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Probing the acceptor substrate binding site of Trypanosoma cruzi
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Systematically modified octyl galactosides and octyl N-acetyllactosamines were assessed as inhibitors
of, and substrates for, T. cruzi trans-sialidase (TcTS) in the context of exploring its acceptor substrate
binding site. These studies show that TcTS, which catalyses the a-(2→3)-sialylation of non-reducing
terminal b-galactose residues, is largely intolerant of substitution of the galactose 2 and 4 positions
whereas substitution of the galactose 6 position is well tolerated. Further studies show that even the
addition of a bulky sugar residue (glucose, galactose) does not impact negatively on TcTS binding and
turnover, which highlights the potential of ‘internal’ 6-substituted galactose residues to serve as TcTS
acceptor substrates. Results from screening a 93-membered thiogalactoside library highlight a number
of structural features (notably imidazoles and indoles) that are worthy of further investigation in the
context of TcTS inhibitor development.

Introduction

It is widely accepted that carbohydrates play a crucial role
in a diverse array of biological recognition events1 and that
glycobiology offers many new and specific targets for therapeutic
intervention.2 A number of potential ‘glyco’ targets present
themselves in relation to infection,2d,2e with parasitic diseases,
for instance, offering numerous opportunities relating to cell
surface glycan biosynthesis and recognition.3 In the case of the
blood-borne protozoan parasite Trypanosoma cruzi, which causes
Chagas’ disease in South and Central America, very few effective
drugs are currently available.4 T. cruzi is an obligate intracellular
parasite that must bind to and invade host cells to complete
its life cycle; once in the blood stream it must evade the host
immune response. For both events, sialic acid-containing mucin
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glycoprotein structures are key players. The parasite is not itself
capable of synthesising sialic acid and instead employs a cell
surface trans-sialidase5 in order to scavenge this sugar from host
glycoconjugates and transfer it to the parasite’s own mucin coat
(Fig. 1).6

Fig. 1 trans-Sialidase-catalysed sialylation of parasite cell surface mucin
with sialylated host glycoprotein.

Understanding ligand–substrate binding by TcTS is key to its
exploitation as a drug target and as a catalyst for glycoconjugate
synthesis. Beyond X-ray crystallography7 and in silico approaches,8

a number of groups have used NMR spectroscopy,9 enzyme kinetic
analysis10 or inhibition studies11 to address this point. However,
the availability of sialylated glyconjugates to probe TcTS function
is hampered by issues associated with the preparation of sialylated
glycans. While advances have been made in chemical synthesis
approaches,12 there is still room for improvement. Enzymatic
methods based on sialyltransferases,13 sialidases14 (operating ‘in
reverse’) and TcTS15 have been reported. TcTS, in particular, has
a relaxed acceptor specificity16 which has proved to be a useful
tool with which to generate a-(2→3)-sialylated glycans for the
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Fig. 2 Systematically modified octyl galactosides as potential inhibitors of TcTS-catalysed trans-sialylation. The plot shows % enzyme activity remaining,
as judged by radiochemical assay, as a function of inhibitor modification. The unsubstituted parent octyl galactoside resulted in 25% activity remaining.

study of carbohydrate recognition by E-selectin,17 Toxoplasma
gondii microneme protein 1,18 and the Siglec family member MAG
(myelin-associated glycoprotein).19 It has also been exploited for
the sialylation of (synthetic) T. cruzi mucin glycans20 and for
the resialylation of desialylated sheep erythrocytes, for instance.21

Herein we report studies aimed at exploring the acceptor substrate
binding site of recombinant T. cruzi trans-sialidase22 using a
series of small libraries of systematically modified glycans and
a thiogalactoside-based combinatorial library.

Results and discussion

Since the compounds assessed in this study are acceptor substrate
analogues, they were assessed as both potential TcTS inhibitors
and acceptor substrates. In the former case, a well established
radiochemical assay was employed:23 compounds (1 mM) were
incubated in the presence of a-(2→3)-sialyl-lactose (1 mM)
and [14C]-lactose (7 mM; 750 Bq) for 30 min at 37 ◦C, with
formation of a-(2→3)-sialyl [14C]-lactose monitored following
anion-exchange separation. Where compounds were screened as
acceptor substrates (1 mM concentration, with incubation for
16 h at 37 ◦C in the presence of 5 mM PNP-sialic acid as donor
substrate), analytical scale reactions were monitored by TLC, with
key reactions also analysed by ES-MS.

Octyl galactosides as TcTS inhibitors. Initially a set of system-
atically modified octyl galactosides was investigated (Fig. 2).24

These compounds have previously been assessed as potential
acceptor analogue inhibitors of the blood group H gene-specified
a-(1→2)-fucosyltransferase that is involved in O blood-group
antigen biosynthesis.24 Fig. 2 clearly shows that 3-modified octyl
galactosides (i.e. modified at the prospective site of TcTS action)
have very limited inhibitory effect on TcTS. This is in contrast to
the situation with, for instance, some glycosyltransferases where
the corresponding -OH to -NH2 substitution in acceptor substrates
results in inhibition.25 4-Modified octyl galactosides show weak
inhibition, irrespective of the 4-substituent, whilst 6-modified
octyl galactosides show much stronger inhibition, with the 6-

OMe compound producing stronger inhibition than the parent
alcohol. Overall, these data suggest that while modification of the
3-position of a galactoside acceptor abolishes binding to TcTS,
minor modification at C4 may be tolerated. Substitution of the
C-6 primary alcohol has no negative impact, and on occasion may
have a positive effect on ligand binding (compare 16% activity
remaining for the 6-OMe compound with ~25% activity remaining
for the parent 6-OH compound).

Octyl LacNAcs as TcTS inhibitors. We next moved to a
library of disaccharide derivatives, the synthesis of which was
based on hydroxyl group functionalisation as O-cyanomethyl
ethers, which provides a versatile route to the preparation of
sugar amines, carboxylic acids, amides and amidine salts.26 This
approach has previously been used to generate a library of 24
derivatives of N-acetyl-lactosamine (LacNAc), which was used
to map acceptor hydroxyl group interactions with bovine a-
(1→3)-galactosyltransferase, identifying key polar groups that are
essential for glycosyl transfer.27 Here the same set of compounds
were assessed in the radiochemical TcTS inhibition assay (Fig. 3).

With this series of 24 octyl LacNAc derivatives, inhibition of
TcTS action is only dependent on the site of substitution, but
not on the nature of the substituent (Fig. 3). Modification of
either the 3 or 6 positions on the N-acetylglucosamine residue,
or the 6 position of the galactose residue of N-acetyllactosamine,
are readily tolerated by TcTS, with all such compounds assessed
demonstrating strong inhibition in the radiochemical trans-
sialylation assay. In contrast, modification of the galactose 2, 3
or 4 positions in N-acetyllactosamine essentially abolished TcTS
inhibition. While the data for the 3¢-substituted octyl LacNAc
compounds is in keeping with that for the 3-substituted octyl
galactosides (i.e. inhibition abolished), the larger substituents
(Fig. 3) in the octyl LacNAc series prevent TcTS inhibition when
present at the 2¢ or 4¢ positions while the more modest OH
to H/OMe/F/NH2 substitutions in the octyl galactosides are
tolerated, to varying degrees.
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Fig. 3 Systematically modified octyl LacNAcs (1mM) as potential inhibitors of TcTS-catalysed trans-sialylation. The plot shows % enzyme activity
remaining, as judged by radiochemical assay, as a function of inhibitor modification. The unsubstituted parent octyl LacNAc resulted in 15% activity
remaining.

Octyl galactosides and octyl LacNAcs as TcTS substrates. The
systematically modified octyl galactosides and octyl LacNAcs
discussed above were also assessed as potential acceptor substrates
(1 mM) for TcTS in the presence of excess PNP sialic acid‡ as
a donor substrate (5 mM). Turnover was assessed by TLC and
confirmed by ES-MS (summarised in Fig. 4).

‡ PNP sialic acid was used in preference to a-(2→3)-sialyl-lactose since
the former can easily be obtained in hundreds of mg to gram quantities
for preparative scale biotransformations.

Overall, it is clear that substitution of the 2 or 4 posi-
tion of galactose in either octyl galactoside or octyl LacNAc
greatly diminishes or even prevents TcTS-catalysed a-(2→3)-
sialylation. In contrast, in both series of compounds modification
of the 6 position of galactose is well tolerated, with all such
compounds assessed giving rise to sialylated product. For the
octyl LacNAc derivatives where reaction was observed (i.e. the
3, 6 and 6¢ modified compounds), the relative turnover was
substituent-dependent, but independent of the site of substitution
(Fig. 4 b).
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Fig. 4 TcTS-catalysed sialylation of systematically modified a octyl galactosides and b octyl LacNAc derivatives in the presence of PNP-sialic acid.

Scheme 1 Generation of a library of diastereomeric thiogalactosides.28 For details of a-haloketones (two), a,b-unsaturated ketones (eight) and amines
(nine) on which the library is based see the ESI.†

Thiogalactosides as TcTS inhibitors. With a view to further
exploring chemical space, and taking into account the established
but weak inhibition of TcTS by b-galactosides,11a,11e we went
on to consider the molecular diversity evident in a 1-thio-b-D-
galactopyranoside library. This set of compounds emanates from
a solution phase library synthesis that relies on solid-phase ex-
traction on C18 silica as a purification strategy.28 Parallel solution
S-alkylation of tetra-O-dodecanoyl-1-thio-b-D-galactopyranose
with Michael acceptors and a-chloroketones, followed by ketone

reductions, reductive aminations, and de-O-acylation provide
access to a library of 1-thio-b-D-galactopyranosides carrying small
and diverse polar-neutral, hydrophobic, aromatic, cationic, or
anionic non-carbohydrate aglycone structures (Scheme 1). This
library has previously given rise to novel inhibitors of toxin A
from Abrus precatorius and of b-galactosidase from E. coli.28

In the current study, a library of 93 compounds, each a mixture
of 4 diastereoisomers, was assessed for inhibition of TcTS (Fig. 5).
Of the 93 compounds assayed, 25 gave 20% inhibition or less,

Fig. 5 Assessment of a b-thio-galactopyranoside library (250 mg ml-1; ca 0.5–1.0 mM) for of TcTS-catalysed trans-sialylation. The plot shows % enzyme
activity remaining, as judged by radiochemical assay. The following compounds were not assayed: B7, C4, C9, D7, D9, G3, G4.
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Fig. 6 Top five TcTS inhibitors from the b-thiogalactopyranoside library.

whilst at the opposite end of the inhibitory spectrum, 5 samples
gave greater than 60% inhibition in the TcTS radiochemical assay.

None of the compounds in this library is a potent TcTS
inhibitor (e.g. low micromolar IC50) but the vast majority of
compounds analysed show some inhibition at around 0.5–1.0 mM
concentration with the more effective inhibitors (Fig. 6) having
IC50’s in the high micromolar/low millimolar range. No strong
SAR is evident in the data, although a preference for a cyclic
ketone building block, and a carboxyl group and weakly basic
substituents is clear (H5, H6, H7, I6). There does not appear to
be a strong preference for the nature of the ketone building block,
with five of the ten used in library generation appearing amongst
the top five TcTS inhibitors. Overall, these data suggest that the
acceptor binding site of TcTS is remarkably tolerant of both
physical shape and functional groups - important factors when
considering TcTS as a potential catalyst for a-(2→3)-sialylation
reactions. In addition, these data suggest that there is potential in
exploring imidazoles and indoles as fragments for TcTS inhibitor
development.

Isomeric mono- and disaccharides as TcTS inhibitors and sub-
strates. It is evident from the literature15,16 that, as highlighted
by the library screens above, TcTS is rather promiscuous with
respect to acceptor substrates. Its natural acceptors are branched
mucin O-linked glycans,6 often presenting several non-reducing
terminal as well as internal galactose residues. Previatio and
colleagues29 investigated the kinetics of in vitro sialylation of
these O-linked oligosaccharides by the T. cruzi trans-sialidase
and showed that incorporation of one molecule of sialic acid
hinders the introduction of a second molecule when two potential
acceptor sites are present. Later work from de Lederkremer and
colleagues20d demonstrated that while the major pentasaccharide
of T. cruzi G strain mucin presents two terminal b-linked galactose
residues for possible sialylation by TcTS, preparative sialylation
in vitro results in the addition of only a single sialic acid
residue. Nonetheless, we have shown20a that double sialylation of
a synthetic branched T. cruzi Y strain mucin O-glycan can be
achieved in vitro with TcTS. In addition, Crout and colleagues30

have demonstrated the double sialylation of the disaccharide b-
Galp-(1→6)-Galp, confirming that two sialic acid residues be
added to the same glycan chain. However, the clear preference
in this work, and in accord with the observations of Previato, was
for single sialylation. The Crout work30 also showed that a-Galp-
(1→6)-Galp-b-OMe was susceptible to sialylation on the reducing

terminal b-galactose residue, indicating that b-galactose does not
need to be located at the non-reducing terminus of a glycan for
it to be susceptible to TcTS-catalysed sialylation. In the current
study, we were therefore drawn to investigate a series of isomeric
disaccharides (Fig. 7) as potential inhibitors/acceptor of TcTS.

Initial experiments with reducing galactose, lactose and glucose
confirm that acceptor recognition by TcTS is dominated by the
non-reducing terminal galactose residue, with lactose providing
little additional inhibition with respect to galactose (Fig. 7). The
importance of C4 stereochemistry is also evident: while reasonable
inhibition is obtained with galactose, little or no inhibition is
obtained with the C4 epimer glucose. This is in keeping with
data presented earlier for octyl galactosides and octyl LacNAcs
derivatives, and confirms the very limited TcTS tolerance for
acceptor C4 modification.

Comparing (1→2)-, (1→3)- and (1→6)-linked b-Galp-Galp
disaccharides as TcTS inhibitors, the (1→6)-isomer is a somewhat
stronger inhibitor (30% activity remaining) than the other two
(48% and 58% activity remaining, respectively), which are closer in
activity to galactose and lactose (Fig. 7). This highlights that while
the (1→2)- and (1→3)-linked compounds contain two galactose
residues, only a single TcTS acceptor site is available in both cases
and presumably only the non-reducing terminal galactose residue
is able to bind productively to the TcTS acceptor binding site.
Exploiting the fact that glucose is not a TcTS substrate, b-Glcp-
(1→2)-Galp-OMe (96% activity remaining) was assessed as an
analogue of b-Galp-(1→2)-Galp-OMe (56% activity remaining).
As expected, 2-substitution of the galactose residues blocks its
ability to interact with TcTS, which is consistent with the octyl
LacNAc data presented earlier. In contrast, the (1→6)-linked
Galp-Galp disaccharide possesses two potential sites for TcTS
catalysed sialylation, as demonstrated by Crout and colleagues,31

and inhibits TcTS more strongly than the (1→2)- and (1→3)-
linked isomers. This suggests that there are likely TcTS binding
contributions from both galactose residues in this case.

With octyl glycosides, TcTS inhibition is more pronounced than
with the methyl glycosides and reducing sugars (38% activity
remaining for octyl galactoside vs. 62% remaining for reducing
galactose, for instance)(Fig. 7). Again employing glucose as a
non-substrate residue for TcTS, b-Glcp-(1→6)-Galp-octyl, which
contains only a single potential site for TcTS action, was assessed
as an acceptor substrate: TLC and ES-MS data demonstrate
the exclusive formation of a singly sialylated compound upon
incubation with TcTS and PNP-sialic acid (ES-MS: observed
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Fig. 7 Isomeric saccharides as potential inhibitors of TcTS-catalysed trans-sialylation. Circles indicate the potential sites of sialic acid attachment. The
plot shows % activity remaining as a function of inhibitor modification.

[M - H]- 744.5). These data suggest that b-Glcp-(1→6)-Galp-
octyl binding to TcTS benefits from the positive impact of
both the octyl group and the glucose substituent at the 6
position, which gives rise to strong TcTS inhibition (22% activity
remaining).

Conclusions

This study has assessed the use of glycoside libraries as a means
of exploring the acceptor substrate binding site of T. cruzi trans-
sialidase. This enzyme catalyses the a-(2→3)-sialylation of non-
reducing terminal b-linked galactose residues, but it is largely
intolerant of substitution of the galactose 2 and 4 positions.
In contrast, substitution of the galactose 6 position is well
tolerated, with not even the addition of a bulky sugar residue
(glucose, galactose) impacting negatively on TcTS binding and
turnover. Data reported herein, coupled with the observations
of Crout and colleagues,30 highlight the potential of ‘internal’ 6-
substituted galactose residues to serve as acceptor sites for TcTS-

catalysed trans-sialylation§. In addition, the library screening
approach adopted has highlighted a number of structural features
(notably imidazoles and indoles) that are worthy of more thorough
investigation in the context of TcTS inhibitor development. In
summary, this study expands upon the demonstrated versatil-
ity of T. cruzi trans-sialidase as a catalyst for a-(2→3)-sialyl-
glycoconjugate synthesis, highlighting the wide range of structures
and functionalities that it can accommodate.

Experimental

The trans-sialidase used in this study was a His-tagged 70 kDa
recombinant material truncated to remove C-terminal repeats
but retaining the catalytic N-terminal domain of the enzyme.22

The preparation of the compound libraries screened in this study

§ Elsewhere we have exploited these observations in the design of novel
TcTS acceptor analogue inhibitors11e and glycomacrocycle substrates32 for
TcTS based on triazole-linked 6-disubstituted b-galactosides.
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have been reported previously.24,26,28 Similarly, the disaccharides
screened have either been reported in the literature or were
synthesised using published methods.31

TcTS inhibition assay. TcTS was assayed using a literature
radiochemical method.23 Briefly, prospective inhibitors were in-
cubated (50 ml, 20 mM HEPES, pH 7.0) for 30 min at 37 ◦C
in the presence of a-(2→3)-sialyl-lactose (1 mM) and [14C]-
lactose (7 mM; 750 Bq). The reaction was then terminated by the
addition of water (1 ml), followed by passage of the quenched
mixture through QAE Sephadex A25 (0.5 ml) equilibrated in
water. Unreacted [14C]-lactose was eluted with water (3 ¥ 0.5 ml)
and [14C]-sialyl-lactose product was eluted with 1 M ammonium
formate (3 ¥ 0.5 ml). Potential inhibitors were screened at 1 mM
concentration in the case of octyl galactosides, octyl LacNAcs
and other O-glycosides, and 250 mg ml-1 for thiogalactosides. The
inhibition data, reported as bar charts, are accurate to ± 10%.

TcTS acceptor substrate assay. Prospective TcTS acceptor
substrates (1 mM) were incubated (50 ml, 20 mM HEPES, pH
7.0) for 16 h at 37 C in the presence of PNP sialic acid (5 mM) and
turnover was assessed by TLC (CHCl3–MeOH–H2O, 10 : 10 : 3)
with detection using orcinol/sulfuric acid in ethanol. Where
turnover was evident from TLC analysis, protein was precipitated
from reactions with ethanol on ice and the resulting soluble
material was directly analysed by ES-MS.
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