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ABSTRACT: Morphinone reductase (MR) is an important model
system for studying the contribution of protein motions to H-
transfer reactions. In this research, we used quantum mechanical/
molecular mechanics (QM/MM) simulation together with transition
path sampling (TPS) simulation to study two important topics of
current research on MR: the existence of multiple catalytic reaction
pathways and the involvement of fast protein motions in the catalytic
process. We have discovered two reaction pathways for the wild type
and three reaction pathways for the N189A mutant. With the
committor distribution analysis method, we found reaction
coordinates for all five reaction pathways. Only one wild-type
reaction pathway has a rate-promoting vibration from His186, while
all of the other four pathways do not involve any protein motions in
their catalytic process through the transition state. The rate-promoting vibration in the wild-type MR, which comes from a direction
perpendicular to the donor−acceptor axis, functions to decrease the donor−acceptor distance by causing a subtle “out-of-plane”
motion of a donor atom. By comparing reaction pathways between the two enzymes, we concluded that the major effect of the
N189A point mutation is to increase the active site volume by altering the active site backbone and eliminating the Asn189 side
chain. This effect causes a different NADH geometry at the reactant state, which very well explains the different reaction mechanisms
between the two enzymes, as well as the disappearance of the His186 rate-promoting vibrations in the N189A mutant. The
unfavorable geometry of the NADH pyridine ring induced by the N189A point mutation is the potential cause of multiple reaction
pathways in N189A mutants.

■ INTRODUCTION
Understanding the source of the catalytic power of enzymes
has been a continuing focus of biochemistry. Several
mechanisms have been proposed to explain the catalytic
power of enzymes, among which are rate-promoting vibrations
(RPVs),1−3 transition-state stabilization,4,5 and electrostatic
preorganization.6,7 We stress that these mechanisms are not
mutually exclusive and they likely exist in varying proportions
in all enzymes. Among these proposals, rate-promoting
vibrations (RPVs), which are fast protein motions on the
subpicosecond time scale and which contribute to reduce the
free-energy barrier of enzymatic reactions, have been proposed
to exist in a variety of enzyme systems.8−10 H-transfer reactions
have been viewed as good model systems to study RPVs since
the contribution of protein dynamics to the catalytic process
would be significant in this type of reactions if there is any
tunneling contributing to the barrier-crossing process. This
study focuses on the morphinone reductase (MR), a member
of the old yellow enzyme family. The reductive half-reaction
catalyzed by MR includes a hydride transfer reaction from the
NADH nicotinamide C4 atom to the flavin mononucleotide
(FMN) N5 atom,11 which has been shown to have a heavy
involvement of tunneling effect.12,13 The motivation of this

study is to shed light on two major aspects of researches on the
MR reductive half-reactions that remain uncertain: the
existence of multiple reaction pathways and the involvement
of protein motions in the catalytic process of MR.
The existence of multiple reaction pathways in the MR

N189A mutant is suggested by several experimental researches.
Pudney et al. first proposed in an experimental study that the
reductive half-reaction in the MR N189A mutant possesses
multiple “parallel” reaction pathways through the reaction
barrier, while the wild-type MR seems to have only one
reaction pathway.14 The origin of multiple reaction pathways
was proposed to be the multiple reaction configurations
induced by the N189A point mutation.14,15 However, there has
not been a rigorous observation of the multiple reaction
pathways from a computational perspective, nor has any work
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managed to directly link the multiple reaction configurations
with the experimentally observed reaction pathways.
Whether protein motions are involved in the catalytic

process of the MR has been under debate for the past decade.
Existing studies seem to give contrast evidence on both sides.
Several experimental studies measuring the temperature and
pressure dependences of the kinetic isotope effect (KIE) of
MR, as well as a molecular dynamic simulation (MD) research
under different pressure, seem to support the idea that protein
motion is contributing to the catalytic progress of the
MR.15−19 Potential effects of the protein motion have been
proposed to be compressing the NADH nicotinamide plane
closer to the FMN isoalloxazine plane15,17 or as described by
Johannissen et al.20 to be an out-of-plane bending motion of
the NADH pyridine ring, which sends the donor C4 atom
closer to the acceptor N5 atom. The source of neither of these
effects, the protein motion itself, is left undetermined since
there does not exist any protein residues “on top of” the
NADH nicotinamide plane. However, a recent QM/MM
simulation study by Delgado et al. with high-order quantum
mechanical method did observe a minor conformational
change of the NADH and the FMN molecules during the
reaction progress, but called into question the existence of any
significant protein conformation change between the reactant
state and the transition state, indicating that the active site of
this enzyme has been well prepared for the hydride transfer
reaction.21 Two important caveats to these studies mentioned
above are that they either are not capable of describing the
chemical step of the reaction with the classical MD simulation
or lack a rigorous analysis of causality between the protein
motions and their effects. Specifically, the potential of mean
force treatment used in the QM/MM simulation by Delgado et
al.21 requires a predefined reaction coordinate. The reaction
coordinate being utilized, the bond-breaking and bond-forming
distances,21 could inherently result in the inability to capture
all contributions to the reaction coordinate in the catalytic
process and bias the result.
The simulation method we used in this study, the transition

path sampling (TPS) method,22,23 can overcome caveats of the
current simulation methods. TPS requires no prior knowledge
of or choice of the reaction coordinate and is therefore capable
of generating unbiased reactive trajectories of the chemical

event in this enzyme. Further analysis using the committor
distribution analysis method22 allows us to rigorously identify
the reaction coordinate of the MR-catalyzed hydride transfer
reaction and analyze the contribution of potential protein
motions to the reaction coordinate, avoiding the lack of
causality. With these methods, we showed in this paper with
rigor the answer to the two unresolved questions mentioned
above. We sampled and analyzed multiple reaction pathways in
the MR N189A mutant. Also, we found a protein motion
coupled to the reaction progress in one of the two wild-type
MR reaction pathways and identified its contribution to the
reaction progress. Further, the influence of the N189A point
mutation on the reaction mechanism has also been clearly
illustrated.

■ METHODS

System Setup and Simulation Detail. We used the
crystal structure of the wild-type MR cocrystallized with the
cofactor 1,4,5,6-tetrahydro NADH (NADH4) and the
substrate FMN from Pudney et al.14 as the starting structure
of the simulation. All MD and QM/MM simulations are
performed with the CHARMM molecular dynamic software
package,24,25 with the CHARMM36 forcefield.25 CHARMM
parameters of the FMN molecule were taken from a previous
work by Freddolino et al.,26 while parameters of the NADH
molecule were taken from the CHARMM CGenFF.27 The
integration step length was set to 1 fs for all simulations.
Nonbonding interactions were cut off at 12 Å. Extra hydrogen
atoms on the cocrystallized NADH4 molecule were deleted to
form the NADH molecule. To simulate the chemical step of
the hydride transfer reaction, we treated part of the NADH
and the FMN molecules quantum-mechanically, as shown in
Figure 1a,b, using the PM3 semiempirical method.28 This
selection of the quantum region is similar to the two QM/MM
simulations mentioned above.12,21 Specifically, it has been
shown in previous studies, where NADH was the hydride
donor,29,30 that this atom selection on the NADH molecule is
sufficient. The system is solvated in a spherical water droplet
with TIP3P water molecules. The size of the droplet is set to
be 15 Å from the surface of the protein. The system is then
neutralized with potassium ions. To avoid unfavorable
geometries in the crystal structure, we performed a two-step

Figure 1. QM region. Panel (a) shows the atoms selected to be treated quantum-mechanically in this study. Panel (b) shows the relative structure
of the QM region (blue) and the classical regions of NADH and FMN (red).
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minimization on the system. In the first step, the system was
minimized for 100 steps using the steepest descent method to
avoid clashes between atoms, with harmonic constraint forces
(100 kcal mol−1 Å−2) applied to the QM region. Then, a 1000-
step adopted-basis Newton−Raphson (ABNR) method
minimization was performed, with the constraint force
gradually reduced. The minimized system was heated to 300
K and equilibrated for 1500 ps. The N189A mutant structure
was created by modifying the wild-type crystal structure in
CHARMM and then prepared following the same scheme as
the wild-type MR.
Transition Path Sampling. The transition path sampling

(TPS) method22,23 was used to generate reactive trajectories
capturing the MR-catalyzed hydride transfer reaction. TPS is a
Markov chain Monte Carlo method that samples the phase
space of reactive pathways between two metastable statesin
this case, the reactant and the product. TPS requires several
order parameters to rigorously define the two metastable states
but does not require prior knowledge of the reaction
coordinate.22 In this study, magnitudes of the bond cleavage
(donor−hydride) distance and the bond-forming (acceptor−
hydride) distance were used to define the reactant state and
the product state. The system is defined to be in the reactant
state if the donor−hydride distance is shorter than 1.40 Å and
the acceptor−hydride distance is longer than 1.40 Å, and in the
product state if the donor−hydride distance is longer than 1.40
Å and the acceptor−hydride distance is shorter than 1.40 Å. A
previous study by Hay et al. stated that the hydride transfer
reaction catalyzed by MR is not pH-dependent,31 indicating
that the proton transfer from Arg238 to the reduced FMN
molecule is not concerted with the hydride transfer reaction.31

Therefore, the two order parameters mentioned above are
sufficient to describe the reactant and the product states of the
reductive half-reaction catalyzed by MR. The initial reactive
trajectory of the TPS ensemble was generated by applying a
harmonic restraint force on the hydride to bias it being
transferred to the acceptor atom. The TPS ensemble was
generated by performing the following scheme iteratively. We
selected randomly a structure and its momentum from the
biased trajectory. The momentum is perturbed by adding a
random perturbation chosen from the Boltzmann distribution.
The total momentum is then rescaled back to the same
magnitude as the initial momentum to ensure the conservation
of energy. Two shooting trajectories were initiated from this
configuration, propagating forwards and backwards in time,
respectively, with the perturbed momentum. The new
trajectory would be accepted if it connects the reactant state
and the product state and rejected if not. The accepted new
trajectory was then used as the seed for the next round of TPS.
The time length of both shooting moves was set to be 250 fs,
making the total length of reactive trajectories in the TPS
ensemble 500 fs. It is worth pointing out that, though the MR-
catalyzed hydride transfer reaction has been postulated to
involve tunneling, a previous study using the quantum TPS
methodology on the yeast alcohol dehydrogenase and the
human heart lactate dehydrogenase has shown that involving
the quantum component does not change the mechanistic
detail of these two hydride transfer reactions.32 Therefore, the
classical TPS method used in this research is sufficient in
sampling the chemical step of the MR catalytic process.
Committor Analysis. In this study, the committor analysis

method3,22 was used to determine the transition state of a
reactive trajectory in the TPS ensemble. Several slices were

selected from a reactive trajectory. From each slice, we initiated
50 shooting trajectories with randomly assigned momentum.
The committor value of each slice is defined as the percentage
of these shooting trajectories that end in the product state. The
slice with a committor value of 0.5, indicating that shooting
trajectories from this slice have equal probability to end in
either the reactant or the product state, is the transition-state
configuration of this trajectory.
Transition states of a TPS ensemble form the stochastic

separatrix, from which the reaction coordinate (orthogonal to
the separatrix) was determined using the committor
distribution analysis method.3 This method has been used in
several previous studies33,34 and was able to successfully
identify the reaction coordinate of all systems studied. From
transition-state structures on the separatrix, we initiated 250 fs
trajectories with some degrees of freedom under constraint.
The distribution of committor values of slices on these
constraint trajectories was used as the metric to determine the
reaction coordinate. If all degrees of freedom in the reaction
coordinate have been restrained, then these constraint
trajectories would stay on the separatrix, resulting in a
committor value distribution centered at 0.5. If these
trajectories failed to stay on the separatrix, new trajectories
were initiated with further degrees of freedom constrained.

Clustering Method. One caveat of the committor
distribution analysis method is that it cannot detect the
existence of multiple reaction pathways in a TPS ensemble.
Therefore, it is essential to separate potential clusters of
reaction pathways prior to the committor distribution
calculation, with the understanding that different atoms and
residues may be part of the reaction coordinate in different
reaction clusters. As will be discussed in further detail in the
Results and Discussion section, we were able to identify and
separate three reaction pathways of the N189A mutant by just
measuring the donor−acceptor distance at the transition state.
The wild type, however, requires a more advanced method to
clearly separate its two reaction pathways. This need motivated
us to use the Gaussian mixture model (GMM)35 to analyze the
reactive trajectories in TPS ensembles of the wild type. GMM
assumes that the observed T independent random variables
were generated from a total of M independent K dimensional
Gaussian distributions. The probability of any K dimensional
vector x in the feature space to be sampled from the M
Gaussian distributions, given the current ωi, μi, and ∑i, can be
described by the equation below
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where ωi is the weight of each normal distribution in the total
and g(x|μi,∑i) is the ith K dimensional normal distribution
parameterized by the mean vector μi and covariance matrix ∑i.
The likelihood of all T independent observations under the
current ωi, μi, and ∑i can then be calculated as
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The likelihood is then maximized by the expectation
maximization (EM) algorithm,36 which is implemented
through the Python Scikit-learn package37 in this study.
When the EM algorithm reaches convergence, the probability
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that an observation xi is generated from mi can be computed
by
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which gives the converged cluster assignment of all
observations.

■ RESULTS AND DISCUSSION
Transition Path Ensembles. We have generated 140

decorrelated reactive trajectories for the wild-type MR using
the TPS method. In awareness of the fact that there might be
multiple reaction pathways for the N189A mutant, we gathered
more trajectories for the N189A mutant. A total of 250
decorrelated reactive trajectories for the N189 mutant were
generated. Transition states for these trajectories were
determined using the committor analysis method. We
measured the donor−acceptor distance for all transition-state
structures for both the wild type (Figure 2a) and the N189A
mutant (Figure 2b). Amazingly, simply calculating this feature
for all TPS trajectories reveals the existence of multiple
reaction pathways for both enzymes. As shown in Figure 2,
there exist two reaction pathways for the wild type (Figure 2a)
and three reaction pathways for the N189A mutant (Figure
2b) with different donor−acceptor distance at the transition
state. We did not observe frequent transfer between pathways
in both enzymes. Actually, in both TPS ensembles, different
pathways were naturally separated along the progress of TPS.
In other words, there were relatively large free-energy barriers

between the different reactive regions of phase space.
According to previous experience,34 a committor distribution
analysis calculation requires at least 50 decorrelated reactive
trajectories. All three N189A mutant reaction pathways have
enough population that, even if we discarded the “inter-
mediate” trajectories for which it is hard to assign cluster
membership, there are still enough trajectories left in each
pathway for later analysis. The first reaction pathway of the
wild-type MR, however, is sampled less frequently. A large
population of the wild-type trajectories are intermediate
trajectories if determined just by looking at the donor−
acceptor distance. To more rigorously gather enough trajectory
population for further analysis, we used the GMM method to
help assign the intermediate trajectories to the two existing
pathways. We found that other than the donor−acceptor
distance, two other interatomic distances at the active site
show different behavior. The NADH ribose ring−NADH
nicotinamide distance (dashed line in Figure 2c) reduces
significantly directly prior to the transition state of the first
reaction pathway (solid black line in Figure 2e). In the second
wild-type reaction pathway, however, this distance is reduced
but later rises (solid red line in Figure 2e). Similarly, the
His186−NADH amide group distance (dashed line in Figure
2d) reduces prior to the transition state in the first reaction
pathway but remains largely unchanged during the reaction
process of the second pathway (solid blue and green lines in
Figure 2e). The different behavior of these two distances made
them good descriptors to separate the two wild-type reaction
pathways. To quantify this behavior, for each distance, we
defined the “magnitude of reduction” of a distance as

Figure 2.Multiple reaction pathways in two TPS ensembles. Donor−acceptor distances at the transition state were calculated for the wild-type MR
(a) and the N189A mutant (b) reactive trajectories. Two other important interatomic distances that behave differently between the two pathways
were labeled as the black dashed line in (c) (NADH ribose ring O3′−NADH nicotinamide ring C5) and (d) (His186 NE2−NADH amide group
O7). Time evolution of these two distances in representative trajectories from both pathways is shown in (e). The black and the red solid lines
represent the NADH ribose ring O3′−NADH nicotinamide C5 distance in the first pathway and the second pathway, respectively. The blue and
the green solid lines represent the His186 NE2−NADH amide group O7 distance in the first pathway and the second pathway, respectively.
Transition-state slice is labeled by the dashed purple line. Panel (f) shows the clustering result of the three-dimensional GMM model, projected
onto the two “magnitude of reduce” axes. The black diamonds represent trajectories assigned to the first pathway, while the red triangles represent
trajectories assigned to the second pathway. Decision boundary acquired from this GMM model is labeled as the vertical solid red line in (a).
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= −

magnitude of reduction

max(distance ) min(distance )prior prior

where distanceprior is the collection of all values of interatomic
distances in the 200 fs time window prior to the transition
state. This metric essentially describes the largest magnitude of
reduction in distance within the 200 fs time window (see
Supporting Information (SI) Figure S1 for a detailed example).
We used this treatment for both distances, together with the
donor−acceptor distance, as input to a three-dimensional
GMM model. This model assigned the first 56 wild-type
reactive trajectories to belong to the first reaction pathway (the
decision boundary is marked as the red solid vertical line in
Figure 2a), while the remaining 84 reactive trajectories to be
belonging to the second reaction pathway. Population of both
wild-type pathways are abundant for the committor distribu-
tion analysis. By examining the two magnitude of reduction
variables for both pathways (Figure 2f), we re-emphasize the
major difference between the two pathways: the first pathway
has larger magnitude of reduction for both distances (black
diamonds in Figure 2f), while the second pathway has smaller
magnitude of reduction for both distances (red squares in
Figure 2f). As will be further justified by later calculation on
the reaction coordinate, the two reaction pathways in the wild
type behave differently in terms of the rate-promoting
vibration from His186.
We calculated the average donor−acceptor, donor−hydride,

and the acceptor−hydride distances for all five pathways at the
transition state, as shown in Table 1. Reaction pathways are
numbered in the order of their appearance during the TPS
process. Specifically, for the two pathways in the wild type, the
three distances we calculated are larger than the result
computed by Delgado et al. in previous work.21 We believe
this difference is caused by the difference in quantum
mechanical methods as well as the method to identify
transition states. In this study, it is the relative difference in
transition-state structures between two enzymes and between
different pathways that conveys more messages.

Though the chemical reaction we studied is a simple hydride
transfer reaction, the QM region has a very complex geometry.
To simplify the further discussion on relative positions and
directions of conformational changes, we define a set of
absolute “directions” using Figure 3a, an overlay of transition-
state structures of the wild-type MR reaction pathways. The
“left”, “right”, “up”, and “down” directions correspond to the
left, right, up, and down directions when facing Figure 3a,
respectively, while the “front” direction refers to the “out-of-
the-screen” direction of Figure 3a and the “back” direction
refers to “inside the screen”. The “horizontal axis (left−right)”
would be the direction along the nicotinamide plane, while the
“perpendicular axis” would be the direction orthogonal to the
nicotinamide plane and the FMN isoalloxazine plane.
Since we were unable to calculate the reaction free-energy

barrier of each pathway, it is hard to conclude directly from
this perspective that any pathway is more favorable than the
other. The following discusses this question through a
comparison of transition-state structures of different reaction
pathways. At transition states of both reaction pathways of the
wild-type MR (Figure 3a), the NADH nicotinamide plane and
the FMN isoalloxazine plane are parallel to each other, which is
an ideal charge-transfer conformation of the MR proposed in
earlier research.21,38 Difference in the transition-state donor−
acceptor distance is caused by a subtle difference of the donor
atom, which locates better “on top” of the acceptor atom and
bends slightly out of the nicotinamide plane in the wild-type
pathway 1 (colored blue in Figure 3a), compared to that in the
wild-type pathway 2 (colored red in Figure 3a). Since the two
planes are parallel to each other, we can deduce that wild-type
pathway 1 is a more favorable reaction pathway due to its
smaller transition-state donor−acceptor distance, which could
lead to only one pathway being detectable by experiments. At
transition states of N189A mutant reaction pathways (Figure
3b), the NADH nicotinamide plane and the FMN isoalloxazine
plane are not parallel to each other. In all three N189A mutant
reaction pathways, while the nicotinamide plane remains at a
similar position (Figure 3b), the FMN isoalloxazine plane is
distorted significantly to the “up-right” direction, sending the

Table 1

wild-type pathway 1 wild-type pathway 2 N189A pathway 1 N189A pathway 2 N189A pathway 3

donor−acceptor distance (Å) 2.81 ± 0.02 3.00 ± 0.03 3.13 ± 0.05 2.96 ± 0.03 2.79 ± 0.03
donor−hydride distance (Å) 1.49 ± 0.02 1.60 ± 0.02 1.70 ± 0.07 1.64 ± 0.03 1.48 ± 0.03
acceptor−hydride distance (Å) 1.34 ± 0.01 1.40 ± 0.01 1.47 ± 0.04 1.36 ± 0.03 1.33 ± 0.02

Figure 3. Transition-state structures. Transition-state structures of wild-type MR pathway 1 (blue) and pathway 2 (red) are shown in (a).
Transition-state structures of N189A mutant pathway 1 (blue), pathway 2 (red), and pathway 3 (yellow) are shown in (b). Panel (c) shows an
overlay of the transition state between the wild-type pathway 1 (blue) and the N189A pathway 3 (red).
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Figure 4. continued
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Figure 4. Committor distribution of five reaction pathways. Panels (a), (c), (e), (g), and (i) show the committor distribution of wild-type pathway
1, wild-type pathway 2, N189A pathway 1, N189A pathway 2, and N189A pathway 3, respectively, with only the QM region under constraint. Panel
(b) shows the committor distribution of the wild-type pathway 1 with the QM region, NADH and FMN classical regions, and eight amino acids
under constraint. Panels (d), (f), and (j) show the committor distribution of the wild-type pathway 2, N189A pathway 1, and N189A pathway 3,
respectively, with the QM region and NADH and FMN classical regions under constraint. Panel (h) shows the committor distribution of N189A
pathway 2 with the QM region, NADH and FMN classical regions, and His186 under constraint.

Figure 5. Conformation change process of the two enzymes. Panel (a) shows the motion from His186 and its effect on the nicotinamide in the
wild-type pathway 1, on the start (blue, 300 fs prior to the transition state) and the end (red, the transition state) of the motion, viewing from the
top of the nicotinamide ring. The direction of the His186 motion is labeled by the red arrow, and the direction of the effect of the motion is shown
by the black arrow. The His186 imidazole ring is labeled by spheres. The direction of the His186 imidazole ring center-of-mass movement is shown
as the black dashed line. Panel (b) shows the detailed conformation change of the nicotinamide ring, viewing from the front direction, at 300 fs
prior to the transition state (blue), 100 fs prior to the transition state (red), and the transition state (yellow). The NADH ribose ring and Tyr356
are colored gray. The direction of the movement of the acceptor atom is labeled by the black arrow. Panel (c) shows the His186 side-chain center-
of-mass root-mean-square deviation (RMSD) using the transition state as a reference, in a 600 fs window centered at each pathway’s transition
state. The black, red, blue, green, and orange solid lines represent the wild-type pathway 1, the wild-type pathway 2, the N189A mutant pathway 1,
the N189A mutant pathway 2, and the N189A mutant pathway 3, respectively. Panel (d) shows three structures of N189A pathway 3 taken at 400
fs (colored blue) and 200 fs prior to the transition state (colored red and yellow). The NADH classical ribose ring and the Tyr356 residue are
colored in dark gray. The donor atom and the acceptor atom are labeled by spheres. The direction of the acceptor atom movement is labeled by the
black arrow. The RMSD of the center of mass of the FMN isoalloxazine middle ring is shown in (e), for the wild-type pathway 1 (black), the wild-
type pathway 2 (red), the N189A mutant pathway 1 (blue), the N189A mutant pathway 2 (green), and the N189A mutant pathway 3 (yellow), in a
600 fs time window centered at the transition state. Panel (f) shows the overlay of two structures: 100 fs prior to transition state of the wild-type
MR pathway 1 (blue) and 200 fs prior to the transition state of the N189A mutant pathway 3 (red). The black and red arrows represent the relative
direction between the wall formed by Tyr356 and the NADH ribose ring, and the nicotinamide pyridine, of the wild type and the N189A mutant,
respectively.
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acceptor atom to the donor atom. By comparing transition
states of N189A pathway 1 (colored blue in Figure 3b),
pathway 2 (colored red in Figure 3b), and pathway 3 (colored
yellow in Figure 3b), we found that the transition-state donor−
acceptor distance is essentially modulated by the magnitude of
the isoalloxazine distortion: the larger the isoalloxazine is
distorted, the shorter the transition-state donor−acceptor
distance. Therefore, we cannot attribute any of the three
N189A reaction pathways to be more favorable than the others
since a shorter transition-state donor−acceptor distance is
gained at the price of further breaking the favorable parallel
relationship between the two planes. This might indicate that
all of these three pathways are experimentally detectable. The
fact that we have discovered two reaction pathways for the
wild-type MR (one of which is possibly more favorable) and
three reaction pathways for the N189A mutant is in general
agreement with the result from Pudney et al. mentioned earlier,
in which a single reaction pathway for the wild-type MR and
four reaction pathways for the N189A mutant were
discovered.14 Pudney et al. were able to resolve hydride
transfer rates via kinetic fitting for the wild-type MR and three
of the four reaction pathways of the N189A mutant. One of the
N189A pathways has a rate faster than that of the wild-type
MR, while the other two are significantly slower than the wild
type. By comparing the transition-state structures of the wild-
type pathway 1 (colored blue in Figure 3c) and the N189A
mutant pathway 3 (colored red in Figure 3c), we re-emphasize
that the NADH nicotinamide plane and the FMN isoalloxazine
plane are not parallel in N189A reaction pathways. Therefore,
we cannot make a direct comparison of the hydride transfer
rate between the wild-type MR and the N189A mutant since
the N189A pathway 3, which has the shortest transition-state
donor−acceptor distance, is in an unfavorable charge-transfer
geometry.
Reaction Coordinates. Reaction coordinates of the five

reaction pathways were determined separately using the
committor distribution analysis method. As shown in Figure
4a,e,g,i, besides the wild-type pathway 2, all other four reaction
pathways fail to achieve a committor distribution centered at
0.5 with only the QM region under constraint. The wild-type
pathway 2, however, achieved such a committor distribution
with only the QM region under constraint (Figure 4c). We
were able to find a further set of constraints, which are
essentially the reaction coordinate of these pathways, that
centered the committor distribution of all other four pathways
at or about 0.5. Committor distributions of these reaction
pathways with the reaction coordinate under constraint are
shown in Figure 4b,f,h,j. The reaction coordinate of the wild-
type MR pathway 1 includes the QM region and the NADH
and the FMN classical regions, Thr32, Gln104, Trp106,
Leu147, His186, Asn189, Arg238, and Tyr356. Positions of
these residues relative to the QM region are shown in Figure
S2. The reaction coordinate of the N189A mutant pathways 1
and 3 includes the QM region and the NADH and the FMN
classical regions. The reaction coordinate of the N189A
mutant pathway 2 includes the QM region and the NADH and
the FMN classical regions, His186. It becomes immediately
obvious that, besides that of the wild-type pathway 2, reaction
coordinates of all other pathways share a set of atoms: the QM
region and the NADH and the FMN classical regions.
Applying this set of constraints to the wild-type pathway 2,
however, does not seem to improve its committor distribution
(Figure 4d).

■ CONFORMATIONAL CHANGES AND THE
RATE-PROMOTING VIBRATION

We found one protein motion coupled to the catalytic process
in only one pathway, the wild-type MR pathway 1, while all
other reaction pathways do not have any protein motion
involved in the reaction progress. Due to the complexity of the
morphinone reductase active site, the interatomic distance is
not always a good descriptor of the conformational change
process. Therefore, active site conformational changes in this
section will be presented by overlaying multiple structures
along the time evolution of reactive trajectories. The rate-
promoting vibration in the wild-type pathway 1 comes from
His186. As described in Figure 5a, looking from the top of the
NADH nicotinamide plane, the side chain of His186 starts to
swing toward the NADH nicotinamide, at 300 fs prior to the
transition state (colored blue in Figure 5a), and continues to
push on the nicotinamide until the transition state (colored red
in Figure 5a). The direction of the His186 side-chain motion is
labeled by the red arrow in Figure 5a. An apparent effect of this
motion is to push the nicotinamide molecule to move along
the horizontal axis toward its left side (labeled by the black
arrow in Figure 5a). Another important effect of the His186
pushing motion in the wild-type pathway 1 is to induce a
conformational change of the NADH nicotinamide ring, which
eventually result in the “out-of-plane” bending motion of the
donor atom. The NADH classical ribose ring and Tyr356
(both colored gray in Figure 5b), both of which barely move
along the progress of the reaction (SI, Figure S3a), together
form a solid “wall” to the left (Tyr356) and top-left (NADH
ribose ring) sides of the NADH pyridine ring. Recall that the
NADH nicotinamide is being pushed to its left side by the
His186 side chain from 300 fs prior to the transition state all
the way till the transition state. When the pyridine ring moves
to impact the wall formed by Tyr356 and the NADH ribose
ring (100 fs prior to the transition state, colored red in Figure
5b), its momentum toward the left side functions to bend the
middle part of the pyridine ring (specifically the donor atom)
outside of its original plane, as shown by the transition-state
structure (colored yellow in Figure 5b). An analogue of this
effect is to push a piece of paper perpendicular to a wall. If one
keeps pushing after the paper has impacted the wall, the paper
will bend in its middle inevitably. The fact that both Tyr356
and the NADH ribose ring are in the reaction coordinate of the
wild-type MR pathway 1 means that maintaining their
geometry is crucial to the progress of the reaction, which
side justified the mechanism we proposed. Since the pushing
motion from His186 functions to reduce the donor−acceptor
distance, though in a complicated way, we can determine it to
be a rate-promoting vibration of the wild-type morphinone
reductase.
To quantify the magnitude of the His186 motion, we

calculated the center of mass of the His186 imidazole ring
(labeled by spheres in Figure 5a). The time evolution of the
His186 root-mean-square deviation (RMSD) with respect to
the transition state of each reaction pathway essentially shows
how much the His186 side chain has moved during the
reaction progress. To guarantee that we have covered the
whole process of this motion, we acquired 5000 fs long reactive
trajectories for each pathway and performed the His186
RMSD calculation on these trajectories. The result of the
RMSD calculation centered at a time window 300 fs prior to
and after the transition state of each pathway is shown in
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Figure 5c. The His186 center of mass in the wild-type pathway
1 (solid black line in Figure 5c) moved approximately 1 Å
during the 300 fs time window. In all other four pathways, the
His186 side chain moves to a far less extent prior to the
transition state, meaning that the motion from His186 has
disappeared. A very strong support to the rate-promoting
vibration from His186 that we proposed earlier is that, with the
disappearance of the His186 pushing motion, both effects
mentioned above caused by the His186 motion have
disappeared in other reaction pathways. First, NADH
nicotinamide no longer moves along the horizontal axis in
other four reaction pathways, but instead fluctuates along the
perpendicular axis, either as a rotation of the pyridine ring
(N189A pathway 2 and pathway 3, Figure 5d) or as a
translational move along the perpendicular axis (wild-type
pathway 2, Figure S3b). Second, no out-of-plane bending
motion of the donor atom could be found for these reaction
pathways. Simultaneously, His186 has been eliminated from
the reaction coordinate, meaning that without the pushing
motion, His186 is no longer contributing to the progress of the
hydride transfer. Interestingly, Tyr356, which forms the solid
wall to the left side of the nicotinamide pyridine ring, has also
been eliminated from the reaction coordinate of the other four
reaction pathways. This observation further supports the
importance of Tyr356 in the conformational change process
induced by the rate-promoting vibration in the wild-type
pathway 1: without the His186 pushing motion, the wall lost
its purpose. There exist two minor exceptions in the other four
reaction pathways, but these do not change the general picture
of the elimination of His186 pushing motion mentioned above.
The first exception is the N189A pathway 1, in which the
nicotinamide molecule moves along the horizontal axis (SI,
Figure S3c) without the His186 pushing motion. However,
since the nicotinamide ring remains at the same location for all
N189A reaction pathways, this move of the nicotinamide
molecule in the N189A pathway 1 is a fluctuation that corrects
an unfavorable geometry. The second exception is the N189A
pathway 2. Though His186 is in the reaction coordinate of
N189A pathway 2, neither the pushing motion nor its effect
(SI, Figure S3d) existed, meaning that His186 is not
contributing to the reaction progress through the protein
motion.
The existence of two reaction pathways in the wild-type MR,

one with a rate-promoting vibration and one without, gives a
perfect example to clearly isolate the contribution of a rate-
promoting vibration, which is to reduce the transition-state
donor−acceptor distance by 0.19 Å, as listed in Table 1. We
have also managed to answer an unresolved issue in previous
studies: the cause of the out-of-plane bending motion of the
donor atom, which has remained a mystery, since there does
not exist any amino acids on top of the donor atom. The
morphinone reductase is indeed an amazing enzyme that can
transfer a rate-promoting vibration along a direction
perpendicular to the donor−acceptor axis to eventually
compress the active site along the donor−acceptor axis.
When looking at the FMN isoalloxazine plane, we found a

distortion of the FMN isoalloxazine molecule, specifically its
middle ring, along the reaction progress, which sends the
acceptor atom to the up-right direction toward the donor
atom. While in wild-type reaction pathways, this distortion is a
minor movement of the acceptor N5 atom (Figure 5a), in
N189A mutant reaction pathways, the distortion movement of
the FMN isoalloxazine is much more significant, as shown by

the conformational change process in N189A pathway 3
(Figure 5d). Similar to the idea used previously when
discussing the His186 pushing motion, we made use of the
center-of-mass RMSD, this time of the FMN isoalloxazine
middle ring (labeled by spheres in Figure 5d) to quantify the
magnitude of how much the FMN isoalloxazine has moved
during the reaction progress. Figure 5e shows the center-of-
mass RMSD of the isoalloxazine middle ring, using the
transition state of each pathway as reference, in a 600 fs time
window centered at the transition state. The magnitude of the
distortion ranks from the largest to the smallest in the order of
N189A pathway 3 (orange), N189A pathway 2 (green),
N189A pathway 1 (blue), wild-type pathway 1 (red), and wild-
type pathway 2 (black), which is exactly the same rank as how
much the FMN isoalloxazine has been distorted at reaction
transition states (Figure 3). The FMN isoalloxazine holds an
almost identical planar geometry in all five reaction pathways
prior to this distortion (SI, Figure S4), meaning that the FMN
isoalloxazine in all five reaction pathways comes from a similar
geometry but is distorted with a different magnitude during the
reaction progress, which results in its different position at
reaction transition states. However, in all five reaction
pathways, we did not find any protein residues located
“underneath” the isoalloxazine plane to be involved in the
reaction coordinate, nor did we found any protein motions that
would push the isoalloxazine plane to distort it. The different
distortion movements we observed are essentially different
regimes of the phase space of the FMN isoalloxazine sampled
by TPS, not because of any difference in protein motions.

■ FURTHER DISCUSSION
Having fully discussed the rate-promoting vibration and its
effect, it is crucial to learn how the N189A point mutation
influences the reaction progress and eliminates the rate-
promoting vibration, which would be a valuable lesson for
further tasks in protein design.39,40 A direct intuition of the
potential effect of the N189A point mutation would be that it
eliminates the side chain of the Asn189, which locates at the
“back-right” direction of the NADH pyridine ring, giving the
pyridine ring access to more possible conformations. As shown
in Figure 5f, an overlay of the wild-type pathway 2 (colored
blue in Figure 5f) and the N189A mutant pathway 3 (colored
red in Figure 5f) at the maximum of each nicotinamide
pyridine’s fluctuation along the perpendicular axis, looking
from the top of the nicotinamide plane, indeed there exists
more allowable space behind the nicotinamide pyridine ring.
The nicotinamide pyridine ring is located more to the back-
right direction compared to the wild type and is also further
away from the FMN isoalloxazine plane. Aside from this
difference, we notice that both Tyr356 and the NADH ribose
ring in N189A reaction pathways locate more “forward”
compared to those in the wild-type pathways. Together, the
relative position of the wall formed by Tyr356 and the NADH
ribose ring with respect to the nicotinamide pyridine ring has
changed to be more forward in N189A reaction pathways
(relative direction labeled by the red arrow in Figure 5f), not
directly to the left and top-left sides of the NADH pyridine
ring (relative direction labeled by the black arrow in Figure 5f).
This change of relative position has two effects. First, it breaks
the parallel relationship between the NADH nicotinamide
plane and the FMN isoalloxazine plane. In wild-type reaction
pathways, the NADH pyridine ring is confined by the NADH
ribose ring to remain being parallel to the FMN isoalloxazine.
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However, in N189A reaction pathways, the NADH ribose ring
can only confine the forward corner of the NADH pyridine
ring. This change of the confinement results in the fluctuation
of the nicotinamide pyridine in N189A reaction pathways to be
a rotation that could lean the pyridine plane forward toward
the isoalloxazine plane (Figure 5d), instead of a minor
translational fluctuation along the perpendicular axis in the
wild-type MR (SI, Figure S3b). Second, the change of relative
positions of the wall and the nicotinamide pyridine eliminates
the His186 rate-promoting vibration. Recalling that in the wild-
type pathway 1, the His186 pushing motion causes a latter
conformational change of the pyridine ring by pushing it
toward a static wall formed by Tyr356 and the NADH ribose
ring to the left side of the pyridine ring. Should there exist a
His186 pushing motion in N189A pathways that pushes the
nicotinamide ring to its left, the wall would no longer be in the
opposite direction of the nicotinamide plane movement. Since
the pyridine ring in N189A mutant reaction pathways is
located further away from the FMN isoalloxazine plane
compared to that in the wild type, even at reaction transition
states (recall Figure 3c), the FMN isoalloxazine would have to
compensate for this gain in donor−acceptor distance by
sending the acceptor atom more “upwards” to the donor. This
helps to explain the larger magnitude of distortion of the FMN
isoalloxazine in N189A reaction pathways.
One immediate follow-up question is, is this difference in the

active site geometry caused by the N189A point mutation a
regime of the rare event phase space sampled by TPS, which
would only occur during the reaction process, or is it a stable
change of the active site geometry induced by the N189A

mutation? To answer this question, we acquired 50 ps long
QM/MM trajectories for each enzyme by shooting backwards
in time from reaction transition states and use them as reactant
states. We defined three important structure features to
characterize the reactant state of both enzymes. The distance
between the center of mass of the NADH ribose ring (colored
yellow in Figure 6a) and the center of mass of the NADH
pyridine ring (colored blue in Figure 6a) describes the relative
geometry of the wall and the pyridine. The distance between
the center of mass of the pyridine ring (colored blue in Figure
6a) and the center of mass of the isoalloxazine middle ring
(colored red in Figure 6a) describes how far away the two
planes are from each other. The difference between the NADH
C4−FMN N5 distance and the NADH N1−FMN N10
distance (referred to as ddiff in later discussion) is a good
measurement of how parallel the two planes are, proposed in a
previous study.21 As shown in Figure 6b, when the two planes
are parallel to each other, ddiff is small, at 0.90 Å; when the two
planes are unparallel to each other, as in Figure 6c, the N1−
N10 distance would be significantly larger than the C4−N5
distance, making ddiff significantly larger, in this case at 2.05 Å.
Pudney et al. suggested in an earlier study from the result of

classical MD simulations on reactant states that multiple
reaction pathways in the N189A mutant are originated from
multiple reactive configurations. The N189A point mutation
gave access to these configurations that were not visited by the
wild-type MR by eliminating the Asn189−NADH nicotina-
mide hydrogen bond, not by freeing up more space in the
active site.14 We compared the probability density distributions
of the three important structure features defined above

Figure 6. Important structure features describing the active site geometry. Panel (a) shows the two important interplane distances: the distance
between the center of mass of the NADH ribose ring (yellow spheres) and the nicotinamide pyridine ring (blue spheres), and between the
nicotinamide pyridine ring and the middle ring of the FMN isoalloxazine. Distances between the center of mass are labeled by the dashed black
lines. Panels (b) and (c) show the two bond distances used to describe the parallel relationship between the NADH nicotinamide and the FMN
isoalloxazine: the nicotinamide N1−isoalloxazine N10 distance and the nicotinamide C4−isoalloxazine N5 distance. In both figures, these atoms
are labeled by spheres, C4−N5 and N1−N10, and the interplane distances are labeled by the black dashed lines. Panels (d) and (e) show the
probability density distribution of the NAHD ribose ring−pyridine ring distance and the pyridine ring−isoalloxazine distance of the reactant states,
respectively. Panel (f) shows the probability density distribution of ddiff of reactant states. In panels (d)−(f), the probability density distribution of
the wild-type MR is labeled in blue, and the probability density distribution of the N189A mutant is labeled in orange.
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between reactant states of all five reaction pathways (SI, Figure
S5) and found that they are generally identical among reaction
pathways belonging to the same enzyme but is significantly
different between the two enzymes. Therefore, we cannot draw
from our simulations the conclusion that different sampled
reaction pathways of either enzyme originate from different
reactant states. The origin of multiple reaction pathways
induced by the N189A point mutation can be explained by
inducing an unfavorable active site geometry at reaction
transition states. Since transition-state structures of the N189A
mutant are less favorable compared to those of the wild type
due to the breaking of the parallel relationship between the two
planes, the free-energy landscape crossing the reaction barrier
might be more complicated, making it possible for multiple
reaction pathways to exist. We did gain an understanding of
the difference between the two enzymes from these structure
features. The probability density distributions of the three
structure features of reactant states from the two enzymes are
shown in Figure 6d−f, respectively, in which blue is the wild-
type reaction pathways and orange is the N189A mutant. From
these probability density distributions, we can conclude that an
average reactant state of N189A, compared to that of the wild
type, would have a larger NADH ribose ring−pyridine ring
distance and a larger interplane distance, with the nicotinamide
ring and the FMN isoalloxazine ring being more unparallel to
each other. An overlay of “average” reactant structures
(structures possessing the average values of the three features
mentioned above) of the wild-type pathway (colored blue in
Figure 7a) and the N189A mutant pathway (colored red in
Figure 7a) is shown in Figure 7a. Clearly, the difference in the
active site geometry between the reactant states of the two
enzymes is not dissimilar from that during the reaction
progress of the two enzymes (Figure 5f). Therefore, the change
of relative positions between the wall and the pyridine ring, as
well as the breaking of the parallel relationship between the
two planes, is indeed a stable change of the active site induced
by the N189A point mutation, not rare events sampled by
TPS.
Asn189 could be hydrogen-bonded to the nicotinamide O7

atom (the black dashed line, Figure 7a); however, this
hydrogen bond or its removal does not seem to be the
major cause of the change in active site structures, as Figure S6
shows an example structure of the wild-type reactant state, in
which this hydrogen bond is entirely broken, but the pyridine
ring is still confined. We hereby restate that one effect of the

N189A point mutation is to create more free space behind the
nicotinamide pyridine, not by eliminating the hydrogen bond.
Interestingly, beyond this effect, the protein backbone of the
active site is also altered by the N189A point mutation. As
shown in Figure 7b, the overlay of the same structures in
Figure 7a but viewing from the top of the NADH molecule, the
protein backbone of both Gly357 and Ala189, which can be
viewed as two barriers that confine the whole NADH
molecule, retracts slightly in the N189A mutant compared to
that in the wild type. We measured the distance between the
carbon α of these two residues in reactant states as a
measurement of the size of allowable space between the two
barriers that confine the NADH. The probability density
distribution of this distance is shown in Figure 7c. Clearly, this
distance is significantly larger for the N189A mutant.
Essentially, in both enzymes, the NADH ribose ring is folded
back to the nicotinamide. The difference in the active site
geometry induced by the N189A point mutation, both at
reactant states and during the reaction progress, is essentially
to “open up” the folded NADH molecule. It is unclear,
however, how a point mutation, which only eliminates a
potential hydrogen bond to the NADH molecule, could also
cause the protein backbone surrounding the active site to be
altered so significantly. However, this result does teach us to be
careful when designing active site mutations to make better-
performing enzymes. A motivation of making a point mutation
may result in an unexpected change of the active site protein
backbones.

■ CONCLUSIONS

In this study, we successfully answered the two major
unresolved questions in the MR catalytic mechanism. We
have discovered two reaction pathways (one being possibly
dominant) for the wild type and three reaction pathways for
the N189A mutant. The N189A point mutation modulated the
conformational landscape of the MR active site to induce
multiple reaction pathways. In prior works using a similar
simulation approach on other enzyme systems, we have not
detected the existence of completely distinct reaction path-
ways. However, a couple of recent studies have found this
behavior in many other enzyme systems, including para-
oxonase 1,41,42 lactate dehydrogenase,43 and even nanoparticle-
catalyzed reactions.44 Therefore, multiple reaction pathways
may exist broadly in nature and should be very carefully
investigated when studying an enzyme catalysis process.

Figure 7. Comparison between the active site of the two enzymes. Panel (a) shows the comparison between reactant state structures with average
features, with the wild-type MR structure labeled in blue and the N189A mutant structure labeled in red. Panel (b) shows the comparison of
protein residues in the MR active site, with the wild-type MR structure labeled in blue and the N189A mutant structure labeled in red. The distance
between the Asn189/Ala189 carbon α and the Gly357 carbon α is marked as the dashed black line. Panel (c) shows the probability density
distribution of the Asn189/Ala189 carbon α−Gly357 carbon α distance of the reactant states. The wild type is labeled in blue, and the N189A
mutant is labeled in orange.
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A rate-promoting vibration from His186 that compresses the
donor−acceptor distance was found in the wild-type pathway
1, while all other pathways do not have any protein motions
coupled to its catalytic process. Besides, we have learned a
couple of valuable lessons from this research. First, a rate-
promoting vibration could be perpendicular to the donor−
acceptor axis, as in the case of MR, but still function to
compress the donor−acceptor axis. Second, an RPV could be
eliminated not by changing residues directly involved in the
RPV but by altering geometries of the other degrees of
freedom that is not directly involved in the RPV itself, but is
essential to the conformational change induced by the RPV.
Third, unsurprisingly, the influence of even a single point
mutation to the active site could be subtle but still important.
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