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Abstract Recent experimental advances have shown that
enzymes are flexible molecules, and point to a direct link
between dynamics and catalysis. Movements span a wide
time range, from nano- to milli-seconds. In this paper we
introduce two aspects of enzyme flexibility that are treated
with two appropriate techniques. First, transition path
sampling is used to obtain an unbiased picture of the
transition state ensemble in chorismate mutase, as well as
its local flexibility and the energy flow during the chemical
step. Second, we consider the binding and release of
substrates in L-rhamnulose-1-phosphate aldolase. We have
calculated the normal modes of the enzyme with the elastic
network model. The lowest frequency modes generate
active site deformations that change the coordination
number of the catalytic zinc ion. The coordination lability
of zinc allows the binding and release of substrates.
Substitution of zinc by magnesium blocks the exchange of
ligands.
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Introduction

That proteins are flexible is now well established [8, 32, 58,
69]. Enzymes, being proteins, are also expected to be
flexible, but it was not until recently that the influence of
motion upon catalysis was realised. [3, 6] The traditional,
and still most important, source of structural information,
i.e. X-ray crystallography, has recently been expanded with
new techniques that focus on dynamics. Advances in
spectroscopic fluorescence single-molecule experiments
[28, 70, 82] and relaxation-dispersion NMR [25, 26] have
shown that enzymes have a static and dynamic disorder that
is coupled to their catalytic cycle. It has even been
suggested that nature has evolved to a point where “the
chemical reactions in the active site are so fast that the
limitation of the enzyme catalytic power is its ability to
move” [26].

Dynamics can span a wide range [65, 75, 79]. The
catalytic step in the enzyme active site corresponds to the
cleavage or formation of a few bonds. This takes place at
the typical bond stretching frequencies, below picoseconds.
The rattling of residues jumping among different rotamers
involves barriers of the magnitude of the thermal energy,
and can take place as rapidly as tens of picoseconds [65,
75]. At the other end of the spectrum we have large scale
protein motions that can be as slow as hundreds of
microseconds, or even protein folding and unfolding events
in the scale of seconds or minutes [9, 79]. The spatial scale
is correlated to the temporal scale. Local events, involving a
few atoms moving short distances, are fast, while large
scale movements, involving whole protein domains are
slower. Obviously, no single computational, or experimen-
tal, technique can span all these time and spatial scales.

When dynamics involve a well-defined set of states, as
opposed to diffusive motion, then kinetic theory can be
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applied [43]. In this case, it is worth remembering that fast
events are not related to large rate constants. A large rate
constant connecting two states involves a short life-time or
residence time in each state. This time will be orders of
magnitude larger than the transition time—the time it takes
to travel between the states, otherwise, kinetic theory is not
applicable [14, 43]. In fact, larger energy barriers involve
lower rate constants but shorter transition times [18, 94].

Local flexibility of side chain and substrate can make an
important contribution to the free energy. This is accounted
for in the calculation of potentials of mean force (PMF), i.e.
the free energy along a defined reaction coordinate. PMFs
are the usual method used to describe energy profiles in
enzymes, rather than the minimum energy paths used in
small molecule calculations. For chemical reactions, a
driving potential is needed to overcome the energy barrier,
and this is usually achieved by using a harmonic constrain-
ing potential. This technique is termed umbrella sampling
[87]. After sampling, several approaches to remove the
effect of the artificial potential and obtain an unbiased PMF
are available, including the weighted histogram analysis
method (WHAM) [62], or the apparently more promising
"umbrella integration" [57]. There are many alternative
methods based, for example, on non-equilibrium proce-
dures such as Bennett’s acceptance ratios [7, 81], or on
Jarzynski’s equation [53].

The essence of these methods is the use of a constraining
potential along a reaction coordinate. The need to define a
reaction coordinate poses two problems. First, when several
bonds take part in the reaction, the definition of the reaction
coordinate can be complex. For instance, if a nucleophilic
substitution is accompanied by proton abstraction by the
leaving group, four bonds are involved in this reaction, in a
(a priori unknown) synchronous or asynchronous way.
Second, the precise choice of the reaction coordinate forces
a certain mechanism and can exclude other possibilities.
Continuing with the previous example, the choice of which
proton is being abstracted, or the choice of a reaction
coordinate that forces a step-wise mechanism, can bias the
results. Although this can be corrected by trying different
reaction coordinates, it is always possible to miss a relevant
mechanism. Besides, description based on driving potential

does not allow a dynamic picture of the reaction to be
obtained, but only the (equilibrium) free energy profile.
Transition path sampling (TPS) was developed to overcome
these limitations [11, 12, 21, 22, 37]. The essence of TPS is
to generate an equilibrium ensemble of reactive trajectories.
This can be used, after an expensive calculation, to obtain
the rate constant for the process under study. It can also be
used, as we have done here, to locate an ensemble of
transition structures and to study the average dynamic
evolution. This ensemble is not biased by any predefined
reaction coordinate.

TPS generates trajectories that become locally de-
correlated after some steps, but the time scale spanned is
too short to sample large scale movements. When we
consider protein domain displacements, coarse-graining
becomes a good approach in many cases [88]. One of the
key discoveries in modelling protein dynamics was that
sequence determines dynamics only in an indirect way.
Indeed, sequence determines the 3-dimensional (3D)
folding, and it is this 3D structure that directly determines
collective dynamics [64, 71, 85]. That means that if a 3D
structure is known (from NMR or crystallography) one can
get a good description of its dynamics without a detailed
description of each residue. These coarse-grained models
have been successfully applied to describe the mobility of
several proteins and to improve the resolution of X-ray and
cryo-microscopy structures [20]. It has also been shown
that catalytically active residues lie on mechanical elements
of enzyme, such as hinges [93]. Thorough comparisons
with atomic-scale models have confirmed the validity of
these approaches [80]. However, because coarse-grained
methods cannot describe atomic detail, they pose a
significant limitation to the study of enzyme catalysis.

In this paper we present two aspects of the integration of
dynamics into the catalytic step of enzymes. The first is the
application of TPS to chorismate mutase (CM). The second,
a study of the influence of large scale motions of L-
rhamnulose-1-phosphate aldolase (RhuA) to the active site
and the catalytic cycle. CM catalyses the Claisen rearrange-
ment of chorismate into prephenate, and has been investi-
gated by many groups (see, e.g. [27, 39, 40, 41, 44, 48–52,
63, 66–68, 76–78, 84, 90, 95]). A scheme of the reaction
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along with the atom numbering is given in Fig. 1. Despite
the large number of experimental and theoretical studies,
the role of some residues is still unknown and the origin of
catalysis is debated. RhuA is a tetrameric enzyme that
catalyses the stereoselective addition of dihydroxyacetone
phosphate (DHAP) on L-lactaldehyde to give L-rhamnulose-
1-phosphate. Crystallographic results have suggested that
large scale domain motions are involved in the catalytic
event. We explore the effect of these motions on a model of
the active site and conjecture a role for its metal ion. This
sheds light on how enzyme dynamics can be coupled to the
active site to modulate the chemical properties of its metal
and, vice-versa, how evolution has picked up a metal that
can bind or unbind ligands depending on the conformation
of the protein. Thus, chemical properties become intimately
connected with conformational changes.

Methods

Chorismate mutase

We refer the reader to reference [68] for a full description of
the preparation of the system, and to reference [17] for
the implementation and application of TPS to CM, and the
location of transition structures in the TPS ensemble. The
general procedure for implementing a TPS algorithm can be
found in [22]. A brief description of the calculation steps
follows. We employed one homotrimer from the PDB
1COM structure [15, 16], solvated it, and generated the
substrate structure from the transition state analogue in the
crystal. The simulation system contained 17,183 atoms and
we fixed 13,532 atoms—equivalent to those that were more
than 12 Å away from the substrate. All QM/MM
calculations were performed with the DYNAMO library [29,
30]. The QM region comprised the substrate and was
treated with the AM1 Hamiltonian. The remaining atoms of
the protein and solvent were in the MM region and were
described with the OPLS-AA force field [55].

The TPS calculations were performed in a canonical
(NVT) ensemble at 300 K. TPS is a Monte Carlo procedure
that, starting from an arbitrary reactive trajectory, generates
an equilibrium ensemble of reactive trajectories. The length
of each trajectory is fixed (160 fs). We chose to describe all
reactive events, so than all trajectories started from the
reactant (chorismate) basin and ended in the product
(prephenate) basin. These basins are defined according to
the bond distances characteristic of chorismate and pre-
phenate [17]. A trajectory may have one or more transition
structures. A transition structure is defined as a structure
that has the same probability of reaching the reactant or the
product basin: preactant ¼ 1� pproduct ¼ 0:5 [22]. To calcu-
late the probability of ending in the reactant or product

regions, several trajectories with random velocities were
initiated from each frame of each trajectory. The number of
trajectories was chosen to obtain an error in pi of ±0.03,
evaluated from the standard deviation of a binomial
distribution [17, 22]. This leads to the calculation of about
200 trajectories if the probability of reaching the reactant
basin is preactant=0.5. The results shown in Fig. 6 were
calculated in this way. All trajectory frames having preactant ¼
0:5� 0:03 define the ensemble of transition structures. An
alternative method of locating only transition structures,
based on an intrinsic reaction coordinate developed in [17]
was used to generate the results shown in Fig. 4.

The ensemble of transition structures located from the
TPS trajectories was compared with an ensemble of
structures where the reaction coordinate s ¼ dC1�C8 �
dC3�O14 (see Fig. 1) was constrained to 0.275 Å with a
harmonic potential. This value was obtained from the
transition state described in [68], and corresponds to the
maximum of the PMF. The position of this maximum
depends on the calculation method, but in this work the
setup of the system is exactly the same as ours. These
structures have been obtained from 15 ps sampling steps,
after 5 ps of equilibration; the time-step was 1 fs. This
follows the standard procedure used when calculating
PMFs—transition structures generated this way are termed
TS-PMF to differentiate them from the transition state
ensemble (TSE) derived from the unconstrained TPS.

Because TPS introduces no constraint on the dynamics,
we can calculate the average dispersion of transition state
structures in the TSE. This is easily expressed with the
temperature, or B-factor, as is commonly done in crystal-
lography [38]. The B-factor is defined as:

Bi ¼ 8p2

3M

XM

i¼1

ri � rið Þ2 ð1Þ

where M is the number of structures, ri is the position of the
ith atom and ri the average position, previously calculated
as ri ¼

P
M
i¼1ri
M

. We also calculated the temperature factors
for the reactant, the product, and a transition state analogue
(TSA, 8-hydroxy-2-oxa-bicyclo[3.3.1]non-6-ene-3,5-
dicarboxylic acid) that had been used in previous crystal-
lisation studies [16]. These were obtained from a 5.5 ns
simulation. To avoid correlated structures, structures to be
used in Eq. 1 were separated by 600 fs.

A representation of the active site is shown in Fig. 2. We
consider the following residues to belong to the active site
and refer to them as “active site residues”: Phe57, Ala59,
Lys60, Arg63, Val73, Thr74, Cys75, Arg7*, Glu78*, Arg90*,
Tyr108*, Leu115*, Arg116* (where the * indicates that these
residues belong to a different chain from the others).

To study the energy dissipation, trajectories longer than
160 fs are needed. We have chosen 300 reactive trajectories
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from the TPS calculation and elongated them 0.9 ps from
each side to obtain trajectories of a total of 1.9 ps. Because
kinetic energy is an extensive property, and we have
compared fragments of the enzyme–ligand system with
different sizes, we compared the results in terms of an
intensive property, i.e. the temperature. The temperature is
just an average kinetic energy, defined as:

T ¼ 1

3NkB

XN

i¼1

mivivi ð2Þ

Where m and vi are the mass and velocity of each atom,
respectively, kB the Boltzmann constant, and N the number
of atoms for the fragment considered.

L-rhamnulose-1-phosphate aldolase

Our aim was to investigate whether domain motions and
the coordination of the metal ion in the active site are
coupled. This involves the challenge of coupling a large
amplitude motion with a local chemical step. We devised an
approximate procedure, described below, which may give a
first insight into this issue.

We calculated the normal modes of the RhuA tetramer
with the approximate C-alpha model [46] using MMTK

software [45]. The C-alpha is a type of elastic network
model, where a coarse-grained description of the protein is
used. Only the Ca of each amino acid is kept in the
simplified representation of the protein, and a harmonic
potential is applied between a Ca and its neighbours. This
allows very fast calculation of normal modes. Several
studies have shown that results for these approximate
normal modes describe the same conformational space as
more accurate normal modes or essential dynamics studies
[60, 80]. We generated a model of the active site with the
first coordination sphere of the zinc ion, and generated
structures along the six lowest energy modes. The phos-
phoglycolohydroxamic acid (PGH) molecule was simpli-
fied as shown in Fig. 3 (and supplementary Fig. S3, see
electronic supplementary material). Because normal modes
describe only the displacements of the amino acid residues,
the PGH position had to be extrapolated from the move-
ments of the closest residues (see electronic supplementary
material). In order to check that the arbitrary nature of this
choice does not create an artifact, two different choices of
fixed atoms and driving residues were designed and the
calculations were repeated for these two sets of model
systems. Here, we discuss only one set of results, but the
other set is consistent with it and is presented in the
electronic supplementary material. All the calculations were

Fig. 2 The active site of CM.
The chorismate substrate is
drawn with balls and sticks and
the protein residues with sticks
only
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performed with the B3LYP functional and the LANL2DZ
basis set, a method that performs correctly for zinc
coordination [83]. The calculations were performed under
vacuum. Although a higher dielectric constant for the
medium does influence the binding properties of the Zn
[24], our focus is on trends along different normal modes,
not on absolute binding energies. Gaussian 03 [33] was
used for DFT calculations.

The proposed model has several simplifications that do
not allow precise quantitative results to be deduced.
However, our aim here was only to test the validity of our
hypothesis to see if further investigations were relevant.
The use of a molecular dynamics approach to describing
the whole active site requires the use of semi-empirical
methods, and the results obtained so far are not satisfactory.
Neither AM1, PM3 nor the modified zinc parameters for
PM3 [13] can correctly reproduce the zinc lability obtained
with DFT. Therefore, although our model is simple, it can
give better results than the traditional QM/MM approach.
We are working towards a more complete description of the
active site and its mobility without losing the accuracy of
DFT.

Results

Chorismate mutase

Does the transition state have a stronger binding?

The idea that enzymes preferentially stabilise transition
state (TS) structures is well known to most researchers.
Many studies have analysed the energetic contributions of
different residues, and of different energy components.
However, this has been an experimentally elusive issue.
Recently, Noonan et al. [73] showed that, in the enzyme
cytidine deaminase, TS analogues had lower B-factors than
the reactant or product analogues. This was an indirect

proof of tight TS binding. But did the inevitable use of
analogues introduce a caveat?

Figure 4 compares the B-factor for the TSA and the
actual TSE. It also shows the results for the reactant and
product ensemble. Although the TSA has lower B-factors
than the reactant or the product, the values for the TSE are
the lowest. From that we can conclude that the crystallo-
graphic results are correct but that they underestimate the
strongest binding of the TS. These results can be explained
by considering the network of H-bonds around the ligand.
Stronger interactions reduce the mobility of the atoms and
result in lower B-factors, as can be seen in Fig. 5 and in
reference [17]. Leu115* cannot be explained by H-bond
interactions because it cannot establish them. However, the
results for the TSE are markedly lower than for any other of
the species, suggesting close contact between the ligand
and this residue. The importance of this residue in energy
dissipation will be discussed below in the section on
dynamically relevant residues.

How good is the TS from a simple reaction coordinate?

In our previous study [17] we showed that the use of a
single reaction coordinate defined as s ¼ dC1�C8 � dC3�O14

was not sufficient to discriminate structures committed to
the reactant basin, to the transition state region, or to the
product basin. Figure 6 shows that the value usually
assigned to the TS [68] is s=0.275 Å, there are structures
that have a probability of staying in the reactant basin of
Preactant=0.7, and others that have the same probability of
staying on product basin, Preactant=0.3. Therefore, in terms
of dynamics, this is not the best reaction coordinate.
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Fig. 3 Model of the L-rhamnu-
lose-1-phosphate aldolase (RhuA)
active site depicting the struc-
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mode 3. Note how the water
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the reorientation of phosphogly-
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In the previous section, we showed that the interactions
in the TSE are specific to this ensemble, and are different
from that of reactant, product or even a TS analogue. Some
H-bonds with critical residues are present only in the TSE,

thus conferring more rigidity on this ensemble. This can be
seen in the temperature factors of the substrate and active
site residues. The TS analogue behaviour is closer to that of
the TSE, but the structures that give rise to the lowest
temperature factors are the TSEs, both for the substrate and
for most of the residues, as can be seen in Fig. 4.

When free energies are calculated from a PMF, the TS is
assumed to be the ensemble of structures (TS-PMF) that lie
on the top of the profile. We have studied the H-bond
distributions between the substrate and relevant residues in
the active site. We have found that, in all but one case, the
TS-PMF behaves as the true TSE. This is good news,
because it means traditional TS-PMF can be used to analyse
the interactions in the TS region. The harmonic constraints
do not affect the interactions of this ensemble. Figure 5
shows three representative cases. Interactions characteristic
of the TSE, either because they are stronger (as with
Arg63–O12/O13) or because they are present mainly in the
TSE (as with Arg116*–O12/O13), have the same pattern as
the TS-PMF. The only small inconsistency occurs with
Glu78*–O12/O13. In this case the distance for the TSE
seems to be slightly longer than for the TS-PMF. In both
cases, however, the H-bond is not present. In contrast, the
TSA does show the presence of the H-bond. Thus, the TS-
PMF and the TSE agree and point to a differential
behaviour with respect to the TSA. The TS-PMF can be
obtained at a much lower computational cost than the TSE,
which requires a long TPS calculation.

Dynamically relevant residues

Not only do enzymes catalyse a chemical reaction, but they
also behave as a bath for the substrate, because they are
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much bulkier than most synthetic catalysts. This allows
them to capture the energy released in a chemical reaction
and convert it to other forms, such as that needed for motor
proteins and ion pumps. Indeed, the catalytic site seems to
be located so as to be in contact with residues relevant to
large-scale movements. [93] For enzymes that have no
mechanical activity, dynamics can be relevant in two
aspects. First, dynamics may contribute to energy dissipa-
tion to avoid overheating of the enzyme [4, 28]. Second,
they may be actively coupled to the catalytic step,
promoting the reaction [1–3, 5, 6, 42]. To our knowledge,
the first hypothesis has never been tested, either computa-
tionally or experimentally. The second proposition is not
completely accepted [89, 91] and has been discussed
mainly in theoretical works.

Here, we consider the flow of energy from the enzyme to
the substrate, and within the substrate, to the reacting
atoms. Figure 7 plots the temperature of all the mobile
atoms of the system. The effect of the finite size of the
system can be seen. The peak in the t=0 region corresponds
to the TS. Because these conformations have more potential
energy and less kinetic energy, the equilibrium temperature
reached by the system outside the TS region is higher by 1
degree for the reactant and 2 degrees for the product. This
difference in heating agrees with the exothermicity of the
reaction, which is approximately the same as the energy
barrier (with the AM1 Hamiltonian) [67]. A change of 1–2
degrees is not relevant for the overall results but could be
important if a smaller system is considered when applying
TPS.

In the substrate, the four reacting atoms acquire the
initial energy release (see Fig. 8). These atoms remain hot
for the entire trajectory, but receive a burst in energy about
50 fs after the TS. This timing is similar to the reaction

event, which lasts less than 125 fs [17]. During the
chemical step, the kinetic energy is transfered to potential
energy to overcome this barrier. The remaining substrate
atoms are also depicted in Fig. 8. Compare their variation
with the rest of the residues in Fig. 7. As expected, the
energy is redistributed fastest within the substrate, because
there are covalent bonds joining the atoms. It is interesting
to note that, even after 900 fs, the temperature of the
product is still 200 degrees above the rest of the enzyme.

The most surprising result in this section is the behaviour
of Leu115*. As can be seen in Fig. 7, the temperature of
this residue rises far above the average of all the other
residues around the substrate. Furthermore, it also responds
faster than the average residue. Leu115* lies just above the
substrate, in close contact with O14 and C8. Our calcu-
lations show that most of the energy is released from the
substrate towards this residue. Gamper et al. [36] studied
which residues could be mutated in the C-terminal tail
without drastically diminishing the activity of the enzyme.
It was found that Leu115* was the most conserved residue.
Here, we suggest that its dynamic role could be the main
reason underlying its conservation. The need for close
contact with the ligand in the TS region could also explain
why we found very low B-factors for Leu115* in the TSE
with respect to reactants, products or the TSA (see Fig. 4).
This also agrees with the computational findings of Kitaura
and co-workers [52], who reported a movement of the C-
terminal helix that places Leu115* closest to the substrate
in the TS region.

Just on the other side of the substrate lies Ala59. We
studied the temperature evolution of this residue to see if it
parallelled the behaviour of Leu115*. Our results (see
electronic supplementary material) show a much smaller
effect for this residue. Interestingly, the modest amount of
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heating that takes place is in the reactant region, and not in
the product. We have no explanation for this at present. All
these results highlight the importance of the time evolution
study of the energy flow and demonstrate that an analysis
of geometrical contacts in the TS is insufficient to
understand the role of active site residues.

In this section we have completely neglected quantum
effects on nuclei. To further understand the energy
redistribution and quantum effects, it would be interesting
to compare our results with results from solution and to
apply the techniques developed for this field [56, 72], or to
consider the analytical quantum approaches taken by others
[34, 35].

L-rhamnulose-1-phosphate aldolase

The biological unit of RhuA is a homotetramer of 274
amino acid residues. The enzyme was recently crystallized
[61] with a dihydroxyacetone phosphate analogue, phos-
phoglycolohydroxamic acid (PGH), which is a bidentate
ligand that coordinates the zinc ion in the active site. This
zinc ion is hexacoordinated; three positions are occupied by
three histidine residues and the remaining one by a water
molecule. In the free enzyme, the Zn ion is probably
coordinated to more than one water or an active site
residue, which have to be substituted by DHAP to give a
structure analogous to the crystallographic structure. During
the catalytic cycle, the remaining water molecule has to be
substituted by the aldehyde. After the aldolic condensation
takes place, the negative charge that was located mainly in
the initial DHAP oxygen is transferred to the initial
aldehyde oxygen. This structure is better stabilised if this
oxygen is coordinated to the positively charged metal [19].
Finally the substrate must be released. This cycle is
depicted schematically in Fig. 9. All this implies that the
coordination sphere of the zinc ion changes significantly
during the reaction cycle. Until now, it was assumed that
the only function of the zinc was to bind the substrate and
reduce the pKa of the alpha proton [54, 59].

A surprising result that emerged during our modelling
studies with this aldolase was the fact that full optimisation
of a model system containing the active site residues
resulted in a structure where Zn was pentacoordinated, with
a monodentate PGH, whereas the crystallographic structure
shows an hexacoordinated Zn with a bidentate PGH. This
immediately points to an entactic geometry for the metal in
the active site, where the coordination of the metal is in an
energised conformation [92]. Entactic active sites are
common in metalloproteins and modulate the metal
chemical properties—in this case, a switch from four to
six coordination (and possibly also a change in Lewis acid
strength). Entactic sites, because they are not relaxed, need
to be in rigid areas of the protein, usually buried in β-sheets
or cross-linked α-helices [92]. The active site of RhuA,
however, corresponds to the contact section of two different
chains. Such regions are usually dynamic, playing a
mechanical role as hinges. Indeed, the three histidines that
form the three upper ligands of zinc belong to the core of
the protein formed by β-sheets. However, not only do the
residues that bind the PGH belong to a different chain, they
also correspond to loops or α-helices. An analysis based
on crystallographic temperature factors showed that the
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Fig. 9 Scheme of the reaction catalysed by L-rhamnulose-1-phosphate
aldolase (RhuA). Asterisks indicate atoms that are likely to bind the Zn
ion in some of the substrate conformations

Fig. 10 Variation of the Zn–O (in H2O) and Mg–O distances for the
optimised structures along the selected normal modes of RhuA
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N-terminal domain had a higher mobility than the C-
domain, and that this motion pushed the N-domain towards
the Zn ion and the L-lactaldehyde, favouring the reaction
[61].

Normal modes show that the three histidines have little
relative movement, which is as expected because they
belong to the protein core. However, some of the low
frequency modes show a considerable displacement be-
tween the histidine residues relative to those residues
binding PGH. This suggests that these modes could
generate entactic and relaxed zinc states with different
properties, in particular with different coordination number
preference. Figure 10 shows the distance of the water
molecule to the zinc ion for different structures along each
normal mode. Modes 3 and 5 produce a large change in this
distance, to the point that, for mode 3, the water molecule
unbinds the zinc ion.

If nature has indeed used the lability of the zinc atom,
coupled to active site mobility, then other metals should
show this effect much more weakly. For the modes that
change most (3 and 5) we carried out calculations
substituting the Zn ion by a Mg ion, as both these ions
are of similar size but the latter prefers six coordination
environments [10]. Figure 10 shows that the Mg ion is
considerably more insensitive to large amplitude motions of
the active site, and maintains its rigid hexacoordination
sphere throughout. Additional calculations carried out in
our group have shown that both metals increase alpha
proton acidity to a similar extent [19]. Therefore, we
suggest that nature’s choice of Zn is strongly related to
the latter's coordination flexibility, although other factors
are surely also involved, such as the side reactions that have
been found with cobalt [47]. The fact that L-fuculose-1-
phosphate aldolase, with a similar active site, lacks this
water molecule [23], could also be explained by a slightly
perturbed active site geometry in the crystal form.

Conclusions

In this TPS study of CM, we have shown how to account
for the local dynamics of the residues around the active site
during a catalytic event. We have shown that, due to
specific TS interactions, the TSE has lower mobility than
reactants, products, or TS analogues. These interactions can
also be correctly described using a constrained potential,
which validates the approaches based on umbrella sam-
pling. These approaches have a much lower computational
cost but do not allow evaluation of the time evolution
properties along a catalytic event.

This analysis of the kinetic energy of different regions of
the enzyme–ligand compound expands the results of our

previous work [17]. We have shown how energy flows
from the reactant atoms to the bulk of the enzyme in very
different time scales, all of which are much larger than that
required for the chemical step. One of the residues,
Leu115*, displays a particular behaviour, as this residue
captures most of the kinetic energy of the reactant. This
correlates with its being one of the most relevant residues in
the C-terminal region [36].

The results presented in the RhuA study suggest that the
type of movements depicted for the approximate modes and
the chosen ligands take place throughout the whole
catalytic cycle and can contribute to ligand binding and
release, further explaining why zinc is the element of choice
in the wild type active site of RhuA. This enzyme provides
a striking example of how large amplitude motions can be
coupled to a chemical property. This leads us to recommend
that these motions be included when studying enzyme
mechanisms computationally, as is starting to be done in the
field of drug design [31, 86] and substrate binding [3, 74].
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