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Abstract: The ferriheme protein metmyoglobin (metMb) in buffer solution at physiological pH 7.4 reversibly
binds the biomessenger molecule nitric oxide to yield the nitrosyl adduct (metMb(NO)). The kinetics of the
association and dissociation processes were investigated by both laser flash photolysis and stopped-flow kinetics
techniques at ambient and high pressure, in three laboratories using several different sources of metMb. The
activation parameterdAH¥, AS", and AV* were calculated from the kinetic effects of varying temperature and
hydrostatic pressure. For the “on” reaction of metMb plus NO, reasonable agreement was found between the
various techniques withHof, AS, andAV,," determined to have the respective values kJ mot?, ~60
Jmol1K~1 and~20 cn® mol~L. The large and positivASF andAV* values are consistent with the operation

of a limiting dissociative ligand substitution mechanism whereby dissociation of iBeolcupying the sixth

distal coordination site of metMb must precede formation of theN® bond. While the activation enthalpies

of the “off” reaction displayed reasonable agreement between the various techniques (ranging from 68 to 83
kJ molY), poorer agreement was found for th&* values. For this reason, the kinetics for the “off” reaction

were determined more directly via NO trapping experiments, which gave the respective activation parameters
AHoit = 76 kJ mot?, ASy* = ~41 J mof! K=, and AVt = 20 cn® mol™1), again consistent with a

limiting dissociative mechanism. These results are discussed in reference to other investigations of the reactions
of NO with both model systems and metalloproteins.

Introduction and cytochrome oxidasé,while the release of NO from a

Nitric oxide (also known as nitrogen monoxide) has been
shown to have important roles in mammalian biology including
cytotoxic immune response and intracellular signafinfy.
Among the targets for NO modification are the iron centers of
certain hemoproteins, and nitrosyl complexes of iron(ll) and
iron(lll) porphyrins are known for functions as diverse as the
activation of soluble guanylyl cyclase by nitric oxid® the
preservation of meat by sodium nitritdnder physiological

salivary ferriheme protein is apparently the key step in vasodi-
lation upon the bite of the blood-sucking inse®&odnius
prolixus and Cimex lecturalist* Furthermore, nitrosyl iron
complexes are likely intermediates if indeed thionitrosyl deriva-
tives of hemoglobin (SNO-Hb) are formed and play a function
in blood pressure regulatids.

However, despite numerous rate measurements for NO
reactions with ferro- and ferriheme centéts!® unanswered
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questions remain concerning the mechanisms by which NO &y
undergoes coordination to metal porphyrin centers (eq 1), 04§
especially with regard to reactions with hemoproteins. Clearly,

M(Por),,+ NO -%:— M(Por)(NO),, Q)

understanding the interaction between nitric oxide and hemo-
proteins is important for understanding the in vivo chemistry
of NO.20-32 Relevant questions are the following: Since NO is
a stable free radical, are the dynamics of its reactions with metal
centers dominated by “special” mechanisms owing to this free
radical character, or by behavior more typical of normal Lewis
base ligands? To what extent is the reaction controlled by the
metal-ligand system? Can the results be extended to other

metalloproteins and metalloenzymes? ; lobin & determined by X > hy. (Kachal
. . . . . . aquametmyoglobin as determined by X-ray crystallography. (Kachalova,
In this context, studies at the University of California, Santa G. S.: Popov, A. N.: Bartunik, H. DSciencel999 284 473-476).

Barbara, were initiated to address temperature and hydrostatic

pressure effects for the “on” and “off” reactions with the water- The present studies combine the semi-independent results of
soluble iron(ll) and iron(ll) porphyrins (M= Fe' or Fe"; Por kinetic investigations of the metMb/NO system by independent
= TPPS (the tetrakis(4-sulfonatophenyl)porphinato anion) or laboratories at Santa Barbara, Erlangen, and Krakow. Temper-
TMPS (the tetrakis(sulfonatomesityl)porphinato anion) as sim- ature and (high) hydrostatic pressure effects on the reaction rates
plistic models for ferro- and ferriheme protei##s’*From these were probed by laser flash photolysis and stopped-flow tech-
data, one can extract the activation paramefet$, ASF, and niques. Here are presented, compared, and discussed detailed
AVF to gain insight into the mechanism(s) for the formation kinetic data obtained for the metMb/NO system by the use of
and decay of metal nitrosyls. Here attention is turned to the these fundamentally different fast kinetics methodologies.
mechanism of the NO reaction with the ferriheme protein Extraction of the appropriate activation parameters provides key
metmyoglobin (metMb). Like the iron(lll) models, the Fe(lll) insights into the underlying reaction mechanism(s) for the
center of metMb is six coordinate, with a water molecule formation and dissociation of the nitrosyl complexes.
occupying the site to which NO will coordinate (Figure 1). From ) )

a mechanistic perspective, the nitrosyl complex of metmyoglobin Experimental Section

Figure 1. Hexacoordinate iron(lll) in the protoporphyrin IX core of

is of particular interest, given that both dissociation and

association of NO are conveniently observable under physi-

ological temperatures and p.Indeed, since metmyoglobin
reversibly binds nitric oxide, an in vivo NO carrier role for this

Materials. All solutions were prepared with deionized (Millipore)
water. Studies at the University of California, Santa Barbara (UCSB),
were performed with equine heart metmyoglobin (megilipurchased
from Sigma and equine skeletal muscle metmyoglobin (mejMb

heme protein might be imagined, given the recent discoveries purchased from CalBioChem, and in most cases the proteins were used
of NO-carrying ferriheme proteins in inseésas well as as received from the supplier. Gel chromatography (Superdex 200 HR

proposed schemes with hemoglobin as a NO catfier 10/30) of metMly, revealed<1% protein impurities, and no experimen-
tally significant differences were noted between kinetic studies per-

formed using proteins as received and those additionally purified by
gel chromatography. Tris buffer was prepared from tris(hydroxymethyl)-
aminomethane (Aldrich) and Millipore MilliQ filtered and deionized
water. The pH was adjusted to 7.0 with HCI and NaOH as needed.
Phosphate-buffered saline (PBS, 50 mM, pH 7.4) and phosphate buffer
(50 mM, pH 7.0) were purchased from Fluka and Fisher, respectively.
Nitric oxide (99.9%) was purchased from Liquid Carbonic and passed
through an Ascarite column to remove higher oxides of nitrogen. Salts
of [Ru(HEDTA)CI]- were prepared according to the method of
Diamantis and DubrawsRf, and purity was checked by elemental
analyses and UV/vis spectroscopy.

Experiments at the Jagiellonian University (JU) and the University
of Erlangen-Nunberg (UEN) were performed using horse skeletal
muscle and horse heart myoglobin, purchased from Sigma and purified
and converted to metmyoglobin by the following method. A 250 mg
sample of the protein was dissolved in 5 mL of 0.1 M Tris buffer
solution (pH 7.4) and reduced with sodium dithionite, followed by gel
filtration over equilibrated PD-10 columns (Pharmacia; prepacked with
Sephadex G-25 medium). The resulting solution was loaded onto an
equilibrated column packed with DEAE ion-exchange cellulose (What-
man DE-23). The metMj solution was prepared by addition of a small
amount of potassium ferricyanide, slke(CN)], followed by gel
filtration over equilibrated PD-10 column {3 times). The collected
metmyoglobin fractions were stored a0 °C. Concentrations were
determined spectrophotometrically at 409 nen=f 1.5 x 10° M1
cm™Y). Before each experiment, the metmyoglobin solutions were
purged with oxygen-free gas on the vacuum line.
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H. J. Biol. Chem.1993 268 5711-5718.
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Solution Preparation. Solutions used for laser flash photolysis at
UCSB were prepared by dissolving protein samples in various buffer
solutions and introducing these to a custom-designed cuvette which
allows for attachment to a vacuum line. Protein samples were degassed
by repeated evacuation of the headspace on a vacuum line with gentle
agitation and were equilibrated at a known partial pressure of nitric
oxide (Pno) at the desired temperature for a minimum of 20 min. The
Pno was measured using a manometer after the equilibration period.
NO concentrations were calculated by using reported temperature-
dependent mole fraction solubility da¥aThe samples were allowed
an additional 16-15 min equilibration time in a temperature-controlled
cuvette holder on the flash photolysis instrument. Longer equilibration
times did not alter the kinetics behavior. Solutions used for stopped-
flow spectroscopy were degassed in an analogous manner in flasks that
allowed for the withdrawal of solutions through a three-layer (butyl/ 250 00 0 500 o0 o0 0 700
silicon/butyl) septum. The NO solutions were equilibrated atG30
prevent bubble formation as the temperature was changed from 15 to
35 °C. Solutions were transferred to the stopped-flow apparatus via a Figure 2. Electronic absorption spectra of metpi{solid line) and
gastight syringe. Aqueous solutions of [Ru(HEDTA)CWere prepared metMin(NO) (dotted line) in 50 mM pH 7.4 phosphate buffer solution.
in pH 7.4 water in the absence of buffer to avoid slow side reactions Inset: Example of laser flash photolysis kinetic trace at 409 nm for
with the buffer. metMby) in pH 7.4 PBS, [NOJ= 1.8 mM, kops = 134 s,

Solutions used at JU and UEN were prepared using aqueous 0.1 M
Tris buffer (Sigma Chemicals), and the acidity was adjusted by adding
HCI (Titrisol Merck) to give a pH of 7.4t 0.1. Tris buffer was chosen Stopped-Flow Kinetics. Stopped-flow studies of the NO reaction
because its acid dissociation constant is practically pressure independentvith metMby,y at UCSB were carried out using an SX18.MV (Applied
(up to 200 MPaj¢ Buffered solutions of metMb were degassed on the Photophysics) stopped-flow spectrometer. Deoxygenated buffered
vacuum line without freezing the solutions to avoid denaturation of protein solutions were rapidly mixed with solutions at various [NO]J,
the protein. The stock solution of nitric oxide was prepared by degassing and the changes in absorbance at 409 nm were monitored. The
of 0.1 M Tris buffer solution (pH 7.4) and then saturating with NO  experiments conducted at UCSB used a 10:1 (v:v) mixing ratio of NO
(Linde 93 and Riessner, cleaned from traces of higher nitrogen oxides solution to metMlg, solution in order to extend the range of [NO]
such as MOz and NQ by passing through an Ascarite Il column) via  studied.
vacuum line techniques. Dilutions of known concentration were “Off” rates for dissociation of NO from the nitrosylated protein
prepared from this saturated solution. metMhs)(NO) were also studied by rapidly mixing metiMENO)

Measurements.pH measurements were performed on a Metrohm solutions containing a slight excess of NO1(50 M) with an excess
623 pH meter with a Sigma glass electrode. The [NO] dissolved in the of Na[RU(HEDTA)CI] (200 uM) to give [RU(HEDTA)NOT and
buffer solutions was measured with the use of an NO electrode (World MetMhys). The reaction was monitored in the stopped-flow spectrometer
Precision Instruments isolated nitric oxide meter, model ISO-N0O). at 409 and 426 nm, wavelengths where the largest spectral changes
The UV/Vis spectra were recorded in gastight cuvettes on a ShimadzuWere observed.

UV-2100 spectrophotometer equipped with a thermostated cell com- ~ Stopped-flow studies at JU and UEN were performed by rapidly

partment CPS-260. All the instruments used for kinetic measurements Mixing solutions of metMp, and metMl, with solutions of NO in
were thermostated t&0.1 °C. 0.1 M Tris buffer at pH 7.4 in stopped-flow spectrometers (SX-17MV

and SX-18MV, Applied Photophysics). K[RU(HEDTA)GIH,O was
used as a trapping agent to measure NO dissociation from mgtMb

001 002 003 004
time (sec)

Wavelength (nm)

Laser Flash Photolysis.Laser flash photolysis kinetic studies at
UCSB were performed on a “pumiprobe” system described previ-
ously 38 The samples placed in a temperature-controlled cuvette holder NO).

were pumped using excitation pulses (15 ns) of 355 nm light generated  Hign-Pressure Stopped FlowHigh-pressure stopped-flow experi-
from the third harmonic of a Nd:YAG laser (Continuum NY61). The ments at UEN were performed on a custom-built instrument described

probe source was a 300 W xenon arc lamp passed through monochro previously®4tat pressures up to 130 MPa. Kinetic_traces were recorded
mators prior to and again after passing through the sample. Change<?" @n IBM-compatible computer and analyzed with the OLIS KINFIT
in transmitted probe light intensity were monitored by a PMT tube (B09art, GA, 1989) set of programs.

coupled to a digitizing oscilloscope, and data were transferred to a  All kinetic experiments were performed under pseudo-first-order
computer for subsequent analysis. conditions, i.e., at least a 10-fold excess of nitric oxide. The studied

Laser flash photolysis studies at JU were carried out with the use of reactions exhibit excellent pseudo-first-order behavior for at least three

the LKS.60 Spectrometer from Applied Photophysics for detection and E_a If-I_|ves. Reported rate constants are the means from at least five
i . . inetic runs, and the quoted uncertainties are based on one standard

a Nd:YAG laser (SURLITE 1-10, Continuum) pump source operating deviation

in the third (355 nm) harmonic (100 mJ pulses witfi ns pulse widths). '

Spectral changes at 422 nm were monitored using a 100 W xenon arc

lamp, monochromator, and photomultiplier tube PMT-1P22. The Results

absorbance reading was balanced to zero before the flash, and data

were recorded on a digital storage oscilloscope, DSO HP 54522A. In aqueous solution the optical spectrum of each form of

Gastight quartz cuvettes and a pillbox cell combined with high-pressure metmyoglobin (metMfy and metMlg,)) in neutral buffered

equipment’ were used at ambient and under high pressure (up to 100 solution exhibits a Soret band maximumiat,x = 409 nm ¢

MPa), respectively. =1.5x 10° M~ cm™) and a Q-band at 500 nra & 8.0 x

10® Mt cm™1). Exposure of a degassed solution of either

metMb to excess NO led to spectral shifts giving band maxima

(35) Battino, R. INIUPAC solubility data series, Oxides of Nitrogen
Young, C. L., Ed.; Pergamon Press: Oxford, 1981; Vol. 8, pp-258lL.

(36) Neuman, R. C., Jr.; Kauzmann, W.; Zipp, A.Phys. Cheml973 at 420 € = 1.3 x 10° M1 cm™), 536 (9.3x 10°), and 574
77, 2687-2891. nm (9.4x 10% (Figure 2). Upon removal of NO from solution,
(37) Kudo, S.; Bourassa, J. S. E.; Sato, Y.; Ford, PARal. Biochem
1997, 247, 193. (40) van Eldik, R.; Palmer, D. A.; Schmidt, R.; Kelm, khorg. Chim.
(38) Lindsay, E.; Ford, P. dnorg. Chim. Actal996 242 51-56. Acta 1981 50, 131.
(39) Spitzer, M.; Gtig, F.; van Eldik, R.Rev. Sci. Instrum.1988 59, (41) van Eldik, R.; Gaede, W.; Wieland, S.; Kraft, J.; Spitzer, M.; Palmer,

2092. D. A. Rev. Sci. Instrum.1993 64, 1355.
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Figure 3. Plot of kyps vs [NO] for the reaction of metMg with NO Figure 4. Plot of ksps vs [NO] for the reaction of metMp with NO

as measured by laser flash photolysis at different temperatures in pHin pPH 7.4 phosphate buffer solution (50 mM) over the temperature
7.0 phosphate buffer solution (50 mM): 18)( 25 @), 30 ©), 35 range of 15-35 °C as measured by stopped-flow spectroscopy at 15
(m), 40 @), and 45°C (a). (@), 20 ©), 25 @), 30 @), and 35°C (a, ®). (For the data at 35C,

the two symbols are for two different sources of metMb.)
the spectral changes were reversed, consistent with the equi-

librium described in eq 2. From the spectral changes the  °®

0.06 1 426 nm

metMb(H,0) + NO% metMb(NO)+ H,O0  (2)

equilibrium constant for eq 2 was calculated to be 2.40°

M~1 for metMhg) at 20°C, pH 7.4 Tris buffer (0.1 M), and

this value is consistent with the ratios of the “on” and “off” 0.00 1

rate constant{ = ko/kosr) determined under similar conditions

(see below). Th&k measured here is somewhat smaller than -0.02 -

that obtained earlier for sperm whale skeletal muscle metMb

in unbuffered pH 6.5 solution (1.8 10* M~1), and both values -0.04 4

are dramatically smaller than NO binding constants reported

for the ferrous forms of myoglobirk( > 10t M~1),20 oo o - o o
The rate of a reaction such as eq 2, approaching equilibrium

with one of the components (in this case NO) in large excess,

would be predicted to follow (pseudo) first-order kinetics to

give a rate constarky,s which is a function of [NOJ, i.e.,

Kobs = KonNOJ + Kyt 3
) ) . of kot values obtained from the [NO] dependencekgk was
Accordingly, plots ofkonsvs [NOJ should be linear with slopes  ¢onfirmed more directly by using excess [RU(EDTAD]™ as
equal tokon and nonzero intercepts equalkgr. The rates for 5 scavenger for the NO formed by dissociation of metMb(NO),
Fe(lll) porphyrin complexes, including the metmyoglobins, are according to Scheme 2. In this experiment, [Ru(HEDTA)CI]

convenient to measure either by stopped-flow mixing of Fe- ranidly aquates in solution to produce the very labile [Ru(EDTA)-
(ImPor and NO solutions (Figure 3) or by flash photolysis of 14,01~ scavenger.

Fe(llPor/NO solutions, which displaces the system (Scheme
1) so that relaxation kinetics to equilibrium can be followed by Scheme 2

0.02

A Abs

409 nm

Time (sec)
Figure 5. Reaction of metMb(NO) with [Ru(HEDTA)Cf] at 20°C
in pH 7.4 phosphate buffer solution (50 mM) monitored at 426 and

409 nm. The two sets of data were fitted to single-exponential functions
in each case and gave rate constants of 17 and 4 8espectively.

Scheme 1 Kesr
metMb(NO) + H,0 ———>»  metMb(H,0) + NO
hv{(355nm)

/—\ [Ru(EDTA)H,0)]]
Y

k
H,0 + metMb(NO) o metMb(H,0) + NO

on [Ru(EDTAYNO)
spectrophotometric methods (Figures 2 and 4). Furthermore, the Trapping by [RU(EDTA)HO]" is sufficiently fast k = 2.24

equilibrium constantk are sufficiently small that extrapolation % 10" M~* s™* in pH 7.4 solution at 7C)* that, under the
to [NO] = 0 gives a measurable intercept, iley. conditions chosen, NO release from metMb(NO) is rate limiting

However, such intercepts are susceptible to extrapolation (Kobs = Kor) in the reaction sequence depicted by Scheme 2.
errors. Since the present studies are concerned with measuringrigure 5 shows Soret band spectral changes recorded for this
the effects of temperature and hydrostatic pressure on these ratéeaction, indicating the formation of free metMb. This can be
constants as functions to determine the activation parameters, ™ (42) Davies, N. A.; Wilson, M. T.; Slade, E.; Fricker, S. P.; Murrer, B.
accurate values @ are important. Consequently, the reliability ~ A.; Powell, N. A.; Henderson, G. Rechem. Commur997, 47—48.
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Table 1. Rate Constants for the Reaction of NO with methkdk)
and the NO Dissociation Reaction of metMb(N®y«{ As
Determined by Laser Flash Photolysis

J. Am. Chem. Soc., Vol. 123, No. 2, 2284

Table 2. Rate Constants for the Forward Binding Reaction of NO
with metMb (on) and the NO Dissociation Reaction of metMb(NO)
(kott) As Determined by Stopped Flow

Kon x 1074 kon x 1074 kon x 1074

temp (C) (M~ts™) kot (5™%) temp(C) (M7's™) k(s  (M's) ki (s
1% 212+ 0.2 19+ 2 10 1.08+ 0.07 4.5+ 0.5
25 4.83+0.2 43+ 3 15 1.7+ 0.3 15+3 1.64+0.08 7.8+ 0.5
25 4.80+ 0.5 424+ 2 20 2.5+ 0.6 25+ 6 2.71+£0.01 13.4+0.6
25° 4.74+0.3 37+ 4 25 42+ 0.6 386 4.84+0.28 27.6+1.1
25 4.99+ 0.2 40+ 2 30 7.2+0.7 53+ 6 7.76+£0.11 49.2+£0.7
25 4.88+0.9 56+ 10 35 9.0+ 0.7 101+6  12.9+0.2 80.8+ 1.2
25 6.3+ 0.4 48+ 5 - _ , .
30 86+05 63+ 6 Experiments conducted at UCSB with metjbin pH 7.4
35 13.2+ 0.6 113+ 7 phosphate buffer squtioﬁ_.Experiments cconducted at JU and UEN
40 191+ 07 179+ 7 with metMhyg) in pH 7.4 Tris buffer solution.
45 254+ 0.2 310+ 20

2 metMhy,) in 50 mM pH 7.0 phosphate buffetmetMby,) in 50 mM
pH 7.4 phosphate buffef.metMby, in 50 mM pH 7.4 Tris.9 metMby,
in 50 mM pH 7.4 PBS® metMhg) in 50 mM pH 7.4 PBS! metMh,
in 50 mM pH 7.4 PBS, purified by gel chromatography.

measured on the stopped-flow spectrometer time scalesand

values determined in this manner are independent of the

[RU(EDTA)H,O]~ concentration and are consistent with, but

more accurately determined than, those obtained from extrapo-

lating kops Vs [NO] in the stopped-flow and flash photolysis
experiments.

Laser Flash Photolysis StudiesLaser flash photolysis at
UCSB of equilibrium metMig)(NO)/metMiy) mixtures in pH
7.0 phosphate buffer under definBgo gave transient difference

Table 3. Rate Constants for the Dissociation Reaction of
MetMb(NO) (kor) As Determined by Trapping Dissociated NO with
[Ru(HEDTA)CI]~

temp €C) Koit? (57 kot® (579
5 2.6+0.3
10 4.8+ 0.1 5.7+ 0.5
15 9.0+ 0.4 9.3+ 15
20 15.5+ 1.0 16.0+ 0.4
25 24.2+ 0.7 28.9+ 1.4
30 45,44+ 2.3 49,9+ 1.8

aValues determined at UCSB with metibP Values determined
at JU and UEN with metMp.

range of 1535 °C, consistent with the functiorkops =
kon[NO] + kott (Table 2). Eyring plots of these data were linear

spectra consistent with the spectral differences between metMband gave the activation parametersl*,, = 63 & 4 kJ mot?

and metMb(NO), i.e., with labilization of coordinated NO to

and ASon = 54 + 14 J mot! K1 and AH*.% = 65 + 5 kJ

give nonequilibrium concentrations of these species (Schememol~! andASo = 3 + 16 J mott K~1, within experimental
1). The transient spectra decayed exponentially (inset of Figureuncertainties of the respective values measured by flash pho-
2) to the original spectra, and no permanent photoproducts weretolysis (above).

observed. The measured valueskgg proved to be independent
of observation wavelength. In accord with eq 3, plot&@gfvs

Analogous experiments were performed at JU and UEN using
metMhs) in 0.1 M Tris buffer, and thek,, and ko values

[NO] were linear with nonzero intercepts as displayed in Figure determined are listed in Table 2 for temperatures ranging from

4 for the temperature range 185 °C. Theky, andkes values

10 to 35°C. The respective activation parametersgr(AH* o,

determined from these plots (Table 1) were used to construct= 71+ 2 kJ mott andAS,, = 82+ 7 J molt K—1) were in

linear Eyring plots from which were determined the activation
parameteraH* andAS'. The values fok,, are AH*,, = 63+

2 kJ molt andASH,, = 55+ 8 J molt K—1; for ke these are
AH*o = 68 + 4 kI molt andAS o = 14+ 13 I molt K1,

reasonable agreement with those described above, but the
temperature dependence ke gave both a somewhat larger
AH¥ (83 & 2 kJ molY) and a larger and more positiveS' o

(624 8 J molt K1),

Table 1 also summarizes the results of experiments carried The range of values reported f&S'o appears to be in
out to evaluate possible differences in the kinetics behavior disagreement. However, it should be noted that these data come
resulting from changes in the medium or metMb source. Flash from stopped-flow experiments in which thgs values are

photolysis experiments with 2% solutions of metMfpy in 50
mM pH 7.0 phosphate buffer, in 50 mM pH 7.4 phosphate
buffer, in 50 mM pH 7.4 Tris buffer, and in 50 mM pH 7.4
PBS buffer gave the same values fky, and ko within
experimental uncertainties, the uncertaintieskfgrbeing larger

as expected for values drawn from extrapolations. A limited

obtained by extrapolation of tHgysvs [NO] plots. Furthermore,
the determination oAS in principle involves an extrapolation
to 1/T = 0, which leads to differences in tieS" values between
different experiments apparently much larger than indicated by
standard deviations for individual experiments. This discrepancy
was the motivating factor for measuring the dissociation rates

series of flash photolysis experiments were also carried out in directly using trapping techniques.

50 mM pH 7.4 PBS solution using methpas received from

NO Labilization from metMb(NO) with Trapping by

CalBioChem and after gel chromatography. Although there were [Ru'' (EDTA)H ,0]~. These kinetic experiments at JU and UEN

differences in thé,n andke values somewhat outside experi-
mental uncertainties of the respective megyllexperiments,
these were not considered significant.

Stopped-Flow Kinetics. Kinetics of the metMb plus NO
reaction were examined at UCSB by stopped-flow rapid mixing
of PBS solutions (50 mM, pH 7.4) of NO and of deoxygenated
metMbny and by following the temporal spectral changes.
Monitoring the formation of metMi(NO) at 426 nm or
disappearance of metijpat 409 nm gave identicéhys values
when fit to exponential functions (Figure 3). Plots lgfs vs

involved stopped-flow mixing of a metM§{NO) (5 uM) in
0.1 M Tris buffer solution at pH 7.4 with a pH 7.4 aqueous
solution of [RU(EDTA)(HO)]~ (500 uM). Spectral changes
were monitored at 409 and 421 nm, and tkg values
determined at temperatures ranging from 5 to <0 are
summarized in Table 3. A linear Eyring plot of these data gave
the activation parametersH* o = 78 + 2 kJ mol! and ASf o
=46+ 7 J molt K1,

Parallel experiments conducted at UCSB involved stopped-
flow mixing of metMhs)(NO) (7.3uM) (under a small excess

[NO] were linear with nonzero intercepts over the temperature of NO) in pH 7.4 PBS solution with a pH 7.4 aqueous solution
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Figure 6. Plot of koss Vs [NO] for the reaction of metMg with NO
over the pressure range of-1030 MPa as measured by stopped-flow
spectroscopy at 1(m), 50 @), 90 (a), and 130 MPa¥). Experimental
conditions: [metMb}= 4.2 x 10°¢M, 0.1 M Tris buffer, pH 7.4, temp
=5°C,1 =409 nm.

00

of [RU(HEDTA)CI]~ (200 uM). Spectral changes were moni-
tored at 409 (metMp) and 426 nm (metM(NO)) (Figure

5). Thekys values reported for 2030 °C are averages of several
acquisitions at each wavelength (Table 3). A linear Eyring plot
of these data gave the activation parameteos = 75+ 5

kJ mol?! and ASos = 36 + 17 J mot! K1, which are in
excellent agreement with those found at JU and UEN. Notably,
the AH*. and AS'y values determined by the two trapping

experiments lie between the extremes of the values measured

by the extrapolation methods. Given the greater accuracy of
the trapping method, the discussion below will focus on the
values derived in this manner.

High-Pressure Experiments. Further information on the
reaction mechanism comes from the activation voluneg(
—RT(d In(k)/dP)t, wherek; is the rate constant at a particular
P)4344derived from the effect of hydrostatic pressiren the
kinetics. The pressure effect on the reaction of megMiith
NO was studied by using two kinetic techniques, viz. stopped-
flow mixing (UEN) and flash photolysis (JU). In both cases,
the solutions were prepared in Tris buffer at pH 7.4. The
stopped-flow experiments were carried out &t while the
flash photolysis experiments were carried out at°@0 The
results are reported in Figures 6 and 7, respectively.

From plots ofkons vs [NO] at differentP, values ofk,, and
kot were determined, and linear kj)(vs P plots clearly show

véran et al.
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Figure 7. Plot of kos Vs [NO] for the reaction of metMp with NO
over the pressure range of 8:100 MPa as measured by laser flash
photolysis at 0.1H), 30 @), 60 (a), and 100 MPa¥). Experimental
conditions: [metMb}= 5 x 1076 M, 0.1 M Tris buffer, pH 7.4, temp
=20°C, 1 =422 nm.
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Figure 8. Plots of Inko.n) and Inkos) versus pressure for the reaction
of metMhs) with NO for the stopped-flow data reported in Figure 6.
Experimental conditions: see Figure 6.
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the stopped-flow and flash photolysis data, respectively. Thus,
there is little overall change in the partial molar volume during
NO binding to metMb. A volume profile constructed on the
basis of the stopped-flow data is illustrated in Figure 9.

The effect of pressure on the NO trapping experiment with

that both rate constants decrease with increasing pressure; i.eJRu(edta)HO]~ was also investigated using stopped-flow
both activation volumes are substantially positive (stopped-flow techniques, since the ambient pressure kinetics (stopped-flow
data plotted in Figure 8). The high-pressure stopped-flow and flash photolysis) demonstrated that the “off” reaction can
experiment gave the valugsV*,, = +21.3+ 0.3 cn? mol! be monitored more accurately in this way. The pressure
andAV¥o = +16.3+ 1.3 cn® mol~L. The high-pressure flash ~ dependence is reported in Figure 10, from which it follows that
photolysis experiments gav&V*,, = +19.6+ 5.7 cn? mol~? AVFor = +204 1 cn® mol~2L. This value is in close agreement
and AV¥o = +18.5+ 3.2 cn® mol~%, which are equivalent with those obtained in the stopped-flow and flash photolysis
within experimental uncertainties. The larger error limits for experiments described above. Further experiments demonstrated
the flash photolysis experiment are due to the low quantum that identical values foAV*y; are obtained independent of
yield, ¢gis, for metMb formation from metMb(NO) in the high-  the selected wavelength, viz., 409 or 421 nm. A slightly higher
pressure cell, resulting in smaller signal-to-noise ratios. The value for AV¥y of +23 + 1 cn® mol~* was found at 20°C,
reaction volumeAV for the overall equilibrium AV = AV, which further supports the dissociative nature of the “off”
— AVFq), is small, viz.+5 + 2 and+1 + 8 cn? mol~! from reaction.

(43) (a) Drljaca, A.; Hubbard, C. D.; van Edik, R.; Asano, T.; Basilewsky,
M. V.; le Noble, W. J.Chem. Re. 1998 98, 2167. (b) Stochel, G.; van
Eldik, R. Coord. Chem. Re 1999 187, 329.

(44) (a) Crane, D. R.; Ford, P. @. Am. Chem. S0d.99], 113 8510~
8516. (b) Traylor, T. G.; Luo, J.; Simon, J. A.; Ford, P.ZAm. Chem.
S0c.1992 114,4340-4345.

Discussion

Described here are several semi-independent kinetic studies
from three laboratories of the temperature and hydrostatic
pressure effects on the reaction of metMb with NO at several
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Table 4. Activation Parameters for the Reaction of NO with
A metMb As Determined by Several Different Methods
[methe® + 1,0 + NO]* AH* AS* AV*
(kJmolY) (I molrtK™) (cm®mol™?)
Kon
+211 +16 % 1 laser flash photolysis 63+ 2 55+ 8
stopped-flové-¢ 63+ 4 54+ 14
stopped-flovd-e 7142 82+ 7 214+ 1f
laser flash photolysbs' 204+ 69
Kott
laser flash photolysis 68+ 4 144+ 13
metMb(NO) + H0 stopped-flove© 65+5 3+16
= +5+2 trapping° 75+ 5 36+ 17
5 trapping¢¢ 78+ 2 46+ 7 20+ 1"
S tMb(H,0) + NO
£ metMoHO) + stopped-flow<e 83+ 2 62+ 8 16+ 1
5 laser flash photolysbs' 184 3¢
=

3+ 2Horse heart metmyoglobin, metMjp ® Horse skeletal metmyo-
[Fe'TPPS)(H0) + H0 + NO] globin, metMl). ¢ Experiments conducted at UCSBExperiments
--------------- conducted at JU and UEMH* andAS). ¢ Experiments conducted at
UEN (AV¥). fTemp=5°C.9Temp= 20°C. " Temp= 10 °C.

+8+1 +18+1

and-+ 86 J moit K71, +-8.3 and+13 cn? mol~1.32 The pattern
of large and positive\S',, and, more diagnostically, large and
positive AV¥,, values represents a signature for a dissociative
1042 ligand substitution mechanism, and such a mechanism was
proposed in the previous work on model comple¥esn
agreement with this proposal is the reported rapid exchange
between F&(TPPS)-coordinated and bulk water molecules (
= 1.4 x 10’ st at 25°C),*5 and the dissociative nature of this
reaction is indicated by the large and positive activation
entropy*® and activation volume for this reactidf.

A similar mechanism would seem an appropriate explana-

Fe'(TPPS)H,0)(NO) + H0

Figure 9. Volume profiles for the reactions. Upper: metMb(®) +
NO == metMb(NO)+ H,O (data from Figure 8). Lower: H&TPPS)-
(H20), + NO = Fe'(TPPS)(HO)(NO) + H.O (ref 32).

10 tion of the activation parameters for the nitrosylation of metMb,
1 ie.,
08 —\
k
1 . metMb(H,0) == metMB’ + H,0 4)
6 ~ —1
06 \\
" K,
~°4 S metME> <= metMb(NO) (5)
£ N -
°27] \l\ where metMB is the five-coordinate intermediate formed by
H,0 dissociation. If the steady-state approximation is made with
00 g respect to the intermediate species metMien the expression
1 \\! for the observed first-order relaxation rate becomes
0.2 \\
0 2Io I 4Io ' e]o I alo ' ul)o l 12Io I 110 — klkz[NO] * k_lk_z[HZO]

5~ [H,0] + INOJ ©)

PRESSURE (MPa)

Figure 10. Plot of In(kepy Vs pressure for the trapping of NO by

[RU(EDTA)H;0]- from metMb(NO) according to the reaction outined ~Under the experimental conditions, it may be assumed that
in Scheme 2. Experimental conditions: [metMb(N&)]4.2 x 1076 k-1[H,0O] > ky[NO] since bothk-; and k; involve ligand

M, [RU(EDTA)H,O ] =5 x 104 M, 0.1 M Tris buffer, pH 7.4, temp trapping of an unsaturated metal center angJH> [NO]. If
=10.4°C, A = 421 nm. so, the expression for the observed rate constant takes the form

Of Kobs = Kon[NOJ + Ko, i.€.,
_ kik[NOJ
bs™ k*l[H ZO] -2

[NO] over a temperature range of-85°C and a pressure range
of 0.1-130 MPa. From these data the activation parameters
AH*, AS, and AV¥ for the “on” and “off” reactions were
obtained by standard methods. These values are summarized
in Table 4. The activation parameters for the formation of the \herek,, = kiko/k_1[H»0] andkes = k_». The simplified form
nitrosyl metMb complexes (the “on” reaction) show a reasonable of the rate law is valid in the absence of a nonlinear dependence
agreement between measurements made by the various labopf k.  on [NO].

ratories, using several methods, conditions, and sources of the - Accordingly, the activation parameters fiay, represent the
protein. TheAH*,, values are large, falling into the range-63 following sums:

71 kJ mott, andAS,, andAV*, values are large and positive,
all features also seen for the “on” reactions of the water-soluble
model compounds FETPPS) and P&(TMPS), the respective
activation parameter values being 70 and 62 kJot100

()

(45) Ostrich, I. J.; Liu, G.; Dodgen, H. W.; Hunt, J. Rorg. Chem
1980 19, 619-621.

(46) Schneppensieper, T.; Zahl, A.; van Eldik, R., submitted for
publication.
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AH' = AH', + AH', — AH"_, (8)
AS,,=AS,+ AS,— AS_, )
AV, = AV’ + AV, — AV"_; (10)

Since thek_; andk; steps both involve ligand reactions with

véran et al.

molecule from an octahedral metal center is expected to be
accompanied by a maximum volume increase of 13miwi—1.43

The larger value ofAV¥,, reported here for metMb suggests
that the protein may also undergo some structural rearrangement
during the formation of the five-coordinate metM@he XAFS
structural findings referred to abdVeindicate steric strain in

the linear coordination of NO to the tecenter, which could
involve an increase in the size of the protein pocket prior to the

an unsaturated metal center, the difference in their activation pinding of NO, and therefore a largexV*,, than for the

parameters, e.gAH*, — AH*_1, should be small. In this context,
the first step, the dissociation of a water ligand to form the

porphyrin case. In fact, the activation volume reported for the
binding of NO to Fé'(TPPS)(HO), is identical to that recently

unsaturated intermediate, dominates the activation parametersfound for water exchange on HErPPS)(HO),,6 suggesting

The k; step should display a sizableH*, indicative of the
energy required to break the 'FgPor)-OH, bond, a large
positive ASF due to the formation of two species from one
without any significant changes in solvation, and a large positive
AV for similar reasons. This is the behavior seen for the metMb
systems examined here as well as for the water-soluble ferrihem
models.

that the binding of NO is controlled by the water exchange
mechanism.

Microscopic reversibility argues that the reverse process will
be dominated by thk_, step, the dissociation of NO from the
Fe!'(NO™) species accompanied by a charge transfer from metal

o nitrosyl to give metMb plus NO and a concomitant spin

change. As a result, the activation parameters must reflect the

For a more detailed interpretation of the reported activation jntrinsic entropy and volume changes associated with bond

parameters, an important structural aspect of metMb(NO) should e akage and the solvational changes associated with solvent

be mentioned. It has been shown from FTIR and resonanceeqrganization concurrent with charge redistribution and the spin
Raman data that the reaction product metMb(NO) formally has change. Such factors are consistent with the large and positive
a linear FE—NO™ character, which means that partial charge

transfer from NO to P& occurs during the bonding proce$s.
This assignment is consistent with the predictions of Enemark
and Feltham regarding the structure of diatomic ligands axially
bound to metalloporphyrirf§.Recent multiple scattering XAFS
analyses of metMb(NO) confirm this structural assignnfént.
Notably, thek_; pathway occurs between two high-spin Fe-
(111) species, so the volume change involves primarily formation
of the F&'—OH, bond. In contrast, thé, pathway involves
not only Fe-NO bond formation but considerable charge
transfer from NO to give (formally) an Ee-NO* species and

values ofAS'o and AV¥ o demonstrated here for metMb and
previously for the water-soluble ferriheme models. The values
of AV reported here are similar to those reported for model
porphyrin complexe&: and the volume profiles for the metMb
and model systems are shown in Figure 9. In both the heme
protein and porphyrin systems,'lfeNO has F&E—NO* char-
acter, and bond cleavage is accompanied by a formal oxidation
of Fe(ll) to Fe(lll), which could lead to a similar volume
increase in both cases. On the other hand, the more negative
AV for the overall reaction may reflect specific solvation of
the NO" moiety in the case of the model compounds. Similar

change from a quintet spin state to a diamagnetic complex. For sp|vation by water is less likely in the cavity of metMb, which

model porphyrin complexes, the high-spin Fe(lll) to low-spin
Fe(lll) transformation is accompanied by a negative contribution
to AV,%3%0as is the coordination-induced high-spin to low-spin
transformation of Fe(lI}*° Earlier studies have reported a
volume decrease of between 12 and 15 omol~* for the high-
spin to low-spin change on metMb&L but it is not clear what

effects should be expected in the present case. Since the overa
volume change of eq 2 is nearly zero, the net effect may not be

large. Regardless of this issue, differences in the activation
parameters for thke_; andk, steps will largely cancel out given
the likely scenario of early transition states in going from
metMIP to either six-coordinate species. Thus, it follows that
the reported values faxV¥,, mainly represent volume changes
associated with th&; pathway. These are significantly larger
than reported for the model porphyrin syst&ithis can further

be seen from a comparison of the volume profiles for the
metMb(H,0O) + NO and Fe(TPPS)(#D), + NO reactions
reported in Figure 9. Dissociation of a coordinated water

(47) (a) Traylor, T. G.; Sharma, V. 8iochemistryl992 31, 2847. (b)
Wang, Y.; Averill, B. A.J. Am. Chem. S0d996 118 3972. (c) Miller, L.

S.; Pedraza, A. J.; Chance, M. Biochemistry1997 36, 12199.

(48) Enemark, J. H.; Feltham, R. Boord. Chem. Re 1974 13, 339—
406.

(49) Rich, A. M.; Armstrong, R. S.; Ellis, P. J.; Lay, P. A.Am. Chem.
Soc.1998 120, 10827.

(50) Constable, E. C.; Baum, G.; Bill, E.; Dyson, R.; van Eldik, R.;
Fenske, D.; Kaderli, S.; Morris, D.; Neubrand, A.; Neuburger, M.; Smith,
D. R.; Wieghardt, K.; Zehnder, M.; Zub€ibler, A. D.Chem. Eur. J1999
5, 498 and references therein.

(51) (a) Messana, C.; Cerdonio, M.; Shenkin, P.; Noble, R. W.; Fermi,
G.; Perutz, R. N.; Perutz, M. Biochemistry1978 17, 3652. (b) Morishima,

I.; Ogawa, S.; Yamada, HBiochemistryl98Q 19, 1569.

excludes the bulk solvent.

The “on” reactions for a variety of ferri- and ferroheme
proteins and water-soluble porphyrins have been examined and
demonstrate a dramatic range of reaction rates spanning 9 orders
of magnitude, from<10 s for the NO reaction of ferrous

ytochromec? to 10 M~1 s for the reaction of free iron(ll)

orphyrins with NO2 This range of rates is due in part to
variations of the heme protein structures, particularly when the
protein limits access to the metal center. For example, although
the equilibrium constants for binding NO are large for ferric
and ferrous cytochrome the rates are comparatively slolg(
= 7.2 x 10? and 8.3 M! s71, respectivelyf° presumably
because in both cases the iron is strongly bound by both a
methionine sulfur and a histidine nitrogen. However, when
access is not limited by the protein, more facile reactions occur,
as in the case of the reaction of NO with catafds® in the
present case with metmyoglobin.

Various flash photolysis studies of the analogous nitrosyl
complex of ferrous myoglobin have demonstrated that the
guantum yield for net photodissociation of Mb(NO) into Mb
plus NO in solution is very smalP However, on the picosecond
and femtosecond time scale it has been noted that NO is labilized
but does not escape significantly from the protein, the recom-
bination occurring much faster than dissociation of {ivb,-

NO} geminate pair. On the subnanosecond time scale, the re-
formation of Mb(NO) does not follow a single exponential, and
this observation for native Mb as well as kinetics studies of
mutant forms leads to the conclusion that the heme pocket is
playing a key role in the recombination pathway and that
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multiple geminate-type intermediates may be invoked to explain  In summary, the present study provides new mechanistic
the kinetics behavior:16-17 In the present study, the bimolecular  information on the reaction of nitric oxide with metmyoglobin.
“on” reaction kinetics of the ferric complex metmyoglobin are The activation parametersH*, AS,, andAV* determined from
instead shown to be dominated by the six-coordinate nature ofthe temperature and pressure dependence clearly support the
metMb, and thus by the lability of the coordinatedbCH ligand dissociation mechanism for the studied reaction. High-
molecule. pressure measurements (both high-pressure stopped-flow and
These findings suggest that, although the free radical charactetigh-pressure flash photolysis studies) provide key insight into
of NO is crucial to its role as a bioregulatory molecule, this understanding the nitrosylation reaction mechanism of this
may have only a minor influence on the dynamics of the ferriheme protein. Notably, the patterns of behavior for metMb
reactions with metal centers key to such biological activity. Since are similar to that reported for water-soluble iron(lll) porphyrin
the odd electron in NO resides inz# orbital, its interaction model system&: and these systems react with NO by analogous
with the metal center is unlikely to be significant, except at mechanisms. Similar correlations are to be expected for other
close distances when coordination has largely been achievedmetal-ligand systems. Furthermore, the large and positive
The reaction dynamics are far more dominated by the nature ofvalues ofAV¥,, and AV¥o point confidently to a dissociative
the metal center. Fast reactions require high metal center lability mechanism as the common pathway and illustrate the feasibility
as in the cases of the hexacoordinate high-spin ferric porphyrin of volume profile analyses in the assignment of detailed reaction
model$? or proteins such as catalase or metmyoglobin, or an mechanisms.
empty coordination site such as that seen for high-spin, five-
coordinate ferroheme proteins or model compleXds the early
stage of its reactions with such metal centers, i.e., those stage
which dominate the reaction dynamics, the behavior of NO is
more like that of other typical Lewis base donors. A similar
conclusion was reached for oxidation reactions of different
aquated metal ions and complexes of Mn(ll), Fe(ll), and Co-
(I) with a series of different free radicals such ‘&Hs, *O,-
CHea, Bry*~, and (SCNy*~, in which the reactions are controlle

by ligand interchange processes, and the free radicals were al
fgun% to behave asg“ngrmal” nucleophifés. KS.60 system. A.W. gratefully acknowledges support by
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