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ABSTRACT: Flash photolysis investigations of horse heart metmyoglobin bound with NO (Mb3+NO) reveal
the kinetics of water entry and binding to the heme iron. Photodissociation of NO leaves the sample in
the dehydrated Mb3+ (5-coordinate) state. After NO photolysis and escape, a water molecule enters the
heme pocket and binds to the heme iron, forming the 6-coordinate aquometMb state (Mb3+H2O). At
longer times, NO displaces the H2O ligand to reestablish equilibrium. At 293 K, we determine a valuekw

≈ 5.7 × 106 s-1 for the rate of H2O binding and estimate the H2O dissociation constant as 60 mM. The
Arrhenius barrier heightHw ) 42 ( 3 kJ/mol determined for H2O binding is identical to the barrier for
CO escape after photolysis of Mb2+CO, within experimental uncertainty, consistent with a common
mechanism for entry and exit of small molecules from the heme pocket. We propose that both processes
are gated by displacement of His-64 from the heme pocket. We also observe that the bimolecular NO
rebinding rate is enhanced by 3 orders of magnitude both for the H64L mutant, which does not bind
water, and for the H64G mutant, where the bound water is no longer stabilized by hydrogen bonding with
His-64. These results emphasize the importance of the hydrogen bond in stabilizing H2O binding and
thus preventing NO scavenging by ferric heme proteins at physiological NO concentrations.

Myoglobin (Mb)1 is a reversible oxygen (O2) carrying and
storage protein found in muscle cells and is one of the
simplest heme proteins. Mb has been studied extensively as
a model for exploring the relationship between protein
structure, dynamics, and function (1). In addition to O2, the
ferrous heme iron (Fe) in myoglobin (Mb2+) can bind other
diatomic ligands, such as carbon monoxide (CO) and nitric
oxide (NO). NO is found in vivo and regulates various
physiological functions including blood pressure (2, 3),
platelet aggregation, and neurotransmission (4, 5). Because
of the physiological significance of reversible binding of
diatomic ligands, the kinetics for O2, CO, and NO binding
to Mb2+ have been studied in detail (6, 7). Moreover, water
(H2O), which is abundant in the surrounding solvent and
protein structure, can also bind to theferric heme iron of
oxidized myoglobin (Mb3+) as a weak field ligand (8). Water
molecules participate in many biomolecular processes (9-
12). The interaction of water molecules with biomolecules
has been studied intensively, both theoretically (13, 14) and
experimentally (9, 15), but water transport through the protein
interior remains poorly understood.

In Mb2+, H2O does not bind to the ferrous heme Fe, but
can hydrogen bond to His-64 in the distal heme pocket (8).
When other ligands such as O2, CO, or NO bind to the
ferrous iron atom in Mb2+, the distal pocket water molecule
is displaced. The displacement of the H2O molecule upon

O2/CO/NO binding has been proposed to influence ligand
rebinding kinetics (6, 16-18), although the low occupancy
of the distal H2O in the high-resolution X-ray structure (19)
of Mb2+ at room temperature raises questions about the
energetic significance of this effect. Spectroscopic signatures
of the distal pocket water (18, 20, 21) in Mb2+ are too subtle
to conveniently monitor H2O kinetics. In Mb3+, on the other
hand, the large optical absorption difference (Figure 1)
between 6-coordinate (8) water-bound heme Fe3+ and the
5-coordinate heme Fe3+ makes it possible to monitor water
binding kinetics directly. In this work, we present laser flash
photolysis experiments on metmyoglobin bound with NO
(Mb3+NO) in buffer solution and investigate the time scale
and possible pathway for H2O entry into the heme pocket.
Although geminate water binding to a nonequilibrium state
of Mb2+ at low temperature has been reported (22-24), the
rate of H2O entry into the heme pocket of Mb near
physiological temperatures has not been studied previously.

Our results show that after NO is dissociated, water enters
the heme pocket, binds to the heme Fe3+, and is subsequently
displaced during the bimolecular rebinding of NO. NO
association with H64L and H64G mutants is approximately
3 orders of magnitude faster than in the native protein,
suggesting that H-bond stabilization of bound H2O by His-
64 may prevent scavenging of NO by ferric heme proteins.
The water entry rate is found to bekw ) 5.7 × 106 s-1 at
293 K, with an associated Arrhenius barrierHw ) 42 ( 3
kJ/mol. The barrier height for CO escape from Mb2+ is
identical within experimental uncertainty, consistent with a
common mechanism for entry and exit of small molecules
from the heme pocket. We suggest that His-64 plays a
dynamic role in controlling the access of small molecules
to the binding site.
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EXPERIMENTAL PROCEDURES

Sample Preparation.Native horse heart myoglobin was
purchased from Sigma Chemical Co. Sperm whale myo-
globin mutants H64L and H64G, expressed from a synthetic
gene inEscherichia coli(25), were obtained from Prof. S.
G. Sligar at the University of Illinois. Mb3+NO samples with
the desired concentration (60-90 µM) were prepared in
0.067 M KH2PO4/Na2HPO4, pH 6.44, buffer solution (26)
to retard autoreduction and then transferred to 1 mm quartz
cuvettes sealed by rubber septa. Samples were degassed by
repeated evacuation and flushing with Ar or by continuous
flushing with Ar for more than 20 min. The NO gas (99.0%
pure, Matheson) was bubbled through 0.1 M NaOH solution
(27-30), and then through buffer solution, and finally was
introduced to degassed samples at a pressure of 1 atm for
about 20 s. Samples prepared in this fashion were stable
(against autoreduction to Mb2+NO) for approximately 40 min
at room temperature and for more than 1 h at 273 K.MbCO
samples were prepared from horse metMb as previously
described (31). All pH values were obtained using a Beckman
InstrumentsΦ40 pH meter. Static absorption spectra were
measured using a Hitachi U-3410 spectrophotometer.

Experimental Setup and Procedures.The flash photolysis
experimental setup and procedures are similar to those
reported previously (32-34) with the following minor
changes. A cw beam produced by a universal arc lamp (Oriel
Instruments, model 66021) and a 0.25 m monochromator
(Oriel Instruments, model 77200) was used to probe the
kinetic response of the sample at selected wavelengths. The
signal is detected by a high-linearity low-noise photomul-
tiplier (Hamamatsu, H6780) and recorded by a transient
digitizer (LeCroy 9420). The laser pulse (10 ns, 532 nm),
produced by a 10 Hz Nd-doped yttrium-aluminum-garnet
(YAG) laser (Continuum Surelite I), is used to photolyze
the sample. The pump pulse energy is typically 25 mJ.

The ultrafast pump-probe experimental setup is described
in detail elsewhere (35). Briefly, 70 fs pump and probe pulses
are generated by frequency doubling the output of a mode-
locked Ti:Sapphire laser, and the arrival of the probe pulse
at the sample is delayed with respect to the pump pulse by
a variable optical delay line. Typical energies are 0.5 nJ per
pump/probe pulse pair. Pump-induced changes in transmis-
sion as a function of delay time are measured in an “open
band” configuration (35) by phase-sensitive detection of the
probe beam intensity using a photodiode and a lock-in
amplifier referenced to the pump modulation frequency.

Data Analysis.We use both a maximum entropy method
(MEM) (36-38) and a global Levenberg-Marquardt non-
linear least-squares (LS) method to analyze the kinetic data.
To obtain the rate constants, the LS method simultaneously
fits the experimentally observed absorbance changes,∆A(t),
recorded at one or more wavelengths to a function of the
form

The rates (kg, kw, ks) are constrained to have the same value
at all wavelengths, while the amplitudes (Ig, Iw, Is) vary
independently. (Below, we will identify the three processes
g, w, and s with geminate NO rebinding, bimolecular H2O

association, and bimolecular NO rebinding to Mb3+.) Alter-
natively, MEM describes the observed data using a loga-
rithmic rate distributionf(log k), obtained by fitting the data
with

For distributionsf(log k) composed of a series of symmetric
peaks, rate constants are then assigned to the peak values.
We note that MEM analysis of a stretched exponential (â <
1 in eq 1) leads to a broad asymmetric distribution that
contrasts with the sharply peaked symmetric distribution of
a single exponential (â ) 1). The inset in Figure 2a′
compares distributions resulting from MEM fits to synthetic
data withâ ) 0.5 andâ ) 1. For Mb3+NO kinetics, LS fits
to eq 1 withâ ) 1 yielded rate constants that agreed with
values obtained using MEM, within the estimated 10-15%
error margin. Rate constants for Mb2+CO were obtained
using the LS method, withIw ) 0 andâ ) 0.5 in eq 1.

RESULTS

Figure 1 shows absorption spectra of the water-ligated
(Mb3+H2O) and NO-ligated (Mb3+NO) states of native
metMb in the Soret band region, along with the spectrum of
a H64L metMb mutant (Mb3+) with the same concentration.
The H64L mutant is 5-coordinate in the ferric oxidation state
(8, 39) and is used here to simulate the transient 5-coordinate
photoproduct (28, 40, 41) created when NO has been
photolyzed, but the water has not yet bound to the Fe
coordination site vacated by NO. For monitoring H2O
kinetics, the key experimental wavelength is the isosbestic
point between Mb3+NO and 5-coordinate H64L metMb,
which is located near the maximum absorbance of native
metMb at 410 nm. From Figure 1, we expect that near 410
nm, the absorbance will first increase, when H2O enters the
heme pocket and binds to Fe3+ (Mb3+ f Mb3+H2O), and
later decrease, when NO replaces H2O (Mb3+H2O f
Mb3+NO). If we monitor at 390 and 419 nm, we will observe

FIGURE 1: Absorption spectra of the equilibrium 6-coordinate
ligation states Mb3+H2O (solid line) and Mb3+NO (dashed line) of
native metMb, along with the spectrum of the H64L mutant (Mb3+,
dash-dot line). H64L is 5-coordinate in the ferric oxidation state,
analogous to the transient photoproduct created when native Mb3+-
NO is dissociated. The key experimental wavelength is near 410
nm, where we expect to see the absorbance increase when H2O
binds, and subsequently decrease when NO replaces H2O. At 390
and 419 nm, the absorbance change (∆A) monotonically decreases
(at 390 nm) or increases (at 419 nm) during the ligand binding
process.

∆A(t) ) ∫0

∞
f(log k)e-kt d(logk) (2)

∆A(t) ) Ige
-(kgt)â

- Iwe-kwt + Ise
-kst (1)
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a monotonic absorbance decrease (at 390 nm) or increase
(at 419 nm) during the entire ligand binding (H2O) and
replacement (NO) process.

The left panels in Figure 2 show absorbance changes
[(∆A(t)] following photolysis of native horse heart
Mb3+NO at 293 K monitored at 390, 410, and 419 nm.
Although only 10% of the proteins are photolyzed by the
10 ns YAG pulse [compared to 3.6% measured by Hoshino
et al. (40)], due to geminate rebinding on faster time scales
(see below), we obtain excellent signal-to-noise at all
wavelengths. At 410 nm (Figure 2b), we can see that the
absorbance first increases and then decreases. On the other
hand, at 390 nm (Figure 2a) and 419 nm (Figure 2c), the
absorbance changes monotonically [note that Figure 2c plots
-∆A(t)].

The nonmonotonic absorbance change at 410 nm dem-
onstrates that there are at least three distinct optical species.
We interpret the experimental results displayed in Figure 2
in terms of three optical states: Mb3+NO, Mb3+H2O (6-
coordinate), and Mb3+ (photoproduct, 5-coordinate), accord-
ing to the consecutive reaction scheme

where Mb3+NO and Mb3+H2O are the NO- and H2O-bound
states, (Mb3+,NO) or (Mb3+,H2O) are 5-coordinate states with
NO or H2O in the protein interior but not bound to Fe3+,
and Mb3+ is the 5-coordinate state with an empty heme
pocket. According to this model, we interpret the sequence
of events as follows. After NO is photodissociated, the
sample is in the 5-coordinate state (Mb3+,NO). From this
transient state, most of the NO (about 90% at 293 K) directly
rebinds geminately to the heme Fe3+ without leaving the
protein. After the nongeminate fraction of NO escapes to
the solvent, forming a relatively long-lived 5-coordinate state
(Mb3+), water molecules can enter and bind, forming the
6-coordinate aquometMb state (Mb3+H2O). The increase of
the absorbance at 410 nm corresponds to the binding of H2O
(Mb3+ f Mb3+H2O). The time scale for this process is on
the order of 200 ns at 293 K according to the data in Figure
2. Finally, on millisecond time scales, NO displaces the
bound H2O, leading to the decrease in∆A seen in Figure 2b
(Mb3+H2O f Mb3+NO).

The right panels in Figure 2 show rate distributionsf(log
k) that result from fitting the kinetic processes in the
corresponding left panels using the maximum entropy
method (MEM). The peaks in the rate distributions are
narrow, indicating that they represent single exponential
decays (note inset in Figure 2a′). The≈105 s-1 rate of the
minor component in Figure 2 increases with NO concentra-
tion, and may include bimolecular NO rebinding to ferrous
Mb2+, present as an impurity due to autoreduction of
Mb3+NO. Because its amplitude is small and it is well
separated in time, it does not affect the rates determined for
the major kinetic components. The negative peak in Figure
2b′ corresponds to the increase of∆A in Figure 2b, i.e., the

entry of H2O into the heme pocket and its binding to the
heme iron.

Ultrafast measurements (Figure 3) suggest that geminate
NO rebinding is mostly completed on picosecond time scales.
Figure 3 shows ultrafast measurements of the absorbance
change at 410 and 419 nm following photolysis of native
Mb3+NO at room temperature. The MEM rate distribution
f(log k) reveals four exponential decays corresponding to
kinetics (as well as a peak near 0.1 ps corresponding to
coherence effects near zero delay). The time constants for
the four exponential decays, calculated as the inverseτ )
1/kmax of the corresponding peak value in the rate distribution
f(log k), are shown in Table 1. Analogous measurements on
native horse heart metMb yield only the first two processes
(about 0.6 and 5 ps, data not shown). On this basis, we
identify the 0.6 and 4 ps processes (Figure 3, Table 1) with
electronic decay and cooling processes of the photoexcited
heme, which we report in detail elsewhere (35).

We attribute the 24 and 300 ps components to rapid
photochemical processes. Geminate rebinding of NO by
Mb3+ is undoubtedly the principal contribution. Geminate
NO rebinding to Mb2+ (27), produced by autoreduction of a

Mb3+NO + H2O {\}
kAB

kBA
(Mb3+,NO) + H2O {\}

kBC

kCB

Mb3+ + NO + H2O {\}
kCD

kDC
(Mb3+,H2O) +

NO {\}
kDE

kED
Mb3+H2O + NO (3) FIGURE 2: The left panels show absorbance changes (small circles)

following photolysis of native horse heart Mb3+NO at 293 K
monitored at (a) 390 nm, (b) 410 nm, and (c) 419 nm [note (c) is
-∆A]. The solid lines are results of the MEM fits. In (b), the
increase and subsequent decrease in absorbance correspond to the
processes of H2O binding followed by displacement of the bound
H2O by NO. The right panels show the MEM rate distributions
f(log k) corresponding to the kinetic processes in the corresponding
left panels. The negative peak in (b′) represents a single exponential
corresponding to the absorbance increase in (b) (H2O entry and
binding). For comparison, panel a′ also shows rate distributions
derived from MEM fits to the functionf(t) ) e-(kt)â with k ) 104

s-1 for single exponential (â ) 1) and stretched exponential (â )
0.5) decays.
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small fraction of the Mb3+NO sample, might also contribute
to the 24 ps component. We cannot exclude the possibility
of more exotic photochemistry, such as photoinduced linkage
isomerism, although this intriguing process has so far only
been observed for a small fraction of nitrosyl porphyrins in
the ferrous state at low temperature (42). However, the
ultrafast measurements in Figure 3 confirm that the popula-
tion of photochemical transients is negligible on the nano-
second time scale of the measurements in Figure 2. In
particular, only the trailing edge of the geminate NO
rebinding process will contribute to the nanosecond kinetics
at 419 nm. Moreover, the negligible amplitude of the 300
ps process at 410 nm confirms that this wavelength is close
to the isosbestic point between the 6-coordinate bound
species Fe3+NO and the transient 5-coordinate photoproduct,
consistent with our interpretation of the initial increase in
∆A at 410 nm (Figure 2b) as the appearance of a new (6-
coordinate) H2O-bound species.

As a further test of our hypothesized 3-state model, we
repeated the measurement under the same conditions, using
the H64L mutant of sperm whale Mb. This mutant is
5-coordinate in the Fe3+ state, and there is no water molecule
inside the heme pocket or bound to the heme (8). Figure 4
shows the absorbance changes upon NO photolysis from
H64L monitored again at 390, 410, and 419 nm. In contrast
to native Mb, the absorbance changes are monotonic decays
at all three wavelengths. This suggests that there are only
two optically distinct states present during the kinetic process,
which we attribute to 5-coordinate Mb3+ and Mb3+NO. The
absence of significant absorption changes at 410 nm upon
photolysis of H64L-NO strongly supports our interpretation
of the signal observed for native Mb in Figure 2b as binding
and subsequent displacement of the H2O ligand. The simpli-

fied consecutive reaction scheme

can be used to interpret the kinetic phenomena for the H64L
sample. In addition, comparison of Figure 2 and Figure 4
reveals that the bimolecular rebinding rate of NO to H64L
mutant Mb3+ (≈105 s-1) is more than 3 orders of magnitude
faster than for native Mb3+.

Experiments on the NO complex of H64G under identical
conditions are shown in Figure 5. This mutant has a solvent
molecule bound to the ferric heme (8), but the transient
absorbance at 410 nm (Figure 5b) indicates thatkw is at least
an order of magnitude faster than in native Mb. Moreover,
comparison of Figure 4 and Figure 5 reveals that the
bimolecular NO rebinding rate (∼105 s-1) is almost the same
for both the H64L and H64G mutants.

Fitting the experimental data in Figure 2 yields values for
the rates in eq 1. Table 2 presents the temperature dependence
of the ratekw associated with water entry and binding along
with the bimolecular NO rebinding rate,ks, extracted using
both MEM and LS methods. The LS analysis supplements
eq 1 with an additional exponential term to fit the minor
bimolecular process visible near 105 s-1 in the native Mb.
To evaluate possible mechanisms for water penetration into
Mb, we compare the Arrhenius barrier height associated with
water entry into the heme pocket with the barrier for CO
escape from ferrous Mb. In Figure 6, we display Arrhenius

FIGURE 3: Pump-induced intensity changes (small circles) observed
following photolysis of native horse heart Mb3+NO at room
temperature, monitored at 410 and 419 nm. The solid lines are
MEM fits. At 410 nm, close to the isosbestic point between the
6-coordinate NO-bound species and the transient 5-coordinate
photoproduct, there is no significant absorbance change other than
a sub-10 ps decay due to repopulation of the electronic ground state
and cooling. The right-hand panels display the corresponding MEM
rate distributionf(log k).

Table 1: Decay Time Constants from Ultrafast Measurements on
Native Horse Heart Mb3+

τ1 (ps) τ2 (ps) τ3 (ps) τ4 (ps)

Mb3+NO (measured at 410 nm) 0.7 4.6 46 270
Mb3+NO (measured at 419 nm) 0.6 3.9 24 320

FIGURE 4: The left panels show the NO rebinding kinetics (small
circles) and the MEM fit (solid lines) for ferric H64L Mb3+NO at
293 K, monitored at (a) 390 nm, (b) 410 nm, and (c) 419 nm. The
right panels show the corresponding MEM rate distributionf(log
k). In contrast to the native protein (Figure 2), the absorption change
is monotonic at all wavelengths, and little absorbance change is
observed at the 410 nm Mb3+NO/Mb3+ isosbestic wavelength.

Mb3+NO {\}
kAB

kBA
(Mb3+,NO) {\}

kBC

kCB
Mb3+ + NO (4)
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plots both ofkw for Mb3+NO from Table 2, and of the rate
kout for CO escape from native ferrous horse heart Mb2+CO.
The latter rate is determined according tokout ) kgIs/(Is +
Ig), from the ratekg and amplitudeIg of the geminate CO
rebinding rate and the amplitudeIs of bimolecular CO
rebinding. Fits of data in Figure 6 to the Arrhenius relation

yield the activation enthalpy,H, and the prefactor,k0, for
the water binding ratekw and CO escape ratekout. Within
experimental error, the activation enthalpies determined from
the slope of the Arrhenius plot for these two processes are
the same. The significance of the small vertical offset
responsible for the different prefactor for these processes is
unclear, because of the possibility that the rate constant
determined from the LS fit to a stretched exponential may

systematically overestimate the underlying rate (see inset in
Figure 2a′). Table 3 summarizes parameters that describe
the temperature dependence of observed processes.

ANALYSIS AND DISCUSSION

Kinetic Analysis for NatiVe Mb3+NO. For native Mb3+-
NO, the experimental data in Figure 2 can be fitted to several
single exponential decays, using either MEM or LS methods.
The rate constants for the major processes are denoted bykg

(geminate NO rebinding),kw (bimolecular H2O association),
andks (bimolecular NO rebinding to Mb3+), as shown in eq
1. To relate the fundamental rates in the 5-state model (eq
3) to the observed rates (eq 1), we need to solve the set of
differential equations

FIGURE 5: The left panels display absorbance changes (small
circles) and MEM fits (solid lines) following photolysis for ferric
H64G Mb3+NO at 293 K, monitored at (a) 390 nm, (b) 410 nm,
and (c) 419 nm. The right panels show the corresponding MEM
rate distributionf(log k).

Table 2: Temperature Dependence ofkw andks in Native Mb
Obtained Using the MEM and LS Fitting Methods, along with the
Rates for H64L and H64G at 293 K

temp,T (K) kw (s-1) ks[NO]-1 (s-1 M-1) [NO] (10-3 M)a

293 5.7× 106 5.6× 104 2.0
288 4.3× 106 4.1× 104 2.2
283 3.7× 106 2.3× 104 2.5
278 2.4× 106 1.4× 104 2.8
273 1.6× 106 0.7× 104 3.2

293 (H64L) b 5.9× 107 2.0
293 (H64G) 6.7× 107 4.7× 107 2.0

a Calculated from published NO solubilities (75). b Not observed.

k ) k0 exp(- H
kBT) (5)

FIGURE 6: Temperature dependence of the water binding ratekw
(O) in ferric native horse heart Mb3+NO and the CO escape rate
kout (0) in ferrous native horse heart Mb2+CO.

Table 3: Arrhenius Barrier Height and Prefactor for Water Binding
(kw) in Ferric Mb3+NO, for CO Escape (kout) in Ferrous Horse Heart
Mb2+CO, and for NO Association in Ferric Mb3+NO

barrier height,H (kJ/mol) prefactor,k0 (s-1)

kw (native Mb3+NO) 42( 3 2× 1014

kout (native Mb2+CO) 43( 3 7× 1014

ks (native Mb3+NO) 66( 5

dA
dt

) -kABA + kBAB

dB
dt

) kABA - (kBA + kBC)B + kCBC

dC
dt

) kBCB - (kCB + kCD)C + kDCD (6)

dD
dt

) kCDC - (kDC + kDE)D + kEDE

dE
dt

) kDED - kEDE
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for the initial condition B ) 1 that exists immediately
following the photolysis pulse. HereA, B, C, D, and E
represent the populations of Mb3+NO, (Mb3+,NO), Mb3+,
(Mb3+,H2O), and Mb3+H2O, respectively. Based on the
assumptionskBA,kBC . kAB,kCB andkDE,kDC . kED,kCD, we
invoke an adiabatic time scale separation into two nearly
independent sets of equations.

The fastest time scale processes can be described by a
reduced model

where only A, B, and C have significant populations.
According to eq 7, almost all of the initial populationB )
1 decays to A and C at a rate

From Figure 3, most of the B-state population decays on a
time scale less than 1 ns, with only a small tail extending
out to the nanosecond and longer time scales probed in Figure
2.

Due to the time scale separation, B and D have negligible
populations at longer times, and only three states remain in
the reduced equation set

where

Further simplifications follow upon consideration of the
equilibrium behavior. In the absence of NO, almost all
proteins have H2O bound at the heme (state E), so that we
takekoff

H2O , kon
H2O.

Since A is the only state with substantial equilibrium
population at the NO concentration used in the present
experiments, we further neglectkoff

NO in comparison with
other rates, and for the nanosecond experiments we only
consider the population remaining in the C state following
the decay of the B state. Under these conditions, the
population

of the E state probed near 410 nm undergoes a transient

increase at a rate

followed by a decay at the rate

Displacement of Hydrogen-Bonded H2O Modulates NO
Binding.Previous studies characterized the bimolecular phase
of NO binding to ferric Mb (29, 40, 43-49). Our measured
association rateks/[NO] ) 5.6× 104 s-1 M-1 at 293 K (Table
2) agrees with previous results obtained using either stopped-
flow (29, 46, 47) or flash photolysis (47) methodologies.
Significantly larger (40) or smaller (49) NO association rates
have been reported in other studies. From the temperature
dependence of the NO association rates listed in Table 2,
we estimate an activation enthalpy 66( 5 kJ/mol (Table
3), in agreement with the 63( 2 kJ/mol value reported by
Laverman et al. (49).

The rate of bimolecular NO association to the ferric H64L
and H64G mutants summarized in Table 2 is approximately
3 orders of magnitude faster than observed for native Mb3+.
The rate enhancement for H64L can be attributed to the
absence of a water molecule coordinated to the heme Fe3+.
In the kinetic model outlined in the previous section, the
presence of the bound water molecule retards NO association
with the native protein by a factorkoff

H2O/kw (eq 13) compared
to NO association with a protein with a 5-coordinated heme.
Indirect supporting evidence that water dissociation is a
prerequisite for NO association comes from the large
activation volume recently reported for this process (49). A
water dissociation mechanism was also proposed (43) for
NO binding to a water-soluble Fe3+ porphyrin model system,
based on the similarity of the reported activation enthalpies
for H2O exchange (50) (57 kJ/mol) and NO association (48)
(62 kJ/mol).

Although the X-ray structure of the H64G mutant (8)
shows a solvent molecule bound to the heme Fe3+, the NO
association ratekon ) 4.7× 107 s-1 M-1 (Table 2) is nearly
as fast as for H64L. Similarly, the rate constantkon ) 2.2×
107 s-1 M-1 reported for NO binding at 293 K to elephant
Mb3+, in which the distal His is replaced by Gln, is 500-
1000 times faster than for globins with His in the E7 position
(46), although NMR results (51) indicate the presence of a
water bound to the heme in elephant Mb3+. These results
demonstrate that the bound water does not significantly
impede NO binding unless it is stabilized by hydrogen
bonding with the distal histidine.

To consider the possible physiological significance of this
destabilization of NO binding, we may use the reported NO
dissociation rate of 14 s-1 at 293 K (29, 46) to estimate a
250 µM NO dissociation constant for native Mb3+. As a
result, the dominant “closed pocket” conformation of oxi-
dized Mb will have no influence on physiological signaling
processes, where the peak NO concentration is expected to
be in the range of 100-500 nM (52). Since it has been
recently questioned whether Mb plays an essential role in
O2 transport (53), it is worth pointing out that properties of
the cellular microenvironment, such as reduced pH, that favor

Mb3+NO + H2O 79
kBA

(Mb3+,NO) + H2O98
kBC

Mb3+ + NO + H2O (7)

kg ) kBA + kBC (8)

Mb3+NO + H2O {\}
koff

NO

kon
NO

Mb3+ + NO +

H2O {\}
kon

H2O

koff
H2O

Mb3+H2O + NO (9)

koff
NO )

kAB kBC

kBC + kBA

kon
NO )

kCB kBA

kBC + kBA

koff
H2O )

kED kDC

kDC + kDE

kon
H2O )

kCD kDE

kDE + kDC
(10)

E ) E0(e
-kst - e-kwt) (11)

kw ) kon
NO + kon

H2O (12)

ks )
koff

H2Okon
NO

kw
(13)
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the “open” pocket (A0) conformation (in which the distal
His is displaced from the heme pocket and no longer
available to stabilize the bound water) might allow Mb3+ to
become a significant reservoir for NO at physiologically
relevant concentrations.

An interesting contrast is provided by the heme protein
nitrophorin, which transports and releases NO to facilitate
the feeding of the blood-sucking bugRhodnius prolixus. The
300 nM NO dissociation constant reported (45) for nitro-
phorin enables the transport and release of NO at concentra-
tions that are believed to lead to significant vasodilation in
the host animal. Although the X-ray structure of nitrophorin
shows that the ferric protein is 6-coordinate in the absence
of NO, the distal heme pocket does not contain a His residue
(54, 55), again indicating that the bound solvent molecule
must be stabilized by hydrogen bonding to significantly
impede NO association.

Displacement of water from the heme pocket has also been
proposed to influence the binding of diatomic ligands to the
reduced protein (6, 16-18). In native Mb2+, H2O does not
bind to the ferrous heme, but is hydrogen bonded to the distal
His and is displaced on binding a sixth ligand to the heme
(8). However, the effect on binding rates is less dramatic
than that reported here for the ferric protein. For example,
the rate constant for CO (O2) association with H64L, which
has no distal pocket water in its X-ray structure (8), is 50
(6) times faster than with the native protein (16, 17, 56).
The influence of the distal pocket water on ligand binding
to Mb2+ has recently been questioned (19) on the basis of
1.15 Å crystal structures of Mb2+ at room temperature (19)
and at 100 K (57), which estimate approximately 50%
occupancy of the distal water site.

Entry, Binding, and Dissociation of H2O. Experimental
data for the H64L mutant at 293 K in Figure 4 yieldkon

NO ≈
105 s-1, while results on the native protein (Figure 2) yield
kw ) 5.7 × 106 s-1, so we assumekon

NO , kw for the native
protein, and conclude from eq 12 that

Thus, the values reported in Table 2 forkw represent direct
measurements of the rate of water binding to ferric Mb.
Moreover, assuming that the ratekon

NO of NO binding to the
5-coordinate state has the same value for the native protein
as for H64L, we can estimate from eq 13 that

so that the NO bimolecular rebinding rateks ) 110 s-1 yields
an estimatekoff

H2O ) 6300 s-1 (see Table 4) for the rate of
H2O dissociation from native Mb3+H2O at 293 K.

We further estimate the dissociation constantK ) 61 mM
(Table 4) for the heme-bound H2O from the ratio of the off
and on rates at 293 K. This value ensures 100% occupancy
of the heme Fe binding site of the native protein in aqueous

solution ([H2O] ) 55 M) and also emphasizes the stabilizing
influence of His-64 on H2O binding. The absence of a bound
water in the H64L mutant implies that substitution of Leu
for His-64 increases the water dissociation constant by more
than 3 orders of magnitude, consistent with the effect of His-
64 on NO binding discussed above. The stabilization of H2O
binding to Mb3+ by His-64 parallels the influence of His-64
on O2 binding to Mb2+. Displacement of His-64 from the
heme pocket in the open conformation dramatically increases
the rate of O2 dissociation(33), and systematic site-directed
mutagenesis studies show that hydrogen bonding of O2 with
the distal His enhances the O2 affinity of Mb2+ by at least 2
orders of magnitude (17).

Experimental results on NO binding to H64G (Figure 5)
suggest the relative importance of the rates for H2O entry
and binding [kCD andkDE, respectively, in the expression (eq
10) for kon

H2O] on the observed ratekon
H2O ≈ kw for the native

protein. In H64G, H2O binds to the ferric heme iron, as in
native Mb. However, crystal structures of H64G, both in the
CO and in the aquomet forms, show an enlarged distal pocket
that is more accessible to solvent. In particular, solvent
molecules are observed adjacent to the coordinated CO ligand
(8). Upon photolysis of H64G-NO, it is thus likely that the
photolyzed NO is replaced by an H2O molecule that is
already present in the distal pocket, rather than by a bulk
solvent molecule that has to first enter the pocket, i.e.,kw ≈
kDE for H64G. As noted above,kw is at least 1 order of
magnitude larger for H64G than for native Mb, consistent
with this scenario (i.e.,kDE . kDC for native Mb). An
important corollary is that a H2O molecule entering the heme
pocket of native metMb has a high probability of binding to
the iron without escaping. We conclude that the H2O binding
ratekw observed following photolysis of native Mb3+NO is
approximately equal to the rate of H2O entry into the heme
pocket, i.e.,kw ≈ kCD from eqs 10 and 14 withkDE . kDC.

Other Measurements of H2O Kinetics.The present deter-
mination of the H2O binding rate supports a previous
qualitative conclusion (47) that H2O binding to photolyzed
Mb3+NO is complete before the beginning of the bimolecular
phase of NO rebinding. A similar process presumably follows
photolysis of Mb2+CO, since a water molecule observed in
the X-ray structure of deligated Mb2+ is displaced upon
binding CO (8). Binding of H2O in the distal pocket was
suggested to contribute to transient changes in the visible
absorption and magnetic optical rotatory dispersion signals
observed following photolysis of Mb2+CO on a 400-600
ns time scale (18), similar to that determined here for Mb3+.
However, the relatively weak nonbonded interaction of the
distal H2O molecule with the ferrous heme renders it difficult
to distinguish this process from conformational changes in
the heme environment for Mb2+.

A recent investigation of H2O kinetics in Mb was
performed following reduction of Mb3+H2O by either ir-
radiation or dye-mediated photoreduction at low temperatures
(22-24). In this cryogenically stabilized Mb2+H2O inter-
mediate, H2O can be reversibly photolyzed, and geminate
H2O rebinding to the heme is governed by a distribution of
barrier heights very similar to those found for diatomic heme
ligands (22). The specific structural changes that promote
dissociation of H2O upon relaxation to the equilibrium Mb2+

structure remain unclear, although we speculate that tau-

Table 4: Estimated Water On Ratekon
H2O, Water Off Ratekoff

H2O, and
Water Dissociation ConstantK ) koff

H2O/kon
H2O at 293 K

kon
H2O (s-1 M-1) koff

H2O (s-1) K (mM)

1 × 105 6300 61

kw ≈ kon
H2O (14)

ks ≈ koff
H2O

57
(15)
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tomerization of His-64 might alter the character of the His-
64‚‚‚H2O hydrogen bond. In the present study, solvent entry
to the heme pocket limitskw, so we do not obtain direct
information about the geminate H2O rebinding to the native
ferric protein.

Various studies have reported exchange rates for water
molecules bound to protein cavities, to model compounds,
and to metal ions. Based on the estimated water on ratekon

H2O

and water off ratekoff
H2O listed in Table 4, we estimate the

water exchange rate as approximately 6300 s-1 for native
horse Mb3+H2O. Table 5 lists water exchange rates and
Arrhenius barriers determined for individual water molecules
bound to proteins and nucleic acids near room temperature.
Most of these results have been reviewed by Halle (9). Since
the rates span many orders of magnitude, it is likely that the
mechanism of water exchange varies significantly among
these cases. It is thus unexpected that the 6300 s-1 water
exchange rate estimated here for Mb3+H2O is similar to the
rate determined (58) for a buried H2O in the 58-residue
protein bovine pancreatic trypsin inhibitor (BPTI) (Table 5).
In the case of BPTI, it has been proposed that exchange of
the buried water molecule requires a large transient confor-
mational change in the protein (58).

Small Molecule Access to the ActiVe Site.The function of
many proteins relies on the access of small molecules such
as water or oxygen to sites in the protein interior. The solvent
inaccessibility of the active site in the static structural model
of myoglobin derived from X-ray diffraction measurements
is a classic illustration of the importance of protein dynamics.
Conformational fluctuations must open a transient pathway
or pathways for entry and exit of oxygen. Based on
examination of the early X-ray structures, Perutz and Chance
noticed that rotation of His-64 about the CR-Câ bond
displaced the imidazole ring from the heme pocket and
proposed that this facilitated the access of oxygen and other
small molecules to the active site (59, 60). Early theoretical
analysis (61) provided some support for this proposal, but
later simulations identified multiple energetically accessible
pathways for ligand migration between the heme pocket and
solvent (62). Experimental input is required to clarify which
pathways are actually utilized under physiological conditions.

We previously determined the rate (1.4× 106 s-1) of
interconversion between “open” and “closed” pocket con-
formations of Mb2+ in aqueous pH 5 buffer at 273 K and
found it to be comparable to the rate of CO escape from the
distal heme pocket of the closed conformation (34). These
rates also agree with the water entry rate at 273 K (Table

2). The crystal structure of the open conformation shows
His-64 displaced from the pocket (63), analogous to the
transient structure proposed by Perutz and Chance (59, 60).
Together with the predominance of ligand escape through
the classical pathway in simulations in which His-64 is
displaced from the pocket (62), this suggests that ligand
escape occurs primarily along the classical pathway under
these solution conditions.

To our knowledge, there has not been a direct investigation
of a second aspect of the Perutz/Chance hypothesis (59, 60),
namely, that motion of His-64 facilitates ligandentry, as well
as exit. Figure 6 compares the temperature dependence of
the rates for H2O binding to Mb3+ and CO escape from Mb2+

as a function of temperature. Within experimental uncer-
tainty, the activation enthalpy is the same. This result is not
an obvious consequence of most models in which small
molecules migrate along multiple pathways between the
heme pocket and solvent. In general, two factors would
contribute to differing temperature dependences: (1) Dif-
ferent energies for noncovalent CO and H2O binding to the
heme pocket or other internal cavities would cause these
molecules to migrate through the protein matrix at different
rates. (2) Even in the absence of molecule-specific migration
rates, differences in the energy of molecular binding in the
pocket rather than in solvent should lead to nonequivalent
rates for exit and entry.

On the other hand, a model in which transient formation
of an “open” conformation drastically lowers the barrier for
small molecule migration between the heme pocket and
solvent provides a natural explanation for the results in Figure
6. In this case, the rate-limiting step is the same for exit and
entry and is independent of the migrating molecule, and the
activation enthalpy determined from the slope of Figure 6
is the barrier to formation of the open conformation.
Interestingly, a similar model was proposed to describe
quenching of Zn-substituted Mb fluorescence by oxygen (64).
However, that study reported a 14.5 kJ/mol value for the
activation enthalpy associated with the O2 exit process, much
smaller than the 42 kJ/mol value determined here for CO
escape. Comparison of these results suggests that the
quenching site is distinct from the binding site, and that more
limited conformational changes enable migration between
the quenching site and the solvent.

While the evidence presented here further supports ligand
entry and exit via a common pathway controlled by displace-
ment of His-64 from native Mb in aqueous solution, other
pathways may be accessed in Mb mutants or in nonaqueous
solutions. In 75% glycerol solutions, we and others previ-
ously determined a rate of open/closed interconversion (34,
65, 66) that is at least an order of magnitude slower than
the rate of CO escape. In this case, the dramatic reduction
of the interconversion rate in the highly viscous solution
forces the ligand to find alternative pathways to the solvent.
Time-resolved studies of the H64Y mutant led to the
conclusion that Tyr-64 is displaced from the pocket on a
millisecond time scale, approximately 3 orders of magnitude
slower than the displacement of His-64 from the native
protein (67). Again, this would presumably force the ligand
to escape by an alternative pathway. The dominant escape
pathway(s) for ligand escape also varies (vary) in molecular
dynamics simulations. Simulations starting from the closed
conformation reveal multiple energetically accessible path-

Table 5: Water Exchange Kinetics in Biological Systems, Model
Compounds, and Metal Ions

k (s-1) H (kJ/mol)

Mb (this paper) 6.3× 103 (293 K) b
BPTI (58) 5.9× 103 (300 K) 90a

ribonuclease A (76) 1.3× 108 (300 K) 43
ribonuclease T1 (77) 1.4× 108 (300 K) b
B-DNA (78-80) 1 × 108 (253-277 K) 52
photosystem II (81) 4.9 slow component (293 K) 78

56 fast component (293 K) 39
Fe3+-TPPS (50) 1.4× 107 (298 K) 57
Fe(OH2)6

3+ (82) 1.6× 102 (298 K) 64
a A non-Arrhenius description of the temperature dependence was

proposed (58) as preferable.b Not determined.
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ways for ligand escape. On the other hand, most ligands
escape via the classical pathway during the course of 100
ps simulations in which His-64 is displaced from the heme
pocket (62).

Recently reported structures (68-70) of native and mutant
MbCO crystals following CO photolysis find that, as
previously suggested (71), extended illumination at cryogenic
temperatures results in CO migration from its original
location directly above the heme to other internal cavities,
including a well-characterized Xe binding site (72) in the
proximalheme pocket. Since significant loss of CO popula-
tion is not reported in these studies, CO apparently migrates
between internal cavities on a time scale rapid compared to
escape from the protein under these conditions. Time-
resolved IR measurements at room temperature also suggest
the transient occupation of spectrally distinct intermediate
states prior to the appearance of CO in the solvent (73). Our
conclusion that ligand escape from and entry into the protein
is “gated” by His-64 is not inconsistent with these results.
One plausible scenario in aqueous solution would involve
relatively rapid equilibration of the photolyzed ligand among
internal cavities, followed by ligand escape during a transient
excursion to the open conformation. A similar conclusion
results from a recent analysis of the effects of site-directed
mutagenesis on O2 rebinding (74).

CONCLUSION

The findings presented above on the penetration and
binding of water to the active site of ferric myoglobin
illuminate the dual role of His-64 in stabilizing ligand binding
at the heme and controlling access to the protein interior.
Strongly enhanced NO association rates for position 64
mutants suggest that hydrogen bonding of the heme-bound
H2O with His-64 impedes NO binding to ferric myoglobin.
The observed rate for water entry and binding to native Mb
is kw ≈ 5.7× 106 s-1 at 293 K, and the barrier height isHw

) 42 kJ/mol. We previously noted that the rates for open/
closed interconversion and CO escape were the same at pH
5 for sperm whale Mb (34), consistent with CO escape along
the classical pathway gated by His-64. The nearly identical
barriers observed here for water entry and CO escape at
neutral pH strongly support a common His-64 gated pathway
for exit and entry of small molecules.
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