
Detailed insights from microarray and
crystallographic studies into carbohydrate
recognition by microneme protein 1
(MIC1) of Toxoplasma gondii

James A. Garnett,1 Yan Liu,2 Ester Leon,1 Sarah A. Allman,3 Nikolas Friedrich,4

Savvas Saouros,1 Stephen Curry,5 Dominique Soldati-Favre,4 Benjamin G.
Davis,3* Ten Feizi,2* and Stephen Matthews1*

1Division of Molecular Biosciences, Centre for Structural Biology, Imperial College London, South Kensington,

London SW7 2AZ, United Kingdom
2Glycosciences Laboratory, Faculty of Medicine, Imperial College London, Harrow, Middlesex HA1 3UJ, United Kingdom
3Department of Chemistry, University of Oxford, Chemistry Research Laboratory, Oxford OX1 3TA, United Kingdom
4Department of Microbiology and Molecular Medicine, Faculty of Medicine, University of Geneva CMU,
1211 Geneva 4, Switzerland
5Division of Molecular and Cell Biology, Centre for Structural Biology, Imperial College London, South Kensington,
London SW7 2AZ, United Kingdom

Received 18 March 2009; Revised 20 June 2009; Accepted 30 June 2009

DOI: 10.1002/pro.204
Published online 10 July 2009 proteinscience.org

Abstract: The intracellular protozoan Toxoplasma gondii is among the most widespread parasites.
The broad host cell range of the parasite can be explained by carbohydrate microarray screening
analyses that have demonstrated the ability of the T. gondii adhesive protein, TgMIC1, to bind to a
wide spectrum of sialyl oligosaccharide ligands. Here, we investigate by further microarray
analyses in a dose-response format the differential binding of TgMIC1 to 2-3- and 2-6-linked sialyl
carbohydrates. Interestingly, two novel synthetic fluorinated analogs of 30SiaLacNAc1–4 and
30SiaLacNAc1–3 were identified as highly potent ligands. To understand the structural basis of the
carbohydrate binding specificity of TgMIC1, we have determined the crystal structures of TgMIC1
micronemal adhesive repeat (MAR)-region (TgMIC1-MARR) in complex with five sialyl-N-
acetyllactosamine analogs. These crystal structures have revealed a specific, water-mediated
hydrogen bond network that accounts for the preferential binding of TgMIC1-MARR to arrayed
2-3-linked sialyl oligosaccharides and the high potency of the fluorinated analogs. Furthermore,
we provide strong evidence for the first observation of a CAF���HAO hydrogen bond within a
lectin-carbohydrate complex. Finally, detailed comparison with other oligosaccharide-protein
complexes in the Protein Data Bank (PDB) reveals a new family of sialic-acid binding sites
from lectins in parasites, bacteria, and viruses.
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Introduction

Toxoplasma gondii is an intracellular protozoan para-

site belonging to the phylum Apicomplexa, which

includes Plasmodium and Cryptosporidium species. T.

gondii infection is prevalent worldwide with up to half

of the human population having been chronically

infected. Although usually asymptomatic, infection of

immunocompromised individuals such as patients

with HIV/AIDS, results in toxoplasmosis, a condition

that encompasses a variety of disease states including

focal central nervous system infection.1,2 In pregnant

women, infection can also result in fetal and infant

mortality or birth defects.3 Toxoplasma infection has

also been linked to subtle forms of schizophrenia4 and

other psychiatric manifestations.5

T. gondii has two distinct parts in its lifecycle: a

sexual phase occurring in the primary hosts (domestic

and wild cats) and an asexual phase where the parasite

can propagate in almost any warm blooded animal.

During asexual reproduction, the rapidly dividing form

of the parasite, the tachyzoite, quickly establishes

infection in the host through recognition and forced

entry into a diverse range of cell types. Unlike the

typical endocytic host-uptake pathways for viral and

bacterial invasion, T. gondii and other apicomplexan

parasites can actively penetrate host cells via a highly

orchestrated process initiated by the binding to recep-

tors on the host cell surface.

Microneme proteins (MICs) are released on the

parasite surface at the time of invasion and act as

major cellular adhesins,6 participating in parasite

reorientation and entry of the parasite into the host

cell.7–9 T. gondii microneme protein 1 (TgMIC1) is an

important host cell binding protein that associates

with two other MICs, TgMIC4 and TgMIC6.10–12 The

N-terminal region from TgMIC1 possesses two tan-

demly arranged repeats of a novel cell-binding domain

named the micronemal adhesive repeat (MAR).13,14

Preliminary carbohydrate microarray screening

analyses revealed that a wide spectrum of sialylated

oligosaccharide structures are recognized by the

MAR-region from TgMIC1 (TgMIC1-MARR).13 These

include N- and O-glycans, gangliosides, and polysialic

acid sequences in which sialic acid is 2-3- or 2-6-

linked to galactose or 2-8-linked. Crystal structures of

TgMIC1 complexed with sialyl carbohydrates revealed

major contacts between a conserved threonine residue

and the carboxyl group of the sialic acid moiety.13 The

importance of sialic acid recognition for efficient host

cell invasion was corroborated by cell invasion assays,

showing markedly reduced levels of parasite internal-

ization in the presence of soluble sialic acid or using

cells pretreated with neuraminidase.13

In this study, we characterize in further detail the

binding of TgMIC1-MARR to five sialyl trisaccharides

by microarray analyses. Interestingly, differing binding

potencies to sialyl ligands are observed when they are

presented as multivalent probes that simulate presen-

tation at the host cell surface.15 We demonstrate that

TgMIC1-MARR is not only able to bind a diverse array

of sialyl oligosaccharides but can discriminate between

different oligosaccharide linkages, which may explain

that while T. gondii has a predilection for a variety of

cell types, the parasite nevertheless exhibits markedly

varied virulence in vivo in different hosts. Using new

crystal structures, we also provide the atomic resolu-

tion basis for the differential recognition of 30 and

60SiaLacNAc1–4 (with the Galb1–4 linkage known as

Type 2 backbone16; Scheme 1) by TgMIC1-MARR, and

make comparisons with the Type 1 chain isomer of

30SiaLacNAc1–4 (designated 30SiaLacNAc1–3). Further-

more, having observed in exploratory microarray

analyses that analogs of 30SiaLacNAc1–4 and

30SiaLacNAc1–3 with a fluorine substitution at C-2 of

galactose (Gal) elicit significantly higher binding

signals than their nonfluorinated analogs,17 these com-

pounds are also examined and we observe a

CAF���HAO hydrogen bond. We compare results of

TgMIC1-MARR with those of the well-characterized si-

alic acid recognizing plant lectin wheat germ aggluti-

nin (WGA). Furthermore, comparison with structures

of other oligosaccharide-protein complexes reveals an

analogous mode of interaction in three unrelated lec-

tins, suggesting a new family of binding motifs with

diverse scaffolds.

Results

Synthesis of fluorinated sialyl trisaccharides to
probe the ligand tolerance of TgMIC1-MARR

Although fluorinated enzyme inhibitors have been

elegantly used to investigate sugar processing mecha-

nisms,18 effective fluorosugar ligands for cell adhesion

proteins have not been. We reasoned that, as well as

potentially revealing novel features in the mode of

action, such unnatural oligosaccharides are also

putative adhesion inhibitors. Inhibitors with abiotic

substitutions (i.e., 20-F) are potentially resistant to

endogenous enzyme processing. The unnatural

synthetic oligosaccharides 20F-30SiaLacNAc1–4 and 20F-

30SiaLacNAc1–3 were prepared through a chemoenzy-

matic strategy:17 suitably protected N-acetylglucos-

amine (GlcNAc) derivatives were chemically glycosyla-

ted using trichloroacetimidate methodology to

introduce the 2F-Gal or Gal with appropriate connec-

tivity (b1–3 or b1–4). Sialic acid was introduced using

tolerant trans-sialidase from T. cruzi to create the 30-

siayl trisaccharide variants.

Carbohydrate microarray analyses corroborate
the TgMIC1-MARR preference of 2-3-linked

sialyl oligosaccharides and reveal superior
binding to fluorinated analogs

To compare closely the binding responses of TgMIC1-

MARR to the immobilized 30 and 60SiaLacNAc1–4
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probes and to the 30SiaLacNAc1–3 isomer, as well as to

the fluorinated probes, 20F-30SiaLacNAc1–4 and 20F-

30SiaLacNAc1–3 (Scheme 1 and Table I), we generated

microarrays in a dose-response format [Fig. 1(a,c)].

The two nonsialylated analogs LacNAc1–4 and Lac-

NAc1–3 were included as negative controls. These oli-

gosaccharides were arrayed as oxime-linked neogly-

colipids with ring-closed monosaccharide cores.19

Also included in the arrays, as controls, were six

naturally occurring gangliosides (Table I). In accord

with earlier microarray screening data,13 TgMIC1-

MARR gave significant binding signals with all of

the sialyl probes tested except GD2 and GD3, which

terminate in a 2-8-linked disialyl moiety and the

two neutral disaccharides LacNAc1–4 and LacNAc1–3
[Fig. 1(a,b) and Table I]. As the binding curves were

almost linear up to 2 fmol per spot, intensities could

be compared at this point, relative to that of

30SiaLacNAc1–4 taken as 1.0 (Table I) to indicate

binding potencies.

The relative binding score of 30SiaLacNAc1–3, 1.2,

was comparable to that of 30SiaLacNAc1–4, whereas

that of 60SiaLacNAc1–4 was considerably lower, 0.3.

Strikingly, the strongest binding signals, 4.1 and 3.3,

were with the fluorinated compounds 20F-

30SiaLacNAc1–4 and 20F-30SiaLacNAc1–3, respectively;

they even surpassed the signals elicited by the natu-

rally occurring gangliosides GD1a and GT1b.

For comparison, we performed in parallel, micro-

array analysis of WGA, which is a well-characterized

sialic acid-binding lectin.20,21 As with TgMIC1-MARR,

WGA gave very similar microarray responses for the

nonfluorinated sialylsugars; that is no discrimination

between 30SiaLacNAc1–4 and 30SiaLacNAc1–3 [Fig.

1(b,d) and Table I], and a clear discrimination between

30SiaLacNAc1–4 and 60SiaLacNAc1–4 (1.0 and 0.1,

respectively), in accord with previous observations.19,20

However, unlike TgMIC1-MARR, WGA gave much

lower binding signals with the two fluorinated probes,

2F0-30SiaLacNAc1–4 and 20F-30SiaLacNAc1–3 (0.5

and 0.4, respectively), relative to their unmodified

analogs.

To investigate whether the stronger binding of

TgMIC1-MARR to the fluorinated sialyl trisaccharides

was specific and to compare the binding strengths of

2-3-linked and 2-6-linked sialyl oligosaccharides in the

monovalent state, we performed ‘‘on-array’’ inhibition

assays using free oligosaccharides 30 and

60SiaLacNAc1–4. An unrelated neutral trisaccharide,

maltotriose (Glca1-4Glca1-4Glc) was included as a

negative control. We observed that 30SiaLacNAc1–4
inhibited the high avidity binding to the immobilized

fluorinated trisaccharide 20F-30SiaLacNAc1–4, indicat-

ing that binding was specific; there was 40% inhibition

at 1 mg/mL and almost complete inhibition at the

highest concentration tested, 3 mg/mL. Also in accord

with the binding data, the 60SiaLacNAc1–4 was less

active: there was no inhibition detected at 1 mg/mL;

and � 70% inhibition at 3 mg/mL [Fig. 2(a)]. The

binding of WGA to the immobilized 30SiaLacNAc1–4
probe was also inhibited more strongly by

30SiaLacNAc1–4 than by 60SiaLacNAc1–4 [Fig. 2(b)]. To

test whether the fluorosugars were specific inhibitors

of the sialic acid-dependant cell binding,13 a competi-

tion cell binding assay was performed with 20F-

30SiaLacNAc1–4. Indeed, effective inhibition of cell

binding by TgMIC1 was achieved in 10–500 lM range

of 20F-30SiaLacNAc1–4 [Fig. 2(c)].

Scheme 1. Structures of the five sialyl-N-acetyllactosamine analogs investigated.
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Overall structures

The preference of 30SiaLacNAc1–4 over the 2-6-linked

analog, and the superior binding of TgMIC1-MARR to

the fluorinated sialyl trisaccharides in the microarray

analyses prompted us to look into the details of the

interactions at the atomic level. The crystal structures

of TgMIC1-MARR in complex with either 20F-

30SiaLacNAc1–4, 3
0SiaLacNAc1–3, or 2

0F-30SiaLacNAc1–3
were solved at 2.0 Å (Table II). Residues 1–12 and

244–246 were not observed in the crystal structures,

probably due to flexibility at the termini. Overall the

electron density is well resolved, although within the

poorest region of the maps (the disordered loop

between Q80 and N82) the atomic positions could not

be determined and were either omitted from the final

model (30SiaLacNAc1–3 and 20F-30SiaLacNAc1–4 soaks)

or modeled as polyalanine (20F-30SiaLacNAc1–4 soak).

Although it was possible to model all of the

carbohydrate chain in the 30SiaLacNAc1–3 and 20F-

30SiaLacNAc1–3 soaks, electron density for the GlcNAc

residue of 20F-30SiaLacNAc1–4 was of insufficient

quality to permit its inclusion in the final model

[Fig. 3(a–c)].

Each of the two MAR domains is formed from a

distorted five strand b-barrel packed against two helices

and contains two highly conserved disulphide bonds.

The N-terminal MAR domain (MAR1) has an extended

helix 1 and subsequent loop region that is anchored via

an additional disulfide bond while the C-terminal MAR

domain (MAR2) has an extra b-wing at the C-terminus,

which is anchored to the main body through two addi-

tional disulfide bridges. The crystal structures of

TgMIC1-MARR-30SiaLacNAc1–4 (pdb:2Jhd), TgMIC1-

MARR-60SiaLacNAc1–4 (pdb:2Jh7)13 and the structures

described here were superimposed onto unliganded

TgMIC1-MARR (pdb:2Jh1)13 giving an average r.m.s.d

between Ca residues of 0.18 Å. As anticipated the over-

all secondary structures of TgMIC1-MARR are indistin-

guishable from those published [Fig. 3(d)], although

minor differences occur in the ligand binding site (see

below) and deviations are observed within a dynamic

loop region corresponding to residues L76-N82.

Carbohydrate-TgMIC1-MARR interactions

Because of the lack of global and local changes to the

structure of TgMIC1-MARR upon binding of sialylated

oligosaccharides, a detailed analysis of hydrogen bond-

ing between the protein and carbohydrate was under-

taken (Table III and Fig. 4) to provide explanations

for the differing binding avidities and the intriguing

Table I. Comparison of Binding Signals with TgMIC1-MARR (40 lg/mL) and WGA (1 lg/mL) Elicited by Lipid-
Linked Sialylated Probes in the Carbohydrate Microarray Binding Analysis

Name Sequence

Binding signalsa at 2 fmol/spot

TgMIC1-MARR WGA

Score Ratio Score Ratio

LacNAc (a)b Galß1-4GlcNAc 0 0 514 <0.1
LacNAc1–3 (b) Galß1-3GlcNAc 0 0 0 0
30SiaLacNAc1–4 (c) NeuAca2-3Galß1-4GlcNAc 3,488 1.0 15,838 1.0
60SiaLacNAc1–4 (d) NeuAca2-6Galß1-4GlcNAc 1,160 0.3 1,696 0.1
30SiaLacNAc1–3 (e) NeuAca2-3Galß1-3GlcNAc 4,203 1.2 17,613 1.1
20F-30SiaLacNAc1–4

(f)
NeuAca2-3(2F)Galß1-4GlcNAc 14,287 4.1 7,211 0.5

20F-30SiaLacNAc1–3
(g)

NeuAca2-3(2F)Galß1-3GlcNAc 11,486 3.3 5,669 0.4

Hematoside (h) NeuAca2-3Galß1-4Glcß-Cer 2,796 0.8 2,489 0.2
Sial pg NeuAca2-3Galß1-4GlcNAcß1-3Galß1-4Glcß-Cer 1,373 0.4 2,723 0.2

GD1a 3,387 1.0 778 <0.1

GD2 0 0 504 <0.1

GD3 NeuAca2-8NeuAca2-3Galß1-4Glcß-Cer 26 <0.1 816 0.1

GT1b 4,742 1.4 1,379 0.1

a Given as numerical score and ratio relative to 30SiaLacNAc taken as 1.
b a, b, etc., position in Figure 1.
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enhancements with fluorinated ligands observed in

microarray experiments.

All direct hydrogen bond interactions between the

trisaccharides and TgMIC1-MARR are between the

sialic acid (NeuAc) residue and three residues in the

MAR2 domain: K200 (two hydrogen bonds), H202

(two hydrogen bonds), and T204 (three hydrogen

bonds). In all structures except 30SiaLacNAc1–4 a

structured water molecule (WAT170) mediates intra-

carbohydrate interactions between the NeuAc ring oxy-

gen, NeuAc glycerol chain and Gal, stabilizing the con-

formation of the glycerol moiety such that its two

terminal hydroxyls can hydrogen bond to T204 and

E205 via another water molecule (WAT145) [Fig. 4(a–

d,g–j)]. Although the glycerol moiety in 30SiaLacNAc1–

4 is rotated so that H-bonds to WAT145 cannot be

made, the relative orientation of the NeuAc and Gal

rings of the carbohydrate is very similar to that

observed for 30SiaLacNAc1–3. In all the complexes of

all the 2-3-linked sialyl trisaccharides [Fig. 4(a–h)], an

addition water molecule (WAT129) mediates interac-

tions between TgMIC1-MARR E206 and the Gal O6

position.

Although the GlcNAc residue at the reducing end

is well resolved in the electron density maps of the

30SiaLacNAc1–3 and fluorine substituted structures

[Fig. 3(b,c)], it makes no contacts with the MAR2

binding domain. Its position appears to be stabilized

by contacts from symmetry-related proteins in the

crystal; in solution this group is likely to be disor-

dered. In the 30SiaLacNAc1–4, 2
0F-30SiaLacNAc1–4 and

60SiaLacNAc1–4 bound structures,13 these additional

Figure 2. Comparison of the inhibitory activities of free

oligosaccharides toward the binding of TgMIC1-MARR.

Oligosaccharides 30SiaLacNAc1–4, 6
0SiaLacNAc1–4, and

maltotriose (a negative control) were tested at the indicated

concentrations for inhibition of binding of TgMIC1-MARR at

4 lg/mL, to immobilized 20F-30SiaLacNAc1–4 probe (a), and

of WGA at 0.5 lg/mL to immobilized 30SiaLacNAc1–4 probe

(b). The results are means of two separate inhibition

experiments with error bars. Cell binding competition

experiments with soluble 20F-30SiaLacNAc1–4 were

performed using P. pastoris culture supernatants expressing

TgMIC1myc. Anti-myc antibodies were used as to probe for

bound TgMIC1 using Western blots. The input (I) and cell

bound fraction at various concentrations of soluble 20F-

30SiaLacNAc1–4 are shown. Tubulin was used as a control

for use of equivalent amounts of cell-material (c).

Figure 1. Microarray analyses of TgMIC1-MARR and WGA in a dose response format. Eight lipid-linked oligosaccharide probes,

a–h, (sequences in Table I) were printed in duplicate at the indicated levels on nitrocellulose-coated glass slides with Cy3 dye

included as a marker (green emission). Binding was detected with Alexa Fluor647-labeled streptavidin (red emission). Images for

TgMIC1-MARR (40 lg/mL) and WGA (1 lg/mL) are in panels (a) and (b), respectively. Corresponding binding curves are in (c)

and (d), respectively. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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interactions are not accessible because of steric clashes

between the GlcNAc and symmetry-related TgMIC1-

MARR; this residue remains disordered and is not

seen in the maps [Fig. 3(a)]. These observations are

consistent with microarray data, in which TgMIC1-

MARR binds equally well to Type 1 and Type 2

backbones.

In contrast to the lack of discrimination of Type 1

and Type 2 backbones, a consistent and reproducible

preference for 30SiaLacNAc1–4 relative to

60SiaLacNAc1–4 is observed in the microarray analyses.

The structure of 60SiaLacNAc1–4 bound to Tg-MIC1-

MARR,13 reveals a similar network of interactions for

the NeuAc moiety to those observed in the 2-3-linked

structures [Fig. 4(i)].

However, the 2-6 sialyl linkage results in Gal being

flipped by about 180� which puts the ring oxygen (O5)

in a position close (�2 Å) to that occupied by the Gal

O2/F2 in the other oligosaccharide structures [Fig. 4].

Stabilization of the oligosaccharide conformation is still

mediated through WAT170, but this water has moved

closer toward Gal O6 and the hydrogen bonding to gal-

actose is via the Gal ring oxygen (O5) instead of Gal

O2/F2 as in the other crystal structures. Most striking,

however, is the finding that this altered galactose orien-

tation abrogates the WAT129-mediated interactions

between TgMIC1-MARR and Gal that is observed in the

structures of all the 2-3 linked SiaLacNAc1–4 analogs

tested [Fig. 4(a–d)].

Fluorination of 30SiaLacNAc1–3 at Gal C2 has no

effect on the bound conformation of the carbohydrate

moieties [Figs. 4(a–d) and 5(a)] water molecules.

However, fluorination of 30SiaLacNAc1–4 at Gal C2 has

a significant effect on both carbohydrate structure

[Figs. 4 and 5(b)] and hydrogen bond network. In this

case, the glycerol side chain is flipped in the nonfluori-

nated version and WAT170 is absent. The introduction

of the fluorine atom appears to stabilize the hydrogen

bond formation with the bound water, WAT170 [Fig.

4(g)], with a concomitant change in conformation of

Table II. Data Collection and Refinement Statistics

20F-30SiaLacNAc1–4 soak 30SiaLacNAc1–3 soak 20F-30SiaLacNAc1–3 soak

Crystal parameters
Space group P43212 P43212 P43212
Cell dimensions (Å, Å) 66.36, 172.37 66.23, 172.19 66.33, 172.09

Data collection
Beamline ESRF BM14 ESRF BM14 ESRF BM14
Wavelength (Å) 0.934 0.934 0.934
Resolution (Å) 29.68�2.00 (2.05�2.00) 27.75�2.00 (2.05�2.00) 29.66�2.00 (2.05�2.00)
Unique observations 23,882 23,609 23,986
Rsym 0.075 (0.246) 0.074 (0.2228) 0.076 (0.222)
hI/rIi 12.7 (4.6) 11.2 (4.7) 10.7 (5.6)
Completeness (%) 98.9 (98.8) 99.3 (100) 99.4 (100)
Redundancy 3.7 (3.7) 3.5 (3.6) 3.9 (3.9)

Refinement
Rwork/Rfree (%) 16.8/19.1 16.5/18.9 16.5/20.3
Number of protein residues 231 228 228
Number of carbohydrate

residues
1 NeuAc, 1Gal, 5 Glycerol 1 NeuAc, 1Gal, 1 GlcNAc,

5 Glycerol
1 NeuAc, 1Gal, 1 GlcNAc,

5 Glycerol
Number of

noncarbohydrate ligands
8 Acetates 8 Acetates 8 Acetates

Number of ions 1 Cl ion 1 Cl ion 1 Cl ion
Number of water molecules 174 189 191
rmsd stereochemistry
Bond lengths (Å) 1.4 1.4 1.4
Bond angles (�) 0.014 0.013 0.014

Ramachandran analysis (%)
Residues in most favored

regions
89 91.3 91.3

Residues in additionally
allowed regions

11 8.2 8.2

Residues in generously
allowed regions

0.5 0.5 0.5

Residues in disallowed
regions

0 0 0

Numbers in parentheses refer to the outermost resolution shell.
Rsym ¼

P
|I � hIi|/

P
I where I is the integrated intensity of a given reflection and hIi is the mean intensity of multiple corre-

sponding symmetry-related reflections.
Rwork ¼

P
||Fo| � |Fc||/

P
Fo where Fo and Fc are the observed and calculated structure factors, respectively.

Rfree ¼ Rwork calculated using � 10% random data excluded from the refinement.
rmsd stereochemistry is the deviation from ideal values.
Ramachandran analysis was carried out using PROCHECK.22
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Table III. Interatomic Distances Between TgMIC1-MARR and Carbohydrate Ligand

Distance (Å)

30SiaLacNAc1–4
soak

20F-
30SiaLacNAc1–4

soak
30SiaLacNAc1–3

soak

20F-
30SiaLacNAc1–3

soak
60SiaLacNAc1–4

soak

K200 O NeuAc O4 2.8 2.6 2.6 2.5 2.8
K200 O NeuAc N5 3.3 3.3 3.2 3.3 3.3
K200 O NeuAc N5 2.8 2.7 2.7 2.8 2.8
H202 Ne2 NeuAc O1B 3.4 3.1 3.2 3.2 3.3
T204 Oc1 NeuAc O1B 2.7 2.7 2.7 2.6 2.7
T204 Oc1 NeuAc O1A 3.4 3.4 3.5 3.4 3.5
T204 N NeuAc O1A 2.9 2.8 2.8 2.7 2.8
E205 Oe NeuAc 09 3.3 — — — —
WAT145 T204 O — 3.0 3.1 3.1 2.9
WAT145 E205 Oe2 — 3.2 3.1 2.9 2.5
WAT145 NeuAc O8 2.9 2.9 2.6 2.9 2.6
WAT145 NeuAc O9 3.4 3.4 3.3 3.3 3.2
WAT170 Gal O2/F2/O5 — 3.0 2.7 3.0 3.1
WAT170 SIA O6 — 3.4 3.3 3.4 3.2
WAT170 SIA O7 — 3.0 2.9 3.2 3.3
WAT129 Gal O6 3.5 3.3 3.4 3.4 —
WAT129 E206 N 3.0 3.2 3.2 3.1 —

Figure 3. Sialyl trisaccharides bound at the TgMIC1-MAR2 host cell adhesion site. Weighted 2|Fo| � |Fc| electron density maps

of (a) 20F-30SiaLacNAc1–4, (b) 3
0SiaLacNAc1–3 and (c) 20F-30SiaLacNAc1–3, contoured at 1.0 r.m.s. (d) Overlay of all six TgMIC1-

MARR crystal structures: no ligand (magenta; pdb:2Jh1,23 30SiaLacNAc1–4 soak (yellow; pdb:2Jhd), 20F-30SiaLacNAc1–4 soak

(green; pdb:3f53), 30SiaLacNAc1–3 soak (red; pdb:3f5a), 20F-30SiaLacNAc1–3 soak (blue; pdb:3f5e) and.60SiaLacNAc1–4 soak

(cyan; pdb:2Jh7). Disulphide bridges are shown as black sticks and the N and C-termini are labeled. The two MAR domains and

their binding sites are highlighted, with binding site 2 occupied with sialyated trisaccharide shown as sticks. [Color figure can be

viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 4. The occupied binding site of TgMIC1-MAR2. (a, b) 30SiaLacNAc1–3 soak, (c, d) 20F-30SiaLacNAc1–3 soak, (e, f)

30SiaLacNAc1–4 soak, (g, h) 20F-30SiaLacNAc1–4 soak, and (i, j) 60SiaLacNAc1–4 soak. (a, c, e, g, i) Schematic representation of

the occupied TgMIC1-MAR2 binding site with hydrogen bonds shown as red dashed lines, waters as numbered red circles

and key atoms within the carbohydrate ligand are numbered (water molecules 1129, 1145, and 1170 in the 20F-30SiaLacNAc1–

4, 3
0SiaLacNAc1–3 and 20F-30SiaLacNAc1–3 soak structures are renamed as 129, 145, and 170, respectively, for consistency

with the 30SiaLacNAc1–4 and 60SiaLacNAc1–4 soaks). (b, d, f, h, j) Crystal structure of the occupied TgMIC1-MAR2 binding

site, with carbon atoms coloured as in Figure 3(d) and hydrogen bonds shown as red dashed lines. [Color figure can be

viewed in the online issue, which is available at www.interscience.wiley.com.]
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the NeuAc glycerol side chain to the same as that

observed in the other structures.

Discussion

T. gondii is uniquely adapted to infect a wide range of

hosts and to invade virtually all cell types. The remark-

able range of sialyl oligosaccharide sequences recog-

nized by TgMIC1-MARR in carbohydrate microarrays

accounts for this wide cellular tropism. Sialic acid con-

taining carbohydrates are found at the termini of ani-

mal glycoconjugates. Recognition of the sialic acid

moiety is often affected by specific structural varia-

tions of the monosaccharide and its linkage along the

sugar chain.24 Although TgMIC1-MARR does not dis-

criminate between Type 1 and Type 2 backbones, a

consistently observed preference is for 2-3 over 2-6-

linked sialyl oligosaccharides.

The major oligosaccharide binding activity lies

within the second MAR domain (MAR2), with a major

contact occurring between a threonine residue (T204)

and the carboxyl group of sialic acid. An extensive

database analysis of other oligosaccharide-protein

complexes reveals an analogous mode of interaction in

three lectins unrelated to TgMIC1, namely the Borde-

tella pertussis toxin, Staphylococcal superantigen-like

(SSL) proteins, and the Rotavirus spike-associated car-

bohydrate binding domain25–28 (see Fig. 6). These lec-

tins do not possess MAR domains but recognize sialyl

oligosaccharides using a similar motif (see Fig. 6) that

comprises a short, linear stretch of amino acids con-

taining an essential threonine/serine residue. The

structures overlay with great similarity, although the

arginine is absent in TgMIC1 this role has been

replaced by WAT145, it appears that within a hydro-

philic environment a universal binding site exists for

sialic acid. Interestingly, although the structures of

these binding sequences are very similar, the motif is

embedded in unrelated protein scaffolds suggesting

convergence to a common binding function. Thus, our

structural studies provide detailed insight into carbo-

hydrate recognition by this new family of sialic-acid

binding sites. Extending the search of the protein

database (PDB) for 30SiaLac containing motifs bound

to unrelated lectins; examples include Maackia amur-

ensis leukoagglutinin29 (green) (pdb:1DBN), mouse

sialoadhesin30 (orange) (pdb:1QFO), Staphylococcal

enterotoxin B31 (blue) (pdb:1SE3), and human Siglec-

532 (yellow) (pdb:2ZG3). In these cases, the overall

conformation of 30SiaLac in these complexes vary sig-

nificantly, which is likely due to the inherent flexibility

in the linkage between the two sugars.

Structural comparisons between the 2-3- and 2-6-

linked sialyl oligosaccharides bound to TgMIC1-MAR2

Figure 5. Overlay of sialyl oligosaccharides. (a) Comparison of fluorinated (blue; pdb:3f5e) and nonfluorinated (red; pdb:3f5a)

30SiaLacNAc1–3. (b) Superimposition of fluorinated (green; pdb:3f53) and nonfluorinated (yellow; pdb:2Jhd) 30SiaLacNAc1–4.

The glycerol side chain of sialic acid is in two separate conformations. (c) Overlay of 30SiaLacNAc1–3 (red), 30SiaLacNAc1–4
(yellow)15 and 60SiaLacNAc1–4 (cyan; pdb:2Jh7). Deviations are seen within the alternate conformation of the glycerol side

chain of sialic acid in 30SiaLacNAc1–4 and within galactose, where due to the b1–4 linkage in 60SiaLacNAc1–4, it is the ring

oxygen (O5) of galactose, rather than O2/F2, which now hydrogen bonds to WAT170. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]

Figure 6. (a) Overlay of a common binding motif for

recognition of sialic acid. Stereo image showing

superimposition of sialic acid (Neu5Aca2Me in pdb:2i2s)

within the sialic acid binding site of TgMIC1-MARR (red;

pdb:3f5a), Bordetella pertussis toxin (green; pdb:1pto).

Staphylococcus aureus SSL5 toxin (sand; pdb:3f5a) and

Rotavirus VP8* (gray; pdb:2i2s). Amino acid residues, sialic

acid (blue) and Neu5Aca2Me (blue) are shown as sticks while

water 145 of TgMIC1 (red) is represented as a sphere of dots.

(b) Comparison of glycosidic bond in 30SiaLactose containing

oligosaccharides. A search of the protein database (PDB) for

30SiaLactose containing motifs bound to proteins revealed

numerous lectins including Maackia amurensis leukoagglutinin

(green) (pdb:1DBN), mouse sialoadhesin (orange) (pdb:1QFO),

Staphylococcal enterotoxin B (blue) (pdb:1SE3), and human

Siglec-5 (yellow) (pdb:2ZG3). The oligosaccharides from these

complexes were superimposed onto either the NeuAc or Gal

residue of 30SiaLacNAc1–3 (red) bound to TgMIC1-MARR.

[Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]
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reveal that although recognition is primarily through

the terminal NeuAc residue several contributions from

coordinated water molecules are important for the Gal

ring orientation (see Fig. 4). WAT129 mediates the

only interaction between protein (E206) and Gal O6

position in the 2-3-linked sequences examined. In con-

trast, in the 2-6-linked analog, the Gal O6 position is

occupied by the sialic acid linkage and the Gal residue

is shifted away from the sialic acid moiety by one

bond, leading to the loss of the WAT129 water-coordi-

nated carbohydrate-protein contact. The absence of

this structured water molecule explains the observed

binding preference for 2-3-linked sialyl oligosaccha-

rides in our microarray analyses. Furthermore, our

findings also indicate that E206 is important for deter-

mining this binding preference (see Fig. 4). Another

contributing factor is the increased flexibility of the 2-

6 linkage over their 2-3 counterparts, which would

contribute an additional entropic penalty upon order-

ing in the complex.

Relative binding responses were greatly enhanced

to unnatural sialyl trisaccharides that were fluorinated

at the C2 position of the Gal residue. Moreover, these

binding signals were greater than those with the natu-

ral glycosyl ceramides GD1a and GT1b (Table I), which

are among the best ligands in our previous screening

microarray studies.13 The increased binding of

TgMIC1-MARR to the fluorinated compounds could be

fully inhibited by the natural glycan sequence

30SiaLacNAc1–4. Furthermore, host cell binding could

be competitively inhibited with soluble fluorinated

sugars indicating that the binding is specific. Such

enhanced binding of fluorosugar ligand analogs to a

lectin is unprecedented. Interestingly, despite record-

ing the highest binding potencies in microarray experi-

ments, many structural aspects of the fluorinated ana-

logs are very similar to their hydroxyl counterparts.

In the structures of 30SiaLacNAc1–3 and

60SiaLacNAc1–4 complexes the sialic acid and galactose

rings coordinate a structured water molecule, namely

WAT170. WAT170 resides in a highly electronegative

environment and while it has no direct contacts with

the protein, it is coordinated by intracarbohydrate

hydrogen bonds with NeuAc O6 (ring oxygen), NeuAc

7-OH, and Gal O2 positions. The introduction of the

fluorine atom at the Gal-2 position preserves the geom-

etry of this hydrogen bond network and the close dis-

tance to the water molecule suggests that a hydrogen

bond is maintained between WAT170 and the fluorine

atom (Table III). The occurrence of CAF���HAO hydro-

gen bonds in protein ligand complexes is uncommon

and their authenticity has been the subject of much

debate.33–35 While a fluorine atom retains the ability to

accept a hydrogen bond, the effects of its increased

electronegativity are not straightforward. In four exam-

ples out of 18 from the PDB the fluorine acts as a

hydrogen bond donor.23,36,37 More striking evidence for

CAF. . .HAO hydrogen bonding can be found in the

30SiaLacNAc1–4 structures. WAT170 is only present in

the fluorinated version, which presumably reflects a

stabilization resulting from improved geometry or

strength of the fluorine-mediated hydrogen bond. It is

interesting to note that, despite similar processing and

refinement statistics, in all cases the electron density

for fluorinated ligands is better defined, indicating per-

haps a more ordered state.

Although WGA displays a similar preference for

2-3-linked over 2,6-linked sialyl oligosaccharides, the

effect of fluorination was opposite, namely much

diminished binding. The structure of WGA in complex

with 30sialyllactose (30SiaLac)20,21 reveals a more

hydrophobic binding pocket than that of TgMIC1-

MARR, with several aromatic side-chains participating

in CH-p interactions with the carbohydrate (see Fig.

7). In this case, the galactose ring is oriented by

hydrogen bonds between the Gal 2-OH, Tyr66-OH,

and a single water molecule. The disruption of these

contacts by the 2-6-linkage accounts for the 2-3 pref-

erence in microarray experiments, as with TgMIC1-

MARR. The negative effect of fluorination observed

here may be explained by the loss of a direct hydrogen

bond between the 2-position of Gal and the ring oxy-

gen of the NeuAc in the fluorinated structure, as fluo-

rine cannot act as a hydrogen bond donor like Gal 2-

OH. In addition to hydrogen bond strength and geom-

etry, altered binding potencies of fluorinated ligands

have also been attributed to the increased hydrophobic

nature of the fluoride group.22 A favorable contribu-

tion to the entropy is provided by sequestration of flu-

oride from the aqueous environment. It is plausible

that this effect makes a substantial contribution to the

increased binding strength observed for TgMIC1-

MARR in the microarray analyses while maintaining

the geometry of the hydrogen bond network. Further-

more, molecular orbital calculations and empirical ob-

servation both suggest that CAF groups are more

likely to accept hydrogen bonds when in an electron

rich environment.33,34 The binding site of the bound

complex of TgMIC1-MARR is indeed highly electroneg-

ative, with numerous oxygen atoms participating in

intraoligosaccharide and intermolecular hydrogen

bonds, and this most probably contributes to the pro-

ductive participation of a fluorine atom.

The affinities of individual carbohydrate-protein

interactions are low, which can be problematic when

probing these interactions in the monovalent state in

solution. Polyvalency is a critical feature of cell surface

carbohydrate recognition.24,39 In the carbohydrate

microarray system used here, the oligosaccharides are

presented as clustered lipid-linked probes, with poten-

tial for some lateral mobility, in two dimensional

arrays on a chip surface.15 This might offer a suitable

mimic of the arrangement of clustered oligosaccharide

structures at the cell surface, and allow for polyvalent

binding, resulting in a much more realistic binding

response. TgMIC1 is anchored on the parasite surface
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in abundant multimeric assemblies in which at least

two MIC1 molecules are present per complex.12 The

subtle affinity and specificity differences revealed by

our structural data are most probably amplified in nat-

ural host cell interactions and effectively recapitulated

in the microarray experiments.

The high avidity of binding of TgMIC1 to clustered

natural ligands such as gangliosides that are abundant

on neuronal cells is likely a factor for the tropism of T.

gondii in the human brain. Furthermore, potent and

rapid binding to a variety of sialylated receptors may

play a role in a primary interaction, perhaps to sialic

acid on the gut epithelial cell wall thereby preventing

excretion of the parasite from the intestine after inges-

tion. Although TgMIC1 binds well to both clustered 2-

3 and 2-6-linked sialyl sugars, the differential binding

affinity may also contribute to the diverse spectrum of

T. gondii virulence observed in mammalian hosts.

Our findings on the preferential binding of

TgMIC1 to synthetic carbohydrates such as the fluori-

nated compounds could potentially be exploited in the

design of therapeutic receptor analogs. Such treat-

ments would be particularly important for immuno-

compromised patients who are at especially high risk.

Our observations on a distinctive sialic acid-binding

motif containing the essential threonine/serine residue

shared between TgMIC1-MARR and three unrelated

adhesive proteins provides the basis for the design of

novel synthetic lectins able to discriminate various

sialyl oligosaccharides.

Methods

Materials

Oligosaccharides 30 and 60SiaLacNAc1–4 were from Dextra

(Reading, UK). LacNAc1–3, 3
0SiaLacNAc1–3 and the fluori-

nated analogs of 30SiaLacNAc1–4 and 30SiaLacNAc1–3 des-

ignated 20F-30SiaLacNAc1–4 and 20F-30SiaLacNAc1–3,

respectively were chemically synthesized.17 LacNAc and

maltotriose were from Sigma. The natural glycolipids (Ta-

ble I): hematoside and sialyl paragloboside (Sial pg) were

gifts of Professor Peter Hanfland (University of Bonn);

GD1a was from Sigma; GD2 and GT1b were from HyTest

(Turku, Finland); GD3 was from BioCarb (Lund, Swe-

den). Mouse monoclonal anti-poly-histidine and biotinyl-

ated goat anti-mouse IgG antibodies were from Sigma.

Biotinylated WGA was from Vector Laboratories (Peter-

borough, UK).

Expression of recombinant soluble

TgMIC1-MARR

His-tagged TgMIC1-MARR (residues 17–262) was

expressed and purified as described.13

Carbohydrate microarray binding assays

The sialyltrisaccharides (Scheme 1) and the two Lac-

NAc analogs were converted into oxime-linked neogly-

colipids19 for arraying. These neoglycolipid probes, to-

gether with natural glycolipids, were robotically

printed onto 16-pad nitrocellulose glass slides,39 the

layout of each pad being in a dose-response format

[Fig. 1(a,c)]. Microarray binding analyses with the

recombinant His-tagged TgMIC1-MARR were per-

formed essentially as described.13 In brief, the His-

tagged TgMIC1-MARR was precomplexed with mouse

monoclonal anti-poly-histidine and biotinylated anti-

mouse IgG antibodies in a ratio of 1:1.25:1.25 (by

weight). A control experiment was carried out in the

absence of TgMIC1-MARR and no binding signal was

detected. The binding analysis of WGA was performed

as described.19

On-array inhibition of TgMIC1-MARR and WGA

binding using free oligosaccharides as inhibitors

Binding of TgMIC1-MARR at 4 lg/mL and WGA at

0.5 lg/mL were carried out in the presence of free oli-

gosaccharides 30SiaLacNAc1–4 and 60SiaLacNAc1–4, as

well as maltotriose (a negative control). The three

Figure 7. Evaluation of the binding modes of sialyl

trisaccharides to WGA and TgMIC1-MAR2. (a) WGA bound

to 30SiaLac20 (orange; pdb:1wgc) and (b) overlay of

30SiaLacNAc1–3 (red: pdb 3f5a) and 30SiaLac. Amino acid

residues and ligands are shown as sticks while water

molecules are represented as spheres (WAT178 in

pdb:1wgc has been renamed WAT170 for consistency with

the TgMIC1-MARR drug soaks). (c) Schematic

representation of WGA bound to 30SiaLac adapted from

Wright.20 Hydrogen bonds are shown as red dashed lines,

van der Waal interactions are green dotted lines, water

molecules are numbered red circles and Gal O2 is labeled.

TgMIC1-MAR2 interacts with 30SiaLacNAc1–3 on one side of

the sialic acid moiety via specific hydrogen bonds [Fig.

4(a,b)], while WGA makes contacts on the opposite face

through hydrogen bonds and van der Waals interactions.

The only distinction between 30SiaLac and 30SiaLacNAc1–3
is that galactose is b1–4 linked to glucose (Glc) rather than

b1–3 linked to GlcNAc. NeuAc and Gal motifs overlay with

little deviation while the terminal Glc or GlcNAc (which do

not interact with the protein in either case) show variation.

[Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

Garnett et al. PROTEIN SCIENCE VOL 18:1935—1947 1945

http://firstglance.jmol.org/fg.htm?mol=1wgc
http://firstglance.jmol.org/fg.htm?mol=3f5a
http://firstglance.jmol.org/fg.htm?mol=1wgc


oligosaccharides were preincubated, at different con-

centrations as indicated (see Fig. 2), to the TgMIC1-

MARR (precomplexed) or WGA before overlaying on

the microarray slides. The percentage of inhibition of

binding in the presence of inhibitors was determined as

follows using the fluorescence intensity observed with

arrayed neoglycolipid probe of 20F-30SiaLacNAc1–4
printed at 5 fmol/spot in the microarray: % Inhibition

¼ [(means of duplicate spots with maltotriose � means

of duplicate spots with 30 or 60SiaLacNAc1–4)/means of

duplicate spots with maltotriose] � 100%.

Competition cell binding assay

These were performed as described previously13 using

20F-30SiaLacNAc1–4 as the soluble ligand.

Crystallization and data collection
TgMIC1-MARR was crystallized as described.13,40 Crys-

tals were soaked overnight in 3.5 M ammonium ace-

tate, 100 mM bis-tris propane pH 7.0, and either 3.0

mM of 20F-30SiaLacNAc1–4, 30SiaLacNAc1–3 or 20F-

30SiaLacNAc1–3. Before data collection, crystals were

soaked in cryoprotectant13 and then frozen immedi-

ately. Data were collected at 100 K on beamline ID14-1

at the European Synchrotron Radiation Facility

(ESRF).

Structure solution and refinement

All data were processed with MOSFLM and scaled

using SCALA.42 Phases were obtained by molecular

replacement using PHASER38 with TgMIC1-MARR

(pdb:2jh113) as the search model. Approximately 10%

of the data were used to calculate Rfree. Refinement

was carried out with REFMAC543 and model building

was performed with Coot.44 During the final stages of

refinement TgMIC1-MARR (chain A) was submitted to

the TLS motion determination server.44,45 The modi-

fied PDB and TLS input files (with a single TLS pa-

rameter describing the chain) were used with

REFMAC543 for a restrained and TLS B-factor refine-

ment. The protein structures were validated with PRO-

CHECK47 and the carbohydrate structures validated

using pdb-care.48 Data processing and final refine-

ment statistics are given in Table I. Superimposition of

molecules was performed with Lsqkab49 and intermo-

lecular distances were measured using CONTACTS.

The coordinates and structure factors for the TgMIC1-

MARR 20F-30SiaLacNAc1–4, 30SiaLacNAc1–3 and 20F-

30SiaLacNAc1–3 soaks have been deposited with the

PDB under ID code 3f53, 3f5a, and 3f5e, respectively.
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