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ABSTRACT: The active site of many enzymes is well-protected from solution by a gate. The opening and closing
of these gates provide controlled access and could be the rate-limiting steps in catalytic processes. The gating
mechanism of an enzyme is therefore very important in gaining broader insight into the entire catalytic
process. However, the entrance to active sites and let alone the gating mechanisms are not always obvious
from X-ray crystal structures of proteins. Here, we have proposed and quantitatively characterized an
alternative gating mechanism controlled by a cluster of hydrophobic residues located on the solvent accessible
surface of choline oxidase. We show that the opening and closing of the gate are very fast, and diffusion of
choline to the active site is also fast and is partly controlled by the electrostatic potential of the enzyme. Using
all-atom molecular dynamics and Brownian dynamics simulations, complete analyses of the mechanism of
opening and closing of the gate, the rate of collision of the substrate with the enzyme, and the rate of formation
of the complex have been conducted.

The binding of a substrate to the active site of an enzyme is
often controlled by two independent processes: the diffusion of
the substrate toward the enzyme (1) and the gating of the active
site, often equivalent to a localized conformational change of a
few amino acyl side chains that allows the substrate to reach the
active site and form the catalytically relevant enzyme-substrate
complex (2). The active sites of enzymes are generally well-
defined in X-ray crystal structures (3). In most cases, X-ray
structures also suggest the entrance and gating mechanism of the
active site. Over the years, several types of gating mechanisms
have been uncovered. These include an open binding pocket with
an appreciable amount of solvent accessibility, a fluctuating loop
controlling access to the binding site, and a long channel leading
to the binding site deep inside the protein (4-10). A familiar
example of one of these cases is the active site of acetylcholines-
terase (AChE)1 that is ∼20 Å deep inside the protein, with
the entrance being stochastically controlled by a few residues at
the bottom of the “gorge” (5, 10-12). When the enzyme is in the
opened state, the base of the gorge is wide enough for the
substrate to pass through to the active site. When the enzyme
is in the closed state, the base of the gorge is narrow enough to
keep the substrate away from the active site. Another common
example of active site gating is exemplified by β-turn loops

controlling access to the active site. For example, HIV-1 protease
is a well-known example of an enzyme that controls access to its
active site using two β-turn flaps. The two flaps sit directly over
the active site and open and close periodically to allow substrate
to enter. The gating mechanism of the HIV-1 protease has been
the subject of many experimental and theoretical studies
(6, 13-19).

On the other hand, the entrances to the active sites for many
other enzymes are not always obvious from X-ray crystal
structures. These static structures do not always represent the
ensemble of conformations that allow substrate to enter the
active site. The X-ray crystal structure of the resting state of
choline oxidase (EC 1.1.3.17, choline-oxygen 1-oxidoreductase)
is one such example. In the crystal structure of choline oxidase,
the active site is adjacent to a loop and directly underneath a
cluster of hydrophobic residues (Met62, Leu65, Val355, Phe357,
andMet359), as shown in Figure 1. Choline oxidase catalyzes the
oxidation of choline to glycine betaine (N,N,N-trimethylglycine)
via two subsequent hydride ion transfer reactions from the
alcohol and the enzyme-bound aldehyde intermediate to a flavin
cofactor (20, 21). This enzyme is a potential target for developing
therapeutic agents against bacteria, which are in need of high
levels of glycine betaine to avoid dehydration (22, 23). Choline
oxidase has been studied extensively, and a wealth of experi-
mental kinetic data pertaining to the catalytic process is avail-
able (21, 23-26). According to these studies, the limiting steps for
the overall turnover of the enzyme are the two oxidative steps, in
which choline is converted to betaine aldehyde and betaine
aldehyde to glycine betaine (21). Both of these reactions occur
on the millisecond time scale, i.e., with rate constants of∼100 s-1

at pH 10.0 and 25 �C (21). Both substrate binding and the
product release processes are extremely fast compared to the
catalytic steps, as indicated by a lack of solvent viscosity effects
on the kcat/Km and kcat values with choline as the substrate (21).
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However, these two nonchemical processes and the related gating
mechanism that contribute to the efficiency of the enzyme are not
fully understood.

It is not obvious from the X-ray crystal structure of choline
oxidase how choline enters the active site. The gating mechanism
is unknown, and several studies on choline oxidase as well
as other enzymes belonging to the glucose/methanol/choline
(GMC) oxidoreductase enzyme superfamily, of which choline
oxidase is amember, have assumed that the entrance is controlled
by an extended loop that is adjacent to and covers the active
site (23, 27-30). For the loop to control the gate to the active site,
the time scale of opening and closing has to be significantly faster
than the millisecond time scale of the rate-limiting catalytic
process, an event that seems unlikely due to the length of the
loop (i.e., from residue 74 to 85 in choline oxidase). The time scale
of the motion of the loop is not known, and this information is
also not evident from the X-ray structure. Understanding this
process will provide better insight into the entire catalytic process
of choline oxidase and a broader knowledge of enzyme gating. In
this regard, we have used all-atom molecular dynamics simula-
tion to probe the atomistic basis for the gating mechanism of
choline oxidase.

This work proposes a stochastic gating mechanism that is
controlled by side chains of a cluster of hydrophobic amino acids
located just above the active site and on the solvent-exposed
surface of choline oxidase.We have described the gatingmechan-
ism using choline oxidase, but the atomistic basis for the gated
process suggests a general mechanism that could also be found
close to the surfaces of other enzymes, as observed in gating
mechanisms that are used mainly through gorges or channels
(4, 5, 9, 10, 31). The simulation results suggest that the gate of
choline oxidase is controlled by Met62, Leu65, Val355, Phe357,
and Met359. We characterized the opening and closing of the
gate; the time scales for both events are fast. Substrate diffusion is
also fast and is partly controlled by electrostatic steering that
exploits the positive charge harbored on choline.

COMPUTATIONAL METHODS

MolecularDynamics (MD).Two 60 nsmolecular dynamics
simulations were conducted on free wild-type choline oxidase
(CHO) and choline-bound CHO. The initial structure for all the

simulations was the only X-ray crystal structure of CHOwithout
the substrate bound (PDB entry 2JBV). CHO was crystallized as
a dimer with one active site on each monomer. CHO exists as a
homodimer in solution; however, each active site acts indepen-
dently of the other in experiments, and the sites are ∼35 Å from
each other. Therefore, we used chainA of theX-ray structure and
assumed that chain B has similar properties. To prepare the
choline-bound CHO, choline was docked into the active site
using AutoDock 4.0 (32). Partial charges for every atom of
choline are determined by a two-step RESP method (33, 34)
based on the grid of electrostatic potential calculated with
Gaussian03 (35) at the HF/6-31G* level of theory. Molecular
dynamics simulations were conducted in explicit TIP3P water
using the PMEMD module in Amber 10 (36, 37), the all-atom
parm99SB force field (38), and GAFF (39) parameters for
choline. Newton’s equation was numerically solved to calculate
the forces and update the coordinates of each atom using a time
step of 2 fs. A periodic TIP3P truncated octahedral water boxwas
used as the solvent box. We used sodium ions to neutralize the
system. All equilibration and production runs were conducted
using theNTP (300K, 1 bar) ensemble. TheLangevin thermostat
with a collision frequency of 1.0 ps-1 for temperature control, the
SHAKE algorithm for constraining all bonds involving hydro-
gens, and particle mesh Ewald summation for evaluating electro-
statics interactions with a 9 Å nonbonded cutoff separating the
real space from the reciprocal space were also used. To avoid
Langevin artifacts (40), the random seed was updated every
time the simulations were restarted. Snapshots were saved every
500 steps (1.0 ps) for further analyses. We reproduced the
covalent linkage between the cofactor flavin adenine dinucleotide
(FAD) and His99 as previously described (23).

To obtain the time evolution information about the gate
opening and closing, each frame was extracted from the last
50 ns MD trajectory and converted to the PDB file format using
the PTRAJ module in AMBER, and the Hole program (41) was
used to determine the minimum pore radius between the active
site and the gate formed by the cluster of hydrophobic residues.
We set a probe vector and probe point in Hole to force the probe
surface to go through the pore. Few negative values were seen,
which means that there were few overlaps of the VDW spheres
during the calculation of the effective pore radius as previously
described (41). Only one VDW radius for each element type was
used in Hole, compared to several in the AMBER force field.
Adaptive Poisson-Boltzmann Solver (APBS) (42) was used
to generate the electrostatic map of the enzyme by numerically
solving the linear Poisson-Boltzmann equation. The grid dimen-
sionswere set at 129 Å� 129 Å� 129 Å. Charges and radii for all
atoms of the enzyme in the electrostatic calculations were from
the AMBER force field. The dielectric constants of grid points
representing CHO were assigned to 1 (inside) and 78.5 (outside).
Pymol (43) was used to visualize the electrostatic map of the open
and closed states of the enzyme. VMD (44) was used to generate
the view of the gate and the active site of the enzyme and also to
visualize the MD trajectories.
Brownian Dynamics (BD). BD is a powerful tool for

calculating diffusional rate constants for biomolecular processes
with irregular shape and arbitrary charge distribution. We used
Simulation ofDiffusionalAssociation (SDA) (45-48) to conduct
the Brownian dynamics simulations. The simulations were con-
ductedwith the full electrostatic potential and an additional weak
hydrophobic interaction of both the enzyme and the substrate.
The effective (potential derived) charges for macromolecules in

FIGURE 1: Crystal structure of the monomeric form of choline
oxidase (PDB entry 2JBV) without substrate bound. The enzyme,
with a loopadjacent to the active site (cartoonand transparentVDW,
blue), a cluster of hydrophobic residues above the active site (VDW
and transparent surface representation, green),water in the active site
(VDW, red), and cofactor FAD (licorice, yellow).
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solvent (ecm) (49) available with SDA were used to evaluate the
electrostatic interaction. The low-dielectric substrate and enzyme
were considered to be immersed in a uniform high-dielectric
solvent with a dielectric constant of 78.5. The effective charges
were obtained by fitting them to reproduce the electrostatic
potential from solution of the linearized Poisson-Boltzmann
equation. The grid dimensions were 129 Å� 129 Å� 129 Å with
a spacing of 1 Å. To represent the formation of the enzyme-
substrate complex, we used the root-mean-square distance
between atoms of the enzyme and the substrate as the reaction
criterion. The root-mean-square distance between the nitrogen
of choline and the CR atom ofMet62 and the CR atom of Phe357
of CHO was used as the reaction criterion. Hydrophobic
desolvation effect was also included. The relative diffusion
coefficient was calculated as the sum of diffusion coefficients
of the substrate and enzyme according to Dtranslation ¼ kBT

6πηr The
rotational diffusion constants were estimated for both choline
and CHO using Drotation ¼ kBT

8πηr3 where kB is the Boltzmann
constant, T is the absolute temperature, η is the solvent viscosity,
and r is the hydrodynamic radius of substrate and enzyme,
assuming they are effective spheres. The center to center distance
at which we started each BD simulation was set to 80 Å, and the
simulation was stopped if the distance between the substrate and
the enzyme grew to be larger than 160 Å. A total of 10000
trajectories were conducted for each BD simulation to estimate
the rate constant. For every different concentration, four inde-
pendent BD simulations, 10000 trajectories each, were conducted
on the basis of different initial random seeds, and the average
association rate constant and errorwere calculated on the basis of
the four independent simulations.

RESULTS AND DISCUSSION

The nature of the entrance to active sites of enzymes plays an
important role in the catalytic process. The catalytic mechanism
of choline oxidase has been extensively characterized experimen-
tally (21, 23-26, 50, 51). However, little is known about the
nonchemical portions of the catalytic process, vis-�a-vis, substrate
binding andproduct release. The kinetic studies andX-ray crystal
structure of choline oxidase have not been able to provide a
conclusive atomistic description of the access to the active site
and the ensuing gating mechanism. The rate of formation of the
enzyme-substrate complex was shown to be fast and beyond the
time scale of the resolution of the experimental techniques that
were used to study the chemical processes. Therefore, we have
used all-atommolecular dynamics, a simulation tool for studying
transient motions of macromolecules, to probe the gating
mechanism of choline oxidase. We simulated the free enzyme
and the choline-bound complex for 60 ns each and analyzed the
last 50 ns, to ensure that the systems were well-equilibrated.
Hydrophobic Gate on the Solvent Accessible Surface.

Previously, it had been assumed that the loop adjacent to the
active site of choline oxidase, protruding into the bulk solvent
and corresponding to residues 74-85, controls the entrance
of the substrate to the active site cavity (21). The loop, shown
in Figure 1, has very limited movement during the entire 60 ns
simulation of free choline oxidase, judging from the root-
mean-square deviation (rmsd) analysis of the backbone atoms.
As one can see in Figure 1, the loop blocks the entrance to the
active site, and there is no direct access underneath the loop that
leads to the active site. It is therefore unclear how the substrate
would gain access to the active site. Experimentally, the only
information known is that both substrate binding and product

release steps aremuch faster than themillisecond time scale of the
chemical component of the catalytic process, which is fully rate
determining for the overall turnover of the enzyme (21).

Further analyses of the trajectory, however, show rapid
dynamic motions of a cluster of hydrophobic residues (Met62,
Leu65, Val355, Phe357, and Met359) that are located just above
the active site on the solvent accessible surface. Some of the
conformational transitions or breathing of the side chains was
observed to provide openings that allowdirect access to the active
site from the bulk solvent, as illustrated in Figure 2. We therefore
further analyzed the opening and closing of the gate formed by
the cluster of hydrophobic residues to investigate whether this
finding and time scale are consistent with existing experimental
observations. From the frequency of opening and closing and the
size of the effective ring formed by the cluster of hydrophobic
residues, our results suggest that these five hydrophobic residues
control access to the active site from the bulk solvent. In proteins,
hydrophobic residues tend to be localized in the core of the
protein, away from the solvent accessible surface, to form
favorable interactions. This unusual arrangement of the hydro-
phobic cluster on the solvent accessible surface of choline oxidase
may help the positively charged choline efficiently move into the
active site. First, the hydrophobic residue will open and close
comparatively easier than salt-bridged polar residues to expose
the hydrophilic active site. Second, the hydrophobic residues at
the gate will not hinder the substrate as it moves into the active
site when the substrate is far from the gate or form strong
interactions with the substrate as it slips through the gate. The
first scenario would happen if the gating residues were positively
charged. The second scenario may happen if the gate was nega-
tively charged. Interestingly, the distribution of the residues just
outside the five gating residues contains a considerable amount of
negatively charged amino acids, which include Glu63, Glu66,
Glu358, and Glu370, that may serve to attract and guide the
positively charged choline substrate to the active site. This can be
clearly seen from the electrostatic map of the closed and open
states of the enzyme, also shown in Figure 2 (C and D).

FIGURE 2: Two states of the hydrophobic gate located on the solvent
accessible surface of choline oxidase. (A)Closed state. (B)Open state.
(C) Electrostatic map of closed state colored by potential on solvent
accessible surface with a range from -5 to 5 kT/e. (D) Electrostatic
map of the open state. The active site and the gating residue are
highlighted by black circles in the electrostatic maps. The loop
previously assumed to be the gate to the active site is colored blue.
The cofactor FAD covalently linked toHis99 is viewed using licorice
and is colored yellow. The water molecules at the active site are
represented by VDW and colored by element. Our proposed gating
residues are colored green using VDW representation.
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Kinetics of theGate.To better characterize the kinetics of the
gating mechanism that controls access of the substrate to the
active site in choline oxidase, we used Hole (41) to calculate
theminimum effective pore radius between the gating residue and
the active site over the entire simulations. Time evolution of the
minimum pore radius between the gate and the active site of the
free enzyme is shown in Figure 3B. The effective pore radius,
Re, formed by the gating residues fluctuates between 0 and 2.5 Å
during the last 50 ns simulation. This clearly shows that the gate
controlled by the hydrophobic cluster composed of Met62,
Leu65, Val355, Phe357, and Met359 does open and close
dynamically. From the electrostatic map shown in Figure 2D,
one can see that the active site has a very negative potential that
will undoubtedly help to attract the positively charged choline
through the gate. The gate was assumed to be open when the
effective pore radius is greater than 1.4 Å, the minimum effective
pore radius required for the exchange of watermolecules between
the active site and bulk solvent. A first impression is the rapid
transition between gate opening and gate closing on the picose-
cond time scale. This time scale is also consistent with experiment
due to the fact that gating is by far not the rate-determining step
for the overall turnover of the enzyme (21).

To obtain a more quantitative kinetic description of the
opening and closing of the gate, we counted the dwell time (Ti)
of opening and closing and then calculated the survival prob-
ability distribution from the ordered dwell time (52) by S(t) ≈
(i - 1)/N, where i = 1, 2, ..., N, and N is the total number of
observed opening to closing transitions. The tail of the log plots
of the survival probabilities versus time of the closing and
opening events fit to a single exponential, and these give the rate
constants of gate closing (kclose) and opening (kopen), respectively.
When there is no substrate bound, the rate constants for gate
opening and closing are∼1.7 and∼51.8 ns-1, respectively. This is
equivalent to saying that, on average, the gate opens every 595 ps
and stays open for 19.3 ps. In Figure 3A, we show four different

conformations of the enzymatic gate with different effective pore
radii of 0.0, 1.5, 2.0, and 2.5 Å. Clearly from Figure 3, the five
hydrophobic residues on the surface form a gating ring that
stochastically opens and closes very rapidly.

In the enzyme-substrate complex of choline oxidase, the gate
opens slightly wider, with a maximum effective radius of ∼3 Å,
and stays open slightly longer than in the free enzyme. This
suggests that the product leaves the active site of the enzyme the
same way the substrate enters. We estimated kopen = 18.0 ns-1

and kclose = 11.3 ns-1, suggesting that the gate opens every 55.6
ps and stays open for 88.5 ps. The necessity of this increase may
come from the slightly larger size of the catalytic product
compared to the substrate to efficiently and quickly facilitate
product release after catalysis.
Rate of Formation of the Enzyme-Substrate Complex.

The rate constant for the association of choline with choline
oxidase is too fast to be reliably measured using the techniques
that have been used to study the catalytic rates of the chemical
processes. The enzyme-substrate complex is fully formed within
the time that is required to mix the substrate and enzyme in a
stopped-flow spectrophotometer, i.e., ∼2 ms (21). Also, the
electrostatic maps in Figure 2 suggest a possible role of electro-
static steering in guiding choline, which is positively charged,
into the active site. Therefore, we have studied the diffusion of
choline toward the active site of choline oxidase using Brownian
dynamics (BD) simulations to estimate the association rates
and probe the role of the electrostatic field of the enzyme.
The BD simulations were conducted with an open conformation
of the gate of choline oxidase at different salt concentrations.
The complex was assumed to be formed when the root-
mean-square distance from the nitrogen of choline to two
CR atoms at either side of the entrance of the gate is <8 Å.
The distance puts the trimethylammonium group of choline right
around the center of the opening. For a salt concentration of
150 mM, the rate constant is ∼1.8 � 109 M-1 s-1, almost at the

FIGURE 3: Kinetics of the gate to the active site in the free enzyme. (A) Four different conformations with different effective pore radii of 0.0, 1.5,
2.0, and 2.5 Å. The enzyme is represented by a white surface plot, and water molecules in the active site are shown in VDW and colored red and
white (A). The view is zoomed to the active site and the proposed gate. (B) Time series of the effective pore radius of the gate. (C) Log plot of the
survival functions of the two states: open gate (blue circles), closed gate (black squares), data fitting of the open gate (blue line), and data fitting of
the closed gate (black line).
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diffusion-controlled limit (53). The rate constants for the associa-
tion of choline and choline oxidase at five different salt concen-
trations (0, 50, 150, 500, and 1000 mM) decrease by almost
1 order of magnitude, going from 5.5 � 109 at 0 mM to 6.6 �
108M-1 s-1 at 1000 mM, as illustrated in Figure 4. This suggests
that the process of forming the complex is at least partly steered
by the electrostatics of the enzyme. Also from Figure 4, we see
that the electrostatic steering effect is strong at low salt concen-
trations (i.e., up to and including 150 mM) and is relatively weak
at high salt concentrations (i.e., >500 mM).

The rate of formation of an enzyme-substrate complex
involving a stochastic gating mechanism has been extensively
studied (5, 6, 54). The general process is described by eq 1

1

kgated
¼ 1

kungated
þ kclose

kopenðkopen þ kcloseÞ � K̂uðkopen þ kcloseÞ
ð1Þ

where kgated is the rate constant of complex formation when the
rates of gate opening and closing are taken into consideration and
kungated is the rate constant of complex formation (neglecting the
contribution of any gating mechanism) and is equal to the
collision rate estimated from the BD simulation. kopen is the rate
constant for gate opening. kclose is the rate constant for gate
closing. κ̂u(kopen þ kclose) is the Laplace transform of the time-
dependent rate constant of the ungated protein. The rate of
complex formation (kgated) in eq 1 can be simplified on the basis
of two limiting cases, i.e., whether the gating mechanism is fast or
slow compared to the diffusional relaxation time τd of the
substrate as shown in eq 2 (for slow gating) and eq 3 (for fast
gating).

kgated ¼ kungated
kopen

kclose þ kopen
ðkopen þ kcloseÞ-1 . τd ð2Þ

kgated ¼ kungated ðkopen þ kcloseÞ-1 , τd ð3Þ

In this study, (kopen þ kclose)
-1 is in the same order of magnitude

as τd, the diffusional relaxation time of choline. Therefore, we
can conclude that rate of formation of the enzyme-substrate
complex (kgated) is in the range of 107-109 M-1 s-1.

Choline oxidase is a homodimer in solutions, with two active
sites ∼35 Å from each other. Experimentally, it has been shown

that these two identical active sites act in a manner independent
of each other. Therefore, to reduce the complexity of the system,
we conducted the simulations using a single monomer. Since the
two independent active sites are far from each other and the
entrances are on the solvent accessible surface, we do not expect
dimerization to drastically affect the kinetics of binding. Recent
studies by Gorfe et al. (55) on the effect of oligomerization of
acetylcholinesterase on the rate of ligand binding show that the
relative motions of the monomers in an oligomeric enzyme
reduce the effect of oligomerization. They concluded that the
dynamics of the system allows the enzyme to maintain a similar
efficiency in different oligomerization states.

In conclusion, the gating of the active site of an enzyme and the
rate of formation of the enzyme-substrate complex are very
important for the catalytic process, because the gating mechan-
ism, being kinetically equivalent to a first-order isomerization
step between two enzyme-substrate conformations with rate
constants of interconversion that are independent of the con-
centration of substrate, could be the rate-limiting step and define
the overall rate of turnover of the enzyme. In this work, we have
proposed a gating mechanism for choline oxidase that is different
from that previously proposed in several studies of this enzyme
and other members of the GMC oxidoreductase enzyme super-
family that have assumed that the entrance is controlled by an
extended loop adjacent to the active site. We have quantitatively
characterized by all-atom molecular dynamics and Brownian
dynamics simulations a hydrophobic gating “ring” located on the
solvent accessible surface of choline oxidase. The gating is shown
to occur mainly through hydrophobic interactions among a
cluster of the side chain of five residues (Met62, Leu65, Val355,
Phe357, andMet359). These residues form a gate that opens and
closes and provides direct access to the active site. The weakly
hydrophobic interactions between the gating residues ensure that
the positively charged substrate can easily slip to the highly
electronegative active site. The efficiency of this novel gating
mechanism can be seen from comprehensive analyses of the
kinetic data. The results show that the transition between gate
opening and closing is rapid and occurs on the picosecond time
scale. The rate of complex formation was estimated from the rate
of diffusion of the substrate toward the active site. This work
supports and complements previously drawn conclusions from
experiments (21) that the formation of the enzyme-substrate
complex and the release of the product of the reaction of
oxidation of choline catalyzed by choline oxidase are very fast,
compared to the chemical steps of the enzymatic process. We
have shed light on the gatingmechanism of choline oxidase at the
atomistic level of detail that might provide insight into manip-
ulating the catalytic process through enzyme engineering and
mutagenesis studies.We expect that similar mechanisms in which
access of the organic substrate to the active site is gated by a
cluster of hydrophobic amino acyl residues and the associated
kinetic properties would be found in other enzymes, either in
different locations of the enzyme or in slightly different gating
residues (4, 9, 31), especially in the GMC oxidoreductase enzyme
superfamily of enzymes (27-30).
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FIGURE 4: Plot of the ionic strength dependence of the rate of
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