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Nostoc sp. (Ns) H-NOX is a heme protein found in symbiotic cyanobacteria, which has ∼35% sequence identity and high structural homology to the β subunit of soluble guanylyl cyclase (sGC), suggesting a NO sensing function. However, UV-vis, EPR, NIR MCD, and ligand binding experiments with ferrous and ferric Ns H-NOX indicate significant functional differences between Ns H-NOX and sGC. (1) After NO binding to sGC, the proximal histidine dissociates from the heme iron, causing a conformational change that triggers activation of sGC. In contrast, formation of pentacoordinate (5c) NO heme occurs to only a limited extent in Ns H-NOX, even at >1 mM NO. (2) Unlike sGC, two different hexacoordinate (6c) NO complexes are formed in Ns H-NOX with initial and final absorbance peaks at 418 and 414 nm, and the conversion rate is linearly dependent on [NO], indicating that a second NO binds transiently to catalyze formation of the 414 nm species. (3) sGC is insensitive to oxygen, and ferric sGC prepared by ferricyanide oxidation has a 5c high-spin heme complex. In contrast, Ns H-NOX autoxidizes in 24 h if exposed to air and forms a 6c ferric heme complex, indicating a major conformational change after oxidation and coordination by a second histidine side chain. Such a large conformational transition suggests that Ns H-NOX could function as either a redox or a NO sensor in the cyanobacterium. ABSTRACT:



The chemical versatility of heme for reversible coordination of small molecule substrates/activators and redox reactions has been adopted by living cells in all kingdoms for a variety of physiological functions, including gas storage and transport, electron transfer, enzyme catalysis, sensing of diatomic gases, monitoring cellular redox potential, and intra- and intercellular signaling (1-3). With the advance of efficient genomic and proteomic screening in the past decade, increasing numbers of heme proteins involved in O2, CO,1 and NO sensing have been identified (4-7). Such signal transduction heme proteins are frequently expressed as twocomponent systems, usually including one heme-sensor and one transducer (or effector) component, sometimes as domains on the same polypeptide or as separate gene products. Signaling transducer proteins or domains include kinases, phosphodiesterases, chemotaxis machinery, and DNA-binding proteins (4, 5, 8, 9). † This work is supported by NIH Grant HL088128 (A.-L.T.), NIH Grant HL075329 (F.A.), NIH Grant GM 84348 (M.F.), and NIH Grants HL047020 and GM035649 and Grant C0612 from the Robert A. Welch Foundation (J.S.O.). *To whom correspondence should be addressed. A.-L.T.: phone, (713) 500-6771; fax, (713) 500-6810; e-mail, [email protected]. F.A.: phone, (216) 368-8511; fax, (216) 368-3419; e-mail, fxv5@ cwru.edu. 1 Abbreviations: NO, nitric oxide; CO, carbon monoxide; H-NOX, heme-nitric oxide and oxygen binding; Ns H-NOX, Nostoc sp. H-NOX; Tt H-NOX, Thermoanaerobacter tengcongensis H-NOX; sGC, soluble guanylyl cyclase; DTT, dithiothreitol; β-BME, mercaptoethanol; IPTG, isopropyl 1-thio-β-D-galactopyranoside; PMSF, phenylmethanesulfonyl fluoride; Hbs, hemoglobin; Mbs, myoglobin; HbO2, oxyhemoglobin; MbO2, oxymyoglobin; CD, circular dichroism; MCD, magnetic circular dichroism; NIR MCD, near-infrared MCD; EPR, electron paramagnetic resonance spectroscopy; 5c-NO, five-coordinate NO-heme complex; 6c-NO, six-coordinate NO-heme complex; NONOate, NO releasing agent.



Soluble guanylyl cyclase (sGC) is the major nitric oxide (NO) sensing heme protein for mammals, and its enzyme activity is increased g100-fold upon NO binding to the heme-containing subunit (10, 11). Determination of the exact structural mechanism for the coupling between NO binding to the heme in the β subunit and subsequent activation of cyclase activity in the partner domain remains a challenging problem, in part because there are no crystal structures of either the heme domain or fulllength mammalian sGC. However, structural and mechanistic studies of homologous proteins can provide useful insights into the activation mechanism of human sGC and other sensors in response to NO. Genomic screening has identified several microbial heme protein sensor domains, called H-NOX (hemenitric oxide and oxygen binding) or SONO (sensor of no), that have significant sequence identity with the human sGC β subunit and are potential model systems for studying the kinetics and structural changes associated with ligand binding to the heme domain of sGC (8, 12, 13). The crystal structures of sensor proteins from Thermoanaerobacter tengcongensis (Tt H-NOX) and Nostoc sp. (Ns H-NOX) have been determined and provided mechanistic insights into the reactions of sGC with NO (12-14). Ns H-NOX appears to be a better sGC model than Tt H-NOX because of its higher sequence identity (33% vs 18%) and similar apparent in vivo function (12, 14). The Tt H-NOX domain appears to be an oxygen sensor, whereas Ns H-NOX, like sGC, does not appear to bind O2 directly but is capable of binding both NO and CO. The key residues responsible for ligand discrimination by sGC and homologues have been shown to locate primarily in the distal heme-binding pocket and are significantly closer in identity between Ns H-NOX and sGC than for any other bacterial homologue (12).
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We have examined in detail the kinetics of NO, CO, and O2 binding to Ns H-NOX using a variety of spectroscopic, rapid mixing, and flash photolysis methods to determine the functional similarity of this bacterial protein to sGC. Ns H-NOX is capable of binding NO and CO rapidly, but the binding mechanisms, particularly for NO, show differences from those observed for sGC. Most significantly, Ns H-NOX forms a predominantly 6c NO-heme complex whereas sGC immediately forms the 5c state resulting from cleavage of the proximal histidine, which is required for activation of the catalytic domain. The heme group in Ns H-NOX autoxidizes, albeit slowly over hours, whereas sGC is insensitive to oxygen for days at a time. The latter in vitro observation contrasts with long-standing evidence that sGC undergoes oxidation in vivo during certain disease states (15, 16). Oxidation of sGC results in loss of activity and proteosomal degradation; however, recent heme-independent activators that target oxidized sGC have been shown to restore sGC activity in vivo (17). These observations warrant a reexamination of redox regulation of sGC and H-NOX enzymatic activity previously very much ignored. Our results explore and attempt to explain the differences between sGC and Ns H-NOX, shed light on the function of Ns H-NOX, and also explore new activities for this class of heme protein sensors. In agreement with and analogous to the wide range of roles played by heme protein sensors, it is likely that, in addition to sensing NO, Ns H-NOX also monitors the general redox potential of the bacterium’s environment. MATERIALS AND METHODS Materials. Carbon monoxide and nitric oxide gas were from Matheson-TriGas, and nitrous and nitric acid was removed from the latter by passing the gas through a NaOH trap. Potassium ferricyanide, sodium hydrosulfite (∼85%), sodium nitrite (97%), sodium azide, potassium cyanide, imidazole, bovine heart cytochrome c, deuterium water, dithiothreitol (DTT), β-mercaptoethanol (β-BME), isopropyl 1-thio-β-D-galactopyranoside (IPTG), δ-aminolevulinic acid, phenylmethanesulfonyl fluoride (PMSF), glycerol, and EDTA were purchased from Sigma-Aldrich. Bicinchoninic acid reagents (BCA reagents) are from CalBiochem. Cyanide solution (1 M), pH ∼9, was prepared by titration of potassium cyanide by 6 N HCl at 0 °C on ice. Other chemicals are all of reagent grade. Protein Expression and Purification. Ns H-NOX 1-183 in pET22b was expressed in Rosetta DE3 pLysS cells (Novagen). Freshly transformed colonies were grown to an OD of 0.4-0.5 in Terrific Broth with appropriate antibiotics at 37 °C. Growth temperature was adjusted to 30 °C, and cultures were induced by addition of IPTG to 20 μM and δ-aminolevulinic acid to 2 mM followed by incubation overnight. Cells were harvested by centrifugation at 5000g. Pellets were resuspended in 50 mM NaCl H-NOX buffer (20 mM Tris, 5 mM β-BME, 2 mM PMSF), and the suspensions were flash frozen in liquid nitrogen and stored at -80 °C. Cells were thawed and frozen three times, solid DTT was added to 100 mM, the suspension was sonicated until homogeneous, and the final sample was centrifuged at 20000g for 20 min at 4 °C. Ns H-NOX protein was purified as described previously (14). The cleared H-NOX lysate was purified sequentially over (1) Hi-trap, (2) Superdex 200, (3) Mono Q, and (4) Superdex 75 columns11. Peak fractions with A420/A280 ratio greater than 2.0 were pooled and concentrated. Protein



Tsai et al. concentration was determined by bicinchoninic acid, or BCA, method (18) using 1 mg/mL human serum albumin as standard. Pyridine Hemochromogen Assay. Heme content was determined by the formation of pyridine hemochromogen as previously described (19). In brief, the spectrum of ∼100 μg of isolated fresh ferrous Ns H-NOX or oxidized sample containing 0.15 M NaOH and 1.8 M pyridine was recorded, and then a few grains of solid dithionite were added. The total heme content was determined from the reduced minus oxidized difference spectrum of bis-pyridine heme using ΔΑ556-538nm = 24 mM-1 cm-1. A metmyoglobin standard (A409 = 157 mM-1 cm-1) was run in parallel as a control. Determination of Binding Equilibrium Constant by Optical Titration. Equilibrium dissociation constants were estimated as the ligand concentration at the half-maximal absorbance in titration experiments which monitored the fractional absorbance difference between the initial ligand-free Ns H-NOX and the sensor fully saturated by the ligand. The binding isotherm between delta absorbance and ligand concentration constructed by optical titration with serial additions of the ligand were fit to a single binding site hyperbolic function, ΔAi ¼ ΔAmax ½Li =ðKd þ ½Li Þ



ð1Þ



where ΔAi is the absorbance difference after the ith addition of ligand, ΔAmax is the maximal absorbance change when the protein was saturated with ligand, Kd is the equilibrium dissociation constant, and [L]i is the free ligand concentration after the ith addition. Volume changes due to ligand addition were corrected for and were no more than 5%. All titrations were conducted in 50 mM HEPES, pH 7.7, containing 10% glycerol and 0.1 M NaCl. Stopped-Flow Experiments. In most cases association and dissociation rate constants, kon and koff, respectively, were determined using rapid mixing measurements in an Applied Photophysics model SX-18MV stopped-flow instrument with a rapid-scan diode-array accessory (20). Kinetic measurements were normally conducted under pseudo-first-order conditions with ligand concentration at least an order of magnitude greater than that of the protein. Ligand binding to the ferric sensor was done aerobically at 1:1 (v/v) equal mixing. For anaerobic experiments with NO and CO binding, the fluid channels in the stopped-flow apparatus were incubated with a dithionite solution for several hours and then rinsed with nitrogen-saturated buffer. Reactants were rendered anaerobic by five cycles of vacuum/ argon replacement in a tonometer. The reaction time courses were analyzed by nonlinear regression to single or multiple exponential functions. Estimated kon and koff values were derived from the slope and y-intercept, respectively, in plots of kobs versus ligand concentrations. Laser Flow-Flash Kinetic Measurements. The kinetics of NO binding to Ns H-NOX were measured by flow-flash methods as described previously by Salter et al. in studies with Cerebratulus lacteus hemoglobin (Hb) (21). An anaerobic solution of reduced protein in complex with carbon monoxide (0.1 mM CO) was rapidly mixed at 1:1 ratio with a buffer containing 2 mM NO. Then, ∼50 ms after flow stopped, the CO complex of the Ns H-NOX was photolyzed by a 0.5 μs excitation laser pulse at 577 nm (phase-R 2100 dye laser). The kinetics of NO association to the reduced protein was monitored at 436 nm and 20 °C. Rapid mixing of solutions was controlled by a Bio-Logic stopped-flow module SFM 400 (Molecular Kinetics, Inc., Indianapolis, IN).
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EPR Spectrometry. EPR spectra were recorded at liquid helium or liquid nitrogen temperatures on a Bruker EMX spectrometer (22). Data analysis and spectral simulations were conducted using WinEPR and SimFonia programs furnished with the EMX system. The conditions for liquid nitrogen EPR measurements were as follows: frequency, 9.29 GHz; modulation amplitude, 2 G; modulation frequency, 100 kHz; and time constant, 0.33 s. Liquid helium EPR conditions were the same, except with frequency, 9.61 GHz, and modulation amplitude, 2 or 10 G. The microwave power dependence was fit by nonlinear regression to the equation: logðS=P1=2 Þ ¼ - b=2 logðP1=2 þ PÞ þ b=2 logðP1=2 Þ þ log K ð2Þ where P is the power, S is the peak to trough amplitude of the EPR signal, P1/2 is the power at half-saturation, and b and K are floating parameters with b = 1 for nonhomogeneous saturation (23). Near-Infrared Magnetic Circular Dichroism (NIR MCD). MCD spectra between 800 and 2000 nm were acquired in a JASCO J730 using a 150 W tungsten halogen lamp and a liquid nitrogen cooled high-sensitivity InSb detector equipped with a 1.4 T electromagnet. CD wavelength and sensitivity were calibrated by a 1:1 mixture of 0.24 M NiSO4 and 0.36 M Kþ,NaþD-tartrate. All measurements were performed at room temperature (24 °C) at a bandwidth of 10 nm, 1 s time constant, and 0.5 nm step resolution from 2000 to 800 at 200 nm/min scan speed. MCD calculation from Hþ (CD þ MCD) and H- (CD MCD) and adjusted for molar delta absorption coefficient, ΔΑ (M cm T)-1, was done by the Spectral Analysis software that came with the J730 system provided by JASCO. Far-UV CD. CD spectra between 190 and 290 nm were recorded in a JASCO J815 using a 150 W xenon lamp. All measurements were performed at room temperature (24 °C) at a spectral bandwidth of 1 nm, 0.5 s time constant, and 0.2 nm step resolution at 200 nm/min scan speed. Twelve repetitive scans with a 2 mm path quartz cuvette were recorded for each protein sample as well as the buffer control. RESULTS Heme and Protein Quantitation. Total heme concentration of isolated Ns H-NOX protein was quantified by pyridine hemochrome assay. A fresh ferrous Ns H-NOX sample yielded a molar absorbance coefficient of 170 mM-1 cm-1 at 429 nm. The molar absorption coefficient for the ferric Soret peak at 414 nm was determined to be 136 mM-1 cm-1. Protein concentration determined by the BCA method and combined with the pyridine hemochromogen assay gave a heme stoichiometry of 1.05 ( 0.13 (n = 3) per protein monomer. The ratio of the 414/280 nm for Fe(III) Ns H-NOX is 2:1, and the ratio of 429/280 for the ferrous form is 3:1. The purified protein appears to be >90% homogeneous based on SDS-PAGE analysis and Superdex 75 chromatographic analysis. Autoxidation of Ns H-NOX. Heterodimeric full-length sGC is relatively insensitive to autoxidation in the presence of air or 1 atm of oxygen (24). When we placed an aerobic solution of the Ns H-NOX sensor, which had been stored aerobically in 5 mM DTT, in a tonometer and purged the gas space with argon, there was an ∼3 nm red shift of the Soret peak from 426 to 429 nm, suggesting that the original sample was partially oxidized



FIGURE 1: Kinetics of autoxidation of ferrous Ns H-NOX. 6 μM ferrous Ns H-NOX in the absence of DTT was placed in the HP8453 diode array spectrophotometer to follow the optical changes up to 2 days at 24 °C. The kinetics of ΔA409-443 was fit to a one-exponential function to obtain the rate of autoxidation (inset).



and then was rereduced anaerobically with DTT. To examine autoxidation more directly, a reduced preparation of Ns H-NOX with a 429 nm Soret peak was gel filtered to remove all DTT from the storage buffer and then monitored for oxidation by recording its optical spectral at 24 °C over a period of 2 days. A Soret band shift from 429 to 414 nm occurs slowly with a discrete isosbestic point at 419 nm, indicating conversion from Fe(II) to Fe(III) with autoxidation at a rate ≈0.05 h-1. This value is similar to the rate of autoxidation of oxymyoglobin (MbO2) and about 4-fold greater than that for human oxyhemoglobin (HbO2) (25, 26) (Figure 1). Thus the Ns H-NOX heme iron is capable of donating electrons to O2, albeit very slowly. However, there is no observable Fe(II)O2 intermediate during this process, suggesting that the affinity of Ns H-NOX for O2 must be very poor, i.e., P50 . 1000 μM, presumably due to a very large dissociation rate constant. Spectroscopic and Kinetic Characterization of CO Binding. We characterized CO and NO binding to Ns H-NOX for direct comparison with the ligand-binding properties of sGC (27-29). CO binding to ferrous Ns H-NOX shifts the Soret peak from 429 to 422-423 nm (14) and is a simple one-step reaction with no spectral intermediates when examined by rapid scanning, stopped-flow spectrophotometry. Time courses at 420 nm were measured under pseudo-first-order reaction conditions using 5 μM ferrous Ns H-NOX and varying [CO] from 25 to 166 μM at 24 °C (Figure 2a). Observed rates were obtained by fitting to one-exponential expressions, and kobs depends linearly on [CO], with a calculated second-order rate constant = (2-3)  106 M-1 s-1 based on data for two separately expressed and purified Ns H-NOX samples (Figure 2a, inset). The total absorbance changes obtained with seven different CO concentrations were the same, indicating that complete saturation with ligand was achieved and that the Kd for CO binding is 10-fold excess of NO at different concentrations, and the kinetics was recorded by single-wavelength stopped flow at 428 nm at 50 ms/5 s split time mode to cover the triphasic changes. Data were fit by a three-exponential function, and the first fast phase that shows [NO] dependence was further analyzed to obtain the second-order binding rate constant as the secondary plot (inset). Average of three shots or more with the standard deviation plotted as the error bar for each NO concentration in two different sets of experiments (blue and red symbols). The slope and y-intercept yield values of 2.4 μM-1s-1 and ∼0.0.
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Table 1: Ligand Binding Parameter Values for the Ferrous and Ferric sGC and Ns H-NOX



sGC CO NO O2 CNN3Ns H-NOX CO NO O2 CNN3



KD (M)



koff (s-1)



kon (M-1 s-1)



commentsb



2.6  10-4 4.2  10-12 a N/A 0.92  10-3 2.6  10-2



10.7 6  10-4 N/A 7.2  10-5 N/D



4  104 1.4  108 N/A 7.8  10-2 N/D



4 °C 6c (on)/5c (off), 10 °C no O2 binding at 1 atm, 10 °C 10 °C 10 °C



1.4  10-6 1.7  10-10 N/A 6.5  10-4 5.4  10-4



3.6 0.05 ∼0 N/A N/A N/A



3  106 3  108 2.4  106 N/A 0.03c N/A



6c-CO complex first 6c-NO complex second 6c-NO complex autoxidation [CN-]-dependent saturationd limited by Met dissociation



a Calculated as koff/kon using values from refs 29 and 50. N/A, not applicable. N/D, not determined. bUnless otherwise specified, the experimental temperature was 20-25 °C. cThe dissociation constant for the second step, k-2. dBiphasic kinetics.



Fe(II)NO complex (418 nm). The secondary slower and smaller phase appears to represent interconversion of a 6c-NO-bound H-NOX with a peak at 418 nm to another 6c-NO complex with a peak at 414 nm and a small amount of 5c-NO complex, as indicated by the shoulder at 399 nm in the final spectrum (Figure 2b). Regardless of the interpretation of the slow phase, the fast phase provides a direct measure of CO dissociation with koff = 3.6 s-1. Rebinding of excess CO to these altered NO complexes is unlikely because the overall equilibrium affinity of Ns H-NOX for NO is 4 orders of magnitude greater than that of CO (Table 1). The estimated CO dissociation rate from the fast NO displacement phase, koff = 3.6 s-1, can be used as the y-intercept in the linear fit for plots of kobs versus [CO] in the simple CO binding data shown in Figure 2a, inset, and the resultant slope gives an association rate constant for CO binding, kon, equal to 3.0 μM-1 s-1. The ratio of these values, 3.6 s-1/ 3.0 μM-1 s-1, provides an estimate of 1.2 μM for the Kd for CO binding to Ns H-NOX, which is compatible with equilibrium titration data and previous measurements for H-NOX proteins. Characterization of NO Binding Mechanism. NO binding to Ns H-NOX heme was studied using rapid mixing stopped-flow and flow-flash laser photolysis approaches to examine all time scales. Rapid-scan diode-array measurements of NO binding to Fe(II) Ns H-NOX were conducted at low [NO] using either 1:1 protein:NO mixtures or a 5-fold excess of ligand. When only a stoichiometric amount of NO is present, the reaction shows a single rapid phase, with a Soret peak shift from 429 to 418 nm and an isosbestic point at 422 nm. Most of the reaction, >90%, was lost in the 1.5 ms dead time of the stopped-flow apparatus (Figure 3a, top). At a 5-fold excess of NO, the initial rapid phase is complete in the dead time, and a second slower phase occurs on millisecond to second time scales, involving a blue shift in the Soret band from 418 to 414 nm. Eventually, two bands form at 414 and 399 nm on second to minute time scales, and the 399 nm band indicates formation of a significant amount of a 5c NO-heme complex (Figure 3a, bottom). Most of these secondary absorbance changes appear to represent a transition from one 6c-NO complex with a “normal” peak at 418 nm to a second 6c-NO complex with a peak at 414 nm. The rate of decay of the initial 6c-NO complex to the species with a peak at 414 nm depends linearly on [NO] (Figure 3b, inset), with a slope equal to ∼2.0 μM-1 s-1 and a y-intercept close to 0. The rate-limiting step for this interconversion of 6c NO-heme complexes appears to require transient binding of a second NO molecule.



This second transition is followed by a third process, which is first order and involves a slow biphasic conversion of the 6c-NO complexes to 5c-NO complexes, with first-order rate constants equal to ∼7 and 0.3 s-1, respectively (Figure 3b). Only ∼40% conversion to a 5c-NO complex with a peak at 399 nm is observed even at [NO] ≈ 1000 μM, and the rate of conversion to the 5c species does not appear to depend on [NO] (Figure 3b, longer time scale). In order to determine the association rate constant for the formation of the first 6c-NO complex accurately, we performed flow-flash experiments. The CO form of ferrous Ns H-NOX was rapidly mixed with NO and then photolyzed with a 0.5 μs laser pulse at 577 nm to generate transiently the unliganded ferrous form of Ns H-NOX. The binding of NO to unliganded H-NOX was then monitored at 436 and 418 nm under pseudo-first-order conditions (i.e., [NO] . [heme]). The dependence of the observed rates for these ultrafast phases on [NO] gave an association rate constant equal to 200-400 μM-1 s-1 at 24 °C (Figure 4a), which indicates an open, highly accessible active site. Thus, the initial NO binding step is very rapid and almost diffusion controlled, but in the presence of excess NO this species is relatively short-lived and decays to a second 6c-NO complex with a peak at 414 nm. Because the second Ns H-NOX 6c-NO complex appears to require additional NO, we attempted to generate only the first 6c-NO complex with a Soret peak at 418 nm by adding a slightly higher than stoichiometric amount of NO anaerobically and then measuring the rate of NO dissociation from this initial complex by mixing it with 0.5 mM CO containing 25 mM dithionite as a NO scavenger. The high concentration of dithionite scavenges any free NO preventing its rebinding, and the rate-limiting step for the formation of the CO complex is the initial rate of NO dissociation from the 6c complex. The formation of the CO complex was measured at 423 nm and indicated displacement of bound NO (Figure 4b). Time courses measured at either 423 or 400 nm were biphasic and gave similar first-order rate constants, 0.05 and 0.007 s-1, respectively, for the prominent fast and minor slow phases. Assuming that koff ≈ 0.05 s-1 and kon ≈ 300 μM-1 s-1 apply for the formation of the initial 6c-NO complex, the apparent Kd for the first NO binding step would be ∼0.17 nM, which is roughly 100-fold higher than the Kd for NO binding to most mammalian Hbs and Mbs (30). EPR Characterization of Ns H-NOX and Its Complex with NO. The EPR spectrum of the purified H-NOX in the presence of DTT is shown in Figure 5. The sensor as isolated is
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FIGURE 5: EPR spectra of Ns H-NOX in different redox and coordination states. EPR spectra are presented (from top to bottom) for 80 μM isolated ferrous Ns H-NOX, 55 μM ferric Ns H-NOX prepared by ferricyanide oxidation and gel-filtration chromatography, 50 μM ferric Ns H-NOX mixed with 50 mM imidazole, and ferrous NO complex formed with 160 μM NO. EPR conditions were 4 mW, 9.602 GHz, time constant 0.33 s, modulation amplitude 10.9 G, and 10 K.



FIGURE 4: Determination of the association (a) and dissociation (b) rate constants of NO binding to Ns H-NOX for formation of the first 6c-NO complex by flow flash and stopped flow. (a) The CO complex of Ns H-NOX was first prepared with 50 μM sensor protein and 100 μM CO anaerobically in a syringe. This complex was briefly mixed with 1 mM NO in the stopped flow for 50 ms, and a 0.5 μs 577 nm dye laser was applied to flash off the bound CO. Subsequent NO association kinetics were monitored at both 436 (red trace) and 418 nm (blue trace). The smooth black lines represent fits of the observed time courses to single exponential expressions. (b) The NO complex of Ns H-NOX was first prepared anaerobically by mixing 5 μM sensor protein with 10 μM NO in a glass tonometer. This solution was then mixed with a mixture of 1 mM CO and 25 mM dithionite, aged for 50 ms in a rapid scan stopped flow apparatus, and the electronic absorption spectra at 3 ms (black) and 270 s (blue) were shown together with that at zero time. Single wavelength kinetic data at 428 and 400 nm with opposite amplitude changes are shown in the inset and fit to a one-exponential function to obtain the rate constant. All reactions were conducted at 20 °C.



mostly ferrous, but some oxidized high- and low-spin heme signals are visible at g = ∼6 and ∼2.3, respectively, together with some nonspecific iron signals at g = 4.3. The ferric signals are probably a consequence of slow oxidation during storage in air, even in the presence of DTT. During autoxidation in air, the two heme signals increase substantially with more than half the integrated intensity coming from the low-spin Fe(III) form. The high-spin signal around g = 6 is heterogeneous and has both rhombic and axial components. The low-spin heme signals at g = 3.00 and 2.26 are more visible, and the third g component predicted to be at g = 1.37 is not quite visible because it is very broad (31). Further treatment of H-NOX by ferricyanide to oxidize the sensor completely increases the amplitudes but does not change the relative amounts of the high- and low-spin



components. The proportion of the high-spin to low-spin heme in the ferric Ns H-NOX changes from batch to batch of purified protein with the low-spin species dominating and in some cases accounts for essentially 100% of the sensor as estimated by the MCD signal amplitude of the Soret band and ligand-to-metal charge-transfer band around 600 nm (Tsai et al., unpublished results) (32). Addition of excess imidazole (50 mM) to the ferric sensor abolished the high-spin heme signals and led to a homogeneous low-spin 6c bis-imidazole heme complex with three principal g values at 2.94, 2.31, and 1.42 (Figure 5). When 80 μM ferrous Ns H-NOX was mixed with a stoichiometric amount of NO, only a low-spin NO-heme complex EPR was observed in the g = 2 region, without any other observable paramagnetic species (Figure 5, bottom spectrum). The reduced NO-heme spectrum is dominated by a 6c low-spin signal with 3  3 hyperfine/superhyperfine features contributed by the two axial nitrogen nuclei, one from the N atom of bound nitric oxide and the other from the Nε atom of the proximal histidine (Figure 6, bottom solid spectrum). The EPR spectrum can be simulated by two nitrogen nuclei with 24 G isotropic hyperfine (nitric oxide N), 6 G isotropic superhyperfine splitting (histidine Nε), three principal g values of 2.080, 1.975, and 2.003 for gx, gy, and gz, respectively, and an additional gy0 component (Figure 6, bottom dashed spectrum). The optimal hyperfine splittings for gy and gx obtained by simulation are 10 and 12 G, respectively. The intrinsic line width of the gy component is relatively large in comparison to the other two g components. This 6c NO-heme complex forms very rapidly at ratios of heme to NO of 1:1 (data not shown) and 2:1 and is stable for extended periods of time under anaerobic conditions. The spectrum for the 1:1 wild-type Ns H-NOX NO-heme complex acquired at 10 K has better resolution in the hyperfine



Article



Biochemistry, Vol. 49, No. 31, 2010



6593



FIGURE 7: Truth diagram analysis of the low-spin ferric Ns H-NOX



FIGURE 6: EPR characterization of the ferrous NO complex of Ns



H-NOX. 70 μM ferrous Ns H-NOX was reacted with 2:1 NO by injecting 2 mM NO-saturated buffer under anaerobic condition and manually frozen for EPR assessment (bottom solid trace). The hyperfine splitting by the NO nitrogen nucleus and superhyperfine splitting by the proximal histidine were indicated for the gz component as well as the isotropic hyperfine splitting for the gy and gx components optimized via spectral simulation to the dominant 6c low-spin NO complex (bottom dashed trace). An EPR for 60 μM ferrous NO complex of M144I sensor dominated by the 5c-NO complex was juxtaposed for comparison (top solid trace). The three g values and the associated hyperfine parameter values for a simulated 5c-NO complex spectrum (top dashed trace) that closely matches the acquired spectrum are also indicated for comparison with those obtained for the wild-type sensor. Progressive power saturation at LN temperature, the value of half-saturation power, P1/2, and value of b by fitting the data to eq 4 are also shown for the wild-type sample (inset). EPR conditions were the same as described in Figure 5 except 1.87 G modulation amplitude and 9.28 GHz frequency.



and superhyperfine feature than that acquired at 110 K but otherwise is very similar and typical for a 6c-NO/histidine-heme complex. A microwave power dependence study conducted at 110 K yielded a half-saturation power >100 mW if the data are treated as homogeneous broadening for a powdered sample (Figure 6, inset). This result indicates the presence of a fast energy relaxation mechanism. The spectrum acquired at 4 mW was used for spin quantification against a 1 mM CuSO4 and indicated that the amount of NO complex formed at 1:1 or 1:2 ratio is g90% of the expected amount of spin based on the protein concentration. When a large excess (1 atm) of NO gas is added directly delivered to an anaerobic wild-type Ns H-NOX sample, the final NO-heme complex is ∼40% 5c NO-heme based on the amount of three-line hyperfine spectra that is present in the EPR spectrum. This observation corroborates earlier electronic spectral data (14) and our interpretation of the initial and final species in our optical stopped-flow data for the reaction of NO with reduced H-NOX (Figure 3a). Identification of Axial Ligands in Oxidized H-NOX. The “truth diagram analysis” developed by Blumberg and Peisach (33) is useful for determining the potential axial heme



and its imidazole complex. Correlation between the heme rhombicity and the axial ligand strength of many low-spin heme complexes (various symbols) are mapped in six different zones. Complexes in five of them have histidine as proximal ligand and with cyanide (zone CN-), methionine (zone C), histidine (zone B), histidinate/azide (zone H), and hydroxide/phenolate (zone O) as the distal ligand. Those heme proteins containing a cysteine thiolate proximal ligand including P450, chloroperoxidase, and nitric oxide synthase and their derivatives fall in the P zone. This diagram was modified from the original Blumberg-Peisach convention (33, 51). The gray solid circles are the ferric Ns H-NOX and its imidazole derivative.



ligands for the low-spin ferric heme H-NOX complexes by examining the correlation between heme rhombicity and the distal ligand tetragonal field strength. Analysis of the native lowspin ferric heme and imidazole derivative signals of H-NOX indicates that the native oxidized sensor has both proximal and distal imidazole ligands because the correlations between rhombicity and field strength are located in the B zone of the truth diagram (Figure 7, gray circles) (23). This conclusion seems to be supported by the almost superimposable optical spectra of oxidized Ns H-NOX and its imidazole complex (data not shown). Both have a Soret peak at 414 nm. However, there is no distal histidine side chain located near the heme iron atom in the crystal structure of ferrous Ns H-NOX. The closest distal histidine, His150, has its Nε 17.6 A˚ from the heme iron (14). The correlations in the truth diagram analysis show that the oxidized Ns H-NOX sensor also falls in the center of the narrower “C” zone, which overlaps that for the “B” or bis-His region. The “C” zone is for heme proteins with methionine/histidine ligand pairs, which are commonly found in c-type heme proteins. There are two methionine residues, Met1 and Met144 (Figure 8), within 8 A˚ distance from the heme in the distal portion of the heme pocket of ferrous Ns H-NOX (PDB identifier 2O09). The orientation of Met144 seems more favorable than Met1 for coordination of the heme iron but is still ∼7.6 A˚ from the heme iron. However, M144I H-NOX EPR and NIR MCD spectra are almost identical to those of the wild-type sensor, excluding M144 as the axial ligand in the ferric H-NOX (Figures 9 and 10). Thus, regardless of the exact interpretation of the truth diagram EPR analysis, there must be a substantial protein conformational change that enables a direct coordination of either His150 or the sulfur atom of Met1 to the heme iron after oxidation. The hypothesis of Met-heme-His coordination is supported by the similar rhombic low-spin EPR signal of ferric cytochrome c, which has a Met/His ligand pair (Figure 9). In addition to the low-spin heme signals, the ferric Ns H-NOX sample also has significant amounts of rhombic high-spin heme at g = 6 and some nonspecific iron at g = 4.3, just as that seen in
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FIGURE 10: Identification of the axial heme ligands of ferric Ns FIGURE 8: Candidate axial heme ligand for ferric Ns H-NOX. Potential heme-ligand residues nearby heme iron and at the distal heme side of the wild-type ferrous Ns H-NOX are displayed. Distances between two candidate methionine residues (Met144 and Met1), N-terminal amino group, Trp74 indole nitrogen, and the heme iron (orange ball) are given. The second closest histidine, His150, and the closest lysine, Lys7, and the proximal heme ligand, His105, are also shown in stick model. Heme porphyrin is shown as red stick model. This is a RASMOL representation of PDB identifier 2O09.



FIGURE 9: Similarity of EPR spectrum between Ns H-NOX and



cytochrome c. EPR of 65 μM ferric Ns H-NOX (red), 30 μM M144I Ns H-NOX (blue), and 500 μM bovine cytochrome c (black) are directly compared for the position of the principal g values of the low-spin rhombic heme. The additional features including the high-spin heme at g = 6 region and the nonspecific iron at g = 4.3 and organic radical at g = 2 present in the Ns H-NOX are not present in cytochrome c and are highlighted by blue asterisks. The two broad features highlighted by red asterisks are artifacts of the resonator. The EPR amplitude for the M144I mutant has been adjusted for its concentration difference from the wild-type sample.



Figure 5. In contrast, the imidazole ferric Ns H-NOX complex shows a homogeneous low-spin species, indicating that the heterogeneous EPR spectrum of the ferric Ns H-NOX probably originates from the difference of distal ligand field strength between imidazole and methionine and resulted in a mixture of 5c heme-His and 6c His-heme-His or Met-heme-His species. Near-Infrared MCD (NIR MCD). The ligand-to-metal charge-transfer (LMCT) MCD signal in the near-IR region of the



H-NOX by NIR MCD. The same three samples used for EPR measurements in Figure 9 were used in the NIR MCD measurements in the range from 800 to 2000 nm at 24 °C. All samples were prepared in D2O and 50 mM HEPES, pH 7.4, to minimize the NIR MCD overtone background signals from the water solvent (34). MCD conditions are described in the Materials and Methods, and the spectrum for cytochrome c was obtained as one scan while that of wild-type and M144I Ns H-NOX were an average of eight scans. The wavelengths of the main transitions are labeled for each sample. These marker wavelengths (nm) or energy levels are used to identify the axial ligand pairs from the correlation diagram composed for a series of low-spin heme proteins with two axial ligands (34).



low-spin ferric heme proteins is another useful diagnostic tool for axial ligand identity. This method complements EPR spectrometry and often enables unambiguous assignment of heme ligands for low-spin ferric heme complexes (34). Met-His ligand pairs have unique NIR MCD signals in the 1700-1900 nm region, whereas the His-His ligand pairs show a signal in the 1450-1600 nm range. A ∼65 μM oxidized Ns H-NOX sample prepared in D2O buffer was used for NIR MCD measurement in parallel with ∼500 μM cytochrome c, containing an authentic Met/His ligand pair (Figure 10). The peak of cyt c is at 1732 nm, corresponding to Met/His heme ligation, as previously published (34). The peak of Ns H-NOX MCD is at 1584 nm. There are several possible ligand combinations for this charge-transfer energy range including His/ His, His/Lys, and His-/Met pairs (34). The His-Lys pair is not supported by the EPR data. The g values observed for the typical model heme proteins containing His/Lys ligand pairs fall into the “CN-” zone of the truth diagram (Figure 7) (35, 36). In addition, the closest lysine residue in Ns H-NOX, Lys7, is >15 A˚ from the heme iron (14). As with the ε-amino N atom of Lys, the R-amino group of Met1 cannot be an axial ligand candidate either because of the expected position of its g-values in the “H” region of the EPR “truth diagram” (37). The His --Met combination is supported by the NIR MCD data, but the location of low-spin heme with such a ligand pair in the truth diagram is predicted to be in the “H” zone due to the additional charge on the histidine (37). The possibility of having the pyrrole N atom of the indole side chain of W74 as axial ligand is not high even though this atom is located only 4 A˚ away from the iron atom. There are no existing examples of a model heme or heme protein complex with an indole N atom as an axial ligand, presumably due to steric hindrance of the Cz atom of the benzene ring as well as the high pKa of the indole proton. Thus, the only axial ligand combination of the Ns H-NOX low-spin ferric complex which
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FIGURE 11: Far-UV CD of the ferric and ferrous Ns H-NOX. Both the ferrous and ferric sensor proteins were prepared as 1 μM in 2 mM HEPES containing 2 mM NaCl and 0.1% glycerol, pH 7.7, by either dithionite or ferricyanide pretreatment, respectively, and then gelfiltered in the same HEPES buffer to remove excess reductant or oxidant. CD measurements were conducted as described in the Experimental Procedures. The data shown for the ferric (black) and ferrous (red) sensor are 12-scan average corrected for background signal originated from buffer alone, and the difference spectrum (blue) is obtained by subtracting the CD spectrum of the ferrous sensor from that of the ferric form.



satisfies both the EPR and NIR MCD characterizations is a His/His pair. Protein Secondary Structure Changes with Heme Redox State Transition. If coordination by a distal histidine side chain occurs in the ferric state, then oxidation of H-NOX must induce a significant conformational change to bring His150 or another histidine side chain into the active site. To examine this possibility, we recorded far-UV CD spectra for the ferric and ferrous forms of unliganded Ns H-NOX. As shown in Figure 11, both reduced and oxidized sensors have well-defined R-helical secondary structure. The ferric versus ferrous CD difference spectrum shows a peak at 218 nm, a trough at 196 nm, and a zero crossover at 207 nm, indicating a small loss of R-helix structure upon oxidation that could allow bis-histidyl coordination of the heme iron. Characterization of Cyanide and Azide Binding to Ferric Ns H-NOX. Optical titration of ∼3 μM ferric Ns H-NOX with cyanide showed a simple hyperbolic binding isotherm. The Soret peak shifts from 414 to 418 nm, and the maximal change occurs at 406 nm. The dissociation constant, Kd, for cyanide binding obtained by nonlinear fitting to eq 3 is 0.65 mM at 24 °C (Figure 12A, black circles). A similar titration with azide yielded an apparent Kd of 0.54 mM (Figure 12A, red circles). Both of these values are large compared to Hbs and Mbs indicating significant hindrance to binding, presumably because of the need to displace one of the bis-histidyl ligands. Time courses for azide binding to ferric Ns H-NOX were examined by stopped-flow absorbance measurements under pseudo-first-order conditions. The observed rate constants were roughly independent of [N3-] in the range from 31.2 to 250 mM and equal to ∼0.015 s-1. These results indicate that the ratelimiting step for azide binding is first-order dissociation of one of the endogenous axial ligands in the low-spin ferric complex (Figure 12B, red squares). Cyanide binding kinetics are biphasic with a fast phase accounting for ∼40% of the total absorbance



FIGURE 12: Equilibrium and kinetic binding of cyanide and azide to the ferric Ns H-NOX. To build binding isotherm for cyanide and azide binding (A), 2.9 μM ferric Ns H-NOX was titrated by aliquots of 0.2 M cyanide to the final concentration of 5 mM (black circles), and 5.8 μM ferric sensor protein was titrated with 1 M azide to 3 mM final concentration (red circles), respectively, to reach saturation. Maximal absorbance changes at 307-406 nm for cyanide-heme complex formation and 377-417 nm for azide-heme complex formation at different ligand concentrations were fit by single binding site saturation hyperbola (eq 3) (solid lines). The total volume change caused by addition of either ligand was less than 2.5% and was not corrected further for calculating the free ligand concentrations. For kinetic binding measurements (B), 2.9 μM ferric Ns H-NOX was mixed with a series of ligand concentrations at least 10-fold excess to the protein and the absorbance changes were recorded at 430 nm in a stopped flow spectrometer. The observed rates were obtained by fitting time courses to single (for azide, red squares) and double (for cyanide, black and blue circles) exponential expressions and then were plotted against ligand concentration. The solid line represents a fit to a hyperbolic function to show [CN-]-dependent saturation represented by eq 3. Error bars are the standard deviation of triplicate shots. Reaction temperature for both equilibrium and kinetic binding experiments was 24 °C.



changes. The fast phase shows a clear hyperbolic dependence on [CN-], whereas the slow phase shows little dependence on ligand concentration and exhibits a first-order limiting rate ≈0.13 s-1 (Figure 12B, blue circles). The observed rate for the fast phase of cyanide limited off to a value of 1.8 s-1 at [CN-] g 100 mM. For both phases, a first-order process limits cyanide binding and presumably represents dissociation of one of the endogenous ferric axial ligands. The two phases for cyanide binding could reflect the heterogeneity seen in the EPR signals, which is not manifested for the more slowly reacting azide ligand, or it could reflect a more complex reaction mechanism involving a biscyanide intermediate. However, the key observation is that both
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Scheme 1



Scheme 2



azide and cyanide binding are limited by dissociation of one of the internal bis-axial ligands in ferric H-NOX. DISCUSSION Comparisons between the Ligand Binding Properties of sGC and Ns H-NOX. Despite significant sequence homology in the distal heme pocket between sGC β subunit and the Ns H-NOX (12, 14), our current study has revealed six significant differences between the ligand binding properties of these two heme proteins, which may indicate an alternative physiological function for Ns H-NOX. (1) Ns H-NOX forms a relatively stable 6c-NO complex at 1:1 and 1:2 heme:NO ratios. A 5c-NO complex is formed at very high [NO], as was measured earlier, but the extent is e40% (14). In contrast, when 1 equiv of NO is mixed with sGC, a transient 6cNO complex is formed but isomerizes rapidly and completely to the final equilibrium form of the enzyme, which is a 5c NO-heme complex with a Soret peak at 399 nm and a classical three-line EPR spectrum indicating only one axial N atom (38). In the presence of 1 equiv of NO, Ns H-NOX only forms a 6c-NO complex with a peak at 418 nm and a nine-line EPR spectrum indicating two axial N atoms bound to the reduced iron (Figures 3-6). Very high concentrations of NO are required to convert some of the reduced Ns H-NOX to a 5cNO complex. (2) Two different 6c-NO complexes are observed when Ns H-NOX is mixed with excess NO. The first species has the same spectral characteristics (i.e., Soret peak at 418 nm) as the initial transient hexacoordinate NO-heme-His complex observed for sGC and is formed very rapidly (k0 on ≈ 300 μM-1 s-1) in a simple bimolecular association reaction. The second Ns H-NOX species is unique, with a peak at 414 nm but a typical nine-line NO-heme-His EPR spectrum. Unexpectedly, the rate of formation of this second, 6c species exhibits a linear dependence on [NO]. It seems likely that a transient bis-NO-heme intermediate is involved in the formation of the second 6c-NO complex. This transition probably involves a significant conformational change, perhaps mimicking that required for the binding of the second axial protein ligand to the oxidized H-NOX. One possible mechanism is shown in Scheme 1. In this scheme ON-heme-N* represents the 414 nm species with either an altered His105 conformation or the second axial ligand with an N atom, i.e., the His150 imidazole base. Applying steady-state assumptions for the pentacoordinate NO-heme and bis-NO-heme complexes, the observed rate for this second phase is ksecondary ðobsÞ ¼



k- His k 0 NO;2 ½NOkN- NO k þ His k- NO;2 þ k þ His kN- NO þ k 0 NO;2 ½NOkN- NO



ð3Þ



At low [NO], the k0 NO,2[NO]kN*-NO term in the denominator can be neglected; the observed rate of the slow phase is predicted to be linearly dependent on [NO]: ksecondary ðobsÞ ¼ k 0 NO;2 ½NOK- His



kN- NO ðk- NO;2 þ kN- NO Þ



ð4Þ



Thus, the apparent second-order rate constant is determined by the product of the equilibrium constant for proximal histidine dissociation from the initial 6c complex (K-His), the bimolecular rate constant for the binding of the second NO, k0 NO,2, and the fraction of bis-NO-heme complexes that either lose the second NO or rereact with a protein histidine side chain to make a more stable complex (i.e., kN*-NO/(kN*-NO þ kNO,2)). This mechanism rationalizes the linear dependence of the rate of the second phase on [NO] with a y-intercept ≈0 (Figure 3b) and explains why the 418 to 414 nm spectral transition only occurs in the presence of excess NO. (3) Conversion of the Ns H-NOX 6c-NO complex to a 5c-NO complex is a slow biphasic process, not dependent on [NO] and is only partially complete (e40%). In contrast, conversion from the initial 6c NO-heme-His complex to a 5c NO-heme species occurs rapidly and completely for sGC, even at 1:1 NO to protein (E. Martin, V. Berka, and A.-L. Tsai, unpublished data). In addition, the 6c to 5c conversion depends linearly on [NO] for sGC (28, 38), implying a mechanism similar to that in Scheme 1 for the formation of the final 6c His-heme-NO complex of Ns H-NOX. A possible mechanism for formation of 5c NO-heme in sGC is shown in Scheme 2. Heme-NO* represents the altered and activated 5c conformation of the enzyme, perhaps with NO on the proximal side of heme. Again, the second NO is acting catalytically to facilitate formation of the new 5c complex, and the observed rate for formation of pentacoordinate sGC is also predicted to depend on [NO] as shown below and observed experimentally (27, 28): k- His k 0 NO;2 ½NOk- NO k þ His k- NO;2 þ k þ His k- NO þ k 0 NO;2 ½NOk- NO ! k- NO 0  k NO;2 ½NOK- His at low ½NO k- NO;2 þ k- NO



k5c ðobsÞ ¼



ð5Þ The activated state for Ns H-NOX appears to be the hexacoordinate ON-heme-N* species in Scheme 1, with the nitrogen base being unknown, but presumed to be a histidyl side chain, possibly the distal amino acid, His150. Although Ns H-NOX does not form a fully 5c NO-heme species, a major conformational change in the protein does appear to be induced by transient binding of a second NO as is observed for sGC, and perhaps the conformation change in the activated, six-coordinate



Article ON-heme-N* state of H-NOX is more similar to that observed in sGC than is apparent from spectral analyses of the iron complexes. (4) Ns H-NOX heme is sensitive to atmospheric oxygen and autoxidizes over a period of 24 h, but no Fe(II)O2 intermediate is ever observed. In contrast, full-length sGC is inert to reactions with O2 in air or at 1 atm of the pure gas. However, truncated β1 corresponding to the H-NOX domain readily autoxidizes at rates of 4.3 and 0.18 h-1 at 37 °C, respectively, for ferrous β1(1-194) and β2(1-217) mutants of sGC (39). These autoxidation rates are much greater than those of mammalian HbO2, MbO2, and reduced Ns H-NOX, indicating that the deleted ∼400 residues of sGC β subunit or perhaps the R subunit protects the ferrous heme from autoxidation (24). (5) The majority of the heme in oxidized Ns H-NOX is 6c lowspin rather than the pure high-spin 5c form found for sGC (14, 38, 40). There appears to be reversible ligation and dissociation of an endogenous distal ligand, perhaps His150, during redox cycling in Ns H-NOX. Similar experiments with sGC indicate the proximal His remains bound in both the oxidized and reduced forms, but reversible dissociation of the proximal histidine does occur after NO binding to the ferrous form of sGC to create the activated 5c-NO complex. (6) Ns H-NOX reacts 100-fold more rapidly with CO than sGC and has a much higher affinity for this ligand, implying that the iron atom is more reactive in the bacterial sensor (41). However, the bimolecular rate constants for NO binding to form the first 6c NO-heme-His complexes are nearly identical, very large (100-300 μM-1 s-1), and probably diffusion controlled, implying little resistance to ligand movement into both proteins. NO binding to Ns H-NOX was examined previously in different way by Boon et al. (42). In their study, the sensor protein was first treated with an excess of NO releasing agent (NONOate) and diethylamine and then gel-filtered to remove all side products of NONOate and free NO. Spectral studies and dissociation kinetics were assessed using this NO complex of H-NOX (42). Optical and resonance Raman spectra indicated that both 5c- and 6c-NO complexes were present (42) and the amount of 5c component (40-50%) was similar to what we observed in the presence of excess amount of NO (Figure 3a, lower panel). However, in our study when a stoichiometric amount of NO was added to Ns H-NOX, only a 6c-NO complex with a Soret absorption peak at 418 nm is formed and is stable for several hours. Thus, Ns H-NOX adopts different coordination geometries at 1:1 versus excess NO levels. This observation is most readily interpreted using the multiple-step mechanism for NO binding shown in Scheme 1. In principle, this simple hexacoordinate ON-heme-His complex should equilibrate to the final ON-heme-N*/ON-heme mixture, but catalytic amounts of excess NO are needed to facilitate this transition on normal time scales after preparation. Although Boon et al. removed free NO from their final sample via gel filtration, excess NO was almost certainly present during the prolonged incubation of the sensor protein with NONOate. Boon et al. also reported that they were unable to measure NO dissociation from Ns H-NOX using either excess CO (plus 30 mM dithionite) or HbO2, whereas the same methods enabled successful determinations for the NO dissociation rate constant for the other two H-NOX proteins (42). In contrast, we were able to measure NO dissociation from the initial 6c-NO complex of Ns H-NOX (Figure 4b). Thus, the equilibrium mixture of 6c and 5c species for the NO H-NOX complex prepared in the presence of
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excess NO appears to have much lower NO dissociation rate constants. However, a more careful study of NO dissociation is needed to resolve the exact kinetic properties of the initial 6c, 418 nm, the intermediate 6c, 414 nm, and the 5c, 399 nm, NO H-NOX complexes. Structural Interpretations. We had previously observed that NO binding to Ns H-NOX yields only ∼40% population of 5c NO-heme compared to sGC and proposed a possible structural basis for this difference (14). The Ns H-NOX hemepocket residues Met144 and Trp74 are larger than the spatially analogous isoleucine and phenylalanine residues in sGC and might be inhibiting stable formation of a 5c NO-heme complex. We subsequently generated M144I and the W74F mutants of Ns H-NOX, engineering the heme pocket to be similar to sGC. Both single mutations resulted in larger populations of 5c NO-heme complexes, as indicated by their optical spectra (14). To extend these observations, we prepared the NO complex of reduced M144I H-NOX (generated either by adding excess NO or by reacting sodium nitrite with dithionite), and as shown in Figure 6 (top solid spectrum), this mutant in excess NO exhibits a pure low-spin 5c NO-heme EPR spectrum, which is characteristic of only a single axial N atom with pronounced three hyperfine lines with a splitting constant of 17 G caused by the nitrogen nucleus of the proximal ligand, His105. This spectrum is very similar to that observed for the NO complex of reduced sGC (38). Indeed, the EPR spectrum can be properly simulated by parameters as a nearly axial low-spin 5c-NO complex (Figure 6, top dashed spectrum). This effect led us to speculate instead that Ns H-NOX might be more sensitized to a transition to 5c NO-heme once it is bound to its effector domain. Replacement of Met144 with Ile does appear to make the behavior of Ns H-NOX closer to that of sGC in terms of NO binding and perhaps sensing in the ferrous state. Thus, introduction of a methionine in place of the isoleucine in the Ns H-NOX may be an adaptation to a different functional role, such as sensing the redox potential of the environment. A “heme pivoting” model for sGC was proposed to interpret 5c NO-heme formation, activation of the cyclase, and other fast relaxation events after NO binding to the heme sensor domain (14, 43). In the case of Ns H-NOX, oxidation produces a 6c low-spin complex that appears to require a substantially larger conformational change than that postulated “heme pivoting and bending” mechanism of sGC, where side chain motions of 

 Lihat lebih banyak...



Comentários



























Relatórios "Is Nostoc H-NOX a NO Sensor or Redox Switch? "






Por favor, preencha este formulário, tentaremos o mais rápido possível.


Teu nome




Correio eletrônico




Razão
-Escolha um motivo-
Pornografia
Difamação
Ilegal / Haram
Spam
Outros termos de serviço
Arquivar uma reclamação de direitos autorais





Descrição do Produto








Fechar
Enviar














Download "Is Nostoc H-NOX a NO Sensor or Redox Switch? "





Somos uma comunidade de intercâmbio. Por favor, ajude-nos com a subida  1  um novo documento ou um que queremos baixar:



ARQUIVO DO DOCUMENTO DE ATUALIZAÇÃO


OU DOWNLOAD IMEDIATAMENTE













Fechar













Compartilhar e Incorporar "Is Nostoc H-NOX a NO Sensor or Redox Switch? "





Copie e cole esse script de incorporação para o local onde deseja incorporar



Incluir Script




Tamanho(px)
750x600
750x500
600x500
600x400





URL










Fechar











 
 
 



Sobre nós | 
Termos | 
Privacidade | 
Direito autoral | 
Contato










Copyright © 2017 DADOSPDF Inc.






