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ABSTRACT: Flash photolysis investigations of horse heart metmyoglobin bound with NG {{) reveal
the kinetics of water entry and binding to the heme iron. Photodissociation of NO leaves the sample in

the dehydrated My (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 st&teH¢Mp At

longer times, NO displaces the@® ligand to reestablish equilibrium. At 293 K, we determine a viue

~ 5.7 x 1(f s71 for the rate of HO binding and estimate the,B dissociation constant as 60 mM. The
Arrhenius barrier heightl, = 42 + 3 kJ/mol determined for D binding is identical to the barrier for

CO escape after photolysis of FCO, 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 stabilp@ngittling and

thus preventing NO scavenging by ferric heme proteins at physiological NO concentrations.

Myoglobin (Mb)tis a reversible oxygen (pcarrying and
storage protein found in muscle cells and is one of the

O,/CO/NO binding has been proposed to influence ligand
rebinding kinetics §, 16-18), although the low occupancy

simplest heme proteins. Mb has been studied extensively asof the distal HO in the high-resolution X-ray structuré&9)

a model for exploring the relationship between protein
structure, dynamics, and functiot)( In addition to Q, the
ferrous heme iron (Fe) in myoglobin (Mb) 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 pressurg, (3),
platelet aggregation, and neurotransmissibrgf. Because
of the physiological significance of reversible binding of
diatomic ligands, the kinetics for OCO, and NO binding
to Mb?* have been studied in deta#,(7). Moreover, water
(H20), which is abundant in the surrounding solvent and
protein structure, can also bind to tferric heme iron of
oxidized myoglobin (MB") as a weak field ligandg). Water
molecules participate in many biomolecular proces8es (
12). The interaction of water molecules with biomolecules
has been studied intensively, both theoretically, (14 and
experimentally 9, 15, but water transport through the protein
interior remains poorly understood.

In Mb?*, H,O does not bind to the ferrous heme Fe, but
can hydrogen bond to His-64 in the distal heme pocREgt (
When other ligands such as,GCO, or NO bind to the
ferrous iron atom in M, the distal pocket water molecule
is displaced. The displacement of the@Hmolecule upon

TWe acknowledge financial support from the NSF (99-04516 and
99-83100) and NIH (GM-52002 to J.T.S. and DK-35090 to P.M.C.).

* Corresponding authors. J.T.S.: e-mail, jtsage@neu.edu; phone,
(617)-373-2908; fax, (617)-373-2943. P.M.C.: e-mail, champ@neu.edu;
phone, (617)-373-2918; fax, (617)-373-2943.

1 Abbreviations: Mb, myoglobin; MY, reduced myoglobin; MY,
oxidized myoglobin; MEM, maximum entropy method; LS, least
squares; BPTI, bovine pancreatic trypsin inhibitor.

10.1021/bi010067e CCC: $20.00

of Mb?" at room temperature raises questions about the
energetic significance of this effect. Spectroscopic signatures
of the distal pocket watedg, 20, 2] in Mb?" are too subtle

to conveniently monitor kD kinetics. In MB*, on the other
hand, the large optical absorption difference (Figure 1)
between 6-coordinate8) water-bound heme Ee and the
5-coordinate heme Fe 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 forJ@ entry into the heme pocket.
Although geminate water binding to a nonequilibrium state
of Mb?* at low temperature has been reportda-{24), the

rate of HO 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 hemé'Fand 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 boungHby His-

64 may prevent scavenging of NO by ferric heme proteins.
The water entry rate is found to bg = 5.7 x 10° s™* at

293 K, with an associated Arrhenius barrtdy, = 42 + 3
kJ/mol. The barrier height for CO escape from Mhs
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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Water Binding to Myoglobin
EXPERIMENTAL PROCEDURES

Sample PreparationNative 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. MBENO samples with
the desired concentration (600 M) were prepared in
0.067 M KH,POJ/NaHPQO,, pH 6.44, buffer solutionZ6)

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 fof
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Ficure 1: Absorption spectra of the equilibrium 6-coordinate
gation states M& H,O (solid line) and MB"NO (dashed line) of
native metMb, along with the spectrum of the H64L mutant §Mb

about 20 s. Samples prepared in this fashion were stablegash-dot line). H64L is 5-coordinate in the ferric oxidation state,

(against autoreduction to MENO) for approximately 40 min
at room temperature and for more thhh at 273 KMbCO

analogous to the transient photoproduct created when native-Mb
NO is dissociated. The key experimental wavelength is near 410

Samples were prepared from horse meth as pre\”Ouslynm, where we eXpeCt to see the absorbance increase Wi'@n H

described31). All pH values were obtained using a Beckman
Instruments®40 pH meter. Static absorption spectra were
measured using a Hitachi U-3410 spectrophotometer.

Experimental Setup and Procedurg&$e 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 yttrivzraluminum-garnet
(YAG) laser (Continuum Surelite 1), is used to photolyze
the sample. The pump pulse energy is typically 25 mJ.

The ultrafast pumpprobe experimental setup is described
in detall elsewhere3g). 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 AnalysisWe use both a maximum entropy method
(MEM) (36—38) and a global LevenbergMarquardt 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 changag),
recorded at one or more wavelengths to a function of the
form

A =18 0 — | el 4 e @)
The rateskg, ky, ks) are constrained to have the same value
at all wavelengths, while the amplitudek;, (lw, Is) vary
independently. (Below, we will identify the three processes
g, w, and s with geminate NO rebinding, bimoleculaiCH

binds, and subsequently decrease when NO replag@s At 390
and 419 nm, the absorbance chang@)monotonically decreases
(at 390 nm) or increases (at 419 nm) during the ligand binding
process.

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

AA(Y) = me(log k)efktd(log k) 2

For distributiond(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 exponenfiak(

1in eq 1) leads to a broad asymmetric distribution that
contrasts with the sharply peaked symmetric distribution of

a single exponentialg( = 1). The inset in Figure 2a
compares distributions resulting from MEM fits to synthetic
data with = 0.5 and8 = 1. For MP*NO kinetics, LS fits

to eq 1 with = 1 yielded rate constants that agreed with
values obtained using MEM, within the estimated-1%%

error margin. Rate constants for RICO were obtained
using the LS method, with, = 0 and = 0.5 in eq 1.

RESULTS

Figure 1 shows absorption spectra of the water-ligated
(Mb3*H,O) and NO-ligated (MB'NO) states of native
metMb in the Soret band region, along with the spectrum of
a H64L metMb mutant (Mb) 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, 4) created when NO has been
photolyzed, but the water has not yet bound to the Fe
coordination site vacated by NO. For monitoring.CH
kinetics, the key experimental wavelength is the isosbestic
point between MB'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, whesOrenters the
heme pocket and binds to Fe(Mb*" — Mb®"H,0), and
later decrease, when NO replacesOH(Mb**H,O —
Mb3*NO). If we monitor at 390 and 419 nm, we will observe
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a monotonic absorbance decrease (at 390 nm) or increase Native Mb*NO, T=293K MEM Rate Distribution

(at 419 nm) during the entire ligand binding AB) and 0.06] 021

replacement (NO) process. ’ a -p=1 a
The left panels in Figure 2 show absorbance changes g, " B=Q5

[£AA(#)] following photolysis of native horse heart 0.19

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. @0)], due to geminate rebinding on faster time scales  0.00{

(k)

0.0

(see below), we obtain excellent signal-to-noise at all  0.06 0.2 ) l;'
wavelengths. At 410 nm (Figure 2b), we can see that the
absorbance first increases and then decreases. On the other g g4/
hand, at 390 nm (Figure 2a) and 419 nm (Figure 2c), the - Ao'l'
absorbance changes monotonically [note that Figure 2c plots§ 0.0 =1
_AA(t)]- 0.0/
The nonmonotonic absorbance change at 410 nm dem- 4/
onstrates that there are at least three distinct optical species. 0,061 T o [ -
We interpret the experimental results displayed in Figure 2 ' C

in terms of three optical states: MINO, Mb**H,O (6-
coordinate), and M (photoproduct, 5-coordinate), accord-
ing to the consecutive reaction scheme

(k)

0.14 ”
0.0

100 100 100 16 100 10°

k, k
3+ a8, 3 iy
Mb*"NO + H,0 <= (Mb®" NO) + H,0 ==

Mb®" + NO + Hzo% (Mb®*",H,0) +
[}

t(s) k(s
NO .i_E |\/|b3+H20 + NO (3) FIGURE 2: The left panels show absorbance changes (small circles)
keo following photolysis of native horse heart BNO at 293 K
monitored at (a) 390 nm, (b) 410 nm, and (c) 419 nm [note (c) is
where MBTNO and MB*tH,0 are the NO- and yD-bound —AA]. The solid lines are results of the MEM fits. In (b), the

states, (MB",NO) or (MB*+,H,0) are 5-coordinate states with increase and subsequent decrease in absorbance correspond to the
! " - . processes of pD binding followed by displacement of the bound

NO or Hfo in the proteln_ interior but r_10t bound to Fe H.,O by NO. The right panels show the MEM rate distributions

and Mi* is the 5-coordinate state with an empty heme f(og k) corresponding to the kinetic processes in the corresponding

pocket. According to this model, we interpret the sequence left panels. The negative peak iff{bepresents a single exponential

of events as follows. After NO is photodissociated, the g?g&?ﬁpfngg;gcé?n thaer.agsmb;qn;ea:ngfeﬁze inﬁ(ﬁ?ggﬁfltr% z’:tl%flr']
sample is in the 5-coordinate state (MINO). From this  qZeiadl B GovPer o B30 o) — & 00 with k = 10°
transient state, most of the NO (about 90% at 293 K) directly o1 ¢o; single exponentiald = 1) and stretched exponentidl &
rebinds geminately to the heme Fewithout leaving the 0.5) decays.
protein. After the nongeminate fraction of NO escapes to
the solvent, forming a relatively long-lived 5-coordinate state entry of HO into the heme pocket and its binding to the
(Mb3"), water molecules can enter and bind, forming the heme iron.
6-coordinate aquometMb state (f1b1,0). The increase of Ultrafast measurements (Figure 3) suggest that geminate
the absorbance at 410 nm corresponds to the binding@f H  NO rebinding is mostly completed on picosecond time scales.
(Mb3* — Mb*H;0). The time scale for this process is on  Figure 3 shows ultrafast measurements of the absorbance
the order of 200 ns at 293 K according to the data in Figure change at 410 and 419 nm following photolysis of native
2. Finally, on millisecond time scales, NO displaces the Mb3*NO at room temperature. The MEM rate distribution
bound HO, leading to the decreaseAi seen in Figure 2b  f(log k) reveals four exponential decays corresponding to
(Mb3*H,0 — Mb3**NO). kinetics (as well as a peak near 0.1 ps corresponding to
The right panels in Figure 2 show rate distributidieg coherence effects near zero delay). The time constants for
k) that result from fitting the kinetic processes in the the four exponential decays, calculated as the inverse
corresponding left panels using the maximum entropy 1/knaxOf the corresponding peak value in the rate distribution
method (MEM). The peaks in the rate distributions are f(log k), are shown in Table 1. Analogous measurements on
narrow, indicating that they represent single exponential native horse heart metMb yield only the first two processes
decays (note inset in Figure '2aThe~1( s ! rate of the (about 0.6 and 5 ps, data not shown). On this basis, we
minor component in Figure 2 increases with NO concentra- identify the 0.6 and 4 ps processes (Figure 3, Table 1) with
tion, and may include bimolecular NO rebinding to ferrous electronic decay and cooling processes of the photoexcited
Mb2*, present as an impurity due to autoreduction of heme, which we report in detail elsewheB5)
Mb3*NO. Because its amplitude is small and it is well We attribute the 24 and 300 ps components to rapid
separated in time, it does not affect the rates determined forphotochemical processes. Geminate rebinding of NO by
the major kinetic components. The negative peak in Figure Mb3" is undoubtedly the principal contribution. Geminate
2b' corresponds to the increase®™A in Figure 2b, i.e., the  NO rebinding to MB* (27), produced by autoreduction of a
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Ficure 3: Pump-induced intensity changes (small circles) observed 00 "+ 0.0
following photolysis of native horse heart MINO at room . i 0.8 i
temperature, monitored at 410 and 419 nm. The solid lines are 5], C ¢
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 @02 04
a sub-10 ps decay due to repopulation of the electronic ground state 5 =2
and cooling. The right-hand panels display the corresponding MEM ' 0.1 =
rate distributionf(log k).
0.0 0.0/
Table 1: Decay Time Constants from Ultrafast Measurements on e e - - ottt -
Native Horse Heart My 10°  10° 10 10 10° 100 160 10° 10° 10"
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Ficure 4: The left panels show the NO rebinding kinetics (small
circles) and the MEM fit (solid lines) for ferric H64L MHNO at
293 K, monitored at (a) 390 nm, (b) 410 nm, and (c) 419 nm. The

. . . right panels show the corresponding MEM rate distribufing
small fraction of the MB*NO sample, might also contribute K). In contrast to the native protein (Figure 2), the absorption change

to the 24 ps component. We cannot exclude the possibility is monotonic at all wavelengths, and little absorbance change is
of more exotic photochemistry, such as photoinduced linkage observed at the 410 nm MHNO/Mb®* isosbestic wavelength.
isomerism, although this intriguing process has so far only

been observed for a small fraction of nitrosyl porphyrins in fied consecutive reaction scheme

the ferrous state at low temperaturet?). However, the

qltrafast measurements in F.igure.S confjrr_n that the popula- Mb3+Nog (Mb3+,NO)‘k—B*—C Mb®" + NO @)

tion of photochemical transients is negligible on the nano- kea kes

second time scale of the measurements in Figure 2. In

particular, only the trailing edge of the geminate NO can be used to interpret the kinetic phenomena for the H64L
rebinding process will contribute to the nanosecond kinetics sample. In addition, comparison of Figure 2 and Figure 4
at 419 nm. Moreover, the negligible amplitude of the 300 reveals that the bimolecular rebinding rate of NO to H64L
ps process at 410 nm confirms that this wavelength is closemutant M5+ (~10° s™) is more than 3 orders of magnitude
to the isosbestic point between the 6-coordinate bound faster than for native Mb. o
species F&NO and the transient 5-coordinate photoproduct, ~Experiments on the NO complex of H64G under identical
consistent with our interpretation of the initial increase in conditions are shown in Figure 5. This mutant has a solvent

AA at 410 nm (Figure 2b) as the appearance of a new (6- molecule bound to the f_erric heme)_( but the_ transient
coordinate) HO-bound species. absorbance at 410 nm (Figure 5b) indicates khyas at least

As a further test of our hypothesized 3-state model, we @n order of magnitude faster than in native Mb. Moreover,
repeated the measurement under the same conditions, usingomparison of Figure 4 and Figure 5 reveals that the
the HB64L mutant of sperm whale Mb. This mutant is bimolecular NO rebinding rate{10° s™) is almost the same
5-coordinate in the Fé state, and there is no water molecule for both the H64L and H64G mutants.
inside the heme pocket or bound to the he®e Figure 4 Fitting the experimental data in Figure 2 yields values for
shows the absorbance changes upon NO photolysis fromthe rates in eq 1. Table 2 presents the temperature dependence
H64L monitored again at 390, 410, and 419 nm. In contrast Of the ratek, associated with water entry and binding along
to native Mb, the absorbance changes are monotonic decayivith the bimolecular NO rebinding ratks, extracted using
at all three wavelengths. This suggests that there are onlyboth MEM and LS methods. The LS analysis supplements
two optically distinct states present during the kinetic process, €q 1 with an additional exponential term to fit the minor
which we attribute to 5-coordinate Mband MIF*NO. The bimolecular process visible near®1€™ in the native Mb.
absence of significant absorption changes at 410 nm uponTo evaluate possible mechanisms for water penetration into
photolysis of H64L=-NO strongly supports our interpretation Mb, we compare the Arrhenius barrier height associated with
of the signal observed for native Mb in Figure 2b as binding water entry into the heme pocket with the barrier for CO
and subsequent displacement of th@®Higand. The simpli- escape from ferrous Mb. In Figure 6, we display Arrhenius

Mb3*NO (measured at 410 nm) 0.7 4.6 46 270
Mb3*NO (measured at 419 nm) 0.6 3.9 24 320
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Ficure 5: The left panels display absorbance changes (small
circles) and MEM fits (solid lines) following photolysis for ferric
H64G MPP*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 Dependencekgfandks 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 (571 k{NO]71 (st M~ [NO] (103 M)
293 5.7x 1C° 5.6 x 10 2.0
288 4.3x 10° 4.1x 10 2.2
283 3.7x 1¢° 2.3x 10¢ 2.5
278 2.4x 10° 14x 10¢ 2.8
273 1.6x 10° 0.7 x 10* 3.2
293 (H64L) b 5.9 x 107 2.0
293 (H64G) 6.7x 107 4.7 x 107 2.0

2 Calculated from published NO solubilitieg5). ® Not observed.

plots both ofk, for Mb®*NO from Table 2, and of the rate
kout for CO escape from native ferrous horse heartMIO.
The latter rate is determined accordingkia: = kglJ/(Is +

lg), from the rateky and amplitudey of the geminate CO
rebinding rate and the amplitude of bimolecular CO
rebinding. Fits of data in Figure 6 to the Arrhenius relation

k= koexr( kBT)

yield the activation enthalpy, and the prefactork,, for

the water binding raté, and CO escape rate,. 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

(5)

Cao et al.
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FIGURE 6: Temperature dependence of the water binding kate

(O) in ferric native horse heart MbNO and the CO escape rate
kout (O) in ferrous native horse heart MItCO.

Table 3: Arrhenius Barrier Height and Prefactor for Water Binding
(kw) in Ferric MB**NO, for CO Escapekéy) in Ferrous Horse Heart
Mb2tCO, and for NO Association in Ferric MbNO

barrier heightH (kJ/mol) prefactork, (s™%)

ky (native MB*NO) 42+ 3 2x 10+
kout (Native MB+CO) 43+ 3 7 x 104
ks (native MBF*NO) 66+ 5

systematically overestimate the underlying rate (see inset in
Figure 28). Table 3 summarizes parameters that describe
the temperature dependence of observed processes.

ANALYSIS AND DISCUSSION

Kinetic Analysis for Natie MIP*NO. For native M-
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 denotkg by
(geminate NO rebindingk, (bimolecular HO association),
andks (bimolecular NO rebinding to M), 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

(Zﬁ\ kABA + kBA
dB _
9B kA — (kon + kgo)B + keeC
L B (ke +ko)CH koD (6)
% — keoC  (koc + koD + ko

dE
dt = KpeD — KepE
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for the initial conditionB = 1 that exists immediately increase at a rate

following the photolysis pulse. Herd, B, C, D, andE

represent the populations of MINO, (Mb*",NO), Mb**, k, = Nr?+ Héo (12)
(Mb%",H,0), and MB*H,0, respectively. Based on the

assumptionkega,kec > kag,kecs andkog,koc > kep,kep, we followed by a decay at the rate

invoke an adiabatic time scale separation into two nearly

independent sets of equations. kgizokr:o

The fastest time scale processes can be described by a k= _off “on. (13)
reduced model K
Mb3 NO -+ H20<kB—A (Mb®" NO) + HZOE Displacement of Hydrogen-Bonded.® Modulates NO

a Binding.Previous studies characterized the bimolecular phase
Mb™ +NO+H,0O (7)  of NO binding to ferric Mb 9, 40, 43-49). Our measured
association rate/[NO] = 5.6 x 10*s*M~tat 293 K (Table
where only A, B, and C have significant populations. 2) agrees with previous results obtained using either stopped-

According to eq 7, almost all of the initial populatidh= flow (29, 46, 47 or flash photolysis 47) methodologies.
1 decays to A and C at a rate Significantly larger 40) or smaller #9) NO association rates
_ have been reported in other studies. From the temperature
kg = kea T kac (8) dependence of the NO association rates listed in Table 2,

From Figure 3, most of the B-state population decays on a \'.c estimate an activation enthalpy 665 kJ/mol (Table
9 ' Pop y 3), in agreement with the 63 2 kJ/mol value reported by

time scale less than 1 ns, with only a small tail extending |
out to the nanosecond and longer time scales probed in FigureLaverman et a_.£(9). . .
The rate of bimolecular NO association to the ferric H64L

2. : . : g
Due to the time scale separation, B and D have negligible and H64G mutants summarized in Table 2 is appr(_)xmately
) - . ~.” 3 orders of magnitude faster than observed for nativé'Mb
populations at longer times, and only three states remain in h h f b ibuted h
the reduced equation set The rate enhancement for H64L can be attributed to the
absence of a water molecule coordinated to the herfie Fe
NO In the kinetic model outlined in the previous section, the

ks
Mb**NO + H,O T’z Mb** + NO + presence of the bound water molecule retards NO association
n with the native protein by a factdt?°/k, (eq 13) compared

H.O E, Mb3tH.O + NO (9) to NO association with a protein with a 5-coordinated heme.
27 o 2 Indirect supporting evidence that water dissociation is a
prerequisite for NO association comes from the large

where activation volume recently reported for this proce49) (A
water dissociation mechanism was also propog) for
NO _ Kag Kgc NO binding to a water-soluble Feporphyrin model system,
T Kge + Kga based on the similarity of the reported activation enthalpies
for H,O exchange50) (57 kJ/mol) and NO associatioAg)
no _Kee Kea (62 kd/mol).
" Kgc T Kga Although the X-ray structure of the H64G mutar8) (
shows a solvent molecule bound to the hem#& Fene NO
H,0 _ Kep Koc association ratk,, = 4.7 x 10’ s’ M~1 (Table 2) is nearly
T kpe + Koe as fast as for H64L. Similarly, the rate constagt= 2.2 x

10’ st M1 reported for NO binding at 293 K to elephant
o _ Koo Koe (10) M, in which the distal His is replaced by GIn, is 500
n Koe + Koc 1000 times faster than for globins with His in the E7 position
(46), although NMR resultsH1) indicate the presence of a
Further simplifications follow upon consideration of the water bound to the heme in elephant MbThese results
equilibrium behavior. In the absence of NO, almost all demonstrate that the bound water does not significantly
proteins have kD bound at the heme (state E), so that we impede NO binding unless it is stabilized by hydrogen
take kE° < K, bonding with the distal histidine.

Since A is the only state with substantial equilibrium To consider the possible physiological significance of this
population at the NO concentration used in the present destabilization of NO binding, we may use the reported NO
experiments, we further neglek‘g‘f‘fD in comparison with dissociation rate of 1473 at 293 K @9, 46 to estimate a
other rates, and for the nanosecond experiments we only250 uM NO dissociation constant for native Mh As a
consider the population remaining in the C state following result, the dominant “closed pocket” conformation of oxi-
the decay of the B state. Under these conditions, the dized Mb will have no influence on physiological signaling
population processes, where the peak NO concentration is expected to

be in the range of 100500 nM (62). Since it has been
E= Eo(e_kst —e (112) recently questioned whether Mb plays an essential role in
O, transport $3), it is worth pointing out that properties of
of the E state probed near 410 nm undergoes a transienthe cellular microenvironment, such as reduced pH, that favor
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Table 4: Estimated Water On Rak°, Water Off Ratek %, and
Water Dissociation Constait = k'2°/K'20 at 293 K

K® (sTMY) Kz (s7)
1x 10 6300

K (mM)
61

the “open” pocket (#) conformation (in which the distal
His is displaced from the heme pocket and no longer
available to stabilize the bound water) might allow Mo
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 b&hodnius prolixusThe
300 nM NO dissociation constant reportetb) 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 proteing, 16-18). In native MZ*, H,O 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 ¢Dassociation with H64L, which
has no distal pocket water in its X-ray structuBy, (is 50
(6) times faster than with the native proteih6( 17, 56.
The influence of the distal pocket water on ligand binding
to Mb?* has recently been questionetb) on the basis of
1.15 A crystal structures of Mb at room temperaturel)
and at 100 K %7), which estimate approximately 50%
occupancy of the distal water site.

Entry, Binding, and Dissociation of 4. Experimental
data for the H64L mutant at 293 K in Figure 4 yiedtf* ~
10° s71, while results on the native protein (Figure 2) yield
ke = 5.7 x 10F s7%, so we assumk® < k, for the native
protein, and conclude from eq 12 that

~ LH20
K~ kon

Thus, the values reported in Table 2 fqrrepresent direct
measurements of the rate of water binding to ferric Mb.
Moreover, assuming that the rd(%&]o of NO binding to the

(14)

Cao et al.

solution ([HO] = 55 M) and also emphasizes the stabilizing
influence of His-64 on KD 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 g H
binding to MIB* by His-64 parallels the influence of His-64
on O, binding to MBF*. Displacement of His-64 from the
heme pocket in the open conformation dramatically increases
the rate of Q dissociation(33), and systematic site-directed
mutagenesis studies show that hydrogen bonding,afith

the distal His enhances the @ffinity of Mb?* by at least 2
orders of magnitudel().

Experimental results on NO binding to H64G (Figure 5)
suggest the relative importance of the rates fgDHentry
and binding kcp andkpg, respectively, in the expression (eq
10) for K] on the observed rat?° ~ k, for the native
protein In H64G, HO binds to the ferric heme iron, as in
native Mb. However, crystal structures of H64G, both in the
CO and in the aguomet 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 H64GNO, it is thus likely that the
photolyzed NO is replaced by an,® molecule that is
already present in the distal pocket, rather than by a bulk
solvent molecule that has to first enter the pocket, kegs
koe for H64G. As noted abovek, is at least 1 order of
magnitude larger for H64G than for native Mb, consistent
with this scenario (i.e.kpe > kpc for native Mb). An
important corollary is that a ¥ molecule entering the heme
pocket of native metMb has a high probability of binding to
the iron without escaping. We conclude that th@®Hbinding
ratek, observed following photolysis of native MINO is
approximately equal to the rate ob@ entry into the heme
pocket, i.e.ky ~ kep from eqs 10 and 14 withpe > Kpc.

Other Measurements of,B Kinetics.The present deter-
mination of the HO binding rate supports a previous
qualitative conclusion47) that HO binding to photolyzed
Mb3*NO is complete before the beginning of the bimolecular
phase of NO rebinding. A similar process presumably follows
photolysis of MB*CO, since a water molecule observed in
the X-ray structure of deligated Mb is displaced upon
binding CO @). Binding of H,O 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 MbCO on a 406-600
ns time scaleX8), similar to that determined here for Mb
However, the relatively weak nonbonded interaction of the

5-coordinate state has the same value for the native proteindistal O molecule with the ferrous heme renders it difficult

as for H64L, we can estimate from eq 13 that

H,0

ke~ 25 (15)
so that the NO bimolecular rebinding réte= 110 s yields
an estimatekt° = 6300 s* (see Table 4) for the rate of
H,O dissociation from native MH,O at 293 K.

We further estimate the dissociation constért 61 mM
(Table 4) for the heme-bound,B from the ratio of the off

to distinguish this process from conformational changes in
the heme environment for Mb.

A recent investigation of KD kinetics in Mb was
performed following reduction of MidH,O by either ir-
radiation or dye-mediated photoreduction at low temperatures
(22—24). In this cryogenically stabilized MiH,0 inter-
mediate, HO can be reversibly photolyzed, and geminate
H,0 rebinding to the heme is governed by a distribution of
barrier heights very similar to those found for diatomic heme
ligands @2). The specific structural changes that promote

and on rates at 293 K. This value ensures 100% occupancydissociation of HO upon relaxation to the equilibrium Mb

of the heme Fe binding site of the native protein in aqueous

structure remain unclear, although we speculate that tau-
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Table 5: Water Exchange Kinetics in Biological Systems, Model 2). The crystal structure of the open conformation shows

Compounds, and Metal lons His-64 displaced from the pocke63), analogous to the
k(s H (kJ/mol) transient structure proposed by Perutz and Chab@eg0).
Vb (7 63 10 (293 K b Together with the predominance of ligand escape through
BPT(T (gsfaper) 6% 107 gsoo Kg o the classical pathway in simulations in which His-64 is
ribonuclease AT6) 1.3 x 10° (300 K) 43 displaced from th_e p(_)ckelﬁe), this suggests that ligand
ribonuclease T1 1.4 x 108 (300 K escape occurs primarily along the classical pathway under
ib | 7 0% ( ) b p p ly along the cl | pathway und
B-DNA (78-80) 1 x 10°(253-277 K) 52 these solution conditions.
photosystem I1§1) gégfggvgg%r;gr?gﬁtn(tz(ggiy) gg To our knowledge, there has not been a direct investigation
F&+-TPPS B0) 1.4x 107 (298 K) 57 of a second aspect of the Perutz/Chance hypoth@8j$(),
Fe(OH)s** (82) 1.6 x 102 (298 K) 64 namely, that motion of His-64 facilitates ligaedtry, as well
2 A non-Arrhenius description of the temperature dependence was 8S €xit. Figure 6 compares the temperature dependence of
proposed %8) as preferable® Not determined. the rates for HO binding to M+ and CO escape from Mb

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
information about the geminate,@ rebinding to the native hemg pocket z_ind_solvent. In general, two factors wou_ld

contribute to differing temperature dependences: (1) Dif-

ferric protein. . -
Vari?)us studies have reported exchange rates for waterferent energies for nonc_ovalent CO. ang[]—bmdlng to the
molecules bound to protein cavities, to model compounds heme pocket or other internal caV|t|e§ WOUld. cause these
. s ’molecules to migrate through the protein matrix at different
and to metal ions. Baose_d on t_he estimated water_ orkgte rates. (2) Even in the absence of molecule-specific migration
and water off ratek,:” listed in Table 4, we estimate the rates differences in the energy of molecular binding in the

water exchange rate as approximately 630Bfer native ket rather than in solvent should lead to nonequivalent
horse MB"H;O. Table 5 lists water exchange rates and rates for exit and entry.

Arrhenius barriers determined for individual water molecules g the other hand, a model in which transient formation
bound to proteins and nucleic acids near room temperature.of an “open” conformation drastically lowers the barrier for
Most of these results have been reviewed by Haljegince small molecule migration between the heme pocket and
the rates span many orders of magnitude, it is likely that the go|yent provides a natural explanation for the results in Figure
mechanism of water exchange varies significantly among g this case, the rate-limiting step is the same for exit and
these cases. It is thus unexpected that the 630Qvater entry and is independent of the migrating molecule, and the
exchange rate estimated here for ¥i.0 is similar to the  5¢tivation enthalpy determined from the slope of Figure 6
rate determinedsg) for a buried HO in the 58-residue s the parrier to formation of the open conformation.
protein bovine pancreatic trypsin inhibitor (BPTI) (Table 5). Interestingly, a similar model was proposed to describe
In the case of BPTI, it has been proposed that exchange quuenching of Zn-substituted Mb fluorescence by oxyd. (
the buried water molecule requires a large transient Confor'However, that study reported a 14.5 kJ/mol value for the
mational change in the proteisd). activation enthalpy associated with the&Xit process, much
Small Molecule Access to the AgtiSite.The function of ~ smaller than the 42 kJ/mol value determined here for CO
many proteins relies on the access of small molecules suchescape. Comparison of these results suggests that the
as water or oxygen to sites in the protein interior. The solvent quenching site is distinct from the binding site, and that more
inaccessibility of the active site in the static structural model |imited conformational changes enable migration between
of myoglobin derived from X-ray diffraction measurements the quenching site and the solvent.
is a classic illustration of the importance of protein dynamics.  \While the evidence presented here further supports ligand
Conformational fluctuations must open a transient pathway entry and exit via a common pathway controlled by displace-
or pathways for entry and exit of oxygen. Based on ment of His-64 from native Mb in aqueous solution, other
examination of the early X-ray structures, Perutz and Chancepathways may be accessed in Mb mutants or in nonaqueous
noticed that rotation of His-64 about the,€Cs bond solutions. In 75% glycerol solutions, we and others previ-
displaced the imidazole ring from the heme pocket and ously determined a rate of open/closed interconverssdn (
proposed that this facilitated the access of oxygen and othergs, 66 that is at least an order of magnitude slower than
small molecules to the active sitgq, 60. Early theoretical  the rate of CO escape. In this case, the dramatic reduction
analysis 61) provided some support for this proposal, but of the interconversion rate in the highly viscous solution
later simulations identified multiple energetically accessible forces the ligand to find alternative pathways to the solvent.
pathways for ligand migration between the heme pocket and Time-resolved studies of the H64Y mutant led to the
solvent 62). Experimental input is required to clarify which  conclusion that Tyr-64 is displaced from the pocket on a
pathways are actually utilized under physiological conditions. millisecond time scale, approximately 3 orders of magnitude
We previously determined the rate (1:4 10° s™1) of slower than the displacement of His-64 from the native
interconversion between “open” and “closed” pocket con- protein §7). Again, this would presumably force the ligand
formations of MB* in aqueous pH 5 buffer at 273 K and to escape by an alternative pathway. The dominant escape
found it to be comparable to the rate of CO escape from the pathway(s) for ligand escape also varies (vary) in molecular
distal heme pocket of the closed conformati@d)( These dynamics simulations. Simulations starting from the closed
rates also agree with the water entry rate at 273 K (Table conformation reveal multiple energetically accessible path-

tomerization of His-64 might alter the character of the His-
64---H,0 hydrogen bond. In the present study, solvent entry
to the heme pocket limitk,, so we do not obtain direct
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ways for ligand escape. On the other hand, most ligands 7. Antonini, E., and Brunori, M. (197 1jiemoglobin and myo-
escape via the classical pathway during the course of 100 globin in their reactions with ligandsNorth-Holland Publish-

ps simulations in which His-64 is displaced from the heme o 'S%iﬁg"hﬁ‘rtsﬂ?;ﬂ“n?”g k/loncg';bn 3.'S., and Philips, G
pocket 62). N., Jr. (1993)J. Mol. Biol. 234 140-155. '

Recently reported structure88—70) of native and mutant 9. Halle, B. (1999) irHydration Processes in Biology: Theoreti-
MbCO crystals following CO photolysis find that, as cal and Experimental Approachéellisent-Funel, M. C., Ed.)
previously suggested{), extended illumination at cryogenic %peﬁgilzﬁ)'gos;l;rgsgh Ag-slfleriirghalle B. (1999Am
temperatures results in CO migration from its original ‘Chem. Soc. 1212327-2328. T T
location directly above the heme to other internal cavities, 11. Silverman, D. N., and Lindskog, S. (1988}c. Chem. Res.
including a well-characterized Xe binding sité2f in the 21, 30-36.

proximalheme pocket. Since significant loss of CO popula- 12. Silverman, D. N. (1995Methods Enzymol. 249179-503.
tion is not reported in these studies, CO apparently migrates 13'2“’ :V"’Ga“dt 5202'12%9_“;(?“ B. P. (199%Bjoteins: Struct.,
between internal cavities_, on a time scale rapid_ <_:ompar_ed 0 14 Gu;rza: A?né " and Hurﬁmer, G. (200Mroteins: Struct.,
escape from the protein under these conditions. Time- Funct., Genet. 38261—272.

resolved IR measurements at room temperature also suggestl15. Helm, L., and Merbach, A. E. (199@pord. Chem. Re 187,

the transient occupation of spectrally distinct intermediate 151-181.

states prior to the appearance of CO in the solvégt Our 16.SRoI_1Ifs, RBJA Mgth%WSv "’k- Jb' Car(\j/esri_ T. Eé’ glsofg'g%j S.,
ponclusion that _Iigand_ escape from_ and entry into the protein Bgll.n?:igm.' 2653%668?:2%’76: » and Sligar, S. G. ( )

is “gated” by His-64 is not inconsistent with these results. 17, Springer, B. A., Sligar, S. G., Olson, J. S., and Phillips, G.
One plausible scenario in aqueous solution would involve N., Jr. (1994)Chem. Re. 94, 699-714.

relatively rapid equilibration of the photolyzed ligand among  18. Esquerra, R. M., Goldbeck, R. A., Kim-Shapiro, D. B., and
internal cavities, followed by ligand escape during a transient __ Kliger, D. S. (1998)Biochemistry 3717527-17536.
excursion to the open conformation. A similar conclusion 9. Kachalova, G. S., Popov, A. N., and Bartunik, H. D. (1999)

. : . Science 284473-476.
results from a recent analysis of the effects of site-directed g christian, J. F., Unno, M., Sage, J. T., Champion, P. M., Chien,

[

mutagenesis on £rebinding {4). E., and Sligar, S. G. (199Biochemistry 3611198-11204.
21. La Mar, G. N., Dalichow, F., Zhao, X., Dou, Y., Ikeda-Saito,
CONCLUSION M., Chiu, M. L., and Sligar, S. G. (1994) Biol. Chem. 269
29629-29635.

The findings presented above on the penetration and 22.Lamb, D. C., Prusakov, V., Engler, N., Ostermann, A,
binding of water to the active site of ferric myoglobin iChe"enberg' P., Parak, F. G., and Nienhaus, G. U. (1898)
. . - . P D m. Chem. Soc. 12@981-2982.
illuminate the dual role of His-64 in stabilizing ligand binding 53 | amb, D. C., Ostermann, A., Prusakov, V. E., and Parak, F.
at the heme and controlling access to the protein interior. G. (1998)Eur. Biophys. J. 27113-125.
Strongly enhanced NO association rates for position 64 24.Engler, N., Ostermann, A., Gassmann, A., Lamb, D. C.,
mutants suggest that hydrogen bonding of the heme-bound Prusakov, V. E., Schott, J., Schweitzer-Stenner, R., and Parak,
H.O with His-64 impedes NO binding to ferric myoglobin. F. G. (2000)Biophys. J. 782081-2092.

L . 25. i B. A. li .G. (1 . Natl. Acad.
The observed rate for water entry and binding to native Mb > gg’,“ﬁggA 84858?_(1826;%?“ S G. (198yoc. Natl. Acad

isky ~ 5.7 x 10° st at 293 K, and the barrier height iy 26. Hoshino, M., Maeda, M., Konishi, R., Seki, H., and Ford, P.
= 42 kJ/mol. We previously noted that the rates for open/ C. (1996)J. Am. Chem. Soc. 118702-5707. _
closed interconversion and CO escape were the same at pH27- Kholodenko, Y., Gooding, E. A., Dou, Y., lkeda-Saito, M.,
5 for sperm whale Mb34), consistent with CO escape along and Hochstrasser, R. M. (199Bjochemistry 385918-5924.

he classical pathway gated by His-64. The nearly identical 28. Miller, L. M., Pedraza, A J,, and Chance, M. R. (1997)
the ¢ P y g y : y Biochemistry 3612199-12207.

barriers observed here for water entry and CO escape at 29, Sharma, V.’ S., Isaacson, R. A., John, M. E., Waterman, M.

neutral pH strongly support a common His-64 gated pathway R., and Chevion, M. (1983iochemistry 223897-3902.

for exit and entry of small molecules. 30. Benko, B., and Yu, N. T. (198®roc. Natl. Acad. Sci. U.S.A.
80, 7042-7046.
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