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ABSTRACT: Trans-sialidase is a crucial enzyme for the infection of Trypanosoma cruzi, the protozoa
responsible for Chagas’ disease in humans. This enzyme catalyzes the transfer of sialic acids from mammalian
host cells to parasitic cell surfaces in order to mask the infection from the host’s immune system. It represents a
promising target for the development of therapeutics to treat the disease and has been subject of extensive
structural studies. Elaborate experiments suggested formation of a long-lived covalent intermediate in the
catalytic mechanism and identified a Tyr/Glu pair as an unusual catalytic couple. This requires that the
tyrosine hydroxyl proton is transferred to the carboxylate group of glutamate before the nucleophilic attack.
Since the solution pKs of tyrosine and glutamate are very different, this transfer can only be accomplished if
the reaction environment selectively stabilizes the product state. We compute the free energy profile for the
proton transfer in different environments, and our results indicate that it can take place in the active site of
trans-sialidase, but only after substrate binding. By means of the energy decomposition method, we explain
the influence that the active site residues exert on the reaction and how the pattern is changed when the
substrate is present. This study represents an initial step that can shed light on our understanding of the

catalytic mechanism of this reaction.

For enzymatic function, the pK, values of specific residues are
of primary importance. Many reaction mechanisms involving
acid/base catalysis require substantially altered pK,s (/). These
changes in pK,s are possible due to the local environment of the
residue. Two well-established cases are mentioned here, but the
literature is rife with examples of this behavior. The Glul72 of
the xylanase of Bacillus circulans, for instance, has a dual role in
the mechanism, and its pK, value changes from ~7.0 to ~4.0
during the course of the catalyzed reaction (2). In a second
example, Glu35 of hen egg white lyzozyme acts as a proton
donor, indicating that its pK, value is higher than the corre-
sponding water solution value (3, 4). Itis usually assumed that the
energetic cost necessary for a distinct pK, seen in a protein is
prepaid in the folding process mostly in the form of unfavorable
dipole—dipole interactions (5—7).

Sialic acids is the common name for O- and N-substituted
derivatives of a nine carbon monosaccharide called neuraminic
acid (8) . These acids lie on the terminal position of cell surface
glycoproteins and glycolipids and are used for recognition by the
immune system (9, 10). Sialidases catalyze the removal of sialic
acid from various glycoconjugates (/7). Trypanosoma cruzi trans-
sialidase (TcTS)' is a member of the family of sialidases that
transfers sialic acids from donor sialo-glycoconjugates to acceptor
glycoconjugates (12, 13) while having a minor straight sialidase
activity component. 7. cruziis a flagellate protozoan identified as
the causative agent of Chagas’ disease. This parasite relies in its
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TcTS enzyme to evade the immune system of the host (14—17).
Due to its importance for the disease, this enzyme is one of the
most extensively studied among trans-sialidases (12, 13, 18—21).

In the initial step of the mechanism of TcTS, the sialic acid is
scavenged from the donor glycoconjugate with nucleophilic
participation of the enzyme (22). Whether this nucleophilic
participation ends up collapsing into a covalent intermediate or
remains as an oxocarbenium ion intermediate has been long
discussed for enzymes of similar families, even for the very well
studied lysozyme (3, 23, 24). Kinetic isotope effect studies
revealed strong nucleophilic participation and little charge devel-
opment in the transition state of TcTS, and these results together
with the fact that TcTS retains the stereochemistry around the
reaction center pointed toward subsequent covalent intermediate
formation. Additionally, quenching the catalytic reaction of a
radioisotope-labeled ligand indicated that the mechanism involved
a covalent bond formation between the ligand and the enzyme
(18). A separate effort later achieved trapping and identification
of the covalent intermediate of TcTS using 2-deoxy-2,3-difluo-
rosialic acid as an activated ligand (19, 20). These activated
fluorinated ligands also facilitated identification of Tyr342/
Glu230 as an unusual nucleophile couple. Particularly, the
hydroxyl oxygen of Tyr342 attacks the anomeric carbon of the
sialic acid and forms a covalent intermediate, with a concomitant
proton transfer to Glu230 (see Figure 1). This transfer from the
hydroxyl group of a tyrosine to a carboxylate group can only be
possible if the active site of TCTS selectively stabilizes the product
state. In other words, the pK, values for these residues should be
significantly shifted from their water solution values.

In this report we present a theoretical study aimed to explain
how this transference can take place in the active site of TcTS, but
only after substrate binding. The free energy profiles for this

©2010 American Chemical Society



Article

OH
o]

- Lactose HN
E—

Tyr342

Tyr342

—K OH
&l OH o

Biochemistry, Vol. 50, No. 5, 2011 837

Asp59
Asp59 o

I-o

e} OH Lactose

( OH o:
co, & LOH o
+ Lactose HN
—_— CO,

OH o
o
" o
\( Glu230
Glu230 Glu230

Tyr342

FIGURE 1: The mechanism of sialyl-transfer reaction of TcTS considering a covalent intermediate. The proton transfer from Tyr342 to Glu230 is
pointed out in red. This transference needs to take place so as to enable the bond formation between Tyr342 and the sialic acid.

proton transfer reaction in water solution, in the apo (unbound
substrate) form of TcTS and in its holo (substrate-bound) form
were computed. Our results indicate that AG®°, (standard free
energy change) seen for the holo form is ~10.0 kcal/mol lower than
for the apo form, making the transfer plausible in the presence of
the substrate and improbable in its absence. This difference
between the AG®;s could be explained by the distinct electrostatic
interaction pattern of the active site residues. Particularly, the
biggest changes noticed upon substrate binding belong to the
residues of the arginine triad (Arg35, Arg245, and Arg314), and
the reason for these changes is mainly due to the different charge
distribution (polarization) seen upon the proton transfer in the
apo and holo forms of the enzyme.

The rest of the report is organized as follows. The next section
explains the methodologies employed in the calculations. Then,
we report and discuss the results of such computations. Finally,
the conclusions of this work are outlined.

METHODS

General Aspects. Here, we briefly describe the general
aspects that were followed for the full QM optimizations, for
the free energy calculations, and for the implementation of the
energy decomposition method. The details are then explained.
QM optimizations were performed using GAUSSTANO09 (25)
while QM/MM computations presented in this report were
achieved by means of the AMBERI10 package (26), and unless
explicitly stated otherwise, the PM3-PDDG level of theory was
the one employed to describe the quantum subsystem (27).
Amber99SB (28, 29) force field was selected to describe the
potential energy of the classical region.

The initial configurations of the crystallographic structure of
TcTS with sialyllactose (holo form) and without (apo form) were
taken from the Protein Data Bank, entries 1MS3 and 1S0I,
respectively. In what follows, the residue numbering and the
names of the atoms correspond to these crystallographic struc-
tures. The systems were protonated considering standard states
except for D59. This residue is responsible for the acid/base
catalysis, and its aspartic acid form was used. The resulting files
were fed into the Leap module of Amber, and the systems were
solvated in a TIP3P rectangular parallelepiped water box of 8.0 A
around the solutes, conserving crystallographic water molecules.
Molecular dynamics (MD) simulations were performed using
periodic boundary conditions with a cutoff distance of 12.0 A and
a time step of 1.0 fs. The particle mesh Ewald method was used to
calculate the long-range Coulomb Forces (30). The initial struc-
tures were minimized at constant volume, and in a second stage,
the system was heated from 0 K to a target temperature of 300 K
during 55.0 ps using the weak-coupling algorithm (37) with a 7y,
value of 2.8 ps. During this heating, the volume was kept constant.

After this, we switched to constant temperature and pressure
conditions, using a value of 2.0 ps for both 7., and 7,,, so that the
density could relax. Finally, 300 ps of equilibration MD were
practiced. The equilibrated structures were used as the initial
points for the umbrella sampling analysis.

Umbrella Sampling Calculations. We evaluated the free
energy profile for the proton transfer in three different systems.
One of them corresponds to a model containing only residues
Tyr342 and Glu230 in a water box. To construct this model, we
started from the apo form of the enzyme, cut the bonds linking
the Ca atoms to the protein backbone, and then filled the free
valence of each Co with hydrogen atoms. During the MD
simulations, a 100.0 kcal/(mol A?) harmonic restraint on the
Co atom of both residues was applied to their starting positions
so as to mimic the distance in the protein environment. Water
molecules were modeled by MM while Tyr342 and Glu230 were
part of the QM subsystem. The other two systems were the apo
and holo forms of TcTS. All residues of the active site that
interacts directly with the substrate were included in the QM
region. Particularly, for the apo form of the enzyme the QM
subsystem was defined considering the residues Tyr342, Glu230,
Arg35, Arg245, Arg314, Asp96, and Glu357. For the holo form
case, the sialyllactose was also considered as part of this
subsystem. The reaction coordinate was defined as the distance
between the proton that is transferred and the acceptor oxygen,
z = R(H(Tyr342)—0(Glu230)). The selected oxygen atom of the
carboxylate group of Glu230 was the one nearest the H(Tyr342)
in the equilibrated configuration. There are of course many
possible definitions of the reaction coordinate. However, since
we are not interested in the reaction profile, but rather only in the
standard free energy of the reaction, the coordinate we chose is
computationally efficient to sample conformational space. A set
of 18 production MD simulations of 20 ps were performed
restraining the reaction coordinate with a harmonic potential
with a force constant of 525.0 kcal/mol, starting with a value of
1.96 A and changing it 0.07 A up to a value of 0.91 A. Before each
production MD, a 5 ps equilibration phase was carried out. The
last structure of each MD in a given umbrella window was used as
the initial one to perform the next one for which the value of the
reaction coordinate is restraint to the next position. In each MD,
the Mulliken charges of the quantum subsystem and the co-
ordinates of the system were saved every 50 fs, while the value of
the reaction coordinate was written every 2 fs. The weighted
histogram analysis method (WHAM) (32) was used to analyze
the probability density and to obtain the free energy profiles for
the unbiased system along the reaction coordinate. To verify the
convergence, we recalculated the free energy profiles using
production phases of 30, 60, 100, and 200 ps, and we found that
the change in the AG®; was <0.2 kcal/mol for all cases.
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Interaction Energy Decomposition. We used the energy
decomposition method to understand the differences between the
free energy changes for the proton transfer seen upon substrate
binding. This method was recently applied by Lin et al. to analyze
an internal proton transfer step in Dopa decarboxylase (33) and
has been extensively applied to enzymes (34—41). In the present
study, we employed it to describe the electrostatic interaction of
each residue on the product and reactant state of the apo and
holo forms of the enzyme.

The influence of an individual residue on the energy of a
particular structure was measured taking into account the differ-
ence of energies when a particular residue is present (denoted by i
ineq 1) or when it is replaced by Gly (i — 1 in eq 1) (36, 40, 41).
When the substrate influence was evaluated, its absence was
simulated by treating it as part of the classical subsystem and
setting its partial charges equal to zero. Mathematically, the
equation to measure the influence of a residue can be written as

AE; = [EM + EMMM —[E + EZVYM (1)

where each term in brackets represents the energy of the QM
subsystem influenced by the classical environment. That is

EMM 4 FOMMME — @i o0y + Howvm | W) (2)

where H°qm and Homymwm are the Hamiltonians of the QM
subsystem and the interactions between the QM and MM
regions, respectively. The important quantity to evaluate is the
relative interaction of each residue in going from reactants to
products.

AAE; = AEPM — Areactants (3)

Similar approaches but using distinct level of theories to
estimate the gas phase and the interaction energy of the QM
subsystem have also been employed and validated (4/—47).

We present the averaged interaction energy of each residue,
where 400 snapshots from the umbrella sampling were consid-
ered. The cutoff distance was set t0 99.0 A. In this analysis Tyr342
and Glu230 were the residues that constituted the QM subsystem
for the apo form of the enzyme, while for the holo form the
substrate was also considered part of the QM subsystem. The
method was applied for residues whose distance between its center
of mass and the center of mass of the reactive center (Tyr342 +
Glu230) was <12.0 A in the crystallographic structure. This
includes 75 residues of the active site of TcTS. It is expected that
due to the distance toward the reaction center the rest of the
system would have basically the same effect for both reactants
and products.

RESULTS AND DISCUSSION

The first study was the optimization of the reactant and product
configurations of the model system (Tyr342 + Glu230) in
vacuum so as to compare the AE values for the proton transfer
using three distinct levels of theory: MP2/6-31(d,g), PM3, and
PM3-PDDG. The ab initio result was —2.66 kcal/mol while the
PM3 and PM3-PDDG results were —7.21 and —3.09 kcal/mol,
respectively. These values show that for this model, although
PM3 results are different from the MP2 level of theory, PM3-
PDDG can be considered a good method to study the energetics
of the system. In a recent review, Acevedo et al. have described
the progress that has been made in modeling both solution-phase
organic and enzymatic reactions using this level of theory (48).
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FIGURE 2: Free energy plot for the proton transfer from Tyr342 to
Glu230 in the model system (green) and in the apo (blue) and holo
(red) form of TcTS. The reaction coordinate was defined as z =
R(H(Y342)—0(E230)). Reactant state corresponds to the right side
of the graphics. The error values calculated for the data correspond-
ing to the three systems were all below 0.2 kcal/mol.

It should be mentioned that, in what follows, as we are not
interested in the kinetics of the process but only in their
thermodynamic aspects, we would simply center the discussion
on the AG®.s and not on the AG*rs of the reaction.

The standard pK, value of tyrosine in solution is ~10.1, about
5.8 units higher than the pK, corresponding to glutamic acid
(~4.4). A simple transformation for that ApK, into AG®, provides
an estimate of ~8 kcal/mol, showing that the transference of a
proton from a tyrosine to a glutamate is unlikely to happen in
water. The AG°, we have obtained for the Tyr + Glu model in
water was 7.86 kcal/mol, confirming the fact mentioned above
and in a somewhat surprising agreement with the simple estimate
from the individual pK,s. When the apo form of TcTS is taken
into account, the AG®; is 2.3 kcal/mol larger (10.16 kcal/mol),
indicating that the enzymatic environment makes this transfer
even more unlikely than in water. For the holo form of TcTS,
results show that reactants and products are significantly closer
(AG®°, = 2.11 kcal/mol). Similar results were obtained using the
MNDO-PDDG (27) level of theory for the quantum subsystem.
This decrease in the AG®, value proves that substrate binding
substantially increases the probability of a proton transfer from
Tyr342 to Glu230. The free energy profiles for the three systems
considered are shown in Figure 2. There exist several cases in
which the catalytic mechanism requires that the pK, values of
specific residues differ from their water solution values (2, 3, 24,
49—51). In most cases, these changes are induced by the enzyme
environment. However, in the particular case of the apo form of
TcTS, the active site residues slightly perturb the pK, values of
Tyr342 and Glu230, making the proton transfer less favorable
than in water solution. Interestingly, when sialyllactose is present
in the active site, this transfer turns favorable. In this way the
enzyme environment keeps Tyr342 protonated when the sub-
strate is absent and, only upon sialyllactose binding, causes a
change in the environment that enables Tyr342 to be deproton-
ated and act as a nucheophile.

To explain the differences in the AG®;s between both forms of
the enzyme, we made use of the interaction energy decomposition
method. In Figure 3, the relative energies (computed according to
eq 3) for both forms of TcTS are presented. In the crystallographic
configuration, the sialic acid interacts with four residues of the
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FIGURE 4: Active site of T. cruzi trans-sialidase. The proton transfer analyzed is this study takes place between Tyr342 and Glu230. Arg35,
Arg245, Arg314, and the substrate (sialyllactose) are also shown. For these residues hydrogen atoms are not shown.

active site: Arg35, Arg245, Arg314, and Asp96. The arginine
triad interacts with the carboxylate group of the sialic acid while
Asp96 is H-bonded with N12 of the sialic acid (see Figure 4).
Besides its interaction with the substrate, Arg245 forms a
hydrogen bond with the nonacceptor oxygen atom of the
carboxylate group of Glu230. The outcome for the energy
decomposition analysis indicates that, for the apo form, Arg35
and Asp96 are the two residues that most stabilize the reaction
while Arg245 and Glu357 also have a large effect but destabiliz-
ing the transfer. The reason for their effects can be explained in

terms of their positioning. Arg35 and Glu357 are close to Tyr342.
After transferring the proton, the larger electron density of the
tyrosinate is stabilized by Arg35 and destabilized by Glu357. An
analogue situation holds true for Asp96 and Arg245, which are
close to Glu230. When the global differential interaction is
calculated, adding up the contribution of each the 75 residues,
it turns out that the enzyme environment destabilizes the
transference in 3.22 kcal/mol.

When the holo form is studied, a change in the stabilization
pattern is seen, mainly for the arginine triad (see Figure 3 and
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Table 1: Values of the Relative Stabilization (eq 3) of the Most Influence Residues of the Active Site Residues for the Transference in the Apo and Holo

Form of TcTS*
residue apo TcTS holo TcTS difference (holo — apo)

Arg35 —12.84+0.32 —18.39+ 0.36 —5.554+0.68
Arg53 —2.034+0.21 —6.64 +£0.25 —4.61 £0.46
Asp96 —6.96+0.35 —1.38£0.30 5.58 +0.65
Arg245 10.76 +0.41 3.05+£0.29 =7.71£0.70
Arg3l4 —1.15+0.19 —11.20£0.27 —10.05+£0.46
Glu357 12.43+£0.39 15.51+£0.43 3.08£0.82
substrate 12.16 £0.42 12.16 £ 0.42
rest of the residues 3.01£0.16 —0.29£0.18 —3.30+0.34
total effect for all residues 3.224+0.29 —7.18 £0.38 —10.40 £0.67

“Results are in kcal/mol. The addition for the total effect is done considering the 75 residues analyzed.

Table 2: Average Values and Standard Deviations of the Mulliken Charges for the Atoms of the Carboxylate Group of Glu230 and for the COH

Group of Tyr342¢
apo form of TcTS holo form of TcTS
atom charge R charge P charge R charge P

C(Glu230) 0.367 +0.002 0.3834+0.005 0.34540.003 0.3934+0.002
O(Glu230) —0.710 £ 0.004 —0.571£0.006 —0.721 £ 0.003 —0.615+0.006
acep O(Glu230) —0.763 £ 0.005 —0.436+0.011 —0.685+0.004 —0.260 £ 0.007
C(Tyr342) —0.072+0.002 0.09540.005 —0.084 £+ 0.005 0.08140.003
O(Tyr342) —0.399 £+ 0.005 —0.772 £0.004 —0.411+ 0.004 —0.81440.005
H(Tyr342) 0.27540.002 0.291 £ 0.003 0.29140.003 0.244 £+ 0.004

“Both reactant and product configurations of the apo and holo form of TcTS are considered.

Table 1). For instance, Arg314 and Arg35, which have a product
stabilizing effect of 1.15 and 12.84 kcal/mol for the apo form, in
the presence of sialyllactose their product stabilizing effect
increases up to 11.20 and 18.39 kcal/mol, respectively. Regarding
Arg245, its effect is 10.76 kcal/mol product destabilizing in the
apo form, and although it keeps destabilizing the product state in
the holo form, it does it in only 3.05 kcal/mol. These changes seen
in the pattern of the arginine triad are mainly responsible for the
enhancement of the transference observed upon substrate bind-
ing. The opposite effect observed for the arginine triad is seen for
Asp96, which stabilizes the transference ~5.5 kcal/mol more in
the apo than in the holo form. Moreover, the sialyllactose itself
has a big destabilizing effect of 12.16 kcal/mol due to the
unfavorable interaction, in the product state, between its carbox-
ylate group and the tyrosinate. However, these two effects do not
counteract the changes observed for the arginines mentioned
above. In fact, the total effect of the environment for the holo
form case is to stabilize the product state by 7.18 kcal/mol, being
10.40 kcal/mol lower than the one corresponding to the apo form.
This change is responsible for the distinct AG°;s observed in the
free energy profiles. Finally, from Table 1 it can also be noticed
that the change in the stabilization pattern if we exclude the
arginine triad, Arg53, Glu357, and Asp96, is different for both
forms of the enzyme, being 3.01 kcal/mol product destabilizing in
the apo form and 0.29 kcal/mol product stabilizing in the holo
form. As this group of residues represents those that are not as
close as the ones mentioned above, this change in the pattern
indicates that upon substrate binding the effect exerted on the
proton transfer is more localized in the residues that are in direct
contact with the substrate.

The change observed in the interaction pattern of the arginine
triad upon substrate binding can be qualitatively rationalized by
looking at the differences in the charge distribution change seen

when the transfer takes place in the apo and holo forms of the
enzyme. In Table 2 we show the Mulliken charges (averaged over
MD frames) in the product and reactant configuration for TcTS
with and without the substrate. The charge of the hydroxyl oxygen
of Tyr342 is similar for both systems, when the reactant config-
uration is considered. After the proton transfer, this oxygen has a
larger electron density when the substrate is present than when it
is not. This makes the two arginines that are close to Tyr342
(Arg35and Arg314) stabilize the tyrosinate more in the holo form
of TcTS than in its apo form. As has been mentioned Arg245 is
H-bonded to the nonacceptor oxygen atom of the carboxylate
group of Glu230. This nonacceptor oxygen also possesses a
similar charge in the reactant configuration in both systems. In
the product state, it has a bigger electron density for the holo
form. Although Arg245 destabilizes the reaction, this fact makes
it have a smaller destabilizing effect when the substrate is present.

Another fact regarding the charges of the holo form is
important to consider in the discussion. In the majority of
glycoside hydrolases, a negatively charged nucleophile directly
attacks the anomeric C to form the covalent intermediate.
Nevertheless, for the case of TcTS, as both the sialic acid and
the carboxylate group of Glu230 are negatively charged, this
would cause unfavorable interactions. Nature’s use of Tyr342 as
a nucleophile could be a strategy to avoid a bare negative charge
until later in the mechanism. This was stated by Watts et al. (19)
and can be appreciated in Table 2. For the reactant configuration
of the holo form, the total charge of the COH group of Tyr342
(—0.204), although negative, is much smaller than that of the
carboxylic group of Glu230 (—1.061). After the transfer of the
proton (i.e., product conformation), the tyrosinate nucleophilic
attack can take place. In these circumstances the CO™ group of
Tyr342 achieves appreciable negative character, with a partial
charge of —0.733.
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Proton transfer is an essential and ubiquitous step in enzyme
catalysis. In most cases the catalyzed reaction starts with the
transfer of a proton from the residue to the substrate or the transfer
takes place between residues in some step of the mechanism. For
this to happen, it is often necessary that the pK, values of the
residues involved are shifted from their solution values. The
energy for these changes is stored in the enzyme and prepaid in
the folding process (9). In the peculiar case presented here, the
folding reorganization energy is not enough to make the proton
transfer from Tyr342 to Glu230 possible for the apo form of
TcTS, but it becomes feasible when the sialyllactose is present in
the active site.

CONCLUSIONS

We have carried out QM/MM MD simulations and obtained
the free energy profile for the proton transfer that takes place
from Tyr342 to Glu230 in the active site of TcTS. The free energy
profiles indicate that the transfer is unlikely to happen in the apo
form of the enzyme and turns into an energetically possible
process only upon substrate binding. By means of the energy
decomposition method we calculated the stabilization pattern of
the residues of the active site related with the proton transference.
This analysis was carried out for the apo and holo forms of TcTS.
The global effect in the former case is to destabilize the
transference in 3.22 kcal/mol, making the reaction less unlikely
than in water solution. When the substrate binds, although it has
a destabilizing effect by itself, it causes a change that alters the
stabilization pattern that, in this case, is 7.18 kcal/mol product
stabilizing. The biggest changes are associated with the arginine
triad. These changes in the pattern can be understood in terms of
the distinct charge distribution change observed for the transfer
in both systems.
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