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Abstract

The rebinding of NO to myoglobin after photolysis is studied using the ‘reactive molecular dynamics’ method. In
this approach the energy of the system is evaluated on two potential energy surfaces that include the heme–ligand
interactions which change between liganded and unliganded myoglobin. This makes it possible to take into account
in a simple way, the high dimensionality of the transition seam connecting the reactant and product states. The
dynamics of the dissociated NO molecules are examined, and the geometrical and energetic properties of the transition
seam are studied. Analysis of the frequency of recrossing shows that the height of the effective rebinding barrier is
dependent on the time after photodissociation. This effect is due mainly to protein relaxation and may contribute to
the experimentally observed non-exponential rebinding rate of NO, as has been suggested previously.� 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Hemoglobin and myoglobin are the biological
transport and storage systems for oxygen. Due to
their physiological importance, the interaction of
these proteins with their ligands(O , CO and NO)2

has been extensively studied both experimentally
w1–9x and theoreticallyw8–19x. Moreover, atten-
tion has focused recently on the more general
interaction of NO with heme proteins because of
its wide range of biological functions. They
include inhibition of mitochondrial respiration,
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inhibition of the enzyme ribonucleotide reductase
and neurotransmission in the brainw20–22x. In
many cases, NO binding to iron atoms in both
heme and non-heme proteins seems to be involved.
An important structural feature of both hemoglobin
and myoglobin is that the binding and dissociation
of the ligand induces a conformational change in
the heme groupw23x. Studies on model compounds
and in proteins have shown that the five coordinate
(unliganded) heme is domed with the iron atom
out of the porphyrin plane, while the six coordinate
(liganded) heme group is essentially flat(with
some ‘ruffling’) and the iron atom is in or very
near the heme plane. The change in the structure
of the heme group has been shown to be the first
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step in the tertiary structural alterations induced
by ligation of myoglobin and hemoglobinw24–
26x; in hemoglobin, the tertiary change is coupled
to the quaternary transition involved in the modu-
lation of ligand binding.
Experimental studies of the rebinding of CO

after photo-dissociation at different temperatures
have shown that the superficially simple rebinding
reaction is surprisingly complexw1–9,27x. The
room temperature rebinding of CO is approximate-
ly exponential(with a time constant of 100 ns),
while at low temperatures the rebinding is non-
exponential in time and varies in a non-Arrhenius
fashion with temperature.w1,4,5,7,28x. This behav-
ior has been attributed to a distribution of barrier
heights for the rebinding reaction in the effectively
frozen proteinw1,5,12,14x. This assumes that the
relaxation of the protein at low temperatures is
slow, relative to the rebinding reaction, so that the
system is inhomogeneous with each protein mol-
ecule having a different barrier for rebinding. A
range in barrier heights from approximately 2 to
10 kcalymol has been inferredw12,14x. As yet, no
single molecule experiments have been reported to
verify this model. The rebinding of NO to Mb
after photodissociation occurs on a much faster
time scale and is non-exponential even at room
ternperaturew2,8,9,29x. The measured rebinding
rate can be fitted either to a double exponential
(28 and 280 ps components) or to a power law
(with a 33 ps time scale) w8x. Femtosecond laser
spectroscopy has shown that the photodissociation
of MbCO, and probably also of MbNO, occurs in
less than 300 fsw3,6x. For MbNO there are no
experimental data concerning the temperature
dependence of the rebinding from which informa-
tion about the barrier can be obtained. However,
the fact that the rebinding has a subnanosecond
time scale indicates that the effective barrier is
low, much lower than that for CO.
Because the rebinding of NO takes place in

picoseconds at room temperature, it is on the same
time scale as the fluctuations of the proteinw11x.
Therefore, it has been suggestedw8x that for NO
at room temperature, the non-exponential behavior
is due to a time-dependent barrier, which increases
as the iron moves out of the heme plane and the
protein relaxes towards its unliganded equilibrium

structure. A simple representation of such a time-
dependent barrierE(t) can be introduced into the
Arrhenius equation by writingw8x

yE t yRT( )k(t)sAexp (1)

with
yktE(t)s(E yE )exp qE (2)0 eq eq

where k(t) is the rate ‘constant’ for rebinding,k
is the rate constant for the variation in the barrier
height from its initial value,E , after photodisso-0

ciation to its equilibrium value,E . In deoxymy-eq

oglobin for NO rebinding, experimental values for
the parameters areAs2.5=10 s , ks10 y1

1.5=10 s ,E s0.027 kcalymol andE s1.210 y1
0 eq

kcalymol. These values correspond to an initial
(ts0) rebinding time constant of 42 ps and a final
(ts`) time constant of 300 ps. Similar values
were obtained for NO rebinding to hemoglobin
w8x.
There have been many molecular dynamics

simulations of myoglobin because it has become a
model system for the understanding of protein
motions w11x. Many of these simulations have
focused on equilibrium fluctuation and their tem-
perature dependencew15,30,31x. Another series
of simulations have been concerned with the exit
of the ligand from the heme pocket
w8,9,13,16,17,32,33x. Also, the heme relaxation
after photodissociation has been studied by molec-
ular dynamics simulations. It has been shown that
the out-of-plane motion of the heme iron has a
fast componentw8,13x on a subpicosecond time
scale(50–300 fs), during which the iron moves
to approximately two-thirds of its distance in
unliganded myoglobin, and a slower component
on a 10 ps time scale; the latter is associated with
heme doming and its interaction with the protein
w8,33x. Over the 100 ps range of the simulations
w33x, the non-exponential relaxation of the iron
distance from the mean porphyrin plane can be
fitted by a power law or a stretched exponential.
The shift in frequency after photodissociation of

a heme charge transfer band in MbCO at 760 nm
has been associated with iron out-of-plane motion
w13,34x. The timescale of the frequency shift has
been shown to correspond to the iron out-of-plane
motion over the range of the simulations(100 ps)
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w35x. Experimentally, the non-exponential behavior
of the charge transfer shift continues to nanosec-
ondsw35x. The agreement between experiment and
simulations over the time scale of the latter con-
firms the existence of the non-exponential relaxa-
tion w33,35x.

Interestingly, the slow non-exponential phase of
the iron out-of-plane motion has not been observed
in two other simulations of photodissociation and
rebinding w18,36x. The reason for this difference
is not clear. One possible source is the somewhat
different potential energy parameters used to
describe the system. Since the non-exponential
phase of the iron motion was not observed in these
simulations, they were not able to determine
whether it was related to the rebinding process.
This is an aspect which is investigated in the
present study. Although the non-exponential out-
of-plane motion of the iron on the time scales of
the rebinding is in accordance with the model of
Petrich et al.w8x, simulations of the actual rebind-
ing process are needed. In the present study we
introduce a treatment of the rebinding process with
emphasis on the characteristics of the binding
region.
There are two types of approaches that can be

used to determine the potential energy surface for
reactions involving bond-forming and bond-break-
ing in complex macromolecular systems. In one,
the (adiabatic) potential energy surface for the
reaction is determined by a combined quantum-
mechanicsymolecular-mechanics approach(QMy
MM); the other method is based on coupled
multiple surfaces that are described by pure molec-
ular mechanics. In the QMyMM treatment w37–
40x, the system is partitioned into two parts. The
reacting atoms are treated by quantum mechanical
methods(e.g. AM1 or higher quantum mechanical
level) and the rest of the system is treated by
molecular mechanics; the coupling terms between
the two parts of the system arise from electrosta-
ticized and van der Waals interactions in cases
where the QM and MM region are not part of the
same moleculew40x; if they are, links between the
QM and MM portions in the same molecule have
to be introduced. This method has been applied to
reactions in solution and in enzymes. The utility
of the approach is limited by the time required for

the parts of the system that are treated quantum
mechanically. Very few dynamical simulations
have been performed except for cases where the
quantum mechanical part has been represented in
a simplified form; an early example considered
the isomerization dynamics of ethylenew41x and
more recent examples were applied to enzymatic
reactionsw42x.

An alternative approach treats the chemical reac-
tion as a surface crossing between two molecular
mechanics surfaces. One corresponds to the reac-
tant state and the other to the product state. This
method is suitable for non-adiabatic reactions(i.e.
reactions where two electronic states are involved,
as in the surface hopping model of Tullyw43x),
but it can also be used for adiabatic reactions with
weak coupling between the reactant and product
states. An early example based on this approach
was used in trajectory calculations of the gas phase
reaction, KqBr ™KBrqBr where simple molec-2

ular mechanics potential functions were used for
the reactants surface(K, Br ) and the product2

surface (KBr, Br) and an empirical exponential
switching function was introduced to represent the
coupling between the two surfacesw44x. While the
surface coupling treatment is less ‘exact’ than the
QMyMM approach(the surfaces and the coupling
terms are usually empirical), the advantages
include application and the speed of simulations.
An approach of this type is the empirical valence
bond method popularized by Warshel et al.w45x.
Moreover, experimental information can be intro-
duced in a straightforward manner when available.
Such an approach, which has been called ‘morph-
ing potential’ has been applied to small, non-
reactive systems to yield potential energy surfaces
of spectroscopic accuracyw46x. From this point of
view, MbqNO is a candidate for extending the
morphing potential method to reactive macromo-
lecular systems.
In the present paper, we use a special version

of the two-surface approach and employ it to study
the geometric and energetic characteristics of the
rebinding of NO to myoglobin. In particular, we
examine the dependence of the barrier crossing
rate on the time after photodissociation has taken
place. The two-surface model is particularly appro-
priate for the rebinding reaction of NO to the iron
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Fig. 1. The subsystem of MbNO used in the calculation(see
text). It consists of the NO ligand, the Fe atom, the four pyrrole
N atoms from the heme group and the N´2 atom of the prox-
imal histidine 93. The N–Fe–Ń2 axis is essentially linear and
perpendicular to the plane of the four pyrrole nitrogens.

Table 1
The energetic terms included in the partial energy manifolds

Bound
Bonds Fe–N Morse
Angles Fe–N–O Harmonic

N–Fe–Np Harmonic
N–Fe–Ń 2 Harmonic

Dihedrals O–N–Fe–Ń2 Cosine
O–N–Fe–Np Cosine

Unbound N and O with Fe VDW and electrostatic
N and O with Np VDW and electrostatic
N and O with Ń 2 VDW and electrostatic

Atom definitions as in Fig. 1.

of the heme group because a ‘surface crossing’ is
involved. Within 300 fs after photo dissociation
the ‘reactant’ heme protein iron and NO are on
the repulsive potential surface that corresponds to
a high spin iron(Ss2) and an NO molecule with
Ss1y2. After the rebinding reaction, the MbNO
product hasSs1y2. Although a spin transition is
involved the reaction is assumed to be adiabatic,
because spin-orbit coupling is expected to be
strongw47x. Recently, the potential energy surface
for the interaction of CO with a histidine-linked
heme group has been calculated by high-level ab
initio methodsw48x and a corresponding study of
NO is in progress; we discuss this further below.
Section 2 describes the model used for the

potential energy surfaces and the method used for
the molecular dynamics simulations. The results
are presented in Section 3. A concluding discussion
is given in Section 4. Appendices A and B list the

molecular mechanics parameters of interest and
describe a sensitivity analysis of dependence of
the kinetics on some of their values.

2. Methods

2.1. Interaction potential for MbNO and MbqNO

The global potential energy surface for MbNO
is a function of the co-ordinates of all atoms
involved. For the present model it was assumed
that only a subset of all atoms—the ‘active
region’—directly participates in the reaction. The
atoms which form this ‘active region’ are shown
in Fig. 1. Interactions between these atoms are
described by two different potentials;V andunbound

V while the remaining interactions betweenbound

atoms outside the active region are identical.
Both potential energy manifolds,V andunbound

V ) for the reaction contain 12 terms(see Tablebound

1) for the active region in which they differ. One
manifold is for the reactant(unbound) state and
the other for the product(bound) state after the
photodissociation has taken place. The transition
from the bound state( A, which is the lowest2

energy state for NO close to the heme iron), to
the unbound state( A, which is the lowest energy4

state at infinite separation), is induced by photo-
dissociation. The following two representations
were chosen:
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Table 2
Summary of the potential energy parameters that characterize the NO interactions with the heme

NO three point model q sy0.250eN ´ s0.20 kcalymolN r s2.00 AN
˚

q sy0.345eO ´ s0.16 kcalymolN r s2.05 AN
˚

q s0.595ecom

Multipole moments 3-pt model Comparison
mz 0.153 D 0.159 D(experiment)
Qzz 0.930 D Å 1.165 D A (ab initio)˚

N–O bond
in MbNO r s1.141 Aeq

˚ ks1653 kcalymolyA2˚ Harmonic
in the Gas Phase r s1.151 Aeq

˚ ks2295 kcalymolyA2˚ Harmonic

Fe–N bond r s1.740 Aeq
˚ D s30 kcalymole Morse

bs3.2 Ay1˚

Fe–N–O angle u s1348eq ks70 kcalymolyrad2 Harmonic

Repulsive Fe–N Cs10 kcalymol
V(r)sC

y12B Er
C F
D Greq

y2b ryr yb ryr( (eq eq) )w xV sD e y2ebound e
2Ž .qk uyuFe–N–O eq

4
2Ž .q k uyuN–Fe–Np ieqi8

is1
2Ž .qk u yuN–Fe–Ń 2 5 eq

4

Ž .q k cosf y4fO–N–Fe–Np i ieqi8
is1

Ž .qk cosf yf (3)O–N–Fe–Ń2 5 ieq

and

Ž Ž . Ž ..V s V r qV runbound LJ N–A Coul N–A8
AsFe,Np,Ń 2

Ž Ž .q V rLJ O–A8
AsFe,Np,Ń 2

Ž ..qV rCoul O–A

Ž .q V r (4)Coul CM–A8
AsFe,Np,Ń 2

Here, r is the N–Fe distance,u the Fe–N–O
angle, u and u the N–Fe–Np and N–Fe–Ń2i 5 i

angles, andf and f the O–N–Fe–Np andi 5 i

O–N–Fe–Ń2 dihedral angles. Co-ordinates with
the subscript eq signify equilibrium values for the
respective co-ordinate. In Eq.(4), A is a summa-
tion index over all the atoms given under the sum.
The total potentials used for the simulations

have the form

totV sV qVbound bound protein

and

totV sV qV (5)unbound unbound protein

In Eq. (5), V is the CHARMM22 potentialprotein

which was used for the remaining part of the
protein, including the heme. InV the termsunbound

V and V are the Lennard–Jones and electro-LJ coul

static interactions from theCHARMM22 potential
w49x. The additional term,V (r –A), is theCoul CM

interaction between the charge at the center of
mass of NO and the surrounding atoms; this three-
point model for NO is described below and the
parameters are given in Table 2.
The two reduced potential energy surfaces

encompass the atoms shown in Fig. 1 and include
all energetic contributions to the reaction apart
from an overall shiftD of the total energy. The
constantD is the shift between the bound and
unbound potential manifold at infinite separation
(Rs`) (see Fig. 2). Thus,D corresponds to the
electronic separation of theA and A potential2 4

energy surfaces. Since the ligand is at infinite
separation, the results obtained recently for a
model consisting of a heme, histidine and a CO
molecule with an ab initio density functional cal-
culation provide an estimate of approximately 5
kcalymol w48x.
Because the unbound and bound energy surfaces

have different zeroes of energy that are implicit in
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Fig. 2. Schematic one-dimensional cross-sections along the
Fe–N co-ordinate through the multi-dimensional interaction
manifolds used in the calculation. This cut shows the two Fe–N
interaction potentials: the bound Morse potential; and the dis-
sociative repulsive interaction. The parameterD is the energy
gap(R™`) between the two surfaces(see text).

Table 3
Potential parameters used for five- and six-coordinated heme

Parameter Five-coordinated Six-coordinated

r k r k
(A)˚ (kcalymol) (A)˚ (kcalymol)

Bonds
NPH–FE 2.10 272.2 1.958 270.2
NE2–FE 2.10 65.0 2.20 65.0

ue k ue k
(8) (kcalymol) (8) (kcalymol)

Valence angles
NPH–FE–NPH 90.0 80.0 90.0 14.39
NE2–FE–NPH 107.0 50.0 90.0 50.0

the molecular mechanics energy function,D was
estimated in the following way to obtain consistent
results: the displacement between the two partial
potential surfaces,V and V , at infinitebound unbound

ligand separation is due to the internal heme
parameters which change from the unliganded to
the liganded system; they are not included in
V and V , though they are included inbound unbound

used for the simulations(see below). ThetotVunbound

internal heme parameters are the Fe–N´2 and
Np–Fe bonds and the Np–Fe–Np and Np–Fe–N´2
angles; the parameters used for the bound and
unbound heme group are given in Table 3. To
estimate their contribution to the energy, molecular
dynamics calculations of 25 ps in length for a
fully solvated, equilibrated bound and unbound
system were run at 300 K, see Section 2.2. It was
found that the internal heme energy contributed by
these terms for the unbound MbqNO is 11.5"1
kcalymol higher than that of bound MbNO. Thus,
the energy difference is of the same order but
approximately twice the ab initio value, both of
which are approximate. The value ofDs11.5
kcalymol is used in the present calculations for
consistency with the parameters of the force field.

We investigate the sensitivity of the results to
changes in the potential parameters for the
unbound heme in Appendix B since these para-
meters are less well known.
To perform the rebinding study it was necessary

to develop parameters that describe the NO ligand
and its interactions with the heme in its bound and
unbound state. For the unbound ligand, standard
gas phase parameters were used for the NO bond
with a harmonic force constant. A three-site model,
analogous to that developed previously for CO
w17x, was introduced to represent the non-bonded
interactions so as to account for both the small
dipole moment and larger quadrupole moment of
NO. For the bound state, the NO bond was
assumed to be somewhat weaker than that in the
gas phase. Details of the approach used to deter-
mine the parameters are given in the Appendix A.
The parameters are summarized in Table 2. The
other parameters were taken from previous work
on liganded(‘oxy-’ ) and unliganded(‘deoxy-’)
MbCO w8,31x.

We introduce a version of the two-surface
approach that accounts for the fact that most of
the protein is not directly involved in the reactive
dynamics. In a manner analogous to that used in
a QMyMM treatment w40x, the system is parti-
tioned into a reaction region and an environment.
Only terms directly involved in the reaction are
different for the two surfaceswsee Eqs.(3)–(5)x.
Thus, to identify the transition seam it is possible
to restrict the calculation to the terms that change
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Fig. 3. (a) Representation of the simulated system: ribbon
model for protein together with a ball-and-stick model of the
heme and all water molecules(lines). The solvent sphere is
covering the heme and the surrounding residues of the heme
pocket.(b) Closer view of the heme pocket; the relevant res-
idues are labeled. The iron atom is shown in green at the center
and residue Phe43, also involved in the heme pocket, is not
shown for clarity. The helices are shown as translucent spirals.

as a result of the reaction; all other terms in the
potential energy function cancel exactlywEq. (5)x.
Instead of calculating the energy on two full
potential energy surfaces, the method used reduces
the calculation to a single surface plus a small
fraction of another surface. Since the force and
energy calculations usually take most of the total
computation time in molecular dynamics simula-
tions, this partitioning scheme can lead to a con-
siderable reduction in computer time. The high
dimensionality of the transition seam, which has
been shown to be important for many reactions
involving proteins, is retainedw50x.

2.2. Preparation of the system

The starting configuration for the simulations
was the X-ray structure of MbCO to which hydro-
gen atoms were addedw23,49x. As the rebinding
reaction is confined to the heme pocket we used
the stochastic boundary method to increase com-
putational efficiencyw51–53x. The application of
this method is similar to that employed in a
previous study of MbCO photodissociationw17x.
A 12-A active site region was used and the˚
reservoir region was neglected. A 16-A sphere of˚
TIP3P water molecules was added around the
center of the full system(defined by the center of
the four Np atoms, see Fig. 1) by three random
overlays of an equilibrated sphere of water mole-
cules w54x. Water molecules closer than 2.8 A to˚
a neighboring heavy atom were removed. Each
overlay was followed by 20 ps of Langevin
dynamics for equilibration of the water molecules
during which MbNO was kept fixedw49x. The
active site region of the system is shown in Fig.
3a,b.
A total of 178 water molecules were added

resulting in a total of 2532 heme protein atoms,
the NO ligand and 534 water atoms in the simu-
lation. The solvent molecules were constrained
relative to the center by a solvent boundary poten-
tial with a radius of 16 A and all bonds to hydrogen˚
atoms were constrained using theSHAKE algorithm
w55x. The non-bonded interactions were truncated
at a distance of 9 A using a shift function for˚
electrostatic interactions and a switch algorithm
for van der Waals interactionsw49x. A dielectric

constant of one was usedw49x. The reactive molec-
ular dynamics(RMD) calculations were performed
with the CHARMM program using theCHARMM22
all-atom representationw49x.
To relieve strains the system was first minimized

and then equilibrated for 80 ps at 300 K. The root-
mean-square deviations of the equilibrated system
from the X-ray structure were 0.34 A for the˚
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backbone atoms and 0.53 A for all non-hydrogen˚

atoms.
The dissociation was simulated by the ‘sudden’

approximation following a method used previously
for MbCO photodissociationw8x. The Fe–N bond
function was deleted, the bound potential energy
surface was replaced by the unbound potential
energy surface and a repulsive term between the
iron and the ligand nitrogen atom was introduced.
This repulsive potential is of the form

y12B Er
Ž . C FV r sC (6)

rD Geq

wherer is the Fe–N distance,r is the equilibriumeq

distance of the Fe–N bond andCs10 kcalymol is
an energy parameter. It mimics the repulsive excit-
ed state to which the Fe–N bond is pumped by
the photodissociating laser pulsew6,35x. During
the time that the direct repulsion is in effect the
non-bonded interactions of the NO ligand with the
heme gatewi.e. the terms in Eq.(4)x are not
included so that the system is represented by
V qV(r). Only when the bond is fully disso-protein

ciatedwand the special term, Eq.(6), is turned offx
are these non-bonded interactions re-introduced
into the simulation.
The increase in the potential energy of the

simulated system upon introducing the above
changes to mimic photodissociation is comparable
to the experimental excitation energy. For example,
in the simulations that started from the configura-
tion obtained after 75 ps of equilibration the
potential energy before excitation was equal toy
3509.19 kcalymol and the potential energy of the
‘excited state’ wasy3488.02 kcalymol; i.e. a
difference in energy of 21.17 kcalymol. Adding
the Fe–N bond energy, which isf30 kcalymol,
we obtain an excitation energy of 51 kcalymol.
This value is in the range of photon energies used
in the dissociation experiments where the wave-
lengths varied fromls580 nm(49 kcalymol) to
ls353 nm(81 kcalymol) w35x. Similar values of
the excitation energy were obtained for all trajec-
tories; the values ranged between 50 and 60 kcaly
mol.

2.3. Reactive molecular dynamics

The system is propagated on the potential energy
surface of the unbound state(MbqNO). The
interaction between the heme and the unligated
NO molecule as given by Eq.(4) is purely
repulsive. This assumption is in accord with the
high-level ab initio calculations for MbqCO w48x.
During the dynamics, the energies on the two
partial manifoldswrepresenting the bound(MbNO)
and the unbound(MbqNO) statex described
above wEqs. (3) and (4)x are continuously com-
pared. If the energies of the two partial manifolds
are equal, the system has reached a crossing point
(the transition seam) and a transition can take
place. This occurs whenever the sum of the energy
on the bound manifold plus the constantD (see
Section 2.1) is lower than the energy on the
unbound(dissociated) manifold; i.e. when

E qD-E (7)bound unbound

whereDs11.5 kcalymol. The shiftD affects the
absolute value of the rebinding barrier and could
be selected in such a way that the barrier height
results in the experimental value for the rebinding
rate (the peak rate is 0.02 ps for a power lawy1

fit of the absorbancew8x).
Whether a transition actually occurs depends on

the nature of the system. We assume the adiabatic
limit so that the crossing probability at the transi-
tion seam can be taken to be unity. Also, a
recrossing to the unbound state can be neglected
due to the rapid redistribution of the excess kinetic
energy after crossing to the bound surface for this
strongly coupled system. Consequently, we do not
follow the system after it has performed the tran-
sition from the unbound to the bound state. We
restrict ourselves to characterizing the transition
seam and the time dependence of the possibility
of recrossing.
A total of 20 simulations of 50 ps in duration

on the unbound potential energy surface were
performed andV Eq. (3) andV Eq. (4)bound unbound

were compared during the trajectory. This trajec-
tory length was chosen to sample adequately the
rebinding reaction during the fast phase of the
rebinding process, which is on a time scale of 28
ps w8x. It also makes it possible to determine
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Fig. 4. Individual and average contribution from the direct dissociation potentialwEq.(6)x (solid line) and the average Fe–N distances
(dashed line) during the first 100 fs of dissociation. The averages(thick lines) were taken over nine trajectories.

whether there is a coupling between the average
iron out-of-plane position, which increases with
time, and the non-exponential behavior observed
for the NO rebinding reactionw8,33x. In addition,
nine 500-ps trajectories were run. They were used
to investigate briefly dynamical effects on a longer
time scale.
The simulations were started from different con-

figurations generated towards the end of the equil-
ibration run (five trajectories each using the
configuration at 65 and 70 ps, and 10 trajectories
using the configurations at 75 ps) with different
random velocities from a thermal distribution at
300 K assigned to the atoms prior to dissociation.
As mentioned earlier, all simulations remained on
the unbound potential without switching for the
entire run; i.e. each curve crossing was recorded
but the propagation continued on the unbound
surface. The MbNO rebinding process occurs after
the translation and rotation of NO are thermalized,
and the subsequent times at which crossing is
possible appear largely uncorrelated(see below).
One important aspect of proceeding in this way is
that crossings that take place at longer times after

photodissociation are sampled more easily. Other-
wise, many long trajectories would be required to
obtain sufficient sampling for crossings at longer
times so as to be able to correlate the heme
relaxation after photodissociation with the rebind-
ing rate.

3. Results

3.1. Mb–NO dissociation

In previous simulations of MbCO dissociation
it was found that the Fe–C bond breaks within
50–100 fsw1–9,17,56x. A fast initial relaxation of
the iron out-of-plane motion was observed fol-
lowed by a slower relaxation to the equilibrium
value with oscillations around the equilibrium
value. This result is in accord with heme visible
absorption and CO infrared absorption measure-
ments on the femtosecond time scale. The experi-
ments are consistent with the presence of a free
CO within a 300 fs delay after photodissociation
w3,6x. Fig. 4 shows the results for photo dissocia-
tion of NO, which indicate that the direct interac-
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Fig. 5. (a) Average of the Fe–Np plane distance over 20 trajectories each of 1.1 ps in length. The initial 0.1 ps is the dissociation
phase(with the term from Eq.(6)) followed by 1 ps of dynamics on the unbound potential energy surface.(b) The distribution of
these distances with a binning of 0.01 A.˚

Fig. 6. Distribution of NO kinetic energy along a 50 ps trajectory following its dissociation from myoglobin.(a) Distribution of
instantaneous center-of-mass translational energy;(b) distribution of instantaneous rotational energy.

tion becomes negligible after approximately 50 fs
(40–60 fs depending on the trajectory). The aver-
age contribution of the dissociation potentialwEq.
(6)x to the total energy after 50 fs was 0.05"0.02
kcalymol and it was reduced further to
0.01"0.005 kcalymol at 100 fs(all fluctuations
are given in terms of a single standard deviation).
Examination of the individual trajectories showed
that those with initial momentum along the Fe–NO
axis corresponding to bond contraction dissociated
more slowly than those with bond stretching
motion. After 100 fs the dissociation potential was
turned off and the non-bonded interactions
between the NO and the heme were re-introduced,
as described in Section 2.

Starting from the vicinity of the equilibrium
bond length(1.74 A) the Fe–N distance increases˚
to an average value of 2.7"0.25 A at 50 fs and it˚
reaches 3.05"0.5 A when the dissociation term is˚
turned off (100 fs). The distance continues to
increase to approximately 4.5 A at 200 fs. At this˚
point, the ligand is close to the far side of the
heme pocket where it is reflected and undergoes a
motion within a confined regionw57x.
After photodissociation, the Fe atom moves out

of the heme plane to a distance of approximately
0.35 A, relative to the four pyrrole nitrogens and˚
0.5 A relative to the heme heavy atoms within the˚
first 50–100 fs of the simulation, in accordance
with previous simulations. Fig. 5 shows the
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Fig. 7. Autocorrelation functions for different energy terms for
the NO molecule after its dissociation from myoglobin.(a) The
center-of-mass translational energy autocorrelation function
(solid line) and the rotational energy autocorrelation function
(dashed line), averaged over all trajectories.(b) The vibra-
tional autocorrelation function(from a single trajectory). The
solid line is a single exponential fit to the envelope with a
relaxation time of 6.7 ps.

Fe–Heme distances for 1 ps of dynamics after
photo dissociation together with the corresponding
probability distribution. The distribution of the
short time trajectories quickly evolves towards the
average value for the Fe–Heme distance, which is
0.39 A w58x.˚

3.2. Mb–NO pocket dynamics

After photodissociation is complete(see Section
2) the non-bonded interactions between the NO

and the gate atoms(Fe and Np atoms) were
reintroducedwsee Eq.(4)x. In all trajectories, the
average translational kinetic energy of the ligand
center-of-mass was 0.9–1.0 kcalymol at ts0.2 ps
after dissociation; i.e. it was equal to the thermal

value kTs0.9 kcalymol at 300 K. The thermal-
3
2

ization is evident from the Maxwell–Boltzmann
distribution of the translational energy(Fig. 6a).
As expected, thermal fluctuations are as large as
3.5–4 kcalymol. They generally last no more than
0.2 ps. Fig. 7a shows the autocorrelation function
of the center-of-mass translational energy, averaged
over all 20 trajectories. The correlation time for
relaxation of the center-of-mass translational ener-
gy is approximately 200 fs. The oscillatory nature
of the correlation function arises from collisions
with the heme and the protein residues, analogous
to what is observed in dense liquids.
The vibrational energy of NO behaves very

differently from the translational and rotational
energy. It was calculated from the projections of
the velocities of the N and O atom along the
intermolecular bond. The average vibrational ener-
gy from one run to the other varied between 0.58
and 1.65 kcalymol. Since the kinetic energy is
approximately half of the total NO energy, the NO
ligands have 1.16–3.30 kcalymol in that mode.
The average potential energy varied between 0.4
and 1.5 kcalymol. All these energies can be regard-
ed as corresponding to the ground statevs0, since
they are smaller than the vibrational energy spac-
ing in NO (hns5.45 kcalymol) even if anharmon-
ic effects are taken into account. This indicates
that for a quantitative assessment of the NO
vibrational motion a quantum mechanical treat-
ment would be required. The autocorrelation func-
tion of the vibrational energy(Fig. 7b) is
underdamped. The relaxation times, which were
extracted from an exponential fit to the envelope
of the correlation function, varied significantly
from trajectory to trajectory and ranged from 2 to
17 ps. The high frequency mode in Fig. 7b is the
NO vibration, which has a period of 17.5 fs, and
the overall envelope corresponds to the damping.
The intermediate envelope, at a period of approx-
imately 200 fs, is an artifact reflecting the data
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Fig. 8. The rotational energy of NO during 50 ps of dynamics
on the unbound potential energy surface. The rotational energy
has been calculated from the velocity components orthogonal
to the NO bond(see text).

sampling frequency(the trajectory data were writ-
ten out every 5 fs).
The rotational energyT was calculated as therot

difference between the total kinetic energy and its
translational and vibrational components. It thus,
includes the vibrational-rotational coupling. The
rotational energy also shows thermal behavior on
average(Fig. 6b) and rapid decorrelation(Fig.
7a,b). In most trajectories, the average rotational
energy of the ligand was 0.53–0.67 kcalymol,
which equalskT at 300 K(Fig. 6b). Similar to the
translational energy, the rotational energy shows
significant fluctuations, which last for no longer
than 0.2–0.3 ps and can be as high as 2.5–3.5
kcalymol (there can be exceptional peaks up to 5
kcalymol). It is important to note that whilekT is
the mean thermal energy of a free rotor, the NO
molecule is actually strongly hindered in its rota-
tional motion. This can be seen in the correlation
function of the rotational energy(Fig. 7b) which
is overdamped. The decorrelation time is approxi-
mately 150 psw6,17x.

It is also possible to calculate a rotational energy
from the two velocity components of NOangTrot

orthogonal to the NO bond(Fig. 8). This gives a
means to assess the magnitude of the coupling

between the rotational and vibrational motion in
NO. The average difference between andTangTrot rot

is y0.08 kcalymol with the fluctuations in the
range of"1 kcalymol. This is in accordance with
the standard expression for rotational–vibrational
energy levels of an anharmonic diatomic molecule
for which the coupling constant is negativew59x.
The coupling energy is approximately 10 times
smaller than the rotational energy itself. This ratio
is smaller than the ratio of the rovibrational cou-
pling constant(y0.0178 cm ) and rotationaly1

constant (1.705 cm ) in NO w59x. However,y1

quantitative agreement cannot be expected, in part
because the rovibrational energy of NO should be
treated quantum mechanically.
The total kinetic energy of the dissociated NO

ligand is the sum of its translational, vibrational,
rotational and coupling term and reflect the behav-
ior described above. Fig. 9 shows a representative
picture from one 50-ps trajectory for the three
energy terms. The average total kinetic energy
over 50 ps varies from one trajectory to another
and ranges between 1.8"1.0 and 3.2"1.6 kcaly
mol. These results are comparable to those from
studies of the photo dissociation of CO from
myoglobin w17x.
The long-time behavior of the pocket dynamics

was also investigated. It is of particular interest to
compare the Fe–heme distance for the 20 trajec-
tories (each 50 ps in length with varying initial
conditions) with simulations of longer duration.
Fig. 10 compares the distributions of the average
Fe–heme distance for a 500-ps trajectory, and one
50-ps trajectory. The distributions of both trajec-
tories are very similar to each other. Thus, the
short and long trajectories sample a comparable
distribution. The distribution of the average Fe–h-
eme distance peaks at 0.4 A which is close to the˚
experimental valuew8,58x.

3.3. Mb–NO rebinding

To study the nature of the Mb–NO rebinding
barrier we used the sampling enhancement
approach described in Section 2. The system was
propagated on the potential energy surface of the
unbound state and the partial manifold calculations
were used to identify possible crossing events.
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Fig. 9. All internal energy terms of the NO molecules for one typical 50 ps trajectory. Due to the rapid oscillation of the vibrational
energy a running average over five neighboring points is shown. The rotational and translational energies are shown at every recorded
time step.

Fig. 10. Distribution of the Fe–Np plane distance for one 500 ps(a) and one 50 ps(b) trajectory on the unbound potential energy
surface. This figure should be compared with Fig. 5.

Since both the translational and the rotational
energy components of the ligand decorrelate very
quickly (;200 fs, Fig. 7a) and the vibrational
period is very short(17.5 fs, see also below),
successive attempted crossing events along a single
trajectory are expected to be uncorrelated. The

local motions of the protein are expected to be on
a relatively fast time scale, also contributing to the
uncorrelated nature of successive attempts. The
crossing attempts occur approximately every 1–3
ps. As described above, attempted crossings are
characterized by the fact that the energy of the
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Fig. 11. The energy of the two partial manifolds—the bound state manifold(solid line) and the dissociated state manifold(dashed
line)—during the first 10 ps of one trajectory. One high-energy configuration on the unbound surface, which does not lead to reaction
(a) and one reactive configuration(b) are indicated. The large fluctuations in energy of the bound state, is mainly a consequence
of the harmonic term for the Fe–N–O angle(see text).

bound(product) state is lower than the energy of
the unbound(reactant) state(Eq. (6)).
The only energy component that shows long-

time correlation is the NO vibration. However, we
did not find any correlation between the NO
vibrational energy and the curve crossing events,
indicating that this mode is not significant in
MbNO rebinding. The energies of the two partial
manifolds, the bound and unbound state manifold,
are shown in Fig. 11(the figure shown is the first
few picoseconds from one trajectory; similar
results were obtained in all trajectories). Since the
data shown correspond to only part of the energy,
only the relative energies are significant.
The harmonic Fe–N–O angle term(Tables 1

and 2) is mainly responsible for the high bound-
state energies when the system is away from the
transition seam. Specifically, the linear Fe–NO
configuration (which is 408 off the equilibrium
angle) has an energy of 33 kcalymol. Although
this exaggeration of bound-state energies does not
affect the values near the rebinding barrier, the
angular contribution would be better described by

a cosine function rather than by the harmonic
function which we usedw60,61x.

The high energy spikes on the unbound manifold
represent collisions of the NO with the heme.
Although these collisions are candidates for
crossing events we see from Fig. 11 that the
collision frequency(several times per picosecond)
is much higher than the crossing frequency(which
is approximately one every 1–3 ps). Therefore, a
collision wfeature(a) in Fig. 11x is not sufficient
for a reaction to take place. Additional require-
ments on the NO orientation must be met. The
favorable reactive geometries correspond to the
downward energy spikes on the bound state man-
ifold wfeature(b) in Fig. 11x. These configurations
represent a NO molecule approaching the Fe atom
in a favorable orientation with respect to the
Fe–N–O angle. When the ligand–heme geometry
differs significantly from the bound state geometry
(e.g. when the molecule approaches with the O
end) the interaction on the bound-state manifold
is highly unfavorable.
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Fig. 12. MbNO rebinding barrier configurations(solid dots) from one 50 ps trajectory projected on ther–u plane(defined by the
Fe–N distancer and the Fe–N–O angleu). Also shown is the projection of the entire trajectory onto this plane(dashed line).

The energetic and geometric properties of the
crossing configurations from all simulations(a set
of 203 crossing events) were used to characterize
the transition seam. The height of the rebinding
barrier was estimated as follows. For each trajec-
tory the minimum energyE encountered duringmin

this trajectory was used as the reference energy.
The height of the barrier was then calculated as
the energy difference betweenE and the energymin

at the beginning of a crossing event. The average
barrier height over all crossing events wasVs
1.2"0.4 kcalymol. This result is very similar to
the experimental estimates(based on the time-
dependent barrier modelw8x) of 1.2 kcalymol in
MbNO and 1.5 kcalymol in HbNO. Such a low
barrier height is in accordance with the rapid
rebinding reaction of NO to myoglobin.
Fig. 12 shows all the configurations for one 50-

ps trajectory during which the energy on the bound
state surface is less than the energy on the unbound
state, projected on ther–u-plane defined by the
Fe–N distancer and the Fe–N–O angleu (see Fig.
1). The crossing points are shown together with a
projection of a trajectory onto the same plane. The

expected correlation between the two co-ordinates
is manifest from the diagonal shape of the trajec-
tory in this projection. Crossing occurs only if the
Fe–N distance is smaller than 4 A(along the˚

trajectories this distance varies between 3 and 5.5
A); the average Fe–N distance for crossing was˚

3.25"0.25 A. A similar localization is seen in the˚

Fe–N–O angle co-ordinate. The dissociated ligand
can adopt any orientation along its trajectory but
curve crossing occurs only in the vicinity of the
native configuration (us1408). The average
Fe–N–O angle at a crossing event wasus
136"128 perhaps partly influenced by the har-
monic potential used for this angle(see above). It
is interesting to note that both the average barrier
height (1.20"0.40 kcalymol) and the average
Fe–N distances(3.25"0.25 A) obtained from˚
the present dynamical calculations on a multi-
dimensional potential are similar to the values
obtained by Li et al.w18x (1.7 kcalymol and
3.5 A).˚
We did not find any correlation between the

barrier crossing points and the total kinetic energy
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Fig. 13. (a) The adiabatic potential energy surface from a model calculation of the sub-system shown in Fig. 1.R(Fe–N) is the
distance of the ligands N atom from the iron atom andR(Fe-Gate) the distance of the Fe atom from the center of the four pyrrole
nitrogens Np. This model shows that as the Fe atom moves out of plane(the Q co-ordinate) the barrier height increases. Potential
energy surfaces are shown for three orientations of the NO molecule with respect to the pyrrole plane as indicated in the upper
(right-hand curve(908, 1408, 1808). The transition seam is indicated as the dashed line in the top panel.(b) The two adiabatic
curves for the anglesu(Fe–N–O) equal to 120, 140 and 1608. Dashed lines for Fe in the porphyrin planewR(Fe-Gate)s0 in Fig.
13ax; solid lines for Fe out of the porphyrin planewR(Fe-Gate)s0.4 A in Fig. 13ax.˚

of the NO ligand. The average ligand kinetic
energy at the crossing points was 2.8"1.5 kcaly
mol which is in the range of 1.8"1.0–3.2"1.6
kcalymol found in the full trajectories(not includ-
ing the initial dissociation). Other co-ordinates and
energies that were found to be uncorrelated to the

MbNO rebinding barriers include the variation in
the kinetic energy of the iron atom(which is

thermalized kT), the N–O distance and the kinet-
3
2

ic energy in the stretching mode, the iron distance
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from the heme planes(both the nitrogen plane and
the heavy atom plane) and the ligands rotation and
center-of-mass translation kinetic energies.
To examine the potential energy underlying the

transition seam, we show the results of a model
calculation in Fig. 13a,b. To simplify the analysis
only two co-ordinates are varied; they are the
Fe–N distance and the distance of the Fe atom
from the center of the heme plane defined by the
four pyrrole nitrogen atoms, Np. All other co-
ordinates were fixed at the minimized structure of
MbNO. In Fig. 13a, the results obtained with the
NO molecule oriented in three different ways are
shown: parallel to the pyrrole plane(908); in the
equilibrium configuration(1408) and along the
N´2–Fe–NO axis(1808) (see also Fig. 1). The
figures show the adiabatic potential energy surface,
which is the lower of the bound-state and unbound-
state energies for each configuration, as given by
Eqs. (3) and (4), respectively. As the Fe atom
moves out-of-planewincreasing R(Fe-Gate)x the
barrier height increases. The transition seam is the
ridge that runs parallel to they-axis in Fig. 13a
(top panel). Regions where a bound well is formed
wusuallyR(Fe–N)-2.0 Ax correspond to configu-˚
rations on the Morse potential, whereas regions
for large values ofR (Fe–N) are associated with
the unbound potential energy surface. For the
planar casewR(Fe-Gate)s0x, Fig. 13a shows that
asR (Fe–N) decreases for 908 a barrier of approx-
imately 25 kcalymol appears before the energy
drops to approximately 5 kcalymol to form a
bound state with a highly distortedu(Fe–N–O)
angle. For the equilibrium value ofu(Fe–N–O),
which corresponds tous1408, there is no barrier
while for 1808 a slightly more complex situation
occurs. Here, the potential energy surface has a
first barrier at long rangewR(Fe–N)(3.2 A) and˚
a second barrier at closer Fe–N separations
wR(Fe–N)(2.4 A) before the NO is bound by 5˚
kcalymol to the Fe. Thus, the motion of the Fe
atom with respect to the pyrrole plane corresponds
to a ‘gating mode’ for the rebinding process; i.e.
depending upon the relative position of the iron
atom relative to the pyrrole Np atoms rebinding is
enhanced or suppressed. These results in Fig. 13a
are consistent with the angular rangeus135"158
sampled by the reactive trajectories(see Fig. 12).

It is instructive to consider one-dimensional cuts
through both adiabatic potential energy surfaces
for orientations that are important for the rebinding
dynamics (Fig. 12). In Fig. 13b the lower and
upper adiabats are shown for the Fe atom in the
porphyrin plane and at a distance of 0.4 A from˚
it. In each case, curves foru(Fe–N–O) equal to
120, 140 and 1608 are shown. The middle panel
(us1408) shows that for this case the bound state
surface is always lower in energy than the unbound
surface; i.e. no curve crossing occurs. However, as
the Fe atom moves away from the porphyrin plane
the distance between the two potential energy
curves decreases significantly. Forus1208 a curve
crossing occurs as the Fe atom relaxes out of the
porphyrin planewR(Fe–N)(3.0 Ax, which is the˚
preferred position in the unbound state; the adia-
batic rebinding barrier is 2 kcalymol. In the case
of us1608 both positions of the Fe atom lead to
a curve crossing. The out-of-plane position of the
Fe atom has a barrier of approximately 6 kcaly
mol. It should be noted that all the curves are
constructed with the rest of the protein fixed.
During the dynamics changes in the protein envi-
ronment can also lead to changes in these adiabatic
potential energy curves, but we have not included
this aspect in the model calculations.

3.4. Time dependence of rebinding barrier

Experiments show that the MbNO rebinding
kinetics is non-exponentialw35x. Two processes
have been considered as possible sources for the
non-exponential rebinding in MbNO(see Intro-
duction): (a) a time-dependent rebinding barrier;
and(b) multiple rebinding barriers, involving sev-
eral pocket ‘trapping’ sitesw8x. Also, it has been
suggested that the non-exponential behavior may
be due to trapping of the ligand in secondary
pockets. A theoretical study suggested that part of
the NO population may be trapped in a distant
pocket(behind L29) and contribute to the slower
non-exponential rebinding tailw9,18x. This appears
to be inconsistent with the original multiflash
experiments of Austin et al.w1x. We investigate
the possibility that the barrier is time-dependent,
as described by Petrich et al.w8x.
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Fig. 14. The distribution of time intervals between successive
possible barrier crossings. The distributions are based on all 50
ps RMD trajectories.(a) Short times(0–25 ps) and (b) at
longer times(25–50 ps).

Examination of the barrier region suggests that
the relaxation of the iron position after photodis-
sociation should cause the rebinding barrier to
increase with time. Referring to Fig. 2, the rebind-
ing barrier is formed at the crossing between the
repulsive unbound potential and the attractive
bound potential. Although both curves account for
interactions between the ligand and the heme
group, these interactions differ in their specific
reference frames. While the bound state Morse
potential is defined relative to the position of the
iron atom(Fe reference frame), the unbound repul-
sive potential comes mainly from interactions with
the four pyrrole nitrogen atoms(pyrrole reference
frame). During the relaxation the iron atom moves
away from the plane defined by the pyrrole nitro-
gens. This results in a relative motion of the ‘Fe
reference frame’ with regard to the ‘pyrrole refer-
ence frame’. The out-of-plane relaxation of the Fe
atom causes the two potential curves to move
relative to each other. Thus, the position of the
intersection between the two surfaces(see Fig. 2)
changes as well, as described above.
To determine whether there is a time-dependent

increase of the barrier in the MbNO system, we
used the molecular dynamics simulations. Specif-
ically, we monitored the time interval between
every pair of successive crossing events along a
trajectory, and collected their distribution as a
function of the time of the first crossing event.
The time evolution of this distribution reflects the
barrier height time dependence, if any. If the
barrier is time independent then the distribution of
time intervals between successive crossing events
should be independent of the time interval. On the
other hand, if the barrier height increases with
time, the average interval between successive
crossing events should increase, shifting the distri-
bution towards larger values.
Analyzing all possible crossing events found in

the 20 simulations(each 50 ps in duration), we
calculated the distribution of time intervals
between successive events in two time ranges: 0–
25 ps; and 25–50 ps. Recrossing events at very
early times(0 to approx. 2 ps) are clearly influ-
enced by relaxation of the protein after photodis-
sociation. However, excluding these early
recrossings does not change the distribution of

transition times because all of these recrossings
happen on a very short time scale(50–100 fs).
Typically, 2 ps are required to cool the system to
the simulation temperature(300 K). Fig. 14 shows
the distribution of time intervals between succes-
sive barrier crossings. It compares the distribution
at early times(0–25 ps; 97 events) with that at
later times(25–50 ps; 106 events). Although the
distribution does not change its overall shape there
is a clear shift towards larger values at longer
simulation times. This shift is evident when com-
paring the average interval in the two time ranges.
While at early times the average time interval
between possible crossing events wasts2.83 ps
at later times it increased tots4.12 ps. This is
an increase of 46%. These results show that the
effective rebinding barrier in MbNO increases as
a function of time. From the above analysis(e.g.
Fig. 13), this results from an increase in the



201M. Meuwly et al. / Biophysical Chemistry 98 (2002) 183–207

Fig. 15. Sensitivity analysis for the parameters describing the Fe–N´2 and Fe–N distances and the NP–Fe–N´2 valence angle. TheP

analysis is carried out for the number of crossing events as a function of the asymptotic energy separationD between the bound
and unbound potential energy surface. The parameterD corresponds to the splitting between theA and A potential energy surface2 4

at infinite separation(see text). In all five calculations the internal heme parameters have been included in the comparison of the
bound and unbound energy. Each curve was calculated using a trajectory 50 ps in length and the initial conditions for all trajectories
were identical.

average Fe distance from the porphyrin plane,
which in turn, is related to protein relaxation. One
is thus led to the conclusion that the time-depend-
ence of the barrier contributes to the non-exponen-
tiality of the rebinding kinetics which takes place
on a time scale of approximately 30 ps as sug-
gested by Petrich et al.w8x. This contribution exists
in addition to any effects due to the ligand occu-
pying multiple pockets, such as that suggested by
Li et al. w18x.

4. Summary

In this paper we have studied NO rebinding to
myoglobin and have focussed on the energetics
and structures in the rebinding barrier region. We
used the ‘Reactive Molecular Dynamics’ method
in which the system is partitioned into a reaction
region and an environment. The system is propa-
gated on the unbound potential energy surface and

reactive events are identified by an energy criterion
wEq. (7)x. This approach preserves the high dimen-
sionality of the transition seam at little extra
computational cost. A distribution of barrier
heights in the range 1.2"0.4 kcalymol was
obtained. The fact that such a distribution exists
reflects the dynamical character of the rebinding
process in that the calculated effective barrier
height changes as a result of thermal fluctuations
and protein relaxation. Such a distribution is in
agreement with experimental estimates for MbNO
w5,7,8x. The low barrier leads to rebinding on the
times scale of a few picoseconds. A feature which
emerges from the simulations is that a collision of
the NO with the Fe atom, as such, is not sufficient
for them to react. It was found that a region
corresponding to the Fe–N distance in the range
3.25"0.25 A and the Fe–N–O angle in the range˚
136"128 leads to reaction, corresponding to an
extended transition seam. The analysis of the time
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Fig. 16. Distribution of the Fe–N distance for different param-
eter values. The same trajectories as in Fig. 1b were used. This
figure should be compared with Fig. 10.

dependence of the MbNO rebinding barrier clearly
indicated that the rebinding barrier is time-depend-
ent, increasing in time as the protein relaxation
proceeds over a time scale of tens of picoseconds.
This compares well with the estimate of 33 ps
from experiment. This time-dependence is likely
to be one of the causes of the observed non-
exponential rebinding. However, the simulations
of Li et al. w18x and Schaad et al.w36x plus the
effect of mutants on the rebinding rate, suggest
that an additional factor, particularly on longer
time scales, may be due to multiple positions of
the photodissociated ligand. Further studies into
the nature of the relaxation of the system to the
bound state are still to be performed. For a quan-
titative understanding of the energetics and dynam-
ics of the rebinding reaction the interaction
between five-coordinated heme and the ligand
(here, NO) must be investigated in more detail.
Ab initio calculations to do this are in progress.
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Appendix A: Parametrization for the heme–
NO interaction

In this appendix we outline the considerations
that were involved in the parameterization for the
heme–NO interaction.
1. NO three-point model
In view of previous studies that found that the

quadrupole moment is essential for CO dynamics
w62x, we developed a three-point model for the
NO molecule which captures this feature. This
model is similar to the CO model developed by
Straub and Karplusw17x, and reproduces the dipole
and quadrupole moments of the molecule as well
as ab initio interaction energies of NO with water.
The model consists of Lennard–Jones sites and
point charges on the N and O atoms, and a point

charge at the center-of-mass. The charge of the
center-of mass(which is massless) couples only
to the translational motion of the NO molecule
and is therefore easily treated in the equations of
motion. The forces due to the electrostatic inter-
actions of the protein with the NO center-of-mass
charge are distributed to the nitrogen and the
oxygen in proportion to the relative masses of the
atoms. The three charges were first estimated to
give approximate agreement with the experimental
dipole moment(0.159 D) and the ab initio quad-
rupole moment(1.165 DA). Then the radii and˚
the charges were slightly refined to fit ab initio
quantum mechanical energies for NO interaction
with TIP3P water(three configurations). These
interactions were obtained by Hartree–Fock cal-
culations with the 6-31G* basis set of the Gaus-
sian98 programw63x. Note, that the charges in the
NO model (y0.25, 0.595 andy0.345) are con-
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siderably smaller than those of the equivalent CO
model (y0.75, 1.6 andy0.85), reflecting the
smaller quadrupole moment of NOw17x.

2. NO bond
Another important feature of this parameteriza-

tion is that it reflects the fact that NO is a stronger
p-acceptor than COw64x. This means that the
‘back bonding’ effect in Fe–NO is stronger than
in Fe–CO. As a result, the strengthening of the
metal–ligand bond at the expense of the intra-
ligand bond is more significant with NO than with
CO.
The NO equilibrium bond length was set to

1.141 A on the basis of crystalline Fe(TPP) (4-˚
MePip) (NO) CHCl and in agreement with other3

six-coordinated heme–model complexesw65–67x.
This value is slightly shorter than the equilibrium
distance in the gas phase(r s1.1508 A w59x).eq

˚
The harmonic force constantwk(NO)s1653(kcaly
mol)yA x was chosen to fit a stretching frequency2˚
of 1615 cm (corresponding to the NO stretchingy1

frequency when bound to hemoglobin A(ns1615
cm ), and in six-coordinated Heme–NO modely1

molecules(ns1625 cm ) w68x.y1

The values reflect a weakening of the NO bond
upon binding: 15% decrease of the stretching
frequency(from 1904 cm in gas phasew59x toy1

1615 cm ); and a corresponding 28% weakeningy1

of the force constantwfrom 2295 to 1653(kcaly
mol)yA x. These effects are smaller in MbCO,2˚
where only a 10% decrease in CO stretching
frequency(from 2170 to 1945 cm ), and a 20%y1

weakening of the force constantwfrom 2736 to
2203(kcalymol)yA x is observed.2˚
After dissociation, the unbound NO molecule

regains its gas phase character, and is described
by the gas phase potential. This corresponds to an
NO equilibrium distance ofr s1.151 A, a bondeq

˚
stretching frequency ofn s1904 cm and ay1

NO

harmonic force constant ofk(NO)s2295 (kcaly
mol)yA w59x.2˚
3. Fe–N bond
This bond, which is broken during the dissoci-

ation and reformed during the rebinding event,
was modeled by a Morse function. Since we could
not find experimental data for the Fe–NO force
constant we modeled it based on Fe–CO. Numer-
ous studies have shown that then(Fe–C) stretching

frequencies in heme proteins and in carbonyl
complexes of metalloporphyrins range between
464 and 537 cm w69x. Of special relevance arey1

the Fe–C stretching frequencies in different MbCO
molecules which are all found to be approximately
510 cm w69x. Assuming that the Fe–NO bondy1

is approximately 30% stronger than the Fe–CO
bond(NO is a betterp-acceptor than CO) we set
the n(Fe–N) stretching frequency to 663 cm ,y1

with a corresponding harmonic force constant of
696 (kcalymol)yA . For the equilibrium Fe–N2˚
distance we choser s1.740 A, based on resultseq

˚
for six-coordinated model heme–NO systemsw65–
67x. To assign the two parameters of the Morse
functional form,

y2b ryr yb ryr( (eq eq) )w xVsD exp y2exp (8)e

i.e. the well depthD, and the range parameterb,
it is necessary to estimate the bond energy for
which we use the dissociation energy of NO from
Hb (f30 kcalymol) w70x. This energy is some-
what larger than the experimental bond energy of
MbCO, which is 21.4 kcalymol w71x, and reflect
the fact that the Fe–N bond is both deeper and
stiffer than the Fe–C bond. The Morse potential
parameters that fit the above energy and frequency
are: D s30 kcalymol; and bs3.2 A . Thisy1

e
˚

dissociation energy is also within bounds from
recent experimental(;27 kcalymol) and theoret-
ical (35 kcalymol) investigationsw72,73x.
4. Fe–N–O bond angle
In MbCO the CO axis is tilted relative to the

heme-plane and forms an angle with the normal
to the plane. However, in the absence of the protein
the bond is linear. This bend is attributed to the
ligands interaction with the proteinw5,74x. For
MbNO, however, the situation is somewhat differ-
ent as NO and O form an angle with the normal2

to the porphyrin plane even in the absence of a
protein. Based on data for six-coordinated model
heme–NO systems we set the averaged angle to
u s1428 w67x. However, when using this valueeq

in a harmonic potential energy term, the system
equilibrated with a much larger angle of 150"48.
Changing the potential energy parameter tou seq

1348 and repeating the equilibration resulted in an
equilibrated configuration with an equilibrium
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angle of 144"48. No further adjustments were
applied.
Like all other bond-angles in theCHARMM

potential energy the Fe–N–O bending motion is
assumed to be harmonic. The force constant was
set to 70(kcalymol)yrad , similar to other com-2

parable angles inCHARMM. At thermal energies
this force constant allows the angle to fluctuate in
a range ofDus"78. This is reasonable in view
of the fact that in MbCO, the different A-states
are defined tof5 A resolutionw5x.˚

5. Fe van der Waals parameters
A potentially important interaction on the unli-

ganded potential energy surface is the non-bonded
van der Waals interaction between the iron atom
and the NO ligand. Following the convention for
other van der Waals interactions inCHARMM, this
interaction is described in terms of a Lennard–
Jones potential. From the ‘covalent radius’ of the
Fe ion (1.165 A), and the ‘atomic radius in2q ˚
metals’ of Fe (1.23–1.29 A), we chose to set˚
r s1.2 A w75x. We arbitrarily chose the valuemin

˚
E sy0.5 kcalymol, which is comparable tomin

energies characterizing other metal atoms. It turned
out that these interactions are almost completely
masked by the interaction of the ligand with the
four pyrrole nitrogens, as the van der Waals min-
ima of the oxygen and nitrogen atom with each of
the N-pyrrole atom occurs further away than the
van der Waals minimum of the Fe–N pair(3.43
vs. 3.30 A). In other words, the Fe(II) atom is˚
hidden behind the van der Waals spheres of the
four N-pyrrole atoms.

Appendix B: Sensitivity of the results to the
potential parameters of the unbound state

As mentioned in Section 2.1 the parameters of
the unbound(five-coordinated) heme system are
less well determined than those for the six-coor-
dinated heme. Therefore, we assessed the changes
in the rebinding rate calculated upon modification
of the potential parameters. For this analysis, the
total unbound (V q ) and boundHemeVunbound unbound

(V q ) potential energies are compared.HemeVbound bound

In this case, the constantD corresponds to the
electronic splitting between theA and A potential2 4

energy surface at infinite separation(see Fig. 2).

Parameters that were varied included the Np-Fe
and Ń 2 equilibrium bond lengthsr and thee

N´2–Fe–Np equilibrium bond angleu . The MDe

simulations with different parameters started from
the same structure with the same velocity assign-
ment. The length of each trajectory was 50 ps.
Because internal heme parameters are involved,
the heme terms and mentioned inHeme HemeV Vbound unbound

Section 2.1 are included so that the shiftD corre-
sponds to the splitting between theA and A2 4

potential energy surface at infinite separation.
In Fig. 15 the number of crossings for the five

cases investigated are shown as a function of the
energy splittingD (which is estimated to be 5
kcalymol) between the A and A potential energy2 4

surface. However, we show the dependence of the
result over a range ofD values. The five cases
correspond to the original parameter set(see Table
3), the modification s2.05 A, the modifi-Fe–Npre ˚
cation s2.05 A, the modificationFe–Ń 2re ˚

s1008, and the modification of bothNp–Fe–Ń 2ue

and equilibrium distances to 2.05 A.Fe–Np Fe–Ń2r re e
˚

These changes are of the order of 5% for each
parameter. The results in Fig. 5 show that even
such moderate changes can have an appreciable
influence on the number of recrossings. It is also
important to investigate what influence such
changes have on the distribution of the Fe–N
distances. As is known from experiment, this
distance is approximately 0.4 A. Fig. 16 shows˚
that most simulations give this value. The param-
eter change which yields a distinctly different
Fe–N distance is for which the averageNp–Fe–Ń 2ue

distance is approximately 0.3 A. Another quantity˚
of interest, which was calculated using the original
parameter set, is the value of the constantD as
described in Section 2.1. Modification of the
Fe–Np equilibrium bondlength to s2.05 A,Fe–Npre ˚
and repeating the calculation from Section 2.1
givesDs9.5 kcalymol, 2 kcalymol less than with
the original parameter set. Compared to the rather
rapid variation of the number of crossings as a
function of this parameter, this difference seems
small. It indicates that the increase in the number
of crossings is not only a ‘static’ effect but is
considerably influenced by rapid, local fluctua-
tions, e.g. due to different restoring forces which
arise when potential parameters are varied. These
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results suggest that better potential parameters for
the five-coordinate heme would be useful for
further investigations of Mb–NO.
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