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Binding of Nitric Oxide to Iron(ll) Porphyrins: from this method of analysis are found to be typically accurate
Radiative Association, Blackbody Infrared Radiative to £0.2 eV @4.6 kcal/mol)?
Dissociation, and Gas-Phase Association Equilibrium Increasing the temperature decreases the association rate, and

in the case of FeTPyrPH at an NO pressure of 2 107 Torr
the result is that competition between association and dissociation
brings the free metalloporphyrin and its complex into equilibrium
University of Delaware, Newark, Delaware 19716 &S Shown in Figure 1. While at low-temperature FeTPyPH
. disappears completely in favor of FeTPydPNIO)", at higher
Receied May 5, 1999 4o heratures the FeTPyrPHoncentration approaches a constant
The binding of NO to an Fe(ll)porphyrin has received attention nonzero value at long time as the association comes to equilib-
recently because of discoveries revealing the role of that interac-rium. The equilibrium constant can be obtained from the NO
tion in important biological functionk? In particular it was found pressure and the ratio of the steady-state signal intensities of
that NO is produced endogenously and that the binding of NO to FeTPyrPH(NO)" and FeTPyrPki. The ratio of the FeTPyrPH
enzyme-bound heme may play a biological regulatory ¥é[Ehe (NO)" and FeTPyrPH signals at equilibrium are obtained by
NO molecule is typically much more strongly bound to an Fe(ll) fitting the curves to functions consisting of the sum of an
porphyrin than is @or CO, which complicates examination of exponential and a constant. The curves in the figures are labeled
the bonding and determination of binding constants since the with average temperatures obtained from two thermocouples
addition of NO goes to completion at very low NO pressures. mounted to the cell. Because of the way the vacuum system is
This suggests the examination of the Niton porphyrin interac- heated (to protect a signal preamplifier) there is a temperature
tion in the gas phase using Fourier transform ion cyclotron gradient across the cell, giving an uncertainty in assigning the
resonance mass spectrometric techniques which, in fact, requiretemperatures ranging from abat6K to +10K. Furthermore the
a low NO pressure. We report here the results of such anrange of temperatures over which the equilibrium constant can
examination. In particular, we report the observation of radiative be measured is very small, making a Van't Hoff analysis
associatiof of NO to metalloporphyrins in the gas phase and inappropriate. Nevertheless it is clear from the data in Figure 1
deduce estimates of the metalloporphyrO bond strengths that the system comes to equilibrium at the higher temperatures.
from the rates of the observed associations. At ambient temper-The free energy of binding determined from the equilibrium
ature the association reactions go to completion, but at higher constants and the average temperatures combined with an entropy
temperatures the reaction goes to equilibrium. There is little estimated from statistical mecharfitgives the binding energy.
precedent for the observation of associative equilibria under low- The equilibrium constant at one nominal temperature and the
pressure conditions where association occurs by radiative stabi-derived binding energy are listed in Table 1. The binding energies
lization rather than by collisional stabilization. Equilibrium is  obtained from the equilibrium constants at the various nominal
observed in this case, however, and an estimate of the bondtemperatures agree to within0.3 kcal/mol. The estimated error
strength can be made from the equilibrium constant. We also derives from the uncertainty in temperature and the uncertainty
report observation of blackbody infrared radiative dissociation in the estimated entropy. We note that the equilibrium constant
(BIRD)*5 of a metalloporphyrirsNO complex in the gas phase listed in Table 1 corresponds toRa;(NO), the NO pressure at
and deduce an estimate of the bond strength from the rates ofwhich FeTPyrPH™ and FeTPyrPKNO)* are equally abundant,
that process. N©metalloporphyrin binding constants and binding of 3.8 x 1077 Torr. If the solvation energies required to move
energies do not appear to have been previously measured in the : :
gas phase, although metalloporphyrO complexes have been Acé]a)_ %&_/ﬁhs?gig\/?v?, ;21', %”z'giiaczb?"aﬁ%ﬁ%'ﬂgiij Ezﬂ.ug.l;d’zfv'vrgg'zl!\‘i%l.'v.
observed in the gas phasend NO binding energies have been  \are 198q 288 373-376. (c)ignarro, L. J.; Buga, G. M.; Wood, K. S.:
determined theoretically. gB%/grés_gR E.; Chaudhuri, Qroc. Natl. Acad. Sci U.S.A987 Dec;84 (24),
Electrospray ionization of iron tetrapyridylporphyrin chlofide . . ) o . )
(FeTPyrPClproduced an abundant doubly protonated FeT-  (Forfeviws, see. (&) e Oxide: Blochmisty, Molecar Biclooy
PyrPH*2ion and a less abundant singly protonated FETPYrPH Murad, F., Eds.; Academic Press: San Diego, CA, 1995; Vol. 34. (b) Nitric
ion. The FeTPyrPCI#" and FeTPyrPCIH ions were also Oxi_de in the Nervous_System. Idvances in Pharmacologyincent, S. R.,
,Observed' F’Ut they, did not react with NO. The ions We,re Ed(SSI_\IS?J?]?)rngCRPr%SIit ’.\Jl.evl\yle:(s%rl‘(slp]é?:?r%m. lon Processk397 160(1—3),
introduced into the ion trap of a Bruker 70e Bioapex Fourier 193
transform ion cyclotron resonance mass spectrometer(FT-ICR- __(4) (8) Thdmann, D.; Tonner, D. S.; McMahon, T. B. Phys. Chentl994
MS).? NO was present at low pressiitin the vacuum chamber g2 208 ) QUNRn 1§, S TERaion & Bt omans. o T800en O
containing the ion trap. Mass spectra taken at various reactionpunbar, R. C.: McMahon, T. BSciencel998 279, 194-197.
times show that both FeTPyri2H and FeTPyrPH react to form (5) (&) Price, W. D.; Schnier, P. D.; Williams, E. Rnal. Chem.1996
NO adducts. Inthe gas phase, collding species can associate ot 559 068 (0 S, 2, 0: rce W, D Jockusen, & A i,
if the collision complex loses energy by a third-body collision or  p; jockusch, R. A.; Strittmatter, E. J.; Williams, E. 8. Am Chem. Soc.
by radiation; otherwise, the complex will dissociate into its 1996 118 10640-10644. )
constituent species. The rate of radiative association can beSoS:?:)Lé%)l%_q%nYSH(bIS.;LJ};%:]:C?‘STI'?FR.?I:%?@?,.DE..;PF.\);Ingf?EYliIt?‘E ATTI\%???U.
determined by extrapolating the pressure dependence of thea j Am. Chem. Sod997 119, 10424.
association process to zero pressure. The rate of ion neutral (7) Rovira, C.; Kunc, K.; Hutter, J.; Ballone, P.; Parrinello, ¥1.Phys.

o o » i Chem. A1997, 101, 8914-8925.
radiative association depends most sensitively on the binding © ?STPrega?ré d Oujéiﬁg B9 hods: (@ Li, X Czemuszewicz, R.

energy of the association complex and less sensitively other kincaid, J.; Spiro, TJ. Am. Chem. Sod.989 111, 7012-7023. (b) Li, X.;

properties of the associating ion neutral complex such as Czernuszewicz, R.; Kincaid, J.; Su, O.; Spiro,JT.Phys. Chem199Q 94,
ibrati i i i i 31-47.

Vlbratlonal frequencies. This makes it po§5|ble to .rnake?rgood (9) For a recent review of Fourier transform ion cyclotron resonance mass

estimates of bond strength from the radiative association tates. spectrometry, see: Marshall, A. G.; Hendrickson, C. L.; Jackson, BaSs.

The radiative association rates and the derived binding energy ofSpectrom. Re 1998 17, 1-35.

i (10) 6.0 x 108 to 3.6 x 107 Torr, measured with an ionization gauge
Nt()) to EeTZYrFH and t(.) tFeTPy{PH e.StIm[?te% f':onj tthed dcalibrated using the known rate constant for the reactiog"GONO — NO*
opservea radiative association rates using bunbars “standard CO,, k= 1.2 x 10719 cm¥/s from Anicich, V. G.; Huntress, W. strophys.

hydrocarbon” method of analySiare listed in Table 1. Numbers  J. Supp. Ser1986 62, 553-672.
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Table 1. Measured Parameters and Derived NO Binding Energies

ko 10711 Keq Ea D (M—NO)
species (M) cmist 10Patmr! kcal/mol  kcal/mol method
FeTpyrPH+2 48+15 2.0+0.6 26.6+ 0.7 radiative
(288K)  (336K) associatioh
28.9+ 1.5 associative
equilibriunp
FeTpyrPH  48+15 26.6+ 0.7 radiative
(288K) associatioh
FeTPP 10.0+£0.9 25.9+ 0.9 blackbody
radiative
dissociatiof
heme 1.5+0.5 248+ 0.7 radiative
(288K) associatioh
FePorphyrin 35 DFY

@ From uncertainties of rate constants and temperatt&KJj. The
analysis method (4) is considered to be accurat¢Q@® eV or+4.6
kcal/mol.® Present results.Uncertainty from uncertainties in the
temperature £7K) and the entropy estimatélUncertainty from
Arrhenius plot.¢ Result from ref 7.

Relative Intensity of FeTPyrPPH2+2

(s)

Figure 1. Disappearance with time of FeTPyrPas a result of addition

of NO at various temperatures. Lines are exponential fits to the data. RF
pulses to isolate reactant ions leaves them translationally excited. Hence
there is an induction period during which the ions are cooled before
exponential decay begins.

Reaction Time

FeTPyrPH"™ and FeTPyrPL{NO)" from the gas phase into
solution are similar, B(NO) should be similar for the association
equilibrium in solution. Henry’s Law indicates that an NO
pressure of 3.8x 107 Torr corresponds to an equilibrium
concentration of NO in aqueous solution of approximately 1
10712 M. Our results thus suggest that NO concentrations in the
sub-picomolar range could therefore be physiologically significant.

P12(0,), the partial pressure of £above the solution corre-
sponding to equal equilibrium concentrations of the free apd O
bound metal complex, is generally reported in studies of the
binding of G to metalloporphyrins and heme proteins in
solution!? Measurements of values Bf, smaller than 1¢* Torr
are not practical using the usual methéti$his, in part, is the
reason that there is @y »(NO) for the association of NO with
metalloporphyrins and heme proteins in solution to be compared
with our gas-phase result.

The ions produced by electrospray of myoglobin were also
allowed to react with NO. The electrospray spectrum of myo-
globin contained myoglobin with predominantly-80 protons,
stronger signals of apomyoglobin with predominantly- 1%
protons, and free heme with1 charge but no protons. Of these
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interaction of the heme with nearby histidine residues in myo-
globin. It may also be that the NO does not sample efficiently
the binding site in gas-phase collisions with the large and complex
myoglobin ion.

The iron tetraphenylporphyrin cation, FeTRRvas produced
by electrospray ionization of iron tetraphenylporphyrin chloride
and found not to add to NO. The NO complex of iron tetraphen-
ylporphyrin cation (FeTPP was produced, however, in a Nicolet
FTMS-2000 FT-ICR-MS by the two-step reaction of that ion with
NO; (FeTPP + NO, — FeTPPO + NO, FeTPPO + NO, —
FeTPPNO + 0,).5 The complex was then transferred to a
differentially pumped adjacent cEliat low pressure~410-8 Torr)
where it was observed to dissociate to FeTRIAd NO with a
unimolecular rate constant dependent on temperature. At low
pressure, the exchange of infrared radiation with the walls of the
chamber is the primary means by which activation of a reactive
molecule can occu¥® Under these circumstances, the meaning
of the activation energyH,) depends on the size of the system
and how fast it reacts. The FeTPPN&ystem falls into the “small
molecule” categoryf where the rate of ion activation by the
radiation field is slow relative to the rate of reaction. This distorts
the internal energy distribution of the reacting molecules, and a
correction must be made to tlig to obtain the binding energy.
The procedure for making this correction has been outlined by
DunbarfaPand further described by McMahon and DunffaFrhe
bond energy between FeTPBnd NO found using the McMahon
and Dunbar procedure is listed in Table 1.

Taking the equilibrium measurement as the most reliable since
it is independent of kinetic models suggests that the bond energies
deduced from the radiative association rates may be somewhat
too small, but the agreement is satisfactory considering the
approximate nature of the analysis of the radiative association
rate data. The radiative association numbers suggest that charge
on the ligand plays little role in the interaction since the singly
and doubly protonated FeTPyrP species give essentially the same
result. The radiative association numbers also suggest that the
heme ion binds NO just about as strongly as do the FeTPyrP
ions, suggesting further that the bond strength is not strongly
dependent on details of ligand structure. The agreement between
the bond strength to FeTPRBetermined by the BIRD experiment
and the numbers from radiative association tends to validate both
methods and to suggest that FeTRIRAd the protonated FeTPyrP
ions interact similarly with NO. The bond strength between NO
and iron porphyrin has recently been calculated using density
functional theory (DFT) methods to be 35 kcal/mdlhis agrees
reasonably well with the present results.

The metalloporphyrin systems examined failed to form adducts
when exposed to Pand CO. This is consistent with what is
known about the binding energies of @d CO to metallopor-
phyrins. Rovira, et al. found in their DFT calculations binding
energies of 9 and 26 kcal/mol FeP, and FeP-CO, respectively,
whereas they found a binding energy of 35 kcal/mol for FeP
NO, where FeP is iron porhyrin and the ligands are bound to the
metal.
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(11) Loss of translationaH41.2 cal K** mol™?), rotational (-9.0 cal K'*
mol~) and electronic entropy—«R In(3) = —2.2 cal K'* mol™, see ref 7)
plus the estimated entropy of low-frequency vibrations of bound NO (7.1 cal
K~ mol~, based on frequencies in Nakamoto Jifrared and Raman Spectra

species only the free heme was observed to add NO at reactiornof Inorganic and Coordination Compounds, Part B: Applications in Coor-

times out to more than 30 s at>2 10~ Torr of NO. The bond

dination, Organometallic, and Bioinorganic Chemistbgh ed.; Wiley: New
York, 1980) and give?\S = —45.3 cal K'* mol~%. Uncertainty assignee

energy between NO and the positively charged heme deducedt 40 cal K mol .

from the radiative association rate is given in Table 1. The failure
of NO to add to myoglobin suggests that the bond between NO

(12) Momenteau, M.; Reed, C. £hem. Re. 1994 94, 659.
(13) Ricard, D.; Andrioletti, B.; Boitrel, B.; Guilard RNew J. Chem1998
331

and myoglobin may be weaker than the bond between NO and ™™ (12) Cody, R. B.: Kinsinger, J. A.; Ghaderi, S; Amster, J.; McLafferty, F.

the free positively charged heme. This could be the result of the

W.; Brown, C. E.Anal.Chem. Acta1985 178 43.



