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ABSTRACT
Nitric oxide and carbon monoxide binding to ferrous chelated complexes protohemin-L-histidine methyl ester (HM-H) and protohemin-glycyl-L-histidine methyl ester (HM-GH) have been investigated by absorbance spectroscopy. The spectral behavior for the complexes with NO is similar and confirms the strong negative trans effect exerted by NO towards heme complexes, that is the release of the proximal (trans) histidine ligand and formation of a pentacoordinate nitrosyl complex. However, it is found that the presence of strain in the iron-histidine bond has a negative influence on the binding. The equilibrium constants for NO binding show that a marked reduction in affinity occurs in the series: HM>HM-H>HM-GH. Contrary to NO, CO has a positive trans effect, and therefore an opposite trend is observed in the binding of this ligand to heme complexes. These complexes exhibit also peroxidase activity towards phenols in the presence of hydrogen peroxide. The kinetics of the catalytic oxidation of  p-cresol by the systems HM-H/H2O2, and HM-GH/H2O2 have been investigated in detail.

INTRODUCTION
The interaction of nitric oxide with the iron centers of heme proteins has primary importance in a number of in vivo activities [1]. For instance, NO acts as a physiological messenger by binding to the heme cofactor of soluble guanylate cyclase (sGC), thereby triggering a cascade of metabolic events that promotes smooth muscles relaxation [2-4]. The mechanism of sGC activation involves displacement of the proximal axial histidine ligand of the resting enzyme by NO [5,6], with the resulting five-coordinate FeII-NO complex activating the catalytic conversion of GTP to cGMP. In other cases, e.g. with myoglobin, hemoglobin, and horseradish peroxidase [7,8], NO binds to the heme without displacing the proximal ligand, except at low pH [9-11], or in the presence of allosteric effectors [12,13]. NO binds strongly also to ferrous complexes of natural and synthetic porphyrins [14-18], although quantitative data are scarce. Normally, addition of NO to an heme complex results in the formation of the five-coordinate adduct, even in the presence of a large excess base [2]. In order to get the six-coordinate adduct of protoheme, a concentration of 1-methylimidazole as high as 20% (v/v) had to be used [19,20]. We thought that to obtain reliable data on the negative trans-effect of NO on heme complexes it could be useful to employ chelated heme complexes. Reported here are comparative NO and CO binding data performed on covalently modified protoheme complexes, HM-H and HM-GH, containing an axially bound histidine residue, and on protoheme (HM). Moreover it is studied the effect of strain in the axial Fe-imidazole bond that was found to reduce remarkably the catalytic efficiency of the heme complexes in peroxidative oxidations.
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MATERIAL AND METHODS
Compounds and solvents accessible from commercial sources were of highest purity available and used as received. Protohemin was prepared according to a literature method [21]. Dimethylformamide (DMF) was purified by treatment with barium oxide and distilled over calcium hydride under reduced pressure. Anhydrous methanol was obtained with activated 3 Å molecular sieves. Optical absorption spectra were recorded with a HP 8452A or HP 8453 diode-array spectrophotometer.  1H- and 13C-NMR spectra were recorded on a Bruker AC 300 spectrometer operating at 7.03 T. Elemental analyses were performed at the microanalytical laboratory of the Chemistry Department in Milan. MS(ESI) spectra and fast atom bombardment mass spectrometry (FAB-MS) spectra were obtained from a Thermo-Finnigan LCQ Advantage instrument and VG 7070 EQ spectrometer, respectively.
Synthesis of glycyl-L-histidine methyl ester (GH)
The peptide was prepared with a modification procedure  previously used [22]. Z-glycyl-L-histidine (1g)  was esterified according to a general procedure, thus obtaining Z-glycyl-L-histidine methyl ester dihydrochloride. Then the N-benzyloxycarbonyl group (Z-group) was removed from the protected peptide by dissolving the peptide in 80% acetic acid (30 mL) and adding Palladium-charcoal (10% palladium content) (1g). The mixture was hydrogenated at atmospheric pressure with stirring, until carbon dioxide evolution ceased. The catalyst was removed by filtration on Celite and the filtrate was evaporated to dryness under vacuum. The residue, suspended in diethyl ether, was stirred for 1 h; then the complex was filtered off and  washed several times with diethyl ether and dried under vacuum over potassium hydroxide. The compound Gly-L-HisOMe.2HCl (0.7 mmol) was suspended in dry, cooled (0 °C) dichloromethane (30 mL). Then, gaseous NH3 was bubbled into the mixture under stirring. The resulting precipitate was filtered off and the filtrate was concentrated. The precipitate was submitted twice to the same treatment and the filtrate, after evaporation of the solvent, afforded the free peptide (0.57 mmol). Anal. Calcd. for C9H14N4O3 (226.24): C 47.77; H 6.24; N 24.77. Found: C 47.24; H 6.33; N 24.14. 1H NMR (300 MHz, CDCl3, 25°C, TMS): δ =   3.00-3.31 (m, 2H, CH2-imidazole), 3.54 (s, 2H, CH2-NH3+), 3.67 (s, 3H, OCH3), 4.81 (t, 1H, (-CH), 6.80 (m, 1H, imidazole-4CH), 7.44 (m, 1H, imidazole-2CH). 13C NMR (75.5 MHz, CDCl3, 25 °C, TMS): δ = 29.4, 42.9, 51.1, 52.7, 119.6, 133.5, 135.9, 170.4, 171.6. MS (ESI): m/z (%) = 226 (100) [M+1]+
Synthesis of HM-GH

The free peptide Gly-L-HisOMe (0.57 mmol), dissolved in a few mL of freshly distilled, dry DMF, was added to a mixture of protohemin chloride (0.57 mmol), 1-hydroxybenzotriazole (HOBT) (2,3 mmol), o-(1H-benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU) (0.57 mmol) and triethylamine (Et3N) (2.3 mmol, 0.32 mL) in DMF (10 mL) and kept under stirring overnight at room temperature. An aluminium foil was placed around the flask to protect the mixture from light. The reaction mixture was rotary evaporated to dryness at room temperature and the residue was treated repeatedly with water and filtered, giving a dark powder, and then washed with petroleum ether. The crude product mixture was chromatographed on a silica gel column (4(70 cm) using a solution of CHCl3-MeOH (9:1, v/v) as eluent. The first eluted fraction consist of the biscondensation product (HM-GH2), followed by the desired HM-GH product and by unreacted protohemin, which sticks on the column. The fraction containing the HM-GH product was collected and evaporated to dryness. It shows a single TLC spot (SiO2, CHCl3:MeOH 9:1, v/v, RF = 0.3); yield 25%. FAB-MS: cluster of peaks centered at m/z = 824 for the cationic ferric complex, in perfect agreement with the simulated spectrum.
Synthesis of HM-H

The procedure of modification of protohemin is similar to that described above for HM-GH, but using L-HisOMe instead of Gly-L-HisOMe. The crude reaction product obtained after evaporation of DMF and washing with water was chromatographed on a silica gel column (4(70 cm) using a mixture of 1-butanol-acetic acid-water (4:1:1, v/v/v) as eluent. The first eluted fraction is unreacted protohemin, followed by the HM-H product, while the bis-condensation product (HM-H2) elutes very slowly. The fraction containing HM-H was collected and rotary-evaporated to dryness. The residue was treated with diethyl ether and filtered. The product shows a single TLC spot (SiO2, 1-butanol-acetic acid-water 4:1:1, v/v/v, RF = 0.26); yield 30%. FAB-MS: cluster of peaks centered at m/z 768 for the cationic ferric complex, in perfect agreement with the simulated spectrum.
Binding experiments

The binding experiments were carried out anaerobically in MeOH-DMSO (9:1, v/v) using optical cells of 1 cm path length fitted with Schlenk connections. The iron(II) species were obtained by reduction of iron(III) with the minimum amount of NaBH4. Saturated nitric oxide and carbon monoxide solutions were prepared in degassed methanol, assuming solubilities of 1.4(10-2 M atm-1 for NO [23], and 4.2(10-4 M atm-1 for CO [24] at 25 °C. For the titration experiments small aliquots of ligand solutions were transferred to the cuvette containing the heme solution (typically 0.5-1 (M)  using argon-purged airtight syringes. Spectra were taken after each addition and corrected for dilution. The equilibrium constants were determined fitting the plots of absorbance at the wavelength maximum of the adduct vs. ligand concentration.
Kinetics

The oxidation of phenol (p-cresol) to dimerization products catalyzed by the mixture of HM-H or HM-GH complexes in the presence of hydrogen peroxide was followed spectroscopically observing the increase of absorbance of the solution at 300 nm. Since the absorbance changes are small, in order to reduce the noise in the measurements, the difference in the absorbance between 300 and 500 nm, where neither the reagents nor products absorb, was monitored. The kinetic experiments were performed at 25.0 ± 0.1 °C using a thermostated, magnetically stirred, 1 cm path length cell, and the solvent used for the catalytic reactions was methanol. Before studying the substrate dependence of the reaction rate, a preliminary investigation of the concentration of oxidant that gives the highest rate for the substrate was necessary. In these experiments the concentration of the substrate was kept close to saturation in the solvent used, while that of hydrogen peroxide was varied from 0.01 to 1.5 mM. The rates were taken from the first few seconds (typically 5 s) of the reactions, in order to completely neglect the degradation of the catalyst in the presence of the oxidant, which partially occurs at longer reaction times. The stability of the catalyst in the initial phase of the reaction was assessed spectrophotometrically by monitoring the intensity of the Soret band during the reaction. In the first 7-8 s the intensity of the porphyrin Soret bands undergo negligible decrease, while the catalytic reactions proceed very fast. After this period, the decomposition of the catalysts become significant and the reactions rate decrease. The Soret band is progressively obscured by the absorptions of the polymeric products. The kinetics of oxidation at variable catalysts concentration were performed in methanol; the catalyst concentrations were: HM-H from 0.3 to 3 μM, HM-GH from 0.1 to 0.8 μM; the concentrations of H2O2, and p-cresol were: [H2O2] = 0.1 mM, [p-cresol] = 1.0 mM for both catalysts. The kinetics of oxidation at variable substrate concentration were performed in the same solvent and with the catalysts concentration of 0.1 μM; the phenol and H2O2, concentrations were:  p-cresol from 0.05 to 10 mM, [H2O2] = 0.1 mM, respectively. The transformations of the initial rate from ΔA/s to M/s were performed using the difference in molar extinction coefficient between the mixture of products and the p-cresol at 300 nm (Δε = 2350 M-1cm-1). The reaction rates showed substrate saturation behavior in all cases. The kinetic parameters kcat and KM, were determined according to classical Michaelis-Menten treatment.

RESULTS AND DISCUSSION
The FAB-MS spectra of the complexes HM-H and HM-GH, obtained from 3-nitrobenzyl alcohol matrix, showed clusters of peaks centered at m/z 768 and 824, respectively, in good agreement with the simulated spectra, together with additional clusters of peaks corresponding to the adducts with a sodium ion, which was probably present as an impurity in the matrix.

As for the various deuterohemin adducts reported before [25-27], the synthetic procedure for the preparation of these complexes leads to the isomeric mixture of products containing the substituent on the carboxyl chain at position 2 or 18 of the porphyrin ring.

The absorption spectra of HM, HM-H and HM-GH in methanol-DMSO (9:1, v/v) exhibit typical pattern of peaks for high-spin protohemin complexes. In all cases, the addition of excess NO to  FeII solutions leads to spectra which are characteristic of five-coordinated protoheme-NO species [28,29], with a Soret band at 398 nm, a weak shoulder near 480 nm, and ( and ( bands at 532 and 572 nm. However, spectral titrations with NO show that the ease with which the ligand binds to the FeII center is very different for the three complexes. Figure 1 shows the absorption spectral changes observed in the titration of HM-GH with NO; the spectra display isosbestic points indicating that a simple binding equilibrium occurs with concomitant displacement of the trans-axial imidazole, as shown below:
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= Figure 1 =

The spectral behavior for the other complexes is similar and confirms the strong negative trans effect exerted by NO towards heme complexes. Though, the equilibrium constants for NO binding, reported in Table 1, show that a marked reduction in affinity occurs in the series: 
HM > HM-H > HM-GH

depending on the strength of the bond between the iron and the trans-axial imidazole ligand. We have shown previously [27], that the axial coordination of imidazole to the heme in chelated deuterohemin-histidine complexes is strained, due to the limited size of the chelate ring carrying the imidazole donor, but this strain is removed when the chelate ring is enlarged with introduction of a second amino acid in the chelating arm. The presence of strain in the iron-imidazole bond has a negative influence on the binding and catalytic properties of the hemin complexes and, as is shown here, this effect simulates the weakening of the proximal ligand that facilitates NO binding in sGC [2,3].


Contrary to NO, CO has a positive trans effect, and we thus expect that an opposite trend should be observed in the binding of this ligand to HM, HM-H and HM-GH. Figure 2 shows a spectrophotometric titration of HM-GH with CO; in this case the adduct is a six-coordinate species:
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Similar binding experiments performed on HM and HM-H gave the equilibrium constants collected in Table 1. The spectra of the iron(II)-carbonyl species are different, reflecting the bonding type of the trans ligand. For instance, the Soret band is at  414 nm for HM-H, and 406 nm for HM and HM-GH. 
Catalytic oxidations
Heme peroxidases and related porphyrin model complexes oxidize phenolic compounds in the presence of hydrogen peroxide giving rise initially to a phenoxy radical and, subsequently, to a mixture of oligomeric products. In the oxidation of phenols the catalyst must react with hydrogen peroxide to give high valent species (presumably an iron-oxo species, Feox)  before the oxidation of the substrate take place. In order to assess the catalytic activity of HM, HM-H and HM-GH, kinetics at high constant concentration of p-cresol and constant concentration of hydrogen peroxide, are performed. Unfortunately, the catalytic activity of unmodified protohemin (HM) was impossible to obtain, since under the same conditions, protohemin destruction was very fast. On the contrary for HM-H (Figure 3A) and HM-GH (Figure 3B),  the plots are linear varying the catalyst concentration, thus confirming the catalytic activity of these complexes. Moreover, to evaluate if there are differences in activity for the two catalysts towards phenols, it is necessary to perform kinetic experiments observing the dependence of the reaction rate on the phenol concentration at fixed concentration of both hydrogen peroxide and catalysts. The optimization of the oxidant concentration required for the kinetic experiments was performed observing the dependence of the reaction rate on the peroxide concentration and maintaining fixed that of the substrate (data not shown). In fact, in this way it is possible to neglect the processes in the catalytic cycle connected with the oxidant and to consider the catalyst  always present in its active form. Thus, the reaction rate is regulated by the interaction with the organic substrate. When studied at different p-cresol concentration, the reaction rates for both the heme complexes show saturation behavior. The typical features of the rate versus substrate concentration plot are shown in Figure 4. This can be accounted for by a binding interaction between the substrate and the active form (Feox) of the catalysts before the redox process take place, thus obtaining the heme (Fe3+) that, rapidly, is reoxidized by hydrogen peroxide, while the phenoxy radical evolves independently of the catalyst giving rise initially to dimer products and subsequently to oligomers. Since the hydrogen peroxide is saturating, this mechanism can be interpreted applying a simple Michaelis-Menten approach. The parameters obtained are reported in Table 2. As already reported [22,27] the presence of strain in the axial ligand bonding to iron porphyrin complexes is expected to have strong influence on the reactivity of the metal center. Chelated heme complexes are clearly advantageous in the study of this effect in catalytic reactions, where the use of non chelated complexes requires the addition of an excess of exogenous ligand that may undergo competitive reactions with the substrate. As is shown by the data in Table 2, the catalytic activity of HM-GH is one order of magnitude greater than that of HM-H. The decreased bonding interaction between the axial imidazole and the iron(III) center in strained chelated protohemin complexes depresses both the affinity for a sixth axial ligand and the catalytic activity of the complex in the peroxidative reaction. Both effects are probably due to an altered electron distribution in the strained complex, as suggested for the carbon-monoxy heme complexes [30]. The decreased electron density at the iron atom provided by the strained axial bond is further expected to lower the stability of the high-valent iron oxidation state in the catalytically active intermediate and reduce the rate of the hydroperoxide O-O bond cleavage in the step generating this intermediate, as has been proposed for peroxidases [31]. 
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Figure 1. (A) Titration of 1.37×10-5 M solution of HM-GH in methanol/DMSO (9:1, v/v) with a methanolic saturated NO solution. The representative spectra show: a, the ferric protoheme complex (λmax=398 nm); b, the ferrous protoheme complex (λmax=424 nm); c, the absorption bands of the five-coordinate adduct HM-GH-NO (λmax=392 nm) after addition of NO solutions from 7 μM up to 87 μM. The inset shows the differential spectra with isosbestic point at 406 nm. (B) Corresponding plot ΔA(392-426) vs. NO concentration (μM). 
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Figure 2. (A) Titration of 9.82×10-6 M solution of HM-GH in methanol/DMSO (9:1, v/v) with a methanolic saturated CO solution. The representative spectra show: a, the ferric protoheme complex (λmax=398 nm); b, the ferrous protoheme complex (λmax=424 nm); c, the absorption bands of the adduct HM-GH-CO (λmax=422 nm) after addition of CO solutions from 0.04 mM up to 0.4 mM The inset shows the differential spectra with isosbestic point at 414 nm. (B) Corresponding plot ΔA(406-422) vs. CO concentration (mM).
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Figure 3. Kinetic plots for the oxidation of p-cresol (1×10-3 M) in the presence of hydrogen peroxide (1×10-3 M)  catalyzed by protoheme complexes HM-H (A),  and HM-GH (B) in methanol solution at 25 °C.
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Figure 4. Plots of rate vs. substrate concentration for the oxidation of p-cresol by hydrogen peroxide (1×10-4 M) catalyzed by HM-H ((), and HM-GH (() 0.1 μM respectively, in methanol solution at 25 °C.

 Table 1. Binding constants obtained by spectral titration of chelated protohemin complexes with NO and CO, in MeOH-DMSO (9:1, v/v) solutions at 25 °C.

	Adducts
	K (M-1)

	HM-NO
	1.05 ( 106

	HM-H-NO
	3.05 ( 105

	HM-GH-NO
	3.66 ( 104

	
	

	HM-CO
	2500

	HM-H-CO
	2840

	HM-GH-CO
	3400

	
	


Table 2. Kinetic parameters for the catalytic oxidation of  p-cresol by hydrogen peroxide (0.1 mM) in the presence of HM-H and HM-GH 0.1μM in methanol solution at 25 °C.

	Complex
	KM (mM)
	kcat  (s-1)
	kcat / KM (M-1s-1)

	HM-H
	0.54(0.060
	0.220 ( 0.006
	407

	HM-GH
	0.11(0.003
	0.142 ( 0.001
	           1420
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