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Abstract: Proton spin relaxation induced by the triplet ground state of O2 in the zinc-containing diamagnetic
analogue of sperm whale deoxymyoglobin has been measured as a function of oxygen concentration. As
no covalent binding of oxygen to the metal occurs in the zinc species, the relaxation effects of O2 on the
protein 1H resonances arise exclusively via much weaker noncovalent interactions. The relaxation effects
at the amide proton sites are found to be highly localized and are derived almost exclusively from O2

binding at the four previously identified xenon binding sites. Relative binding constants of 1.0, 0.08, 0.07,
and 0.23 were determined for the Xe 1, Xe 2, Xe 3, and Xe 4 sites, respectively. In combination with
earlier measurements of the kinetics of the heme binding of oxygen, these equilibria measurements enable
a more detailed analysis of models characterizing O2 entry and egress. A correlation is established between
the fraction of O2 which enters the Fe2+-binding site via rotation of the distal histidine side chain (so-called
“histidine gate”) and the experimentally observable O2 (or CO) lifetime in the Xe 1 site. A physiological role
for these secondary oxygen binding sites is proposed in enhancing the efficiency of the O2 association
reaction by rendering more favorable its competition with water binding in the distal heme pocket.

Introduction

The X-ray structure of sperm whale myoglobin reveals no
unhindered path for O2 diffusion to the heme iron. Soon after
the X-ray structures of both myoglobin and hemoglobin were
reported, Perutz1 and Chance2 proposed the “histidine gate”
model in which the side chain of the distal histidine swings
away from the heme iron and out into solution generating an
open solvent path for O2 diffusion to the iron site. Support from
this model has come from the observation of increasing rates
of O2 association at lower pH values with an apparent pK value
similar to that of the distal histidine3 and the effect of mutations
at the histidine site on the O2 association rate.4-7 Crystal
structures8-10 with large iron coordinating groups in the distal

site have demonstrated that the distal histidine side chain is
displaced into the solvent phase.

On the other hand, low-temperature geminate recombination
studies of myoglobin11 have indicated more complexity in the
kinetics of O2 and CO association than would be anticipated
from a simple histidine gate mechanism. In these experiments,
the Fe2+-O2 (or -CO,-NO) bond is photolyzed, and the time
course of Fe2+-O2 re-formation is then followed spectroscopi-
cally. The multiple kinetic phases observed in these experiments
stimulated the proposal of a sequential binding pathway12 in
which O2 initially enters into one or more internal binding sites
before migrating to the distal pocket site where the covalent
bond to iron is formed (Figure 1a). Although the observed
kinetic behavior simplifies as the temperature is increased, at
room-temperature O2 geminate reassociation exhibits biexpo-
nential time dependence.13 Both molecular dynamics simula-
tions14,15 and mutagenesis studies16 have been proffered as
support for a sequential mechanism. Others13,17have argued for
extending the histidine gate model to a side path model (Figure
1b) which includes a dead-end C state. Elegant competitive
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xenon binding effects on recombination kinetics17 as well as
mutagenesis studies7 have been cited in support of the side path
model.

Parallel studies have attempted to identify the structural
correlates of these proposed kinetic states. Petsko and co-
workers18 observed that, in addition to the previously observed19

major xenon binding site on the proximal side of the heme (i.e.
Xe 1), another binding site is contiguous with the distal pocket
(Xe 4). The Xe 2 site lies at the edge of the heme ring along a
potential pathway between the Xe 4 and Xe 1 sites, while the
Xe 3 site branches away from Xe 2 (Figure 2). No xenon binding
was observed near the iron in the distal pocket. Unambiguous
identification of the individual kinetic states of O2 and CO
migration with specific xenon sites has been proven difficult.
In part, this difficulty reflects the fact that for a given set of
experimental conditions a single kinetic state may arise from

O2 bound in several distinct locations. In particular, the kinetic
state B arises from all O2 binding sites that exchange with each
other on a time scale which is rapid compared to the rebinding
to Fe2+ (kba), migration to the C state (kbc), or movement out
into solvent (kbs).

Cryocrystallography on myoglobin crystals photolyzed at a
series of increasing temperatures has indicated a sequence of
CO migration steps from the distal pocket, to the Xe 4 site,
and then at temperatures above 160-180 K to the Xe 1 site.20,21

Subsequently, time-resolved Laue diffraction at room temper-
ature22 demonstrated that CO transfer to the Xe 1 region occurs
in the time frame of 100 ns consistent with the kinetics of the
B to C state transition.

Determination of relative contributions of the side path vs
sequential mechanisms to the total O2 migration has remained
problematic. The two amplitudes and two time constants of the
biexponential room-temperature O2 geminate recombination
kinetics can be fitted by the four parameters that characterize
either the side path (kba ) 5.7, kbc ) 4.0, kcb ) 3.3, kbs ) 6.3
µs-1) or sequential (kba ) 5.7,kbc ) 10.3,kcb ) 1.3,kcs ) 2.0
µs-1) models.7 As the amplitude of the slower phase is only
25% of that of the faster phase and the time separation is only
a factor of ∼8,17 a significant range of parameters sets is
consistent with the estimated experimental uncertainty of the
recombination measurements. This uncertainty in the derived
kinetic parameters is exacerbated by a substantial degree of
correlation among the model variables. Although the experi-
mental recombination kinetics can be equally well fitted by
either model, the relative equilibrium O2 binding for states B
and C predicted by the optimal parameters differs markedly for
the side path (kbc/kcb ) 1.2) vs sequential model (kbc/kcb ) 7.9).
Direct determination of the relative equilibrium O2 binding
constants for the B and C states can serve to constrain these
recombination kinetic parameters.

O2 association from the bulk phase is not a simple reversal
of the dissociation process monitored in the geminate recom-
bination experiments. In place of the Fe2+-bound O2, deoxy-
myoglobin has a highly conserved water molecule hydrogen
bonded to the distal histidine, which in the sperm whale X-ray
structure has an occupancy of 0.6 at both room temperature23

and 100 K.24 Histidine side chain hydrogen bonding to Fe2+-
bound O2 is believed to be critical for affinity and for the
efficient discrimination against CO.25 Water binding is generally
viewed as an adventitious competition with O2 binding. The
additional kinetic constraint derived from equilibrium O2 affinity
measurements can enable a formally overdetermined analysis
of the simple sequential and side path models and provide a
more robust basis for incorporating the kinetic effects of
competitive water binding.

Recently, we26 reported that the paramagnetically induced
relaxation of structurally buried amide1H resonances of the heat
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Figure 1. Sequential (a) and side path (b) models for myoglobin binding
and release of O2 to the solvent phase. These models differ as to whether
oxygen leaves the distal pocket site directly into the solvent phase (kbs) or
via a secondary binding site (kcs). For identification of the kinetic states
with specific xenon binding sites, see text. Thermal dissociation of the Fe2+-
O2 bond is negligible in the time frame of the photolytic geminate
recombination experiments.

Figure 2. Cavities surrounding the heme and distal histidine side chain of
deoxymyoglobin. A 0.1 Å grid search was carried out for the room-
temperature 1.15 Å X-ray structure of sperm whale deoxymyoglobin23 to
determine the set of points at which the center of mass of an O2 molecule
could be positioned without steric overlap with the protein atoms. These
cavities correspond closely to those previously identified as xenon binding
sites18 [Xe 1 (purple), Xe 2 (green), Xe 3 (red), Xe 4 (magenta) sites as
well as the distal pocket (cyan)]. The water molecule in the distal pocket
was removed in the calculation which otherwise occludes the distal pocket
cavity.
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stable rubredoxin protein can be quantitatively predicted from
the time-averaged O2 spatial distribution. Modulation of the
electron-nuclear dipolar interaction is dominated by the 7.5
ps electron longitudinal relaxation rate,27,28 which is rapid
compared to either translational or rotational diffusion, thus
rendering molecular motion comparatively ineffective in induc-
ing relaxation. Furthermore, the electronT1 value is insensitive
to variations in the local noncovalent environment.28 The ability
to predict the magnitude of the relaxation effects arising from
long-range interactions with oxygen molecules in the bulk
solvent phase indicated the potential to use the paramagnetically
induced relaxation for accurate determination of the distribution
of O2 bound within the protein interior.

Experimental Section

The molar relaxivity of O2 at 14.1 T was determined directly on a
93%1H2O, 7%2H2O sample equilibrated under 100 psi excess pressure
of O2 at 21 °C vs an N2-saturated sample.1H2O T1 values were
determined for these samples by inversion recovery using a detuned
probehead. A difference of 0.933( 0.005 s-1 for the 100 psi O2 vs N2

samples at 37°C was obtained for measurements in triplicate. Given
the O2 solubility of 0.02337 v/v at 760 mmHg of gaseous O2 at 37
°C,29 correction for the pressure differential at 37°C and the water
vapor pressure yields an O2 solution concentration of 7.43( 0.07 mM.
The resultant O2 relaxivity for the1H water resonance at 14.1 T is 126
( 2 M-1. Parallel measurements on these samples at 10°C yielded a
69% increase in the O2-induced relaxation of1H2O, which is similar
to the calculated 63% increase in the O2 concentration. The corre-
sponding estimate of 130( 3 M-1 for the molar relaxivity is consistent
with the anticipated absence of a significant temperature dependence
in the O2 electronT1.

Recombinant U-2H,15N-labeled sperm whale apo-myoglobin was
expressed inEscherichia coliand purified through the hemin recon-
stitution step as previously described,30 using 0.2% U-2H glycerol as
carbon source (expression plasmid kindly provided by J. Flanagan,
Brookhaven National Laboratory). A 40-90% ammonium sulfate
fractionation was followed by G-75 column gel filtration, heme
extraction,31 dialysis, reconstitution with Zn2+-protoporphyrin IX, and
purification on a CM-52 salt gradient column. All steps following the
addition of the light-sensitive protoporphyrin were carried out under
weak red light illumination. The 1 mM NMR sample in 50 mM KH2-
PO4, pH 7.1, was first equilibrated against 2 atm N2 and then against
0.62, 1.73, and 7.65 mM O2 as described.26

NMR samples were incubated for several days before data collection
at 37°C to allow for equilibration of the protoporphyrin orientation.32

The backbone assignments were verified against those of CO-
myoglobin33 using a 3D15N-15N-1H HMQC-NOESY-TROSY experi-
ment at 14.1 T. This experiment was based on a related pulse sequence34

that was modified to eliminate the final1H 180° pulse in the TROSY
refocusing period.35,36 In addition, 3D1H-15N-1H HMQC-NOESY-
HSQC and 3D1H-15N-1H HMQC-TOCSY-HSQC experiments37 were

carried out on a parallel15N-labeled Zn2+-protoporphyrin IX myoglobin
sample.1H T1 values were obtained from1H-15N TROSY experi-
ments38,39with a purge pulse40 at the beginning of the recycle delay to
equalize1H recovery, solvent presaturation to suppress magnetization
transfer from the solvent resonance, and phase cycling on the first1H
90° pulse to suppress15N magnetization contributions. Relaxation delay
intervals of 0.1, 0.15, 0.25, 0.4, 0.6, 1.0, 1.5, 2.5, 4.0, 6.0, and 10.0 s
were acquired for each sample. Exponential fits to the relaxation
buildups yielded a median rmsd of 0.9% for the four data sets. The
paramagnetically induced relaxation effects at the individual amide sites
were estimated from the average differential between the O2 and N2

samples for at least two different O2 concentrations. An average
experimental uncertainty of 3.7% was obtained. Cavity calculations
and grid summation of the dipolar relaxation effects were carried out
as described previously26 on the 1.15 Å resolution room-temperature
X-ray structure of sperm whale deoxymyoglobin (1BZP).23

The biexponential fit to the 2µs time course of the experimental O2

geminate recombination data at 20°C, pH 7.0,7 served as reference
for all simulation analyses. Numerical integration with a 0.2 ns step
interval was used to determine sets of kinetic parameters which
reproduced the reference data to within 1% rmsd. Reflecting the relative
sensitivity of the simulations to the individual parameters, grid spacings
of 0.05µs-1 were used forkba andkcs, 0.1 µs-1 for kbs, and 0.15µs-1

for kbc. Bulk phase association kinetics were simulated up to 99%
saturation at 0.2 mM O2 using a 0.1µs step interval forkbc < 6 µs-1,
a 0.05µs step forkbc up to 12µs-1, and a 0.025µs step for higher
rates.

Results

O2-Induced Paramagnetic Relaxation Measurements.Re-
combinant2H,15N-labeled sperm whale myoglobin was prepared
with Zn2+-protoporphyrin IX substituted for the native heme.
Although no crystal structure is available to date, the zinc
substitution is generally regarded to provide a faithful structural
mimic of the deoxy state.41,42Despite the higher pH (7.1) used
in this study, the backbone resonance assignments of the Zn2+-
protoporphyrin IX myoglobin followed those published for CO-
bound myoglobin.33 The zinc-substituted myoglobin offers the
combined benefits of a diamagnetic spin system and the absence
of covalent O2 binding to the metal site.43 Thus, the observed
paramagnetically induced relaxation effects arise only from the
far weaker interactions of the noncovalently bound oxygen
molecules.

Amide 1H T1 relaxation values were determined by variation
of the relaxation delay period in a series of1H,15N TROSY
experiments.38,39 Measurements were carried out on the myo-
globin sample following equilibration against 0.62, 1.73, and
7.65 mM O2 and the corresponding1H T1 relaxation rates from
an N2-saturated data set were subtracted. In Figure 3 is illustrated
a portion of the1H-15N correlation spectra under N2 atmosphere
(panel a) and 1.73 mM O2 (panel b). The latter condition
corresponds to equilibration against∼2 atm O2. With a median
1H T1 value of 3.3 s under N2 atmosphere, the majority of amide
resonances have recovered less than 5% of their equilibrium
magnetization for the 0.15 s relaxation delay shown here. As is
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most readily apparent for the amides of His 93 and Ala 94 near
the Xe 1 cavity, the presence of 1.73 mM O2 can greatly
accelerate the rate of magnetization recovery.

A small set of structurally buried amides exhibit relaxation
effects up to 25-fold greater than that for the1H2O resonance
(Figure 4b). On the other hand, the majority of amides show
little O2-induced relaxation beyond that predicted from oxygen
in the bulk phase. This pattern of relaxation effects stands in
marked contrast to that previously observed for the rubredoxin
proteins.26 In that case, no structurally buried amide proton
exhibited an O2-induced relaxation rate more than 60% that of
the1H2O solvent resonance, a 40-fold smaller relaxation effect
than is observed for a subset of the myoglobin amides. The
much weaker relaxation effects observed for rubredoxin were
shown to arise almost exclusively from O2 molecules in the
bulk phase, consistent with the absence of any internal cavities
large enough to accommodate an O2 molecule which are not
occupied by a highly ordered water molecule in the high-
resolution X-ray structure. The striking elevation and nonuni-
formity of the relaxation effects observed for myoglobin indicate
that a significant fraction of O2 enters the protein interior and
the internal distribution is highly localized.

Cavity O2 Binding Constant Determination. Due to the
short O2 electron T1, the simple 〈1/r6〉 dependence of the
paramagnetically induced relaxation effect facilitates modeling
the relaxation arising from binding to the known internal cavities

of myoglobin. The deoxymyoglobin structure has preexisting
cavities which are only modestly perturbed by the binding of
xenon atoms.18 Cavity calculations on the 1.15 Å room-
temperature deoxymyoglobin X-ray structure23 were used to
estimate the O2-induced relaxation effect arising from oxygen
bound to each of the xenon sites as well as to the distal pocket.
The unit normalized values of the 1/r6-weighted averages for
each cavity are given in Figure 4a. Each of the xenon binding
sites predicts large O2-induced relaxation effects only at the same
amide positions for which such relaxation effects are observed.
In contrast, the relaxation behavior predicted for the distal pocket
cavity (cyan) does not correlate with the observed relaxation
pattern of Figure 4b as is most apparent for the region of residues
32-45. This result is suggestive of a relatively low O2

occupancy, consistent with the absence of observed xenon
binding at this site.18

The relative O2 binding constant estimates for each of the
four xenon sites can be obtained directly from the scaling of
the model relaxation data of panel a against the experimental
data of panel b. It should be noted that only the relative binding
constants enter into the analysis of the geminate recombination
data considered below.

There are 8 amide sites near Xe 1 and 6 amide sites near Xe
4 which have predicted〈1/r6〉 values that are at least 10% of
the maximum value (i.e. 0.1 in Figure 4a) and which have less
than 10% of the site’s predicted intensity arising from the other
three xenon sites. Optimizing the predicted fits to these 14 amide
sites yields scale factors of 18.7 and 24.5 for Xe 1 and Xe 4,
respectively. Analogous calculations yield values of 12.1 and
15.3 for Xe 2 and Xe 3 (panel 4c). Subtraction of panel c from
panel b indicates that the great majority of the observed
relaxation behavior is adequately rationalized by this analysis
(panel 4d). Monte Carlo simulations were carried out to estimate
the uncertainty in these scale factors utilizing the 3.7% average
experimental uncertainty for the individual amide1H relaxation

Figure 3. Relaxation effect of O2 on selected amide1H resonances of Zn2+-
protoporphyrin IX myoglobin. Indicated is a portion of the1H-15N
correlation spectra under N2 atmosphere (panel a) and 1.73 mM O2 (panel
b). For the 0.15 s relaxation recovery period used in these spectra the
majority of resonances for the N2-saturated sample have regained less than
5% of their equilibrium magnetization. Introduction of O2 has little apparent
effect on the majority of resonances. In contrast, the resonances of His 93,
Ala 94, and to a lesser degree Gln 26 recover far more rapidly toward their
equilibrium magnetization in the presence of O2.

Figure 4. Observed and predicted O2-induced relaxation of amide protons
in Zn2+-protoporphyrin IX myoglobin. Panel b indicates the difference in
relaxation values of the O2 vs N2 saturated samples at 37°C and pH 7.1
normalized to that of the solvent1H2O resonance. Data are unavailable at
amide sites undergoing rapid hydrogen exchange at these conditions. Dipolar
relaxation effects of O2 bound to the Xe 1 (purple), Xe 2 (green), Xe 3
(red), and Xe 4 (magenta) sites and to the distal pocket (cyan) at each amide
proton were calculated by a 1/r6-weighted distance averaging for each cavity
normalized to the maximum value (panel a) and scaled to the experimental
relaxation data for the four xenon sites (panel c). Panel d indicates the
difference between panels b and c.
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values of panel 4b. Uncertainty values of 0.5 and 0.6 were
obtained for Xe 1 and Xe 4, respectively, while the less precisely
determined Xe 2 and Xe 3 values had uncertainty values at least
2-fold larger.

Although each of the four xenon sites yield comparable
relaxation effects, their relative O2 occupancy varies substan-
tially more, reflecting the differences in the distance to the
nearest amide proton which range from 3.7 Å for Xe 3 to 5.6
Å for Xe 1. Relative to the Xe 1 site, the occupancies of Xe 2,
Xe 3, and Xe 4 are estimated to be 0.081( 0.006, 0.066(
0.007, and 0.225( 0.009. These uncertainty estimates reflect
only the accuracy of the experimental relaxation measurements
and not the reliability of the O2 distribution modeled from the
static cavities of the 1.15 Å room-temperature X-ray structure.23

To provide a measure of the sensitivity of these occupancy
estimates to the details of the cavity model, a parallel analysis
was carried out using the coordinates for the 100 K high-
resolution X-ray structure.24 Relative occupancies in the Xe 2,
Xe 3, and Xe 4 sites of 0.210, 0.090, and 0.256 were obtained.

The resultant fit to the experimental relaxation data of panel
4b is significantly poorer using the low-temperature coordinate
set. The absolute value of the residuals in the difference plot of
panel 4d for the 8 amides optimized for Xe 1 is 13% of the
initial intensity. This value increases to 24% when the 100 K
X-ray coordinates are used. Similarly, the residuals for the fit
to Xe 4 increase from 17% to 26% in going from the room
temperature to the low temperature structural model. Despite
the clear difference in the quality of the predictions offered by
the room-temperature X-ray data set vs that from 100 K, only
the Xe 2 site yields a markedly different O2 occupancy estimate
which reflects the dominant relaxation contribution of a single
amide (Ser 108) for which the〈1/r6〉 distance to the cavity differs
by 0.4 Å between the two crystal structures.

As noted above, little paramagnetically induced relaxation
appears to arise from O2 bound in the distal pocket. However,
the larger distance between the distal pocket and nearby amide
protons leads to an∼20-fold reduced sensitivity relative to the
Xe 4 data. Nevertheless, the O2 binding constant to the distal
pocket appears to be smaller than that of Xe 4. The cavity
calculations used in this analysis do not include the distal water
of hydration which is present at an occupancy of 0.6. Inclusion
of this water eliminates the distal cavity illustrated in Figure 2.
As a result, it is expected that whatever relaxation contribution
arises from O2 noncovalently bound to the distal pocket, it comes
primarily from the unhydrated form.

On the basis of the congruence between the slower phase of
geminate recombination and the exit rate of CO from the Xe 4
site into the protein interior observed by time-resolved Laue
diffraction,22 the distal pocket and Xe 4 site are assigned to the
B state while the other three xenon sites are assigned to the C
state in the kinetic schemes of Figure 1. Despite the differences
observed for the relative O2 occupancies of the individual
cavities predicted by the room temperature vs 100 K X-ray
coordinate sets, both sets predict akbc/kcb value very close to 5.
This experimentally determined ratio differs considerably from
the value predicted by either the unconstrained sequential (kbc/
kcb ) 7.9) or side path (kbc/kcb ) 1.2) models (Table 1, entries
1 and 2).

Estimation of CO Migration Kinetics. Although both the
side path and sequential models can adequately fit the time

course of room-temperature O2 recombination with the heme,
the predicted O2 migration through the C state differs markedly
for the two models. Insight into this process is provided by the
time-resolved Laue diffraction of photolyzed CO-myoglobin
at room temperature.22 As noted above, the rate of transfer of
CO from the distal pocket Xe 4 region to the Xe 1 (τ1/2 ∼ 70
ns) is comparable to that deduced for the transfer of O2 from
the B to C state. In addition, the fraction of photodissociated
CO in the Xe 1 site reaches∼60% in the time window of 100-
400 ns. A similar level of CO transfer to the Xe 1 site was
reported in an earlier cryocrystallographic kinetic trapping
experiment.21 As discussed in more detail below, in the time-
resolved Laue diffraction study22 the C state population
subsequently decreases at a rate consistent with a∼1.5µs time
constant for CO escape into solvent.

CO reacts with the heme∼20-fold more slowly than does
O2.44 Given the similar size and low polarity, CO migration
can be modeled from the O2 recombination data by a corre-
sponding reduction in the rate of covalent bond formationkba.
Using the kinetic parameters derived from an optimal fit of the
O2 recombination data to the sequential and side path models,
numerical simulations provide estimates for the half-time of CO
exit from the B state, the percentage and time of maximal CO
buildup in the C state, and the apparent time constant for CO
exit from the C state for comparison to the time-resolved Laue
diffraction results (Table 1).

The CO migration kinetics predicted from the previously
reported7 optimal fits for the unconstrained sequential (Figure
1a) and side path (Figure 1b) models are given in entries 1 and
2 of Table 1, respectively. The corresponding CO migration
behavior predicted whenkbc/kcb is constrained to 5.0 is listed in
entries 3 and 4. To facilitate comparison in the subsequent
discussion, the constrained (kba, kbc, kbs, kcs) values given are
the mean values from a grid search over all parameter sets which
fit the reference geminate recombination data to within an
experimental uncertainty of 1% rmsd. The sequential model,
either unconstrained or withkbc/kcb set to 5.0, yields predictions
near the observed maximal C state concentration of 60% (Table
1, entries 1 and 3). In contrast, the side path model predicts a
significantly lower value of 24% for the maximal C state
concentration (Table 1, entry 2). Incorporation of the constraint
of kbc/kcb ) 5.0 into the side path model increases the predicted
maximal C state concentration to 40%. (entry 4).

(44) Henry, E. R.; Sommer, J. H.; Hofrichter, J.; Eaton, W. A.J. Mol. Biol.
1983, 166, 443-451.

Table 1. Predicted Time Course of CO Migration through B and C
States following Photolysis

Cmax

(kba, kbc, kcb, kbs, kcs) (µs-1) B50%
a (ns) % ns (1/e)Cmax

b (µs)

(5.7, 10.3, 1.30, -, 2.0)c 70 61 190 0.84
(5.7, 4.0, 3.30, 6.3, -)c 70 24 180 0.84
(6.7, 15.5, 3.10, -, 3.1)d 50 58 120 0.56
(5.1, 3.2, 0.64, 4.3, -)d 90 40 340 3.3
(6.7, 15.7, 3.14, -, 3.1)d,e 50 58 120 0.56
(5.5, 5.7, 1.14, 3.0, -)d,e 80 52 350 3.6

a Time at whichB state population decreases to 50% of maximum. An
Fe2+ recombination ratekba/20 was used for the CO migration simulations.
b Time at whichC state population decreases to 37% of maximum.c Optimal
fit to O2 geminate recombination data.7 d kbc ) 5kcb, mean value of
parameter sets fitting O2 geminate recombination data to within 1% rmsd.
e Distal hydration level of 0.6.
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The marked difference in maximal C state concentration
predicted by the unconstrained side path vs sequential models
has led to the proposal that kinetic crystallography could serve
to distinguish between these models.17 However, introduction
of the experimental relative O2 binding constant of the B state
vs C state markedly increases the maximal C state concentration
predicted by the side path model. As discussed below, the
additional introduction of distal pocket hydration effects yield
virtually indistinguishable estimates for the maximal C state
concentration from either the sequential or side path models.

Once the constraint ofkbc/kcb ) 5.0 is considered, a far more
clear distinction between the sequential and side path models
can be drawn. Although the unconstrained versions of both the
sequential and side path models predict a similar residence time
for CO in the Xe 1 site (Table 1, entries 1 and 2), incorporation
of the experimentalkbc/kcb constraint results in prediction of a
nearly 6-fold difference in the CO residence time (Table 1,
entries 3 and 4). It is perhaps initially surprising that the
sequential pathway is characterized by short, rather than long,
CO residence times in the Xe 1 site. However, the return from
the C state to the B state (kcb) is consistently predicted to be as
slow or slower than the exit from the protein (eitherkbs or kcs).
Since the C to B state transition is required for emptying the
Xe 1 site via the side path model, the corresponding residence
time is necessarily longer. This difference in Xe 1 residence
time provides a potential experimental means of determining
the fraction of CO (and O2) utilizing each of these two alternate
migration pathways. In a similar fashion, the absolute O2 binding
constant for the Xe 1 site predicted from the observed 16µM-1

s-1 bimolecular association rate constant7 is model dependent.
A binding constant of 20 M-1 is predicted by the sequential
model, while this value increases to 30 M-1 for the side path
model.

In the time-resolved Laue diffraction study,22 the decay from
the maximal CO concentration in the Xe 1 site drops to a plateau
level which extends to∼100µs. The observed CO level in this
plateau region is consistent with the 0.15 occupancy factor which
is predicted from the estimated binding constant for the Xe 1
site and those authors’ estimate of 45 mM total heme in the
crystal and 15 mM CO not bound to iron during this time
interval. Under steady-state conditions, nearly half of the CO
that is not covalently bound should reside in the Xe 1 site, until
essentially all of it ultimately rebinds to the heme. The resultant
lower CO concentration in solution would lead to a reduced
apparent biomolecular association rate constant for rebinding
to Fe2+ in the crystal as was observed.22 Furthermore, the nearly
equal quantities of CO free in solution and bound in the Xe 1
site implies that, under these conditions, the rate of CO entry
into Xe 1 and the rate of CO exit from Xe 1 into the solvent
phase are approximately equal. In turn, this predicts that the
observed time constant for decay from the maximal CO
concentration in the Xe 1 site down to the plateau level will be
∼1/2 the time constant for the unidirectional transitions. Although
the data of Moffatt and co-workers22 does not precisely define
the time course of this decay, the predicted rate of CO exit from
the Xe 1 site is approximately 1.5µs.

As noted above, the biexponential O2 geminate recombination
data yields four experimental parameters while the bimolecular
association rate yields a fifth. In contrast, the combined
sequential+ side path model (Figure 5) needed to characterize

the relative fraction of the two migration pathways has six
independent variables. The relative O2 binding measurements
reported herein yield an additional experimental constraint, thus
rendering analysis of the combined pathway model potentially
feasible. However, there is a significant degree of correlation
among the variables of the model in terms of the predicted
observables. When combined with the experimental uncertainty
in the geminate recombination and bimolecular association
measurements, a substantial range of values for the individual
model parameters are compatible with the observed data.
Therefore, rather than relying on only optimized parameter fits
to generate an estimate of the fraction of O2 entering via the
sequential vs side path migration, the entire population of
parameter sets consistent with the given experimental data was
considered. A grid search over all consistent (kba, kbc, kbs, kcs)
sets demonstrates a strong correlation between the fraction of
Fe2+-bound O2 entering via the histidine gate and the estimated
time for the C state population decrease to 1/e of the maximal
value (Figure 6). This correlation between pathway utilization
and the C state lifetime is primarily a function of the equilibrium
binding ratiokbc/kcb (set to 5.0) and is only weakly dependent
on the assumed reactivity of CO relative to O2. The 1.5µs time
constant for CO exit from the Xe 1 site estimated from the time-
resolved Laue diffraction data22 applied to the combined
sequential and side path model of Figure 5 predicts that a
majority of the CO or (O2) exits via the histidine gate pathway.

Effect of Hydration. The combined sequential+ side path
model of Figure 5 disregards the potential kinetic effects of the
competition between O2 and water binding in the distal pocket.
However, given the experimentally observed occupancy of 0.6
for the distal water of hydration, the effects of this competitive
binding can be plausibly incorporated without introducing any
additional unconstrained model parameters. In the proposed
model, the histidine gate opening is assumed to enable O2

Figure 5. Combined sequential+ side path model for myoglobin binding
and release of O2.

Figure 6. Predicted mean and maximal range of CO lifetimes in the C
state as a function of the fraction of the Fe2+-bound population which enters
via the histidine gate. The kinetic parameter sets (kba, kbc, kbs, kcs) of the
combined sequential+ side path model of Figure 5 were exhaustively
searched to determine all combinations consistent with the observed O2

geminate recombination kinetics to within 1 rmsd of 1%. A relative reactivity
of CO vs O2 of 1/2044 was assumed. Thekbc/kcb value of 5 was used on the
basis of the equilibrium O2 binding data described herein.
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exchange and simultaneous equilibration of water binding in
the distal pocket, with the water-distal histidine interaction
controlling the relative rate of gate opening. The rate of O2 entry
via the histidine gate is assumed to be independent of the
resultant state of distal hydration. Experimental support comes
from the 5.7 µs-1 rate of H2O binding to the Fe3+ in
metmyoglobin after the sixth coordination site is vacated by
photolysis of the NO complex.45 This study found that the
activation energy barrier of 42( 3 kJ/mol for water entry equals
that observed for the escape of photolyzed CO. Analogous
studies for the Fe2+ form are less straightforward since in this
case the lack of covalent bonding between water and the iron
atom results in a much weaker spectral signature. Nevertheless,
time-resolved optical absorption spectroscopy indicates a 3µs-1

rate process ascribed to rehydration dynamics.46 The CO buildup
in the Xe 1 site reported by cryocrystallography occurs
simultaneously with an increase in electron density in the distal
pocket which the authors interpret as rehydration.21 The pH
dependence of the “open” and “closed” subpopulations of CO-
myoglobin correlates with protonation of the distal histidine47

and indicates an interconversion rate of 1.4µs-1 at 0 °C.48 At
pH 7, there is∼2% open form,48 implying a histidine open-
state lifetime of∼10 ns, which molecular simulations15 predict
to be sufficient for complete O2 exit from the distal pocket.
Consistent with the binding affinity of the distal pocket for O2

appearing to be significantly less than that of the Xe 4 site,
both kbc andkcb are assumed to be independent of the state of
distal pocket hydration.

In the proposed hydrated model (Figure 7) distal hydration
is assumed to block covalent binding of O2 to the iron so that
only the unhydrated Be state can transfer O2 to the A state.
Incorporating the O2 equilibrium binding constraintkbc/kcb and
the water occupancy of 0.6 (Table 1, entry 6) improves the
estimate of the maximal CO concentration in the C state as
compared to the unhydrated side path model. On the other hand,
introduction of hydration has little effect on the predicted rate
of CO exit from the Xe 1 site for either the sequential or side

path model. This underscores the fact that the O2 equilibrium
binding constraintkbc/kcb predominantly determines the depen-
dence of the C state lifetime on the pathway of egress. However
as seen in Figure 8, the correlation of residence time of CO in
the C state vs the fractional utilization of the histidine gate is
markedly more linear for the hydrated model as compared to
the graph of the unhydrated model in Figure 6. In the absence
of competitive water binding, the contribution from the sequen-
tial migration tends to dominate the predicted C state lifetime
since all of the CO following that path must pass through the
C state. In contrast, for the unhydrated side path model only
48% of the photolyzed CO is predicted to enter the C state. As
a result, the C state lifetime is comparatively insensitive to the
fraction of histidine gate entry until that fraction becomes fairly
large. When distal hydration is incorporated into the side path
model, 65% of the photolyzed CO is predicted to migrate into
the C state. Thus, at smaller fractions of histidine gate entry,
side path migration makes a substantial contribution to the
predicted overall C state lifetime.

Discussion

A role for the distal heme cavity in accommodating the O2

molecule covalently bound to iron appears straightforward. In
contrast, a potential selective advantage in O2 transport arising
from the evolutionarily conserved49 secondary cavities of
myoglobin, most particularly Xe 1, has remained unclear.
Indeed, alternate physiological roles for these cavities in NO
metabolism have been proposed.50 A physiological role for the
secondary cavities in the binding competition between water
and O2 for the distal pocket can be proposed by reference to
the side path migration model. In the absence of a C state, when
both water and oxygen enter from the solvent phase together,
reopening of the histidine gate and O2 exit would precede the
next potential iron binding event. Migration of O2 into the C
state allows for reequilibration of distal hydration before the
O2 molecule reenters the B state. The optimal kinetic parameters
of the hydrated side path model predict that, in the absence of

(45) Cao, W.; Christian, J. F.; Champion, P. M.; Rosca, F.; Sage, J. T.
Biochemistry2001, 40, 5728-5737.

(46) Esquerra, R. M.; Goldbeck, R. A.; Kim-Shapiro, D. B.; Kliger, D. S.
Biochemistry1998, 37, 17527-17536.

(47) Morikis, D.; Champion, P. M.; Springer, B. A.; Sligar, S. G.Biochemistry
1989, 28, 4791-4800.

(48) Tian, W. D.; Sage, J. T.; Champion, P. M.; Chien, E.; Sligar, S. G.
Biochemistry1996, 35, 3487-3502.

(49) Suzuki, T.; Imai, K.Cell. Mol. Life Sci.1998, 54, 979-1004.
(50) Frauenfelder, H.; McMahon, B. H.; Austin, R. H.; Chu, K.; Groves, J. T.

Proc. Natl. Acad. Sci. U.S.A.2001, 98, 2370-2374.

Figure 7. Combined sequential+ side path model for myoglobin binding
and release of O2 in which the distal pocket is either otherwise empty (e)
or contains a bound water of hydration (w). Covalent binding to iron is
assumed to occur only in the absence of distal pocket hydration. The opening
of the histidine gate (from the B state to solvent) is assumed to allow for
O2 entry and exit as well as equilibration of the distal hydration state. The
relative rate of exit from the B state (kbsevs kbsw) and entry into the C state
(kscevskscw) is determined by the equlibrium occupancy factor for the water
in the distal pocket.

Figure 8. Predicted mean and maximal range of CO lifetimes in the C
state as a function of the fraction of the Fe2+-bound population which enters
via the histidine gate in competition with water binding in the distal pocket.
The kinetic parameter sets (kba, kbc, kbs, kcs) of the combined hydrated
sequential+ side path model of Figure 7 were exhaustively searched to
determine all combinations consistent with the observed O2 geminate
recombination kinetics to within 1 rmsd of 1%.7 The distal hydration
occupancy of 0.623,24 and a relative reactivity of CO vs O2 of 1/2044 were
assumed. Thekbc/kcb value of 5 was used on the basis of the equilibrium
O2 binding data described herein.
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a C state, only 25% of the O2 which enters the B state from the
solvent becomes bound to iron before it has a chance to exit
back into the solvent phase. When the C state is incorporated
into the migration pathway, the overall efficiency of O2 binding
to the iron increases 1.5-fold to 37%.

The utility of this mechanism imposes severe constraints on
the rate constants. If a substantial fraction of O2 is to be affected,
the rate of B to C transfer must compete favorably with exit to
solvent. However, if the return to the B state is fast compared
to kbs, reequilibration of hydration cannot be achieved, and the
B and C states effectively merge to a common kinetic state.
The ability to integrate the kinetic effects of competition from
the distal hydration in a manner consistent with the observed
O2 geminate recombination data suggests that the multiexpo-
nential character of the rebinding process reflects not only the
return of O2 from the secondary cavities to the distal pocket
but also the time dependence of water penetration into the distal
cavity.

It may be noted that increasing the volume of the Xe 1 cavity
by alanine substitutions at either residue 104 or 138 also results
in an increase in the O2 bimolecular association rate constant.
In contrast, filling that cavity by a tryptophan substitution at
either position or by applying 12 atm Xe pressure leads to a
∼40% reduction in the association rate.7 Such behavior is not
anticipated from a simple unhydrated side path model, although
it is obviously compatible with a sequential pathway. On the
other hand, these changes in association rate occur with modest

effect on the geminate recombination fraction consistent with
the hydrated side path model but unexpected from a sequential
pathway.

Hemoglobin-catalyzed oxidation of the cellular regulator NO
has led to systemic vasoconstriction in clinical use of blood
substitutes based on extracellular hemoglobin.51 Certain muta-
tions that reduce the volume of the distal pocket for both theR
and â chains of hemoglobin have been found to reduce its
reactivity with NO and in turn decrease the vasoconstriction
arising from the extracellular hemoglobin.52 The combination
of equilibrium O2 binding measurements and CO and/or O2

migration data provides a means of determining the relative
kinetic contributions of the histidine gate vs secondary cavity
pathways to the entry and egress of such gases. Such information
will significantly inform the rational design of globin-based
blood substitutes for which O2 kon andkoff rates as well as the
overall equilibrium constant are of critical importance.
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