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Myoglobin is a small globular heme protein that increases the
aerobic capacity of striated vertebrate muscle cells by taking up
oxygen from blood during rest and delivering O2 to mitochondria
during muscle contraction when blood flow through capillaries is
restricted. The ferrous form of myoglobin can also react with CO
and NO, which are produced in vivo as second messengers for
regulating various physiological functions including blood pres-
sure, platelet aggregation, and neurotransmission. Its tertiary
structure consists of eight tightly packed helices, and the resulting
“myoglobin fold” is very similar to that found for the a and b
subunits of hemoglobin.
Since Gibson’s minireview in 1989, a number of exciting new

studies have led to detailed molecular mechanisms of myoglobin
function. The rapid progress made in the past 7 years is primarily
the result of ultrafast kinetic measurements, mutagenesis experi-
ments, and theoretical molecular dynamics simulations. Signifi-
cant contributions have been made individually by these ap-
proaches, but more progress has occurred when these endeavors
have been combined (e.g. Gibson et al., 1992; Braunstein et al.,
1993; Schlichting et al., 1994; Teng et al., 1994; Huang and Boxer,
1994; Petrich et al., 1994; Carlson et al., 1994; Quillin et al. 1995).
This review focuses on NO, O2, and CO binding to myoglobin
mutants under physiological conditions. The objectives are to sum-
marize successes in correlating theoretical, structural, and kinetic
results and to identify the major remaining questions in ligand
binding dynamics.

Kinetic Schemes and Free Energy Barriers
Springer et al. (1994) have reviewed the stereochemical mecha-

nisms that govern O2 and CO affinity in myoglobin (Mb) and
hemoglobin. The kinetics of ligand binding are less well understood
and involve multiple steps and stereochemical processes. Oxygen
binding to deoxymyoglobin requires: 1) displacement of a non-
coordinated, distal pocket water molecule; 2) in-plane movement of
the iron atom to form the hexacoordinate complex; and 3) formation
of a hydrogen bond between Ne of His-64(E7) and the second bound
O atom.
In laser photolysis experiments, the iron-ligand bond is first

disrupted by an intense excitation pulse, producing free ligand
inside the distal pocket and pentacoordinate heme with spectral
characteristics similar to deoxy-Mb (Fig. 1, upper right). This pho-
todissociation process is seen as a rapid increase in the fraction of
deoxy-Mb present during the laser pulse (Fig. 2). The ligand can
then either rebind rapidly by an intramolecular process, decreasing
the fraction of Mb present, or migrate out into the aqueous phase,
leaving a residual fraction of deoxy-Mb. Recombination from sol-

vent is a much slower bimolecular process, which is not seen on the
picosecond or nanosecond time scales shown in Fig. 2, and its rate
is proportional to the total ligand concentration in the solution.
These kinetic phenomena are most often interpreted in terms of

the following consecutive reaction scheme.
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The B intermediates were originally assigned to ligands very
close to the iron atom (e.g. contact pairs) and the C states to ligand
farther away in the protein matrix. More recent experiments sug-
gest that this distance interpretation is not valid (Carver et al.,
1990; Lim et al., 1995b; Carlson et al., 1996). Our current view is
that the B states represent a number of ligand positions in the
distal pocket with differing rates of approach to the iron atom. In
the C or nanosecond state, the ligand is rapidly interconverting
between these locations.
Under physiological conditions, intramolecular recombination

on nanosecond time scales is usually interpreted in terms of a
simple two-step scheme involving either rebinding to form the
original liganded complex or ligand escape to the solvent to gener-
ate the equilibrium form of Mb (Henry et al., 1983; Carver et al.,
1990). These kinetics can be visualized by the free energy diagrams
shown in Fig. 3. The barriers and wells were computed from ex-
perimentally determined rate constants.

Differences in Reactivity of Ferrous Ligands
It has been known for over 75 years that oxygen and nitric oxide

react much more rapidly with myoglobin and hemoglobin than CO.
The overall association rate constants for CO, O2, and NO binding
to native sperm whale myoglobin are 0.5, 17, and 22 mM21 s21,
respectively. The geminate recombination time courses in Fig. 2
and the barrier diagram in Fig. 3 provide quantitative interpreta-
tions of the differences in kinetic behavior of the diatomic gases.
NO is extremely reactive with ferrous iron, shows little or no

inner quantum mechanical barrier to bond formation, and rebinds
to native myoglobin almost completely on picosecond time scales.
There is no discrete nanosecond intermediate for MbNO, and a
continuum of rebinding phases is observed, extending from pico-
seconds to nanoseconds (Fig. 2A) (Jongeward et al., 1988; Petrich et
al., 1991; Gibson et al., 1992). Bimolecular NO binding is governed
exclusively by the outer kinetic barrier for ligand movement into
the distal pocket. Once inside the protein, NO reacts so quickly
with the iron atom that escape back into the solvent almost never
occurs (Fig. 3).
Quantum mechanical barriers inhibit geminate rebinding of O2

and CO to myoglobin. O2 is moderately reactive on nanosecond
time scales. Photolysis of native MbO2 shows ;50% geminate re-
combination (Fig. 2B), implying that the inner kinetic barrier is
roughly equal to that for ligand escape (Fig. 3). CO is the least
reactive diatomic gas, has an inner kinetic barrier to bond forma-
tion that is almost twice the height of that for ligand escape (Fig. 3),
and, as a result, shows little geminate recombination at room
temperature (Fig. 2B).

Ultrafast Spectral Intermediates
Hochstrasser, Martin, Magde, and co-workers have shown that

short-lived spectral intermediates are generated immediately after
photolysis of O2 and NO derivatives of both myoglobin and hemo-
globin (Cornelius et al., 1981; Jongeward et al., 1988; Petrich et al.,
1988; Walda et al., 1994). In contrast, no intermediates are ob-
served when either HbCO or MbCO is photolyzed with ultrashort
excitation pulses. For NO and O2 complexes, a species designated
Mb* or Hb* is formed in femtoseconds and has an unusual absorp-
tion spectrum. Most of this intermediate decays back to the original
liganded ground state within ;2 ps after photolysis, accounting for
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an ;80% reduction in the quantum yield of photodissociated states.
The structural origin of the room temperature Mb* species and

its relevance to thermal dissociation and association processes
remain unclear. Petrich et al. (1991) examined changes in heme
coordination geometry using molecular dynamics simulations.
They reported that, within 1–2 ps after photolysis, the iron atom
moves out of the plane of the pyrrole nitrogen atoms and takes a
position very similar to that found at equilibrium. Additional fluc-
tuations appear to occur in the next 10–1000 ps, but these are
minor. Similar results were obtained in molecular dynamics sim-
ulations carried out by Gibson et al. (1992). These analyses suggest
that the ultrafast (100 fs to 2 ps) phases may represent O2 and NO
rebinding to thermally excited, in-plane, five-coordinate heme. CO
is too inert to recombine before the iron atom relaxes to its less
reactive, out-of-plane position. However, this interpretation is
tentative.

Initial Movement of Dissociated Ligands (10–500 ps)
Three lines of indirect evidence have suggested that dissociated

ligands initially move toward the interior of the protein molecule
(Fig. 1). First, Sassaroli and Rousseau (1986) used molecular dy-
namics simulations to show that there is an energy minimum when
dissociated CO moves into the cavity circumscribed by Leu-
29(B10), Leu-32(B13), Phe-43(CD1), Val-68(E11), and Ile-107(G8)
(Fig. 4, upper left panel). More sophisticated simulations of NO
rebinding to wild-type and mutant myoglobins have come to a
similar conclusion (Gibson et al., 1992). Second, the side chain
carbon atoms of covalently bound ethyl isocyanide are located in
this pocket, which is presumably the sterically most accessible
space (Fig. 4, lower left panel). Carver et al. (1990) argued that the
ethyl isocyanide complex of myoglobin serves as a model for the
initial trajectory of the diatomic gases with the C5N atoms mim-
icking the position of bound O2, NO, and CO and the CH3CH2–
group representing the major position of diatomic ligands in pico-
second and nanosecond intermediates. Third, these interpretations
are supported by the effects of distal pocket substitutions on pico-
second time courses for NO rebinding (e.g. Carver et al., 1990;
Gibson et al., 1992; Petrich et al., 1994; Quillin et al., 1995).
These proposals have been verified by the structure of the initial

photoproduct for MbCO, which was determined by x-ray crystal-
lography at 20 K (Schlichting et al., 1994; Teng et al., 1994) (Fig. 5,
middle). There appears to be a recoil of the ligand after photolysis
causing the CO molecule to move ;2 Å away from the iron atom
toward the protein interior. It lies parallel to the heme plane in a
position very similar to that of the alkyl side chain in ethyl isocy-
anide-myoglobin and that of the non-covalently bound water mol-
ecule in the distal pocket of deoxymyoglobin (Fig. 4, bottom and Fig.
5, right). In room temperature experiments using polarized excita-
tion and IR detection, Lim et al. (1995b) have also shown that CO
is rotated ;90° in the initial photoproduct relative to its position in
the equilibrium bound state.

The Innermost Kinetic Barriers (10–500 ps)
The effects of mutagenesis, the structure of the MbCO photo-

product, and molecular dynamics simulations have suggested that
picosecond recombination is governed primarily by quantum me-
chanical restrictions that determine ligand reactivity, secondarily
by distal pocket features that enhance or restrict ligand movement,
and thirdly by proximal effects that govern the reactivity and/or
accessibility of the iron atom. Rapid NO recombination can be
achieved in three ways: 1) increasing the reactivity of the metal
atom by replacing iron with cobalt (Ikeda-Saito et al., 1993); 2)
inhibiting ligand movement away from the iron atom by placing
phenylalanine or tryptophan diffusional barriers at positions 29
and 68; and 3) removing steric restrictions directly adjacent to the
iron atom by replacing His-64 and Val-68 with smaller residues
(Carlson et al., 1994). The latter experiments suggest that His-
64(E7) and perhaps Val-68(E11) push the ligand toward the back of
the distal pocket immediately after photolysis. This steric hin-
drance effect is enhanced markedly when Val-68(E11) is replaced
with Ile. (Fig. 2A, V68I trace, and Fig. 3) (Quillin et al., 1995).

FIG. 1. Schematic structural interpretation of geminate recombi-
nation of O2 to mammalian myoglobin under physiological condi-
tions. Upper left, the heme pocket structure of MbO2 showing the hydrogen
bond between the distal histidine and the bound ligand. Upper right, gemi-
nate intermediates showing O2 in the “B” state position observed by x-ray
crystallography for photodissociated CO at 20 K (Fig. 5, left). As the time
after photolysis increases, the pentacoordinate iron atom moves out of the
plane of the pyrrole nitrogens and the ligand begins to migrate to other
positions in the distal pocket. Lower left, proposed pathways for ligand
escape from the distal pocket. Transient upward movement of the imidazole
side chain of His-64(E7) creates a direct channel to the solvent between the
heme propionates. Alternatively, the ligand may migrate to the solvent
through hydrophobic channels in the protein interior. Lower right, equilib-
rium structure of deoxymyoglobin containing pentacoordinate, out-of-plane
iron and a water molecule hydrogen bonded to the distal histidine.

FIG. 2. Time courses for the geminate rebinding of ligands to na-
tive and position 29 and 68 mutants of sperm whale myoglobin at pH
7, 20 °C. Panel A, normalized absorbance changes for NO rebinding after a
30-ps excitation pulse; Panel B, O2 (boldface, solid line) and CO (lighter,
dashed line) rebinding after a 9-ns excitation pulse. Large changes in heme
absorbance are associated with NO, O2, and CO binding to and photodisso-
ciation from myoglobin. The fraction of deoxy-Mb was computed from the
observed absorbance changes at 436 nm divided by the total expected change
if complete photolysis occurred (Gibson et al., 1992; Quillin et al., 1995).

FIG. 3. Free energy barrier diagrams showing the effects of ligand
chemistry, metal substitution, and mutations at positions 29(B10),
64(E7), and 68(E11). Computation of barrier heights and wells for the
mutants are given in Carver et al. (1990) (H64V), Smerdon et al. (1991)
(V68T), Gibson et al. (1992) (L29A, L29F), and Quillin et al. (1995) (cobalt,
V68I, V68F).
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The photodissociated ligand is forced to take a position parallel
to the heme plane by the C-d atoms of the Leu-29(B10) side chain.
If hindrance at this position is increased by replacing Leu-29(B10)
with Phe, most of the ligands reflect back immediately to the iron
atom, and NO rebinding is extremely rapid (Fig. 2A, L29F trace). A
similar phenomenon occurs when the “free” space in the distal
pocket is reduced by substituting Phe for Val-68(E11) (Fig. 2A,
V68F trace, and Fig. 4, right panels). If the distal pocket volume is
increased, as in Val-29 and Ala-29 mutants, the photodissociated
ligand has greater rotational and translational freedom, and NO
rebinding is slower (Fig. 2A, L29A trace) (Gibson et al., 1992).

The Nanosecond Intermediate (0.5–500 ns)
The initial picosecond movements and locations of photodissoci-

ated ligands in myoglobin are well established by experiment and
theory. What happens on longer time scales is less clear. Frauen-
felder and co-workers initially suggested that the nanosecond
phases at room temperature represent the rebinding of ligands
from positions located quite far from the iron in what was termed
the protein “matrix” (see Frauenfelder et al., 1988 or Ansari et al.,
1994). However, we have argued for a more defined ligand location.
First, the speed and extent of nanosecond geminate recombina-

tion is affected greatly by the ratio of the size of the ligand to the
accessible free space on the distal side of the heme group. If this
ratio is increased, much more geminate recombination occurs. For
example, the fraction of nanosecond recombination is ;0.50, ;0.80,
and ;0.95 for the O2, methyl isocyanide, and ethyl isocyanide
complexes, respectively, of native sperm whale myoglobin (Carver
et al., 1990). As shown in Fig. 4, lower left, the alkyl side chain of
ethyl isocyanide prevents movement of the isocyano group away
from the active site, keeping it poised to react with the iron atom
for a long time after photolysis. Large nanosecond recombination
phases are observed for all ligands when the interior volume of the
distal pocket is decreased by the Val-68 to Phe mutation (Fig. 2B),
presumably because the ligand molecules are forced to stay in the
small pocket adjacent to the iron atom (Fig. 4, upper right).
Second, the rate and extent of nanosecond rebinding can be

decreased by sterically hindering access to the iron atom. The
Leu-29 3 Phe mutation is particularly informative. The large
Phe-29 side chain enhances picosecond rebinding of NO by prevent-
ing initial movement away from the iron atom. However, once the
ligand moves past this residue to the back of the pocket, geminate
rebinding is significantly reduced on all time scales .100 ps (Fig.
2A) (Gibson et al., 1992). Thus, residue 29 is clearly part of the
kinetic barrier inhibiting ligand movement away from and back to
the iron atom.
These kinetic and structural observations show that, even in the

nanosecond intermediate, the ligand molecule is in a region close

enough to the iron to be affected by residues Leu-29 and Val-68. We
have proposed that the dissociated ligand is rapidly moving be-
tween the position seen for photodissociated CO at cryoscopic tem-
peratures (Fig. 5, middle) and a less ordered collection of orienta-
tions in the space surrounded by Val-68, Leu-72, Ile-111, and
Ile-107. Movement between these positions appears to occur on
picosecond time scales (Carlson et al., 1996). On nanosecond time
scales, the ligand can be pictured as “smeared” throughout the
empty spaces shown in Fig. 4, upper left.
This view of the nanosecond intermediate is supported by time-

resolved IR measurements of photolyzed CO in myoglobin. At room
temperature, two large nC–O bands associated with photodissoci-
ated CO appear with a half-time of ;1–2 ps (Lim et al., 1995a,
1995b). These quickly appearing bands have been assigned to li-
gand in “B” states on the basis of their time of appearance at room
temperature and their presence at cryoscopic temperatures (Ormos
et al., 1988; Braunstein et al., 1993). However, these spectral fea-
tures persist into the nanosecond time regime and decay simulta-
neously with a half-time of 100–200 ns at room temperature. Most
of the absorbance intensity is converted into a band representing
CO dissolved in solvent (Lim et al. 1995a, 1995b).
As shown in Fig. 6,1 there are significant changes in the IR

spectrum of photodissociated CO when Leu-29(B10) is replaced by
Phe. Two peaks appear immediately after photolysis, but one dis-
appears quickly, and by 10 ns only a single broad band is observed.
When Val-68 is replaced with Phe, the splitting between the two
narrow bands is significantly greater than that seen in the wild-
type protein (Fig. 6). Regardless of exact interpretation, these
time-resolved IR results show that photodissociated CO is still in
contact with the B10 and E11 residues on nanosecond time scales.

Pathways for Ligand Entry and Exit
At room temperature, there are two major ways of modifying the

bimolecular rate of ligand entry into myoglobin. 1) Stabilization of
water in the interior of the distal pocket of deoxymyoglobin causes
marked decreases in the association rate constants for all ligands
(Carver et al., 1990; Smerdon et al., 1991). In native myoglobin, a
non-coordinated water molecule is hydrogen bonded to Ne of His-64
and located very near the iron atom (Fig. 1, lower right, and Fig. 5,
right). This water molecule must be displaced before ligands can
bind. 2) Modification of the free space in the distal pocket also
causes marked changes in the bimolecular rate of ligand entry. For
example the Val-68 3 Phe substitution decreases the size of the
distal pocket causing a reduction in the rate and equilibrium con-
stants for ligand movement into protein, whereas the Leu-293 Ala
mutation has the opposite effect (Gibson et al., 1992; Quillin et al.,
1995).
Although considerable, these two effects do not provide clues to

the pathway for ligand exit from and entry into the distal pocket.
Altering the internal water content and free distal pocket volume
will affect the rate of non-covalent ligand binding regardless of the
exact pathway for movement into the protein. The three-dimen-
sional structure of myoglobin reveals no pathways or channels for
O2 entry and exit. Transient motions of the protein are required to

1 Unpublished data on position 29 and 68 mutants of recombinant sperm
whale myoglobin provided by T. A. Jackson, M. Lim, T. Li, J. S. Olson, and
P. A. Anfinrud.

FIG. 5. Crystal structures of wild-type MbCO (left), photodissoci-
ated Mb*CO (middle), and deoxy-Mb (right) at 20 K in the P6 form.
The electron density maps (u2Fo 2 Fcu) were taken from Schlichting et al.
(1994). The iron electron density is shown in red. The red square encloses,
from left to right, bound CO, photodissociated CO, and non-coordinated
distal pocket water. The iron atom is, from left to right, in the plane of the
pyrrole nitrogens, partially out-of-plane, and completely out-of-plane, respec-
tively (see Fig. 1).

FIG. 4. Distal pocket structures of wild-type and V68F mutants of
spermwhale myoglobin. The view is looking down onto the heme from the
B helix (see Fig. 1). The heme group is shown in dark purple underneath the
protein residues. Amino acids at the solvent interface are shown in light blue,
and those in the protein interior are shown in gray. Bound CO and ethyl
isocyanide are shown in red. Upper left, wild-type MbCO (Quillin et al.,
1993); upper right, V68F MbCO (Quillin et al., 1995); lower left, wild-type
Mb-ethyl isocyanide (Eich et al., 1996); and lower right, V68F Mb-ethyl
isocyanide (R. D. Smith, unpublished data).
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allow access to the iron and net dissociation to the surroundings.
Two distinct mechanisms have been proposed for ligand move-

ment into and out of myoglobin. The first involves rotation of the
side chain of His(E7) to create a direct channel from the solvent to
the iron atom (see Perutz, 1989) (Fig. 1). The evidence in favor of
this hypothesis includes: (a) outward displacement of His-64 in the
crystal structures of the imidazole, phenylhydrazine, and ethyl
isocyanide complexes of native sperm whale myoglobin (Bolognesi
et al., 1982; Ringe et al., 1984; Johnson et al., 1989); (b) increases in
rates of ligand binding following protonation and outward move-
ment of His-64 at low pH (Tian et al., 1993; Yang and Phillips,
1996); and (c) increases in the rate constants for ligand entry when
Phe-46 is replaced with Val or Ala causing disorder in the position
of His-64 (Lai et al., 1995).
The second hypothesis is that ligands enter and leave the distal

pocket through several longer hydrophobic pathways between the
B, G, and H helices. First proposed by Elber and Karplus (1990) on
the basis of molecular dynamics simulations, this interpretation
has been adopted by Huang and Boxer (1994) to explain their
random mutagenesis data. In the latter experiments, point muta-
tions at positions far removed from the distal pocket exert large
effects on the rates for CO and O2 binding. This idea is also
consistent with the rate of ligand escape being roughly the same,
;107 s21, for almost all of the point mutations examined so far and
with the presence of multiple xenon binding sites in the interior of
myoglobin (Tilton et al., 1984, 1988).

Future Prospects
There is a clear need for further characterization of the ultrafast

spectral intermediates seen after femtosecond photolysis of MbO2

and MbNO. Identification of the chemical nature of these species
will require the use of mutants, model compounds, time-resolved
vibrational spectroscopy as well as conventional kinetic measure-
ments, and quantum mechanical descriptions of photoexcitation
and bond formation. A description of ligand movement into and out
of myoglobin will require simulations on nanosecond time scales,
time-resolved IR analyses of photodissociated CO in a wide variety
of mutant myoglobins, and x-ray crystallographic structure deter-
minations of nanosecond intermediates.
Perhaps the most exciting prospect is the application of these

biophysical studies to the rational design of more stable and effi-
cient O2 delivery pharmaceuticals. Recently, Eich et al. (1996) have
used Leu-B10 3 Phe and Val-E11 3 Phe mutations to limit NO-
induced oxidation of bound O2 in both myoglobin and hemoglobin.
These substitutions were chosen because they had previously been
shown to inhibit ligand entry into the distal pocket. Similar strat-
egies are being applied to inhibit autooxidation and to enhance O2

transport and discrimination against CO binding.
Thus, the study of myoglobin function remains an active and

important research field. In addition to providing greater under-
standing of the physiology of O2 delivery, this work provides a
direct connection between molecular dynamics simulations and
ultrafast kinetic and structural measurements. This linkage be-
tween theory and experiment can now be used interactively to
development new theoretical approaches and strategies for protein
engineering.
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perature, pH 7, in 70% glycerol. The experimental conditions and appa-
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in the B and C states defined in Scheme 1 and Fig. 1.1
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