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Reactions of enzyme mimetic Mn(lll) porphyrins aiohple inorganic compounds

1) INTRODUCTION AND AIMS

Transition metal porphyrin complexes are importantl widely
used redox catalysts. Their high metal-to-ligarab#ities ensure high
turnover numbers and the different side chainscla#id to the
porphyrin core structure help to fine tune the cicaimproperties of
these complexes. As a consequence, industrial etyotistrategies
using various polar and nonpolar solvents are offtesed on metal
porphyrin redox catalysts and oxidative wastewatszatment
technologies utilizing metal porphyrin catalystse also currently
being developed. Metalloporphyrins play fundamentales in
biological redox reactions as well, as severahefriaturally occurring
metalloenzymes contain transition metal porphyrimsfhetic groups.

Manganese lacks Fenton chemistry-related toxieity] provides
rich biologically relevant redox chemistry at thetal site. In the past
few years, novel synthetic water soluble Mn(lllyjployrins have been
developed for therapeutic purposes. Among the motntin vivo
superoxide dismutase (SOD) mimics are the orthopaind isomers of
Mn(lll) meso-tetra-(N-alkylpyridyl), -(N-methoxyaj) and -(N-
tri(ethyleneglycol))porphyrins. The structures obnwe selected
complexes are given in Scheme 1. Furthermore, theeamentioned
cationic and also the anionic MnTSPRScheme 1) complexes are
effective for the removal of peroxynitrite radidal vivo. It is well
accepted that porphyrins and their metal compléwa® affinity for
malignant tissues, which forms the basis of tha ioethe application
of the high relaxivity Mn(lll) porphyrins as tumdmaging MRI
contrast agents.

Because the biologically important reactions of thia(lll)
porphyrins occur at the metal site and possiblyolves the inner
sphere coordination of the reactant to the metatece we found it
important to determine the water exchange rates stondy the
exchange mechanism for representative Mn(lll) pwripls. Four
complexes from Scheme 1 were chosen for this stiiyTEt-2-
PyP*, MnTnHex-2-PyP", MnTTEG-2-PyP* and MnTSPP.
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The high reactivities of Mn(lll) porphyrins towardsmall
molecules and the ability to undergo fast axiaddig substitution
during redox cycling are proposed to be key aspafdisein vivo and
in vitro solution-phase chemistry of these complexes. Atingly, we
characterized the biologically relevant redox rieeictof a selected
SOD mimic Mn(lll) porphyrin complex (MNTTEG-2-PyPas seen in
Scheme 1) with N-hydroxyurea (HU as seen in SchiEnme vitro. N-
hydroxyurea is a hydroxamic acid with a wide varief antitumor
therapeutic applications and has recently beeodoted into sickle
cell anemia therapy. Patients receiving HU havewshioncreases in
thein vivo production of nitric oxide (NO) metabolites. Treason to
study the reaction of HU with a Mn(lll) porphyria that similarly to
other hydroxamic acids, HU may act as either acnitixide or a
nitroxyl (HNO) donor under oxidative conditions, darMn(lll)
porphyrins are described to display characteribyicalifferent
reactivities towards NO donor and towards HNO dammpounds.

The defensive peroxidase enzymes lactoperoxidaselomy
peroxidase and eosinophil peroxidase commonly aonkge(lll)
porphyrin (heme) prosthetic groups in their actbtes, and among
other substrates catalyze the oxidation of SO HO, to
hypothiocyanite ion (OSCNas seen in Scheme 1). Hypothiocyanite
ion is a potent bactericide and plays an importale in multiple
stages of the non-immune defense system in sepéraliological
locations (e.g., in the mouth and in the airwaiAg)pothiocyanite ion
can be synthesized only in the excess of SGN two-electron
oxidation because it can be subsequently oxidizethb same agent
(e.g. HO,, HOCI, HOBr) as SCN To elucidate the mechanism of an
analogous reaction, we studied the multi-step dixideof SCN with
peroxomonosulfate ion (HSOformulated as Oxofi§, where OSCN
was identified to be an intermediate. The peroxdasimicking
catalytic effect of a selected Mn(lll) porphyrin ((WiMe-4-PyP" as
seen in Scheme 1) was also investigated in the "SGHREQ~
+ catalyst reaction system.

The stability and mechanism of hydrolytic decomtposi of
OSCN fundamentally determine iis vivo chemical reactivity. It is
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known that OSCNshows moderate stability at neutral and basic pH
and anecdotal reports indicate that its decompuosit faster at low
pH and with high concentrations of SCTNConsidering that
thiocyanogen ((SCHN) yields OSCN when it is hydrolyzed at basic
pH but does not at neutral pH, one might conclutat tthe
comproportionation of HOSCN and SCio give (SCN) is involved
in the decomposition mechanism of OSCMNear neutral pH.
Therefore, we investigated the hydrolytic decomjpmsi of both
OSCN and (SCN) in detail at slightly acidic and neutral pH to sho
that the observed mechanisms are relevant to dabdist of OSCN at
physiological pH.

Abbreviated names of the studied porphyrins:
MnTSPP®= Mn(lll) meso-tetrakis(4-sulfonatophenyl)porphyrin
MnTMe-4-Pyp®*": Mn(lll) meso-tetrakis(N-methylpyridinium-4-yl)pphyrin
MnTEt-2-Pyp®*": Mn(lIl) meso-tetrakis(N-ethylpyridinium-2-yl)pohyrin
MnTnHex-2-Pyp®": Mn(lll) meso-tetrakis(N-hexylpyridinium-2-yl)pohyrin
MNnTTEG-2-Pyp®":

Mn(l11) meso-tetrakis(N-tri(ethyleneglycol)pyridinm-2-yl)porphyrin
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Scheme 1Structure of the studied compounds.
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[I) EXPERIMENTAL METHODS

To determine the rates and activation parameterswater
exchange of Mn(lll) porphyrin complexegariable-temperature
YO NMR measurements were carried out in Bruker DRX-400
(9.4 T, 54.2 MHz) or DRX-360 (8.5 T, 48.8 MHz) speetneters. The
measured temperature values were corrected usid‘ntethanol
thermometer” method. Longitudinal relaxation rat€dT;) were
obtained by the inversion recovery method and Wense relaxation
rates (1T,) directly from the line widths. The data were gmal
according to Powel and Merbach’s previously pulgistprocedure
(Powel, D. H.; Merbach, A. BMagn. Reson. Cheml994,32, 739-
745.).

The K, values of some selected Mn(lll) porphyrin compkexe
were measured byV-vis potentiometric titration. The spectral
change was recorded with a 1.00 cm optical patijthespectral probe
attached to a Varian Cary 50 scanning spectropheitanand the pH
was measured by a Metrohm 6.0234.110 combined glstrode
attached to a Metrohm 721 NET Titrino unit. Theiundual spectra of
the differently protonated species and the cormeding K, values
were calculated by the SpecFit/32 software from theorded pH
dependent spectral series.

Hand-mixing kinetic experiments were carried out in a
PerkinElmer Lambda 25 scanning UV-vis photometerstiady the
reaction of HU + Mn(Ill)TTEG-2-PyP. The solutions of HU and
Mn(IINTTEG were loaded into a tandem-cuvette amel teaction was
started with hand-mixing which usually introducedca. 4 s loss
(< 1 %) of kinetic data. The kinetics of the reantof SCN + HSG,~
was studied withsingle-mixing stopped-flow UV-vis spectrometry
in an Applied Photophysics DX-17 MV instrument witither a
photomultiplier tube (PMT) or a photodiode-arrayp@) installed as
the detector. The dead-time of the stopped-flowtrumsent was
determined to be 151+0.03ms by the reaction 2b-
dichlorophenol-indophenol (DCIP) with ascorbic adidA) under
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pseudo-first order conditions, allowing the deteration of first order
rate constants up to 500.s To study the kinetics of the
decomposition of (SCN)or OSCN at a given pHdouble-mixing
stopped-flow UV-vis measurements were performed. The reagents
were generated under either acidic ((SgNdr basic (OSCN
conditions andn situ mixed with an appropriate buffer in the second
mixing cycle of the stopped-flow instrument to astd the desired
pH. The temperature was maintained within + 0.1d@ing all
stopped-flow measurements with a Julabo F-12 wfaigd/heated
circulator.

The products of the reaction of STNHSG™ and the
decomposition of (SCN)and OSCN were studied bglectrospray-
ionization mass spectrometry (ESI-MS) The reaction of HU +
Mn(IITTEG-2-PyP* was also followed by a Bruker micrOTOFQ
mass spectrometer equipped with a quadrupole areddf-flight (Q-
TOF) analyzer in positive ion mode. The sample tsmiu was
introduced directly into the ESI source via a dgbkttsyringe and a
syringe pump which was synchronized with the soféenvaf the MS
instrument. This feature enabled the precise datatran of the aging
time of the reaction mixture at the instance ofadecording, thus
time resolved ESI-MS spectra could be collected.

The products of the above mentioned reactions aeratyzed by
ion-chromatography (IC) as well. The ions CNand SCN were
measured using integrated amperometry detectiah,GEN, SO
and SQ* were measured using conductivity detection on @anéx
ICS-3000 instrument with an lonpac AS16 column.

Typically, the experimental kinetic data were eaddd either by
the initial rate method, or by fitting the experima kinetic curves to
the appropriate integrated rate law. Micromath 1&@e 2.0 software
was used for Levenberg-Marquard least-squaresiditprocedures.
Multiple sets of representative kinetic curves rded in a given
reaction system, but under different initial coimtis wereglobally
evaluated and fitted to the constructed kinetic model with the
program package ZiTa using the GEAR algorithm.
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[II) SCIENTIFIC ACHIEVEMENTS

1) Rate and mechanism of water exchange of MnTEt-RyP™,
MnTnHex-2-PyP*", MNnTTEG-2-PyP°* and MnTSPP* at neutral
pH.

1.1) With temperature-dependetO NMR measurements and
adequate data treatment, we found that the axialbydinated water
molecules in the cationic MnTEt-2-PFYP MnTnHex-2-PyP" and
MnTTEG-2-PyP" complexes are less labile than in the anionic
MnTSPP" at neutral pH. The lower water exchange rate emist
(ke for the positively charged complexes are due tsigaificant
decrease in the activation entroppS{) from +79 J/mol/K for
Mn(IITSPP* to ca. 0 J/mol/K for the cationic complexes (cf.
Table 1). The large positive value of the activatemtropy suggests a
limiting dissociative (D) water-exchange mechanisfor the
Mn(II)TSPP", whereas the close to zero entropy values for the
cationic complexes are indicative of the interctearflj mechanism
which are proposed to be dissociative intercharngeafter further
discussion.

1.2) We found that similarly to Fe(lll) porphyringhe crucial
factors that determine the water exchange ratestraeelectron
density of the metal center and the steric compmess the complex.
The dissociatively activated water exchange isefasthen the
electron density on the metal center is increasedhahe case of
Mn(IlTSPP* where the 4-sulfonatophenyl substituents are gtron
electron donors, and when the peripheral substgugfithe porphyrin
are bulky, sterically hindering the complex andreding water
molecules from the inner coordination sphere asthia case of
MnTnHex-2-PyP".

1.3) The suggested inner sphere electron transéehamism for
the reactions of the positively charged Mn(lll) ployrins with various
biologically important free radicals is further ¢ibmed by the present
study. Applying the Fouss equation to the publistegd constants of
the above redox reactions, we found that the thieaitly calculated
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rate of substitution of an axial water molecule af+5 charged
complex with a -1 charged ligand is in the same nitade as the
measured rate of dissociative interchange of watelecules. This
indicates that the inner sphere coordination ofrltx partner is rate
limiting before electron transfer can take place.

Table 1.Rate constants and activation parameters of weatdrange
of selected Mn(lll) porphyrin complexes at neupél.

XiigK AH' AS Mechanism
(sH) (kd/mol) (I/mol/K)
MnTEt-2-PyP* | 412x16 36+3 410 d
MnTnHex-2-PyP" | 573 x 16 34+7 -2+23 d
MnTTEG-2-PyP" | 488x16 31+5 -13+20 d
MnTPPS™ 274x10 54+5 79%19 D

2) Detailed kinetics and mechanism of the reactionof N-
hydroxyurea (HU) with MNTTEG-2-PyP °* at basic pH.

1.1) We proved that the catalytic autoxidation df tb NO, takes
place in the HU + Mn(llIl)TTEG-2-PyP reaction system at basic pH
under aerobic conditions. The Mn(IINTTEG-2-PyPHU and Q
dependence of the reaction has been extensivaliedtand we found
that Mn(Il)TTEG-2-PyP" acts as a catalyst and is intact at the end of
the process. An adduct formation between Mn(lI))GFE-PyP* and
HU (Mn(IINTTEG-HU) is proposed to be the first pteof the
mechanism, and some of the subsequent steps inOluae a reaction
partner. The major intermediate is the nitric oxadenplex {MnNO}
of Mn(I)TTEG-2-PyP* (Mn(I)TTEG-NO) which is formed either
by the direct autoxidation of Mn(lITTEG-HU or byhe reaction
between Mn(I)TTEG-2-PyP and NO following a ligand-to-metal
electron transfer in Mn(lINTTEG-HU to yield Mn(MTEG-2-PyP*
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and N-hydroxyurea radical (H)) subsequently NO. The presence of
Mn(IDTTEG-2-PyP* and Mn(lI)TTEG-HU was verified in the
reaction system by ESI-MS. The thermodynamic stgbibf
Mn(IDTTEG-NO is high, but it undergoes slow autadion after its
formation. The autoxidation of both Mn(I)TTEG-2#y and
Mn(IDTTEG-NO replenishes Mn(lIlTTEG-2-PyP NO and HNO
are produced as minor intermediates in the oxidadfoHU', and will
eventually be oxidized to NO of relative stability. The detailed
mechanism can be seen in Scheme 2. The completrirmental
kinetic data set recorded under different initiahditions has been
fitted to the kinetic model of Scheme 2 with theypously known rate
constants held fix. The results are acceptabld=(gtire 1).

2.2) We conclude that HU reacts with Mn(lI)TTEGP3y™" like a
typical NO donor compound under oxidative condgione. giving
the {MnNO} complex of the cationic Mn(ll) porphyriafter directly
coordinating to the Mn(lll) center (Marti, M. A.;d8, S. E.; Estrin, D.
A.; Doctorovich, F.J. Am. Chem. Sqc2005,127, 4680.). Thus, the
reaction of Mn(lI)TTEG-2-Pyp and HU can be regarded as a model
reaction for the catalytic autoxidations of biologly active small
molecular NO donors.

IIIP

Mn'"P- NO
NO,” + N20
Mn”'P HU

NO + HNO

HU
O,

Scheme 2Proposed kinetic model for the reaction of
Mn(II) TTEG-2-Pyp* with HU under aerobic conditions at basic pH.
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Figure 1. Representative experimental kinetic curves of tlaetion

of Mn(lI)TTEG-2-PyP* and HU (circles) and the corresponding fit
(lines) using the kinetic model from Scheme 2.

3) Detailed kinetics and mechanism of the oxidatiof SCN™ by
peroxomonosulfate ion (HSQ@) at neutral and basic pH.

3.1) We showed that H3Ooxidizes SCN to hypothiocyanite ion
(OSCN) at neutral and basic pH. The oxidation of OS®M HSG~
also takes place in the reaction system of HHISCSCN. We derived
a simple kinetic model, as seen in Scheme 3, aliceutral and basic
pH, and showed that the inclusion of the thermodynally hardly
feasible equilibrium step between SCNHSQ and OSCN+ SQ*
presented in the Smith and Wilson kinetic model i{(&mR. H.;
Wilson, I. R.Aust. J. Chem.1967,20, 1353-1366.) is not necessary
under these conditions. Interestingly the kinettdvior the reaction
system is similar to that of an equilibrium.

3.2) The activation parameters and rate constdrttseoHSQ/SQ;>
+SCN and HSQ@/SQ?> + OSCN reactions were determined
(Table 2). By critically evaluating the obtainediaation parameters
we conclude that the rate determining steps inattveve oxidation
processes are more likely to be two-electron teartbfan one-electron
transfer steps. Because the rate constant of tidatemn of OSCN is
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an order of magnitude higher than that of SAGNese two compounds
compete for the oxidant HSWSO?, and the stoichiometric
production of OSCNis possible only by minimizing the relative rate
of the “overoxidation” reaction, using at least @0%old excess of
SCN over HSG/SGs™".

3.3) Our presented methodology gave quantitatif@nmation on the
kinetics of the oxidation of the antimicrobial OSTHNy a peroxo
compound, which seems to have no precedent intdrature. If the
relative reactivities of SCNand OSCN are expected to be similar
towards HS@ and HO,, it is reasonable to assume that itevivo
accumulation of OSCNduring the defensive peroxidase catalyzed
SCN + H,0O; reaction is limited by the presence of itself.

3.4) We found that Mn(ll)TMe-4-Py} catalyzes the oxidation of
SCN by HSQ". The stable product of the oxidation of Mn(lll)TMe
4-Pyp* by HSQ™ is OMn(IV)TMe-4-Pyg*, which shows only slight
reactivity towards SCN thus cannot be responsible for the observed
catalytic effect. We propose that OMn(V)TMe-4-Pypis an
intermediate in the Mn(ll)TMe-4-Pyp+ HSQ™ reaction which can
rapidly oxidize SCNin the SCN+ HSQ™ + catalyst reaction system
and be reduced to Mn(lll) TMe-4-P¥p

Scheme 3Kinetic model for the oxidation of SCNy HSQ /SO at
neutral and basic pH. The reaction steps markeditgific are fast.

HSQ; + SCN — SQ* + OSCN + H' k" (R1Y)
HSQ, + OSCN — SQ* + OSCN + H k" (RZ
SO* + SCN — SQ* + OSCN ks (R1)
SO* + OSCN — SQ* + OSCN ko (R2)
2 O,SCN — O,SCN + OSCN (R3)
0,SCN + OSCN — O,SCN + SCN (R4)
0;SCN + 20H — SQ* + CN + H,0 (R5)
O;SCN + 20H — SQ* + OCN + H,0 (R6)
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Table 2. Rate constants and activation parameters of draegitary
reactions of SCNOSCN + HSQ /SO as seen in Scheme 3.

Studied k 298K AH? AS
atpH| (M7?s? (kd/mol)  (I/mol/K)
R1 13.5 | (1.0 £0.2)x1035.2 £ 0.5 -108 + 2
R2 13.5 | (1.6 £ 0.1)xF0

R1" 6.9 |(20+02)x1d 26+1 -112+3

R2" 6.9 |(3.3+0.1)x1d 30+2 -77%5

Reaction

4) Kinetics and mechanism of the hydrolytic decompsition of
thiocyanogen ((SCN)) and the antimicrobial hypothiocyanite
(OSCN) at slightly acidic and neutral pH.

4.1) Based on our kinetic results, we deduced #te law for the
hydrolytic decomposition of OSCMt neutral and slightly acidic pH.
According to the analogous hydrolysis chemistryhgpohalites a
kinetic model (Scheme 4) has been constructed,hnigiproduces the
measured rate law under limiting conditions. Thergual stable
products of the decomposition of OSTHt neutral pH are simple
inorganic anions: OCNSCN, SQ* and SG*.

4.2) We found that (SChjlecomposes with a similar mechanism (not
shown) to that of OSCN and the hydrolysis of the two species are
interconnected. The lifetime of OSCHecreases with decreasing pH
and with increasing SCNconcentration because OSCIN converted

to (SCN)} faster under these conditions. The presence oNJSC
further decreases the concentration of OS@hl a consequence of
their rapid irreversible reaction with one anothehich was studied
independently. The formation of NCS(=0)SCN in théaction is
proposed for the first time in this study on theibaf modeling of the
kinetics from which the stoichiometry is obtaineahd previously
published isotope tracer studies which indicatet tha similar
intermediate should be unsymmetrical to sulfur @om
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4.3) Evidence is provided that OSTbhannot coexist with (SCMat
physiological pH, and that they are not in dynaemilibrium with
each other. Furthermore, previous mechanistic mapofor the
formation of OSCNin the lactoperoxidase system that invoke (SCN)
as an intermediate during the enzymatic oxidatib®@©N by H,O,
cannot be correct, because the product of the Iygisoof (SCN) at
neutral pH is not OSCNBased on these conclusions, the biochemical
role of (SCN) is questionable.

Scheme 3Kinetic model and rate law for the hydrolytic
decomposition of OSCNat neutral and slightly acidic pH.

HOSCN<= OSCN + H' K, fast equilibrium  (R1)
HOSCN + SCN <= HO(SCN}~ ko andk_, (Kx=ko/k ) (R2)
HO(SCN) == (SCN)} + OH ksandk_; (Ks=ks/k_3) (R3)
HO(SCN) + H" <= (SCN) + H,0  kjandk 4 (Ks=ki/ks) (R4)
(SCN), + SCN == (SCN}" Ks fast equilibrium  (R5)
OSCN + (SCN) — NCS(=0O)SCN + SCN ke, RDS  (R6)
NCS(=0)SCN + HO — O,SCN + SCN + 2H* (R7)
0,SCN + HOSCN— O;SCN + SCN + H* (R8)
O;SCN + H,0 — SQ” + HCN + H* (R9)
O;SCN + H,0 — SQ7 + OCN + 2H" (R10)

o a(la)kk ( K+ k4[H*])[H [SCNJ[HOSCN],?
Yo k_z(k_3[OH‘]+ k4)+(1—a) k6( K5+ kst k,[H+])[HOSCN] ;
Lo [H]
K +[H]
[HOSCN], = [HOSCN]+[OSCN ]
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IV) POSSIBLE APPLICATIONS OF THE RESULTS

Due to the high biological and clinical relevandetle reactions
that occur at the metal site of the studied Mn(pbrphyrins, the
determination of water exchange rates may advancensight into
their efficacy and mechanism of action, and in tcam impact their
further development for both diagnostic imaging aheérapeutic
purposes.

The possibility of a synergic therapeutic effectHd and cationic
Mn(lll) porphyrins analogous to Mn(lI)TTEG-2-Pyp is not
negligible because of the probable accelerationtted in vivo
production of NO and its metabolites from HU.

The high rate of the HSO+ SCN reaction might make Oxofie
an attractive choice for technologies aiming thalattve removal of
SCN from metallurgical wastewater, keeping in mindtthaethod
optimization is required to completely avoid thenfiation of the toxic
CN™ as a product. The results on the kinetics of tkiglation of
OSCN by a peroxo compound may contribute to the undedshg of
the bioinorganic chemistry of this bactericide coanpd.

The mechanistic models for the hydrolytic decomipasi of
OSCN and (SCN) address previous empirical observations,
including the facts that the presence of S@Nd/or (SCN) decreases
the stability of OSCN that radio isotopic labeling provided evidence
that under physiological conditions decomposing @S@ not in
equilibrium with (SCN) and SCN, and that the hydrolysis of (SCN)
near neutral pH does not produce OSCRhese observations are
important in understanding tle vivo reactivity of OSCN
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