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Abstract

An A81H variant of yeast iso-1-cytochrome c is prepared to test the hypothesis that the steric size 

of the amino acid at sequence position 81 of cytochrome c, which has evolved from Ala in yeast to 

Ile in mammals, slows the dynamics of the opening of the heme crevice. The A81H mutation is 

used both to increase steric size and to provide a probe of the dynamics of the heme crevice 

through measurement of the thermodynamics and kinetics of the His81-mediated alkaline 

conformational transition of A81H iso-1-cytochrome c. Thermodynamic measurements show that 

the native conformer is more stable than the His81-heme alkaline conformer for A81H iso-1-

cytochrome c. ΔGu
o(H2O) is about 1.9 kcal/mol for formation of the His81-heme alkaline 

conformer. By contrast, for K79H iso-1-cytochrome c the native conformer is less stable than the 

His79-heme alkaline conformer. ΔGu
o(H2O) is about −0.34 kcal/mol for formation of the His79-

heme alkaline conformer. pH jump and gated electron transfer kinetics demonstrate that this 

stabilization of the native conformer in A81H iso-1-cytochrome c arises primarily from a decrease 

in the rate constant for formation of the His81-heme alkaline conformer, kf,His81, relative to 

kf,His79 for formation of the His79-heme alkaline conformer, which forms by a similar mechanism 

to that observed for the His81-heme alkaline conformer. The result is discussed in terms of the 

effect of global protein stability on protein dynamics and in terms of optimization of the sequence 

of cytochrome c for its role as a peroxidase in the early stages of apoptosis in higher eukaryotes.
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Cytochrome c (Cytc) is a long-studied protein known to mediate electron flow between 

complex III and complex IV of the electron transport chain (1). Cytc has also been 

implicated as the initiator of the caspase cascade in the intrinsic pathway of apoptosis (2, 3), 

through its interaction with Apaf-1 to form the apoptosome (4, 5). Recent work has shown a 

gain of function upon binding to cardiolipin (CL) containing membranes, with Cytc acting 

as a peroxidase that can oxygenate the fatty acid chains of CL (6). Oxidation of CL is 

thought to be the earliest signal in the intrinsic pathway of apoptosis, leading to release of 

Cytc from the intermembrane space of the mitochondria into the cytoplasm (3, 6). Loss of 

Met80 ligation to the heme of Cytc to create an open coordination site is essential for 

acquisition of peroxidase activity (6–8). In the current work, we test the hypothesis that the 

residue at position 81 in the Ω-loop that provides the Met80 ligand to the heme (Ω-loop D (9, 

10), residues 70 – 85) modulates the dynamics of Ω-loop D necessary for this function 

(Figure 1).

Ω-loop D has a highly conserved sequence among mitochrondrial cytochromes c from 

different species (Figure 1) (11, 12), suggesting importance for Cytc function. Ω-loop D and 

the structurally adjacent Ω-loops B and C (residues 37 – 61) are the least stable segments of 

mitochondrial Cytc (13–15), and thus likely to be involved in dynamics related to the 

function of Cytc. The alkaline conformational transition of Cytc (16, 17), which involves 

replacement of Met80 by lysines at positions 72, 73 and 79 (18–20), serves as a convenient 

proxy for the dynamics of Ω-loop D (21).

Studies from our lab show that mutation of Lys73 or Lys79 to histidine provides a 

convenient means for detailed analysis of the dynamics of the alkaline transition (17, 22–

31). In contrast to earlier studies of the dynamics of the alkaline transition which have been 

analyzed in terms of a single ionizable trigger group (16, 32), these studies have shown that 

the mechanism of the alkaline transition depends on the sequence position of the ligand. 

When His73 provides the ligand for the alkaline state, ionization of His73 controls 

population of the His73-heme conformer. However, two ionizable groups with pKa’s near 

5.5 and 9.0 enhance the dynamics of the alkaline transition at acidic and basic pH, 

respectively (23, 24, 28, 30). When His79 provides the ligand for the alkaline state, 

ionization of His79 is required to populate the His79-heme conformer. However, only one 

additional ionizable group (pKa ~ 9) modulates the dynamics of the His79-mediated alkaline 

transition (26, 29, 31).

We have recently solved the structure of a K72A variant of yeast iso-1-cytochrome c (iso-1-

Cytc) with Met80 replaced by water (or hydroxide) in the 6th coordination site of the heme 
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(33). In this structure, the side chain of Ala81 moves to pack against Ala72. In the wild type 

structure, this motion would be sterically restricted by trimethyllysine 72 (tmK72), a residue 

that is conserved as lysine/trimethyllysine in mitochondrial Cytc from over 100 species 

(with the exception of Cytc from tetrahymena pyriformis, (11, 12)). The tmK72A mutation 

also enhances the peroxidase activity of iso-1-Cytc. In higher eukaryotes, which have a fully 

evolved apoptotic pathway (34), position 81 is occupied by the more sterically bulky amino 

acid isoleucine (35) (see Figure 1B). In plants and insects, valine, a residue of intermediate 

steric bulk is prevalent (Figure 1B, see also Figure S1 of the Supporting Information). Based 

on the K72A iso-1-Cytc structure (33), we hypothesized that more restrictive sterics at 

position 81 may have evolved to increase the stringency of activating the intrinsic pathway 

of apoptosis through the peroxidase activity of Cytc. To test this hypothesis, we have 

replaced Ala81 of iso-1-Cytc with a histidine (A81H variant). This mutation serves a dual 

function. It provides a ligand for the alkaline state that can be used to probe Ω-loop D 

dynamics near neutral pH and it increases the steric size of the side chain at position 81 to a 

size similar to isoleucine (see Figure 1B). Our thermodynamic and kinetic analysis of the 

A81H variant is consistent with our hypothesis that increased steric size at position 81 

inhibits loss of heme-Met80 ligation. In particular, the A81H mutation appears to slow the 

dynamics of formation of the His81-heme alkaline conformer primarily by stabilizing of the 

native state (Met80-heme ligation) of iso-1-Cytc with little effect on the stability of the 

alkaline conformer (His81-heme ligation), which appears to have similar global stability 

compared to other alkaline conformers with His73 or His79 as the alkaline state ligand.

EXPERIMENTAL PROCEDURES

Preparation of the A81H Variant of Yeast Iso-1-Cytc

The A81H variant was prepared by the unique restriction site elimination site-directed 

mutagenesis method (36) using the pRS/C7.8 phagemid vector as described previously (37). 

Single-stranded (ss) DNA carrying the gene for wild type (WT, carries a C102S mutation to 

prevent disulfide dimerization during physical studies) form of the iso-1-Cytc gene, CYC1 
(38), was used as template. pRS/C7.8 ssDNA was prepared from TG-1 Escherichia coli cells 

infected with the R408 helper phage (39), and phenol extraction (40) was used to remove the 

protein coat. The selection oligonucleotide primer SacI−II+ (37) was used to eliminate the 

unique SacI restriction site upstream from CYC1 and create a SacII restriction site. The 

mutagenic oligonucleotide, d(CCCACCAAAGTGCATCTTGGTAC), used to affect the 

A81H mutation was purchased from Operon Biotechnologies, Inc. (Huntsville, Alabama). 

The entire coding region of CYC1 was sequenced to confirm the mutation (Murdock DNA 

Sequencing Facility, University of Montana).

pRS/C7.8 phagemid DNA carrying the desired CYC1 variant gene was transformed into the 

GM-3C-2 strain (41) of Saccharomyces cerevisiae using the LiCl method (42). Transformed 

cells were screened for the presence of functional iso-1-Cytc using glycerol-based media 

plates (43). A curing procedure was used to confirm phagemid-based expression (44). The 

pRS/C7.8 vector was also re-isolated from transformed GM-3C-2 cells (45) and re-

sequenced to confirm that no additional mutations occurred under the selective growth 
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conditions used to express iso-1-Cytc in S. cerevisiae. Growth, isolation and purification of 

the A81H variant were done as described previously (29, 31, 46, 47).

The molecular weight of the final purified form of A81H iso-1-Cytc was determined to be 

12758.8 ± 1.0 g/mol (expected, 12,761.4 g/mol) using a Bruker microflex MALDI-ToF mass 

spectrometer calibrated with Protein Calibration Standard I (Bruker Part No. 206355) using 

an enhanced cubic calibration routine.

Prior to all experiments, A81H iso-1-Cytc was oxidized with potassium ferricyanide (5 mg 

per mg of protein) and separated from oxidizing agent using a Sephadex G25 size exclusion 

resin equilibrated to and run with buffer appropriate to the experiment. The concentration of 

the protein was evaluated spectrophotometrically using absorbance at wavelengths 

insensitive to redox state (339, 526.5 and 542 nm) (44, 48). The degree of oxidation of was 

evaluated using absorbance at 550 nm (44).

GdnHCl Denaturation Monitored by CD spectroscopy

Global stability of the protein at pH 7.5 (20 mM Tris, 40 mM NaCl buffer) and 25 °C was 

determined by GdnHCl denaturation monitored by circular dichroism (CD) spectroscopy 

using an Applied Photophysics Chirascan CD spectrophotometer coupled to a Hamilton 

Microlab 500 titrator, as previously described (49). A 6 M guanidine hydrochloride 

(GdnHCl) stock solution was prepared containing, as buffer, 20 mM Tris, 40 mM NaCl, pH 

7.5. The GdnHCl stock concentration was determined using refractive index measurements 

(50). Ellipticity was measured at 222 and 250 nm. The ellipticity at 250 nm was used as 

background, θ222corr = θ222 – θ250. θ222corr as a function of GdnHCl concentration was 

fitted to eq 1 (43) which assumes a linear free energy relationship and two-state unfolding 

(50, 51).

(1)

where θN and θD are the ellipticities of the native and denatured protein, respectively, at 0 M 

GdnHCl, mD is the denaturant dependence of the ellipticity of the denatured state, m is the 

GdnHCl concentration dependence of the free energy of unfolding, ΔGu, and ΔGo
u(H2O) is 

the free energy of unfolding extrapolated to 0 M GdnHCl. Reported parameters are the 

average and standard deviation of four separate titrations.

Partial Unfolding by GdnHCl Monitored at 695 nm

Partial unfolding of protein was monitored at 695 nm, A695, as a function of GdnHCl 

concentration at pH 7.5 (20 mM Tris, 40 mM NaCl) and 22 ± 1 °C using a Beckman DU 

800 spectrophotometer, as described previously (26). Briefly, equal volumes of pH 7.5 buffer 

and 2× protein stock (~200 µM protein in buffer) were mixed to produce a 500 µL protein 

sample and the GdnHCl concentration was gradually increased from 0 to 2 M as previously 

described (49). A695corr (= A695 – A750) was converted to a corrected extinction coefficient, 

ε695corr, using the concentration of the titration solution at 0 M GdnHCl evaluated at 570 
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and 580 nm using oxidized state extinction coefficients (ε570 = 5.2 mM−1 cm−1 and ε580 = 

3.5 mM−1 cm−1 (48)). Plots of ε695corr versus GdnHCl concentration were fit to eq 2, which 

assumes two-state folding and a linear dependence of ΔGu on GdnHCl concentration (50, 

51).

(2)

In eq 2, εN and εD are the corrected extinction coefficients at 695 nm of the native (Met80-

ligated heme) and the denatured state, respectively. Other parameters are as in eq 1.

pH Titration Experiments

The alkaline conformational transition of A81H iso-1-Cytc was monitored as a function of 

pH in 0.1 M NaCl with 0, 0.2, 0.3, 0.4 or 0.6 M GdnHCl. pH titrations in 0.5 M NaCl were 

also carried out. Titrations were carried out at 22 ± 1 °C using a Beckman DU 800 

spectrophotometer, as previously described (24, 26, 28). Loss of heme-Met80 ligation was 

monitored at 695 nm (12). Data were corrected for instrument drift over the course of the 

titration using 750 nm as a baseline (A695corr = A695 – A750). A695corr was converted to the 

corrected extinction coefficient at 695 nm, ε695corr, using concentration evaluated at 570 and 

580 nm, as described above. Plots of ε695corr versus pH were fit to eq 3, which describes the 

equilibrium between the acid state, the native state and two alkaline conformers due to His81 

and Lys73/79 outlined in Figure 3B (Results and Discussion).

(3)

In eq 3, εN is the corrected extinction coefficient at 695 nm of the Met80-heme bound native 

state, εAlk is the corrected extinction coefficient at 695 nm of the alkaline state, εA is the 

corrected extinction coefficient at 695 nm of the acid state. Three pH titrations were done at 

each GdnHCl concentration. The ε695corr versus pH data at 0 M GdnHCl were fit with no 

constraints on εA, εN and εAlk. At higher GdnHCl concentrations, the maximum value for 

ε695corr decreases. Therefore, the average value for εN at 0 M GdnHCl (0.61 ± 0.05 

mM−1cm−1) was used as a constraint in fitting data at 0.2, 0.3, 0.4 and 0.6 M GdnHCl. The 

parameters pKC1 and pKA are equilibrium and ionization constants, respectively, 

corresponding to folding from the acid state to the native state of A81H iso-1-Cytc. pKA was 

arbitrarily set to 5 when fitting data. pKC2 corresponds to the equilibrium constant for 

formation of the His81-heme alkaline conformer from the native state and pKa(His81) is the 

ionization constant of His81. pKC3 corresponds to the equilibrium constant for the Lys73/79 

alkaline transition and pKa(Lys73/79) is the ionization that triggers this transition. 

pKa(Lys73/79) was set to 10.8 when fitting data (18).
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pH Jump Stopped-flow Experiments

All pH jump experiments were carried out at 25 °C. The starting solution for upward pH 

jump experiments was 20 µM protein in 0.1 M NaCl at pH 5. The starting solution for 

downward pH jump experiments was 20 µM protein in 0.1 M NaCl at pH 7.8. pH jump 

experiments were carried out by 1:1 mixing with a 20 mM buffer containing 0.1 M NaCl 

using an Applied Photophysics SX20 Stopped-flow Spectrometer. The final solution after 

mixing was 10 µM protein, 10 mM buffer, 0.1 M NaCl. Buffers used for achieving the final 

pH were acetic acid (pH 5 – 5.4), MES (pH 5.6 – 6.6), NaH2PO4 (pH 6.8 – 7.6), Tris (pH 

7.8 – 8.8), H3BO3 (pH 9 – 10) and CAPS (pH 10 – 11.2). Buffer pH was adjusted with HCl 

or NaOH solutions. Data were collected on different time scales ranging from 50 to 500 s as 

necessary. Kinetics traces were acquired at 405 nm, the wavelength of maximum change in 

absorbance for the conversion between the native state and His-heme ligated alkaline state 

(22). Data for the upward and downward pH jump experiments were fit to triple or 

quadruple exponential equations (SigmaPlot, v. 7) to extract rate constants and amplitudes.

Gated Electron Transfer Experiments

Experiments were done using hexaammineruthenium(II) chloride (a6Ru2+) at pH 7.5 (10 

mM phosphate buffer, 0.1 M NaCl) under anaerobic conditions using an Applied 

Photophysics SX20 Stopped flow Spectrometer. Hexaammineruthenium(II) chloride 

(a6Ru2+) was prepared by reducing commercially available [Ru(NH3)6]Cl3 (Strem 

Chemicals) with zinc by the method of Fergusson and Love (52) and characterized by IR 

spectroscopy (53), as previously described (24, 26).

Anaerobic stopped-flow mixing of oxidized A81H iso-1-Cytc with a6Ru2+ was done, as 

described previously (28), using an Applied Photophysics SX20 Stopped-flow Spectrometer. 

Solutions of a6Ru2+ at approximately 0.625, 1.25, 2.5, 5, 10 and 20 mM were prepared 

immediately before use on a dual manifold Schlenk line with argon as the inert gas. Argon-

degassed buffer was cannula-transferred onto solid [a6Ru(II)]Cl2 to prepare each solution. 

The actual concentration of each a6Ru2+ solution was determined spectophotometrically at 

390 nm (ε390 = 35 M−1cm−1, (54)) and 400 nm (ε400 = 30 M−1cm−1, (55)) both before and 

after stopped-flow mixing. Reported concentrations are the average and standard deviation 

of the measurement before and after stopped-flow mixing at both wavelengths. Reduction of 

the heme was monitored at 550 nm. The concentration of A81H iso-1-Cytc was 5 µM after 

mixing. Six to eight traces were collected at each a6Ru2+ concentration. For all traces, 5000 

points were collected logarithmically on 100 to 500 sec time scales. Analysis of the data was 

done using the curve fitting program, Sigma Plot (v. 7). The data were fit to triple or 

quadruple exponential equations.

RESULTS AND DISCUSSION

Global Unfolding by Guanidine Hydrochloride

Global stability of the A81H variant of iso-1-Cytc was determined by GdnHCl denaturation 

monitored by CD spectroscopy. The ellipticity measured at 222 nm is plotted against 

GdnHCl concentration for A81H iso-1-Cytc in Figure 2 (green data points). Typically, low 

concentrations of GdnHCl lead to curvature in the native state baseline of Cytc (56). To 
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account for this irregularity, we use only the portion of the native state baseline after it levels 

out (filled symbols Figure 2) in fitting the data to eq 1 (Experimental Procedures) and 

assume the native state baseline is independent of GdnHCl concentration (43). The 

thermodynamic parameters obtained from the fits of the data to eq 1 are collected in Table 1 

along with previously reported parameters for wild type (WT) iso-1-Cytc (57) and variants 

containing K73H (58) or K79H (26) mutations in the heme crevice loop (note that WT and 

all variants carry a C102S mutation to prevent disulfide dimerization during physical 

studies). Like previously studied variants with histidine in the heme crevice loop, the A81H 

mutation destabilizes iso-1-Cytc relative to WT iso-1-Cytc and leads to a significant 

decrease in the denaturant m-value. For the K73H and K79H variants, we previously have 

shown that the decrease in the m-value results from replacement of Met80 by the engineered 

histidine in the heme crevice loop in advance of CD-monitored global unfolding (22, 26). In 

the next section, we show that the same is true for the A81H variant.

Unfolding of the Heme Crevice Loop by GdnHCl

Unfolding of the heme crevice loop by GdnHCl can be monitored through the absorbance at 

695 nm. This absorbance band reports on ligation of the heme by Met80 (12). A plot of 

absorbance at 695 nm, A695corr (= A695 – A750), as a function of GdnHCl concentration 

(Figure 2, red data points) is compared to global unfolding monitored by CD (Figure 2, 

green data points). It is evident that most of the Met80 ligation is lost prior to global 

unfolding of the A81H variant. Thus, as with the K73H and K79H variants of iso-1-Cytc, 

global unfolding of the A81H variant occurs primarily from a partially unfolded form of the 

protein where Met80 is replaced by the engineered histidine in the heme crevice loop. 

Thermodynamic parameters from fitting the A695corr versus GdnHCl concentration data to 

eq 2 in Experimental Procedures are collected in Table 2. The ΔGo
u(H2O) obtained from the 

fit to the data is considerably more positive than that for the previously reported K73H and 

K79H variants (Table 2) indicating that partial unfolding mediated by His81 binding to the 

heme is not as favorable as that facilitated by histidines engineered at positions 73 or 79. 

Given that global unfolding from the His81-heme conformer and partial unfolding from the 

native to the His81-heme conformer are fairly well separated (Figure 2), the effect of the 

A81H mutation on the stability of the native state can be approximated as the sum of 

ΔGo
u(H2O) for global (Table 1) and partial (Table 2) unfolding, yielding a stability for the 

native state (Met80-heme ligation) of A81H iso-1-Cytc of ~6.8 kcal/mol. Thus, the A81H 

mutation stabilizes the native state of iso-1-Cytc relative to WT iso-1-Cytc by ~1 kcal/mol 

(see Table 1). The m-value for His81-mediated sub-global unfolding is larger than for 

His73- or His79-mediated sub-global unfolding.

pH and GdnHCl Dependence of the Native Heme-Met 80 Conformer Stability

The conformational stability for the A81H variant was monitored through the acid and 

alkaline transitions at a series of GdnHCl concentrations (Figure 3A). Changes in the band at 

695 nm characteristic of Met80-heme ligation were followed from pH 2 to 11. For 

comparison, data for WT iso-1-Cytc at 0 M GdnHCl is provided (Figure 3A, open circles). 

An increase in the absorbance band at 695 nm is observed between pH 3 and 5 followed by a 

decrease in the alkaline region. Comparison of the 0 M GdnHCl data for WT and A81H 

iso-1-Cytc, shows that the A81H variant has essentially fully native Met80-heme ligation 

Bandi and Bowler Page 7

Biochemistry. Author manuscript; available in PMC 2016 October 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



near pH 5.5. In the alkaline region two phases are evident, a more shallow loss in absorbance 

at 695 nm from pH 6 to 8, which we assign to replacement of Met80 by His81 and a steeper 

loss of absorbance due to replacement of Met80 (and His81) by lysines 73 and 79 from the 

heme crevice loop (Figure 3) (18). The higher pH phase of the alkaline transition of the 

A81H variant corresponds closely to the alkaline transition of WT iso-1-Cytc (Figure 3A). 

Plots of spectra as a function of pH for the A81H variant, show one isosbestic point in the 

pH region 5.4 – 8 consistent with formation of the His81-heme conformer being a two-state 

process and another isosbestic point for the pH range 8.2 – 11, consistent with formation of 

the Lys-heme conformers being essentially a two-state process (Figure S2 of the Supporting 

Information). The presence of multiple sets of isosbestic points from pH 2 to 5.2 indicates 

that the transition from the acid state at pH 2 to maximal population of the native state near 

pH 5.2 is a complicated process involving at least two intermediate states (Figure S3 of the 

Supporting Information). The complexity of acid denaturation of cytochrome c has been 

noted previously (12, 24, 59–64).

The pH dependence of the absorbance at 695 nm is not sensitive to the complexity of the 

acid to native state transition. Thus, we have fit the data in Figure 3A to a simplified model 

which approximates the acid state to native state transition as a two state process (Figure 

3B). Thermodynamic parameters obtained from fits to the scheme in Figure 3B are given in 

Table 3. The value of pKa(His81) is in the range of 6 to 7, irrespective of GdnHCl 

concentration, consistent with the pKa expected for histidine. The value of pKC1 becomes 

less negative (i.e. less favorable) as GdnHCl concentration is increased, indicating 

destabilization of the native state relative to the acid denatured state at higher GdnHCl 

concentration. The values of both pKC2 (His81 binding to heme) and pKC3 (Lys73/79 

binding to heme) become more negative (i.e. more favorable) as GdnHCl concentration is 

increased, indicating that both these states are stabilized with respect to the native state at 

higher GdnHCl concentration. pH titration data were also collected in the presence of 0.5 M 

NaCl (Figure S4 of the Supporting Information). The effect of increased NaCl concentration 

on the thermodynamic parameters obtained for acid and alkaline unfolding is modest (Table 

3), indicating that the effect of GdnHCl on the relative stabilities of the different conformers 

of A81H iso-1-Cytc is due primarily to the denaturing property of GdnHCl and not 

electrostatic screening (GdnHCl is also a salt).

After converting the pKC’s in Table 3 to free energies (ΔGC = ln(10)RTpKC), plots of ΔGC 

versus GdnHCl concentration can be fit to a linear free energy relationship (ΔGC = 

ΔGo
C(H2O) – m[GdnHCl], Figure S5 of the Supporting Information). The ΔGo

C2(H2O) of 

1.6 ± 0.2 kcal/mol and the m-value of 2.7 ± 0.4 kcal mol−1M−1 for the His81-heme alkaline 

conformational transition are similar to the parameters obtained from GdnHCl unfolding 

monitored at 695 nm (Figure 2 and Table 2). The data used in the linear free energy plots (0 

to 0.6 M GdnHCl) is from GdnHCl concentrations where the partial unfolding to the His81-

heme conformer and global unfolding to the denatured state do not overlap (Figure 2). The 

similarity of the thermodynamics parameters obtained for partial unfolding by these two 

different approaches, indicates that the small overlap of partial and global unfolding in 

Figure 2 has a minimal impact on ΔGo
u(H2O) and m reported in Tables 1 and 2 for the 

A81H variant. The m-value for partial unfolding to the His81-heme alkaline conformer of 

~2.7 kcal mol−1M−1 is larger than the m-value of 1.4 – 1.7 kcal mol−1M−1 observed for the 
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His73-heme alkaline transition of iso-1-Cytc variants with a K73H mutation (22, 49) and the 

m-value of 1.1 kcal mol−1M−1 for formation of the His79-heme alkaline conformer from the 

native state of K79H iso-1-Cytc (Table 2). Denaturant m-values are proportional to the 

change in solvent-exposed surface area, ΔSASA, 1inked to a conformational change (51, 

65). Thus, the extent of the structural disruption for the His81-mediated alkaline 

conformational transition appears to be somewhat larger than for the His73- or His79-

mediated alkaline conformational transitions. ΔGo
C2(H2O) for the His81-heme alkaline 

transition (~1.6 ± 0.2 kcal/mol) is less favorable than for either the His73-heme or the 

His79-heme alkaline transitions (Table 2, see also refs. (22, 26, 29, 31, 49)). At pH 7.5 and 0 

M GdnHCl, the maximal population of the His81-heme alkaline conformer for the A81H 

variant is about 5% compared to 75% for the His79-heme alkaline conformer of the K79H 

variant (Figure 4).

The linear free energy plot for the Lys-mediated alkaline transition (Figure S5 of the 

Supporting Information) yields an m-value of 2.1 ± 0.4 kcal mol−1M−1 (pKC3 in Figure 3B). 

This value is larger than that seen for the Lys79-heme alkaline conformational transition of 

K73H variants (0.8 – 1.1 kcal mol−1M−1, (22, 49)), suggesting that Lys73 is a significant 

contributor to the higher pH alkaline conformer of the A81H variant (see Figure 3B).

Typically, the conformational change between the native and the acid state of iso-1-Cytc is a 

multi-proton process with the number of protons, n, being near 2.5 (66–68). For the A81H 

variant, n ~ 1 at all GdnHCl concentrations (Table 3). Previous work on a N52G variant of 

iso-1-Cytc showed a loss in the cooperativity of the acid to native state transition with two 

clearly separable phases, the low pH phase with n ~ 1.7 and the high pH phase with n ~ 1 

(59). The low apparent value of n for the A81H variant could also be due to mutation-

induced loss of cooperativity in the acid unfolding of iso-1-Cytc.

Kinetics of the Alkaline Conformational Transition of A81H Iso-1-Cytc

The kinetics of the alkaline conformational transition of the A81H variant was studied by pH 

jump methods. The kinetics are expected to be complicated with up to three kinetic phases 

possible because His81, Lys73 and Lys 79 may all displace Met80 as a ligand for the 6th 

coordination site of the heme (Figure 3B). Data for upward pH jump experiments from an 

initial pH of 5 to final pH values of 7 to 8.8 are shown in Figure 5A. Two phases on ~300 ms 

and ~50 s time scales are clearly evident. However, the data are better fit to a triple than a 

double exponential equation (see Figure 5A) demonstrating that the longer time scale phase 

consists of two phases. Thus, the kinetic data are consistent with alkaline conformers with 

His81, Lys73 and Lys79 bound to the heme populating over this pH regime. The amplitudes 

of the ~300 ms and ~50 s time scale phases are similar up to pH 7.8. Above this pH, the total 

amplitude of the slower phases becomes dominant, as expected from our thermodynamic 

data (see Figure 4). The ~300 ms phase (phase one, rate constant, kobs,1; amplitude, A1u, 

Tables S1 and S2 of the Supporting Information) begins to appear at pH 6.2 growing slowly 

in amplitude up to pH 8.8 (Table S2 of the Supporting Information). The slower phases yield 

rate constants near 0.06 s−1 (phase two, rate constant, kobs,2, and amplitude, A2u, Tables S3 

and S4 of the Supporting Information) and 0.02 s−1 (phase 3, rate constant, kobs,3, and 

amplitude, A3u, Table S5 of the Supporting Information) below pH 8.
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We also carried out downward pH jump experiments from an initial pH of 7.8 (Figure S6 of 

the Supporting Information), where the amplitudes of all three phases in upward pH jump 

experiments are similar (Tables S2, S4 and S5 of the Supporting Information). Good 

correspondence between rate constants in downward and upward pH jump experiments at 

overlapping or adjacent pH values allowed straightforward assignment of the downward pH 

jump phases to phase one, two and three (rates constants, kobs,1, kobs,2, kobs,3 and 

amplitudes, A1d, A2d, A3d, respectively, in Tables S8 to S10 of the Supporting Information).

At pH 9 and above, additional phases become evident in the upward pH jump kinetic data. 

The data between pH 9 and 10.8 are better fit with a quadruple than a triple exponential 

equation (Figure 5B). An ~10 ms time scale phase is observed first (phase 4, rate constant, 

kobs,4 and amplitude, A4u, Table S6 of the Supporting Information). Above pH 8, the 

behavior of kobs,1 is complex (Figure 6A). It decreases in magnitude until pH 10 and then 

increases again up to pH 11. Above pH 8, kobs,2 for phase 2 and kobs,3 for phase 3 both 

increase (Figure 7). However, the amplitude for phase 2 decreases above pH 8.8 whereas 

that for phase 3 continues to increase until pH 9.6. At pH 9.8, phases 1 and 2 become 

indistinguishable and a fifth phase on an ~50 ms timescale (rate constant, kobs,5, and 

amplitude, A5u, in Table S7 of the Supporting Information) begins to emerge. Above pH 9.6, 

we assume that phase 2 has disappeared due to the progressive decrease in its amplitude 

above pH 8.8 (Figure 7, inset) while the amplitude of phase 1 with which it merges at pH 9.8 

increases progressively up to pH 10 (Figure 6B). As pH increases from 9.8 to 10.8, phases 4 

and 5 progressively dominate the kinetics (Figure 5B, Tables S6 and S7 of the Supporting 

Information), as first phase 3 (Figure 7, inset) and then phase 1 (Figure 6B) disappear.

Assignment of Kinetic Phases of the Alkaline Conformational Transition of A81H Iso-1-
Cytc

As noted above, there are three potential ligands for the alkaline conformer of A81H iso-1-

Cytc, His 81, Lys73 and Lys 79. Below pH 9, three phases are observed, indicating that the 

kinetics of all three ligands is distinguishable. Phase one occurs on a time scale that is 

typical of alkaline conformers with His-heme ligation (Figure 6A) (17, 23–31, 69). The 

amplitude of phase one in upward pH jumps also grows in from pH 6.2 to 8 with some 

leveling out of the amplitude near pH 8 (Figure 6B). The amplitude behavior is consistent 

with what is expected for His81 based on the thermodynamics of the alkaline transition of 

A81H iso-1-Cytc (Figures 3 to 5). On this basis we assign phase one of the pH jump kinetics 

to the His81-heme alkaline conformer.

Phases two and three occur on a time scale of tens of seconds below pH 8 (Figures 5 and 7) 

This time scale is typical of the kinetics of Lys-heme alkaline conformers in this pH regime 

(18, 32, 70). Studies on iso-1-Cytc variants with only Lys73 or Lys 79 yield rate constants 

near 0.04 s−1 and 0.016 s−1 at low pH, respectively (18). Thus, we assign phase 2 to 

formation of the Lys73-heme alkaline conformer and phase 3 to formation of the Lys79-

heme alkaline conformer. Up to pH 8.4, the amplitudes of phases two and three are similar. 

Above this pH, the amplitude of phase two increases up to pH 9 and then decreases up to pH 

9.6, where phase two can no longer be distinguished from phase one. Phase three, due to the 

Lys79-heme alkaline conformer, dominates above pH 9.6 before disappearing at pH 11. The 
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discontinuity in the growth in the amplitude of phase three likely results from the similar 

time scale of all three phases between pH 9 and 9.6, which leads to larger errors bars on rate 

constants and amplitudes in this pH regime. Iso-1-Cytc variants with only a single possible 

Lys as the alkaline state ligand yield a lower apparent pKa for the Lys73-heme alkaline 

conformer than for the Lys79-heme alkaline conformer, consistent with the initial 

dominance of the Lys73-heme conformer observed in our pH jump data (18, 71). 

Furthermore, linearization of the alkaline transition data for iso-1-Cytc, indicates that the 

Lys79-heme conformer becomes dominant at higher pH (72), consistent with the dominance 

of A3u due to the Lys79-heme alkaline conformer over A2u due to the Lys73-heme alkaline 

conformer above pH 9 (Figure 7, inset).

Fast phases on the 10 to 50 ms timescale have been reported for mammalian cytochromes c 
above pH 10 (21, 73–76). Typically, only a single phase is observed. These phases have been 

attributed to a transient intermediate, which has variously been assigned to Cytc with a 

weakened heme-Met80 bond or displacement of Met80 by hydroxide (73, 75) or to a 

conformational change involving opening of the least stable substructure of Cytc (21). In all 

studies on the alkaline transition, the rate constant for the fast phase initially decreases with 

increasing pH. In some studies the rate constant reaches a minimum and then increases (73–

75) and in other studies the rate constant reaches a constant value at higher pH (21).

The A81H variant of iso-1-Cytc shows two fast phases. Phase 5, which occurs on a 50 ms 

time scale, is typical of previously observed fast phases. After first appearing at pH 9.8, 

kobs,5 initially decreases reaching a minimum at pH 10.8 and then increases at higher pH 

(Figure S7 of the Supporting Information). Thus, the behavior of kobs,5 is consistent with the 

ionizable transient intermediate proposed in previous work (74, 75). The amplitude of this 

phase, A5u, is initially constant with an abrupt increase from pH 10.6 to 11.2 (Figure S7 of 

the Supporting Information). The sigmoidal shape of the data can be fit to the Henderson-

Hasselbalch equation with an apparent pKa of 10.75 (Figure S7 of the Supporting 

Information). The abruptness of the increase in the amplitude is consistent with a 

multiproton process (number of protons, n = 3.7 ± 1.3) affecting the population of this 

transient intermediate.

Phase 4 occurs on a 10 ms timescale. Within error its magnitude is constant from pH 9 to 

10.6. It then appears to increase. There is a steady monotonic increase in A4u, the amplitude 

of this phase. We have previously observed a phase on this time scale above pH 8 for a 

K72A/K73H variant of iso-1-Cytc (29). The amplitude of this phase also grew in 

monotonically with pH. The origin of this 10 ms time scale phase is unclear.

The total amplitude of the alkaline conformational transition kinetics monitored at 405 nm 

(Figure S8 of the Supporting Information) mirrors the equilibrium data monitored at 695 nm 

(Figure 3), indicating that the kinetic measurements are capturing the complete 

conformational transition. As noted in the previous section, the slower phases (one, two and 

three) disappear and are replaced by the faster phases (four and five) at high pH (see Figure 

S8 of the Supporting Information). The apparent pKa for the loss of the summed slow phases 

is 10.6, similar to the value obtained from the pH dependence of A5u. The number of 

protons, n, linked to this loss in amplitude is 1.75. While n is smaller (in part due to 
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averaging over A1u and A3u) for loss of the slow phases than for the increase in A5u, its 

magnitude is also indicative of the involvement of more than one ionizable group. In 

previous studies, pKa’s in this same range, led to the suggestion that ionization of tyrosines 

48, 67, or 74 could modulate the fast phase observed at high pH for the kinetics of the 

alkaline conformational transition of iso-1-Cytc (21, 74, 75). The apparent pKa we observe 

for the transition from slow to fast phases and the number of protons involved is consistent 

with two or more of these residues being involved.

Extracting Microscopic Rate Constants with Conformationally-gated Electron Transfer

At low pH, pH jump kinetic studies can provide the microscopic rate constant, kb, for the 

return of an alkaline conformer of Cytc to the native state. At low pH, kobs ≈ kb when the 

alkaline conformer returns fully to the native state (32). In the current work, we are 

particularly interested in the effect of the A81H mutation on the dynamics of the His81-

mediated alkaline transition. Unfortunately, kobs,1, which corresponds to formation of the 

His81-heme alkaline conformer does not level out well at low pH (Figure 6 A). Thus, the 

magnitude of kb for return to the native state from the His81-heme alkaline conformer, 

kb,His81, is not well-defined by the pH jump data. Given our interest in understanding the 

effect of the A81H mutation on the dynamics of Ω-loop D, it is important to obtain an 

accurate value for kb,His81.

To obtain kb,His81 directly, we use conformationally-gated electron transfer (gated ET) 

methods (17, 25–28, 30, 31, 69). The kinetic square-scheme used to evaluate gated ET 

involving reduction of A81H iso-1-Cytc by hexaammineruthenium(II), a6Ru2+, is shown in 

Figure 8. In our experience, the more favorable heme reduction potential of the native 

conformer compared to alkaline conformers of iso-1-Cytc (18, 77) makes path B the 

dominant path for reduction of the alkaline conformer by a6Ru2+ (25–28, 30, 69). For 

reduction of the His81-heme alkaline conformer by a6Ru2+ via path B, the rate constant for 

gated ET, kgET,2, is given by eq 4 (78–80).

(4)

When kET[a6Ru2+] ≫ kf,His81, the rate constant for gated ET, kgET,2 ≈ kb,His81, allowing 

direct evaluation of kb,His81.

Gated ET data for reduction of A81H iso-1-Cytc by a6Ru2+ at pH 7.5, where the His81-

heme conformer is maximally populated (Figure 4), are shown in Figure 9. Under these 

conditions, the native (Met80-heme) conformer, and three alkaline conformers, His81-heme, 

Lys79-heme and Lys73-heme, are expected to be present. Three phases are evident in the 

kinetic traces at all four concentrations of a6Ru2+ shown. Better fits to the data are obtained 

with a four exponential equation (lower panel Figure 9), showing that the slowest phase is 

composed of two separable phases. Thus, all four species appear to be detectable in the 

gated ET data. The gated ET rate constants for the four phases, kgET,1, kgET,2, kgET,3 and 

kgET,4, are collected in Tables S12 to S15 of the Supporting Information.
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The rate constant of the fastest phase, kgET,1 increases linearly with increasing a6Ru2+ 

concentration, consistent with direct bimolecular ET from a6Ru2+ to the native state of 

A81H iso-1-Cytc (Figure 9, inset). The slope of the dependence of the fast phase rate 

constant on a6Ru2+ concentration yields kET = 22 ± 2 mM−1 s−1. This kET is about half the 

value typically observed for reduction of iso-1-Cytc by a6Ru2+ (25, 27, 28, 69), suggesting 

that the A81H mutation disfavors binding of a6Ru2+ at an optimal site for ET to the heme.

The rate constant for the ~300 ms time scale phase, kgET,2, is independent of a6Ru2+ 

concentration (Figure 9, inset), consistent with gated ET from an alkaline conformer with 

kET[a6Ru2+] ≫ kf,His81 at all a6Ru2+ concentrations (Table S13 of the Supporting 

Information). The time scale of this phase assigns it to gated ET from the His81-heme 

alkaline conformer. The average rate constant for this phase across all a6Ru2+ concentrations 

yields kb,His81 = 3.38 ± 0.09 s−1. From pH jump experiments, kobs,1 is approximately 4.1 

± 0.2 s−1 at pH 7.5 (see Table S1 of the Supporting Information). In pH jump data, kobs,1 = 

kf,His81 + kb,His81. Therefore kf,His81 = 0.7 ± 0.2 s−1 at pH 7.5. Evaluation of the equilibrium 

constant for formation of the His81-heme alkaline conformer from the native state, KC2, 

from kf,His81 and kb,His81 (KC2 = kf,His81/ kb,His81), yields KC2 = 0.21 ± 0.06, somewhat 

larger than KC2 = 0.06 ± 0.02 obtained from equilibrium pH titration data (Figure 3 and 

Table 3). The relative amplitude of the direct ET phase due to the native conformer (~69%) 

of A81H iso-1-Cytc and the gated ET phase for the His81-heme alkaline conformer (~20%) 

yield KC2 = 0.29 ± 0.01, similar to the value obtained from the rate constants kf,His81 and 

kb,His81. The smaller value for KC2 from fitting the pH titration data (Figure 3) may in part 

be due to the simplification of the acid state/native state equilibrium used to fit the data (note 

that the fit at 0 M GdnHCl deviates most from the data between pH 4 and 8, the segment of 

the data which allows evaluation of pKC2). We also carried out some gated ET experiments 

at 16 and 32 mM a6Ru2+. kg,ET2 decreased to 1.7 ± 0.7 and 0.26 ± 0.09 s−1, respectively, 

suggesting a decrease in kb,His81 at high a6Ru2+ concentrations. It is possible that a6Ru2+ 

binds and stabilizes the His81-heme conformer at higher concentrations causing this 

decrease in kb,His81.

The two slower phases from the gated ET experiments have rate constants of ~0.06 s−1 and 

~0.02 s−1 at all a6Ru2+ concentrations (Tables S14 and S15 of the Supporting Information), 

consistent with kobs,2 and kobs,3 at pH 7.8 from pH jump experiments. Thus, they can be 

assigned to the Lys73-heme and Lys79-heme alkaline conformers, respectively. Amplitude 

data indicate that the Lys79-heme conformer makes up ~7% and the Lys 73-heme conformer 

about ~4% of species in solution at pH 7.5, which is consistent with the combined 

population of Lys-heme alkaline conformers of ~10% at pH 7.5 (Figure 4) predicted by the 

thermodynamics parameters at 0 M GdnHCl in Table 3.

Mechanism of the His81-mediated Alkaline Conformational Transition of Iso-1-Cytc

The kinetics of formation of the His81-heme alkaline conformer with the A81H variant is 

similar to the kinetics of formation of the His79-heme alkaline conform er with the K79H 

variant, reported on previously (26, 29). In both cases, the magnitude of the observed rate 

constant (kobs,1 in Figure 6) rises initially from pH 5 to 7 decreases above pH 8 and then 

increases again above pH 10 (for the His79-heme alkaline conformer, see Figure 6 in ref 
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(26)). The maximal value of the observed rate constant is similar near pH 8 for both variants 

as is the minimum value near pH 10. In the case of K79H iso-1-Cytc, the dominant form of 

the protein between pH 7 and 8 is the His79-heme alkaline conformer, whereas for A81H 

iso-1-Cytc, the native conformer dominates in this pH regime (Figure 4). The proximity of 

both engineered histidines to Met80 may account for the similarities in the pH dependence 

of their kinetic behavior and suggests that the mechanism (Figure 10) used to analyze the 

kinetics of the His79-heme alkaline transition can be used for the His81-heme alkaline 

transition.

In this model, the alkaline transition is controlled by ionization of a heme ligand (pKHL), 

His81 in this case. At higher pH, ionization of another group in the protein (YH+ in Figure 

10) with an ionization constant, pKH2, alters the barrier to the conformational change. This 

model yields eq 5 for the dependence of kobs,1 on pH.

(5)

For simplicity in fitting the data in Figure 6A, we assume that pKH2 does not affect the 

equilibrium constant, KC2, for the His81-heme alkaline transition. Based on the amplitude 

data in Figure 6B, this assumption is only adequate up to about pH 9. The solid curve in 

Figure 6A is a fit of eq 5 to the kobs,1 versus pH data from pH 5 to 10 with kb1,His81 set to 

3.38 s−1 based on our gated ET data at pH 7.5. The fit is reasonable yielding kf1,His81 = 0.83 

± 0.07 s−1 , pKHL = 5.0 ± 0.3 and pKH2 = 9.1 ± 0.2. The value of pKHL is somewhat low for 

a histidine. However, this value is no doubt affected by the large error bars and scatter in the 

kobs,1 data below pH 7, making accurate determination of pKHL difficult from the kobs,1 

data. The value obtained for pKH2 is comparable to that obtained for K79H variants of iso-1-

Cytc (26, 29), indicating that the same ionizable group affects the dynamics of both the 

His81-mediated and His79-mediated alkaline conformational transitions.

We can also estimate pKHL from the amplitude data in Figure 6B. The behavior of A1u is 

complex as a function of pH. However, the initial rise in the amplitude up to about pH 8 

should be primarily controlled by pKHL. The solid line in Figure 6B is a fit to eq 6,

(6)

which assumes that the pH dependence of the amplitude depends on a single ionizable group 

with the ionization constant pKHL (32). In eq 6, A1u,max, is the maximal amplitude if the 

His81-heme alkaline conformer is completely formed. All other parameters are defined in 

Figure 10. The fit yields pKHL = 7.06 ± 0.07, which is consistent with a histidine ionization. 

This value is similar to pKa(His81) = 6.8 ± 0.4 obtained from our thermodynamic data at 0 

M GdnHCl (Figure 3 and Table 3). Thus, the low value for pKHL from the fit to the kobs,1 
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versus pH in Figure 6A to eq 5, is likely an artifact of the small change in kobs,1 between pH 

5 and 8 combined with the larger uncertainty in the magnitude of kobs,1 values with low 

amplitude in this pH regime.

Effect of the A81H Mutation on the Dynamics of the Opening of the Heme Crevice Loop

Our interest in evaluating the effect of the A81H mutation on the dynamics of the heme 

crevice stems from the observation that this sequence position evolves from Ala in yeast to 

the more sterically bulky residues Val and Ile in higher eukaryotes (Figure 1 and Figure S1 

of the Supporting Information) (11, 12, 81). Our recent crystal structure of a K72A variant 

of iso-1-Cytc with Met80 displaced from the heme shows that position 81 must move 

significantly to allow Met80 to swing out of the heme crevice and be replaced by water (or 

hydroxide). Here, the A81H mutation allows us to both monitor the dynamics of heme 

crevice opening and to determine the effect of a residue similar in steric bulk to Ile (Figure 

1B) on the dynamics. The A81H and K79H variants of iso-1-Cytc have a similar kinetic 

mechanism for heme crevice opening as probed by His79- or His81-mediated alkaline 

conformational transitions. We have previously analyzed the K79H variant by gated ET 

methods at pH 7.5 (26, 31). Thus, microscopic rate constants for heme crevice dynamics 

(kf,His and kb,His) are available at this pH for both K79H iso-1-Cytc and A81H iso-1-Cytc, 

allowing the effect of the A81H mutation on the free energy landscape that controls heme 

crevice dynamics to be evaluated in detail.

The histidine-heme alkaline conformer provides a useful reference point for determining the 

effect of the A81H mutation on the free energy landscape of opening up the heme crevice 

with loss of Met80-heme ligation. In Figure 2, it is evident that global unfolding of A81H 

iso-1-Cytc at pH 7.5 primarily reflects the stability of the His81-heme alkaline conformer, 

not the native state. Similarly, we have previously shown that global unfolding of K79H 

iso-1-Cytc reflects the stability of the His79-heme alkaline conformer (26, 29, 31). From 

Table 1, the global stabilities of the His79-heme and His81-heme alkaline conformers are 

within error the same. If we make the assumption that denatured states of the A81H and 

K79H variants of iso-1-Cytc have similar free energies, then we conclude the His81-heme 

and His79 heme alkaline conformers have the same free energy. Using microscopic rate 

constants from gated ET experiments, the native state of K79H iso-1-Cytc is 0.98 ± 0.05 

kcal/mol less stable than the His79-heme alkaline conformer. For A81H iso-1-Cytc, the 

native state is 0.92 ± 0.15 kcal/mol more stable than the His81-heme alkaline conformer 

(Figure 11). Based on the relative magnitudes of kb1,His79 and kb,His81, the transition state 

(TS) for the conformational change decreases by 0.88 kcal/mol (using the Eyring equation 

ΔΔG‡ = ΔG‡
His81-‡ - ΔG‡

His79-‡ = −RTln(kb,His81/kb,His79). Despite this decrease in the free 

energy of the TS, the barrier for opening the heme crevice to allow formation of the His81-

heme conformer is increased by ~1 kcal/mol based on the decrease in kf1,His81 relative to 

kf1,His79. Thus, the slowing of the kinetics of opening the heme crevice appears to result 

primarily from a stabilization of the native state by the A81H mutation. This observation of 

slower dynamics upon stabilization of the native state is consistent with the general belief 

based on studies of orthologous proteins from psychrophilic, mesophilic and thermophilic 

organisms that protein dynamics related to function is controlled by the global stability of 

the native conformer (82, 83). Further support for the correlation between global stability 
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and dynamics comes from our previous work on a K73H variant of iso-1-Cytc with a 

destabilizing H26N mutation, which showed considerably faster dynamics for the 

interconversion between the native conformer and the His73-heme alkaline conformer (27, 

28).

CONCLUSIONS

Our combined thermodynamic and kinetic analysis of the A81H variant of iso-1-Cytc is 

consistent with a stabilization of the native (Met80-heme) conformer of iso-1-Cytc relative 

to a His81-heme alkaline conformer. This stabilization leads to a slowing of the heme 

crevice dynamics, consistent with the general belief that stabilization of a protein slows its 

dynamics. More specifically for the peroxidase function of Cytc in the early stages of 

apoptosis (6), our recent structural studies on tmK72A iso-1-Cytc (33), show that Ala81 

moves significantly when Met80 is expelled from the heme crevice creating the open 

coordination site necessary for peroxidase activity. Mitochondrial Cytc sequences show that 

the residue at position 81 evolves from Ala in yeast to Val and Ile in higher eukaryotes 

(Figure 1) (11, 81). The work presented here provides initial support for the hypothesis that 

the more sterically-bulky amino acids at position 81 observed in higher eukaryotes slow 

opening of the heme crevice required for loss of Met80 ligation to the heme, perhaps 

providing more stringent control of the peroxidase activity of Cytc in apoptosis. Additional 

mutagenesis studies at position 81 will be necessary to more thoroughly vet this hypothesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

Cytc cytochrome c

CL cardiolipin

tmK trimethyllysine

CD circular dichroism

GdnHCl guanidine hydrochloride

ΔGo
u(H2O) free energy of unfolding in the absence of denaturant

m rate of change of free energy of unfolding as a function of denaturant 

concentration

WT wild type

gated ET conformationally-gated electron transfer
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Figure 1. 
(A) Iso-1-Cytc shown as a gray cartoon structure with Ω-loop D (residues 70 – 85) 

highlighted in red. The side chains of trimethyllysine 72 (tmK72), Lys73, Lys79 and Ala81 

are shown as stick models colored by element. The inset framed in blue shows the change in 

the side chain due to the A81H mutation. The heme cofactor and the heme ligands, Met80 

and His18, are also shown colored by element. (B) Alignment of yeast iso-1-, tobacco horn 

worm moth, horse and human Cytc sequences for the highly-conserved Ω-loop D. Residue 
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volumes based on van der Waals radii (35) for residues at position 81 and for histidine are 

provided below the alignment.
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Figure 2. 
GdnHCl denaturation of A81H iso-1-Cytc at pH 7.5. Ellipticity at 222 nm corrected with 

ellipticity at 250 nm as background (θ222corr) is plotted as a function of GdnHCl 

concentration (filled and open green circles). Data were acquired at 25 °C in 20 mM Tris, 

pH 7.5, 40 mM NaCl and at 4 µM protein concentration. The solid curve is a fit of the data 

to eq 1 in Experimental Procedures using only the filled circle data. Absorbance at 695 nm 

corrected with absorbance at 750 nm as background (A695corr, filled red circles) is plotted as 

a function of GdnHCl concentration. Data were acquired at 22 ± 1 °C in 20 mM Tris, pH 

7.5, 40 mM NaCl and at ~100 µM protein concentration. The solid curve is a fit of the data 

to eq 2 in Experimental Procedures.
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Figure 3. 
(A) Plot of ε695corr versus pH for A81H iso-1-Cytc at different concentrations of GdnHCl 

along with previously reported data for WT iso-1-Cytc at 22 ± 1 °C in 0.1 M NaCl and 0 M 

GdnHCl (26). Data were collected at room temperature (22 ± 1 °C) in 0.1 M NaCl with 0, 

0.2, 0.3, 0.4 and 0.6 M GdnHCl. The solid curves are fits to eq 3 as described in 

Experimental Procedures. (B) Equilibrium scheme used to fit the data in part A.
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Figure 4. 
Comparison of fractional population of conformers as a function of pH for A81H iso-1-Cytc 
(solid lines) versus K79H iso-1-Cytc (dashed lines). For A81H iso-1-Cytc, the fractional 

population of the acid state, the native state, the His81-heme alkaline conformer and the 

Lys73/79-heme alkaline conformer are denoted by fAcid, fNative, fAlk-His81 and fAlk-Lys73/79, 

respectively. Fractional populations are derived from the thermodynamic parameters in Table 

3 at 22 ± 1 °C in 0.1 M NaCl and 0 M GdnHCl. For K79H iso-1-Cytc a thermodynamic 

model with two acid states was used to fit the thermodynamic data. The fractional 
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population of the acid 1 state, the acid 2 state, the native state, the His79-heme alkaline 

conformer and the Lys73-heme alkaline conformer are denoted by fA1, fA2, fN, fAlk-His79 and 

fAlk-Lys73, respectively. The thermodynamics parameters used to generate the fractional 

populations as a function of pH are from Table 1 of ref. (26) and were obtained at 22 ± 1 °C 

in 0.1 M NaCl and 0 M GdnHCl.
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Figure 5. 
Absorbance at 405 nm, A405, versus time stopped-flow data for pH jump experiments from 

pH 5 to ending pH values of (A) 7.0 to 8.8 and (B) 9.8 to 10.8. All data were collected at 

25 °C. A81H iso-1-Cytc at 20 µM in 0.1 M NaCl at pH 5.0 was mixed 1:1 with a 20 mM 

buffer containing 0.1 M NaCl to achieve the final pH. To allow the data at different pH 

values to be overlaid effectively, the observed A405, was adjusted at some pH values by a 

constant amount at every time point as follows: (A) pH 8.8 (no adjustment); pH 8.6 (A405 – 

0.01); pH 8.4 (A405 – 0.01); pH 8.2 (A405 + 0.01); pH 8.0 (A405 + 0.005); pH 7.8 (A405 
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+ 0.015); pH 7.6 (A405 + 0.02); pH 7.4 (A405 + 0.005); 7.2 (A405 + 0.007); 7.0 (A405 + 0.01) 

and (B) pH 10.8 (no adjustment); pH 10.6 (A405 – 0.015); pH 10.4 (A405 – 0.016); 10.2 

(A405 – 0.045); 10.0 (A405 – 0.065); 9.8 (A405 – 0.09). The solid curves in (A) are fits to a 

three exponential equation. The lower panel of (A) compares residuals for the fit to a two 

exponential equation (gray) versus a three exponential equation (blue) at pH 8.4. The solid 

curves in (B) are fits to a four exponential equation. The lower panel of (B) compares 

residuals for the fit to a three exponential equation (gray) versus a four exponential equation 

(blue) at pH 10.4.
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Figure 6. 
(A) Plot of kobs,1 versus pH. Data from upward pH jumps are shown with closed circles. 

Data from downward pH jumps are shown as open circles. (B) Plot of A1u (closed circles) 

and A1d (open circles) versus pH. Data for phase 1 were collected at 25 °C as a function of 

pH in 10 mM buffer containing 0.1 M NaCl. The solid curve in panel A is a fit to the kinetic 

model involving two ionizable groups described in the text using eq 5 (see Figure 10). The 

solid curve in panel B is a fit of the A1u data from pH 6.2 to 8.4 to a kinetic model involving 
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a single ionizable group (eq 6). Rate constants and amplitudes presented in this figure are 

collected in Tables S1, S2 and S8 of the Supporting Information.
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Figure 7. 
Plot of rate constants for phases two and three, kobs,2 and kobs,3, versus pH. Data from 

upward pH jumps are shown with closed circles. Data from downward pH jumps are shown 

as open circles. The inset shows amplitude data versus pH for phases two and three. Upward 

pH jump amplitudes, A2u and A3u, are shown with closed circles. Downward pH jump 

amplitudes, A2d and A3d, are shown with open circles. Data for phase two are shown in red 

and for phase three in blue.
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Figure 8. 
Kinetic square scheme for gated ET via reduction of A81H iso-1-Cytc by a6Ru2+.
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Figure 9. 
Gated ET data at pH 7.5 (10 mM NaH2PO4, 0.1 M NaCl) and 25 °C for reduction of A81H 

iso-1-Cytc by a6Ru2+ at 0.7, 1.2, 2.8 and 6.1 mM concentrations of a6Ru2+. Solid curves are 

fits to a quadruple exponential equation. The inset shows plots of kgET,1 and kgET,2 versus 

a6Ru2+ concentration for the reduction of the native Met80-heme conformer and the His81-

heme conformer, respectively, of A81H iso-1-Cytc. The lower panel compares the residuals 

for fits to triple (gray) exponential versus quadruple (red) exponential equations for the data 

acquired at 0.7 mM a6Ru2+.
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Figure 10. 
Kinetic scheme involving two ionizable groups used to fit the kobs,1 versus pH data in Figure 

6A.
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Figure 11. 
Schematic representation of the effect of the A81H mutation on the relative energies of the 

His79/81-heme alkaline conformer, the native states of K79H and A81H iso-1-Cytc and the 

transition state between these ground states.
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Table 1

Thermodynamic Parameters for Global Unfolding of WT and Variant forms of Iso-1-Cytc by GdnHCl at pH 

7.5 and 25 °C.

Variant ΔGu
o(H2O) (kcal/mol) m (kcal/mol·M) Cm (M)

A81H 4.89 ± 0.40 3.85 ± 0.20 1.27 ± 0.05

WTa 5.77 ± 0.40 5.11 ± 0.36 1.13 ± 0.02

K73Hb 4.32 ± 0.11 3.59 ± 0.01 1.15 ± 0.01

K79Hc 4.45 ± 0.30 3.53 ± 0.25 1.26 ± 0.01

a
Thermodynamic parameters are from ref. (57).

b
Thermodynamic parameters are from ref. (58).

c
Thermodynamic parameters are from ref. (26).
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Table 2

Thermodynamic Parameters for Partial Unfolding of WT and Variant forms of Iso-1-Cytc by GdnHCl at pH 

7.5 and 25 °C.

Variant ΔGu
o(H2O) (kcal/mol) m (kcal/mol·M) Cm (M)

A81Ha 1.87 ± 0.02 2.66 ± 0.05 0.70 ± 0.02

K73Hb 0.38 ± 0.01 1.67 ± 0.08 0.23 ± 0.02

K79Hc −0.34 ± 0.11 1.0 ± 0.1 –d

a
Parameters are the average and standard deviation of three trials.

b
Thermodynamic parameters are from ref. (22).

c
Thermodynamic parameters are from ref. (26).

d
Fractional population of the His79-heme conformer is >0.5 at 0 M GdnHCl.
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