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The complex between concanavalin A (Con A) and a1-2 mannobiose
(mannose a1-2 mannose) has been re®ned to 1.2 AÊ resolution. This is the
highest resolution structure reported for any sugar-lectin complex. As the
native structure of Con A to 0.94 AÊ resolution is already in the database,
this gives us a unique opportunity to examine sugar-protein binding at
high resolution. These data have allowed us to model a number of
hydrogen atoms involved in the binding of the sugar to Con A, using the
difference density map to place the hydrogen atoms. This map reveals
the presence of the protonated form of Asp208 involved in binding.
Asp208 is not protonated in the 0.94 AÊ native structure. Our results
clearly show that this residue is protonated and hydrogen bonds to the
sugar. The structure accounts for the higher af®nity of the a1-2 linked
sugar when compared to other disaccharides. This structure identi®es
different interactions to those predicted by previous modelling studies.
We believe that the additional data presented here will enable signi®cant
improvements to be made to the sugar-protein modelling algorithms.
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Introduction

The interactions between proteins and oligosac-
charides play important roles in a number of bio-
logical processes, including cell differentiation, the
immune response, neuronal development and
infection. Understanding the speci®c ways in
which proteins recognize, and differentiate
between their carbohydrate ligands is critical to the
understanding of how these systems function and
to rationally design biologically active saccharide
analogues.

Plant lectins are a group of highly homologous
proteins, and although their function is unknown,
their interaction with saccharides has proved to be
a valuable source of fundamental information.
These proteins bind monosaccharides with a rela-
tively low af®nity (Ka � 1 � 103 Mÿ1), but bind
oligosaccharides much more tightly (Ka � 1 � 106

Mÿ1). The interest in these lectins stems from their
high degree of speci®city for complex
ing author:

anavalin A; Man-(a1-
t-mean-square.
oligosaccharides,1 allowing them to serve as useful
model systems for therapeutically relevant sys-
tems.

Concanavalin A (Con A) from jack bean (Canava-
lia ensiformis) is the most extensively studied mem-
ber of the lectin family, with a wealth of structural
and thermodynamic data already published.1 ± 10

There are also several reports of modelling studies
on the Con A-oligosaccharide interaction.11 ± 13

Extensive thermodynamic studies have delineated
the poly- and monosaccharide speci®cities for Con
A.5 A trisaccharide (a-Man-(1-3)-[a-Man-(1-6)]-
Man) is central to the binding speci®city for Con
A.4 A pentasaccharide (b-GlcNAc-(1-2)-a-Man-
(1-3)-[b-GlcNAc-(1-2)-a-Man-(1-6)]-Man ) appears
to be the largest sugar speci®cally recognized. The
structures of both the tri- and penta-complexes of
Con A have been determined,4,6 these show that
the a1-6Man sits at the so-called monosaccharide
binding site. The other two mannose residues span
an extended trisaccharide ``core'' binding site. The
central sugar sits in the reducing sugar site while
the a1-3-linked mannose sits in the a1-3Man site.4,6

The studies highlighted the role of a water mol-
ecule (denoted the ``structural water'') in anchoring
the reducing sugar to the protein.4
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The tri- (and penta-) saccharide can be visually
decomposed into disaccharide units. Thermodyn-
amic studies show, however, that all of the poss-
ible disaccharides bind with approximately the
same af®nity as the Man-aOMe.5 The crystal struc-
ture of the Man-(a1-6)Man(a1-O)Me2 shows that as
expected, the (methylated) reducing sugar binds in
the same manner as the reducing sugar in the tri-
saccharide complex. However, as pointed out for
the trisaccharide complex, the reducing sugar
makes few direct interactions with the protein and
pays a high entropy penalty in freezing the a1-6
linkage. Interestingly, Man-(a1-3)Man(a1-O)Me
binds its non-reducing sugar in the monosacchar-
ide site (as does Man-(a1-6)Man(a1-O)Me),2 not in
the a1-3Man site as would be predicted from the
trisaccharide structure, con®rming that it is the
monosaccharide site which dominates binding
energetics. In the survey of disaccharides, the a1-2
linked sugar stands out as having higher af®nity
(three to ®ve times) than any other disaccharide.5

In particular, Man-(a1-2)Man(a1-O)Me is particu-
larly well recognised.

In the Man-(a1-2)Man(a1-O)Me-Con A complex;7

the disaccharide adopts two different modes for
binding to the protein, as predicted by Williams
et al.14,15 The two modes differ with respect to
which sugar moiety binds to the monosaccharide
binding site, one with the non-reducing sugar in
the monosaccharide binding site and one with the
reducing sugar in the monosaccharide binding
site.7

A listing of this increasing wealth of knowledge
on lectin-carbohydrate interactions is available at
the Lectin Database (Bettler, Loris & Imberty,
http://www.cermav.cnrs.fr/databank/lectin/).
The importance of high resolution in determining
protein carbohydrate complexes is evident, the
requirement for precise distance and spatial
arrangements of atoms is important if accurate
theoretical models are to be developed. Lectins are
in a powerful position to lend themselves to para-
meterization of protein-carbohydrate interactions.
As pointed out in a recent review,16 the galactose
and mannose/glucose binding proteins are the
only group which have suf®cient structural infor-
mation available to begin to identify common rec-
ognition features. Identifying changes in protein
conformation brought about by carbohydrate rec-
ognition is vital if proper assessments of the forces
governing recognition are to be quanti®ed. For lec-
tins in general and Con A in particular this has
been complicated as the complexes are co-crystals
and the binding sites are almost always at points
of crystal contact. This has made deconvoluting the
changes wrought by binding and those as a result
of crystal contacts problematic. In addition, subtle
changes require accurate structures to be properly
identi®ed, thus both native and complex must be
at high resolution.

This paper describes the structure of Con A com-
plexed with a1-2 mannobiose (Man-(a1-2)Man) to
1.2 AÊ resolution. This is one of only two protein-
sugar complexes determined to this high
resolution17 and the only lectin-carbohydrate com-
plex. Fortuitously, the complex crystallizes in the
same space group, with a very similar crystal pack-
ing arrangement and similar cell dimensions to the
0.94 AÊ native structure.18 This has allowed us to
examine changes in the protein structure and
water structure surrounding the binding site in
detail. The structure of the complex reveals how
the protein utilizes the same residues to speci®cally
recognize the a1-2 linkage as it uses to recognize
the a1-6 linkage. Using electron density, we have,
for the ®rst time experimentally, identi®ed many
of the hydrogen atoms involved in forming hydro-
gen bonds between the lectin and the carbohydrate
in an attempt to add this information to modelling
parameters. The structure explains the higher af®-
nity of this disaccharide.

Results and Discussion

Overall structure

The protein fold, with or without saccharide
bound, remains the same.3,8,19,20 The Man-(a1-
2)Man-Con A complex crystallizes in the same
space group as the native structure, and has
dimensions a � 90.9 AÊ , b � 86.4 AÊ , c � 65.4 AÊ ; (cf.
native: a � 89.6 AÊ , b � 86.5 AÊ , c � 62.1 AÊ ). The
regions of poor density (the N-terminal residue,
and the surface loops at residues 118-122, 149-151,
160-163) are consistent with the disordered regions
in previous Con A structures.2 ± 4,6 ± 9,18 ± 22 Eleven
residues (Ile27, His51, Arg60, Val64, Ser72, Ser96,
Ser113, Ser117, Met129 Leu198 and Arg228) were
modelled in two conformations. In addition, the
side-chain Lys135 was stereochemically modelled
and set to zero occupancy during re®nement, as it
was not located in the electron density. The disac-
charide molecule was located in well-de®ned den-
sity prior to inclusion in the re®nement. A total of
259 water molecules were located, including the
``structural'' water ®rst described by Naismith &
Field,4 and later seen in the Man-(a1-2)Man(a1-
O)Me, Man-(a1-3)Man(a1-O)Me, and Man-(a1-
6)Man(a1-O)Me structures.2,7 The peptide bond
between Ala207 and Asp208 is in the unusual cis
conformation in agreement with the previous Con
A structures. In the ®nal model, 86.8 % of residues
are in the most favoured regions and the remain-
ing 13.2 % in additionally allowed regions.

Effect of sugar binding: water structure

When making a comparison of the water struc-
ture between the Con A structures, it should be
noted that the number of water molecules
observed in each structure is highly dependent on
temperature and the resolution of the structure.
Thus, 319 water molecules were included in the
®nal model of the 0.94 AÊ native cryostructure,18

170 more than were included in the earlier 1.6 AÊ

native room temperature structure.21
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The disaccharide molecule displaces a total of six
water molecules from the binding site. One of
these (Wat314 from pdb ®le 1NLS) is displaced by
the 1.4 AÊ movement of Wat279 into the position
occupied by the ``structural water''. Three of the
remaining ®ve displaced water molecules (252, 269
and 264, respectively) correspond with the pos-
itions of O4, O5 and O6 of the non-reducing sugar
and were observed in the lower resolution studies.
The ®fth displaced water molecule (Wat375) sits
close to the position of C6 of the non-reducing
sugar. The sixth displaced water (Wat348) sits
1.5 AÊ from the position of C1 of the reducing
sugar. An additional water molecule is partially
occupied in the active site depending on the move-
ment of the Arg228 side-chain. This additional
water molecule makes a hydrogen bond with the
``structural water'' and Arg228 in one confor-
mation, linking the reducing sugar to the protein
through this network. When Arg228 is in its
second conformation, a hydrogen bond is formed
between Arg228 and the sugar directly, displacing
the water.
Figure 1. Schematic representation of binding of Man-(a1
The two conformations for Arg228 (see text and Figure 2)
(Alt). Figure generated using LIGPLOT.36
Binding of aaa1-2 mannobiose

The monosaccharide-binding site is formed by
residues 12-14, 98-100, 207-208 and 227-228 as
described, previously.3,8 The non-reducing man-
nose of the Man-(a1-2)Man complex binds in the
monosaccharide site making a total of six hydro-
gen bonds (Figure 1), 44 van der Waals interactions
and ten polar contacts with the protein, the alter-
nate conformation of Arg228 increases the van der
Waals interactions to 45 and the polar contacts to
12, with additional hydrogen bonds to water mol-
ecules (from O2) and to a symmetry related mol-
ecule (from O3).

The reducing sugar sits in an extended binding
site formed by Tyr12, Asp16 and Arg228, ®rst
identi®ed from the trisaccharide complex4

(Figure 1). This sugar residue makes two hydrogen
bonds (from O6), four van der Waals (including
two from the alternate Arg228 conformation), and
four polar contacts (including two from Arg228).
The binding site is surrounded by crystal contacts,
the closest being 2.65 AÊ from O1 of the reducing
-2)Man to Con A. Structural water4 labelled as Wat30.
are displayed, with the second conformation designated



Table 1. Dihedral angles around the inter-sugar glycosi-
dic linkage of Man-(a1-2)Man and Man-(a1-2)Man
(a1-O)Me

fa ca

Man-(a1-2)Man complex 72 ÿ150
Man-(a1-2)Man isolated crystal22 65 ÿ106
Man-(a1-2)Man relaxed residue model24 79 ÿ145
Man-(a1-2)Man protein-ligand model13 143 ÿ93
Man-(a1-2)Man(a1-O)Me-NMR (major

conformation)23
60 ÿ150

Man-(a1-2)Man(a1-O)Me:D subunit7 70 ÿ147

a f is O-5:C-1:O-X:C-X, c is C-1:O-X:C-X:C-(X-1) (IUPAC
convention).
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sugar to Ser184. The loop at Ser185 from a sym-
metry related molecule occupies the a1-3Man site.

The reducing mannose makes hydrogen bonds
with Asp16 and a number of water molecules,
including the ``structural water'' (Figure 1). How-
ever, the Asp228 residue that binds to this water in
the other dimannose structures is apparently in
two conformations in the Man-(a1-2)Man structure
(Figure 2). One conformation has the Arg228 side-
chain in a position where the side-chain makes
hydrogen bonds to the O6 of the reducing sugar
and to Asp16, rather than the ``structural water''.
The second conformation has Arg228 shifted away
from the ligand-binding site, making a hydrogen
bond to a symmetry related molecule and an
additional water molecule is recruited into ligand
binding. Additional hydrogen bonds are made
from O4 and O1 of the reducing sugar to sym-
metry related molecules.

Water molecules bind to the dimannose through
O2 of the non-reducing sugar and O3, O4 and O5
of the reducing sugar (Figure 1). Two of these
water molecules play an important role in ligand
binding; the water molecule bound to O5 of the
reducing sugar is the ``structural water'' and
makes hydrogen bonds to Asp16 and Asn14,
whereas one of the two water molecules bonded to
O2 of the non-reducing sugar makes a further
hydrogen bond to Thr226. The remaining water
molecules bind either to other water molecules or
to symmetry related protein molecules.

Formation of the a1-2 mannobiose-Con A com-
plex buries 148 AÊ 2 of protein surface area (an
additional 47 AÊ 2 of protein surface buried if
Arg228 adopts its second conformation) and
Figure 2. Stereo view of ®nal 2Fo ÿ Fc map showing the
was modelled at 2 r.m.s. Oxygen atoms are coloured red,
atoms grey. All molecular representations generated usi
(L. Esser & J. Deisenhofer, unpublished data) and POV-RayT
297 AÊ 2 (315 AÊ 2 for second Arg228 conformation) of
sugar surface area, composed of 207(215) AÊ 2 from
the non-reducing sugar and 90(100) AÊ 2 of the redu-
cing sugar. The f, c glycosidic linkage confor-
mation angles (Table 1) of the disaccharide in this
structure are close to those observed in the isolated
crystal structure,22 the solution structure of Man-
(a1-2)Man(a1-O)Me23 and as calculated by the
relaxed residue approach with MM3 software.24

The conformation lies in an energy minimum.24,25

These values are also very similar to values
reported for the Man-(a1-2)Man(a1-O)Me-Con A
crystal structure7 (Table 1). The location of the non-
reducing sugar in the principal binding site mirrors
the arrangement found in only one subunit of the
Man-(a1-2)Man(a1-O)Me complex (Figure 3). As
noted in the Introduction, the Man-(a1-2)Man(a1-
alternate conformations adopted by Arg228. The density
nitrogen atoms blue, sulphur atoms yellow and carbon
ng BOBSCRIPT37 utilizing the GL_RENDER interface
M.



Table 2. Hydrogen bonds made by the second sugar in dimannose structures

Structure Sugar hydroxyl Protein residue Distance

Man-(a1-2)Man(a1-O)Me (A)a O6 Tyr-12 OH 3.0
Man-(a1-2)Man(a1-O)Me (D)a O3 Thr-226 OG1 3.3

O4 Ser-168 OG 3.3
Man-(a1-3)Man(a1-O)Meb None
Man-(a1-6)Man(a1-O)Meb O4 Tyr-12 OH 2.7

a The second sugar is found in two conformations; from Moothoo et al.7
b From Bouckaert et al.2
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O)Me is unique in that two binding modes are
clearly observed.7

Structural basis of affinity for the 1-2
linked disaccharide

The thermodynamics of Con A binding to
dimannose sugars has been reported.5 The Ka

value observed for the association between Con A-
Man-(a1-2)Man displays a ®vefold increase over
MeMan and a threefold increase over Man-(a1-
3)Man and Man-(a1-6)Man disaccharides. Man-
(a1-2)Man(a1-O)Me binds with a 3.4-fold higher
af®nity than its non-methylated counterpart.

The Man-(a1-2)Man buries a larger accessible
surface area (297 or 315 AÊ 2 depending on Arg228
conformation) than the Man-(a1-6)Man(a1-O)Me
(290 AÊ 2) or Man-(a1-3)Man(a1-O)Me (276 AÊ 2) and
makes a different hydrogen-bonding network than
the other dimannose sugars (Figure 1 and Table 2).
The additional hydrogen bonds compared to the
Man-(a1-3)Man(a1-O)Me and Man-(a1-6)Man(a1-
O)Me as well as the greater buried surface area are
consistent with Man-(a1-2)Man binding with high-
er af®nity than either the Man-(a1-3)Man(a1-O)Me
or Man-(a1-6)Man(a1-O)Me dimannose.5

The 3.4-fold greater af®nity displayed by Man-
(a1-2)Man(a1-O)Me may be partially accounted for
by the greater accessible surface area buried by the
Figure 3. Stereo-view of superimposed disaccharides from
subunit A (red) and subunit D (green) and the disaccharid
M2 M), showing the different orientation of the binding of th
Man-(a1-2)Man(a1-O)Me complex compared with
the Man-(a1-2)Man complex. However, methyl-
ation of the reducing sugar does not cause such an
increase for any other disaccharide. This suggests
that in the Man-(a1-2)Man(a1-O)Me complex an
additional binding contribution arises from the
existence of two mutually exclusive binding mod-
es.7 We see no evidence of disorder in the a1-2
complex reported here; however, crystallization is
a kinetic process and an equilibrium between the
two binding modes (seen in the Man-(a1-
2)Man(a1-O)Me structure7) may exist in solution.
The absence of two binding modes provides a
simple explanation for the higher af®nity of the
Man-(a1-2)Man(a1-O)Me complex compared to
Man-(a1-2)Man.

Hydrogen bonding patterns

Hydrogen atoms involved in the sugar-Con A
interaction were modelled into the structure by
removing them from the anisotropic re®nement
calculations and calculating a Fo ÿ Fc map. The
hydrogen atoms were removed from all of the
hydroxyl hydrogen atoms of the dimannose, and
the appropriate hydrogen atoms from residues
Tyr12, Asn14, Leu99, Tyr100, Asp208, Thr226 and
Arg228, a number of which (Tyr OH groups, Thr
OH, Asn side-chain NH, Arg side-chain NHs),
Man-(a1-2)Man(a1-O)Me7 (labelled as M2Mme), both
e from the Man-(a1-2)Man structure (blue) (labelled as
e three ligands.



Figure 4. Difference electron den-
sity maps for various residues
showing the likely positions of the
hydrogen atoms. (a) Density at
Leu99, showing density for hydro-
gen bonds between protein and
sugar. (b) Density at Asp208
suggesting that the residue is in the
protonated form. Hydrogen atoms
are coloured purple, all other
atoms coloured as for Figure 2.
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were not included in the anisotropic re®nement
protocol. The hydrogen atoms were modelled into
electron density (Figure 4(a) and (b)) and Table 3
summarizes the angles and distances of the hydro-
gen atoms to their bonded partner and to their
putative hydrogen bond partner. The expected
angles for hydrogen bonds (C(donor)-donor-H) for
side-chains and main-chains have been taken from
Baker et al.26). The hydroxyl groups of the sugar
groups have been assumed to have a similar angle
to those found for Ser-OH groups (118(�16) �26).
All of the donor-H angles in Table 3 satisfy these
criteria. The optimum angle between donor-H-
acceptor is 180 �. Deviations from the expected
donor-H-acceptor angle of 180 � are due to the con-
straints imposed by the arrangement of atoms
within a structure.

The hydrogen atoms from Man101 O4, Man102
O3, Tyr12 and Asn14 were not located. Those from
Tyr12 and Asn14 were positioned based on the
requirements of chemical knowledge. The hydro-
gen atoms for the water molecules were not
included at any stage in the re®nement procedure.
An extensive water-bridged hydrogen bond net-
work was modelled from the difference map,
guided by chemical knowledge (Figure 5).

In the case of O6 of Man102, the position of the
hydrogen atom located from the difference density
map is such that the hydroxyl hydrogen is bound
to OD1 of a symmetry related Asn118 side-chain.
Of course this interaction would not occur in sol-
ution. It is most likely that Asp16 makes this bond
in solution. One conformation of Arg228 is in a
position to make a hydrogen bond with the O6
atom; however, the Arg228 proton is not located in
density. This may be the result of crystallographic
disorder of this side-chain. Resolving the bonding
pattern at O6 highlights the complexity imposed
by crystal packing.

Thr226 hydrogen binds a water molecule that
hydrogen bonds to the dimannose (Figure 1).
Inspection of the difference density around the
Thr226 does not allow placement of the hydrogen
from the Thr226 oxygen.



Table 3. Summary of hydrogen placements

Distancesa Anglesa

Donor Acceptor Donor:H Accept:H Donor-Hb Don-H-Accc

O2 101 Wat105 1.04 1.70 110.3 150.0
Wat215 O2 101 2.79 99.6
O3 101 SYM 71 Asp OD1 1.02 2.16 110.7 165.7
228 Arg N O3 101 2.92/2.91 124.9
O4 101 208 Asp OD1 2.61 112
14 Asn ND2 O4 101 2.82 129.4
99 Lys N O5 101 1.12 2.09 99.6 169.7
O6 101 208 Asp OD2 1.00 1.87 122.7 158.7
100 Tyr N O6 101 3.01 109.6
O1 102 SYM 184 Ser O 2.65 109.8
O3 102 Wat238 2.65 106.9
Wat49 O3 102 2.71 121.3
O4 102 Wat38 1.17 1.57 126.8 179.6
Wat128 O4 102 2.83 110.5
O5 102 Wat30 (Structural) 2.81 130.0
O6 102d SYM Asn 118 OD1 1.31 2.05 93.9 176.5

16 Asp OD2 2.76 109.7
228 Arg (2nd) NH2 2.80 146.2

208 Asp OD1e Wat7 1.02 1.75 123.7 159.8

a For hydrogen bonds where the hydrogen can not be placed in density, the distance refers to the distance between the acceptor
and donator (sum of Donor:H and Acceptor:H distances), while the angle refers to the angle from C-x(sugar)-O-x-(O/N) (similar to
Donor-H angle).

b Donor-H angle is de®ned as C(donor)-Donor-H angle (expected value � 118(�16) � for C-O-H (sugar), 121(�18) � for Asn,
125(�14) � for Asp,146(�19) � for Arg and 124(�16) � for Thr26).

c Don-H-Acc angle is de®ned as the angle between the donor and acceptor through the hydrogen.
d Hydrogen bonding pattern for O6 102 is unable to be resolved for Asp16 and Arg228.
e Discussed in text.
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Asp208 makes hydrogen bonds to the sugar
from both of the oxygens of the side-chain (to O4
101 and O6 101; Figure 1). The position of the
hydrogen from O6 101 was located based on the
difference map, while there is no density found for
the O4 101 hydrogen atom. Density at Asp208 con-
®rms that this residue is protonated. The proto-
nated hydroxyl of Asp208 is bonded to Wat7,
which bonds to the Ca2� (Figure 4(b)).

Whilst this is an unexpected result, it is not
unknown for Asp residues to remain protonated at
elevated pH values (between pH 5 and 7 in this
Figure 5. Difference map showing an example of water-m
and bound metals. One hydrogen atom from Wat7 could n
pink, hydrogen atoms are coloured purple, all other atoms a
case). This protonated form of the Asp residue
may be aided by more severe electron displace-
ment from the water molecule caused by binding
to the Ca2� . Also, higher than usual pKa values
for Asp and Glu have been correlated with
reduced solvent exposure in a number of structures
and the binding of Man-(a1-2)Man to Con A
results in a 10 AÊ 2 less solvent accessible surface for
Asp208 when compared to the native structure. In
the 0.94 AÊ native map Con A18 Asp208 is unproto-
nated, although the C-O bond lengths were noted
to be unequal (1.25 and 1.30 AÊ ) and the possibility
ediated hydrogen bonding network between the protein
ot be assigned a bonding partner. Metals are coloured

re colour coded as described for Figure 2.



Table 4. Data collection statistics for Con A:a1-2 manno-
biose to 1.8 AÊ and 1.2 AÊ

1.8 AÊ data 1.2 AÊ data

Resolution (AÊ ) 25.0-1.8 8-1.16
Space group I222 I222
Unique reflections 27,201 76,521
Completeness (%) 94.9 (80.3) 87.2 (89.0)
Rmerge (I) (%)a 6.1 (23.9) 11.2 (45.3b)

a Rmerge(I) � �hkl�i jIi ÿ I(hkl)j/�hkl�IIi(hkl).
b Rmerge taken from the crystal 2 slow pass SCALEPACK

merge. All other stats are from the ®nal merge of the three
data sets from the two crystals. For details see Materials and
Methods.
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of an equilibrium mixture between COOÿ and
COOH) was considered. Interestingly, in a 0.92 AÊ

Con A study where Con A was demetallized, then
re-populated with pure Mn2� and Ca2� , Asp208 is
apparently protonated, suggesting the pKa of this
residue is indeed high (H.J. Price, J. Raftery & J.R.
Helliwell, unpublished results).

Comparison of actual versus modelled
complex structure

Prediction of the modes of binding of a1-2 man-
nobiose to Con A using energy minimization meth-
ods13 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. In the model, the sugar confor-
mation is very different to the crystal structure13

and the reducing sugar makes a hydrogen bond as
well as several van der Waals interactions with the
protein (see Reddy et al.13). Our structure con®rms
that it is the non-reducing sugar which is recog-
nized by the monosaccharide site and that the
reducing sugar makes further interactions with the
protein. The carbohydrate-protein hydrogen bond-
ing network, and the conformation of the disac-
charide, are very different between the model
study and the crystallographic structure; most
notably in the shift in binding of O5(Man101) from
Tyr100 (model)13 to Lys99 (crystal) (Figure 1). The
binding of the reducing sugar in the minimization
study is completely different to that of the crystal
structure (Table 1). This re¯ects the insuf®cient
parameters available for protein-saccharide model-
ling. The ``structural water'' was not identi®ed in
the modelling study. In peanut lectin bridging
structural water molecules to the disaccharide have
also been reported by Ravishankar et al.,27 con®rm-
ing the importance of such water molecules. 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.

Conclusions

The majority of the hydrogen atoms modelled
from the difference density map appear in
locations close to the expected positions of the
hydrogen atoms. The protonation of OD1 of
Asp208 is the notable exception, highlighting the
importance of high resolution data for proper
determination of hydrogen bonding. As the other
hydrogen atoms were modelled into realistic pos-
itions, we believe that the hydrogen of Asp208 is
properly located by the difference electron density
map, however, unexpected this position appears.
This case is an excellent candidate for further
study by neutron protein crystallography studies.
This is an area undergoing substantial improve-
ments in technology.28

The additional information, such as accurate
geometry and proton location, that can be gained
from examining high resolution protein-carbo-
hydrate complexes will prove critical to improving
the parameters used for modelling of sugar-protein
interactions.

Materials and Methods

Crystallization of Con A-aaa1-2 mannobiose complex

Co-crystals were obtained from 10 ml of a solution
containing 18 mM a1-2 mannobiose (Dextra Labora-
tories, Reading, UK), 0.6 mM jack bean concanavalin A
(Sigma, Poole, UK), 1 mM CaCl2, 1 mM MnCl2, 20 mM
Tris (pH 7.0) and 0.1 M NaCl, mixed with 10 ml of a
reservoir containing 10 % (w/v) PEG 6000, 0.1 M citric
acid (pH 5.0) in a sitting drop tray (Charles Supper Co.)
and left to equilibrate against 1 ml of the reservoir.
Crystals took several weeks to reach optimum size for
data collection.

Data collection

A room-temperature data set to 1.8 AÊ was collected
using a Nonius DIP2000 dual image plate. Data were
recorded as 141 non-overlapping 25 minute 0.75 � oscil-
lations.

Data were indexed and merged using DENZO and
SCALEPACK.29 Data were indexed in the lattice group
I222, a � 91.7 AÊ , b � 86.8 AÊ , c � 66.6 AÊ , with a monomer
in the asymmetric unit.

For the higher resolution data sets, data were collected
from two frozen crystals on the IMCA beamline at the
APS. Small crystals (<0.2 mm) were chosen to avoid spot
splitting. Data were collected on a Bruker 2 � 2 CCD
detector (1165 images). The ®rst crystal was subjected to
a fast pass (to collect low resolution data) and a slow
pass (for high resolution). The second crystal was sub-
jected only to a slow pass for high resolution data. The
detector was offset for both of the high resolution passes.
Data were indexed in the lattice group I222, with cell
dimensions a � 90.9 AÊ , b � 86.4 AÊ , and c � 65.4 AÊ , with
a monomer in the asymmetric unit.

In the merge of the three passes, it was evident that
there was a systematic error for common re¯ections
between the tilted and non-tilted detector settings. We
suspect this was a residual detector non-uniformity effect
or a more subtle non-linearity of response effect. Hence
each data pass was checked via rigid body and B-factor
re®nement starting from the room temperature 1.8 AÊ

protein model; in each case the coordinates for the three
cryo models agreed extremely closely but the atomic



Table 5. Final re®nement statistics for Con A-a1-2
mannobiose complex to 1.2 AÊ resolution

Number of protein atoms 1896
Number of sugar atoms 23
Number of water molecules 254
Number of metal ions 2
Number of restraints 30,485
Root-mean-square deviations from

Ideal bond lengthsa 0.020
Ideal bond anglesa 1.82

Mean temperature factor
Main-chain 18.32
Side-chain 20.27
Sugar atoms 25.42
Water molecules 35.30

Crystallographic R-factor (%) 16.97
Free crystallographic R-factorb (%) 19.09

a r.m.s. deviation from Engh and Huber ideal values.35

b Rfree is calculated on 5 % of data excluded during re®ne-
ment.
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B-factors were systematically shifted one with respect to
the other. This con®rmed that the fall off of the overall
intensities was different between the three sets of data,
consistent with a systematic error in data collection hard-
ware. The three protein models were averaged and Fcalcs

value estimated with SFALL.30 The three data sets were
scaled against these Fcalcs values and then merged
together whereby all the quick pass resolution ranges
were used (in®nity to 1.48 AÊ ), the slow pass from crystal
one was used for 1.8 to 1.42 AÊ and the second crystal
slow pass for the range 1.8 to 1.16 AÊ . Final data collec-
tion statistics for both the 1.8 AÊ data and the 1.2 AÊ data-
sets are listed in Table 4.

Structure solution

The initial structure was determined using the data set
to 1.8 AÊ . The structure was determined using the mol-
ecular replacement method as implemented in the
CCP430 program AMoRe31 with data from 12.0 AÊ to
3.5 AÊ . One monomer of the methyl a-D-mannopyrano-
side-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.

Refinement

The initial structure to 1.8 AÊ was re®ned using CNS.32

Rigid body re®nement was followed by model building
using O33 and the metal ions, the two mannose residues
and conserved water molecules were added at this point.
Further re®nement was carried out by alternating cycles
of automated re®nement (CNS restrained positional and
temperature factor re®nement, plus water additions) and
manual rebuilding using O.33 The re®nement was
deemed to have converged at an Rfree value of 25.1 %.
The cryo data set to 1.2 AÊ resolution used the 1.8 AÊ

model as a starting point and the resolution was gradu-
ally increased to 1.2 AÊ through the re®nement, at this
stage the re®nement had an Rfree value of 23.8 %. Alter-
nate conformations for residues Ile27, His51, Arg60,
Val64, Ser72, Ser96, Ser113, Ser117, Met129, Leu198 and
Arg228 were added to the model at this point and the
occupancies were initially re®ned by CNS and then
manually adjusted to satisfy the electron density. The
structure was then re®ned using the CCP4 program
REFMAC534 to re®ne by anisotropic temperature factors.
The re®nement converged at an Rfree value of 19.09 %.
Final re®nement values are listed in Table 5. Maps were
then generated with the predicted positions of all hydro-
gen atoms, except those involved in ligand binding,
included in the calculations.

Coordinate deposition

The coordinates for the structure described here have
been deposited in the RCSB Protein Data Bank under
accession code 1I3H.
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