Backbone resonance assignments of ferric human cytochrome c and the pro-apoptotic G41S mutant in the ferric and ferrous states
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Abstract
Human cytochrome c is a multi-functional protein with key roles in both the mitochondrial electron transfer chain and in apoptosis. In the latter, a complex formed between the mitochondrial phospholipid cardiolipin and cytochrome c is crucial for instigating the release of pro-apoptotic factors, including cytochrome c, from the mitochondrion into the cytosol. The G41S mutant of human cytochrome c is the only known disease-related variant of cytochrome c and causes increased apoptotic activity in patients with autosomal dominant thrombocytopenia. NMR spectroscopy can be used to investigate the interaction of human cytochrome c with cardiolipin and the structural and dynamic factors, which may contribute to enhanced apoptotic activity for the G41S mutant. We present here essentially full backbone amide resonance assignments for ferric human cytochrome c (98 %) as well as assignments of both the ferric (92 %) and ferrous (95 %) forms of the G41S mutant. Backbone amide chemical shift differences between the wild type and G41S mutant in the ferric state reveals significant changes around the mutation site, with many other amides also affected. This suggests the possibility of increased dynamics and/or a change in the paramagnetic susceptibility tensor of the G41S mutant relative to the wild type protein. 
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Biological context
Mitochondrial cytochrome c (cyt c) participates in two important cellular processes in invertebrates (Huttemann et al. 2011). As a redox protein it shuttles electrons from complex III to complex IV in the mitochondrial respiratory chain leading to the production of ATP. In cells undergoing apoptosis it first functions as a peroxidase upon complex formation with cardiolipin (CL), prior to its release from the mitochondrion (Kagan et al. 2005), where it is then required along with dATP and Apoptotic peptidase activating factor 1 (Apaf-1) to form the cytosolic apoptosome assembly that initiates caspase activity and cell death (Liu et al. 1996; Wang 2001). 
	Cyt c is a small (~ 12.5 kDa) -helical protein with a c-type haem covalently attached to the polypeptide chain via two thioether linkages arising from Cys residues present in a CXXXCH motif (Moore and Pettigrew 1990). The haem-iron is six-coordinate with the N2 atom of a His, part of the CXXXCH motif, acting as one axial ligand and the S atom of a Met residue as the second. The haem-iron is redox active and when six-coordinate can access the ferric (Fe3+) and ferrous (Fe2+) oxidation states, with the ferric state paramagnetic (S = ½) and the ferrous state diamagnetic (S = 0). In the ferric form an equilibrium between a six- and five-coordinate haem exists, resulting from the dissociation/association of the axial Met ligand (Moore and Pettigrew 1990). At physiological pH this equilibrium lies firmly towards the six-coordinate species. Cyt c from horse heart and Saccharomyces cerevisiae have been the subject of extensive biophysical and biochemical studies over the years, including numerous NMR studies (Pielak et al. 1996). However, from a biophysical perspective human cyt c has been less well studied. 
	The discovery of the role in apoptotic cells of the cyt c/CL complex has stimulated numerous biophysical investigations of this complex (Bradley et al. 2011; Hanske et al. 2012; Hong et al. 2012; Rajagopal et al. 2012; Sinibaldi et al. 2008). The interaction is proposed to cause a ‘loosening’ of the cyt c structure leading to dissociation of the axial Met ligand enabling the reactive oxygen species, H2O2, to readily react with the five-coordinate haem, resulting in the peroxidation of the bound CL (Kagan et al. 2005). Further interest in the biophysical properties of human cyt c has stemmed from the discovery of the G41S mutation in a group of patients suffering from autosomal dominant thrombocytopenia; a condition consistent with enhanced apoptotic activity (Morison et al. 2008). In vitro the G41S mutant has an enhanced ability to activate caspases (Morison et al. 2008). Furthermore, in its native state and when complexed to CL the G41S mutant displays increased peroxidatic activity (Josephs et al. 2014; Rajagopal et al. 2013). In the native state this likely arises from a change in the ‘on’ rate of the axial Met equilibrium, which may stem from changes in the dynamic properties as a result of the mutation. 
	Currently, no atomic resolution information of the cyt c/CL complex is available, but the development of new methodologies that incorporate NMR spectroscopy to study protein:phospholipid complexes in solution have the potential to provide this information. Likewise, NMR is well suited to explore dynamics over multiple time-scales, and can therefore be suitably applied to investigate the dynamic properties of the G41S mutant. As a prelude to the aforementioned investigations, this assignment note reports the backbone resonance assignments of the ferric human cyt c and the ferric and ferrous forms of its G41S mutant and compares backbone amide (HN) chemical shift differences between the pair.

Methods and experiments
Protein expression and purification
Construction of the G41S mutant of human cyt c has been previously reported (Rajagopal et al. 2013). Overexpression of uniformly-labelled 13C, 15N wild type (WT) and G41S proteins was carried out in Escherichia coli using BL21(DE3) RIL cells (Invitrogen) by the co-expression of genes for the WT or G41S and yeast haem lyase in a pUC19Amp vector. Starting cultures, consisting of 3 ml of Terrific Broth (Melford Chemicals), were inoculated with overnight transformants and grown at 37 oC with shaking at 220 rpm for ~ 4 h. Autoclaved M9 minimal media salts were supplemented with 0.8 g/L 15NH4Cl, 5 g/L 13C6-glucose, 10 ml/L trace elements mix, 10 ml/L vitamin mix, 10 ml/L 1M MgCl2, and 6 ml/L thiamine as described in (Cai et al. 1998). In addition δ-aminolevulinic acid (Sigma) as the first committed precursor of haem biosynthesis was added to a final concentration of 0.1 mM. A 2 L flask containing ~ 360 ml of supplemented minimal media mix was inoculated with 2 ml of pre-culture and growth continued at 37 oC with shaking at 250 rpm until induction at an OD600 of 0.6 – 0.8 with IPTG (Melford) to a final concentration of 1 mM. Cells were harvested after 16 h by centrifugation and purification was carried out as previously described (Pollock et al. 1998; Rajagopal et al. 2013).

Sample preparation and NMR spectroscopy
Ferric cyt c was prepared by the addition of 1.5-fold excess of K3[Fe(CN)6] (Sigma) followed by removal of the excess K3[Fe(CN)6] and K4[Fe(CN)6] and exchange in to 20 mM sodium phosphate pH 6.8, 50 mM NaCl using a PD-10 column (GE-Healthcare). For reduced samples excess sodium ascorbate (Sigma) was added followed by removal and exchange into the same buffer as the ferric samples. All NMR samples contained 1 mM of the respective protein with 8-10 % D2O (Sigma) for the lock. A set of 2D [1H, 15N]-HSQC and 3D HNCACB and CBCA(CO)NH spectra were recorded at 293 K for ferric WT human cyt c on a Bruker 800 MHz spectrometer equipped with a 5 mm HCN inverse triple resonance z-axis gradient probe. For the ferrous G41S, all spectra were acquired at 288 K on a Varian INOVA 900 MHz spectrometer equipped with a 5 mm HCN cryogenic probe, while for the G41S ferric protein all spectra were acquired at 288 K on a Bruker AVANCE III 900 MHz spectrometer equipped with a 5 mm TCI cryogenic probe. Both 900 MHz probes were equipped with z-axis pulse field gradients. The same set of spectra as for WT cyt c were acquired for the ferrous G41S protein. Non-uniform sampling (NUS) experiments of the 3D HNCACB, CBCA(CO)NH and HNCO spectra were collected for the ferric G41S protein, with NUS versions of C(CCO)NH and H(CCO)NH TOCSY spectra used to confirm assignments. Non-NUS spectra were processed using the NMRPipe/NMRDraw software package (Delaglio et al. 1995) or using Topspin (Bruker BioSpin). NUS spectra were processed with software qMDD (Orekhov and Jaravine 2011), in conjunction with NMRPipe. All assignments were obtained using the graphical NMR assignment program Sparky (Goddard and Kneller 2008) and/or the CCPN Analysis program (Vranken et al. 2005). 

Resonance assignments
Figure 1 shows the [1H, 15N]-HSQC spectra with resonance assignments indicated for the WT and G41S mutant of human cyt c. Out of the 99 non-proline residues all HN resonances were assigned for the WT ferric cyt c, with the exception of E21 and T28, which were not observed. These resonances were also not observed in the ferric or ferrous states of the G41S mutant. Resonances for these residues are also not assigned in equine cyt c (Volkov et al. 2012). A strongly shifted upfield HN resonance (~ 4.45 ppm and ~ 4.29 ppm for ferric and ferrous species, respectively, ~ 104.25 ppm in 15N) is observed in all spectra regardless of mutation or haem oxidation state. Volkov et al. have assigned this resonance to G84 in horse heart cyt c based on the HN of G84 being located close to the centre of the F82 phenyl ring and therefore likely to experience a strong ring-current effect (Volkov et al. 2012). Inspection of the human cyt c crystal structure (PDB entry 3ZCF) (Rajagopal et al. 2013), indicates a similar orientation and thus we assign our observed upfield shifted HN resonance in human cyt c to G84. 
	For the ferric G41S protein the HN resonances of T40, Q42, N54, G56, I57 and I81 are not assigned, whilst for the ferrous protein the HN resonances of T40, G56 and I57 remain unassigned. The HN resonances for these residues are not observed in the [1H, 15N]-HSQC spectra and triple resonance peaks associated are either absent or of poor quality. This could be explained by mobility around the mutation site in regions 40-42 and 54-57 of the G41S mutant leading to broad resonances. Residue 81 in the ferric G41S protein is aliased in the 15N dimension and not observed in the NUS triple resonance spectra.

Chemical shift differences
A set of 2D [1H, 15N]-HSQC spectra of ferric and ferrous WT human cyt c were recorded at 288 K so as to analyse chemical shift differences between the G41S mutant. The HN assignments for the WT ferric were transferred readily to the 288 K spectrum, whereas assignments for the WT ferrous spectrum were acquired from those previously deposited (BMRB accession number 5406) (Jeng et al. 2002).  Representations of the combined backbone HN chemical shift differences between WT and the G41S mutant in the different haem oxidation states are shown in Figure 2. The two pairs of HSQC spectra were referenced with respect to each other based on their corresponding 1H and 15N carrier frequencies where the 1H carrier was placed on the water resonance. It is apparent that the G41S mutation introduces large chemical shift differences in both oxidation states for residues 41, 42 and 43 (mutation site) as well as 48 and 53 (HN groups in hydrogen bond distance of the S41 side-chain). However, the ferric state of the mutant reveals more extensive changes (residues 29-38, 49-52, 55-60 and 79-80) and the magnitude of perturbation is greater (Figure 2A). The ferric state of mitochondrial cyt c is more dynamic than the ferrous state (Barker et al. 2001; Moore and Pettigrew 1990), which could account for some of the differences between the two oxidation states of the G41S mutant and may also imply that the G41S protein is more dynamic than the ferric WT. Another explanation could be that the haem paramagnetic susceptibility tensor is perturbed in the G41S mutant relative to the WT ferric. This would alter the contact shift contribution (e.g. M80 Figure 2A) and the pseudocontact contribution to the chemical shift, with the latter experienced by many of the residues in the protein. Further investigations into this and the dynamics of the G41S mutant are underway. 

Data bank deposition
Backbone (HN, N, C, C) resonance assignments for ferric WT and the ferric and ferrous G41S human cyt c have been deposited in the BioMagResBank database under the accession numbers 25418, 25422 and 25420, respectively. For the ferric G41S protein backbone CO resonances have also been deposited.
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Figure 1: [1H, 15N]-HSQC spectra of human cyt c (A) WT ferric (293 K), (B) G41S ferric (288 K) and (C) G41S ferrous (288 K). The resonance assignments of the backbone HN and tryptophan indole resonances are indicated. Aliased residues in the 15N dimension are marked in red.
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Figure 2: Backbone HN chemical shift perturbations caused by the G41S mutation for the ferric (A) and ferrous (B) forms of human cyt c. Combined chemical shift differences at 288 K are presented as a function of the amino acid sequence and were calculated as √[(∆HN/0.03)2+(∆NH/0.3)2]. 
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