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Abstract

Perturbations in protein structure define the mechanism of allosteric regulation and biological 

information transfer. In cytochrome c (cyt c), Met80 ligation to the heme iron is critical for the 

protein’s electron-transfer (ET) function in oxidative phosphorylation and for suppressing its 

peroxidase activity in apoptosis. The hard base Lys is a better match for the hard ferric iron than 

the soft base Met, suggesting the key role of the protein scaffold in favoring Met ligation. To probe 

the role of the protein structure in maintenance of Met ligation, mutations T49V and Y67R/M80A 

were designed to disrupt hydrogen bonding and packing of the heme coordination loop, 

respectively. Electronic absorption, NMR, and EPR spectra reveal that ferric forms of both variants 

are Lys-ligated at neutral pH. A minor change in the tertiary contacts in T49V, away from the 

heme coordination loop, appears to be sufficient to execute a change in ligation, suggesting a 

cross-talk between the different regions of the protein structure and a possibility of built-in 

conformational switches in cyt c. Analyses of thermodynamic stability, kinetics of Lys binding and 

dissociation and the pH-dependent changes in ligation provide detailed characterization of the Lys 

coordination in these variants and relate these properties to the extent of structural perturbations. 

The findings emphasize the importance of the hydrogen-bonding network in controlling the native 

Met80 ligation to the heme iron.
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Perturbations of protein structure and dynamics define the mechanisms of allosteric 

regulation and biological information transfer. The extent of such perturbations ultimately 

depends on the properties of the protein folding landscape.1 By analyzing these changes, one 

can learn about the critical interactions that define the native protein fold and identify the 

built-in switches to alternatively-folded forms that have profound implications for function.

The mitochondrial heme protein cytochrome c (cyt c) is an excellent system for studies of 

conformational switching. Several conformational forms of cyt c, some induced by 

biologically-relevant triggers2 and others populated under denaturing conditions,3–5 have 

been identified by spectroscopic studies. At neutral pH the protein is in its compact globular 

form, with the ligands His18 and Met80 coordinated to the heme iron (Figure 1).6 This 

conformation is associated with the function of cyt c as an electron carrier in oxidative 

phosphorylation. Binding of cyt c to cardiolipin (CL)-rich membranes promotes changes in 

the heme iron ligation and tertiary structure of the protein that activate it for peroxidase 

function, which is critical in early stages of apoptosis.7,8 The native Met80 coordination to 

the heme is lost upon CL binding and other strong endogenous ligands take its place in the 

observed low-spin heme iron species. Both compact and extended CL-bound species of cyt c 
have been observed; their partitioning depends on a number of factors, including the CL 

content of the membrane and the available surface area.9

Residues His and Lys have been suggested to act as heme iron ligands in the CL-bound cyt 

c, with the former being more likely the ligand in the largely unfolded extended CL-bound 

species.10 In equine protein, His26 and His33 coordinate to the heme iron under denaturing 

conditions at neutral pH, and these misligated species behave as kinetic traps, slowing down 

the protein folding.11 Similarly, misligated species with Lys at the heme iron have been 

observed in urea-denatured cyt c4 and have been proposed to form upon binding of the 

protein to CL.12 Lys is also a heme iron ligand in cyt c at high solution pH and this 

conformational form, known as the alkaline state, has been the subject of intense 

research.13–17 In addition to its relevance to the CL-bound compact species, the alkaline 

form has been suggested to play a regulatory role in physiological electron transfer (ET)18 

and to be useful as a model for late folding intermediates.19

Careful studies have shown that Lys73 or Lys79 within the heme coordination loop (Ω-loop 

D, residues 70–85) coordinate to the heme iron at alkaline pH.14 The NMR structure of 

Lys73-ligated cyt c at pH 11.1 has shown that most of the native protein core is maintained 

in this conformational form, but the heme coordination loop is largely unstructured and there 

are changes in the positions of other Ω-loops.20 Thermodynamic studies of ligand binding to 
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the model heme peptide microperoxidase-8 (MP8) have illustrated that the hard base Lys is a 

better match for the hard ferric iron, compared to the soft base Met.21,22 Deprotonation of 

the Lys sidechain (pKa>10), as well as destabilization of the heme coordination loop, favor 

the Lys ligation at this high pH.

Several studies have demonstrated that Lys ligation in the presence of the native Met80 in 

cyt c is also possible at near neutral pH (Table S1).23–29 Destabilization of the heme 

coordination loop is the likely explanation for the decreased pKa of the alkaline transition 

for several mutants of cyt c that target this loop, as well as for the presence of Lys-ligated 

conformers for cyt c in the presence of urea.4 Mechanistic studies have suggested that 

deprotonation of a yet unknown “trigger” group precedes ligand replacement.14,15 Analysis 

of the recent structure of the Lys-ligated T78C/K79G cyt c variant has revealed that changes 

at residue 78 modify the hydrogen-bonding interactions in the vicinity of this site.22 These 

changes affect the environment of the trigger group and prime the heme coordination loop 

for refolding. Evidently, minor perturbations in protein structure (in this variant, through 

changes in sequence) appear to mediate the switch between the Lys-ligated and Met-ligated 

conformations.

Herein, we focus on two residues, Thr49 and Tyr67, to further evaluate the significance of 

certain tertiary contacts for maintenance of the native structure and ligation. These residues 

do not belong to the heme coordination loop but are highly conserved among mitochondrial 

cyt c proteins3 and, similar to Thr78, contribute to the extensive hydrogen-bonding network 

that defines the skeleton of the protein (Figure 1).6 This network mediates cross-talk 

between regions of different stability (foldons)19 and has been implicated in regulating both 

ET and peroxidase activities of cyt c.30–32 Located within the Ω-loop C, Thr49 forms a 

hydrogen bond with the carboxyl group of heme propionate 6 (HP6). The other residue, 

Tyr67, is engaged in hydrogen-bonding contacts with both Ω-loops C and D and interacts 

directly with the heme iron ligand Met80.

Mutations T49V and Y67R in horse heart cyt c were chosen to introduce changes in the 

protein tertiary contacts by disrupting hydrogen bonding and packing of the heme 

coordination loop, respectively. The T49V mutation was designed to eliminate the Thr49-

HP6 hydrogen bond but minimize steric and electrostatic perturbations at this site. In 

contrast, by selecting a bulky charged Arg residue at position 67,33 we aimed to perturb as 

much as possible not only the intraprotein hydrogen-bonding network but also the packing 

of the nearby heme coordination loop. The previously observed increase in the peroxidase 

activity of yeast and human Y67R cyt c was a hint to the major structural perturbation 

associated with this mutation.30,34

Spectroscopic studies described in this report reveal that both variants are Lys-ligated at 

neutral pH. Thermodynamic stability measurements, kinetics of Lys binding and 

dissociation, and the pH-dependent changes in ligation provide detailed characterization of 

the Lys coordination in these distinct variants and relate these properties to the extent of 

structural perturbations. Our findings emphasize the importance of the hydrogen-bonding 

network in cyt c in controlling the native Met80 ligation to the heme iron.
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Materials and Methods

Chemicals were purchased from Fisher Scientific Inc., unless noted otherwise. Buffers were 

prepared using reagent-grade chemicals. Water was purified to a resistivity of 18 MΩ cm 

using Barnstead E-Pure Ultrapure Water Purification System. Data analyses were carried out 

using MATLAB 2011a-2015a (MathWorks), SigmaPlot 10.0 (Systat Software), and Origin 8 

(OriginLab Corporation).

Site-Directed Mutagenesis, Protein Expression and Purification

Point mutations in the pBTR plasmid35 encoding horse heart cyt c were introduced using a 

Quikchange kit (Agilent). Mutations were confirmed by sequencing at the Molecular 

Biology & Proteomics Core Facility (Dartmouth College). Expression and purification of the 

proteins were performed as described previously.8 Wild-type horse heart cyt c (WT) was 

purchased from Sigma-Aldrich (C2506) and, similarly to our mutants, purified using ion-

exchange chromatography.

Sample Preparations

Ferric and ferrous proteins were prepared by adding excess of potassium ferricyanide and 

sodium dithionite, respectfully. The excess of the redox reagent was removed using size-

exclusion (PD-10 desalting column, GE Healthcare) or ion-exchange (Sepharose HP SP, GE 

Healthcare) chromatography. Sample preparations of ferrous proteins were performed under 

anaerobic conditions in a nitrogen-filled glove box (COY Laboratory Products). All ferrous 

samples were sealed in a cuvette (Starna Scientific) or NMR tube (Wilmad Lab Glass) 

before taking out of the glove box for spectroscopic measurements.

Spectroscopic Measurements

All the experiments were performed at room temperature of 22 ± 2 °C unless specified 

otherwise. Electronic absorption spectra were acquired on an Agilent 8453 diode-array and 

JASCO V-630 scanning spectrophotometers. Circular dichroism (CD) spectra and CD 

temperature melting curves were recorded on a JASCO-J815 CD spectropolarimeter 

equipped with a variable temperature peltier cell device (JASCO, Inc.). Pyridine 

hemochrome assays were conducted to determine the extinction coefficients of the prepared 

variants.36

Low temperature (10 K) EPR spectra were recorded on a Bruker EMX 300 X-band EPR 

spectrometer (Bruker Biosciences Corp.). Experimental parameters were set to 9.49 GHz 

microwave frequency, 3.21 mW microwave power, 100 kHz modulation frequency, 1.00 G 

modulation amplitude and a 20.48 ms time constant. Protein concentrations were between 

200–500 μM and samples contained 30% v/v of glycerol, unless otherwise noted. All EPR 

data were analyzed using Bruker WinEPR V2.22 Rev.10.

1H NMR spectra were recorded on a 500 MHz Bruker NMR spectrometer (Bruker 

Biosciences) at 25 °C. The ferric proteins were prepared in 100% D2O, while the ferrous 

samples contained 10% (v/v) D2O; 50 mM sodium phosphate or sodium d6-acetate were 

used to buffer these solutions. Protein concentrations were around 500 μM and the buffers 
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were exchanged by repeated ultrafiltration using 10 kDa centrifugal ultrafiltration devices 

(Millipore). Sodium dithionite (1 mM) was kept in the solution for NMR measurements of 

samples of ferrous proteins. With ferrous proteins, excitation sculpting with gradients was 

used to suppress water in 1D 1H NMR or 2D 1H NOESY experiments. With ferric proteins, 

1D 1H NMR spectra were collected using a superWEFT pulse sequence37 with a recycle 

delay of 220 ms for low-spin heme species of cyt c or 110 ms for high-spin heme species. 

All NMR data were analyzed using Bruker TopSpin 3.2.

Spectroelectrochemical Measurements

Spectroelectrochemistry experiments were performed as previously described.38 The 

absorbance of cyt c samples at 550 nm was plotted as a function of external potentials and 

fitted to eq 1, where Am is the absorbance of the 100% ferrous protein; E° is the heme iron 

reduction potential; and n is the number of electrons transferred in the reaction.

(1)

Thermal Denaturation

CD ellipticity at 222 nm were recorded in the temperature range of 20–90 °C. Proteins were 

prepared at concentrations between 15–25 μM. Under these conditions thermal denaturation 

of all the studied cyt c variants was ≥83% reversible. Dependencies of CD signal on 

temperature were fitted to eq 2, where mf and bf are the slope and y-intercept of the signal 

from the folded protein; mu and bu are the slope and y-intercept of the signal from the 

unfolded protein; R is the gas constant; Tm is the midpoint of the unfolding transition; ΔH is 

the van’t Hoff enthalpy of denaturation at Tm.

(2)

GuHCl Denaturation

A series of GuHCl solutions were prepared by dissolving GuHCl into the appropriate buffer 

and adjusting the pH to the desired values. The GuHCl concentration of each sample was 

calculated from the refractive index (ΔN) of the GuHCl sample measured by a digital 

refractometer.39

Changes in the α-helical content were monitored by CD ellipticity at 222 nm as a function 

of GuHCl concentration. Plots of ellipticity versus GuHCl concentration were fitted to eq 

3:40
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(3)

where mf and bf are the slope and y-intercept of the signal from the folded protein; mu and 

bu are the slope and y-intercept of the signal from the unfolded protein; R is the gas 

constant; T is the experimental temperature; [GuHCl]1/2 is the midpoint of the unfolding 

transition; mD is the slope of the unfolding transition.

The Gibbs free energy of unfolding was calculated using eq 4:

(4)

pH Titrations and Singular Value Decomposition Analysis

Protein concentrations were around 10–15 μM and 75–100 μM for absorption measurements 

in the Soret region and the charge-transfer band, respectively. The pH was adjusted using 

either 1 M sodium hydroxide or 1 M hydrogen chloride, and monitored using an AB15 pH 

meter (Fisher Scientific).

Singular Value Decomposition (SVD) analyses on pH titration profiles were conducted 

following previously reported procedures.41,42 To allow for accurate analysis of the Soret 

and charge transfer bands, two separate spectral series were constructed: in the 350 nm–650 

nm at low protein concentrations and in the 590 nm–720 nm at high protein concentrations. 

Deconvolution of the pH titration profile A (λm, pHn) into the wavelength dependence 

vectors U(λ)，square roots of the eigenvalues S(k) and the pH dependence V(pH) was 

calculated by using the MATLAB_R2014b SVD function (A=USVT). Log of Sj,j values, Sj,j 

percentages , error levels , autocorrelation of U(λ) and 

V(pH) matrices were used as criteria to determine the number of significant components, 

i41,42. The selected V-vectors Vi(pH) were then globally fitted to eq 5 using SigmaPlot 10.0, 

where Ai and Bi are the slope and y-intercept of the ith transition; pKapp,i is the apparent pKa 

value for the ith transition; C is the constant corresponding to the absorbance of the initial 

state:

(5)

The fractional population changes of the major components, F(pH) were calculated based on 

the model describing the transition (in this study, two- or three-state, depending on the 

variant), which were then used to get the spectra of i components D(λ) using eq 6.
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(6)

When a spectrum of a certain component (Dinput) was used as a constraint, spectra for the 

rest of the components Doutput were calculated as Doutput= (A−DinputFinput)Frest
−1, where 

Finput is the change in fractional population of the species having the input spectrum and 

Frest are the changes in fractional populations for the rest of the species. For Y67R/M80A, 

input-independent analysis was employed. For T49V, the spectrum of the Met-ligated 

species (WT at pH 7.4) was used as an input Dinput.

pH-jump and Imidazole Binding Kinetics

Fast kinetics were examined by performing rapid-mixing experiments on a BioLogic 

SFM-300 stopped-flow instrument using ferric proteins. For pH-jump measurements, the 

protein samples were prepared in a 5 mM (Y67R/M80A) or 10 mM (T49V) sodium 

phosphate buffer at pH 7.4 containing 100 mM sodium chloride for downward pH jump or 

in a 5 mM (Y67R/M80A) or 10 mM (T49V) sodium acetate buffer at pH 4.5 containing 100 

mM sodium chloride for upward pH jump experiments. The jump buffers were all 10 mM 

for T49V and 18 mM for Y67R/M80A (sodium acetate, pH 4.5–5.5; bis-tris, pH 6.0–6.5; 

MES, pH 6.0–6.2; sodium phosphate, pH 6.5–8.0; boric acid, pH 9.5; CAPS, pH 10.5) with 

100 mM sodium chloride. The electronic absorption spectra between 250–600 nm were 

recorded immediately after mixing of the jump buffers with protein solution by a 5 to 1 

ratio. The absorbance changes as a function of time were fitted to monoexponential decay 

(or rise) functions. The final pH was measured by a UB-10 pH meter (Denver Instrument) 

with the mixtures of the jump buffers and the protein buffers.

The following mechanistic scheme, adapted from previous studies of cyt c alkaline 

transition,14 was employed to analyze the pH jump experiments (Scheme 1). The 

mechanism involves initial deprotonation step of the “trigger” group T of the species with 

the heme iron ligated by ligand X (H2O for Y67R/M80A and Met for T49V), followed by a 

conformational transition to the Lys-ligated species. The rate constant kf and the protonation 

equilibrium constant KH were determined from the fits of the observed kobs to eq 7; the 

average of the first four points form the pH jump data (low pH) was used to set the rate 

constant kb. Eq 7 is derived assuming that the deprotonation equilibrium is fast compared to 

the conformational transitions.

(7)

The binding of imidazole (Scheme 2) to the T49V and Y67R/M80A variants was studied by 

examining changes in the Soret absorption band.43 Protein and imidazole solutions were 

prepared in a 100 mM sodium phosphate buffer at pH 7.4. Aliquots of the protein solution 

were added to the solutions of imidazole and the samples were allowed to equilibrate for at 

least 30 min before recording absorption spectra. The apparent dissociation constant 
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and pH-independent dissociation constant KD value were determined from the fits of these 

spectral series (eqs 8 and 9).

(8)

The pH independent dissociation constant of imidazole binding to the heme iron was 

calculated according to eq 9, where the acid dissociation constant of the imidazolium Ka is 

10−7.

(9)

For the kinetic binding experiments, mixing experiments were conducted using a stopped-

flow instrument. Protein samples (50 μM) were prepared in a 100 mM sodium phosphate 

buffer at pH 7.4 and mixed with a 150 mM imidazole stock solution. The spectra in the 

range between 250–600 nm were recorded for 60 s after mixing. Changes in absorbance at 

413 nm were fitted to monoexponential progress curve functions to yield . The rate 

constants  and  were then calculated using eq 10.44

(10)

Results

Characterization of the Initial Set of Variants

For both ferric T49V and Y67R at pH 7.4, the Soret band maximum is at 406 nm, blue-

shifted from its position at 409 nm in WT (Figure 2A). Under these conditions, both mutants 

lack the 695 nm charge transfer band that is associated with Met80 ligation to the ferric 

heme iron. The downfield region of the cyt c 1H NMR spectrum displays the resonances of 

the heme methyl groups that are sensitive markers of the heme iron ligation (Figure 2B).14,20 

The two resonances of the 8-CH3 and 3-CH3 protons at around 35 ppm, which correspond 

to the Met-ligated heme iron in WT under native conditions, are not detectable for Y67R and 

their intensities are greatly diminished for T49V (Figure 2C). Instead, there are new 

resonances in the 25–5 ppm region, consistent with the upfield shift of the 8-CH3 and 3-

CH3 protons. Previous detailed NMR studies of cyt c alkaline conformers have assigned 

these spectral changes to substitution of the heme iron ligand from the native Met80 to 

Lys73 or Lys79 at high pH.14,45 The upfield region of the 1H NMR spectra, where the γ-

CH2 and ε-CH3 resonances of the Met80 ligand can be found, is also in accord with 

replacement of the Met80 ligand in the variants at pH 7.4. Under these conditions no Met80-
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ligated conformers are present in Y67R but a small population of Met80-ligated species still 

persists in T49V. The NMR results, together with electronic absorption spectra, suggest that 

another ligand (most likely Lys) replaces Met80 at the heme iron in these mutants.

The ferrous WT, T49V, and Y67R variants all have very similar electronic absorption spectra 

typical of low-spin ferrous heme with a neutral ligand (Figure 2A). While the absorption 

spectra are alike for Met-, Lys-, and His-ligated ferrous heme proteins, the NMR spectra do 

allow identification of the axial ligand.46,47 Similar positions of resonances in the 1D 1H 

spectra (Figure 2D) and pattern of cross-peaks in the 2D NOESY spectra (Figure S1) of 

ferrous T49V to those of WT, suggest that Met80 is also the ligand of the ferrous heme in 

this variant at pH 7.4.

The two additional “satellite” resonances, labeled with asterisks in Figure 2D, however, 

suggest that there is a small population of another species in T49V. A similar set of 

resonances, yet at lower magnetic field and without accompanying resonances of the Met80-

ligated species, is evident in the spectrum of ferrous Y67R. We have hypothesized that the 

introduced mutations might have led to an opening of the heme pocket and subsequent 

oxidation of Met80 during the preparation of the two variants. Recent studies of CL-bound 

human cyt c have revealed that molecular oxygen can oxidize Met80 to methionine 

sulfoxide Met-SO when the heme pocket is perturbed.48 To test this hypothesis, we have 

intentionally oxidized Met80 in T49V by treatment with chloramine-T,49 generating the 

reference protein T49V-ox. The resonances of Met80-SO of T49V-ox match exactly the 

resonances of the minor species in the upfield spectra of T49V samples (Figure 2D).

Comparison of the 1H NMR spectra of ferrous T49V and T49V-ox at equal concentrations 

of proteins suggests that no more than 10% of the protein in our T49V samples have Met80-

SO. The electronic absorption (Figure 2A) and NMR (Figure 2C) spectra of ferric T49V-ox 

are consistent with Lys-ligation to the heme in this modified protein. Since Met80 is 

replaced at the ferric heme iron by a Lys residue in both T49V and T49V-ox, their 

conformational properties should be largely the same. Furthermore, because the population 

of T49V-ox in T49V samples is small, its presence only minimally affects the biophysical 

properties of T49V in the characterization experiments below.

For Y67R, however, the entire protein population has Met80 oxidized. NMR spectra (Figure 

2D), as well as the increased mass of the variant (16.2 ± 4.3 Da) in MALDI spectra, support 

this conclusion. Since Met oxidation results in a change in the heme iron ligation even for 

WT, the effects of this modification and the effects of tertiary contact perturbations from the 

Y67R mutation are difficult to separate. To ensure that the observed changes in structure and 

properties were due to the point mutation and not Met-SO, a mutation of Met80 was added 

in the subsequent work to yield the double mutant Y67R/M80A. We have also prepared and 

characterized M80A as a reference protein in our studies of Lys-ligated variants (Figure S2).

Characterization of Ligation, Structural Properties, and Stability of the Variants at pH 7.4

The electronic absorption spectra of ferric Y67R and Y67R/M80A at pH 7.4 are similar 

(Figures 2A and 3A). The Y67R/M80A variant does not have a split Q-band, which is 

apparent for the hydroxide-ligated M80A,50–52 suggesting that the heme ligand in this 
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variant is likely not a hydroxide. This conclusion is further supported by NMR spectra 

(Figure 4A). Spectral signatures of the hydroxide-ligated heme iron species at 16, 14.5 and 

13.5 ppm, evident in the spectrum of M80A, are absent in the 1H NMR spectra of Y67R/

M80A and T49V. Instead, both Y67R/M80A and T49V display the heme methyl resonances 

at positions seen with Lys-ligated alkaline cyt c.4 The EPR spectra of Y67R/M80A and 

T49V are also distinct from the Met-bound WT and the hydroxide-ligated M80A (Figures 

4C and S2C)53 and resemble those of the alkaline WT14 and the Lys-ligated mutants of cyt c 
and cyt c-550.46 Consistent with the lack of Met80 ligation to the heme, the visible CD 

spectra of T49V and the two M80A mutants do not have a negative band at 416 nm (Figure 

S3).54

Electronic absorption spectra have revealed that, in contrast to M80A, the ferrous heme in 

Y67R/M80A is low-spin, indicating that some residue coordinates to the heme in this 

perturbed variant (Figure 3B). Analysis of the upfield region of the 1H NMR spectrum 

(Figure S4) suggests that this ligand is Lys.

Reduction potentials obtained from spectroelectrochemistry measurements are in accord 

with a Lys-bound heme in the T49V and Y67R/M80A variants (Table 1). Upon Lys-

coordination, the reduction potential decreases dramatically from the positive value found in 

wild type (WT, 255 mV),55 as seen in alkaline WT (−205 mV)56 and a recently described 

Lys-ligated variant of cyt c (−94 ± 2 mV).22 The potential of Y67R/M80A is lower than that 

of T49V. Differences in ligation to the ferrous heme (Lys in Y67R/M80A and Met in T49V) 

could account for this variation, but other factors, such as changes in the heme exposure, 

could contribute as well. For Y67R/M80A, the two titration curves from reductive and 

oxidative experiments do not fully overlap with each other, probably due to some 

irreversibility in the process.

CD spectra of the variants were compared to evaluate the effects of the mutations on the 

secondary and tertiary structures of the ferric protein (Figure 5). Consistent with previous 

findings of minimal structural perturbation with the M80A mutation, the spectra of WT and 

M80A are very similar. The spectra of the two other mutants, however, suggest changes in 

the protein conformation. In the far-UV region, the dominant α-helical features of cyt c are 

still apparent but the changes in the shapes of the spectra suggest an increase in the random-

coil character. In the near-UV region, the CD signals of the two mutants are greatly 

diminished compared to the two reference proteins, suggesting variations in their tertiary 

structure, which are particularly prominent in Y67R/M80A.

Thermal and chemical denaturation of the ferric variants was examined with CD 

spectroscopy (Table 2). Thermodynamic parameters for WT57 and M80A are remarkably 

similar, suggesting that Met coordination has little to no contribution to the global stability 

of the protein. For T49V, the Tm and ΔH values from thermal denaturation and the 

[GuHCl]1/2 and ΔGf values from GuHCl denaturation experiments are also similar to that of 

WT. These results suggest that the favorable binding interactions between Lys and the heme 

iron may compensate for the destabilizing effect of removing the hydrogen bond between 

Thr49 and HP6. The Tm, ΔH, and ΔGf values for Y67R/M80A are the lowest in the set of 

variants studied.
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Characterization of Ligation, Structural Properties, and Stability of the Created Variants at 
pH 4.5

A decrease in solution pH introduces notable changes in the spectra and stability of the ferric 

variants. At pH 4.5, the electronic absorption, NMR, and EPR spectra of WT are unchanged 

(Figure 6). The Soret band in the electronic absorption spectra of M80A and Y67R/M80A 

blue shifts to 400 nm and the charge transfer bands characteristic of the high-spin H2O-

coordinated heme iron appear. The 1H NMR spectra of these M80A variants are also 

consistent with a change in the heme iron spin state with lower pH, as the high-spin heme 

iron species is readily apparent in the downfield region of the spectra (Figure S5). The EPR 

spectra show two sets of g-values corresponding to the high-spin and low-spin heme iron 

species (Figure 6C). At this pH, both sets of signals likely arise from the H2O-ligated heme 

iron species.58 A similar pair of EPR signals has been reported previously for H2O-ligated 

AcMP8 at pH values where the H2O ligand should remain protonated.59 The explanation 

based on the positioning of the d-orbital levels for the mixture of the two states in H2O/His-

ligated hemes has been previously proposed.59,60

The Soret band of T49V at pH 4.5 shows a drop in intensity as well as a small red shift of 

λmax (from 406 to 407 nm) compared to those at pH 7.4 (Figures 6A and 3A). The charge 

transfer band at 695 nm that was lacking at pH 7.4 reappears but its intensity is less, relative 

to that of WT. In addition, the charge transfer band at 624 nm is also present. In contrast to 

the NMR spectrum at pH 7.4 (Figure 4A), the NMR spectrum of T49V at pH 4.5 does not 

display the diagnostic resonances of Lys ligation at 10–25 ppm (Figure 6B). Instead, the 

heme methyl resonances at around 35 ppm appear at positions similar to those in the WT 

spectrum. A small signal in the downfield region of the NMR spectrum, indicative of the 

high-spin heme iron species, is also apparent (Figure S5). EPR spectra of WT and T49V are 

also similar (Figure 6C); a smaller population of the high-spin species in the EPR spectra at 

10 K, compared to that in the electronic absorption spectra at room temperature, is likely 

related to temperature effects. Collectively, all three spectroscopic methods point to the 

presence of the major population of the Met-ligated species and a minor population of the 

H2O-ligates species in the T49V ensemble at this low pH. The thermodynamic stability 

parameters from thermal denaturation experiments suggest that the mutant becomes less 

stable at pH 4.5 (Table 2). However, given the presence of at least two types of species (with 

Met- and H2O-ligated heme iron), the classic two-state model may oversimplify the T49V 

unfolding transition under these conditions.

The increase in reduction potentials at pH 4.5 is consistent with the spectroscopic findings of 

a Met-ligated species for T49V and a high-spin H2O-ligated species for Y67R/M80A (Table 

1). These ligation changes are largely responsible for the increase in reduction potentials, 

with additional contributions arising from the change in electrostatic interactions at lower 

pH, described previously for cyt c,3,61 adding to these effects.

pH-Dependent Changes in Ligation

Our experiments have revealed that Lys ligates to the heme iron in both T49V and Y67R/

M80A at pH 7.4 but it is no longer the heme ligand at pH 4.5. In order to understand the 

mechanisms of these pH-dependent changes in ligation, we next examined changes in the 
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electronic absorption spectra of these variants over a wider pH range and performed SVD 

analyses to figure out the number of major species in the spectral series, identify their 

spectra, and also determine the pKa values of conformational transitions.

Multiple criteria of matrix analysis (see Materials and Methods) consistently indicated that 

the series of spectra for T49V can be described by three components, while Y67R/M80A 

required only two components. Global fitting of the selected Vi(pH) vectors (V-vectors) to 

eq 5 yielded pKa values in Table 3. The same results were obtained from analyses of the pH 

profiles separately recorded in the 350–500 nm (Soret band; Figures 8 and 9) and 590–720 

nm (charge transfer (CT), Figures S6 and S7) spectral regions.

For T49V, the pKa value of the low pH transition is in a good agreement with the value 

previously found for the transition of the native Met-ligated conformation to the H2O-ligated 

acidic conformation of WT cyt c.62 These two species are likely two of the three 

components from SVD analysis of T49V spectra. This conclusion is consistent with the 

signatures of Met- and H2O-ligated species apparent in the spectra of T49V at low pH 

(Figure 6). The abundant evidence for the Lys-ligated conformer from our spectroscopic and 

electrochemical characterization of T49V at pH 7.4 suggests that this species should be the 

third component. Since the Met80 residue was replaced by a non-coordinating Ala in Y67R/

M80A, there is no Met-ligated species and the two components revealed from the analysis of 

this mutant are conformers with H2O- and Lys-ligated heme iron.

Because the electronic absorption spectra of the Lys- and hydroxide-ligated cyt c are similar 

(Figure 3A), we first considered the possibility that the SVD analysis of these data might 

have missed this additional heme species. The NMR and EPR measurements ruled out the 

presence of the hydroxide-ligated heme iron for both T49V and Y67R/M80A at pH 7.4. 

Experiments at pH 10.5 suggest that, similar to alkaline WT, it is Lys, rather than hydroxide, 

that coordinates the heme iron under these conditions as well (Figure S8). To evaluate 

whether the hydroxide-ligated species plays a role in the pH range between 4.5 and 7.4 when 

the Lys ligation is being lost, we have examined the pH dependence of the 1H NMR and 

EPR spectra of the two mutants.

For T49V, the heme methyl resonances between 15 ppm and 25 ppm, which are 

characteristic of protein conformers with Lys-ligated heme iron, are absent in the 1H NMR 

spectra below pH 5.0, and are barely detectable at pH 6.0 and pH 6.5 (Figure S9). The 

resonances around 35 ppm, which are diagnostic of Met-ligated conformers, are apparent in 

the pH range from 4.5 to 6.5. As the pH increases from 7.4 to 8.2, these signals decrease in 

intensity and completely disappear at pH 9.2. The Lys-ligated species is the dominant 

species at neutral and alkaline pH. 1H NMR spectra between 15 ppm and 25 ppm reveal no 

evidence of the ferric heme ligated by the hydroxide ligand. The signal associated with the 

hydroxide-ligated form (gz=2.58) is absent from the EPR spectrum over the entire pH range 

as well. The intensities of the NMR and EPR signals associated with Met- and Lys-ligation 

fit nicely along the pH titration curve from the SVD analysis of the electronic absorption 

data (Figure 7). These findings further strengthen our assignment of the conformational 

transition with a pKa of 6.8 to switch between Met and Lys-ligated conformers, and illustrate 

the robust nature of our analysis.
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A similar conclusion of the lack of hydroxide-ligated heme species in the pH range of the 

transition can be drawn from the analysis of 1H NMR and EPR spectra of Y67R/M80A 

(Figures 7 and S10). The heme methyl resonances characteristic of the hydroxide-ligated 

species are readily apparent in the pH-dependent NMR spectra of M80A (Figure S2) but 

there are no such signals in the Y67R/M80A spectra (Figure S10B). At pD 5.7, near the pKa 

value from the electronic absorption data, the resonances between 15 ppm and 25 ppm 

associated with Lys-ligated conformers are apparent in the Y67R/M80A spectra, consistent 

with a Lys and not a hydroxide, ligand participating in the transition to the species with the 

water-ligated heme iron. The pKa values of the coordinated water in proteins with His/H2O-

ligated heme iron vary widely;51 the pKa=6.1 for M80A (Table 3 and Figure S2) is among 

the lowest values reported. The protein environment is responsible for dramatic lowering the 

pKa of the water ligand in this protein; when these constraints are removed in 

microperoxidase-8, the pKa increases to 9.6.59 We argue that if hydroxide is the heme ligand 

in the structurally perturbed Y67R/M80A, then the pKa of the water to hydroxide should 

have been >6.1 and we would have seen this species, rather than Lys-ligated species, at the 

titration midpoint. Based on the spectra and these pKa arguments, we conclude that Lys is 

replaced by H2O and there is no sizable population of the hydroxide-ligated heme iron in the 

pH range of the transition.

Our SVD analysis combined with the above control experiments, indicate that pH-dependent 

transitions involve H2O-, Met-, and Lys-ligated species for T49V and H2O- and Lys-ligated 

species for Y67R/M80A. The case of Y67R/M80A is more trivial (Figure 10a): calculations 

of conformer populations using the two-state model yield the component spectra in Figure 

9D. The spectrum of the low-pH component strongly resembles that of water-ligated M80A 

at pH 4.5 and is even closer to the spectrum of M80A under molten-globular conditions. 

These results are in accord with our ligand assignment and findings of the flexible tertiary 

structure from CD studies of the mutant (Figure 5B).

The case of T49V, for which there are three components, suggests a sequence depicted in 

Figure 10B. The two pKas correspond to transitions from Lys- to Met- and then from Met- 

to water-ligated heme iron species. The following experimental findings argue in favor of 

this model. The titrations monitoring the charge-transfer spectral region have revealed that at 

pH=5, more than one pH unit away from either of the two pKa values, the spectral properties 

of T49V and WT are very similar (Figure S6C), suggesting that the population of the Met-

ligated species in T49V is close to 100% under these conditions. Furthermore, the NMR and 

EPR titrations also suggest a clean conversion of the Lys- to the Met-ligated species, without 

the presence of the water-ligated species along the way.

The spectra of the H2O- and Lys-ligated components (Components 1 and 3, respectively) 

derived from the SVD analysis of T49V pH titrations show high similarities, both in the 

positions and the relative intensities of the Soret bands, to that of the reference spectra 

(Figure S11). However, the Soret band in the calculated spectrum of the Met-ligated species 

(Component 2) is blue shifted compared to that of WT. A possible explanation for this 

discrepancy is that the similar spectral features of the Met- and Lys-ligated forms may not be 

well resolved to yield distinct spectra in the pH titration profile analysis.
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To address this issue, the WT spectrum was used as an input for Component 2, restricting 

the matrix calculations of the spectra of the two other components (Figure 8D). The 

resulting spectrum of the Lys-ligated heme species (Component 3) matches well that of WT 

at alkaline pH. The calculated spectrum of the H2O-ligated species (Component 1) is also 

similar to that of the H2O-ligated M80A reference. In contrast to Y67R/M80A, the spectrum 

of the folded M80A at pH 4.5 is a better match for the water-ligated T49V than that of the 

molten-globular M80A form, consistent with the differences in the tertiary structure of the 

two variants.

pH-Jump Kinetics and Lys Dissociation Rates from Imidazole Binding Experiments

Time-dependent changes in the absorption spectra of the Y67R/M80A and T49V variants 

upon downward and upward pH jumps yielded kinetic parameters for the transition to the 

Lys-ligated conformations (Table 4). All kinetics progress curves from these experiments 

could be described by single-exponential functions (Figure S12). The kobs values show a 

clear dependence on pH conditions (Figure 11). According to eq 7, at low pH, where [H+] 

>> KH, the kobs is dominated by the kb value. At very high pH, where KH>>[H+], kobs = kf + 

kb.

The conformational equilibrium constants, KC, obtained from the ratios of the forward kf 

and reverse kb rate constants allowed the apparent pKa values to be calculated (Table 4); 

these values agreed well with the pKa values from pH titrations (Table 3). For Y67R/M80A 

and T49V, changes in both the conformational equilibrium constant KC and the acid 

dissociation constant of the transition “trigger” group, KH contribute to lowering the 

apparent pKa. Evidently, the mutations in these two variants not only affect the equilibrium 

associated with Lys ligation but also perturb the protein conformation in close vicinity of the 

trigger group.

The rate constants kf for the formation of the Lys-ligated species of the two mutants are very 

similar to that of WT. In contrast, clear differences are seen in the rate constants kb for the 

back conversion from the Lys-ligated species. The differences in kb correlate with the 

differences in the protein tertiary structure for WT and the two mutants (Figure 5B). The 

Lys-ligation is lost most readily in Y67R/M80A, the protein variant with a flexible tertiary 

structure and greatly diminished thermodynamic stability.

Both Y67R/M80A and T49V bind imidazole as evidenced by concentration-dependent 

changes in the absorption spectra. At high imidazole concentrations [Im]>>KD, the rate 

constants  are independent of the concentration of the exogenous ligand. The expression 

for  in eq 10 explains the observed independence of  on imidazole 

concentration at high concentrations of imidazole as the term  becomes negligible. 

The calculations of this term using the previously determined  for cyt c44 are in 

accord with this conclusion. The rate constants  from imidazole binding experiments are 

within error bounds of the pH jump kb values (Table 4), suggesting that the rate constant kb 

reports on the Lys dissociation from the heme iron.
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Discussion

Mutants in This Work

Mutational studies of cyt c have provided critical information about the folding and redox 

properties of this widely-studied protein. Residue 49 is either Thr or Ser in mitochondrial 

proteins.3 While structural data exist only for Thr49 proteins, presumably both amino acids 

could engage in hydrogen bonding with HP6. Before our work, there has been only one 

report of a Thr49 mutant.63 The yeast iso-1 cyt c T49K mutant has been shown to support 

oxidative phosphorylation in yeast cells deficient in their ability to produce other isoforms of 

cyt c, but no biophysical characterization of this variant has been performed.

Residue 67 is Tyr in all species, with the exception of Euglena gracilis, in which Phe takes 

its place.3 Tyr67 was the subject of several mutational studies, and replacements at this site 

affected the protein stability, the heme iron reduction potentials, and ET kinetics.31,32,64–68 

Notably, the mutation Y67R increases the protein peroxidase activity in both yeast and 

human proteins,30,34 suggesting a possible involvement of residue 67 in a functional switch 

of cyt c from electron carrier to a peroxidase. The loss of the native Met80 ligation to the 

heme iron and the decrease in the protein’s thermal stability have been linked to the higher 

intrinsic peroxidase activity of this variant compared to that of WT.

Alkaline Transition and Trigger Groups

Our studies have revealed that both T49V and Y67R/M80A mutations lower the pKa of the 

alkaline transition in cyt c, resulting in a population of the Lys-ligated species already at 

neutral pH. In accord with our findings,34 recent resonance Raman experiments have 

identified a population of the Lys-ligated species in human Y67R cyt c at pH 7.0. Hydrogen 

exchange experiments have demonstrated that the pKa value of the alkaline transition 

correlates with the stability of the heme coordination loop,23 and this parameter has been 

frequently employed to evaluate the properties of the heme crevice.16 Over the years, an 

extensive library of cyt c mutants has been made for which pKa values for this transition 

were determined (Table S1).3,14,23–29,58,65,69–80 Owing to specific interests of the 

investigators, most of the mutations have targeted the heme coordination loop but several 

other specific contacts have been probed. Despite limited sampling of possible perturbations 

in the set, its inspection provides some insights (Figure 12 and Table S1). Not surprisingly, 

mutations at the heme coordination loop strongly affect the transition pKa, where 

introduction or removal of a bulky residue has the largest impact. However, mutations in the 

Ω-loop C and at or near Tyr67 also perturb the transition pKa. Interestingly, mutations in 

these regions either decrease or increase the pKa value of the alkaline transition, suggesting 

the subtle balance among the different interactions that control stability of these sites and 

their communications with the heme coordination loop.

The Ω-loop C is the least stable foldon of mitochondrial cyt c and is the first to unfold.81 The 

hydrogen-bonding network connects this foldon to the heme group and the surrounding 

coordination loop, and includes a hydrogen-bond between Thr49 and HP6. The internally 

located Tyr67 is also a part of this extensive network and connects to both Ω-loop C (Asn52) 

and the heme coordination loop (Thr78 and Met80). Again, there is connectivity to the heme 
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propionate HP6, which has been suggested as a possible candidate for a trigger group.16 The 

pKa value of HP6 has been proposed to be unusually high (≥9) in WT cyt c, compared to the 

values between 5 and 6 in other proteins.3,82,83 If this high value is due to structural 

constraints, disruption of the hydrogen-bonding interactions to HP6 could shift its pKa 

closer to the typical values. The decrease in the pKH values for T49V and Y67R/M80A 

support this hypothesis. A more dramatic change is expected for the latter mutant, whose 

structure is majorly perturbed.

While removal of the Thr49-HP6 hydrogen bond does not affect the protein global stability 

(compare WT and Met-ligated T49V at pH 4.5), it greatly perturbs the local stability of the 

heme coordination loop. Recent studies of Bowler and coworkers report a similar trend for 

the two mutants of human cyt c Y46F and S47T;77 however, the effects at these sites are less 

dramatic than those for T49V. The two mutated residues in Bowler’s study also contribute to 

the intraprotein hydrogen-bonding network, in which the hydroxyl group of Tyr46 is 

hydrogen-bonded to the carbonyl of Thr28 and the main-chain carbonyl of Ser47 is 

hydrogen-bonded to the ɛ-amino group of Lys79. Without kinetic data, it is unclear whether 

these mutations affect the conformational equilibrium constant (Kc) or also influence the 

properties of the trigger group (KH).

The fact that removal of the hydrogen bond in Y67F increases rather than decreases the pKa 

value for the transition to the Lys-ligated form65 suggests that in the case of the Y67R/

M80A variant it is a major disruption in the protein structure rather than simply removal of 

one (or several) hydrogen-bonding interactions that favors the cyt c switch to the alkaline 

form. This situation is reminiscent of that of urea-denatured cyt c.4 The finding of Lys 

ligation in these highly flexible conformational forms highlights the importance of the 

protein scaffold for the native Met80 ligation in the ferric protein. Without the proper 

positioning of Met80, the stronger base Lys within the flexible loop coordinates to the heme 

iron. When Met80 is no longer available, as in M80A, but the integrity of the rest of the 

protein structure is preserved, H2O or hydroxide, rather than Lys coordinate to the heme. 

Consistent with only minor contribution of the Met-iron bond to the stability of the ferric 

protein, the thermodynamic stabilities of M80A and WT are very similar.

The apparent pKa for the alkaline transition is low in Y67R/M80A because of the favorable 

equilibrium to the Lys-ligated form (pKc) and because of the low pKa of the trigger group 

(pKH). The deprotonation that controls the transition cannot simply be that of the Lys 

sidechain since its pKa (pKH=6.8 ± 0.4) is much lower than the typical pKa value of Lys.84 

A trigger group therefore must be involved and this result implies that some structural 

constraints are still present in the significantly destabilized Y67R/M80A.

For this mutant, the transition involves a switch from H2O to Lys. The pKH value is 

consistent with the pKa value of the iron-bound water ligand (Table 3). While we have no 

evidence for the population of the hydroxide-bound heme iron species at equilibrium within 

the transition range, such species could form transiently. The role of the hydroxide-bound 

species as an intermediate in the alkaline transition has been previously argued.75,85 The 

structure of the cyanide adduct of the horse heart ferric cyt c has revealed that the binding of 

this small negatively-charged ligand is associates with the repositioning of the loop residues 

Gu et al. Page 16

Biochemistry. Author manuscript; available in PMC 2017 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



77–85 and expulsion of the native Met80 ligand from the heme crevice.86 A crystal structure 

of the hydroxide-bound yeast iso-1 K72A cyt c reports more modest structural perturbations 

of the heme coordination loop, but perturbations are still there, primarily affecting Met80, 

Ala81, and Gly83.85

If indeed the deprotonation of the H2O ligand is what drives the transition to the Lys-ligated 

species in Y67R/M80A, this has to be linked to increased dynamics of the heme 

coordination loop, since a similar deprotonation does not cause Lys coordination in M80A. 

The unfolding of the heme coordination loop is essential for the switch to Lys ligation in 

alkaline cyt c. Perhaps with the flexible tertiary structure of Y67R/M80A its heme 

coordination loop is mostly unfolded and the change in the heme spin state associated with 

the H2O deprotonation is sufficient for Lys to readily coordinate the heme.

In contrast, in WT and variants with less invasive mutations, another deprotonation is 

required for loop unfolding. Besides HP6, a buried water molecule, Tyr67, and His18 have 

been proposed as trigger groups for the alkaline transition, and, the second, inner, heme 

propionate HP7 is another possibility.16 Analysis of the pH jump kinetics of His-ligated 

mutants of yeast iso-1 cyt c suggested that more than one trigger group might be involved. 

The role of the internal water molecule that hydrogen-bonds to Ty67 and Thr78 (Wat166, 

Figure 1) in triggering the transition, has been strongly argued in a study of a family of 

M80X mutants.58 In ferric yeast iso-1 Y67F cyt c, this water molecule cannot be located,68 

presumably because of its increased mobility within a larger internal cavity, and the pKa of 

the alkaline transition is higher (Table S1).65 Although this argument provides a possible 

explanation for the elevated pKa in the Y67F mutant, the increased stability of the mutant is 

another factor.67 It remains to be determined whether HP6, Wat166 or some other group 

triggers the transition. However, based on our mutational studies, we can already conclude 

that the integrity of the intraprotein hydrogen-bonding network, particularly the region next 

to HP6, has prime importance in favoring the native Met-ligated structure of ferric cyt c over 

the Lys-ligated conformers.

Met Oxidation

The development of highly efficient expression systems has led to a recent explosion of 

mutational studies on cyt c from many different species. Designed to probe classical 

questions in cyt c structure-function relationships, some of these mutations dramatically 

modify the native heme crevice. Studies of CL-bound cyt c have shown that molecular 

oxygen can readily oxidize Met80 to Met-SO, without the requirement of any other 

enzymes.48 In this work we have observed stoichiometric oxidation of Met80 in horse heart 

Y67R cyt c during protein expression. It is not clear whether a similar oxidation reaction 

may have complicated previous studies of yeast iso-1 and human cyt c.30,34

These oxidation reactions appear to depend on the stability of the variants, a property that 

cannot be easily assessed before the actual experiments. In our earlier work, attempts to 

recombinantly make yeast M80C variants have yielded proteins with an oxidized Cys80 side 

chain that did not ligate as a thiolate to the ferric heme iron upon oxidation.38 In contrast, 

recombinant expression of the more stable horse heart cyt c resulted in thiolate-bound 
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species. Careful characterization of mutant samples is critically important, since these 

unintended oxidation reactions can greatly affect the very phenomena one wishes to explore.

Functional Significance

Could the perturbation-induced switch to Lys-ligated conformations at neutral pH be 

biologically relevant? Previous studies have argued for a link between the protein surface 

and the redox properties of the heme.87 Neither residue 49 nor other residues in the Ω-loop C 

interact with cyt c’s physiological redox partners cyt c peroxidase,88 bc1 complex,89 and cyt 

c oxidase.90 The Ω-loop C, however, appears to be relevant for the cyt c function in 

apoptosis as it forms contacts with Apaf-1, as well as with the antiapoptotic protein Bcl-

xL,91 and belongs to one of the suggested CL- binding site in cyt c.10 The crystal structure of 

Lys-ligated T78C/K79G suggests that the acyl chain of CL could fit into the hydrophobic 

pocket next to this helix.22 Binding to CL membranes perturbs the native protein structure 

and appear to favor the switch cyt c to the Lys-ligated state. Importantly, disruption of the 

native Met80 ligation modulates peroxidase activity of cyt c,22,85,92 which is important in 

early stages of apoptosis.

The Ω-loop C is also the region for the mutations G41S and Y48H in human cyt c, which are 

associated with thrombocytopenia.93,94 The former mutant has been better studied. While 

there are only subtle changes in the structure of this mutant, there are clear changes in its 

dynamics that increase ET rates and peroxidase activity.95,96 Even though G41S cyt c is 

Met-ligated at neutral pH (the pKa value for the alkaline transition is 7.8±0.3, Table S1),28 

this mutant is primed for ligand replacement. As in the T49V mutant in our study, mutation-

induced perturbations in the Ω-loop C affect the heme coordination loop illustrating cross-

talk between the two loops. The site and the nature of the perturbation define the extent of 

the effect on the alkaline transition: with a seemingly minor change in T49V, the pKa shift is 

very dramatic and different replacements at residue 41 have varied effects on the transition 

pKa (Table S1).

The significance of perturbations at residue 67 is less clear. This internally-located residue 

plays a structural role and modifications at this site dramatically modify protein 

dynamics.31,32 Since the residue is connected through the hydrogen-bonding network to 

both the Ω-loop C and the heme coordination loop, the possibility for communications with 

the protein surface exists.

Conclusions

Our spectroscopic studies have revealed that ferric forms of T49V and Y67R/M80A horse 

heart cyt c variants are Lys-ligated already at neutral pH. The change in ligation is linked to 

structural perturbations. The integrity of the protein scaffold is critical for maintenance of 

the native Met80 ligation to the heme, allowing cyt c to properly function as an electron 

carrier in oxidative phosphorylation. Interestingly, a minor modification in protein structure 

owing to disruption of the conserved hydrogen-bonding contact(s) in T49V, away from the 

ligand and the heme coordination loop, is sufficient to trigger the switch to the Lys-ligated 

form. These findings illustrate the existence of the cross-talk between the different regions of 
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the cyt c’s structure and strengthen the proposal for the role of heme propionates in the 

mechanism of alkaline transition in cyt c.16

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structure of WT horse heart cyt c (PDB ID: 1HRC).6 Highlighted are the residues 

participating in the intraprotein hydrogen-bonding networks. A hydrogen-bond contact 

between the hydroxyl of Thr49 (cyan) and carboxyl group of outer-heme priopionate-6 was 

broken by mutating the residue to Val. Coordination loop packing was perturbed by mutating 

Tyr67 (green) to Arg, which also participates in the hydrogen-bonding network between 

Met80 and Thr78. Shown in right are the corresponding side chains of the amino acids 

introduced in the variants studied, with the side chain volumes (SCvol) of the amino acids 

shown when buried and in solution (in parentheses); SCvol = Vaa−Vgly.33
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Figure 2. 
Spectra of WT (black), T49V (cyan), T49V-MetSO (blue), and Y67R (orange) horse heart 

cyt c at pH (or pD) 7.4. (A) Absorption spectra of ferric (top) and ferrous (bottom) proteins 

at 22 ± 2 °C. (B) Structures of heme, His and Met showing the labeling nomenclature. 

(C) 1H NMR spectra of ferric proteins and (D) 1H NMR spectra of ferrous proteins at 25 °C. 

Numbered peaks correspond to protons in the heme porphyrin, with the identity of the iron 

ligand in parenthesis. Other labels correspond to M= Met80 or H= His18, e = Gly29 αH, 

and f= Pro30 δH. Peaks labeled with asterisk are the proton peaks of Met-SO.
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Figure 3. 
Electronic absorption spectra of (A) ferric and (B) ferrous WT (black), T49V (cyan), Y67R/

M80A (green), and M80A (red) at pH 7.4 and 22 ± 2 °C.

Gu et al. Page 27

Biochemistry. Author manuscript; available in PMC 2017 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
1H NMR spectra at 25 °C and EPR spectra at 10 K of WT (black), T49V (cyan), Y67R/

M80A (green), and M80A (red) at pH (or pD) 7.4. 1H NMR of (A) ferric and (B) ferrous 

proteins, with numbered peaks corresponding to protons in the heme porphyrin, with the 

identity of the ligand in parenthesis. Other labels correspond to M= Met80 or H= His18, e = 

Gly29 αH, and f= Pro30 δH (see Figure 2B for numbering). Spectra of alkaline WT (grey, 

pD 10.5)14 are shown for comparison. (C) EPR spectra. Figure S2C displays pH-dependent 

changes in the EPR spectrum of M80A.
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Figure 5. 
(A) Far-UV ([cyt c]= 20 μM and l=1 mm) and (B) near-UV ([cyt c]= 200 μM and l=2 mm) 

CD spectra of WT (black), T49V (cyan), Y67R/M80A (green), and M80A (red) in a 100 

mM sodium phosphate buffer at pH 7.4 and 22 ± 2 °C.
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Figure 6. 
(A) Electronic absorption spectra at 22 ± 2 °C, (B) 1H NMR spectra at 25 °C, and (C) EPR 

spectra at 10 K of ferric WT (black), T49V (cyan), Y67R/M80A (green), and M80A (red) at 

pH (or pD) 4.5.
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Figure 7. 
pH dependence of the intensities of selected signals from (A) NMR and (B) EPR spectra of 

ferric T49V and (C) NMR and (D) EPR spectra of ferric Y67R/M80A. Solid lines are the 

populations of the Lys-ligated forms (T49 V and Y67R/M80A) and dashed lines are the 

populations of the Met-ligated form (T49V) and the H2O-ligated form of (Y67R/M80A) as 

functions of pH.
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Figure 8. 
(A) Electronic absorption spectra of T49V over a pH range from 3.0 to 10.5 at 22 ± 2 °C. 

(B) Plots of the V-vectors from SVD analysis of these spectra. (C) Fractional populations Fi 

of the three components using pKa1 = 3.3 and pKa2 = 6.8. (D) Spectra of Components 1 and 

3 from SVD analysis are compared to that of H2O-ligated M80A pH 2.0 with 1 M salt and at 

pH 4.5 (top) and Lys-ligated WT at pH 10.5 (bottom). The spectrum of Met-ligated WT at 

pH 7.4 was used as an input for Component 2.

Gu et al. Page 32

Biochemistry. Author manuscript; available in PMC 2017 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 
(A) Electronic absorption spectra of Y67R/M80A over a pH range from 4.0 to 8.3 at 22 

± 2 °C. (B) Plots of the V-vectors from SVD analysis of these spectra. (C) Fractional 

populations Fi of the two components using pKa = 5.6. (D) Spectra of the two components 

from SVD analysis are compared to that of H2O-ligated M80A at pH 4.5 and at pH 2.0 with 

1 M added salt (top) and Lys-ligated WT at pH 10.5 (bottom).
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Figure 10. 
Models for pH-dependent changes in ligation considered in the analyses of (A) Y67R/M80A 

and (B) T49V horse heart cyt c variants.
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Figure 11. 
Plots of kobs versus pH, with fits (gray, dashed line) to eq 7 for (A) Y67R/M80A and (B) 

T49V. Results from downward (red circles) and upward (blue circles) pH-jump experiments 

at 22 ± 2 °C are shown.

Gu et al. Page 35

Biochemistry. Author manuscript; available in PMC 2017 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 12. 
Sequence alignment of cyt c from various species, for which information about mutational 

effects on the pKa value for the alkaline transition is available. Highlighted are mutation 

sites, color-coded by the magnitude and direction of the change in the pKa value. Table S1 

lists the mutants and their pKas.

Gu et al. Page 36

Biochemistry. Author manuscript; available in PMC 2017 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
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Scheme 2. 
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Table 1

Reduction Potentials of Horse Heart Cytochrome c Variantsa

Variant pH Axial ligand E° (mV vs SHE)

WT 7.8 Met 255b

10.0 Lys −205c

T49V 4.5 Met (major) 144 ± 5 (240 ± 5)d

H2O (minor)

7.4 Lys (major) −15 ± 8 (−15 ± 8)

Met (minor)

Y67R/M80A 4.5 H2O −54 ± 7 (−22 ± 3)

7.4 Lys −80 ± 7 (−56 ± 1)

M80A 4.5 H2O 16 ± 6 (32 ± 3)

7.4 OH− −33 ± 4 (–)

7.0 185e

a
In this work, potentials were determined from spectroelectrochemistry experiments performed at 22 ± 2 °C.

b
From ref. 55.

c
From ref. 56.

d
Reductive (oxidative) direction.

e
From ref. 52.

Biochemistry. Author manuscript; available in PMC 2017 October 19.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gu et al. Page 40

Ta
b

le
 2

T
he

rm
od

yn
am

ic
 P

ar
am

et
er

s 
fo

r 
th

e 
U

nf
ol

di
ng

 T
ra

ns
iti

on
s 

of
 H

or
se

 H
ea

rt
 F

er
ri

cy
to

ch
ro

m
e 

c 
V

ar
ia

nt
sa

V
ar

ia
nt

pH

T
he

rm
al

 D
en

at
ur

at
io

n
G

uH
C

l-
In

du
ce

d 
D

en
at

ur
at

io
nb

T
m

(K
)

Δ
H

D

(k
J 

m
ol

−1
)

[G
uH

C
l]

1/
2

(M
)

m
D

(k
J 

m
ol

−1
 M

−1
)

−Δ
G

f

(k
J 

m
ol

−1
)

W
T

7.
4

35
7.

1c
36

0 
±

 3
0c

2.
7 

±
 0

.1
d

11
.5

 ±
 2

.6
d

31
.1

 ±
 7

.1
d

4.
5

34
4 

±
 1

.0
20

5 
±

 3
0

2.
6 

±
 0

.1
9.

8±
 0

.2
25

.1
 ±

 0
.7

T
49

V
7.

4
35

9 
±

 1
.6

35
1 

±
 1

30
2.

7 
±

 0
.1

11
.2

 ±
 3

.7
30

.2
 ±

 1
0.

1

4.
5

34
5 

±
 0

.8
13

2 
±

 8
7

2.
5 

±
 0

.2
6.

7 
±

 1
.9

16
.7

 ±
 4

.9

Y
67

R
/M

80
A

7.
4

34
4 

±
 1

.5
13

3 
±

 4
1.

7 
±

 0
.1

10
.3

 ±
 0

.1
17

.5
 ±

 1
.0

4.
5

32
8 

±
 0

.4
15

1 
±

 1
1.

4 
±

 0
.0

4
9.

6 
±

 1
.3

13
.4

 ±
 1

.9

M
80

A
7.

4
35

7 
±

 0
.7

30
6 

±
 7

9
2.

71
 ±

 0
.0

2
10

.3
 ±

 0
.6

27
.9

 ±
 1

.6

4.
5

34
9 

±
 1

.1
34

4 
±

 5
5

2.
6 

±
 0

.1
11

.6
 ±

 0
.3

30
.2

 ±
 1

.4

a M
on

ito
re

d 
is

 e
lli

pt
ic

ity
 a

t 2
22

 n
m

.

b Pe
rf

or
m

ed
 a

t 2
2 

±
 2

 °
C

.

c Fr
om

 d
if

fe
re

nt
ia

l s
ca

nn
in

g 
ca

lo
ri

m
et

ry
, p

H
 7

.0
, r

ef
. 5

7.

d Fr
om

 r
ef

. 8
.

Biochemistry. Author manuscript; available in PMC 2017 October 19.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gu et al. Page 41

Table 3

Parameters for pH-Dependent Transitions in Horse Heart Ferricytochrome c

Ligand Exchange Region Monitored pKa n

WTa His/H2O → His/Met 2.5 1.14

His/Met → His/Lys 9.35 1.0

T49Vb His/H2O → His/Met Soret 3.3 ± 0.1 1.0 ± 0.1

CT 3.0 ± 0.1 0.9 ± 0.1

His/Met → His/Lys Soret 6.8 ± 0.1 1.0 ± 0.1

CT 6.7 ± 0.1 1.0 ± 0.1

Y67R/M80Ab His/H2O → His/Lys Soret 5.6 ± 0.1 1.0 ± 0.1

CT 5.6 ± 0.1 1.0 ± 0.1

M80Ab His/H2O → His/OH− Soret 6.1 ± 0.1c 0.9 ± 0.1

a
From ref. 13, performed at 20 °C.

b
Performed at 22 ± 2 °C.

c
A similar value has been reported in studies of semisynthetic M80A (ref. 50).
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