complex discussed in Chapter 4 (Moothoo 

and Naismith, 1998a). The reducing sugar is recognised via 1 polar contact and 15 van 

der Waals interactions. The van der Waals interaction is considerably more extensive 

than that observed for the reducing sugar in the a l-2  mannobiose complex described in 

Chapter 2. This is due to a rotation (-50") in the \y dihedral angle of the inter-sugar 

glycosidic linkage (Table 3.12) with respect to the solution minima which was (observed 

in the a l-2  mannobiose crystal structure (Chapter 2). This results in the sugar ring being 

rotated about a pseudo six - fold axis through the sugar ring (Figure 3.6) placing the 

anomeric methyl group in a hydrophobic pocket formed by Tyr-12, Leu-99 and Tyr-100. 

This maximises its interaction with these residues and also maximises the interaction of 

the C6 atom of the sugar with the protein. This conformation lies 1 kcalmoi'^ above the
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energy minima (Imberty et a i,  1991). A distortion of similar size in a protein bound 

oligosaccharide was also observed in the pentasaccharide - con A complex which placed 

the glycosidic linkage -3  kcalmol'^ above the global minimum (Moothoo and Naismith, 

1998). In this case a distortion in the interaction between the sugar and the 

monosaccharide binding site was also observed.

Table 3.12. Dihedral angles around the inter-sugar glycosidic linkage o f the mannobiose 

sugars.

(P'

Methyl a l-2  mannobioside: A subunit 78.3 -91.9

Methyl a l-2  mannobioside: D subunit 69.6 -146.6

a l-2  mannobiose ^ 64.6 -140.8

“ See Figure 1.2.

‘'from I.75Â con A - a l-2  mannobiose structure (Chapter 2).

Figure 3.6. Methyl a l-2  mannobioside and a l-2  mannobiose. The two disaccharide have 

been superimposed via the C a atoms o f the protein.

The structurally conserved water molecule observed in all of the con A structures is 

observed here making contacts with the protein and the sugar. This water, however, no
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longer makes a hydrogen bond with the sugar as seen in the a l-2  mannobiose complex, 

but it does make van der Waals contact with C6 of the reducing terminal sugar. The 

hydrogen bond between Arg-228 NH2 and the reducing sugar seen in the a l-2  

mannobiose structure is also Jost as a result of the rotation of the \{/ angle.

Methyl a l-2  mannobioside buries a total of 61Â^ of additional surface area over a l-2  

mannobiose upon binding to con A. Significantly, this increase is mainly due to burying 

of apolar surface accessible area; the anomeric methyl group and C6 of the sugar and Tyr- 

12 and Asp-16 of the protein. Burying apolar surface area is energetically favourable and 

therefore contributes favourably to the binding affinity.

Subunit D: In this subunit the disaccharide is recognised by an alternative binding site to 

that seen in the A subunit (Figure 3.7). It is the reducing terminal mannose residue which 

is recognised by the monosaccharide binding site via hydrogen bonds, van der Waals 

interactions and a polar contact (Tables 3.10,3.11).
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F igu re  3.7. S ch em a tic  d ia g ra m  o f  the h yd ro g en  bon ds in the b in d in g  s ite  o f  su bu n it D. 

The su g a r  b o u n d  a t  the m o n o sa cch a rid e  b in d in g  s ite  is sh o w n  in red.

Asp 16

TyrlOO

OMe

;o Asn14Leu99 N H"

HO,
HgN

°  Asp208
NH

OHHO
OH

HO' Arg228

HO

HN
Thr226 S er168

The non-reducing terminal sugar is recognised by the site occupied by the 1-6 arm 

GlcNAc in the pentasaccharide bound structure (Moothoo and Naismith, 1998) and 

interacts with Gly-98, Ser-168 and Thr-226. The binding mode seen in subunit A is 

unavailable in this subunit due to crystal contacts and likewise this mode would be 

prohibited by crystal contacts in subunit A. The (p and vp inter-glycosidic linkage angles 

are close to those observed in the a l-2  mannobiose structure which lies in an energetic 

minimum (Imberty e t a l., 1991). Although the non-reducing terminal sugar of methyl a l -  

2 mannobioside occupies the binding site of the 1-6 arm GlcNAc of the pentasaccharide.
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the rings of the two sugars are in different positions. The number of interactions made by 

the non-reducing terminal sugar with the protein are more than halved in this complex 

compared with the GlcNAc sugar. This is due to this different position of the sugar rings 

and the absence of the //-acetyl group. A total of 307Â^ of polar surface accessible area is 

buried upon sugar binding, and 205Â“of apolar surface area. This is 1 lÂ^ less buried 

apolar surface area than subunit A. The side chain of Asp-16 is markedly different than 

the other subunits with its chil angle rotated about 90° and there is a 10° rotation in the 

chi-1 angle of Thr-226 which is involved in carbohydrate binding in this subunit.

Subunit B: There is difference density for the second sugar in two different places, 

analogous to the binding modes seen in subunits A and D (Figure 3.4). As a crystal 

structure is a static average of many molecules, some proportion of molecules apparently 

bind the saccharide in a manner analogous to the seen in subunit A, the remainder 

analogous to subunit D.

The structure of the methyl a l-2  mannobioside - con A complex (Chapter 2) presented 

here demonstrates that a carbohydrate can be bound specifically in two distinct 

environments by the same lectin binding site (Figure 3.8).
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F ig u re  3.8. The b in d in g  s ite  o f  con  A d isp la y in g  the tw o  d is tin c t b in d in g  m o d es d is p la y e d  

b y  the lectin .

In this complex one binding mode involves the secondary sugar making extensive 

contacts that are particularly ‘hydrophobic’ in nature. However, in order to maximise 

these interactions a substantial energy penalty is paid in conformational strain and 

destabilisation of the primary site of attachment. In the other mode, the secondary sugar 

avoids the distortion penalty but seems not to harness the full binding potential in terms 

of hydrogen bonds and van der Waals contacts with the protein. The obvious question 

arises, why is this phenomenon not observed in the a l-2  mannobiose complex? The 

crystal packing arrangement in that complex would preclude the binding arrangement 

seen in subunit D in this complex. Thus, either methyl glycoside formation results in
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equalisation of the energy of interaction at both sites or crystallisation kinetically selects 

one mode in preference to the other. Modelling protocols are not sufficiently advanced 

enough to distinguish between these two possibilities.

Statistical thermodynamics gives the relative occupancy for the two freely inter

converting but mutually exclusive states as 1 where AAG° is the difference in

free energy between the states. In our case we define AAG° = AG°weak - AG°strong where 

AĜ strong is the intrinsic free energy of binding of the higher affinity mode and AG°weak is 

the intrinsic free energy of binding of the lower affinity mode. This results in the ratio of 

binding modes ([weak mode] / [strong mode] ) as given in equation (a).

[weak mode] / [strong mode] = G-(̂ G°weak.AG°strong)/RT

When two binding modes are exclusive, the measured equilibrium constant (Kmeas) is

Kmeas = [complcx] / [protein][sugar] (b)

[complex] = [strong mode] + [weak mode] (c)

Kmeas = ([strong mode] + [weak mode]) / [protein][sugar] (d)

Equation (d) can be rearranged to:

Kmeas = [strong mode] (1 + ([weak mode] /  [strong mode])) / [protein] [sugar] (e) 

If we then substitute equation (a) into equation (e) we obtain equation (f).

Kmeas = [stroug mode] (1 + G-(̂ G=weak.AG«sm)ng)/RT̂  / [protein] [sugar] (f)

Taking natural logarithms of both sides and multiplying by -RT gives:

-RTlnK^a, = -RTln([strong mode] (1 + e / [protein][sugar])

(g)

Utilising the property of logarithms that In xy = Inx + Iny :

-RTlnKmea, = -RTln([strong mode] / [protein][sugar]) - RTln(l +

AG°strong)/RT̂
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[strong mode] / [protein] [sugar] = Kstrong (equilibrium constant for strong binding 

mode) (i)

As AG°=-RTlnK, equation (i) reduces to

AG°m.as = AG t̂tong - RTln( 1+ (j)

In the simplest case where the sites are equivalent AAG° = 0, AG°meas = AG®strong - RTln2, 

the measured AG° contains a statistical enhancement of -0.41 kcal mol'^ relative to the 

intrinsic binding free energy of the site. At the other extreme where AAG° is very large 

AG°mcas = AG°strong, effectively collapsing to the simple single site case. The electron 

density maps we observe are of insufficient quality to accurately experimentally calculate 

the ratio between the binding modes. However in subunit C, the residual electron density 

for a second sugar ring appears by inspection to be approximately as strong in both 

locations. Accepting the error inherent in this imprecise approach may suggest an upper 

limit of 2:1 for the ratio of occupancy between the two modes. Using this value as a limit, 

equation (a) yields a value of AAG° (maximum difference in free energy of binding 

between the two modes at 25°C) of 0.46 kcal m ol'\ This value of AAG° gives an 

enhancement to the intrinsic binding energy of the strong site (equation (j)) of 0.24 kcal 

m o l'\ As AG°meas is -7.0 kcal m o f \ we estimate that AG°stn>ng lies between -6.59 kcal 

mol*  ̂ (both sites equal) and -6.76 kcal mol'* (maximal suggested free energy difference 

between the sites), and AG°weak lies between -6.59kcal moi'^ (equal sites) and -6.3 kcal 

mol'^ This analysis shows that both modes bind more tightly than methyl a-D- 

mannopyranoside by at least 1.0 kcal m oI'\ although this study cannot identify which is 

the strong site and which is the weak site.
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3.6. Conclusions

This Chapter is a striking illustration of how competing forces are balanced in protein 

carbohydrate interactions. In one binding mode the secondary sugar makes extensive 

contacts that are particularly ‘hydrophobic’ in nature. However in order to maximise 

these interactions a substantial energy penalty (at least 1 kcal moi* )̂ is paid in 

conformational strain and destabilisation of the primary site of attachment. In the other 

mode, the second sugar avoids the distortion penalty but seems not to harness the full 

binding potential in terms of hydrogen bonds and van der Waals contacts with the 

protein. The analysis suggests that both binding modes differ by less than 0.46kcal m ol'\ 

The extra interactions contribute between 0.54 kcal moT* and 1.46 kcalmoi'^ to the 

binding energy (relative to the undistorted mode), to compensate for the distortion. This 

study has not only graphically highlighted the competing forces involved in carbohydrate 

recognition but has been able to quantify the forces. The work discussed here provides an 

exciting opportunity for testing and improving theoretical models of carbohydrate 

recognition. These results powerfully underline the synergy and necessity in combining 

crystallography, chemical synthesis, modelling and calorimetery to probe protein 

carbohydrate recognition.

3.7. Future Work.

As well as improving the resolution of this stmcture, extending the work from this 

chapter is linked with continuing work from Chapter 2, obtaining the crystal structure of 

the a l-3  and a l-6  mannobioses and in addition their methylated counterparts.
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Chapter 4

2.7Â structure of concanavaliu A complexed with 

a pentasaccharide.
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4.1. Summary

The structure of con A bound to the pentasaccharide GIcNAc|3l-2 M ana 1-6 (GlcNAcP 

1-2 M ana 1-3) Man has been determined and refined to 1.1 K, Crystals of the complex 

form in space group C2 with cell dimensions a=176.5Â, b=122.8Â, c=124.6Â, p=134,2°. 

Two tetramers are present in the asymmetric unit. Each of the eight subunits binds one 

pentasaccharide molecule, one manganese and one calcium ion. In six of eight subunits 

there is clear density for all five sugar residues and a well ordered binding site. The 

pentasaccharide adopts the same conformation in all eight subunits. The binding site is a 

continuous extended cleft on the surface of the protein. Van der Waals interactions and 

hydrogen bonds anchor the carbohydrate to the protein. Both GlcNAc residues contact 

the protein. The GlcNAc on the 1-6 arm of the pentasaccharide makes particularly 

extensive contacts, including two hydrogen bonds. The binding site of the 1-3 arm 

GlcNAc is much less extensive. Oligosaccharide recognition by con A occurs through 

specific protein carbohydrate interactions and does not require recruitment of 

adventitious water molecules. The GlcNAc pi-2 Man glycosidic linkage \}/ torsion angle 

on the 1-6 arm is rotated by over 50° from that observed in solution. This rotation is 

coupled to disruption of interactions at the monosaccharide site and may be responsible 

for reducing the free energy liberated by additional interactions at the 1-6 arm GlcNAc 

site.

4.2. Introduction.

Modes of oligosaccharide binding by proteins were described in Chapter 1. Among the 

complex structures available the interaction with high order oligosaccharides are often 

highly water mediated, with rearrangement of the water molecules on binding playing an
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important role in the binding affinity, as seen in complexes of LOL I (Bourne et a l, 

1992), GS4 (Delbaere et al., 1993), Peanut Lectin (Banerjee et a i, 1996) and EcorL 

(Elgavish and Shaanan, 1998) or occurring through a single saccharide residue until the 

fucose moiety of the V-linked glycan (Figure 4.1.) is present as seen in LOL H and pea 

Lectin complexes (Rini etal., 1993).

Figure 4.1. The core oligosaccharide o f the N-linked glycan found on mammalian cell 

surfaces. Shown boxed is the pentasaccharide used in this study.

GlcNAc Pl,4 

1,6 arm

GlcNAc p i ,4 

1,3 arm

GlcNAc P 1,2 M a n a l,6  

GlcNAc p i ,2 Man a l,3

Man Pl,4 GlcNAc p l,4  GlcNAc p Asn

Fucal-6

Con A does not require the fucose moiety of the N-linked carbohydrate or recruitment of 

water to the binding site for high affinity binding and possesses an extended binding site 

for interaction. This was first seen experimentally in the structure of con A complexed 

with the trimannoside to 2.3Â resolution (Naismith and Field, 1996) and has been 

described in Chapter 1. The trimannoside adopts a favourable conformation and each 

sugar ring interacts with the protein via hydrogen bonds, polar contacts and van der 

Waals interactions. This structure provided a rationale for the high affinity displayed by 

con A for the trimannoside core of the N-linked glycan (Table 4.1).

131



Table 4.1. Thermodynamic data fo r  con A binding to oligosaccharide at the core o f the 

N-linked glycan.

-AH° -TAS° -AG° Ka

kcal m o l^ kcal mof* ±0.1 /M-‘

Me-a-Man 8.2 2.9 5.3 0.82 (± 0.02) X 10“

Trimannoside 14.1 6.6 7.5 3.37 (±0.14) X 10̂

Pentasaccharide 10.6 2.2 8.4 1.40 (±0.10) X 10®

The pentasaccharide shown boxed in Figure 4.1 binds to con A with a Ka of 1.41 x 10  ̂M' 

 ̂ (Table 4.1) and is the tightest carbohydrate con A complex (Mandai et al., 1994b). It 

binds with a three fold higher affinity than the trimannoside although it possesses a AH° 

of only -10.6 kcal m o f\ The slightly increased enthalpy contribution to binding the 

trimannoside and pentasaccharide over the monosaccharide indicates extended binding 

site interactions, seen in the con A - trimannoside complex. It is somewhat surprising 

then, to observe a less favourable enthalpy for the pentasaccharide binding than the 

trimannoside binding. Thus the calorimetry data suggests that the pentasaccharide and 

trimannoside possess different modes of binding, or that they bind in the same way with 

similar interactions but there is some factor reducing the overall enthalpy change in 

binding the pentasaccharide. The latter is more probable as further data, obtained by 

NMRD experiments (Bhattacharyya et al., 1985) have suggested similar mechanisms of 

binding the two oligosaccharides.

Thus in order to delineate the contribution towards enthalpic and entropie terms, the 

structure of con A bound to the pentasaccharide is described in this chapter and the
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details of the structure which may contribute to the overall free energy of binding are 

discussed.

4.3. Experimental,

Crystallisation and Data Collection.

Co-crystals of the con A - pentasaccharide complex were obtained after an initial screen 

consisting of 10, 15, 20 and 25% Polyethylene Glycol (PEG) 6K, pH 4.0, 5.0, 6.0 and 

7.0. Optimisation of pH and PEG concentration then followed (Moothoo and Naismith, 

1998b). Crystals were obtained from a 10|xl solution containing 0.6mM con A (Sigma, 

Poole, UK), 18mM and GlcNAc p l-2  Man a l-6  (GlcNAc p l-2  Man a l-3 ) Man (Dextra 

Laboratories, Reading, UK) ImM MnClz, ImM CaClz, 20mM TRIS pH 7.0 and O.IM 

NaCl were mixed with lOp.1 of a reservoir which containing 15% PEG 6K pH 6.0 in a 

sitting drop tray (Charles Supper Co.) and left to equilibrate. Crystals were obtained as 

hollow rods varying in size from 0.2 x 0.1 x 0.1 nun^ to 0.8 x 0.4 x 0.2mm^.

All data were collected at room temperature from crystals mounted in glass capillaries 

using the Enraf-Nonius/MacScience DIP2000 dual image plate. Seven crystals were 

examined ranging in size from 0.2 x 0.2 x 0.4mm^ to 0.8 x 0.4 x 0.2mm^. The average 

resolution limit for the crystals examined was 3.5Â. The largest crystal diffracted to a 

resolution of 2.1 k .  From this crystal all data were recorded as 200 non-overlapping 20 

minute 1.0° oscillations with a crystal to detector distance of 150mm. The data were 

processed and merged with DENZO and SCALEPACK (Otwinowski, 1993). 

Autoindexing with DENZO suggested five different lattice types: face centred 

orthorhombic, body centred orthorhombic, primitive cubic, primitive rhombohedral and c 

centred monoclinic. This result appeared consistent between crystals and independent of
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the orientation of the crystal with respect to the X-ray beam. A stable unit cell matrix 

could not be obtained in cubic or rhombohedral lattices. The data were integrated and 

merged in three lattices. Body centred orthorhombic scaled with an Rmergc of 47.7%, face 

centred orthorhombic scale^with an Rmerge of 33.4% and c centred monoclinic with an 

Rmerge of 9.4%. The spacc group was assigned as C2 with unit cell parameters a=176.5A, 

b=122.8Â, c=124.6Â, p=134.2°, with 0.6% of observations rejected. The asymmetric unit 

contains two tetramers; Matthew’s number 2.5 DaÂ'^, approximately 46% solvent. The 

quality of the data is shown in Table 4.2

Table 4.2. Data quality fo r  the 2.7k complex o f the pentasaccharide - con A complex.

Resolution No. Reflections % Complete R-Merge/ % Redundancy

25.00-5.8 5208 97.7 4.6 4.0

5.80-4.61 5183 98.6 5.3 4.2

4.61-4.03 5121 98.1 6.3 4.3

4.03-3.66 5114 97.7 8.4 4.3

3.66-3.40 5059 97.2 10.2 4.3

3.40-3.20 5045 97.0 13.3 4.3

3.20-3.04 5066 96.8 16.6 4.3

3.04-2.91 5996 96.2 21.9 4.3

2.91-2.80 5004 96.0 27.4 4.3

2.80-2.70 4967 95.8 33.7 4.1

25.00-2.70 50763 97.1 9.4 4.2

Structure solution.
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The structure was determined by the molecular replacement method as implemented in 

the CCP4 (CCP4, 1994) program AMORE (Navaza, 1994) using all data from 12Â to 

3.4Â. The trimannoside con A complex tetramer (Naismith and Field, 1996) was used as 

the search model (with all metal ions, sugar molecules and water molecules removed and 

all atoms given full occupancy). A cross rotation function gave only two solutions, a  = 

295.68, p = 65.66, y = 132.49 (Solution 1) and a  = 20.52, P = 40.16 and y = 74.88 

(solution 2). These were 19 and 17 standard deviations above noise respectively. The 

translation search found one tetramer for each rotation solution with x = 0.2350, y = 

0.0000, z = 0.0139 for solution 1 giving a correlation coefficient of 0.42 and an R-factor 

45%. Solution 2 with x = 0.2750, y = 0.0000, z = 0.0139 gave a correlation coefficient Of 

0.33 and an R-factor of 49% (the y co-ordinate is arbitrary for one tetramer in C2). A 

cross translation search was used to position the two tetramers relative to each other (a  = 

284.35, p = 58.01, y = 317.88, x = 0.7327, y = 0.9996, z = 0.5122 with a correlation 

coefficient of 0.7 and an R-factor 34%).

Refinement.

The solutions were imported into X-PLOR (Brunger, 1992) and refinement carried out 

using Rfree as a guide. Rfre® was calculated on 10% of data which were excluded from all 

refinement calculations in order to provide an unbiased assessment of the refinement. The 

raw molecular replacement solution had an initial R factor of 44% and an Rfree of 44.6%. 

Rigid body refinement of the two tetramers lowered the R factor to 37.0% and the Rfn» to 

36.4%. Rigid body refinement of all eight monomers dropped the R factor to 30.8% and 

the Rfree to 30.9%. Fq-Fc and 2 Fq-Fc electron density maps were calculated from this 

model. Strong density was observed for all metal ions and 32 of the 40 possible sugars, 

with weak density for 6 but ambiguous density for 2. Refinement proceeded smoothly by
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alternating cycles of automated X-PLOR (Brunger, 1992) refinement and manual 

intervention using ‘O’. The metal ions were included in the model with zero electrostatic 

charge and the sugar molecules included when the Fo-Fc map showed density stronger 

than 3a  for all atoms in th^  sugar residue. The protein was refined with the Engh & 

Huber stereochemical parameter dictionary (Engh and Huber, 1991). Non- 

crystallographic symmetry (NCS) related atoms were restrained to their average positions 

through positional and B-factor refinement (Table 4.3)

Table 4.3. NCS restraints used in positional and temperature factor refinement.

weight^ Gncs

Group 1. P-sheet backbone. 100 1.8

Group 2. p-sheet side chains. 60 2.8

Group 3. Non p-sheet backbone. 55 2.5

Group 4. Non P-sheet side chains. 45 3.5

Group 5. Sugars, 40 3.0

* Energy constant for positional restraints/ kcal mol ' A f .  

'’Target deviation for b factor restraints/ Â̂ .

Table 4.4 summarises the progress of the refinement. Despite the limited resolution 

restrained temperature factor refinement was carried out because of the presence of 8 fold 

non-crystallographic symmetry and a clear (>4%) improvement in Rfree was observed. All 

individual temperature factors were reset to the overall average temperature factor after 

each manual intervention. Apart from the 10% of measured data excluded to monitor 

refinement no cut-offs were applied to the data. A bulk solvent correction was included in 

the X-PLOR refinement with parameters for solvent density 0.34 e'A'^, solvent radius
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0.25Â and B factor 50Â^. Electron density maps were calculated using SIGMAA (Read, 

1986) modified coefficients with all data to 2.1 k .  Water molecules were added to the 

model in batches if they satisfied four criteria: they corresponded to a peak > 3.5a in the 

Fo-Fc map; they made hydrogen bonds with reasonable stereochemistry; they reappeared 

in at least l a  electron density in subsequently calculated 2Fq-Fc maps and that a drop in 

Rfree was observed.

Table 4.4. Progress o f refinement o f the con A - pentasaccharide complex.

Refinement R factor/ Rfree

X-Plor: Rigid Body refinement on each tetramer (30 cycles) 37.0/36.9

Rigid Body refinement on each monomer (40 cycles) 30.8/30.8

O: Trimannoside, 16 metal ions and 32 waters added. 

C terminus and >80 residues modelled into density.

X-Plor: Positional refinement x 30 cycles. 26.6/26.1

NCS Restraints applied, positional x 60 cycles.

Temperature factor refinement x 50 cycles. 18.2/23.3

O: Added 10 out 12 possible terminal GlcNAcs, deleted 

13 waters and 54 added. Residues 36,132,116, and 

151 modelled into electron density.

X-PIor: Positional refinement x 70 cycles. 18.0/22.1

Temperature factor refinement x 20 cycles.

0: 1 water added, residue 135 modelled into electron 

density.

X-Plor: Positional refinement x 10 cycles. 17.9/21.9

Temperature factor refinement x 10 cycles.

137



4.4. Analysis of the final model.

The final model contains 14472 protein atoms (eight subunits of 237 amino acid 

residues), 496 sugar atoms (46 residues), 16 metal ions and 74 water molecules. Poorly 

ordered regions of the structure occur in loop regions at residues 118 to 122, 161, and 

204. These regions have been found to be consistently poorly ordered in crystal structures 

of con A. Table 4.5 shows statistics on the final model. 370 atoms were stereo-chemically 

modelled and are set to zero occupancy in the final model as they could not be located in 

electron density. The peptide bond between Ala-207 and Asp-208 is in the unusual cis 

conformation in agreement with the previous con A structures. The Ramachandran plot 

for the final model is given in Figure 4.2.
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Table 4.5. Final model statistics o f the 2.7k con A - pentasaccharide complex.

Resolution range (Â) 25-2.7

Rfree (%) 21.9

R factor (%) 17.9

Bond r.m.s. deviation (Â)*̂  0.01

Angle r.m.s. deviation 1.746

Non-crystallographic symmetry r.m.s. deviation (ca atoms) (Â) 0.12

B-factor bonded atoms r.m.s. deviation (Â^) ° 3.26

Ramachandran core/additional {% f  85.3/14.7

Protein mean B-factor (Â^) ° 29.1

Sugar mean B-factor (Â^) ° 35.9

Solvent mean B (Â^) ° 22.5

“ r.m.s. deviation from Engh and Huber ideal values (Engh and Huber, 1991).'* Core and 

additionally allowed regions as defined by PROCHECK (Laskowski e t  a l . , 1993). No residues 

are in the generously allowed or disallowed regions. ° Calculated with MOLEMAN (G.J. 

Kleywegt, unpublished program). All stereochemically modelled atoms were removed prior to 

B-factor analysis, all bonded atoms including those in the sugars are included in the calculation 

of r.m.s. B-factor deviation for bonded atoms.
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Figure 4.2. Ramachandran plot for the final model.^

I
£
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* See section 2.4 for an explanation of the Ramachandran plot.

Temperature factors. The average temperature factors for each subunit of the final model 

are given in Table 4.6, and the variation of the temperature factor along the length of the 

subunits is shown in Figure 4.3. The average temperature factors are considerably higher 

for subunits F and H. The backbone plots for these two subunits show that the difference 

is mainly seen in the first eighty residues of these chains.
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Table 4.6. Average temperature factors for each subunit.

Subunit Main Chain Side chain All

A 23.5 24.6 24.0

B 28.7 30.1 29.4

C 26.2 27.0 26.6

D 27.5 27.9 27.7

E 25.8 26.8 26.2

F 35.1 35.7 35.4

G 28.8 29.8 29.3

H 33.3 35.5 34.3
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Figure 4.3. Temperature factor plot along the backbone o f each subunit. The x-axis 

represents the average temperature factor for the backbone o f each residue, the y-axis 

represents each residue.
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4.5. Results and discussion.

Figure 4.4 shows the packing of the tetramers in the asymmetric unit of the con A 

pentasaccharide complex.

Figure 4.4. Packing o f the two tetramers found in the asymmetric unit.

Subunit C

Subunit D

Subunit A
Subunit E

Subunit G

SubumtH

Subunit B
Subunit F

Dimer formation. Formation of the AB dimer buries 1136Â^ of subunit A and 1162Â^ of 

subunit B, and comprises 16 hydrogen bond interactions, 4 polar contacts and 138 van 

der Waals interactions. Formation of the CD dimer buries 1122Â^ of subunit C and 

1131Â^ of subunit D and comprises 15 hydrogen bond interactions, 4 polar contacts and 

132 van der Waals interactions. Formation of the EF dimer buries 1115Â^ of subunit E, 

1148Â^ of subunit F and comprises 14 hydrogen bond interactions, 4 polar contacts and 

153 van der Waals interactions. Formation of the GH dimer buries 1134Â^ of subunit G, 

1128Â^ of subunit H and comprises 16 hydrogen bond interactions and 140 van der 

Waals interactions. The dimer formation is very similar to that seen for the MeoMan -
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con A complex (Naismith et a i,  1994). Dimer formation is comparable between the two 

tetramers.

Tetramer formation. Tetramer ABCD formation buries a total of S752Â} comprising 

2189Â^ from subunit A, 2t69Â^ from subunit B, 2206Â^ from subunit C and 2188Â^ 

from subunit D. Tetramer EFGH formation buries a total of 8489Â^ comprising 2122Â^ 

from subunit E, 2096Â^ from subunit F, 2138Â^ from subunit G and 2133A^ from 

subunit H. This is considerably less than seen for the native tetramer. Interactions 

between subunits A and C, and B and D stabilise the ABCD tetramer. There are 5 

hydrogen bonds and 46 van der Waals interactions between subunits A and C and 3 

hydrogen bonds and 33 van der Waals interactions between subunits B and D. 

Interactions between subunits E and G, and F and H stabilise the EFGH tetramer. There 

are 2 hydrogen bonds, 4 polar contacts and 53 van der Waals interactions between 

subunits E and G and 3 hydrogen bonds, 2 polar contacts and 41 van der Waals 

interactions between subunits F and H. This too is considerably less than observed for the 

native tetramer and is in agreement with observations reported in the con A a-D- 

mannopyranoside complex that the con A tetramer is more tightly packed in the 

saccharide free structure. The differences in the buried surface area upon tetramer 

formation, between the two tetramers, is within the limits of variability seen in all of the 

con A tetramers in this thesis. However, there is a subtle difference in the organisation of 

the two tetramers. This is illustrated in Figure 4.5. The two tetramers were superimposed 

via the backbone of one subunit from each tetramer (A and E). The major difference is 

seen in the dimer - dimer contact. Subtle changes in the organisation of the tetramer have 

been described in the MeoMan - con A structure (Naismith et al., 1994). The complex 

structures available suggest that the native stmcture lies at one end of a continuum of
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tightness of packing. It seems that crystallisation selects a particular spatial arrangement 

of monomers from a family normally occurring in solution.

F ig u re  4.5. D ifféren ces b e tw een  the A B C D  te tra m e r  a n d  the E F G H  te tram er. The 

te tra m ers  w e re  su p e r im p o se d  th rou gh  o n e  su b u n it o f  ea ch  te tram er.

Superimposed subunit

Metal sites. The co-ordination of the metals is the same in each of the eight subunits, and 

is unchanged from previous con A structures. Table 4.7 gives average metal to ligand 

distances and temperature factor ratios for each of the ligands and shows that this is a 

well ordered part of the protein. As seen in the other con A structures, Asp-19, Asn-14 

and Tyr-12 have higher temperature factors. The average Ca^^ to Mn^^ distance is 4.0A.
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Table 4.7. Metal to ligand distances and ligand temperature factors averaged over the 6 

well ordered subunits.

Ligand Average distance/ Â Average temperature factor 

ratio^

Glu-8 OE2 2.32 1.13

Asp-10 GDI 2.06 0.56

Asp-19 GDI 2.32 1.27

His-24 NE2 2.39 0.91

GW 2.07 0.77

GW 2.18 1.05

Average 2.22 0.94

Ca^+ Asp-10 GDI 2.50 0.63

Asp-10 GD2 2.61 0.56

Tyr-12 G 2.37 1.05

Asn-14 GDI 2.42 1.30

Asp-19 GD2 2.48 1.09

GW 2.33 0.39

GW 2.52 0.79

Average 2.46 0.83

“ Average temperature factor/ average temperature factor for the |3-sheet residues (defined in Chapter 2). 

Sugar binding.

Clear difference electron density is seen in the binding site for all five sugars in six of the 

eight subunits (Figure 4.6). In the two poorly ordered subunits, electron density for the 

1,3 arm terminal GlcNAc was weak and the residue could not be unambiguously
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modelled. Figure 4.7 is a schematic representation of the hydrogen bonds made between 

the oligosaccharide and the protein. All five sugar residues interact with the protein and 

no water molecules are recruited to the binding site for binding. A summary of the 

interactions made between the pentasaccharide and the protein is given in Tables 4.8 and 

4.9.

Figure 4.6. Fo-Fc Electron density contoured at 3 c  and calculated after carrying out 

simulated annealing at 2000K, Powell minimisation and temperature factor refinement 

after removal o f the sugar from the model.

atm, 1-2 linked GlcNAc

1-3 linked mannose

reducing matmose 

1-6 linked maimose

aim, 1-2 linked GlcNAc
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Table 4.8. Hydrogen bonding and polar contact ( <3.5 A) distances between 

sugar and protein in the six fully ordered sites

Protein Sugar Average distance/ Â

Thr-226 OGl

GlcNAc, 1-6 arm 

G3 2.6

Gly-224 0 " G4 2.8

Thr226 0 ^ G6 3.4

Ser-168 OG G7 2.6

Arg-228 N

1-6 Man

G3 3.0

Asn-14 ND2 G4 2.9

Arg-228 G4 3.3

Asp-208 GDI G4 2.8

Leu-99 N G5 3.0

Leu-99N^ G6 2.9

Tyr-IOON G6 3.0

Asp-208 GD2 G6 3.0

GW

Reducing Man 

G2 2.7

Asp-16 GD2^ G2 3.3

Tyr-12 GH G4 2.8
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Table 4.8. Continued.

Protein Sugar Average distance (typically dtO.lÂ)

Pro 13 0*

1-3 Man

o f 2.9

Thr-15 N 03 2.9

Thr-15 OGl 03 3.0

Thr-15 OGl 04 2.6

Asp-16 N * 04 3.0

Distance is <3.5 Â however, the D-H-A geometry deviates from the linearity expected for a hydrogen 

bond.

Table 4.9. Van der Waals contacts (<4.0Â) between con A and the pentasaccharide

Sugar Residue

1-6 arm GlcNAc Gly-98 (6), Leu-99 (1), Ser-168 (5), Gly-224 (2), Thr-226 (7), Arg- 

228 (2), Leu-229 (2)

1-6 M an Tyr-12 (1), Asn-14 (2), Gly-98 (3), Leu-99 (9), Tyr-100 (5), 

Ala-207 (2), Asp-208 (9), Gly-227 (4), Arg-228 (9)

Reducing Man Tyr-12 (3), Leu-99 (2), Tyr-100 (1)

1-3 Man Tyr-12 (2), Pro-13 (3), Asp-14 (4), Thr-15 (10), Asp-16 (4)

1-3 arm GlcNAc Tyr-12 (2), Pro-13 (2), His-205 (3)
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Figure 4.7. Schematic representation o f  the hydrogen bonds (dotted lines) formed  

between the pentasaccharide and the protein. The sugar bound at the monosaccharide 

site is shown in red.

Tyr12

Thr15

TyrlOO

\
N  H " .

Leu99

NHAc

Asn14

'O 
Asp208

Arg228

\  Ser168

Thr226

The monosaccharide binding site, first characterised by Helliweli and co-workers 

(Derewenda et a i, 1989) is occupied by the 1,6 arm non-reducing mannose residue as
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seen in the con A - trimannoside complex (Naismith and Field, 1996). The reducing 

mannose and the 1,3 arm non-reducing mannose residue are recognised by the protein in 

an analogous manner to that seen in the structure of the trimannoside complexed with con 

A (Figure 4.7) (Naismith and Field, 1996). The 1-6 arm GlcNAc site is formed by Gly- 

98, Ser-168 and the loop Thr-226 to Leu-229. One face of the sugar residue is effectively 

parallel to the protein surface. The loop from Thr-226 to Leu-229 interacts extensively 

with the sugar residue and forms one side of the binding site. Gly-98 and Ser-168 sit 

either side of the N-acetyl group. The 1-3 arm GlcNAc site is much less extensive, the 

side chain of His 205 caps 0 4  of the sugar. The ring of the sugar sits on a shallow cleft 

defined by Pro 13 and the side chain of Tyr 12. There are no hydrogen bonds between 

this sugar residue and the protein and only seven van der Waals contacts. The average 

temperature factors for the sugar atoms in subunits B (37.9Â^), F (41.0Â^), G (40.6Â^) 

and H (48.2Â^) are higher than subunits A, C, D and E (22.8, 36.3, 35.9 and 27.7Â^ 

respectively) and correlates with those for the protein atoms. The average temperature 

factors of the binding loops relative to the core of the protein is shown in Table 4.9.

Table 4,10. Average temperature factor o f the binding loops in the six well ordered 

subunits divided by the average temperature factor fo r  the core (p-sheet) residues.

Pentasaccharide 0.94Â Native

Tyr-12 to Asp-16 1.49 1.39

Gly-98 to Tyr-100 1.61 1.22

Ser-168 1.55 1.36

Ala-207 to Asp-208 1.89 1.28

Gly-224 to Arg-228 1.31 1.21
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Water displacement. Displacement of waters from the monosaccharide site has been 

described (Derewenda et al., 1989; Naismith et al., 1994). In addition to the four waters 

displaced here, an additional eight water molecules are displaced by the remaining four 

residues of the pentasaccharide (Figure 4.8).

Figure 4.8. Stereo view o f  the displacement o f  waters by the pentasaccharide. The native 

binding site (green) and the bound pentasaccharide (grey) were superimposed through 

the C a atoms o f  the protein. The native waters are shown as blue spheres. The conserved 

structural water is shown as a red sphere.

Oligosaccharide conformation. As seen in the trimannoside con A complex, the 

glycosidic conformations of the central Mana 1-6 (Mana 1-3) Man of the 

pentasaccharide in all eight subunits are very similar to those reported for conformation 

of the trimannoside molecule by NMR studies (Table 4.11) (Carver et al., 1985).
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Table 4.11. Torsion angles for the various oligosaccharides.

(p 'A f  A m 'A

Methyl a-D-mannopyranoside 6 3 ± 5 ND ND

trimannoside —

Mana 1-6 Man 66 ± 3 -171 ± 3 7 3 ± 5

M ana 1-3 Man ^ 6 7 ± 2 -112 ± 5 ND

pentasaccharide ^

1-6 arm GlcNAcp 1-2 Man ^ -75 + 3 -129 ± 3 ND

1-3 arm GlcNAcP 1-2 Man ^ -85 ± 6 -78 ± 5 ND

Mana 1-6 Man 7 1 + 3 179 ± 2 7 2 ± 3

M ana 1-3 Man ^ 6 5 ± 2 -102 ± 2 ND

Solution values ^

GIcNAcP 1-2 Man ^ -92 ±16 -83 ± 14 ND

M ana 1-6 Man ^ 70 ± 20 -170 ± 2 0 60 ± 2 0

M ana 1-3 M an'’ 80 ±15 -116 ±25 ND

* See Figure 1.2. Standard deviations are given. The sugar at the monosaccharide site is shown in bold. 

Angles not defined (ND) for these sugars. ° Averaged over all ordered fully ordered sugars. (Homans, 

1995).

Electron density clearly shows that the anomeric hydroxyl (on the reducing mannose) is 

found in the alpha configuration (Figure 4.6) this appears to be a result of the anomeric 

oxygen’s participation in crystal contacts. The N-linked glycan does not have a reducing 

sugar at this position and the ‘reducing’ mannose is P 1-4 linked to a GlcNAc sugar

153



(Figure 4.1). There is no structural hindrance to con A binding such a beta linkage in this 

structure.

In a second study of the trimannoside con A complex (Loris et al., 1996) a second 

minority solution binding conformation of trimannoside was found in one of four 

subunits. There is no evidence for any alternate conformation of the pentasaccharide in 

this structure in any of the eight subunits. The conformation of the 1-3 arm GlcNAcp 1-2 

Man glycosidic linkage is very close to that observed in solution (Homans, 1995). 

However, the \|/ dihedral angle (Table 4.11) of the 1-6 arm GlcNAcP 1-2 Man glycosidic 

linkage is dramatically different (approximately 50°) from the solution minimum 

(Homans, 1995). This distortion is required to avoid penetration of the GlcNAc sugar 

residue into protein structure. A distortion in an inter-sugar glycosidic linkage was also 

seen in Chapter 3 of this thesis in the methyl a l-2  mannobioside - con A complex. In this 

case, the distortion was necessary to maximise interactions between the carbohydrate and 

the protein.

Comparisons with the native structure. The con A - pentasaccharide structure 

superimposes onto the 0.94Â native structure (Deacon et al., 1997) with an r.m.s. 

deviation of 0.51Â for all C a  atoms. The value is 0.27Â for C a  atoms of the p-sheet 

residues only. This is consistent with other saccharide bound con A structures. Changes 

in the positions of Tyr-12, Thr-15, Asp-16, Leu-99, Tyr-100, Ser-204 to Pro-206, Gly- 

224 and Arg-228 are seen when comparing the structures of native and the 

pentasaccharide complex of con A (Figure 4.8).
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Figure 4.9. Stereo view o f  the pentasaccharide binding site (blue) superimposed onto the 

native structure (red). Waters are shown as crosses.

The changes at Tyr-12, Leu-99, Tyr-100 and Arg-228 which represent the 

monosaccharide site are broadly similar to those seen in the con A - methyl a-D- 

mannopyranoside complex and have already been discussed in detail by Helliweli and co

workers (Derewenda et a/., 1989; Naismith et a/., 1994). In addition there are further 

changes which accommodate the remaining residues of the pentasaccharide. The main 

chain at Thr-15 moves approximately 0.3Â to accommodate the 1,3 arm non-reducing 

mannose. The situation for Asp-16 is complicated by crystal contacts in the native and 

pentasaccharide structures and its position is varied in the subunits of the pentasaccharide 

structure. The change centred on His-205 is quite pronounced (0.3Â on average) and 

appears to be a result of accommodating the 1,3 arm terminal GlcNAc residue. The main 

chain at Gly-224 moves substantially (0.5Â) as result of the carbonyl oxygen forming a 

polar contact to 0 4  of the 1-6 arm terminal GlcNAc residue. The two 1-3 arm binding 

sites are filled by a tight crystal contact in the native structure (Figure 4.10), involving the
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loop from Trp-182 to Ser-184. Whether or not this has relevance to the proposed peptide 

binding site of con A (Scott et al.., 1992) is unknown.

Figure 4.10. Crystal packing in the native con A structure. A crystallographically related 

loop (red) in the native structure sits in the position o f  the two 1,3 arm residues o f  the 

pentasaccharide.

The pentasaccharide sits in an extended continuous groove on the surface of the protein 

(Figure 4.11) and buries over lOOOÂ  ̂of surface area. In terms of buried surface area it is 

one of the largest continuous protein carbohydrate interfaces characterised. For 

discussion the continuous carbohydrate binding site is split into five components, in 

reality these overlap and share several protein residues. The five sites are the 1-3 arm 

terminal GlcNAc site, the 1-3 Man site, the reducing Man site, the monosaccharide site 

and the 1-6 arm terminal GlcNAc site. These sites correspond to the cognate sugar
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residues shown in Figure 4.1. This is in contrast to the oligosaccharide structures of LOLI 

and LOLII that have effectively two discrete binding sites on the protein surface (Bourne 

et al., 1992; Bourne et al., 1994).

Figure 4.11. The Pentasaccharide - con A complex.

The carbohydrate binding site.

The monosaccharide site was first identified by Helliweli and co-workers (Derewenda et 

al., 1989), the reducing Man and 1-3 Man sites were defined by the determination of the 

trimannoside complex (Naismith and Field, 1996). The residues forming these sites in the 

pentasaccharide complex are unchanged from the earlier descriptions.
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There are a number of subtle changes in the interactions at the monosaccharide site 

compared to previous descriptions. A comparison of the monosaccharide site in the 

pentasaccharide complex and the mannose complex is summarised in Table 4.12.

Table 4.12. Differences among the con A complexes in the contacts at the carbohydrate 

binding sites.

H-bonds Polar contacts van der Waals contacts

Pentasaccharide complex

1-6 arm GlcNAc 2 2 25

1-6 Man 6 2 44

Reducing Man 1 1 6

1-3 Man 3 2 23

1-3 arm GlcNAc 0 0 7

Man aOMe complex

Man aOMe 6 2 48

Superimposing the 237 cot protein atoms of the pentasaccharide and methyl a-D 

mannopyranoside complexes gives an r.m.s. deviation of 0.33Â for the 13 sugar atoms. 

This distortion in the sugar position relative to the protein is centred around the 0 2  of the 

mannose residue which is P 1-2 linked to a GlcNAc residue in the pentasaccharide. 

Without this movement in the 0 2  position the GlcNAc residue would sterically clash 

(approaches < 2.0Â) with residues Thr-222, Ser-168 and Gly-98. The presence of the p 1- 

2 linkage alters the main chain trace of loop from Gly-98 to Tyr-100, centred at Leu-99 

the average shift is 0.2Â. This region is one of the four loops that form the
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monosaccharide site. Whilst there is a reduction in the number of van der Waals contacts 

at the monosaccharide site, the number of hydrogen bonds remains the same.

In the 1,6 arm terminal GlcNAc site, Gly-98 is a key residue, mutation to any other amino 

acid would abolish binding; as the side chain would intrude into the binding site clashing 

with the 1-2 linked sugar. Ser-168 hydrogen bonds to the sugar, presumably loss of this 

H-bond would diminish the interaction and any increase in the size of the residue would 

inhibit binding of the sugar conformation observed in this crystal structure.

Like the 1,6 arm GlcNAc p i -2 Man in this structure, LOLI and II also bind sugars 1-2 

linked to the monosaccharide site and both have a glycine in an analogous position to 

Gly-98. However, in the octasaccharide structures (Bourne et al., 1994) which contain a 

GlcNAcP 1-2 Man disaccharide, the \}/ torsion angle of GlcNAc sugar is rotated almost 

180° with respect to that seen in our structure, although this is still a low energy 

conformation. This is because in LOL I and II Ser-168 is replaced by an Asn that would 

clash with the N-acetyl group. The interactions at this site are much less extensive in 

LOLI and II than in con A, having less than half the number of van der Waals 

interactions. The lectin from Dioclea grandiflora is homologous to con A and binds the 

trimannoside with similar affinity (Chervenak and Toone, 1995). It has a Gly at position 

98 but does not recognise the pentasaccharide (Gupta & Brewer, 1996). This is due to 

changes at Ser-168 (to Asn) which creates a steric clash with the N-acetyl group and at 

Thr-226 (to Gly) which removes a hydrogen bond and van der Waals contacts.

Contribution o f the extended binding site to affinity

The pentasaccharide and trimannoside con A complexes suggest that there are in 

principle two additional mannose binding sites (reducing and 1-3), however calorimetry
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(Mandai et al., 1994b) and structurai analysis (Derewenda et a i, 1989) of the MetxMan - 

con A complex show that only one sugar is bound. Tabulation of the van der Waals 

contacts, buried surface area and hydrogen bonds shows that these two Man sites have 

considerably fewer interactions than the monosaccharide site (Table 4.12). From these 

Tables it seems that the reducing mannose site contributes little to the protein 

carbohydrate interaction but that the 1-3 Man will contribute to an increase in affinity. 

The 1-3 arm GlcNAc residue makes very few contacts with the protein, buries little 

surface area and its binding site is the least well defined. This sugar residue does induce a 

clear change in the main chain position centred on His-205 when compared to other con 

A structures. Given the insubstantial nature of its interaction and distortion in protein 

main chain it seems that the 1-3 arm GlcNAc residue does not make a large additional 

contribution to binding. The 1-6 arm GlcNAc site would appear able to make a 

substantial contribution to binding as it makes an array of van der Waals contacts with 

the protein, buries a substantial surface area and makes specific hydrogen bonds with the 

protein.

The disaccharide GlcNAcp 1-2 Man that we predict will bind analogously to the 1-6 arm 

of the pentasaccharide only liberates 5.2 kcalmol'^ (Mandai et al., 1994b). This is 

identical to Man which liberates approximately 5.2 kcalmof* (Toone, personal 

communication). It appears that P 1-2 addition of GlcNAc to the monosaccharide 

mannose is energetically neutral, despite the large increase in the number of protein 

carbohydrate contacts. Jencks has pointed out that the free energy of binding a single 

compound AB to a protein is not the algebraic sum of free energy of binding of the 

isolated components A and B (Jencks, 1981). The difference between the summation of 

the free energy of binding A and B and the composite molecule AB, is the interaction
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energy. The interaction energy has several components, some of which contribute 

favourably to binding, some of which contribute unfavourably. The most well known of 

these is the chelate effect, that is the entropy penalty paid by binding AB (loss of 

translational and rotational degrees of freedom) is less than binding A and B (Page & 

Jencks, 1971). The chelate effect always contributes favourably to the binding energy. 

The chelating disaccharide (GlcNAcp 1-2 Man) fails to increase the affinity for the 

protein over the simple monosaccharide. We believe we have identified structural 

changes in the pentasaccharide and to the monosaccharide site that contribute to the 

interaction energy, decreasing the affinity of binding of the pentasaccharide.

Rotation o f the 1-6 arm GlcNAcp 1-2 Man glycosidic linkage

A large rotation (approximately 50°) in the glycosidic linkage \j/ torsion angle from that 

seen in free solution is observed in the crystal structure. The dynamics observed for this 

linkage in free solution suggest it is a relatively rigid conformation (Homans, 1995). The 

energy surface for two glycosidic angles in the simple disaccharide (cp and y ) GlcNAcp 

1-2 Man has been calculated (Imberty et al., 1991). Whilst the energetics of the simple 

disaccharide will be different from the pentasaccharide, it provides a reasonable 

approximation to the 1-6 arm GlcNAcp 1-2 Man linkage. Bourne et a l,  saw an 

alternative conformation for the GlcNAcp 1-2 Man linkage in their LOL I octasaccharide 

structure (Bourne et al., 1992). However, their observed glycosidic linkages were within 

±30° of a second energetic minimum for this linkage. Plotting the glycosidic torsion 

angles we have observed on the energy surface, suggest that the conformation seen in the 

crystal structure is approximately 3 kcalmol'^ above the global minimum and is remote 

from any other minimum.
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4.6. Conclusions

It would follow from this, and previous con A structures that the methyl a-D- 

mannopyranoside - con A complex represents the energetic minimum of the 

monosaccharide site and that_the combination of the distortions discussed in this chapter 

decrease the free energy liberated by the monosaccharide site lowering the overall affinity 

of the oligosaccharide for con A. These are structural manifestations of the interaction 

energy. It follows that the free energy liberated by the disaccharide GlcNAc p 1-2 Man 

(5.2 kcalmol*^) is considerably less than algebraic sum of the free energy liberated 

separately by GlcNAc and Man at their cognate sites. The AG° value for Man is 5.2 

kcalmol'^ and although the value GlcNAc is known (5.2 kcalmof') it probably reflects 

binding at the monosaccharide site. Consequently there is no reliable estimate for the 

energy liberated by GlcNAc at the 1-6 arm GlcNAc site. However the extent of the 

contacts between the protein and sugar suggests this is not zero.

4.7. Future Work.

An obvious step forward from this complex, apart from improving the resolution of the 

structure is to study the binding of the high mannose oligosaccharides with con A, for 

example the one shown in Figure 4.12. Interestingly Dioclea grandiflora and con A both 

bind the high mannose type structures shown boxed in Figure 4.12 with similar affinity 

(Mandai, Kishore et al., 1994; Gupta and Brewer, 1996), Ka approximately 9 x 10^M'\ 

These high mannose sugars precipitate both con A and Dioclea grandiflora from solution 

(Gupta and Brewer, 1996) suggesting they are able to bind two con A molecules. The 

mode of binding of these sugars is not yet clear but Figure 4.12 shows how high mannose 

sugars may bind to con A. The a  1-2 linked terminal mannose residues would sit in the 1-
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6 and 1-3 GlcNAc sites identified by this study and unlike GlcNAc would not clash with 

the Asn-168 residue in Dioclea grandiflora.

Figure 4.12. Proposed binding o f high mannose N-linked glycan to con A. The 

underlined sugars would possibly bind and cross-link to another con A molecule.

Man al,2  Man al,6

Man a l ,2  Man a l,3

Man a l ,6
\

Man

Man g  1.2 Man a l.2  Man a l ,3
/
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_ Chapter 5.

Crystal structures of concanavalin A complexed with fructose.
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5.1. Summary

Two crystal forms of concanavalin A complexed with fructose have been obtained from 

protein solutions containing different concentrations of D-fructofuranose. The crystal 

form belongs to space group P2i2i2i, with cell dimensions a = 121.7Â, b = 119.9Â, c = 

67.3Â and the crystals diffract to 2.6Â. A tetramer is present in the asymmetric unit, with 

evidence for occupancy of the carbohydrate binding sites apparent from the difference 

electron density in the binding sites. One fructose molecule could be modelled into the 

structure. The second crystal form belongs to space group C222i, with cell dimensions a 

= 103.3Â, b = 117.9Â, c = 254.3Â and diffracts to 2.42Â. Two dimers are present in the 

asymmetric unit and partial occupancy of the binding sites is evident from electron 

density, although a saccharide has not been modelled into the structure.

5.2. Introduction

The thermodynamics of con A binding to pyranose sugars has been well documented 

(Chervenak and Toone, 1994; Toone, 1994; Chervenak and Toone, 1995; Chervenak and 

Toone, 1996; Brewer et al„ 1997; Gupta et a l, 1997), and the structural basis of 

recognition is being investigated (Derewenda et a l, 1989; Loris et al., 1996; Harrop et 

a l, 1996; Naismith and Field, 1996; Moothoo and Naismith, 1998; Bradbrook et al, 

1998; Chapters 2, 3 and 4 of this thesis). The binding of con A to furanose sugars has not 

been as well documented. It is known that con A forms precipitates in the presence of 

poly-D-arabinofuranosans and poly-D-fructofuranosans (Goldstein et a l,  1974). The 

thermodynamics of the interaction between furanoside sugars and the lectin have not 

been reported and the only structural investigation with con A has been a crystallisation 

note of a 2.7Â complex of con A with arabinose (Kalb et a l, 1995). The coordinates for

165



this structure are not available and the structure has not been reported at this time (August 

1998). The only lectin - furanose interaction seen in a crystal structure thus far is in the 

structure of lentil lectin in complex with sucrose (Glc al-2Fru) which was determined to 

1.9Â (Gasset et a l, 1995) (described in Chapter 1). In this structure the glucose moiety 

makes the more extensive interaction with the protein, and the fructose is mainly 

recognised via water mediated hydrogen bonds.

Figure 5.1. a-D-fructojuranose.

CHoOH CHgOH

In this Chapter, crystals of two different morphologies grown in the presence of con A 

and fructose (Figure 5.1) are described. The lack of documentation on the interaction 

between con A and furanose sugars may be an indication of the difficulty in working with 

these complexes. However, it is not clear why this should be so. Superimposing a-D- 

fructofuranose and methyl a-D-mannopyranoside (Figure 5.2) shows that the minimum 

requirement for binding as described by Goldsteins’ Rules (Goldstein et a l,  1974) (3-, 4- 

and 6- hydroxyls) correspond quite closely in such a way that one could expect to see a 

similar network of hydrogen bonds made between the carbohydrate and the protein as 

seen for methyl a-D-mannopyranoside.
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Figure 5.2. Superposition o f a-D-fructofuranose and methyl a-D-mannopyranoside. The 

atom labels refer to methyl a-D-mannopyranoside.

5.3. Experimental.

Co-crystals were obtained after an initial screen consisting of 10, 15, 20 and 25% 

Polyethylene Glycol (PEG) 6K, pH 4.0, 5.0, 6.0 and 7.0. Optimisation of pH, PEG and 

fhictose concentration (up to O.IM) then followed and two crystal forms were obtained 

from the conditions described below (Moothoo and Naismith, 1998b).

P2i2]2i crystal form : Crystals were obtained from a protein solution containing 30mM 

fructose, 0.6mM con A, ImM MnClz, ImM CaCE, O.IM NaCl and 20mM TRIS pH 7.0. 

1 Opl of this solution were mixed with the reservoir in sitting drop wells which contained 

20% PEG 6K, O.IM HEPES pH 6.5 and left to equilibrate. X-rays were generated using 

an Enraf-Nonius FR591 rotating anode generator and focused using the MacScience 

mirror system. Data were collected at 20.5°C from a single crystal (0.5 x 0.3 x 0.2mm^) 

as 90 non-overlapping 25 minute 1.0° oscillations at room temperature to a resolution of
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2.6Â. Auto indexing suggested a primitive orthorhombic lattice. The presence of 

systematic absences in the data at (2n+l, 0, 0) ruled out space group P2i22, and favoured 

analysis in space groups P2i2,2i or P2i2i2. The cell dimensions are a = 121.7Â, b = 

119.9Â, c = 6 1 3 k . One tetramer is present in the asymmetric unit, Matthew’s number 

2.41 DaA'^ (Matthews, 1968). The quality of the data is shown in Table 5.1. The data has 

a mosaic spread of 0.3°.

Table 5.1. Data quality fo r  the 2.6Â fructose - con A complex.

Resolution No. Reflections % Complete R-Merge/ % Redundancy

20.00-5.57 2405 73.1 6.2 3.4

5.57-4.43 2627 83.3 6.3 4.0

4.43-3.88 2692 86.5 8.2 4.1

3.88-3.52 2719 88.2 10.2 4.0

3.52-3.27 2761 89.2 13.5 4.0

3.27-3.08 2764 90.4 18.7 3.9

3.08-2.93 2765 90.7 24.7 3.7

3.93-2,80 2711 88.9 31.1 3.6

2.80-2.69 2586 84.8 35.6 3.8

2.69-2.60 1916 62.8 29.1 2.3

20.00-2.60 25946 83.7 11.0 3.7

The structure was determined by the molecular replacement method as implemented in 

the CCP4 (CCP4, 1994) program AMORE (Navaza, 1994) using all data from 12Â to 

3.8Â. The trimannoside con A complex tetramer (Naismith and Field, 1996) was used as 

the search model (with all metal ions, sugar molecules and water molecules removed and
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ail atoms set to an occupancy of 1.0). A cross rotation function gave 4 solutions -13 

standard deviations above noise. Solution R1 gave a translation solution -15 standard 

deviations above noise in space group P2i2i2i. At this point the space group was 

assigned as P2i2i2i. The solutions in space group P2i2i2i are summarised in Table 5.2. 

Table 5.2. Rotation and translation solutions fo r  the P2i2i2i crystal form.

Sol" Rotation

a P y

Translation 

X y z

cc" R^

Rl° 156.60 11.71 92.40 - - - 0.39 -

R2 12.55 11.70 93.10 - - - 0.38 -

R3 27.07 1.97 221.64 “ - - 0.37 -

R4 46.27 1.65 239.52 - - - 0.37 -

156.29 11.71 92.40 0.0100 0.1038 0.1925 0.71 33.8

R" 159.28 12.30

:  ̂ b n

89.06

i? .c C

0.0108 0.1028 0.1942 0.79 28.8

from R solution 1. * Refined solution which was imported into CNS.

The solution was imported into CNS (Brunger and Adams, 1998) and refinement carried 

out using Rftee as a guide. Rftee was calculated on 10% of data which were excluded from 

all refinement calculations. The raw molecular replacement solution had an initial R 

factor in CNS of 31.6% and a free R factor of 30.8%. Rigid body refinement of the 

tetramer followed by individual subunits lowered the R factor to 30.1% and the free R 

factor to 29.8%. Fo-Fc and 2Fo-Fc electron density maps were calculated from this model. 

A number of changes in the protein structure were made manually at this stage using ‘O’ 

(Jones et a l ,  1991) (summarised in Table 5.3). CNS refinement included a bulk solvent 

correction with parameters for solvent density 0.34 eÂ‘̂ , solvent radius 0.55Â and B 

factor 45.5Â^. The anisotropic B factor correction applied to the data had parameters B 11
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= 1.73, B22 = 8.03, B33 = -9.75. The non-diagonal terms were 0. The metal ions were 

included in the model with zero electrostatic charge. Further refinement proceeded 

smoothly by alternating cycles of automated CNS (restrained positional and temperature 

factor) refinement (Bmnger and Adams, 1998) and manual intervention using ‘O’ as 

described in Table 5.3. The protein was refined with the Engh & Huber stereochemical 

parameter dictionary. Non-crystallographic symmetry (NCS) restraints were applied 

throughout for both positional and temperature factor refinement (Table 5.4). All 

individual temperature factors were reset to the overall average after each manual 

intervention. Apart from the 10% of measured data excluded to monitor the refinement, 

no cut-offs were applied to the data. Electron density maps were calculated using 

SIGMAA (Read, 1986) modified coefficients with all data to 2.6Â. Water molecules 

were added to the model in batches if they satisfied four criteria: they corresponded to a 

peak > 3.5o in the Fq-Fc map; they made hydrogen bonds with reasonable 

stereochemistry; they reappeared in at least l a  in subsequently calculated 2Fo-Fc maps 

and that a drop in the free R factor was observed. a-D-Fructose and p-D-fructose were 

obtained from the Cambridge Structural database (codes COWDOHOI and KEMXOP) 

and the structures minimised using X-PLOR.
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Table 5.3. Progress of refinement of the p2i2i2j con A - fructose complex.

Refinement R factor/ Rf^e

CNS: Rigid body refinement of tetramer (20 cycles) followed by

each monomer (20 cycles). 30.1/ 29.8

65 cycles of positional refinement followed by 30 cycles 

of temperature factor refinement. 24.0/ 22.3

O: Four Mn̂ "̂  ions, four Ca^^ ions and 111 waters added.

-  50 residues modelled into electron density.

CNS: 80 Cycles of positional refinement, 60 cycles of

temperature factor refinement. 23.5/21.2

O: 9 Waters deleted 35 waters added, residues 116,158,

162,185,200 and 204 modelled into electron density.

CNS: 80 Cycles of positional refinement, 50 cycles of

temperature factor refinement. 21.6/23.1

O: Included 5 membered ring into subunit C.

CNS: 50 Cycles of positional refinement, 55 cycles of

temperature factor refinement. 19.0/ 22.7

a) O: Included a-D-fructose

CNS: 80 Cycles of positional refinement, 95 cycles of

temperature factor refinement. 18.8/ 22.6

b) O: Included p fructose

CNS: 80 Cycles of positional refinement, 95 cycles of 18.9/22.6

temperature factor refinement.
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Table 5.4. NCS restraints used in positional and temperature factor refinement.

weight" t̂ ncs

Group 1. P-sheet backbone. 150 3.0

Group 2. p-sheet side chains.~ 80 4.0

Group 3. Non p-sheet backbone. 80 4.0

Group 4. Non p-sheet side chains. 60 4.0

“ Energy constant for positional restraints/ kcal moi‘‘ k ’ .̂ 

‘’Target deviation for b factor restraints/ Â .

€2221 crystal form : Crystals were obtained from a protein solution containing 40mM 

fructose, 0.6mM con A, ImM MnCl2 , ImM CaClz, O.IM NaCl, 20mM TRIS pH 7.0. 

lOpl of this solution were mixed with lOfxl of a reservoir containing 10% PEG 6K, O.IM 

HEPES pH 7.0 in hanging drop trays and left to equilibrate. Large crystals (0.8mm^) were 

obtained after 2 weeks which diffracted to 2.42Â. X-rays were generated as before and 

data were collected at room temperature as 135 non-overlapping 20 minute 0.8° 

oscillations. Figure 5.3 shows one 0.8° oscillation image of this data. Due to the long c 

cell edge, the spots are very close together.
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Figure 5.3. Section o f one 0.8° oscillation collected during data collection o f the C222i 

crystal form o f the con A - fructose complex.

Auto-indexing suggested a C orthorhombic lattice. The data were merged in space groups 

C222 and C222i. The cell dimensions are a = 103.3Â, b = 117.9Â, c = 254.3Â. The 

asymmetric unit contains two dimers, approximately 67% solvent. The quality of the data 

is shown in Table 5.5. The data has a mosaic spread of 0.3°.
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Table 5.5. Quality of data o f the C222] con A - fructose complex.

Resolution No. Reflections % Complete R-Merge/ % Redundancy

25.00-5.20 5801 93.6 4.1 4.4

5.20-4.13 5966 _ 99.4 4.4 5.2

4.13-3.61 5966 99.7 6.0 5.5

3.61-3.28 5905 99.7 8.7 5.4

3.28-3.05 5878 99.2 11.5 5.0

3.05-2.87 5842 99.2 14.5 5.2

2.87-2.73 5863 99.2 18.9 5.3

2.73-2.61 5753 97.8 25.8 4.6

2.61-2.51 5692 96.9 25.4 3.5

2.51-2.42 5138 87.0 27.5 3.0

25.00-2.42 57804 97.2 8.1 4.7

Molecular replacement calculations using AMORE from the CCP4 suite were carried out 

in space groups C222 and C222i, initially using a native tetramer. This gave one solution 

in C222i, however one dimer in the tetramer was crystallographically related to the other. 

This solution did not pack. Molecular replacement was repeated using the native dimer. 

In space group C222 only one solution was found at x = 165.67, y = 33.17, z = 197.40 

with a correlation coefficient of 0.231 and an R factor of 52.7%. In space group C222i, 

two dimers were positioned in the unit cell. At this point the space group was assigned as 

C222i. The solutions are summarised in Table 5.6.
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Table 5.6. Rotation and translation solutions for the C222i crystal form.

Sol" Rotation

a P T

Translation 

X y z

cc* R^

Rl" 178.50 0.00 0.00 - - - -

R2 358.50 0.00 0.00 - - - -

Tid 178.50 0.00 0.00 0.4865 0.0244 0.0564 0.34 47.7

T2 358.50 0.00 0.00 0.0139 0.4741 0.0577 0.31 48.6

correlation coefficient. R factor. ® R = Rotation function solution, T = Translation function solution.

The raw solutions were imported into CNS (Brunger and Adams, 1998) and refinement 

carried out using the free Rftee as a guide. Rfh» was calculated on 3% of data (1733 

reflections) which were excluded from all refinement calculations. The raw molecular 

replacement solution had an initial R factor in CNS of 30.9% and an Rf^e of 30.2%. Rigid 

body refinement of the two dimers followed by each subunit lowered the R factor to 

24.8% and the free R factor to 26.0%. Fq-Fc and 2 Fq-Fc electron density maps were 

calculated from this model. A number of changes in the protein structure were made 

manually at this stage using ‘O’ (Jones etal., 1991) (summarised in Table 5.7). The metal 

ions were included in the model with zero electrostatic charge. Further refinement 

proceeded smoothly by alternating cycles of automated CNS (restrained positional and 

temperature factor) (Brunger and Adams, 1998) refinement and manual intervention 

using ‘O’ as described below. The protein was refined with the Engh & Huber 

stereochemical parameter dictionary (Engh and Huber, 1991). Non-crystallographic 

symmetry (NCS) restraints were applied throughout for both positional and temperature 

factor refinement (Table 5.8). CNS refinement included and bulk solvent correction with
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parameters for solvent density 0.36 eÂ'^, solvent radius 0.01Â and B factor 43.5Â^. The 

anisotropic B factor correction applied to the data had parameters B ll  = -0.13, B22 = 

3.50, B33 = -3.37. The non-diagonal terms were 0. All individual temperature factors 

were reset to the overall average after each manual intervention. Apart from the 3% of 

measured data excluded to monitor refinement no cut-offs were applied to the data. 

Electron density maps were calculated using SIGMAA (Read, 1986) modified 

coefficients with all data to 2.42Â. Water molecules were added to the model in batches 

if they satisfied four criteria: they corresponded to a peak > 3.5a in the Fo-Fc map; they 

made hydrogen bonds with reasonable stereochemistry; they reappeared in at least l a i n  

subsequently calculated 2Fq-Fc maps and that a drop in Rftee was observed.
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Table 5.7. Progress o f refinement o f the C222i crystal form o f the con A - fructose 

complex.

Refinement R factor/ Rfree

CNS: Rigid body refinement_of monomers (30 cycles). 24.8/ 26.0

O: Four Mn^^ ions, four Ca^”̂ ions and 8 waters added.

CNS: 100 Cycles of positional refinement, 50 cycles of

temperature factor refinement. 21.0/23.5

O: > 70 Residues moved into electron density, 72 waters

added.

CNS: 60 Cycles of positional refinement, 30 cycles of

temperature factor refinement. 20.8/ 23.2

O: 6 Waters deleted, 129 waters added. Residues 135,158

185 modelled into difference density.

CNS: 40 Cycles of positional refinement, 40 cycles of

temperature factor refinement. 19.6/21.1

O: 2 Waters deleted. Regions 203 to 204 modelled into

electron density.

CNS: 30 Cycles of positional refinement, 30 cycles of 19.6/21.1

temperature factor refinement.

O: 3 Waters deleted.

CNS: 20 Cycles of positional refinement, 20 cycles of

temperature factor refinement. 19.6/21.0
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Table 5.8. NCS restraints used in positional and temperature factor refinement.

weight" (̂ ncs

Group 1. p-sheet backbone. 100 1.8

Group 2. p-sheet side chainsr- 60 2.8

Group 3. Non p-sheet backbone. 55 2.5

Group 4. Non P-sheet side chains. 45 3.5

® Energy constant for positional restraints/ kcal mol'® Â' .̂ 

 ̂Target deviation for b factor restraints/ Â}.

5.4. Analysis of the final models.

P2i2i2i crystal form: The final model contains 4 subunits of 237 residues (7236 protein 

atoms), 4 Ca^^ ions, 4 Mn^^ ions, 137 water molecules and 13 sugar atoms. Statistics on 

the final model are shown in Table 5.9. Poorly ordered regions occur at residues 118 to 

122 and 204. These are consistent with poorly ordered regions found in previous con A 

complex structures (Naismith et al., 1994; Naismith and Field, 1996; Moothoo and 

Naismith, 1998). 220 atoms in the final model were stereochemically modelled and set to 

zero occupancy as they could not be located in the electron density. The Ramachandran 

plot for the final model is given in Figure 5.4. No residues lie outside of the allowed 

regions.
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Figure 5.4. Ramachandran plot for the final model o f the p2i2]2i fructose - con A

complex.^

Psi 0
jÀU j j  9̂̂ —4^.^
rx  t  XXX:-

Mg
E l
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* See section 2.4 for explanation of the Ramachandran plot.
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Table 5.9. Quality of the final model o f the p2j2i2i con A - fructose complex.

Resolution range (Â) 00-2.6

Rfree (%) alpha/ beta 22.6/22.6

R factor (%) alpha/ beta 18.8/18.9

Bond r.m.s. deviation (A)" — 0.009

Angle r.m.s. deviation (°)" 1.628

Non-crystallographic symmetry r.m.s. deviation(Â) (ca  atoms) 0.08

B-factor bonded atoms r.m.s. deviation (Â^)^ (main chain) 1.557

B-factor bonded atoms r.m.s. deviation (A^)^ (side chain) 2.183

Ramachandran core/additional/ (%)" 84.6/ 15.4

Protein mean B-factor (Â )*̂  (all) 32.43

Protein mean B-factor (A^)^ (main chain) 32.01

Protein mean B-factor (A^)^ (side chain) 32.90

Sugar mean B-factor (Â )*̂  alpha/ beta 87.68/91.04

Solvent mean B (Â )*̂ 36.48

“ r.m.s. deviation from Engh and Huber ideal values (Engh and Huber, 1991). B-factor deviation for 

bonded atoms. core and additionally allowed regions as defined by PROCHECK (Laskowski et a l ,  1993). 

 ̂Calculated with MOLEMAN (G.J. Kleywegt, unpublished program). All stereochemically modelled atoms 

were removed prior to B-factor analysis, all bonded atoms including those in the sugars are included in the 

calculation of r.m.s.

Figure 5.5 shows the temperature factors along the backbone of the protein for each 

subunit, with the highest peaks corresponding with the poorly ordered regions of the 

structure. The poorly ordered regions of the structure have consistently been found to be 

disordered in con A crystal structures. Table 5.10 gives the average temperature factors 

for each subunit and those of the core (p-sheet residues) for each subunit. The 

temperature factors for the B subunit are higher than for the other three subunits. The A 

subunit also has slightly higher temperature factors than the C and D subunits.
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Figure 5.5. Temperature factor plots along the backbone of each subunit in the P2/2/2/

con A - fructose complex.
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Table 5.10. Temperature factors for each subunit of the P2i2i2j fructose -  con A complex.

Subunit Main chain ( Â ) /  core ^ Side chain ( A ) /  core “ All atoms ( A ) /  core ^

A 32.6/27.06 33.3/27.3 32.9/27.2

B 35.6/30.0 36.3/30.7 35.9/ 30.3

C 30.0/25.1 31.3/25.8 30.6/ 25.5

D 29.9/24.8 30.7/25.1 30.8/24.9

“b factor calculated for P-sheet residues only.

C222i crystal form: The final structure contains 4 subunits (7236 protein atoms) of which 

197 atoms were set to zero occupancy in the final model as they could not be located in 

electron density. Also included are four Mn^^ ions, four Câ "̂  ions and 288 water
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molecules. The Ramachandran plot for the final model is shown in Figure 5.6. No 

residues are found outside the allowed regions. The one residue which lies in the 

generously allowed regions is in a poorly ordered part of the protein. Statistics on the final 

model are shown in Table 5.11.

Figure 5.6. Ramachandran plot fo r  the final model o f the C222i con A - fructose 

complex.^

180

135

UiI

-180 -135 -90 -45 0 45
Phi (degrees)

90 135 180

See section 2.4 fo r  explanation o f the Ramachandran plot.
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Table 5.11. Statistics on the final model o f the C2221 fructose - con A complex.

Resolution range (Â) oo-2.42
_ _  _

R factor (%) 19.6

Bond r.m.s. deviation (Â)“ ~  0.01

Angle r.m.s. deviation 1.7

Non-crystallographic symmetry r.m.s. deviation (ca atoms) (A) 0.09

B-factor bonded atoms r.m.s. deviation (Â )*’ 1.1

Ramachandran core/ additional/ generously allowed {% f 85.2/ 14.7/ 0.1

Protein mean B-factor (A^)^ (all) 26.6

Protein mean B-factor (A^)^ (main chain) 26.3

Protein mean B-factor (A^)^ (side chain) 26.9

Solvent mean B (A^) 37.6

* r.m.s. deviation from Engh and Huber ideal values (Engh and Huber, 1991). Calculated with 

MOLEMAN (G.J. Kleywegt, unpublished program). All stereochemically modelled atoms were removed 

prior to B-factor analysis, all bonded atoms including those in the sugars are included in the calculation of 

r.m.s. B-factor deviation for bonded atoms. ® core and additionally allowed regions as defined by 

PROCHECK (Laskowski et a/., 1993).

Table 5.12 shows the temperature factors for each subunit, for all residues and for the core 

(p-sheet) residues. Subunit A has slightly higher temperature factors than the other 3 

subunits. Figure 5.7 shows the temperature factor plots along the backbone of each 

subunit. The highest peaks correspond with poorly ordered regions of the protein.

Table 5.12. Temperature factors fo r  each subunit o f the C222j fructose - con A complex.

Subunit Main chain (A)/ core ^ Side chain (A)/ core All atoms (A)/ core ^

A 27.3/23.1 27.8/23.8 27.5/ 23.4

B 25.6/ 22.3 26.5/23.3 26.0/22.8

C 25.7/22.3 26.2/23.1 25.9/22.7

D 26.7/ 22.8 27.2/ 23.6 26.9/23.2

 ̂b factor calculated for p-sheet residues only.
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Figure 5.7. Temperature factor plots along the protein backbone for each subunit of the

C222i con A - fructose complex.
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5.5. Results and Discussion 

P2i2i2j crystal form:

Tetramer Formation. The AB dimer interaction comprises 16 hydrogen bonds and 165 

van der Waals interactions, and the dimer CD interaction comprises 17 hydrogen bonds, 

one polar contact and 164 van der Waals interactions. 2332Â^ of surface accessible area is 

buried upon dimer AB formation and 230lÂ^ upon dimer CD formation. The tetramer is 

stabilised by 3 hydrogen bonds, 1 polar contact and 53 der Waals interactions between 

subunits A and C and 4 hydrogen bonds, 2 polar contacts and 57 van der Waals 

interactions between subunits C and D. 890lA^ of surface accessible area is buried upon 

formation of the tetramer comprising 2 2 2 3 from subunit A, 2214A^ from subunit B, 

2223A^ from subunit C and 2241A^ from subunit D.
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As seen in other con A - carbohydrate structures, the tetramer is less tightly packed than 

the native tetramer.

Metal sites.

The co-ordination of the metals is unchanged from previous con A structures. Average 

metal to ligand distances and temperature factors are given in Table 5.13, showing that 

the metal binding sites in this structure are higher relative to the core residues compared 

with the other con A structures.
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Table 5.13. Metal to ligand distances and temperature factors in the P2i2i2i con A

fructose complex.

Metal Ligand Distance /Â Temperature factor 

ratio’'

Ca^* AsplOODl 2.5 1.1

Asp 10 OD2 2.3 1.0

Tyrl2 0 2.5 1.2

AsnMODl 2.5 1.5

Aspl9 0D2 2.2 1.4

W AO 2.3 1.2

W BO 2.2 1.0

Average 2.4 1.0

Glu8 OE2 2.3 1.0

AsplO OD2 2.1 1.0

Aspl9 0 D l 2.3 1.4

His24NE2 2.3 1.0

w c o 2.0 0.8

W D O 2.1 0.6

Average 2.2 1.0

“ T em p era tu re  fa c to r /te m p e r a tu r e  f a c to r  f o r  p -sh e e t  re s id u es  only.

Sugar binding.

Difference electron density is very patchy in three of the four subunits allowing 

unambiguous modelling of a fructose molecule in only one of the binding sites. Changes 

in the binding sites are similar to changes seen in other con A - carbohydrate complexes, 

in particular Leu-99 and Arg-228 adopt the conformations seen in the other bound
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structures and are markedly different to their positions in the native structure, strongly 

suggesting at least partial occupancy of the binding sites.

In the A subunit, crystal contacts are in very close proximity to the binding site. A 

symmetry related His-205 partially occludes the monosaccharide binding site. However 

there is enough room to accommodate fructose in a beta conformation and there is some 

difference density in the binding site, however it is impossible to say whether this is water 

molecules or a saccharide partially occupying the binding site. Figure 5.8 shows the 

difference electron density seen in the binding site in this subunit.

Figure 5.8. Fq-Fc electron density contoured at 2(7 seen in the binding site o f subunit A.

In the B subunit, again there is some density where the fructose would be located. In this 

subunit however, the density does not resemble that seen for water molecules in the 

binding site. In Figure 5.9, fructose has been modelled in to the position it occupies in 

subunit C. The binding site here is not restricted at all by crystal contacts.
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Figure 5.9. Fo~Fc electron density contoured at 2 a  seen in the binding site o f subunit B. 

a-D-fructofuranose has been superimposed in a possible position.

T yrl2 Leu 99

iTyrlOO

In the C subunit, there is sufficient difference density to attempt to model the 

monosaccharide into the binding site. Figure 5.10 shows the difference density in this 

binding calculated before any sugar had been included in the model and with a-D- 

mannose superimposed in its bound position in the con A - methyl a-D-mannopyranoside 

complex.

Figure 5.10. Fo-Fc electron density contoured at 2 a  seen in the binding site o f subunit C 

prior to inclusion o f fructose.
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The structure was refined at first with a 5 membered ring, with no substituents. The 

difference density was not clear enough to distinguish between a  or P conformation. After 

a cycle of CNS refinement (restrained positional and temperature factor) with both 

configurations the only difference in the model statistics was a 0.1 increase in the R factor 

with the beta conformation. In agreement with the poor density at this site, the resulting 

temperature factors of the saccharides are extremely high. When the a  conformation is 

modelled into the structure, difference density appears for a possible p conformation 

which would make sensible hydrogen bonds with the protein (Figure 5.11), although this 

could be a water molecule. When the p conformation is modelled, no such density 

appears for the alternate conformation. Figure 5.12 shows the 2Fq-Fc density calculated 

after alpha fructose had been included in the refinement. Tables 5.14 and 5.15 show 

hydrogen bonds and van der Waals interactions between fructose and con A made by each 

of the configurations. The tentative suggestion is that the p- conformation is bound. 

Figure 5.11. Fo-Fc electron density contoured at 2 a  seen in the binding site o f subunit C, 

calculated after a-D-fructose is included in the model.

Leu 99

Tyr 100
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Figure 5.12. 2Fo~Fc density o f the subunit C binding site. The map is contoured at l a  and 

was calculated after a-D-fructose had been included in the refinement.

Table 5.14. Hydrogen bonds and polar contacts ( < 3.5Â) between fructose and con A.

Sugar Protein Distance/ 

Â (Alpha)

Distance/ 

Â (Beta)

oi Leu-99 N 3.4 2.4

oi Leu-98 N - 3.2“

01 Asp-208 0D2 - 3.5“

02 Leu-99 N 3.3 -

02 Asp-208 0D2 3.3 -

02 Asp-208 ODl 3.5^ -

03 Asn-14 ND2 2.8 2.7“

0 4 Asn-14 ND2 3.r 3.1“

0 4 Asp-208 ODl 2.3 2.3

04 Asp-208 OD2 3.3 3.3

04 Arg-228 N 2.5 2.5

06 Arg-228 N 3 . f 3.0“

^Distance is < 3.5Â but geometry deviates (> 90®) from the linearity expected for a hydrogen bond.

190



Table 5.15. Van der Waals interaction {<4.0A) between fructose and con A.

Sugar Contacts Residue

Alpha 54 Tyr-12, Asn-14, Gly-98, Leu-99, Asp-208, Gly-

— 277, Arg-228

Beta 58 Tyr-12, Asn-14, Gly-98, Leu-99, Asp-208, Gly-

277, Arg-228

Buried surface area analysis shows that in the a-D-fructose - con A model, 262Â^ of polar 

surface accessible area and 116Â^ of polar surface area is buried upon complex 

formation. For p-D-fructose, the values are 256Â^ and IIOÂ^ respectively for a-D- 

fructose and P-D-fructose. These values do not allow prediction of one conformation over 

the other.

Superimposing subunit C onto the MeaMan - con A complex reveals that the fructose, as 

modelled here, is not positioned in the expected orientation (Figure 5.1). Figure 5.13 

illustrates the position of the bound fructose as modelled into subunit C compared with 

bound MeaMan.
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Figure 5.13. Comparison o f  the positions o f  bound fructose (grey) and bound MeaMan 

(green). The two subunits were superimposed through the C a atoms o f  the protein 

backbone.

In subunit D, there is also partial density for fructose but not good enough to model a 

saccharide in. Figure 5.14 shows the density in this binding site with p-D-ffuctose 

superimposed in its position in subunit C.

Figure 5.14. Fo-Fc electron density seen in the binding site o f  subunit D o f the P2/2/2/ 

fructose - con A complex.

Leu 99

Tyr 12 Tyr 100
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C2221 crystal form:

Tetramer organisation.

The organisation of the two dimers in the asymmetric unit is shown in Figure 5.15. 

Formation of the AB dimer buries 2280Â^ of surface accessible area and involves 16 

hydrogen bonds, 1 polar contacts and 139 van der Waals interactions. Formation of the 

CD dimer buries 2256Â^ of surface accessible area and involves 17 hydrogen bonds, 1 

polar contacts and 135 van der Waals interactions. The conventional tetramer is formed 

by applying the transformation (x, -y, -z) (a two fold rotation axis) on one of the dimers. 

9229Â^ Of surface accessible area is buried upon formation of the tetramer, comprising 

2344Â^ from subunit A, 2292Â^ from subunit B, 2300Â^ from subunit C and 2293A^ 

from subunit D. The tetramer is stabilised by 10 hydrogen bonds, 2 polar contacts and 140 

van der Waals interactions between subunits A and C and 12 hydrogen bonds, and 83 van 

der Waals interactions between subunits B and D.

This multimer organisation is comparable with the packing seen in the other carbohydrate 

bound con A structures, ie the tetramer is much less tightly packed than the native 

tetramer.
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Figure 5.15. Organisation o f the two dimers present in the asymmetric unit.

Subunit B
Subunit C

Subunit D

Subunit A

Metal sites.

As seen in the other carbohydrate bound con A structures (Derewenda et al., 1989; 

Naismith et al., 1994; Naismith and Field, 1996; Moothoo and Naismith, 1998) (see also 

Chapters 2, 3 and 4), there is no change in metal coordination in this complex. The 

average metal to ligand distances and ligand temperature factors are given in Table 5.16.
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Table 5.16. Metal to ligand distances and temperature factors in the C222i con A

fructose complex.

Metal Ligand Distance /

Â

Temperature factor/

AsplOODl 2.4 18.0

AsplO OD2 2.5 17.3

Tyrl2 O 2.3 23.1

AsnMODl 2.4 24.9

Aspl9 0D 2 2.3 25.1

W A O 2.4 18.4

W BO 2.5 20.4

Average 2.4 21.0

Glu8 0E2 2.3 20.7

AsplO 0D2 2.2 16.8

Aspl9 0 D l 2.3 25.17

His24NE2 2.3 20,01

W CO 2.2 16.9

W D O 2.1 16.7

Average 2.2 19.4

Sugar binding.

There is noisy difference electron density in the binding sites of the protein. In some cases 

it is difficult to say whether this is water or a carbohydrate of partial occupancy. In all 

subunits, changes in the protein structure at the binding site, with reference to the native 

structure, are similar to those seen in other con A carbohydrate structures. This is

195



particularly clear for in Leu-99 and Arg-228, strongly suggesting occupancy of the 

binding site.

Subunit A: In this subunit there is density present in the binding site which can correspond 

with positions of the fructose oxygen atoms (Figure 5.16). This density however, also 

corresponds with the positions of four water molecules seen in the 0.94Â native structure 

(Deacon et al., 1997) and it is difficult to tell simply from the density whether this is a 

binding site partially occupied by fructose or occupied by water molecules.

Figure 5.16. Difference electron density contoured at 2 G observed in the subunit A 

binding site with a-D-fructose superimposed.

l«u 93

T y rlM

Subunit B: In this subunit, again the density corresponds with the positions of water 

molecules (Figure 5.17), however there is additional density which is not accounted for by 

water molecules seen in the native structure. The binding site is surrounded by crystal 

contacts, in particular a symmetry related His-205 which sits in the position of the 

reducing sugar in the a  1-2 mannobiose complex (Chapter 2).
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Figure 5.17. Difference electron density contoured at 2 G observed in the subunit B 

binding site with a-D-fructose superimposed.

Subunit C: The binding site in subunit C shows the strongest difference density (Figure 

5.18). The binding site has no crystal contacts in close proximity and the density seen 

cannot all be accounted for by water molecules, although it is still impossible to 

unambiguously model a saccharide into the structure.

Figure 5.18. Difference density contoured at 2 a  seen in the binding site o f subunit C with 

p-D-fructose superimposed.

Subunit D: This subunit contains the most ambiguous difference density (Figure 5.19). 

The density seen corresponds exactly with waters seen in this region in the native 

structure and there is no evidence from the density for any ring structure.
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Figure 5.19. Difference electron density contoured at 2 c  seen in the binding site o f 

subunit D with methyl a-D-mannopyranoside superimposed in its position seen in the 

methyl a-D-mannopyranoside - con A structure.

5.6, Conclusions.

P2i2i2i complex: In this crystal form of the fructose con A complex, fructose can be 

clearly seen to be occupying the binding site of one subunit. It is not obvious whether the 

conformation of the sugar is a  or p. A slightly lower R factor results when refined with a , 

however difference density appears in the position for the p configuration when refined 

with a . In addition to this the a  configuration makes a stronger hydrogen bond
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tetramer, to varying degrees. In addition to this, the presence of water molecules cannot 

account for all of the difference electron density seen in the binding sites. In particular 

subunit C. Lastly, the changes seen in the binding site loops with respect to the native 

structure are similar with changes seen in other carbohydrate bound con A structures.

Two different crystal forms of con A grown in the presence of fructose have been 

obtained with different ratios of carbohydrate to protein, and both give a similar result, ie 

partial occupancy of the monosaccharide binding site. The packing of the tetramers 

indicate that these are carbohydrate bound structures. However, inspection of difference 

electron density reveals that the carbohydrate is present in low occupancy. It is impossible 

to quantify this as the density is too weak to even model a carbohydrate in to the binding 

site apart from in one subunit of the P2i2i2i structure.

In comparing the structure of fructose with mannose it is apparently clear that the atoms 

known to be essential for carbohydrate binding to con A (Goldstein et al., 1974) are 

present in equivalent positions in fructose to mannose. Why equivalent binding of 

fructose is not observed is not clear from these structures.

5.7. Future work.

There is an obvious need for further work investigating the interaction between con A and 

furanose sugars in order to rationalise the poor occupancy of the con A binding sites by 

D-fructose in these structures by both calorimetric methods and higher resolution 

structures.
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Appendix 1.

Rerefinement of the 

con A - methyl a-D-mannopyranoside structure.
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The 2.0Â methyl a-D-mannopyranoside - con A structure (Naismith et aL, 1994) was 

refined using CNS (Brunger and Adams, 1998) in order to be able to make a useful 

comparison with the con A complexes described in this thesis which were refined using 

CNS. The coordinates from the PDB (accession number 5CNA) were imported into CNS 

and the model refined according to the protocol followed in Chapters 2 to 5 of this thesis. 

Statistics on the initial and final model are shown in Table A l.

Table A l. Statistics on the con A - methyl a-D-mannopyranoside structure before and 

after CNS refinement.

Initial Rerefined

Rfree (%) 19.1 23.5

R factor (%) 19.0 21.1

Bond r.m.s. deviation (Â)“ 0.02 0.007

Angle r.m.s. deviation 2.9 1.7

Dihedrals r.m.s. deviation (^) 26.7 26.0

Impropers r.m.s. deviation (°) 1.3 0.87

NCS deviation 0.37 0.08

B-factor bonded atoms r.m.s. deviation (Â̂ )*’ 4.0 1.4

Ramachandran core/additional/ 85.0/ 14.5/ 86.6/ 13.3/

generously allowed/ disallowed (% f 0.2/0.2 0.1/ 0.0

Protein mean B-factor (Â^)^ (all) 32.4 31.9

Protein mean B-factor (Â^)^ (main chain) 30.4 31.3

Protein mean B-factor (Â^)^ (side chain) 34.6 32.7

Sugar mean B-factor (Â^) 31.7 31.8

Solvent mean B (Â^) 49.6
.............. . i)

49.3

(G.J. Kleywegt, unpublished program). All stereochemically modelled atoms were removed prior to B- 

factor analysis, all bonded atoms including those in the sugars are included in the calculation of r.m.s. B- 

factor deviation for bonded atoms. core and additionally allowed regions as defined by PROCHECK 

(Laskowski et at., 1993).
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The initial R factors increased immediately upon positional and temperature factor 

refinement. Application of NCS restraints, two rounds of CNS refinement and one round 

of manual refinement in which a number of small changes were made in the protein 

structure lead to a stable R factor which was higher than at the start of refinement. 

However the model is of improved quality. This means that although the original 

structure was a better fit of the model to the experimental data, the protein contained 

more regions distorted from ideality in order to achieve this. The new model was used to 

make comparisons in Chapter 2. This model makes a more useful comparison as it has 

had the bulk solvent correction and anisotropic B factor correction applied to it in the 

same way as the refined structures in this thesis.
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Carbohydrate recognition by proteins is a key event in many 
biological processes. Concanavalin A is known to specifically 
recognize the pentasaccharide core (|3-GlcNAc-(l-+2)-a- 
M a n -(l-f3 )’[p-GlcNAc-(l~+2)-a-M an-(l—>-6)]-Man) of N- 
linked oligosaccharides with a Kg of 1.41 x 10^ We have 
determined the structure of concanavalin A bound to 
p-GlcNAc-{l—*-2)-a;Man-(l—t-3)-[p-GlcNAc-(l—>-2)-a-Man- 
(1—̂ 6)]-Man to 2.7Â. In six of eight subunits there is clear 
density for all five sugar residues and a well ordered binding 
site. The pentasaccharide adopts the same conformation in all 
eight subunits. The binding site is a continuous extended cleft 
on the surface of the protein. Van der Waals interactions and 
hydrogen bonds anchor the carbohydrate to the protein. Both 
GlcNAc residues contact the protein. The GlcNAc on the 1—̂ 6 
arm of the pentasaccharide makes particularly extensive con
tacts and including two hydrogen bonds. The binding site of 
the 1-+3 arm GlcNAc is much less extensive. Oligosaccharide 
recognition by Con A occurs through specific protein 
carbohydrate interactions and does not require recruitment 
of adventitious water molecules. The p-G lcNAc-(l—)-2)-Man 
glycosidic linkage PSI torsion angle on the 1-+6 arm is rotated 
by over 50° from that observed in solution. This rotation is 
coupled to disruption of interactions at the monosaccharide 
site. We suggest destabilization of the monosaccharide site 
and the conformational strain reduces the free energy liber
ated by additional interactions at the 1—̂ 6 arm GlcNAc site.

Key words: carbohydi'ate conformation/Con A saccharide 
complex/ciystal stiuctm'e/molecular recognition/thennodynamics

Introduction

Protein carbohydrate interactions underpin an immense and 
diverse range of biological processes including immune response, 
cell differentiation, inflammation, and infection (Ni and Tizard, 
1996; Lowe and Ward, 1997). Given the key role of protein 
carbohydrate recognition in so many processes, it is unsurprising 
that there is considerable interest in potential therapeutic strat
egies to control, utilize, or block protein carbohydrate binding. 
The very ubiquity of carbohydrates that makes them so important 
as therapeutic targets, presents an enormous problem of selectivity 
as there is considerable potential for unwanted interactions. 
Understanding the molecular basis of high affinity oligosaccharide

protein interactions is required for the rational design of 
biologically active oligosaccharide analogues.

Con A binds to mannose and glucose with wealc affinity (Ka 
(association constant) 0.82 x 10  ̂M“*) (Mandai et ai, 1994b; 
Williams et al, 1992). The structure of the protein was reported 
in the 1970s (Hardman and Ainsworth, 1972; Reeke et ai, 1975) 
and has now been extended to 1.0Â (Helliwell and Helliwell, 
1996). The 2.9Â a-Man-OMe Con A complex was reported in 
1989 (Derewenda et al., 1989) and provided a clear structural 
basis for the mannose/glucose selectivity (Goldstein and Poretz, 
1986). This structure was extended to 2.0Â resolution (Naismith 
et al., 1994), and a high resolution study of the glucose complex 
has been completed (Harrop et al., 1996). The sugar is fiiTnly 
anchored to the protein by dh*ect hydrogen bonds and van der 
Waals contacts burying some 75% of its accessible surface. The 
site of interaction between a-Man-OMe and Con A is known as 
the monosaccharide binding site. Such detail was not available at 
the oligosaccharide level until the trimannoside 
(a-Man-(I-+3)-[a-Man-(l-+6)]-Man) complex (Ka 3.37 x 10  ̂
M“  ̂; Mandai et ai, 1994b) of Con A was reported (Naismith and 
Field, 1996). This structure showed that trisaccharide recognition 
does not require recruitment of adventitious water molecules to 
mediate protein sugar hydrogen bonds. It also showed that all 
three sugar residues were involved in direct contacts (van der 
Waals and hydrogen bonding) to the protein. The 1 —k6 terminal 
mannose binds in the monosaccharide site in a very similar 
manner as that observed in a-Man-OMe Con A complex 
(Derewenda et ai, 1989; Naismith et ai, 1994) and probably 
serves as the anchor to bind the other sugar residues. A second 
report of the trimannoside Con A complex has appeared (Loris et 
ai, 1996) and confirms the first except that in one of the four 
subunits the trimannoside apparently adopts a different con
formation, No functional explanation of this occurrence could be 
given, and it is unclear whether this is an artefact of crystalliza
tion.

Con A belongs to the homologous plant lectin protein family. 
The function of these lectins in vivo remains unclear. They have, 
however, proved to be a valuable source of fundamental 
information on protein carbohydrate recognition. The structures 
of lectin oligo- and/or monosaccharide complexes have recently 
been reviewed (Rini, 1995). Plant lectins are not true monosac
charide binding proteins. They are designed to recognize high 
order carbohydrates, but will bind smaller fragments of the 
oligosaccharides, such as mannose or galactose. The structures of 
oligosaccharide complexes of Lathyrus ochrus isolectins 1 and 11 
(LOLl and LOLIl; Bourne et ai, 1992, 1994a,b), Grijfonia 
simpUcifolia (Delbaere et ai, 1993), and Erythina corolladen- 
dron (Shaanan et ai, 1991) provided experimental evidence that 
recruitment of water to mediate hydrogen bonds may play an 
important role in binding oligosacchaiides to plant lectins. 
Mediation of hydrogen bonds by water is a common feature of
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Fig. 1. The N-giycan found on Üie surface of many mammalian cells. Tlie 
pentasaccharide is boxed, the sugar bound by the monosaccharide site is 
sliown ill boldface type. The reducing sugar o f the pentasaccharide is shown 
in italics.

transport proteins (Mowbray and Cole, 1992; Sharff et ai, 1993; 
Quiocho and Ledvina, 1996), which completely envelop the 
sugar and form extremely tight complexes (Ka values in the 10  ̂
M“  ̂ range). However, oligosaccharide complexes of other 
proteins (Sixma et al., 1992; Weis et ai, 1992; Wright, 1992; 
Merritt et al., 1994a,b; Stein et al., 1994; Hester et al., 1995; 
Hester and Wright, 1996; Vandenakker et al., 1996; Wright and 
Hester, 1996; Wright and Kellogg, 1996) do not appear to require 
recruitment of additional water molecules for specific protein 
saccharide interactions. Interestingly structures of a FAB frag
ment on its own and complexed to carbohydrates fiom Salmonel
la typhumwium (Rose et al., 1990; Cygler et al., 1991, 1992; 
Zdanov et al., 1994) contain a single structurally conserved water 
molecule which mediates protein oligosaccharide interactions in 
an analogous manner to the stmctural water seen in Con A 
(Naismith and Field, 1996). A wealth of microtitration calori
metry data are available for protein carbohydrate complexes, 
principally on Con A (Chervenak and Toone, 1995; Mandai et ai, 
1994a; Mandai and Brewer, 1993; Toone, 1994; Weatherman et 
al., 1996; Williams et al., 1992) although other lectins and 
proteins have been studied (Bains (?f a/., 1992; Bundle era/., 1994; 
Schwarz et ai, 1991, 1993; Surolia et al., 1996). These data are 
complimentary to that obtained by crystallography and quantify 
the binding affinity. The precise contributions of hydrogen 
bonding, van der Waals contacts, sugar conformational strain, 
water reanangement and surface area occlusion to binding 
affinity are the subject of intensive investigation as it holds the 
key to progress in developing modeling methodologies. Combin
ing structural studies with calorimetry data is a powerful way to 
start delineating the contributions of each of these processes 
(Gupta et al., 1997).

The pentasaccharide shown in Figure 1 is found in the core of 
N-linked glycans of the complex type. It binds to Con A with an 
affinity K-i 1.41 x 10̂  M“  ̂ and is the tightest carbohydrate Con 
A complex (Mandai et al., 1994b). We now report the crystal 
structure of concanavalin A complexed to the pentasaccharide at 
2.7Â resolution. All five sugar residues were modeled into 
electron density, four sugars make direct protein carbohydrate 
hydrogen bonds and all five make van der Waals contacts with the 
protein. The structural basis of the specificity of Con A for the 
pentasaccharide is clear. Compared to other Con A carbohydrate 
complexes there appear to be subtle changes in the structure of the 
protein and in the interactions between the sugar residues and the 
protein. The differences are particularly evident at the monosac
charide site and may partly explain the thermodynamic character
istics of oligosaccharide binding. The confoimation of the 
pentasaccharide is rotated with respect to the observed solution 
conformation and the predicted energetic minima.

Results

p i,4 GlcNAc pi,4 GlcNAc p Asn Overall Structure o f the pentasaccharide protein complex

Two tetramers of Con A are found in the asymmetric unit of the 
unit cell, giving eight independent 237 residue molecules. Each 
monomer is a sandwich of two P sheets, the overall fold being 
identical to the native structure of the protein first reported in the 
1970s (Hardman and Ainsworth, 1972; Reeke et a i, 1975). The 
underlying stmcture changes little on carbohydrate binding. 
Specific differences in protein structure are dealt with later. The 
protein main chain is well ordered except for the loop from Asn 
118 to Glu 122, this region is consistently disordered or weakly 
ordered in all structural studies of the protein. The saccharide 
binding site is remote from the subunit interface.

Differences to native structure

Changes in the positions of Tyr 12, Thr 15, Asp 16, Leu 99, Tyr 
100, Ser 204 to Pro 206, Gly 224, and Arg 228 are seen when 
comparing the structures of native and the pentasaccharide 
complex of Con A. The changes at Tyr 12, Leu 99, Tyr 100, and 
Aig 228 are broadly similar to those seen for the a-Man-OMe 
complex and have already been discussed in detail by Helliwell 
and coworkers (Derewenda et al., 1989; Naismith et al., 1994). 
The main chain at Thr 15 moves approximately 0.3Â to 
accommodate the 1- 4-3 Man. The situation for Asp 16 is 
complicated by crystal contacts in the native and pentasaccharide 
structures and its position is varied in the subunits of the 
pentasaccharide structure. The change centered on His 205 is 
quite pronounced (0.3Â on average) and appears to be a result of 
accommodating the 1- 4-3 arm GlcNAc residue. The main chain 
at Gly 224 moves substantially (0.5 Â) as result of the carbonyl 
oxygen forming a polar contact to 04  of the 1—f6 arm GlcNAc 
residue. Displacement of water molecules (and crystal contacts) 
at the monosaccharide site has already been reported (Derewenda 
etal,, 1989; Naismith era/., 1994); we see a similar pattern for the 
other four sites. Water molecules or hydrogen bonding crystal 
contacts are often close to the positions of the hydrogen bonding 
groups of the sugar. The two 1 —>-3 binding sites are filled by a tight 
crystal contact in the native structure, involving the loop from Trp 
182 to Ser 184. Whether or not this has relevance to the proposed 
peptide binding site of Con A (Scott et al., 1992) is unknown. In 
summary, the binding site is preformed in the native structure 
with water molecules (or crystal contacts) filling the positions of 
the various sugar residues in the native structure.

Conformation of the bound pentasaccharide

The Con A pentasaccharide complex displays well defined 
electron density for all five sugar residues in six of the eight 
monomers. In the other two monomers (both in the same 
tetramer) which have higher average B-factors; the GlcNAcs on 
the 1—»-3 arm are not well defined. As with our trimannoside Con 
A complex, the glycosidic conformations of the central 
a-Man-(l—K3)-[a-Man-(l—>-6)]-Man of the pentasaccharide 
(Table I) in all eight subunits are very similar to those reported for 
conformation of the trimannoside molecule by NMR studies 
(Homans, 1995). Electron density clearly shows that the anomeric 
hydroxyl (on the reducing mannose) is found in the alpha 
configuration (Figure 2) this appears to be a result of the anomeric 
oxygen’s participation in crystal contacts. The N-linked glycan 
does not have a reducing sugar at this position and the “reducing”
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Crystal structure o f the Con A pentasaccharide complex

mannose is (3 1—»-4 linked to a GlcNAc sugar (Figure 1). We can 
see no structural hindrance to Con A binding such a beta linkage. 
In a second study of the trimannoside Con A complex (Loris et 
al., 1996), a second minority solution binding conformation of 
trimannoside was found in one of four subunits, in direct contrast 
to our result, where the same majority solution conformation of 
sugar was found in all four subunits (Naismith et al., 1994). There 
is no evidence for any alternate conformation of the pentasacchar
ide in this structure in any of the eight subunits. The conformation 
of the 1—J-3 arm (3-GlcNAc-(l—>-2)-Man glycosidic linkage is 
very close to that observed in solution (Homans, 1995). However, 
the \|/ dihedral angle (Table I) of tire 1—̂6 aim 
P-GlcNAc-(1^2)-Man glycosidic linkage is dramatically differ
ent (-50°) from the solution minimum (Homans, 1995). This 
distortion is required to avoid penetration of the GlcNAc sugai" 
residue into protein structure; the consequences of this are 
discussed later.

Discussion

The interactions between Con A and the pentasaccharide, 
the structural basis of specificity

The pentasaccharide sits in an extended continuous groove on the 
surface of the protein (Figure 3) and buries over 1000 of 
surface area. In terms of buried surface area it is one of the largest 
continuous protein carbohydrate interfaces characterized. For 
discussion we have split the continuous carbohydrate binding site 
into five components; in reality these overlap and share several 
protein residues. The five sites are the 1—>-3 arm GlcNAc site, the 
1-4-3 Man site, the reducing Man site, the monosacchaiide site, 
and the 1- 4-6 arm GlcNAc site. These sites conespond to the 
cognate sugar residues shown in Figure 1. This is in contrast to 
the oligosaccharide structures of LOLI and LOLll that have 
effectively two discrete binding sites on the protein surface 
(Bourne era/., 1992, 1994a,b).

3 arm, 1,2 linked GlcNAc

1,3 mannose

reducing mannose

1,6 mannose 
(monosaccharide site)

6 arm, 1,2 linked GlcNAc

Fig. 2. The difference election density m ap contoured at 3 a  was calculated 
by removing the sugar from the model, then refining with simulated 
annealing (2000K) followed by Powell minimization and B-factor protocols. 
All five sugars are in good electron density (figure produced using O (Jones 
et a i ,  1991).

T able I. Torsion angles o f the glycosidic linkages

(pa(0) y»(0) (0“ (0)

a -M an -O M e '’’'’ 63 + 5 ND ND

Trim annoside'’

a -M a n -(I- f6 )-M a n 66 +  3 -171 ± 3 73 ± 5

a -M a n -( l—i-3)-Man'’ 67 + 2 -1 1 2  +  5 ND

Pentasaccharide'’

1-6  ann  p-GlcNAc-( 1 —i-2)-Man'’ -7 5  ± 3 -1 2 9  + 3 ND

1-3 arm P -G lcN A c-(l—►2)-Man'’ -8 5  +  6 -7 8  +  5 ND

a -M a n -(  1 -+ 6)-M an 7 1 + 3 179 + 2 72 ± 3

a-M an-( 1 -+-3)-Man'’ 65 +  2 -1 0 2  ±  2 ND

Solution values''

p-G lcN A c-( 1 —t-2)-Man'’ - 9 2 + 1 6 -8 3  ±  14 ND

a-M an -(l-+ 6 ) Man'’ 70 ± 2 0 -1 7 0  +  20 60 +  20

a -M a n -( l—1-3) M an'’ 8 0 +  15 -1 1 6  + 25 ND

“The torsion angles (p, tp and to are; (pis 0 5 - C 1  - O X - C X , \ ^ i s C i - OX - CX  - C (X -l), and (û is OX - C X  - C (X -l) - C(X-2), Standard deviations are given.
The sugar at the m onosaccharide site is shown in  boldface type. 
'’One or m ore angles are not defined (ND) for these sugars, 
‘’Averaged over all ordered fully ordered sugars.
‘'H om ans, 1995.
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Fig. 3. (a) ITie pentasaccharide Con A complex. The binding site is an extended groove on the surface of the protein. (Figure generated by RASTER3D; Merritt 
and Murphy. 1994).

The monosaccharide site was first identified by Helliwell and 
coworkers (Derewenda et ai. 1989); the reducing Man and 1—>-3 
Man sites were defined by the determination of the trimannoside 
cotiiplex (Naismith and Field, 1996). The residues forming these 
sites in the pentasaccharide complex are unchanged from these 
earlier descriptions. The interactions at these sites are listed in

Tables II and III. There are a number of subtle changes in the 
interactions at the monosaccharide site compared to previous 
descriptions that we deal with more fully later.

The 1—̂6 arm GlcNAc site is formed by Gly 98, Ser 168 and 
the loop Thr 226 to Leu 229. One face of the sugar residue is 
effectively parallel to the protein surface. The loop from Thr 226
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Crystal structure o f  the Con A pentasaccharide complex

\  II Asp208

Thr226

Argaas

Fig. 3. (b) A schematic representation o f the hydrogen bonds between the 
protein and the pentasaccharide.

to Leu 229 interacts extensively with the sugar residue and fornis 
one side of the binding site. Gly 98 and Ser 168 sit either side of 
the N-acetyl group, their contacts are listed in Tables II and III. 
Gly 98 is a key residue, mutation to any other amino acid would 
abolish binding; as the side chain would intrude into the binding 
site clashing with the 1—>-2 linked sugar. Ser 168 hydrogen bonds 
to the sugar; presumably loss of this H-bond would diminish the 
interaction and any increase in the size of the residue would 
inhibit binding of the sugar conformation we observe. The 1—r6 
arm GIcNAc sugar makes a fairly extensive interaction with the 
protein (Tables II, III). The 1—>-3 arm GlcNAc site is much less 
well defined, the side chain of His 205 caps 04  of the sugai" 
(Figure 3). The ring of the sugar sits on a shallow cleft defined by 
Pro 13 and the side chain of Tyr 12. There are no hydrogen bonds 
between this sugar residue and the protein and only 7 van der 
Waals contacts.

LOLI and II also bind sugars 1—*-2 linked to the monosacchar
ide site and both have a Gly in an analogous position to Gly 98. 
However, in the octasaccharide structures (Bourne et a i, 1992, 
1994b) which contain a (3-GlcNAc-( 1 —f 2)-Man disaccharide, the 
PHI torsion angle of GlcNAc sugar is rotated almost 180° with 
respect to that in our str ucture. This is because in LOLI and II Ser 
168 is replaced by an Asn that would clash with the N-acetyl 
group. The interactions at this site are much less extensive in 
LOLI and II than in Con A, having less than half the number of 
van der Waals interactions. The lectin from Dioclea grandiflora

is homologous to Con A and binds the trimannoside with similar 
affinity (Chervenak and Toone, 1995). It has a Gly at position 98 
but does not recognize the pentasaccharide (Gupta and Brewer, 
1996). This is due to changes at Ser 168 (to Asn), which creates 
a steric clash with the N-acetyl group, and at Thr 226 (to Gly), 
which removes a hydrogen bond and van der Waals contacts. 
Interestingly Dioclea grandiflora and Con A both bind the high 
mannose type structures shown in Figure 4 with similar affinity 
(Mandai et al, 1994b; Gupta and Brewer, 1996) approximately 
Ka 9 X 10  ̂M“ .̂ These high mannose sugar s precipitate both Con 
A and Dioclea grandiflora from solution (Gupta and Brewer, 
1996), suggesting they are able to bind two Con A molecules. The 
mode of binding of these sugar s is not yet clear' but we suggest in 
Figure 4 how high mannose sugars may bind to Con A. The a  
1—»-2 linked terminal mannose residues would sit in the 1—>-3 and 
1 —f6 GlcNAc sites identified by this study and unlike GlcNAc 
would not clash with the Asn 168 residue in Dioclea grandiflora.

T able II. Hydrogen bonding and polar contact (<3.5 Â) distances betw een 
sugar and protein in the six fully ordered sites

Protein Sugar Average distance 
(typically ±0.1 Â)

Thr-226 O G l

GlcNAc, 1—r6 arm 

0 3 2.6

G ly-224 0» 0 4 2.8

Thr-226 0% 0 6 3.4

S er-168 OG 0 7 2.6

Arg-228 N

l —y6 M an  

0 3 3.0

A sn -14 ND2 0 4 2.9

Arg-228 W 0 4 3.3

Asp-208 G D I 0 4 2.8

Leu-99 N 0 5 3.0

Leu-99N “ 0 6 2.9

Tyr-100 N 0 6 3.0

A sp-208 OD2 0 6 3.0

OWb

Reducing Man 

0 2 2.7

A sp-16 OD2 ''-c 0 2 3.3

TVr-12 OH 0 4 2.8

P ro -13 0»

1 -+3 M an 

0 3 2.9

T hr-15 N 0 3 2.9

T hr-15 O G l 0 3 3.0

T hr-15 O G l 0 4 2.6

A sp-16 Na 0 4 3.0

'T h ese  contacts are within hydrogen bonding distance; however, the 
donor-H -acceptor geom etry differs substantially from  the linearity expected 
for a hydrogen bond. The sugar at the m onosaccharide site is shown in 
boldface type.
*^0W is the structurally conseiwed w ater m olecule. This is hydrogen bonded 
to A sn -14, Asp-16, and Arg-228.
‘̂ This contact is absent in some units due to crystal contacts.
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Table III. Van der Waals contacts (<4.0Â) between Con A and the pentasaccharide"

Sugar Residue

I —r6 arm GlcNAc 

1-+6 M an

Reducing Man 

I -+3 Man 

I —»-3 arm GlcNAc

Gly-98 (6), Leu-99 (1), Ser-168 (5), G ly-224 (2), Thr-226 (7), Arg-228 (2), Leu-229 (2) 

Tyr-12 (1), Asn-14 (2), G ly-98 (3), Leu-99 (9), Tyr-100 (5),

Ala-207 (2), A sp-208 (9), Gly-227 (4), Arg-228 (9)

Tyr-12 (3), Leu-99 (2), Tyr-100 (1)

Tyr-12 (2), Pro-13 (3), A sp-14 (4), Thr-15 (10), A sp-16 (4)

TVr-12 (2), Pro-13 (2), His-205 (3)

"Averaged over the six well ordered binding sites. The sugar at the m onosaccharide site is show n in boldface type.

Contribution of the other sites to affinity
Tlie pentasaccharide and trimannoside Con A complexes suggest 
that there are in principle two additional mannose binding sites 
(reducing and 1—1-3); however, calorimetry (Mandai et al, 1994b) 
and structural analysis (Derewenda et al., 1989) of the a-Man- 
OMe Con A complex show that only one sugar is bound. 
Tabulation of the van der Waals contacts, buried surface area and 
hydrogen bonds shows that these two Man sites have consider
ably fewer interactions than the monosaccharide site (Table II, 
111). From these tables we suggest that the reducing mannose site 
contributes little to the protein caibohydrate interaction but that 
the 1—̂3 Man will contribute to an increase in affinity. The 1-+-3 
arm GlcNAc residue makes very few contacts with the protein, 
buries little surface area and its binding site is the least well 
defined. This sugar residue does induce a cleai' change in the main 
chain position centered on His 205 when compared to other Con 
A structures. Given the insubstantial nature of its interaction and 
distortion in protein main chain we would argue that the 1—̂3 arm 
GlcNAc residue does not make a large additional contribution to 
binding. The 1-+6 arm GlcNAc site would appear able to make 
a substantial contribution to binding as it makes an array of van 
der Waals contacts with the protein, buries a substantial surface 
area, and makes specific hydrogen bonds with the protein.

The 1-+6 arm GlcNAc site
The disaccharide p-GlcNAc-(l—»-2)-Man that we predict will 
bind analogously to the 1—̂ 6 arm of the pentasaccharide only 
liberates 5.2 kcalnioC* (Mandai et al., 1994b). This is identical 
to Man which liberates approximately 5.2 kcalmol"^ (E.J.Toone, 
personal communication). It appears that (3 1-+2 addition of 
GlcNAc to the monosaccharide mannose is energetically neutral,

Man a  1,2 M an a l,6

Man a  1,2 Man a l,3

\
Man a l ,6

\
Man

/
Man,ttL 2 Ma n a l.2  Man a l,3

Fig. 4. The high mannose N-linked glycan. We predict that the five boxed 
sugars mimic the pentasaccharide o f this study; the sugar we predict that is 
bound by the monosEiccharide site is shown in boldface type. The sugars 
which we propose bind and cross-link to another Con A  molecule are 
underlined.

despite the large increase in the number of protein carbohydrate 
contacts. Jencks has pointed out that the free energy of binding a 
single compound AB to a protein is not the algebraic sum of free 
energy of binding of the isolated components A and B (Jencks, 
1981). The difference between the summation of the free energy 
of binding A and B and the composite molecule AB, is the 
interaction energy. The interaction energy has several compo
nents, some of which contribute favorably to binding, some of 
which contribute unfavorably. The most well known of these is 
the chelate effect, that is, the entropy penalty paid by binding AB 
(loss of translational and rotational degrees of freedom) is less 
than binding A and B (Page and Jencks, 1971). The chelate effect 
always contributes favorably to the binding energy. The chelating 
disaccharide (P-GlcNAc-(l—t-2)-Man) fails to increase the affin
ity for the protein over the simple monosaccharide. We believe we 
have identified structural changes in the pentasaccharide and to 
the monosaccharide site that contribute to the interaction energy, 
decreasing the affinity of binding of the pentasaccharide.

Rotation of the l —r6 arm ^-GlcNAc-(l—r2)-Man 
glycosidic linkage
We have identified a large rotation (-50°) in the glycosidic linkage 
PSI torsion angle from that seen in free solution. The dynamics 
observed for this linkage in free solution suggest it is a relatively 
rigid conformation (Homans, 1995). The energy surface for two 
glycosidic angles in the simple disaccharide (PHI and PSI) 
P-GlcNAc-(l—»-2)-Man has been calculated (Imberty et al, 1991). 
While the energetics of the simple disaccharide will be different 
from the pentasaccharide, it provides a reasonable approximation 
to the 1—>-6 arm (3-GlcNAc-( 1 —t-2)-Man linkage. Bourne etal, saw 
an alternative conformation for the P-GlcNAc-(l—f2)-Man link
age in their LOL I octasaccharide structure (Bourne et al, 1992). 
However, their observed glycosidic linkages were within ±30° of 
a second energetic minimum for this linkage. Plotting the 
glycosidic torsion angles we have observed on the energy surface 
suggests that the conformation we see is -3  kcalmoL^ above the 
global minimum and is remote from any other minimum. The 
crystal structure of the Se 155-4 antibody Fab fragment in complex 
with a-Gal-(1^2)- [a-Abe-(l -+3)]-Man, the a-Gal-( 1 -f2)-Man 
cp torsion angle is rotated by about 40° from the theoretical global 
energy minimum, about 3 kcalmoL^ above the minimum (Cygler 
et al, 1992). However, Cygler et al (1992) suggested that this 
conformation is favored by a hydrogen bond within the sugar 
molecule which was not predicted by theoretical calculations. We 
find no such “compensating” internal hydrogen bond to explain the 
rotation we observe. We have not found any other examples of the 
sugar conformation in the bound state being so energetically distant 
from the conformation seen or predicted for the uncomplexed 
sugar.
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T able IV . D ifferences among the Con A com plexes at the contacts at the 
carbohydrate binding sites

H-bonds Polar contacts" Van der Waals 
contacts

Pentasaccharide com plex’’

1—r6 arm GlcNAc 2 2 25

1— Ma n 6 2 44

Reducing Man 1 1 6

1-+3 Man 3 2 23

1—r3 arm GlcNAc 0 0 7

Trisaccharide complex

1—̂ M an 6 2 46

Reducing Man 1 I 8

1—̂ 3 Man 3 2 23

a-M an-O M e complex*’

a -M an -O M e 6 2 48

"Polar contacts are those within hydrogen bonding distance (< 3.5Â) which 
have geometry inconsistent with a  hydrogen bond. The sugar at the 
m onosaccharide site is shown in boldface type.
'^Averaged over the six well ordered sites in the pentasaccharide complex. 
cThe C and D subunits in this complex are distorted by protein sugar crystal 
contacts are not included in this com parison (Naismith e ta l., 1994).

Distortion of the monosaccharide site

A  comparison of the monosaccharide site in the pentasaccharide 
complex and the mannose complex is summarized in Table IV. 
Superimposing the 237 ca  protein atoms of the pentasaccharide 
and a-Man-OMe complexes give an r.m.s. deviation for the 13 
sugar atoms of 0.33Â. This distortion in the sugar position relative 
to the protein is centered around the 0 2  of the mannose residue 
which is P 1—1-2 linked to a GlcNAc residue in the pentasacchar
ide. Witliout this movement in the 02 position the GlcNAc 
residue would sterically clash (approaches < 2 .0Â) with residues 
Thr 222, Ser 168, and Gly 98. The presence of the P 1—»-2 linkage 
alters the main chain trace of the loop from Gly 98 to Tyr 100, 
centered at Leu 99 the average shift is 0.2Â. This region is one of 
the four loops that form the monosaccharide site. We note that 
while there is a reduction in the number of van der Waals contacts 
at the monosaccharide site, the number of hydrogen bonds 
remains the same (Table IV).

We hypothesize tliat the a-Man-OMe complex represents the 
energetic minimum of the monosaccharide site. We believe the 
combination of the distortions (discussed above) decrease the free 
energy liberated by the monosaccharide site lowering the overall 
affinity of the oligosaccharide for Con A. In short, we suggest 
these are structural manifestations of the interaction energy. We 
predict that the free energy liberated by the disaccharide 
P-GlcNAc-( 1 —k2)-Man (5.2 kcalmoL^) is considerably less than 
algebraic sum of the free energy liberated separately by GlcNAc 
and Man at their cognate sites. The AG® value for Man is 5.2 
kcalmoL^ and although the value GlcNAc is known (5.2 
kcalmoL*) it probably reflects binding at the monosaccharide 
site. Consequently, we have no reliable estimate for the energy 
liberated by GlcNAc at the 1 -+6 aim GlcNAc site. However, the 
extent of the contacts between the protein and sugai' suggests this

is not zero. Quantitation of the components of the interaction 
energy that are likely to include solvent reorganization is beyond 
our reach at present. However, the combination of calorimetry 
and structural work continues to generate a significant resource 
for theoretical approaches to oligosaccharide recognition

Materials and methods

Con A was obtained from Sigma (Poole, United Kingdom) and 
P-GlcNAc-( 1 —>-2)-a-Man-(l—t-3)-[p-GlcNAc-( 1 —>-2)-a-Man-( 1 
-4-6)1-Man was obtained from Dextra Laboratories (Reading, 
United Kingdom). Crystals of the protein carbohydrate complex 
were obtained from a sitting drop using a solution containing a 
30-fold excess of sugar over Con A (protein concentration 6 mg 
ml“*), 1 mM MnCl2, and ImM CaCl2- This was equilibrated 
against a reservoir buffered at pH 6.0 containing 15% polyethy
lene glycol 6K as the precipitant Data were recorded as 200 
nonoverlapping 20 min 1 ° oscillations. The data were processed 
and merged with DENZO and SCALEPACK (Otwinowski, 
1993). The space group was assigned as C2 witlr unit cell 
parameters a = 176.5Â, b = 122.8Â, c = 124.6Â, )3 = 134.2°. The 
asymmetric unit contains two tetramers; Matthew’s number 2.5 
DaÂ“ ,̂ -46% solvent. Data collection and reduction statistics are 
shown in Table V. The structure was determined by the moleculaj' 
replacement method as implemented in the CCP4 (CCP4, 1994) 
program AMORE (Navaza, 1994) using all data from 12Â to 
3.4A. The trimannoside Con A complex of Con A (PDB code 
ICVN) (Naismith and Field, 1996) was used as the search model 
(with all metal ions, sugar molecules, and water molecules 
removed. Strong difference electron density was observed for all 
metal ions and 32 of the 40 possible sugars, with weak density for 
6 but ambiguous density for 2. A number of changes in protein 
structure were made manually at this stage using “O” (Jones etal., 
1991). The metal ions were included in the model with zero 
electrostatic chaige and the sugar molecules included when the 
Fq-Fc map showed density sti'onger than 3a for all atoms in the 
sugai' residue. Further refinement proceeded smootlily by alter
nating cycles of automated X-PLOR (Brunger, 1992) refinement 
and manual intervention using “O”. The protein was refined with 
the Engh and Huber stereochemical parameter dictionaiy. 
Noncrystallographic restraints were applied throughout for both 
positional and B-factor refinement. Despite the limited resolution 
we did carry out restrained B-factor refinement because we had 
8-fold non-crystallographic symmetry and saw a clear (>4%) 
improvement in Rf,ee* All individual B-factors were reset to the 
overall average temperature factor after each manual interven
tion. Apai't from the 10% of measured data excluded to monitor 
refinement no cut-offs were applied to the data. A bulk solvent 
correction was included in the X-PLOR refinement with para
meters for solvent density 0.34e“Â~2, solvent radius 0.25 A and 
B factor 50 Â .̂ Electron density maps were calculated using 
SIGMAA (Read, 1986) modified coefficients with all data to 2.7 
Â and included the X-PLOR bulk solvent correction. Water 
molecules were added to the model in batches if they satisfied 
four criteria: they corresponded to a peak > 3.5a in the Fq-Fc map; 
they made hydrogen bonds with reasonable stereochemistry; they 
reappeared in at least 1 a  in subsequently calculated 2Fo-Fc maps 
and that a drop in the free R factor was observed. Statistics on the 
final model are shown in Table V. The coordinates and structure 
factors have been deposited with Protein Data Bank (Bernstein et 
ai, 1977) (entry codes ITEI and ITEISF).
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Table V. Crystallographic data collection statistics and refinem ent statistics

Unique reflections 53516

Completeness of data (%) (25.0 - 2.7Â /2.8-2.7Â ) 97.1/95.8

Rincrge (0  (%) (25.0 - 2.7Â /2.8-2.7Â )" 9.4/33.7

Average data redundancy (25.0 - 2.7Â /2.8-2.7Â ) 4.2/4.1

% of data > lo  (25.0 - 2.7Â /2.8-2.7Â ) 93/83

Refinement

Resolution range (A) 25-2 .7

Rfree (%)'’ 21.9

R factor (%) 17.9

Bond r.m.s. deviation (A)*’ 0.01

Angle r.m.s. deviation ('')*’ 1.746

Non-cr)'stallographic symmetry r.m.s. deviation (c a  atoms) (A) 0.12

B-factor bonded atoms r.m.s. deviation (A^)*’ 3.26

Ramachandran core/additional (%)^ 85.3/14.7

Protein mean B-factor (A") 29.1

Sugar mean B-factor (A-) 35.9

Solvent mean B (A°) 22.5

Num ber of protein atoms 14472

Num ber o f sugar atoms 496

Number o f solvent atoms 74

Number o f metal ions 16

’'k m e rg c (I)  ~  ^ h k l^ i  |l i  '  U h k l ) |Æ h i ; |Z j l j ( h k l ) .
’’Rfrct; is calculated on 10% o f data excluded during refinement.
‘-'r.m.s. deviation from Engh and Huber ideal values (Engh and Huber, 1991). 
‘'Core and additionally allowed regions as defined by PROCHECK 
(Laskowski et al., 1993). No residues are in the generously allowed or 
disallowed regions. All B-factor calculations exclude the 370 protein atoms 
(2.6%) and 21 sugar atoms (4.2%) (1—̂ 3 arm GlcNAc in F  and H subunits) 
which were stereochcmically modeled.
‘-’Calculated with M OLEM AN (G.J.Kleywegt, unpublished program). All 
stereochcmically modeled atoms were removed prior to B-factor analysis, all 
bonded atoms including those in the sugars are included in the calculation o f 
r.m.s. B-factor deviation for bonded atoms.
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Abstract
Crystals have been obtained of succinylated concanavalin A 
complexed to a novel bidentate synthetic ligand. The crystals 
are the first example of a lectin with a synthetic multivalent 
ligand and the first report of crystallization of succinylated 
concanavalin A. The crystals were obtained by sitting-drop 
vapour diffusion equilibrating with a solution of 20% 
polyethylene glycol, pH 5,293.5 K. Crystals are orthorhombic, 
belonging to space group C222j with unit-cell dimensions of 
a = 99.1,b= 127.4, c = 118.9 Â. The asymmetric unit contains a 
dimer, with over 65% of the volume occupied by water. The 
ligand cross links concanavalin A monomers. Succinylated 
concanavalin A is known to be a dimer in solution, yet it is 
found as the typical concanavalin A tetramer in the crystal. 
The contacts holding together the tetramer appear extensive 
and suggest that a fine balance between dimer and tetramers 
exists. Data to 2.65 A have been collected and the structure 
determined by the molecular replacement method.

disrupting or interfering with molecular recognition processes 
rather than being cytotoxic. Oligosaccharides are poor ther
apeutics, however, as they are too polar for satisfactory uptake. 
Monosaccharides, however, bind too weakly to be of value. 
One possible solution to this conundrum has been the use of 
polyvalent ligands. This is based on the observation that in 
nature many carbohydrate proteins appear to function as 
oligomers. Chemical synthesis has produced families of such 
multivalent ligands, which on the basis of agglutination assays 
appear to have dramatic results (Kanai et al., 1997; Sigal et al,
1996). Several structures are now known of lectins complexed 
to naturally occurring carbohydrates that cross link the protein 
in the crystalline phase (Bourne et al, 1994; Dessen et al, 1995; 
Wright, 1992; Wright & Hester, 1996). Important questions 
remain as to the thermodynamic basis of these polyvalent 
interactions (Roy, 1996; Toone, 1994). As part of a program to 
combine calorimetery, crystallography and chemical synthesis 
we report the crystallization and structure determination of the 
first synthetic multivalent ligand-lectin complex.

1. Introduction
Lectins comprise a varied family of sugar-binding proteins; 
they are found in all types of organisms. Plant lectins in 
particular have been of intense interest, because they exhibit 
exquisite specificity for oligosacccharides and unlike their 
mammalian counterparts are much more tractable to char
acterization by a broad range of biophysical techniques. Thus, 
these proteins, such as the lectin from Canavalia ensiformis, 
concanavalin A (con A), have served as models for more 
complex species (Rini, 1995). In contrast to the exquisite 
selectivity at the oligosaccharide level, the proteins are rela
tively promiscuous at the monosaccharide level, falling into 
two broad classes; mannose specific and galactose specific. The 
affinity of the lectin for monosaccharides is correspondingly 
lower, of the order /C = 1 x 10̂  M~^ compared with K„ -  
1 X 10̂  for oligosaccharides (Chervenak & Toone, 1995; 
Mandai et al, 1994; Toone, 1994). The advent of calorimetric 
data on lectin (especially con A) carbohydrate complexes and 
the realisation that ab initio modelling methods were failing to 
accurately model protein-carbohydrate interactions has rein
vigorated the structural study of lectin-carbohydrate 
complexes. A number of oligosaccharide-protein complexes 
have been determined (Rini, 1995), most recently the struc
tures of con A with its cognate trisaccharide and penta
saccharide (Naismith & Field, 1996; Moothoo & Naismith, 
1998).

Protein-saccharide interactions are appealing therapeutic 
targets in many diseases, particularly those involving infection 
and inappropriate immune response (Dwek, 1996). Ther
apeutics designed for this task would principally be aimed at

2. Crystallization and X-ray data collection
Succinylated con A was purchased from Sigma (Poole, UK). 
The synthesis of the bidentate ligand [l,3-di-(A-propyloxy-a- 
D-mannopyranosyl)-carbomyl 5-methylazido-benzene, Fig. 1] 
will be described elsewhere. Crystallization trials were 
performed by the means of the sitting-drop vapour-diffusion 
method (Ducruix & Giegé, 1992). A solution of succinylated 
con A (1.2 mM)/ligand (18 mM) was prepared in 20 mM Tris 
pH 7, 100 mM NaCl, 1 mM CaClg and 1 mM M11CI2 and 
equilibrated against 20% polyethylene glycol (M̂  = 6000), 
100 mM citric acid, pH 5 in sitting-drop trays (Charles Supper, 
USA) at 293.5 K. Small crystals of dimensions 0.1 x 0.2 x 
0.2 mm were initially obtained. Optimization of the ligand 
concentration (5 mM) yielded block-shaped crystals of up to
1.0 X 0.8 X 0.6 mm. Crystal growth was complete in 14 d. 12 
crystals were examined, mounted in a thin-walled glass capil-

PH
OH

HO
HO 0

OHN

Fig. 1. T he b ivalen t ligand  [l,3 -d i-(A -p ropy loxy-a-D -m annopyranosy l)- 
carbom yl 5 -m ethy lazido-benzene] w hich  cross links con A.
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lary, by exposure lo X-rays. The resolution limit varied from
2.65 to 3.5 Â. All diffraction data were collected at 293.5 K 
from a single crystal (0.6 x 0.5 x 0.3 mm) which diffracted to 
the highest resolution. Larger crystals did not give higher 
resolution data. All data were recorded on the Nonius/ 
MacSciencc DIP2000 dual image plate. X-rays were generated 
using a Enraf-Nonius FR951 rotating-anode generator and 
focused using the MacScience mirror system, through a 0.5 mm 
collimator. Data were collected as 92 non-overlapping 25 min 
I oscillations with a crystal-to-detector distance of 140 mm. 
The resolution limit of the data was 2.65 Â and no significant 
crystal decay was observed during data collection. The 
programs DENZO and SCALEPACK (Otwinowski, 1993) 
were used to process the data. Tire crystal was indexed in a 
centred orthorhombic space group with unit-cell dimensions 
a -  99.1, I) = 127.4, c = 118.9 Â. Analysis of diffraction data 
identified systematic absences consistent with space group 
C222,. A dimer of molecular mass 49 kDa, gives rise to a V„, 
(Matthews, 1968) of 3.8 Da"' and indicates a solvent 
content of over 65%. Tire data are 96% complete from 26 to
2.65 Â, with an R,„crg«; 7.2% with a redundancy of 2.2 and a 
total of 84% of possible data are greater than lo. For the Iiigh- 
resolution shell (2.75-2.65 A), the corresponding values are 
98% complete, R,ncrgc 20.2%, redundancy 2.2 and 83% greater 
than lo.

3. Structure solution
The structure was solved by molecular replacement, using 
AMoRe (Navaza, 1994) as implemented in the CCP4 package 
(Collaborative Computational Project, Number 4, 1994). The 
conventional con A dimer (monomers A and B) from the 
trimannoside complex of con A (ICVN) stripped of metals, 
waters and sugars was used as the search model. The rotation 
function found a single solution with a correlation coefficient 
of 0.28 and the translation function produced a final solution 
with a correlation coefficient of 0.84. A translation search in 
C222 gave no solution. In order to visualize the interaction of 
the ligand with each protein monomer, the asymmetric unit 
was redefined such that one monomer of the con A dimer 
(monomer A) was linked via the ligand to another monomer

monomer B

cross link

monomer C

monomer A

Fig. 2. llie conventional dimer of con A is formed by monomer A and 
monomer B, the ligand cross links monomer À to monomer C. 
Monomer C is related by the crystallographic transformation (5 — x, 
; — z+ \) to monomer B. The cross-linking ligand is shown a
straight line between the two sugar-binding sites.

(monomer C). Monomer C was generated by applying the 
symmetry transformation ( 5  ~ x ,  \ — y, Z  + 5 )  to monomer B 
(Fig. 2). Other crystallographic operators generate the ‘typical’ 
con A tetramer. The initial free R factor was 38% to 2.65 Â. 
Rigid-body refinement of the monomers gave a free R factor of 
30%. Clear density is visible for the metal ions and ligand. The 
ligand is currently being built into this electron density and a 
stereochemical dictionary constructed. Once the ligand has 
been built into density, refinement will recommence. A fully 
refined structure will be reported elsewhere.

That succinylated con A is found as a tetramer in this 
crystal is puzzling; the electron density shows evidence of 
succinylation on two lysine residues. Dimerization of the 
dimers occludes 4300 A  ̂ of surface area which compares to 
5200 for native con A (Deacon et al, 1997; Reeke et al, 
1975) and 4800 for the mannose con A complex (Naismith 
et al , 1994). There are 120 protein-protein contacts less than
4.0 A between the two dimers in this structure, compared with 
260 for the native and 160 for the mannose complex. Although 
this tetramer is clearly less tightly packed than the other two, 
by a standard set of standard crystallographers’ criteria (buried 
surface area and contacts) one would identify the protein to be 
a functional tetramer. However, solution studies show unam
biguously that succinylated con A is a dimer (Gunther et al, 
1973). It appears that the energy barrier between dimers and 
tetramers for succinylated con A is small enough that crystal- 
packing forces can drive formation of the tetramer. We feel 
this result poses an interesting test for those who wish to devise 
automatic methods of identifying protein oligomerization state 
from static crystal structures.

JHN acknowledges BBSRC support (B08307) and we thank 
John Helliwell for encouragement.
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Abstract
A  small grid of conditions has been developed for co- 
crystallization of the plant lectin concanavalin A  (conA) and 
polysaccharides. Crystals have been obtained of complexes of 
conA with «1-2 mannobiose, 1-methyl a l-2  mannobiose, 
fructose, a trisaccharide and a pentasaccharide. The crystals 
diffract to resolutions of 1.75-2.7 Â  using a copper rotating- 
anode source. The crystals are grown in the presence of 
polyethylene glycol 6K [10-20% (w/v)] at arotmd pH  6.0. 
Optimization for each particular carbohydrate requires small 
adjustments in the conditions; however, all complexes give 
some crystalline precipitate in this limited grid. The a l-2  
mannobiose complex crystals diffract to 1.75 A  with space 
group 1222 and cell dimensions a = 91.7, b = 86.8, c = 66.6 Â. 
One monomer is present in the asymmetric unit. The 1-methyl 
a l-2  mannobioside complex crystallizes in space group 
P2i2i2i, cell dimensions a = 119.7, b = 119.7, c = 68.9 A  and 
diffract to 2.75 Â. One tetram er is present in the asymmetric 
unit. Two crystal forms of the conA-fnictose complex have 
been obtained. The first has space group P2i2i2i, cell 
dimensions a = 121.7, b = 119.9, c = 67.3 A  with a tetram er in 
asymmetric unit and diffracts to 2.6 Â. The second crystallizes 
in spacegroup C222i, cell dimensions a = 103.3, b = 117.9, 
c = 254.3 Â  with two dimers in the asymmetric unit and 
diffracts to 2.42 A. Structures and crystallization of the 
trisaccharide-conA and pentasaccharide-conA complexes 
have already been reported. In all complexes, the protein is 
found as tetramer, although varying combinations of non
crystallographic and crystallographic symmetry are involved in 
generating the tetramer. The precise packing of the tetramer 
varies from crystal to crystal and it is likely that this variability 
facilitates crystallization.

1. Introduction
Protein-carbohydrate interactions are ubiquitous in biology 
and are important in inflammation, immune response and 
infection (Dwek, 1996; Ni & Tizard, 1996; Lowe & Ward,
1997). As such, these interactions are clear targets for ther
apeutic intervention. Current modelling approaches are 
unsatisfactory for protein-carbohydrate complexes. Under
standing the basis of protein specificity for oligosaccharides 
not only has application in designing appropriate force fields 
for modelling, but is also of considerable intellectual interest. 
This knowledge can only be obtained by probing the contri
butions of surface area, hydrogen bonding, van der Waals 
interactions, sugar conformation and solvent reorganization to 
binding energy. This requires thermodynamic and structural 
characterization of a wide range of protein-carbohydrate 
complexes. Chemical synthesis of novel sugars serves to extend 
the range of carbohydrates beyond naturally occurring sugars 
and to test specific hypotheses. If crystallography is to provide

valuable information, it must be able to do so quickly and 
reliably. We have chosen to work with the plant lectin, 
concanavalin A (conA). The protein has several advantages 
for a study of protein-carbohydrate interactions: it is readily 
available and possesses an increasingly well characterized 
specificity for oligosaccharides.

Although conA was crystallized in a form suited to X-ray 
diffraction in the 1970s (Hardman & Ainsworth, 1972) well 
diffracting crystals of conA in complex with a sugar proved 
elusive and were not reported until the conA-glucose complex 
in 1987 (Yariv et ai, 1987). This was followed in 1989 by the 
structure of conA complexed with a-D-mannopyranoside 
(Derewenda et al., 1989). These two complexes were obtained 
under very different crystallization conditions and the delay 
between native and complex crystallization reflects the diffi
culty in obtaining co-crystals. Soaking of the protein crystals in 
carbohydrate-containing solution results in crystal disruption. 
The mannose-conA complex unambiguously identified the 
binding site and the interactions involved in monosaccharide 
recognition by the protein. This work has been developed by 
higher resolution studies of the mannose and glucose 
complexes (Naismith et al., 1994; Harrop et a l, 1996). The 
lectin itself has now been studied at atomic resolution (Deacon 
et al., 1997).

Whereas the monosaccharides (glucose and mannose) are 
bound weakly (Ka = 0.82 x 10“* M~^) by conA, oligosacchar
ides are bound more strongly (Kg up to 1.41 x  10® M~^ for the 
pentasaccharide; Mandai et al., 1994; Toone, 1994; Chervenak 
& Toone, 1995) and are specific to a particular lectin. Struc
tures of the cognate trisaccharide and pentasaccharide 
complexes of conA have been reported (Loris et al., 1996; 
Naismith & Field, 1996; M oothoo & Naismith, 1998). These 
studies highlighted the extended nature of the binding site and 
the role of a single structurally conserved water. The penta
saccharide structure showed that conA is capable of significant 
distortion of carbohydrate conformation. Relating these 
observations to the thermodynamic data obtained by calori
metry is the crux of developing a rational understanding of 
protein-carbohydrate interactions.

We now report a general method for obtaining carbohydrate 
complexes of conA and describe the preliminary X-ray char
acterization of these complexes. This method will allow rapid 
X-ray analysis and thus allow us to relate structural results to 
thermodynamic data.

2. Crystallization and data collection
Concanavalin A and fructose were obtained from Sigma 
(Poole, UK), a l-2  mannobiose was obtained from Dextra 
Laboratories (Reading, UK) and 1-methyl a l - 2  mannobioside 
was synthesized at the University of St. Andrews. The general
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protocol for crystallization and structure determination of the 
complexes follows.

Solutions were made up containing 0.6 mM conA, 18 mM 
oligosaccharide, 1 mM MnCL, 1 mM CaCL, 20 mM Tris pH 7.0 
and 50 mM NaCl. An equal volume of this solution was mixed 
with the reservoir solution and the resulting mixture was 
equilibrated against the reservoir solution at 293.5 K.

Tlie reservoir grid consists of 10, 15, 20 and 25% poly
ethylene glycol (PEG) 6 K, pH  4,0, 5.0, 6.0, 7.0 and 8.0. This 
grid is repeated in the presence of 1.0 M Li Cl. Optimization of 
PEG 6K concentration, pH and sugar concentration then 
follows. D ata were collected on a Nonius DIP2000 fromcrys- 
tals sealed in glass capillaries with a small amount of the 
mother liquor. D ata were processed and merged using 
D EN ZO  and SC A LE P A C K  (Otwinowski, 1993). Structures 
were determined using the molecular-replacement procedure 
AM oRe  (Navaza, 1994) as implemented in the CCP4 suite 
(Collaborative Computational Project, Number 4,1994).

Details are given below for crystallization and structure 
determination for each complex currently being studied. In the 
absence of carbohydrate, native conA crystallizes under these 
conditions. The trimannoside and pentasaccharide complexes, 
which have already been published (Naismith & Field, 1996; 
Moothoo & Naismith, 1998), are not discussed here but were 
obtained in an analogous manner.

2.1. a l-2  Mannobiose
Crystals were obtained with a reservoir containing 10% 

PEG  6K and 0.1 M  citric acid pH 5.0. Crystals which grew in 
one week were prone to cracking, whilst slower growing 
crystals, which took up to two weeks to grow, were less prone 
to cracking. D ata were collected from a crystal of dimensions 
1.2 X 1.0 X 0.8 mm which diffracted to a resolution of 1.75 Â. 
D ata were recorded as 141 non-overlapping 25 min 0.75“ 
oscillations. A  second low-resolution data-coUection pass 
enabled low-resolution data which was obscured by the 
backstop to be collected. The data were processed and merged 
in an /-centred orthorhombic lattice with unit-cell dimensions 
a = 91.7, b = 86.8, c = 66.6 Â  and gave an Rmerge of 6.1%, an 
average Ha of 11.3, a completeness of 95% and a multiplicity of 
3.9. The highest resolution shell (1.81-1.75 Â) has an i?n,erge of 
23.9%, a completeness of 80% and a multiplicity of 2.8. The 
asymmetric unit contains one monomer with a Matthews’ 
number of 2.59 D a (Matthews, 1968). Molecular-replace
ment calculations confirmed the space group as 7222. In the 
first difference Fourier maps, electron density was visible for 
the carbohydrate. The structure is being refined to 1.75 Â; this, 
and a comparison to the atomic resolution native structure 
(Deacon et a i,  1997), will be reported elsewhere.

“2 .2 .1-Methyl a l-2  mannobioside
Crystals were obtained with a  reservoir containing 13.5% 

PEG  6K, 1.0 M LiCI and 0.1 M Tris pH  7.0. The crystals were 
elongated rods and varied considerably in size. Some crystals 
grew as hollow rods. The crystals took 2-4 weeks to grow and a 
crystal with dimensions 0.5 x  0.2 x  0.2 mm was used for X-ray 
analysis. D ata to 2.75 Â  were recorded as 190 non-overlapp ng 
32 min 0.8“ oscillations. Autoindexing with D EN ZO  sugge ted 
two different lattice types: primitive tetragonal and prim live 
orthorhombic. D ata were integrated in both lattices. Frames 1- 
30 showed a high R  factor and low {Ha) compared with the 
remaining data. Inspection of the images showed that the cell

contracted ~1 À along the c  dimension during the first 30° of 
data collection, after which the cell ceased to contract. The 
diffraction intensity increased as the cell decreased. Frames 1 - 
30 were excluded from all further analysis. Merging the data in 
Laue groups 4/m, 4/mmm and 2/mmm gave Rmcrgc values of 
47.4, 50.8 and 10.1%, repectively. The space group was 
assigned as P2i2i2i (on the basis of systematic absences) with 
unit-cell parameters a  = 119.7, b  = 119.7, c = 68.9 A  to give an 
/Emerge ° f  10.1 %, an average Ha of 8.9, a multiplicity of 3.29 and 
a completeness of 99.7%. The highest resolution shell (2.85- 
2.75 Â) has an Rmergo of 29.0%, 99.5% completeness and a 
multiplicity of 4.9. The asymmetric unit contains one tetramer 
and approximately 49% solvent. Molecular-replacement 
calculations confirm the space group and density for the sugar 
is visible in preliminary maps. Refinement of the complex is 
proceeding and will be reported elsewhere.

2.3. F ructose

Crystals were obtained from a protein solution containing 
30 mM fructose equilibrated against a reservoir containing 
20% PEG 6K and 0.1 M HEPES pH 6.5. D ata were collected 
from one crystal of dimensions 0.5 x  0.3 x  0.2 mm as 90 non
overlapping 25 minute 1.0“ oscillations to a resolution of 2.6 Â. 
Autoindexing suggested a primitive orthorhombic lattice. On 
the basis of systematic absences the space group was assigned 
as P2i2i2i, with cell dimensions a  = 121.7, b  = 119.9 and 
c = 67.3 Â. Merging the data gave an Rmergo of 11%, a 
completeness of 83.7%, an average Ha of 7.1 and a multiplicity 
of 3.7. The highest resolution shell (2.69-2.60 Â) has an Rmcrge 
of 29.1%, a completeness of 62,8% and a multiplicity of 2.3. 
The asymmetric unit contains one tetram er with a Matthews’ 
number of 2.41 D a Â “  ̂ (Matthews, 1968). Molecular-replace
ment calculations confirm the space group. Electron density is 
visible for the sugar in one subunit. Refinement is proceeding 
and details will be reported elsewhere.

Crystals of a second conA-fructose complex were obtained 
from a protein solution containing 40 mM fructose equili
brated against 10% PEG 6K and 0.1 M  HEPES pH 7.0 in a 
hanging drop. Large crystals (0.8 mm^) were obtained after 
2 weeks and diffracted to 2.42 Â. D ata were collected as 135 
non-overlapping 20 min 0.8“ oscillations. Fig. 2 shows one 0.8“ 
oscillation image of this data. Autoindexing with this data 
suggested a C orthorhombic lattice with unit-cell parameters 
a = 103.3, b  = 117.9, c = 254.3 Â. The data merged with an 
Rmerge 8.1%, a Completeness of 97.2%, an average Ha of 8.3 
and a multiplicity of 4.7. The highest resolution shell (2.51- 
2.42 Â) has an Rmergc of 27.5%, a completeness of 87% and a 
multiplicity of 2.9. The asymmetric unit contains two dimers, 
approximately 67% solvent. Molecular-replacement calcula
tions using a dimer as the search model gave two solutions in 
space group C222i. Electron density is visible for the 
saccharide in the binding sites. Refinement of this structure is 
ongoing and will be reported elsewhere.

3. Discussion
A  general protocol involving optimization of a narrow range of 
parameters for the crystallization of conA-saccharide 
complexes has been used to obtain several structures of these 
complexes. The protein is consistently found as a tetramer. The 
sugar always binds at a region of crystal contacts and leads to a 
variation in the crystal packing. We hypothesize that it is this
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flexibility which leads to the ease of crystallization of conA 
with oligosaccharides of varying sizes. Tlie combination of 
current thermodynamic studies with the information gained 
from the rapid structure determination of these complexes 
provide a powerful insight into the factors which govern 
protein-carbohydrate interactions.

Fig. 1. (a) a l-2  M annobiose, R  =  H, M e. (b) Fructose, (c) Thejcore o f 
the N-Iinked glycan found on mammalian ceil surfaces: The 
pentasaccharide is shown in bold.

R g, 2. Section o f  a 0.8° oscillation diffraction pattern from a C222i 
crystal o f  the conA -fructose com plex. D ue to the long c  cell edge  
(254.3 Â ) the spots are close together.

We thank Rob Field for synthesizing 1-methyl a l-2  
mannobiose. The research is supported by the BBSRC 
(B08307).
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