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ABSTRACT: The temperature dependence of methionine
ligand dissociation and rebinding dynamics in cytochrome c in
aqueous solution has been studied using classical molecular
dynamics simulation. Results are compared with previous
study of rebinding dynamics at 300 K in water in order to
understand how the change of protein environment and the
underlying protein energy landscape influence the dynamics.
Rebinding dynamics at 77, 180, and 300 K exhibits changes in
both time scale and mechanism as the protein and solvent
undergo a dynamic “glass transition”. At each temperature, the
rebinding dynamics yields a subset of trajectories that undergo
fast rebinding as well as a subset of trajectories that undergo
slower rebinding. At 300 K in water, both a fast (4.0 ps) and

slow (14.6 ps) rebinding is observed. While fast rebinding occurs from a “downward” (heme pointing) substate of the
methionine, the slow rebinding involves interconversion between an “upward” substate, from which rebinding cannot occur, and
the downward substate. At lower temperatures (77 and 180 K), the upward dissociated substate was not observed due to the high
barrier imposed by the “frozen” protein structure. However, a slow rebinding phase is observed at both 77 and 180 K and is
associated with a process of trapping in downward but “binding forbidden” substates with subsequent slow dynamical conversion
to “binding competent” substates from which rebinding is relatively rapid. Distinctive rebinding dynamics at 77 and 180 K
suggest that different rebinding time scales are predetermined by the protein and solvent structural arrangement prior to
photodissociation, which causes either fast rebinding (about 2 ps) or slow (>50 ps) rebinding. Suggestions for future experiments
to further probe the role of dynamic heterogeneity in the kinetics of methionine ligand binding in cytochrome ¢ protein are

proposed.

1. INTRODUCTION

Most studies of the temperature and viscosity dependence of
ligand rebinding dynamics in heme proteins have focused on
bimolecular rebinding of diatomic ligands to heme proteins.' >’
Those studies have provided an understanding of the rich
kinetics observed in diatomic ligand dissociation and binding in
terms of the diversity of underlying protein conformational
substates.”®*° > The seminal work of Agmon,****" Frauen-
felder,>>*? Champion,ma7 and their co-workers focused on
understanding nonexponential binding kinetics and the role
played by the diverse ensemble of protein conformations at
varying temperatures. The transition from inhomogeneous to
homogeneous kinetics observed experimentally has been
explained through a number of theoretical models. Champion
and co-workers®**® studied temperature-dependent heme
kinetics by measuring the CO and NO rebinding dynamics
and concluded that the nonexponential kinetic response of
myoglobin is not necessarily due to protein conformational
substates, emphasizing the role of the local heme dynamics.
The kinetics of photodissociation of the methionine ligand to
the heme of cytochrome c have received less attention.
Methionine (Met80) ligand in cytochrome c (cyt ¢, see Figure
1) is covalently linked to the protein backbone, making the
unimolecular rebinding dynamics quite different from bimo-
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lecular diatomic ligand rebinding.38 Initial excitation of the
heme leads to dissociation of the methionine ligand on a
quintet excited-state surface followed by non-adiabatic
dynamics (possibly involving intermediate triplet states),
leading to rebinding of the ligand to the heme on the ground
singlet state. Studies of diatomic ligand rebinding, such as
nanosecond time scale rebinding of CO in myglobin, suggest
that at room temperature the interconversion of protein
conformations is much faster than the rebinding time scales,
resulting in a homogeneous environment that promotes
exponential rebinding dynamics. Early experimental studies at
room temperature on the photodissociation of Met80 in
reduced Fe(II) cyt ¢ were carried out by Champion and co-
workers>® where rebinding of Met80 was observed to occur on
a time scale of 6.2 ps. The same system was studied by Kruglik
and co-workers,*® and both fast and slow rebinding, with time
constants of 4.8 and 16 ps, were observed. A later work by Vos
and co-workers*' suggested a 5—7 ps heme—residue bond
formation time scale in a variety of six-coordinate heme
proteins. In recent work, Zhong and co-workers** observed
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(a) Bonded
(head-on and rotated 90%)

(b) Dissociated (downward)
(head-on and rotated 90%)

i

(c) Dissociated (upward)
(head-on and rotated 90%)

Figure 1. Left: cytochrome c and the heme pocket reaction center. Right: conformational substates essential to the reaction kinetics are shown for
the reaction center (heme, Met80, and His18) as (a) bonded, and dissociated (b) downward and (c) upward conformations.

Met80 ligand rebinding with a time constant of approximately 7
ps. Subsequently, our theoretical study®® demonstrated that
Met80 rebinding in cytochrome ¢ displays a more complex
kinetics in which the reaction dynamics include interconversion
of the Met80 ligand between upward (rebinding forbidden)
and downward (rebinding competent) substates following
photodissociation. Interconversion between these nonreactive
(upward) and reactive (downward) substates represents, at first
glance, a kind of local inherent kinetics of the ligand, weakly
coupled to the global protein conformational change.

This study of protein reaction dynamics is designed to
explore the conjectures that (1) localized ligand dynamics play
a major role in the observed ligand rebinding kinetics at room
temperature while (2) more delocalized global conformational
transitions play a critical role in rebinding dynamics when the
temperature is low. We present the study of Met80 rebinding
dynamics in water at various temperatures (77, 180, and 300 K)
in order to identify the molecular dynamics that underlies
rebinding dynamics and the observed nonexponential pop-
ulation decay at low and high temperatures.

At high temperature, it has been proposed that the observed
double exponential decay is due to the interconversion of the
Met80 residue between rebinding forbidden and rebinding
competent substates. At low temperatures, the nonexponential
decay is primarily caused by an inhomogeneous distribution of
protein (as opposed to Met80 ligand) conformations, leading
to a distribution of rebinding time scales but not the
interconversion between Met80 upward and downward
substates observed at room temperature. Dynamics analysis
allows for the identification of key protein coordinates that are
correlated to the Met80 substate interconversion, providing an
explanation for why the rebinding forbidden upward substate of
the Met80 ligand is present at 300 K in water but not observed
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at lower temperature. The study also demonstrates how the
dynamics of the reaction center (the atoms defining the local
heme pocket) and more global motions contribute to the
overall rebinding dynamics.

2. METHODS

2.1. Molecular Dynamics Simulation of Ligand
Dissociation and Rebinding. The nonadiabatic dynamics
model and the underlying potential energy for the bound
(singlet) and dissociated (quintet) surfaces have been described
elsewhere.”® The sequence of 1HRC cytochrome ¢ from the
PDB was used to define the human cytochrome c system, and
the crystal structure was taken as the initial configuration. A
cubic water box with 10440 TIP3P water molecules*’ was
added to surround the protein. The Stormer—Verlet**
algorithm and periodic boundary conditions were used in the
CHARMM simulation program using the CHARMM?28 force
field.* The particle-mesh Ewald method was used to calculate
the electrostatic energy. All bonds with hydrogen atoms were
constrained using SHAKE.*® The simulation time step was 1 fs.

A set of structures of the singlet state system (with six-
coordinate heme) was randomly chosen from an equilibrium
trajectory at 300 K (as described above), and rapidly cooled to
180 and 77 K. With the rapid cooling approach, a series of
protein initial configurations sampling various local potential
energy minima was preserved at low temperatures. To allow the
system to relax after cooling, it is not possible to establish
rigorous thermodynamic equilibrium sampling at the lower
temperatures. Constant pressure and temperature (CPT)
dynamics was used to establish a “local equilibration” starting
from each structure. The final coordinates were collected at the
end of each local equilibration run and taken to be the
coordinates for initiation of the dynamic trajectories. The
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modified TIP3P water model was used at all temperatures.
From each of these system configurations, a number of separate
dissociation and rebinding trajectories were initiated, each
having a unique set of initial velocities randomly sampled from
the Maxwell distribution. A total of 500 trajectories for each
condition was collected for analysis.

2.2. Analysis of Correlated Structural Fluctuations.
Principal component analysis*’ (PCA) is a method that
effectively captures the correlation of motions in a system by
eliminating uncorrelated noise. It was employed in our study to
capture the correlation between the protein backbone and the
Met80 motions resulting from photodissociation and rebinding.

To capture the Met80 flipping motions that define
interconversion between upward (rebinding forbidden) and
downward states at 300 K, and transition between downward
(rebinding competent) and bonded states, structures used for
PCA were prepared in two ways:

(1) To represent the first 100—200 fs of a dynamics
trajectory following photodissociation at 300 K, a series of
structures was taken starting from the singlet equilibrium and
including a set of intermediate structures representing the
quintet dissociated configuration. A snapshot was taken every
10 fs, and roughly 20 frames were saved from each trajectory. A
total of 2000 frames were analyzed using PCA. Figure 2 shows
the concatenated trajectory in terms of the Fe—S distance as a
function of time.
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Figure 2. Concatenated trajectory formed from the initial 200 fs of
multiple dissociative reaction dynamics trajectories.

(2) To represent the reactant and product states, 3—4 ns
equilibration trajectories in the singlet and quintet states were
combined to create a hybrid trajectory, representing the
equilibrium ensembles of bonded and dissociated states for
PCA. This procedure was carried out for the protein in water at
300, 180, and 77 K, respectively. Figure 3 shows a fragment of
the singlet and quintet equilibration trajectories in terms of the
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Figure 3. Fragment of singlet (red) and quintet (green) state
equilibration trajectories at 300 K used for PCA.

7192

Fe—S distance as a function of time, indicating the involvement
of the bonded, the dissociated downward, and the dissociated
upward substates with regard to the Met80 motion in the
hybrid trajectory. The quintet state trajectory shows
interconversion between the upward and downward substates
corresponding to large and small Fe—S separation. The PCA
over the hybrid trajectory captures key degrees of freedom in
the Met80 motion in transitions between bonded and
dissociated states.

Eigenvectors of the first principal component under each
condition (300, 180, and 77 K) were used to construct a 4 X 4
dot-product matrix, to demonstrate the similarities and
differences between each pair of vectors (see Table 2).

2.3. Analysis of Activation Energy Barriers. To capture
the most essential degrees of freedom required for a transition
from one state or substate to another, conjugate peak
refinement (CPR)* was employed to calculate the reaction
path from the reactant state — in this case, the downward
(rebinding-competent) substate or the upward (rebinding
forbidden) substate to the product state (in this case, the
bonded state or the downward substate). This method requires
the minimized reactant and product state structures, from
which a reaction path is calculated in terms of a set of
geometries. The energy and structural changes along the path
can then be analyzed. Structures in the reactant and product
states were selected from actual dynamics trajectories, and were
each minimized to the nearest local potential energy minimum.

In the standard Arrhenius reaction rate theory,®* ™' the
reaction rate k is proportional to the Boltzmann probability
exp(—E/kgT), where E is the activation energy, kg is the
Boltzmann constant, and T is the temperature. Dynamics in a
“glassy” system may be associated with a distribution of energy
barriers, leading to kinetics that display a non-Arrhenius
temperature dependence.

3. RESULTS

3.1. Time Evolution of Photodissociation and Rebind-
ing. The Fe—S distance Rgp,_g was monitored as the key
reaction coordinate and indicator of photodissociation and
rebinding. Typical rebinding trajectories at 77 and 180 K are
shown in Figure 4. Trajectories attributed to 77 K are
delineated with “77 K”, and all others are attributed to 180
K. Each of the trajectories starts from a six-coordinated
equilibrium structure. Rg._g increases from the equilibrium
bond length, Rg._g = 2.3 A, to the dissociated distance, Rp,_g >
3.5 A, within 100 fs following photodissociation. Upon
rebinding, Rp._g rapidly returns to 2.3 A after fluctuating
around 3.5—4 A for a short period of time. Figure 4 also reveals
that, following photodissociation at very low temperature, some
of the trajectories reach a large Fe—S separation (around S A)
due to a collision-like excitation. This large Fe—S separation,
however, does not survive long and quickly returns to shorter
lengths. This indicates that at low temperature the surrounding
protein environment does not undergo a structural rearrange-
ment upon photodissociation that allows for the population of
the Met80 upward (rebinding forbidden) substate. In fact, as
discussed later, the activation energy for the transition from the
downward to upward substate of the Met80 becomes much
higher as the temperature is lowered and the protein and
solvent undergo a dynamic glass-like transition.

Figure 4 also shows the survival probability of dissociated
Met80 as a function of time, S(¢), exhibiting nonexponential
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Figure 4. (a) Rebinding trajectories in water solvent at 180 and 77 K and (b) survival probability of dissociated Met80 as a function of time for 300,

180, and 77 K in water.

decay at all temperatures. We have fitted the survival probability
to a biexponential form

S(t) = Aje™ W 4 4,7/ (1)
a power-law function
$() = ——
(1+3) @)
and a stretched exponential decay
s(6) = ®

The parameters for the fits to our data are presented in Table 1,
and the plots are shown in Figure 6. At each temperature, the y*
values are best for the biexponential fit, nearly as good for the
power-law fit, and less good for the stretched exponential form.

Table 1. Parameters for Best Fits to Survival Probability
Data at Different Temperatures Using Biexponential, Power-
Law, and Stretched Exponential Functions

T B to n A, t A, t
300K 60 081 155 3.1 730 42 270 150
180K 42 064 5.0 17 720 26 280 153
77 K 22030 083 062 832 28 168 777

The distributions of rebinding times observed at 180 and 77
K are shown in Figure 5. Over 80% of the trajectories at 77 K
yield very fast rebinding, while the remaining fraction
undergoes substantially slow rebinding (longer than SS ps).
Rebinding times longer than 55 ps were not observed at 180 K.
The semilog and log—log plots of rebinding survival probability

at each temperature (see Figure 7) demonstrate highly
heterogeneous kinetics at 77 K. Due to a relatively greater
time scale difference between the fast and slow rebinding, the
77 K plots in both Figure 7a and b reveal a flatter trend
compared to those at 180 and 300 K. The abrupt drop-off at 77
K in Figure 7b near In(t) = 4.5 corresponds to an “opening” of
a channel for rebinding that contributes to the overall profile of
the rebinding survival probability. It is clear that this onset of
later delayed rebinding corresponds to a slow mode that is tied
to fluctuations of the displaced methionine sulfur atoms relative
to the heme iron. In this sense, a helpful analogy may be with
dynamic facilitation in the relaxation of glasses, where relaxation
in one local region of configuration space (relative displace-
ment of methionine due to protein strain at lower temperature)
facilitates the relaxation of another local region (sulfur—iron
rebinding).>*>* The similarity of the plots at 180 and 300 K
results from a coincidence of time scales as the rebinding
kinetics at each temperature follows a distinctly different
mechanism (discussed below).

The time scale distribution demonstrates the two character-
istic changes in the distribution of rebinding times as
temperature is lowered. (1) At lower temperatures, a larger
fraction of trajectories rebinds rapidly and does so on a time
scale that decreases as the temperature is lowered. (2) At lower
temperatures, the time scale for rebinding of the slowest
rebinding trajectories becomes longer as the temperature is
lowered. Such nonexponential ligand rebinding kinetics has
been said to result from protein conformational heterogeneity,
created by quenching the sample from high temperature to low
temperature.”>* The rebinding time decay has been fitted
using biexponential, power-law, and stretched exponential
functions. The values of the fitting parameters at different
temperatures are summarized in Table 1.
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Figure 5. (a) Rebinding time distribution at 180 K. (b) Rebinding time distribution at 77 K, indicating fast, medium, and slow rebinding events.
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Figure 6. Unbonded Met80 survival probability as a function of time:
data and fittings using parameters in Table 1.

Data for the stretched exponential function mostly clearly
demonstrate a strong transition to more “glassy” dynamics at
lower temperatures. Moreover, the stretched exponential fits to
the survival probability show that (1) 7 becomes smaller as the
temperature is lowered (the slow rebinding trajectories rebind
more slowly and the fastest rebinding trajectories rebind faster)
and (2) S becomes lower as the temperature is lowered (the
system becomes increasingly heterogeneous in its dynamics).
The f = 08 < 1 at 300 K apparently results from the
contribution of two rebinding channels to the overall
mechanism of ligand rebinding. Similar trends are observed
for the fit to the power-law function, where ¢, is observed to
increase with temperature (like 7) while n also increases with
temperature (as does f3).

A previous study suggests that the time spent for
interconversion between the upward and downward substates
at 300 K in water leads to a slower rebinding time scale. The
population of the upward substate was, however, not observed
at 77 or 180 K in water solvated cyt c. Using the reaction
coordinates, Rg._g and @ defined in our previous study,*®
examples of 2-D trajectories at each temperature are plotted in
Figure 8. At 180 and 77 K, only the downward substate is
populated.

The dynamics of Rg._g for the quintet state at various
temperatures, in the absence of rebinding, is represented in
Figure 9 in terms of the distributions of Rg._s. Compared to
300 K in water, Rg,_g at lower temperatures tends to explore
the lower side of the downward substate where the centers of
the peaks are near 3.5 A. There is no distribution near S A,
which corresponds to the upward substate observed in water-
solvated cytochrome c at 300 K. It is reasonable to interpret the
much faster rebinding component observed at low temper-
atures as a reflection of the frozen protein environment. The
slow rebinding component observed at low temperatures
cannot be explained using the mechanism identified for
dynamics at 300 K, due to the rigidity of the protein and
inaccessibility of the Met80 upward substate. Our analysis
suggests that the nonexponential decay in rebinding kinetics at
both 180 and 77 K is largely determined by the protein
conformation at the time of photodissociation.

3.2. Why Fast Rebinding at Lower Temperature Is
Faster: Met80 Motions and Correlated Protein Motions.
In contrast to bimolecular diatomic ligand rebinding, the
dissociated Met80 ligand in cytochrome c is covalently linked
to the protein backbone, making the reaction unimolecular.
Following photodissociation, the Met80 ligand is trapped in the
heme pocket surrounded by the heme and other residues
(Figure 1). At 300 K, the nonexponential rebinding kinetics are
attributed to fluctuations between reactive and nonreactive
conformational substates of the Met80 ligand. At lower
temperature in water, the nonreactive substates are not visited
with significant probability. This raises the question, why does
the fast rebinding become more rapid as the temperature is
lowered? To answer this question, it is helpful to explore the
correlated motions of the protein upon photodissociation and
rebinding using principal component analysis.

By combining the singlet and quintet equilibration
trajectories at 300 K, we were able to capture motions that
are strongly correlated to the Met80 flipping motion in the first
three principal components (see Methods). The motion of the
transition or interconversion of Met80 among the bonded state,
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Figure 7. Rebinding survival probability of dissociated Met80 ligand as a function of time presented as (a) semilog plot (smoothed) and (b) log—log

plot (smoothed).
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Figure 9. Rg. g probability distributions for the protein in the
dissociated quintet state only (no transitions to the singlet state for
rebinding were allowed). The distributions show the downward
substate population in the absence of the upward substate (with Fe—S
=5 A) for 77, 180, and 300 K in water.

the downward substate, and the upward substate can be
understood in terms of three principal motions. (1) Separation
of the center of mass of Met80 and the heme, concurrent with
the heme doming and the iron atom out-of-plane motion. (2)
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The sulfur atom flipping between the bonded state and the
downward reactive substate. During this process, the structure
of Met80 does not change. (3) The S—C—C—C torsional
motion, that reflects the interconversion between downward
(reactive) and upward (nonreactive) substates, an interconver-
sion between methionine rotamers.

Eigenvectors calculated from PCA describing motion in the
protein backbone correlated to Met80 motion are shown in
Figure 10. Red dots follow the motion of heavy atoms in the
protein backbone, showing the extent of motion of each heavy
atom. The eigenvectors of the first three principal components
of water solvated cyt ¢ at 300 K show correlated motions in
residue clusters 20—25, 41—4S, 72—76, and 79—83 (see Figure
1).

The eigenvectors of the first principal component for water
solvated cyt ¢ at 77 and 180 K, derived from combining the
singlet and quintet equilibration trajectories in each condition,
do not show significant motions of the protein backbone
correlated to the Met80 motion (see Figure 10). The protein
environment is more frozen, slaved by the transition to “glassy”
dynamics of the solvent, and restricted in motion. In particular,

dx.doi.org/10.1021/jp400481m | J. Phys. Chem. B 2013, 117, 7190—7202
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180K PC#1
(d)

300K PC#2

300K PC#3
(c)

77K PC#1
(e)

Figure 10. Illustrations of protein backbone motion correlated to the Met80 motion during structural transitions. Red dots indicate the displacement
of each heavy atom in the backbone during rebinding. The first three eigenvectors calculated from PCA in the water solvated cytochrome c at 300 K
(see part a, b, and c) may be compared with the first eigenvector calculated from PCA in the water solvated cytochrome c at (d) 180 K and (e) 77 K.
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Figure 11. Gray dots: Projections of PCA trajectories (at 300 K, in water) on principal component eigenvectors (a) PC#1 and PC#2 and (b) PC #1
and PC #3. Purple dots: projection of all initial structures used for rebinding dynamics runs at 300 K in water. Blue dots: projection of all quenched
initial structures at 300 K cooled to 77 K. Red dots: projection of all quenched initial structures at 300 K and cooled to 180 K.

fluctuations in loop and helical regions, including those
essential to rearrangement following dissociation to allow
access to the upward ligand conformations, are suppressed. At
these lower temperatures, large conformational rearrangements
coupled to Met80 photodissociation and rebinding on the
picosecond time scale are essentially eliminated.

The background gray dots in Figure 11 depict the projection
of the water solvated cyt c trajectory at 300 K on the first and
second (Figure 11a) and the first and third (Figure 11b)
principal component eigenvectors. Two major clusters of dots
in each of the plots demonstrate the separation of the bonded
and dissociated configurations in each subspace.

Table 2 shows the dot product of each pair of first principal
component eigenvectors derived from the analysis of the
combined singlet and quintet state dynamics in the absence of
rebinding. The eigenvector at 300 K has a negative dot product
with those at lower temperatures. Eigenvectors at 180 and 77 K
in water have positive dot products between each other. The
negative dot product indicates that the correlated motion of the
protein at 300 K in water is in the direction opposite to the
others. This is a measure of the unique response from the
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Table 2. Dot Product Matrix of the First Principal
Component Eigenvector from Water Solvated Cytochrome ¢
at 300, 180, and 77 K

300 K 180 K 77 K
300 K 1 -0.17 —0.1
180 K —0.17 1 0.36
77 K —0.1 0.36 1

protein backbone to the Met80 motion undergoing transition
between the downward (rebinding competent) and upward
(rebinding forbidden) substates, motion that is not observed at
77 and 180 K.

It is interesting to observe that the PCA of structures taken
from the first 200 fs of each dynamics trajectory (Figure 2)
does not capture any obvious correlation between motion of
the Met80 and the protein backbone. This indicates that,
during the fast nonequilibrium dynamics of photodissociation
or rebinding, the rate of rebinding is predetermined by the
protein structure at the time of dissociation. In the bonded
state, the protein backbone is necessarily in a conformation

dx.doi.org/10.1021/jp400481m | J. Phys. Chem. B 2013, 117, 7190—7202
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consistent with ligand rebinding. Following photodissociation,
protein structure rearrangement can take place® when the
temperature is high, allowing the protein to explore binding
competent as well as binding forbidden substates. At low
temperature where the conformational change of the protein
and solvent behave more like a glass on the sub-ps time scale,
the protein is essentially constrained to its neighboring
potential energy minimum, exploring either binding competent
substates or binding forbidden substates but not both. Binding
competent substates lead to relatively fast rebinding, and
binding forbidden substates lead to slow rebinding. Protein
conformational sampling at 300 K becomes much faster,
leading to an ambiguous boundary between the rebinding
competent and rebinding forbidden substates. As a result, the
fast rebinding is slowed and the slow rebinding occurs more
rapidly due to enhanced access to the binding competent
substates.

The distribution of initial structures used for rebinding
dynamics runs at 300 K, projected on the eigenvectors of the
first three principal components (see purple dots in Figure 11),
is restricted in the singlet region. In water solvent at 300 K,
picosecond time scale equilibration allows the protein to
sample a diverse ensemble of bound conformations. For the
study of rebinding dynamics at lower temperature, initial
structures at 300 K in water were rapidly quenched to 77 and
180 K and allowed to equilibrate. The equilibrated structures
are projected on the same three eigenvectors (blue and red dots
in Figure 11). The overall distribution is similar to that at 300
K, demonstrating the abundance of local energy minima in this
quenched state distribution.

3.3. Minimum Energy Reaction Paths at 300 and 77 K.
In order to extract the most essential degrees of freedom
involved in the transition in Met80 between upward and
downward substates as well as the rebinding to the bonded
state, we performed conjugate peak refinement (CPR)
calculations to identify plausible transition paths. CPR requires
minimum energy reactant and product structures. It is
necessary to choose the reactant and product structures shortly
before and after a transition, in order to preserve the minimized
structures in the neighborhood of the representative conforma-
tional basins.

Structures in the upward substate, downward substate, and
bonded state from four slow rebinding trajectories in water
solvated cytochrome c at 300 K were chosen and minimized for
CPR calculations. The reaction paths were projected on the
R—0 two-dimensional surface obtained from our previous study
of rebinding in water at 300 K (see Figure 12). The projections
suggest that the R and 6 are two essential degrees of freedom
that are informative in describing the transition from the
dissociated state to the bonded state. Figure 12 indicates that,
although the degrees of freedom from the solvent were
eliminated in our CPR calculations, the key protein degrees of
freedom along the reaction path are aligned with the two
essential coordinates established from the minimum free energy
path analysis presented in our study.

As the protein quickly samples various conformational basins
at high temperature, the minimized reactant and product
structures can fall into basins that are quite different in potential
energy. This suggests that, at extremely low temperature, the
energy barrier that the system must overcome to allow a
transition from one substate to another can be large. In an
actual dynamics run, the protein is typically in a transient high
energy conformational state, allowing for transition from one
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Figure 12. Projection of the minimum energy reaction paths of four
rebinding trajectories in water solvated cytochrome ¢ at 300 K on the
2D free energy map (0 in degrees, R in angstroms) obtained from our
previous study.>®

basin to another. Our previous analysis suggests that at room
temperature the effective free energy barrier separating the
upward (rebinding forbidden) and downward (rebindin
competent) substates is only on the order of several kcal/mol.®

3.4. Origins of Slow Rebinding at 77 and 180 K.
Apparently, for a trajectory that evolves in a conformational
basin that impedes rebinding, the system must overcome a
barrier to reach a basin that promotes rebinding. A major
difference between rebinding-promoting basins and rebinding-
impeding basins, in terms of the reaction barriers, can be
interpreted from the generalized Landau—Zener formula
introduced in our theoretical model.”® According to our energy
criterion that defines the crossing zone, the energy difference
between the singlet and quintet states, €4 must be less than 2
kcal/mol.

During a dynamics run, the more frequently €44 reaches the
<2 keal/mol range, the higher probability that the system will
transition from one state to the other. Trajectories that display
fast rebinding (within 2 ps) and slow rebinding (longer than 90
ps) at 77 K were collected separately. The energy difference
between the singlet and quintet states, €4 was calculated for
configurations where Met80 is dissociated, and the distributions
are shown in Figure 13. The average €4 is 13.6 kcal/mol from
those fast rebinding trajectories and 14.6 kcal/mol from slow

T T
fast-rebinding
slow-rebinding ]

Distribution (%)

—
30 40 50
Energy (kcal/mol)

1 1

60 70

0 1 1

0 10 20 80

Figure 13. Distribution of €4 from a collection of fast and slow
rebinding trajectories, repectively, at 77 K using quenched 300 K initial
structures. The distribution of €4 that reaches the <2 kcal/mol zone is
7% for fast rebinding trajectories and 0.15% for slow rebinding
trajectories.
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(b)

Figure 14. Distribution of positions of the sulfur atom (in black) and two carbon atoms (in blue) in the C—S—C group of Met80 from (a) a
collection of fast rebinding trajectories at 77 K and (b) a collection of slow rebinding trajectories at 77 K, all derived from quenched 300 K initial

structures.

(b)

Figure 15. Distribution of positions of the sulfur atom (in black) and two carbon atoms (in blue) in the C—S—C group of Met80 derived from an
equilibration trajectory in the quintet state (in the absence of rebinding) in water at 300 K. Head on (upper) and rotated 90° (lower).

rebinding trajectories. For fast rebinding, €4 that reaches the
<2 kcal/mol range comprises about 7% of the overall
distribution. For slow rebinding, this number is only 0.15%.
Slow rebinding trajectories have fewer chances to reach the
crossing zone before rebinding, compared with fast rebinding
trajectories. What is responsible for the larger energy gap
between the singlet and quintet states in the slow rebinding
trajectories?

The essential degrees of freedom in the protein that
contribute to various conformational basins are difficult to
identify, especially when the motions are “collective”, as in a
backbone displacement or local fluctuation in free volume.
However, since the degrees of freedom used to define the
singlet and quintet states in our theoretical model are relatively
few in number,® it is possible to closely observe and identify
how those degrees of freedom (used to define the singlet and
quintet states) are influenced by the protein’s global conforma-
tional motion and assess the impact on the reaction energy
barrier (in this case, €4). Figure 14 illustrates the distribution
of positions of the two carbon atoms (in blue) and the sulfur
atoms (in black) in the C—S—C group of Met80 projected on
the heme plane, the relative orientation of which is critical to
ligand rebinding. For fast rebinding trajectories, the distribution
of positions of the sulfur atom is more localized and aligned
with the center of the heme (iron), whereas for slow rebinding
trajectories the position distribution of the sulfur is shifted away
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from the center of the heme (iron). The overall distribution of
all three atoms (C, S, and C) in slow rebinding trajectories is
more delocalized than that in fast rebinding trajectories. For
rebinding to occur, the C—S—C group must reorient to allow
the sulfur atom to align with the center of the heme. A more
localized and better aligned (with iron) position of the sulfur
promotes rapid rebinding. Similarly, a shifted and delocalized
distribution of the positions of the sulfur atom makes the
rebinding more difficult. The shift of the sulfur atom position
distribution is a clear indication of the protein backbone
structural shift away from configurations that promote fast
rebinding. If the initial structure (quenched from 300 K) is in a
conformational basin in which the protein backbone is shifted,
the Met80 residue will be displaced away from the center of the
heme upon dissociation, resulting in slow rebinding.

Figure 15 shows the distributions of the positions of the C—
S—C atoms from an equilibration trajectory in the quintet state
(no rebinding allowed) at 300 K in water solvent. The overall
distribution of each atom (C, S, and C) is more delocalized
than the distributions at 77 K due to the involvement of the
Met80 downward and upward conformational substates (absent
in our simulations at lower temperatures). The distributions in
Figure 14 are two subsets of the distributions in Figure 15. The
overall distribution at 300 K (Figure 15) is more delocalized,
indicating that there are lower barriers between configurations
that promote or impede rebinding. In fact, the boundary
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between conformations becomes ambiguous. The fundamen-
tally different nature of the dissociated configurations at high
and low temperatures reflects the heterogeneity of ligand
rebinding time scales at low temperature and the relative
homogeneity observed at high temperature in water solvent.

The Met80 upward conformational substate was not
observed at 180 K, and the double-exponential decay observed
in the rebinding kinetics at 180 K (see Figure 4) has an origin
and mechanism that is fundamentally different from the double-
exponential decay observed at 300 K in water. The latter is due
to the interconversion of the Met80 downward (rebinding
competent) and upward (rebinding forbidden) substates.
Comparison with rebinding at 77 K (see Figure 4) indicates
that, as the temperature is raised (to 180 K), the rebinding
kinetics become more homogeneous and exponential-like. We
observe that, with increasing temperature, the fast component
of rebinding becomes slower, the slow component becomes
faster, and the overall rebinding time scale becomes shorter.
Given the slow rebinding time scale of 15.2 ps at 180 K, one
may expect the slow rebinding time scale at 300 K in water to
be faster than 15.2 ps. However, in our previous study, slow
rebinding observed at 300 K was on the time scale of 14.6 ps.
This is essentially the same time scale observed at 180 K (15.2
ps) but with a fundamentally different origin.

To describe the structural difference in the heme doming at
300 and 77 K, the Nypyp—Fe—Nyy s angle (see Figure 16) in

12 T T T
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TTK e—

or Bonded T
Dissociated

Distribution (%)
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Figure 16. Distribution of Nygyg—Fe—Nyy ;¢ angle in the bonded and
dissociated states at 77 K (blue) and 300 K (red).

the bonded and dissociated states is used to indicate the
displacement of the iron atom out of the heme plane (as a
larger iron out-of-plane displacement is correlated with a

greater Nypyp—Fe—Np s angle for the range of structures
explored in our simulated dynamics). The N—Fe—N angle
displays a broader distribution (in the range 93—105°) in the
dissociated state at 300 K than at 77 K, although the center
position of each peak is found to be near 99°. This broader
distribution at 300 K may be attributed to a broader range of
heme-pocket atom fluctuation in the dissociated state including
the His18 residue. While a role for proximal histidine tilting in
discriminating ligand binding in hemoglobin has been
established,*® our results suggest that the Hisl8 tilting does
not contribute in a similar way to explain different time scales at
different temperatures in the event of the Met80 rebinding in
cyt ¢, as the degree of the Hisl8 tilting in the bonded and
dissociated state at each temperature reveals no significant
difference in our study. In the bonded state, the N—Fe—N
angle distributions at 300 and 77 K are similar (in the range
85—93°) with the center of each peak near 88°. We have also
compared the N—Fe—N distribution calculated from disso-
ciated state configurations at 77 K, taken from super fast and
super slow trajectories, respectively. The result does not reveal
a significant difference in the domed heme structure on the
time scale of 100 ps. It appears that the structural fluctuation of
the heme does not play a significant role in determining the
broad distribution of rebinding time scales at low temperatures
observed in our study. The degree of heme doming in terms of
the iron atom out-of-plane displacement in cyt ¢ (0.35 A in our
previous study’®) is significantly less than that in myoglobin
(0.5 A7), suggesting that less energy is required for iron
displacement during rebinding. It is reasonable to believe that a
combination of the more confined motion of the dissociated
Met80 ligand and a relatively small iron out-of-plane displace-
ment promotes relatively fast rebinding rates.

3.5. Activation Energy for Transition between
Upward to Downward Substates. To further explore the
role of the protein environment on the transition of the Met80
from the upward to downward substate, a number of Met80
upward configurations were randomly chosen from a quintet
equilibration trajectory at 300 K. Each configuration was
quenched to lower temperatures and allowed to equilibrate.
Figure 17 shows the distribution of Rg._g during 60 ps of
equilibration starting with upward configurations. Few
transitions from the upward to downward substate are observed
at 77 K. The fraction of the upward substate increases as the
temperature rises. As described earlier, all equilibration
trajectories were run for the same duration. If we assume that
the prefactor A in the Arrhenius equation A exp(—E/k;T) is

35 T T T T I77K -1
180 <
301 240K b -1.5
. 270K ——
R225[ 300K — 2 i
= 330K —— 5
ga0r 1 525 i
8 ©
2.1 ] B J
% 15 L:'g 3
S10f 1l a5 -
5F 1 % 1
0 g -45003 0 01035 0 (1)04 0 01045 0 (I)OS 0 Ul055 0.006
a 3.5 4 45 5 6 ’ ’ : T (1K) ’ ’ ’

Fe-S distance (Angstrom)

(a)

(b)

Figure 17. (a) Distribution of upward and downward substates in terms of Fe—S distance at various temperatures. Equilibration started with upward
configurations and was allowed to evolve for a fixed period of time at each temperature. The downward state population grows as the temperature
increases. (b) The logarithm of the downward fraction is fitted as a linear function of the inverse temperature.
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insensitive to temperature change, the reaction rate constant k,
that describes transition from the upward to the downward
substate, is proportional to the fraction of the downward
substate. The resulting estimate of the activation energy E (see
Figure 17) is 3.5 kcal/mol.

The activation energy for the transition from the downward
to upward substate is expected to be much higher. As suggested
from the Rg,_g distribution in our previous study, the fraction of
trajectories accessing the upward substate transition at 300 K in
water is roughly 10%,>® while the fraction of the downward
substate formed from the upward state (see Figure 17) is about
22%. Similarly, as indicated in Figure 8, transition from the
downward state to the upward state following photodissocia-
tion is not observed in water at 77 or 180 K, while the fraction
of the downward state formed from the upward state at 77 and
180 K are 0.2 and 5%, respectively. This suggests that the
transition barrier from the downward substate to the upward
substate is too high for transitions to be observed on the
picosecond time scale.

4. DISCUSSION AND CONCLUSION

Met80 rebinding in cytochrome ¢ has been studied as a
function of temperature (300, 180, and 77 K) using molecular
dynamics simulations. The generalized Landau—Zener surface-
hopping algorithm®® has been employed to perform reaction
dynamics. Nonexponential ligand rebinding kinetics is observed
at all temperatures, with a rebinding mechanism that is
distinctly different at 300 K than at lower (180 and 77 K)
temperatures. The distinctive rebinding behavior at lower
temperatures strongly suggests that rebinding time scales are
predetermined by the details of the particular conformational
substates of the protein at the time of photodissociation.

The protein conformation samples various basins in energy
landscape of the singlet state at 300 K. Some of the basins
promote rebinding after photodissociation, whereas other
basins impede rebinding. Upon photodissociation, the system
is excited to the quintet state, but the global structures retain
their original basins. When the temperature is very low,
sampling becomes difficult. Some trajectories will rebind
quickly as they remain in the promoting basins after
photodissociation, which yields fast rebinding. In contrast,
trajectories in the impeding basins yield slow rebinding, as prior
to rebinding the system must undergo a transition to a
promoting basin. When the temperature is increased,
trajectories in the impeding basins may cross over barriers to
reach promoting basins, and yield shorter time scales for the
slowest rebinding trajectories. When the temperature is
increased further, sampling becomes relatively fast, there are
no distinct promoting or impeding basins, and rebinding
becomes more homogeneous. At high enough temperatures, a
second reaction channel, involving access to the “upward”
substate of Met80, leads to “biexponential” kinetics.

Our analysis has identified essential steps in the process of
rebinding at all temperatures. In the dissociated state, for
rebinding to occur, the protein must access conformations with
significant energy overlaps in the quintet and singlet states. At
300 K, this may involve transition between upward and
downward states of Met80 ligand. At 180 and 77 K, this may
involve transition from downward binding-forbidden substates
to binding-allowed substates. In our study, the barriers between
substates are caused by shifts of the protein backbone that
displace Met80 from alignment above the heme center
consistent with Fe—S bond formation. The heme doming
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motion does not appear to play a significant role in contributing
to the energy gap difference between fast and slow rebinding
trajectories. Furthermore, the displacement of the iron from the
heme plane in the dissociated state appears to be insensitive to
temperature change.

In considering the nonadiabatic transition probability, once
the energy criterion is satisfied, we recognize that the Landau—
Zener transition probability is temperature dependent. Temper-
ature dependence arises through the distribution of speeds in
crossing the transition region as well as the temperature
dependence of the spin—orbit coupling. We have compared the
time derivative of the potential energy at low and high
temperatures, finding only a small difference. The spin—orbit
coupling in the Landau—Zener formula is temperature
dependent, and a detailed study of the effect has been carried
out by Gerstman.”’ In our study, the spin—orbit coupling was
taken to be constant across all temperatures.

As has been noted by Gruebele and cowokers,® the
exploration of “strange kinetics” in biomolecular dynamics is
of fundamental importance. Bimolecular diatomic ligand
rebinding kinetics in heme proteins has shown rich dynamical
behavior. While we observe nonexponential kinetics for Met80
ligand rebinding in cytochrome c at all temperatures, the origin
of nonexponential kinetics, including transitions in the
mechanism of rebinding, appear to be distinct from those
proposed for diatomic ligand rebinding in heme proteins. There
are relatively few systems that have been studied over a wide
range of temperature in a way that allows for a thorough
exploration of the role of features of the energy landscape in
determining nonexponential kinetics, with the richest systems
involving ligand—protein rebinding. It will be of great interest
to see the predictions of this study tested by experiment, and
for experiment to build a body of data for the temperature
dependence of ligand rebinding kinetics in this unique
dynamical system.
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