Reactions of water soluble iron(ir) and cobalt(ir) por phyrins with nitric oxide.
I mplications for the reactivity of NO and biologically relevant metal centers
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The entropies and volumes of activation (AS%,, and AV#,,)
for the fast reactions (ko,n, > 10° dm3 mol—! s—1) reaction of
NO with the water soluble iron(11) porphyrin complexes
Fell(TPPS) [TPPS = tetrakis(4-sulfonatophenyl)porphi-
nato] and Fell(TMPS) [TMPS = tetrakis(sulfonatomesi-
tyl)porphinato] are small and positive indicating that these
reactions are dominated by the diffusion processes as is the
analogous formation of the cobalt(iti) complex
Co(TPPS)(NO).

Nitric oxide has important and diverse roles in mammalian
biology including cytotoxic immune response and intracellular
signaling. Under physiological conditionsthe principal targets
for NO are metal centers, primarily iron, the best documented
being the ferroheme center in soluble guanylyl cyclase (sGC).2
NO may aso haveroles as an inhibitor of metalloenzymes such
as catalase,3 nitrile hydrase* and cytochrome oxidase, as the
vasodilator released from the salivary ferriheme protein of a
blood sucking insect¢ and in blood pressure regulation by
hemoglobin.” However, despite numerous rate measurements
for NO reactions with ferro- and ferri-heme centers, there has
been little quantitative study to deduce the bimolecular
mechanisms by which NO undergoes coordination to metal
porphyrin centers [egn. (1)].

kon

M(por),q + NO M(por)(NO),q )

koff

To address this deficiency, we have initiated studies on the
temperature and hydrostatic pressure effects for the ‘on’ and
‘off’ reactions with water soluble iron(ir) and iron(tir) porphyr-
ins in agueous solutions as simple models for ferro- and ferri-
heme proteins {M = Fe'l or Fe'l; por = TPPS [tetrakis(4-
sulfonatophenyl)porphinato anion] or TMPS
[tetrakis(sulfonatomesityl)porphinato anion]}.® From these
data, one can extract the activation parameters AH*,,, ASfo,
and AV#,, in order to gain insight into the nature of the
transition state(s) of the rate limiting step(s). Here we describe
results for the ‘on’ reaction of the ferroheme complexes
Fe'(TPPS) | and FE'(TMPS) Il in aqueous solutions and
compare these to the analogous reaction for the cobalt()
porphyrin Co''(TPPS) 111.

Fig. 1 shows the difference spectrum obtained by subtracting
the absorbance spectrum of agueous Fe''(TPPS)(NO) and NO
(2.7 mM) from that recorded subsequent to a 355 nm laser pulse
recorded with aCCD camera (50 nsdelay, 100 ns gate width).10
This is in exact agreement with the difference between the
spectra of | and Fe''(TPPS)(NO) according to egn. (1). The
transient absorption changes decayed back to baseline and no
permanent photoproducts were spectrally apparent (Fig. 1,
inset).

The kops vValues obtained by exponential fits of these data are
independent of the observation wavelength. According to
relaxation Kinetics, Kops = Kon[NO] + Keff, and correspondingly
plots of Kops VS. [NO] are linear with slopes equal to kon with
values of (1.47 = 0.05) x 10° and (1.04 + 0.08) x 10° dm3
mol—1 s—1 for | and |1, respectively, in 298 K phosphate

buffered (pH 7.0) aqueous solutions. The intercepts of such
plots should equal ko, but since equilibrium constants for
Fell(por)(NO) formation (Ky = Kon/ketf) are very large, Kos
values could not be determined by extrapolation. Independent
measurements in this laboratory give the upper limit estimate
Kot < 2s1forl.11

Temperature effects on the ko, vaues for | and Il were
evaluated from linear plots of kops vs. [NO] for at least six NO
concentrations at each temperature. Eyring plots gave straight
lines from which were extracted the values for AH%,, and
ASHo. For | these were 24 + 3 kJmol—1and 12 + 10 Jmol -1
K—-1andfor Il thesewere 26 + 6 kamol—1 and 16 + 20 Jmol —1
K—1, respectively.

Hydrostatic pressure (P) effects were evaluated by determin-
ing kon from plots of kyps vs. [NQ] for individual P ranging from
0.1to 250 MPa. Plots of In(kyn) vs. P were linear and activation
volumes were calculated according to AV+,, = —RT[dIn(ken)/
dP]+.12 The respective AV#+,, values obtained for | and || were
50+ 1.0and 2.2+ 0.6 cm3 mol—1,

The measured rate constants ko, for NO binding to ferro-
hemes range over many orders of magnitude, from 8.3 dm3
mol—1 s—1 for Cyt!! (Cyt!' = Fe''cytochrome c) to 1.5 x 10°
dm3 mol—1s-1for | at ambient temperature.8 Ferrohemes may
be six-coordinate in the presence of an excess of strong field
ligands such as pyridine or imadazole but tend to be coor-
dinatively unsaturated otherwise. In wet toluene or dichloro-
methane, the model ferroheme Fe''(TtButPP) { TtButPP = [(N-
tert-butylcarbamoy!)phenyl]porphyrin} was found to bind H,O
only weakly.13 Furthermore, ferroheme proteinstend to be five-
coordinate unless a strong field ligand such as CO, O, or CN—
occupy an axia site, in which case the Fe'! is six-coordinate,
athough in the case of Cyt!! the Fel!! is six-coordinate with
histidine and cysteine thiolate ligands in the axial site.14 It does
not appear coincidental that Cyt!' is extremely slow in its
reaction with NO. While the exact coordination environments
of I and Il have not been explicitly determined in buffered
agueous media, anal ogy to the above and other examples clearly
suggests that water is a weak field ligand for these ferrohemes
which are likely to be effectively five-coordinate in solution.
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Fig. 1 The transient absorbance spectrum of agqueous Fe''(TPPS)(NO)
recorded 50 ns after pulsed laser excitation at 355 nm. Inset: decay of
absorbance at 425 nm following a laser pulse, Kops = 2.7 X 106 s—1.
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Our earlier study?® of the temperature and hydrostatic pressure
effects on the rates of NO binding with the ferriheme analogs
Fe''(TPPS) 111 and FE'(TMPS) |V demonstrated very large
and positive values for both AV#,, and AS,,. Such behaviour
isasignature for amechanism where Fe'"NO bond formationiis
preceded by ligand dissociation, in this case from the hexa
coordinate ferriheme complexes Fel!'(por)(H2O).. In contrast,
the ASFy, and AV#+,, values determined for the iron(ir) species
| and I are much smaller while, correspondingly, the ko, values
are three orders of magnitude faster.

The kinetics of ligand binding to ferrohemes have led to a
proposed schemels in which an encounter pair isformed before
bond formation occurs, i.e.

kg ka
{Fel(por) || L}y —= Fe'(por)(L) )]

Fel(por) + L

-d

In this model, ky is the rate constant for formation of the
encounter pair by diffusion, k_q is that for diffusion of the
reactants apart, and k, represents that for formation of the Fe-L
bond. If the steady state approximation is made with respect to
the encounter pair { Fe(por)|| L}, then,

__kika
Ko =tk @
and to afirst approximation,
AV¥on = AVH + AV, — RT(%] @)
T

The two limiting cases are ones in which ligand binding is
activation controlled or in which the reaction is diffusion
controlled. In the former kg > k,, thus

AV, = AVig+ AV, — AVE_4 (5)

The difference AV+y — AVi_4 is the volume difference
between a contact pair and a solvent separated pair. While
unknown, this can be assumed to be small when L isuncharged.
The principal contributor to AV#,, thus becomes AV#,, which
would be expected to be negative if Fe!!(por) is five coordinate
(since this step involves bond formation).12

In the other limiting case, ky > kg4 and AV#,, = AV4,.
Activation volumes for diffusion limited reactions (AV#g) in
various solvents are generaly positive owing to pressure
induced increases in viscosity. In the present case, the AV,
values measured for | and Il (5.0 and 2.2 cm3 mol—1,
respectively) are somewhat larger than expected from a
diffusion limited ratein water16 but are much smaller than found
for the ferriheme analogs.® This suggests that ko, is largely
dominated by the diffusional terms. Indeed theratesfor reaction
of NO with | and Il are within an order of magnitude of the
diffusion limit in water (ky = 1010 dm3 mol—1 s—1 a 298
K).17

A similar analysis of ASF gives ASH,, = ASHy, if ka > K_g.
The activation entropy AS for diffusion in water is small and
positive; a value of ca. 34 J mol—1 K—1 can be calculated
according to Eyring and coworkers.® In this context, the
measured ASF,, values for | and I1 (12 and 16 J mol—1 K—1,
respectively) are further argument for a diffusion dominated
process.

We have also determined the temperature effects on the
kinetics of the reaction of Co'(TPPS) with NO to give
Co''(TPPS)(NO). Notably the behavior of this system is quite
similar tothat of the Fe'! analog with ko, = 2.3+ 0.1 X 10° (dm3
mol—1s-1) at 298 K, AH%,, = 28+ 2kJmol—1and ASH,, = 28
+ 7 Jmol—1 K—1, Hence, the kinetics of the ‘on’ reaction for
Co''(TPPS) can a so be concluded to be dominated by diffusion
processes.
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For nitric oxide to be important in intracellular signaling at
the sub-uM concentrations generated in vivo,1° the reactions of
NO with ferroheme proteins must have very high second order
rate constants in order to compete with other processes leading
to NO depletion. The present study demonstrates that activation
parameters for the reactions of NO with the water soluble Fe(ir)
porphyrin complexes| and 11 are consistent with the small and
positive values of AV#,, and ASH,, expected for diffusion
limited (or nearly limited) processes in solution. These results
experimentally support the intuitive notion that the nearly
diffusion limited rates for NO reaction with iron(i1) hemes is
dueto vacant or extraordinarily labile coordination sites at those
metal centers.

Thiswork was supported by the National Science Foundation
(CHE 9726889).

Notes and references

1 L.J.Ignarro, G. M. Buga, K. S. Wood and R. E. Byrns, Proc. Natl. Acad.
Sci. USA, 1987, 84, 9265; S. Moncada, R. M. J. Palmer and E. A. Higgs,
Pharmacol. Rev., 1991, 43, 109; P. L. Feldman, O. W. Griffithand D. J.
Stuehr, Chem. Eng. News, 1993, 71, 26.

2 J N.Burstyn, A.E. Yu, E. A. Dierks, B. K. Hawkins and J. H. Dawson,
Biochemistry, 1995, 34, 5896; S. Kim, G. Deinum, M. T. Gardner,
M. M. Marletta and G. T. Babcock, J. Am. Chem. Soc., 1996, 118,
8769.

3 G. C. Brown, Eur. J. Biochem., 1995, 232, 188.

4 T. Noguchi, J. Honda, T. Nagamune, H. Sasabe, Y. Inoue and |. Endo,
FEBS Lett., 1995, 358, 9.

5 M. W. J. Cleeter, J. M. Cooper, V. M. Darley-Usmar, S. Moncada and
A. H. Scapira, FEBS Lett., 1994, 345, 50.

6 J. M. C. Ribiero, J. M. H. Hazzard, R. H. Nussenzveig, D. E.
Champange and F. A. Walker, Science, 1993, 260, 539.

7 J. S. Stamler, L. Jia, J. P. Eu, T. J. McMahon, I. T. Demchenko, J.
Bonaventura, K. Gernert and C. A. Piantadosi, Science, 1997, 276,
2034.

8 R. J. Morris and Q. H. Gibson, J. Biol. Chem., 1980, 255, 8050; M.
Hoshino, K. Ozawa, H. Seki and P. C. Ford, J. Am. Chem. Soc., 1993,
115, 9568; T. G. Traylor, D. Magde, J. Marsters, K. Jongeward, G. Wu
and K. Walda, J. Am. Chem. Soc., 1993, 115, 4808; E. Chiancone, R.
Elber, W. E. Royer, J., R. Regan and Q. H. Gibson, J. Biol. Chem.,,
1993, 268, 5711; M. Hoshino, L. E. Laverman and P C. Ford, Coord.
Chem. Rev., 1999, 187, 75.

9 L. E. Laverman, M. Hoshino and P. C. Ford, J. Am. Chem. Soc., 1997,
119, 12663.

10 Laser flash photolysis experiments were performed using instrumenta-
tion described by D. R. Crane and P. C. Ford, J. Am. Chem. Soc., 1991,
113, 8510. Sampleswere prepared in 50 mM phosphate buffer at pH 7.0
in aspecially designed cuvette and degassed by four freeze-pump-thaw
cycles. Ferroheme complexes were prepared by addition of sodium
dithionite to solutions of the respective Fe'! species under inert
atmosphere. After degassing, the samples were allowed to equilibrate
for >45 min at the desired Pyo and T before data collection. Rate
constants were drawn from the averages of several kinetics traces.

11 This was done by using dithionite to trap NO spontaneously released
from Fel!/(TPPS)(NO).

12 Inorganic High Pressure Chemistry, ed. R. van Eldik, Elsevier Science
Publishers, Amsterdam, 1986; T. G. Traylor, J. Luo, J. A. Simon and
P. C. Ford, J. Am. Chem. Soc., 1992, 114, 4340.

13 L. Leondiadis, M. Momenteau and A. Deshois, Inorg. Chem., 1992, 31,
4691.

14 T. Takano and R. E. Dickerson, J. Mal. Biol., 1981, 153, 79.

15 E. J Rose and B. M. Hoffman, J. Am. Chem. Soc., 1983, 105, 2866.

16 E.F. Caldin, Fast Reactionsin Solution, J. Wiley and Sons, New Y ork,
1964, p. 12.

17 W. D. Turley and H. W. Offen, J. Phys. Chem., 1984, 88, 3605.

18 S. Glasstone, K. J. Laidler and H. Eyring, in The Theory of Rate
Processes, ed. L. P. Hammett, McGraw Hill, New York and London,
1941, p. 225.

19 T.Malinski and C. Czuchajowski, in Methodsin Nitric Oxide Research,
ed. M. Feelish and J. S. Stamler, J. Wiley and Sons, Chichester,
England, 1966, ch. 22 and references therein.

Communication 9/02725I



