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Abstract
Trans-sialidase is an essential enzyme for Trypanosoma cruzi, the causative agent of Chagas’ disease,
to escape from the host immune system and to invade the host cells. Therefore, Trypanosoma
cruzi trans-sialidase (TcTS) presents a potential and appealing therapeutic target for this lethal
disease. Availability of a structurally very similar enzyme with strict hydrolase activity
(Trypanosoma rangeli sialidase, TrSA) provides us a unique opportunity to understand the
determinants of their structure and catalytic mechanism. In this study, we compare the catalytic cleft
plasticity of free (apo) and ligand-bound (holo) forms of the two enzymes using molecular dynamics
simulations. We focus on the mouth of the catalytic cleft that is defined by two residues—W312 and
Y119 in TcTS, and W312 and S119 in TrSA. Our results indicate that TcTS has a very flexible,
widely open catalytic cleft, mostly due to W312 loop motion, in apo form. However, when the
catalytic cleft is occupied by a ligand, the flexibility and solvent exposure of TcTS is significantly
reduced. On the other hand, TrSA maintains a more open catalytic cleft compared to its crystal
structures in both apo and holo forms (and compared to TcTS in holo forms). The reduced solvent
exposure of TcTS catalytic cleft, might be partially or fully responsible for TcTS to be a less efficient
hydrolase than TrSA.
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Chagas’ disease is a neglected tropical disease devastating millions of people in South and
Central America (1). No effective cure is available for the infected people and the only two
drugs identified in early 1970s have severe side effects which make their use for the chronic
phase highly controversial (2). Trypanosoma cruzi, a flagellatae protozoan, is identified as the
causative agent of this lethal disease (3–5). This parasite is unable to synthesize sialic acids
(1,Fig. 1), which are vital for its virulence in human body (6,7), but expresses an enzyme called
trans-sialidase attached to its outer membrane to provide sialic acids. Therefore, the parasite
strongly relies on its trans-sialidase enzyme to crop sialic acids from the host body. The lack
of trans-sialidase in humans makes TcTS a potential and appealing therapeutic target.

†This work was funded in part by NIH grant 1R01AI073674-01 and TG-MCA05T010
Corresponding Author: Adrian E. Roitberg, Department of Chemistry, University of Florida, Gainesville, Florida 32611-8435, USA and
Quantum Theory Project, University of Florida, Gainesville, Florida 32611-8435, USA, Phone: (352) 392-6972, Fax: (352) 392-8722,
Email: E-mail: roitberg@ufl.edu.

NIH Public Access
Author Manuscript
Biochemistry. Author manuscript; available in PMC 2010 April 21.

Published in final edited form as:
Biochemistry. 2009 April 21; 48(15): 3398–3406. doi:10.1021/bi802230y.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Sialic acids, which are O- and N-substituted derivatives of a nine-carbon monosaccharide
called neuraminic acid, lie at the terminal positions of cell surface glycoproteins and
glycolipids, and are used for recognition purposes by the immune system (8,9). Sialic acid is
a general name for the whole family of neuraminic acid derivatives as well as being specificly
used for N-acetyl neuraminic acid. We will use the latter throughout our article. Sialidases
(a.k.a. neuraminidases) catalyze the hydrolysis of sialic acids (10). Some sialidases—called
trans-sialidases—can additionally (and even more efficiently than hydrolysis) transfer sialic
acids from donor sialo-glycoconjugates to acceptor glycoconjugates. In the family of sialidases,
Trypanosoma cruzi trans-sialidase (TcTS) and Trypanosoma rangeli sialidase (TrSA) have
very high structural similarity although they differ in their catalytic function (11–14). TrSA is
a strict hydrolase while TcTS catalyzes sialyl-transfer in the presence of acceptor molecules
and hydrolysis otherwise (15–19). Their sequence and structural similarity is so high that it
was even possible to confer trans-sialidase activity to TrSA with only 5 point mutations (20).
Thus, the two enzymes pose a unique opportunity to understand the determinants of their
structure and catalytic mechanism.

TcTS is anchored to the cell surface by glycosylphosphatidilinositol (GPI) and consists of a
70 kDa globular core that accommodates the catalytic site and a variable number of highly
immunogenic repeats called shed acute phase antigen (SAPA) (21). TrSA lacks SAPA tail but
has unusual similarity to the 631-residue-long globular core of TcTS (14). The two enzymes
have a 70% sequence identity with only one amino acid insertion in TrSA close to the N-
terminus, and the RMSD value is only 0.59 Å when the corresponding Cα atoms of the enzymes
are superimposed. Both enzymes consist of two globular domains that are attached by a long
α-helical segment (14). Despite the high structural similarity overall and at the catalytic cleft,
TcTS differs from TrSA in their inhibitor binding properties as well. 2,3-dehydro-3-deoxy-N-
acetylneuraminic acid (DANA) (2,Fig. 1), which is a structural analog of sialic acid
oxocarbenium ion and an efficient inhibitor for TrSA and sialidases in general, does not inhibit
TcTS (Ki: 12.29 mM for TcTS, 0.0015 mM for TrSA) (20,22). The same trend is also seen for
inhibitors like zanamivir and oseltamivir (23). This fact points to either structural or dynamical
differences between TcTS and TrSA that are not revealed by crystal structures.

Experimental evidence suggests that a relatively long-lived covalent intermediate forms in the
sialyl-transfer mechanism of TcTS (Fig. 2) (24–27). In this scenario, sialic acid is scavenged
from the host’s glycoconjugates (donor) and remains covalently bound to the enzyme until the
parasite’s glycoconjugate (acceptor) binds at the active site. TcTS sialyl-transfer and TrSA
hydrolysis share the same mechanism up to the covalent intermediate formation step (Fig. 2)
(14,28,29). Since TcTS can also catalyze hydrolysis (in the absence of an acceptor ligand) just
like TrSA, it is not clear how the TcTS covalent intermediate is protected from hydrolysis until
the acceptor ligand arrives. Differential solvent exposure of TcTS and TrSA catalytic clefts
could be a possible explanation for the enzymes’ catalytic difference, but no sign of this is seen
in the crystal structures except that TcTS has two more hydrophobic residues at the active site
than TrSA as stated in Buschiazzo et al. (30).

In this study, we focus on the behavior of the catalytic clefts of TcTS and TrSA—alone and in
complex with different ligands. Structural details of sialyl-lactose and DANA binding to TcTS
and TrSA will be presented in a future publication. In our analysis, we find that the catalytic
cleft of TcTS has high plasticity—especially in the apo form—and visits more open forms as
well as the closed form found in the crystal structures. The mobility of the W312 loop mainly
provides this opening/closure motion of TcTS catalytic cleft. On the other hand, MD
simulations of TrSA—in all the apo and holo forms (except in the case of sialyl-lactose-bound
TrSA, as will be described in the Results and Discussion section)—show that TrSA catalytic
cleft always opens and maintains a more open form than the crystal structures. Ligand-bound
forms of TrSA maintain a more open catalytic cleft also with respect to corresponding TcTS
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forms in the simulations. The reduced solvent exposure of the catalytic cleft of TcTS compared
to that of TrSA can be partially or entirely responsible for the differential catalytic function;
sialyl-transfer or hydrolysis.

This study also demonstrates that some structural information—like the high flexibility of
W312 loop or the differential solvent exposure of TcTS and TrSA catalytic clefts—can be
veiled by the crystal structures especially at the flexible loop regions of proteins. Construction
of the unit cell of TrSA reveals close crystal contacts exactly at the catalytic cleft which are
very likely to bias the crystal structure towards the closed form. Islam and Weaver (31) claims
that approximately 25–30% of a typical protein surface is in contact with the molecules in their
crystallographic environment and thus, is affected by crystal packing forces. Based on our data,
TcTS and TrSA are no exceptions to this and their catalytic clefts should be handled cautiously
for docking and inhibitor design studies by taking into account the crystallographic biases and
flexibilities.

Methods
The initial structures of different forms of TcTS and TrSA for MD simulations are obtained
from the Protein Databank and all these 7 structures correspond to different points in the
catalytic process (Table 1). Only the catalytic domain—the first 371 residues for TcTS, the
first 375 residues for free and DANA-bound TrSA, the first 373 residues for TrSA covalent
intermediate—and the ligand, if any, are kept and the rest of the proteins and any solvent
molecules are excluded while preparing the systems for simulation. In addition to the above 7
structures available in the Protein Databank, it would be interesting to simulate sialyl-lactose-
bound TrSA. Since there was no such crystal structure available, we modelled sialyl-lactose-
bound TrSA in silico by superimposing crystal structures of DANA-bound TrSA (1N1T.pdb)
and the sialyllactose-bound TcTS (1S0I.pdb) in VMD program (32) and imitating the sialyl-
lactose pose seen in TcTS.

While preparing the input files for MD simulations several changes are performed on the
original crystal structure files to imitate the natural catalysis event better. In order to obtain a
crystal structure of sialyl-lactose-bound TcTS, the base catalyst D59 was mutated to an alanine
protecting the ligand from hydrolysis (30). Thus, we mutated A59 in the crystal structure back
to an aspartic acid for our simulations. If the crystal structure was obtained as a homodimer,
we only preserved chain A and deleted chain B. Withers group pioneered a method of using
modified (fluorinated) substrates to trap the covalent intermediates of β-glucosidases (33). This
method, which is successfully used to trap covalent intermediates of TcTS and TrSA (24,29),
caused the relevant crystal structures to contain a F atom bound to the C atom adjacent to the
anomeric C atom (Fig. 1). We altered this F atom in the crystal structures to a H atom.

The resulting file is then fed into the Leap module of Amber9 (34) molecular dynamics package
where the necessary H atoms and any other missing atoms are added as well as being solvated
with ≈7,600 TIP3P (35) explicit water molecules and in truncated octahedral box.

Since D59 is responsible for acid/base catalysis, its protonation state is changed to the aspartic
acid form instead of the aspartate form which is found normally under physiological conditions.
The protonation states of D59, E230 and Y342 change over the course of the reaction and are
adjusted in the covalent intermediates accordingly: D59 is in the aspartate form while E230 is
in the glutamic acid form instead of the glutamate form due to the H transfer from Y342 to
E230 in the reaction. In all other systems—free enzymes and Michaelis complexes—D59 and
Y342 are protonated while E230 is unprotonated.

Amber.FF99SB (36,37) and Glycam04 (38–40) force fields are used to construct the topology
files. Since the inhibitor DANA is not a standard residue in Glycam04, the parameters for this
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molecule had to be constructed. First, the geometry for DANA is obtained modifying the
standard terminal sialic acid geometry from Glycam04 using Hyperchem (41) program and
minimizing it to get planarity around its anomeric C atom. HF/6-31G* in Gaussian03 (42)
package is used to produce RESP charges for DANA and these charges are then fed into the
Antechamber module of Amber9 package to produce the parameter and topology files using
GAFF (43) force field.

The PMEMD module of Amber9 package is used first to relax the systems under periodic
boundary conditions with a procedure explained in detail in the Supporting Information.

Following the relaxation, 50 ns (130 ns for unligated TcTS) of production run is performed
following the same procedure as in the last step of the relaxation. Replicate molecular dynamics
simulations of approximately 80 ns are also performed after assigning different initial velocities
to each atom of the relaxed systems by using a different seed for the random number generator.
The stability of enzymatic systems throughout MD simulations is demonstrated by root mean
square deviation plots of Fig. S1.

Results and Discussion
Catalytic Clefts of TcTS and TrSA

The catalytic cleft of TcTS consists of two regions: The region that embraces the lactose (which
is used in crystal structures in place of long glycoconjugates) part of the ligand, and the region
that embraces the sialic acid part of the ligand. The latter region is buried deep in the enzyme
while the lactose-binding region is defined by two residues, namely W312 and Y119, which
lie on flexible loops at the periphery of the enzyme (Fig. 3). The residue numbering in TcTS
will be referred for equivalent positions of both enzymes throughout this work. As observed
in the crystal structure of sialyl-lactose-bound TcTS, the lactose part of the ligand is tightly
sandwiched between the parallel-lying aromatic side chains of W312 and Y119. TrSA’s
catalytic cleft is very similar to that of TcTS; when crystal structures are superimposed, their
backbones exactly overlap and the residues and their conformations are identical with only a
few exceptions. The most relevant ones for this study are that the conformation of W312—
which can be described with a particular pair of χ1 and χ2 dihedral angles—differs in the crystal
structures of TcTS and TrSA and that TrSA has a serine residue instead of Y119 in TcTS.

Flexibility of W312 Loop
Molecular dynamics simulations show that especially when TcTS is in apo form, the loop of
Y119 remains mostly intact while the loop of W312 is very mobile (indicated by the RMSF
plots included in the Supporting Information as Figure S2). This loop extending from residue
306 to residue 316 in the lactose-binding region rearranges to accommodate the catalytic cleft
opening and closure which significantly changes the solvent-exposure (Fig. 4). When the
catalytic cleft opens, W312 loop is highly mobile and W312 is always further away from Y119
compared to the crystal structure.

A set of strong ionic bridges involving K309 side chain and residues D337, E338, N339, R7
keep the W312 loop fixed except for the middle part of the loop extending from residue 310
to residue 314 (Fig. 3). This mobility of residues 310-314 is important since W312 which
resides on this flexible region is required to be in a certain position and conformation—
corresponding to the closed form of the catalytic cleft seen in the crystal structures—in order
to provide a binding site for the lactose part of the ligand (our unpublished results). The lactose
binding site of the catalytic cleft is especially important for the acceptor sugar which depends
solely on the interactions with the lactose binding site since it lacks the interactions of a terminal
sialic acid that are effective in sialyl-lactose binding.
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Monitoring the Extent of W312 Loop Flexibility in Apo and Holo Forms of TcTS
The extent of the catalytic cleft opening can be measured by monitoring the distance between
the Cα atoms of W312 and Y119. To provide a reference, the W312-Y119 distances of TcTS
crystal structures 1MS3, 1MS1 and 1S0I are 14.7 Å, 14.8 Å and 14.7 Å, respectively, and the
catalytic clefts with similar distances will be referred to be in the “closed” form from now on.
In the sialyl-lactose-bound TcTS MD simulation, a distance of 14.6 Å (± 0.6 Å) is preserved
between these two Cα atoms—corresponding to a closed catalytic cleft—throughout 50 ns (Fig.
5).

However, in all 3 independent MD simulations of apo form of TcTS, W312 loop which is
initially in the closed form shuttles between the closed form and open forms whose W312-
Y119 distance can become as large as 25 Å (Fig. 5). Due to the lack of interaction with a ligand,
R314 side chain is highly mobile and allows extra mobility for the W312 loop in the MD
simulations of apo form of TcTS. R314 side chain is so mobile in these simulations that it even
interacts with the carboxyl group of Q282—causing W312 loop to move further away from
Y119.

When a ligand binds to the active site of TcTS, R314 guanidinium group forms salt bridges
with the carboxylate group of the ligand’s sialic acid and this strong interaction decreases the
mobility of W312 loop by fixing the position of R314. This is seen in MD simulations of
DANA-bound TcTS and TcTS covalent intermediate for which the W312-Y119 distance is
mostly ~16 Å and can hardly become 20 Å at most (Fig. 6 and 7). The catalytic cleft is in a
semi-open form in these simulations.

So, in our simulations, the catalytic cleft of TcTS very mobile and widely open in the apo form,
but the mobility and the extent of cleft opening are gradually reduced as we go from the apo
form of TcTS to partially-occupied catalytic clefts (DANA-bound TcTS and TcTS covalent
intermediate) and lastly to fully-occupied catalytic cleft (sialyllactose-bound TcTS) (Table 2).

Decrease in W312 Loop Flexibility after Sialic Acid Binding Enhances Lactose Affinity
Our finding about differential mobility of the W312 loop can help us explain a puzzling
experimental result. Our data show that occupation of the sialic acid binding region of the
catalytic cleft by a ligand decreases the mobility of W312 loop since the carboxylate group of
the ligand strongly interacts with R314 side chain fixing its position. This decrease in W312
loop mobility can account for the surface plasmon resonance experiments by Buschiazzo and
coworkers which show that TcTS can bind lactose only after it is preequilibrated with sialic
acid or sialyl-lactose (30). These experimental results were hard to explain since lactose is a
natural acceptor in TcTS catalysis reaction and must bind at some point in the catalytic cycle.
However, based on our findings, W312 loop is very mobile when the sialic acid binding site
is empty and thus, no stable lactose binding site is available. And once the sialic acid binding
site is occupied by sialic acid, R314 interaction with sialic acid (or its analog) decreases the
mobility of W312 loop and approaches the loop to a conformation more appropriate for binding.
One could argue that presence of sialic acid and lactose together in the catalytic active site
should cause a steric clash because 3-OH group of lactose and the hydroxyl group bound to
the sialic acid’s anomeric C want to occupy the same space. However, several different
experimental studies (including the one that crystallized TcTS which was preequilibrated by
sialic acid and soaked with lactose) showed that TcTS can produce DANA as a by-product
when it reacts with sialic acid or sialyl-lactose (30,44). DANA differs from sialic acid only by
lacking the hydroxyl group—which causes the mentioned steric clash—at the anomeric C and
having a double bond there instead (Fig. 1). Thus, DANA should be the species that is produced
and stored in the catalytic site after preequilibration of TcTS with sialic acid. Preequilibration
with sialyl-lactose could also produce either the covalent intermediate or DANA. In summary,
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preequilibration produces a sialic acid analog that provides the carboxylate group to bind R314
reducing W312 loop mobility and making TcTS-lactose-binding easier. Buschiazzo et al.
(30) suggested Y119 conformational motion to be a link between the sialic acid binding and
the lactose binding affinity but noted that “further structural modifications of the protein may
contribute to modulate lactose affinity”. We present here that the change in W312 loop mobility
due to sialic acid binding can modulate the lactose binding affinity.

Correlation of W312 Loop Motion with Y119 Conformation in TcTS
Y119 side chain has 3 stable conformations that differ in χ1 dihedral angle; two of these are
solvent-exposed and project the phenol side chain to the outer milieu of the enzyme (“outward”
conformations which can be specified with χ1=60° or χ1=−60°, Fig. 8) while the third one
projects the phenol side chain into the catalytic cleft (the “inward” conformation which can be
specified with χ1=180°, Fig. 8). In the crystal structures of apo form of TcTS, DANA-bound
TcTS and TcTS covalent intermediate, double conformations of Y119 (one inward, one
outward conformation) are seen.

Interestingly, we observe that Y119 conformational change triggers W312 loop motion in TcTS
simulations. Unless the lactose binding site is occupied, the inward conformation of Y119 is
found to be the dominant one among the three. In the 2 MD simulations of DANA-bound TcTS
and the 2 MD simulations of TcTS covalent intermediate, Y119 is initially in one of the outward
conformations and the catalytic cleft maintains its closed form until Y119 moves to inward
conformation, and only after that, W312 loop begins to rearrange forming a more open catalytic
cleft (Fig. 6 and 7). In the MD simulation of sialyl-lactose-bound TcTS, Y119 is always in one
of the outward conformations and the catalytic cleft is always in the closed form. Additionally,
in all three MD simulations of apo form of TcTS, Y119 is initially in the inward conformation
(which is maintained for the entire simulation) and thus, W312 loop starts opening the catalytic
cleft at the beginning of the production run as shown in Fig. 5. Based on all these data, after
the sialic acid binding region is occupied (by either sialic acid or DANA) fixing R314 position,
the closed form of the catalytic cleft is stable as long as Y119 is in one of the outward
conformations. And once Y119 side chain swings into the catalytic cleft, it disrupts this stability
and causes free motion of W312 loop and catalytic cleft opening. But this opening is to a smaller
extent compared to that of apo form of TcTS and forms a semi-open catalytic cleft.

The best candidate to link Y119 conformation and W312 loop motion is found to be the water
network around R245 guanidinium group (Fig. 8). In the closed form of the catalytic site, the
side chain N atom of W312 interacts with the water site right above R245. When Y119 side
chain swings from one of the outward conformations into the inward conformation, its hydroxyl
group replaces one water molecule and the motion of Y119 side chain into the catalytic cleft
distorts the water network and weakens the water-mediated hydrogen bonding between W312
and R245 side chains, consequently triggering W312 loop motion from the closed form to more
open forms.

W312 Loop Flexibility in Apo and Holo Forms of TrSA
Similar analysis of W312 loop motion in TrSA MD simulations shows that the catalytic cleft
is never in the closed form unless the catalytic cleft is fully occupied by the ligand (e.g. sialyl-
lactose) (Fig. 9). For example, W312-S119 distances in 50-ns MD simulations are 19.4 Å (±
1.2 Å) for apo form of TrSA (Fig. 9, panel A), 20.6 Å (± 2.1 Å) for TrSA covalent intermediate
(Fig. 9, panel B), 17.3 Å (± 0.7 Å) for DANA-bound TrSA (Fig. 9, panel C) and 15.7 Å (± 1.2
Å) for sialyl-lactose-bound TrSA (Fig. 9, panel D). However, in the crystal structures, the
catalytic cleft of TrSA is always found in the closed form just like in the case of TcTS. The
W312-S119 distances of TrSA crystal structures 1N1S, 1N1T and 2A75 are 15.8 Å, 15.6 Å
and 15.6 Å, respectively. The open and closed forms of the TrSA catalytic cleft are depicted

Demir and Roitberg Page 6

Biochemistry. Author manuscript; available in PMC 2010 April 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in Fig. 10. Construction of the crystallographic environment of the enzyme in the unit cell using
appropriate symmetry operations reveals that there are crystal contacts of TrSA with a
neighboring enzyme exactly at the catalytic cleft. K495 side chain from the neighboring
enzyme extends into the catalytic cleft of TrSA occupying the space between W312 and S119
(Fig. 11). These crystal contacts can explain the difference in the catalytic clefts between MD
simulations and crystal structures of TrSA.

Comparison of Catalytic Clefts of TcTS and TrSA and Its Consequences
A more open catalytic cleft observed in TrSA covalent intermediate compared to TcTS covalent
intermediate in MD simulations is also important since it can directly affect the catalytic activity
of an enzyme. For a hydrolysis reaction—in which TrSA is very efficient while TcTS is not
—, solvent exposure of the catalytic cleft should be important. The covalent intermediate is in
fact the most sensitive phase in the catalytic process for solvent exposure. Thus, higher solvent
exposure of TrSA covalent intermediate compared to TcTS covalent intermediate might be the
reason for TrSA to be more efficient in hydrolysis. Mutagenesis studies showing that a single
S119Y mutation decreases the sialidase activity of TrSA by 50% (Table 3 in Paris et al. (18))
can also support this hypothesis since serine can decrease solvent-exposure of the catalytic
cleft for two reasons: it is smaller in size and lacks the large aromatic side chain of a tyrosine
residue.

Conclusion
Analysis of MD simulations of TcTS clearly demonstrates the plasticity of its catalytic cleft
especially in the apo form. This plasticity, which is mainly provided by W312 loop (residues
306-316) opening/closure motion, must be the reason why none of the proposed inhibitors so
far are effective (23) since the inhibitors are designed against a static crystal structure. Similar
flexibility was observed also in the case of avian influenza neuraminidase simulations (45).

Additionally, TrSA catalytic cleft is always found to adopt a more open form in MD simulations
compared to the crystal structures unless the catalytic cleft is fully occupied by the ligand (e.g.
sialyl-lactose). The catalytic cleft of TrSA covalent intermediate prefers a more open form
compared to TcTS covalent intermediate. This effect is proposed here as the reason for the
differential catalytic functions of the two enzymes since a hydrolysis reaction would be directly
affected by water accessibility of the catalytic cleft.

None of the above information has been revealed by the crystal structures available. Although
the bias in TrSA can easily be accounted for by the crystal contacts found at the catalytic cleft,
no such crystal contacts are found at the TcTS catalytic cleft. However, a recent study showed
that crystal packing effects can modify atomic fluctuations even at the regions that do not have
direct crystal contacts (46). Lately, the flexibility of enzymes has acquired significant attention
and resulted in its inclusion in the drug design process (47–50). For example, McCammon and
coworkers (51) found inhibitors for Trypanosoma brucei RNA-editing ligase by explicitly
targeting dynamics and flexibility of the enzyme and Carlson and coworkers (52) designed
HIV-protease inhibitors targeting a binding site that is only revealed during protein motion.
Thus, it is now widely accepted that although the crystal structures of enzymes are an asset,
they should not be considered as a rigid scaffold and should be complemented by computational
simulations to modify biased conformations and to locate flexible regions which can be targeted
for inhibitor design. Here, we demonstrate that TcTS and TrSA are cases where one should be
very cautious about the structure and flexibility of loops at the catalytic sites especially for
purposes of docking and inhibitor design studies.

Our data additionally offers a possible explanation for the experimental results that indicate
differential lactose affinity of TcTS depending on whether the enzyme is preequilibrated with
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sialic acid/ sialyl-lactose or not. Binding of a sialic acid analog (e.g. DANA) decreases the
flexibility of the W312 loop and provides a more preassembled active site to facilitate lactose
binding to the TcTS catalytic cleft.

Lastly, we report a correlation between Y119 conformation and W312 loop motion. Once the
sialic acid binding region is occupied by sialic acid or DANA, W312 loop mobility is decreased
but is still affected by the conformation of Y119. W312 loop keeps a conformation maintaining
the closed form of the catalytic cleft as long as Y119 side chain is in one of the “outward”
conformations. However, when Y119 side chain swings into the catalytic cleft, W312 loop
tends to open the catalytic cleft forming a semi-open catalytic cleft. Most likely, the motion of
Y119 side chain into the catalytic cleft distorts the water network and weakens the water-
mediated hydrogen bonding between W312 and R245 side chains, consequently triggering
W312 loop motion from the closed form to more open forms.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chemical structures of sialic acid (1) and 2, 3-dehydro-3-deoxy-Nacetylneuraminic acid (2,
abbreviated as DANA). The star shows the location of F atom insertion mentioned in the text.
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Figure 2.
The proposed mechanism for trans-sialidase catalysis reaction of TcTS. The donor and acceptor
sugar moieties are colored in red and orange, respectively. In sialidase catalysis reaction of
TcTS, a water molecule takes the role of the acceptor lactose.
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Figure 3.
The interactions that clamp W312 loop (in yellow) to R7 shown for TcTS bound to sialyl-
lactose (sialic acid is colored orange and lactose is colored ice blue). K309 and E338 connect
the two flexible loops (in yellow and purple) to R7 that lies on a β-sheet structure. R314 serves
to fix W312 loop by interacting with the carboxylate group of sialic acid in the presence of a
ligand.
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Figure 4.
Closed and open forms of W312 loop. The initial closed form of the loop (red) rearranges and
creates a more open catalytic cleft (blue) in apo form of TcTS. W312 visits all possible different
conformations once W312 loop leaves the closed form.
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Figure 5.
W312 Cα-Y119 Cα distance (in Å) in the molecular dynamics simulations of apo and sialyl-
lactose bound forms of TcTS.
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Figure 6.
The correlation of Y119 χ1 dihedral angle change (in the top panel) with the opening of W312
loop (in the bottom panel) monitored by the distance between Cα atoms of W312 and Y119 in
two separate MD simulations of DANA-bound TcTS. W312 loop opening does not occur
unless Y119 side chain swings into the catalytic cleft (for which χ1=180°). The dihedral angles
are in degrees and distances are in Angstroms.
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Figure 7.
The correlation of Y119 χ1 dihedral angle change (in the top panel) with the opening of W312
loop (in the bottom panel) monitored by the distance between Cα atoms of W312 and Y119 in
two separate MD simulations of TcTS covalent intermediate. The dihedral angles are in degrees
and distances are in Angstroms.

Demir and Roitberg Page 18

Biochemistry. Author manuscript; available in PMC 2010 April 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
Water network around R245 that connects Y119 conformational motion to W312 loop motion.
The water network at the beginning of simulation (shown in green) is distorted (colored
according to atom type) when Y119 moves from χ1=−60° to χ1=180°. The third possible Y119
conformation is also shown (in orange).
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Figure 9.
Catalytic cleft opening in TrSA MD simulations monitored by the distance between W312 CA
and S119 CA (in Å). A) TrSA B) TrSA covalent intermediate C) DANA-bound TrSA D) Sialyl-
lactose-bound TrSA
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Figure 10.
Closed and open forms of TrSA catalytic cleft. The initial closed form and the more open
average structure of the apo form of TrSA (in the 50-ns simulation) are superimposed and the
important regions of the catalytic cleft are depicted in red and blue, respectively.
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Figure 11.
Close crystal contacts in the unit cell of apo form of TrSA. Orange and blue ribbons show the
two neighboring enzymes. K495 side chain lies inside the active site of TrSA hindering W312
to move freely. S119 is also shown to clarify the relative orientation.
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Table 1
The crystal structures used in MD simulations.

Protein Data Bank Code Description

1MS3 Empty TcTS

2AH2 TcTS covalent intermediate

1MS1 DANA-bound TcTS

1S0I Sialyl-lactose-bound TcTS

1N1S Empty TrSA

2A75 TrSA covalent intermediate

1N1T DANA-bound TrSA
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Table 2
The extent of catalytic cleft opening and mobility in TcTS and TrSA MD simulations.

Description Catalytic cleft Mobility

Empty TcTS Open +++

TcTS covalent intermediate Semi-open +

DANA-bound TcTS Semi-open +

Sialyl-lactose-bound TcTS Closed −

Empty TrSA Open +

TrSA covalent intermediate Open +

DANA-bound TrSA Open +

Sialyl-lactose-bound TrSA Closed −
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