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a b s t r a c t
Cytochrome c6A is a eukaryotic member of the Class I cytochrome c family possessing a high structural homology with photosynthetic cytochrome c6 from cyanobacteria, but structurally and functionally distinct through
the presence of a disulﬁde bond and a heme mid-point redox potential of + 71 mV (vs normal hydrogen electrode). The disulﬁde bond is part of a loop insertion peptide that forms a cap-like structure on top of the core
α-helical fold. We have investigated the contribution of the disulﬁde bond to thermodynamic stability and
(un)folding kinetics in cytochrome c6A from Arabidopsis thaliana by making comparison with a photosynthetic cytochrome c6 from Phormidium laminosum and through a mutant in which the Cys residues have been
replaced with Ser residues (C67/73S). We ﬁnd that the disulﬁde bond makes a signiﬁcant contribution to
overall stability in both the ferric and ferrous heme states. Both cytochromes c6A and c6 fold rapidly at neutral
pH through an on-pathway intermediate. The unfolding rate for the C67/73S variant is signiﬁcantly increased
indicating that the formation of this region occurs late in the folding pathway. We conclude that the disulﬁde
bridge in cytochrome c6A acts as a conformational restraint in both the folding intermediate and native state
of the protein and that it likely serves a structural rather than a previously proposed catalytic role.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Cytochrome c6 (cyt c6) is a member of the Class I cyt c family, which
is synthesized under copper deﬁcient conditions in cyanobacteria and
functions to transfer reducing equivalents from cyt f of the membrane
bound cyt b6f complex to photosystem I [1]. This function is possible
due to cyt c6 having a heme mid-point redox potential (Em) in the region of +350 mV vs normal hydrogen electrode (NHE) which is thermodynamically favourable for electrons to be shuttled between the
two membrane bound components. Recently, genomic and bioinformatic approaches have uncovered cyt c6-like proteins present in plants,
green algae [2–4], and certain cyanobacteria [5], which are distinct from
the photosynthetic cyt c6 members. The plant cyt c6-like protein was the
ﬁrst of these to be discovered and was subsequently named cyt c6A [4].
In keeping with this nomenclature, the cyt c6-like proteins identiﬁed in
certain cyanobacteria have been named cyt c6B and c6C [5], but their
functions have yet to be determined. However, for cyt c6A and cyt c6B
current evidence conﬁrms that they are likely to be functionally distinct
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from photosynthetic cyt c6 due to their Ems being > 200 mV lower. This
property makes them incapable of functioning in the photosynthetic
pathway in the same way as cyt c6 [6–8].
Structural studies on Arabidopsis thaliana (At) cyt c6A have revealed a
high structural homology to photosynthetic cyts c6 [9,10]. Differences
primarily arise through the presence of a loop insertion peptide (LIP)
consisting of 12 amino acids located between helices 3 and 4 [10]
(Fig. 1A). The LIP houses two Cys residues (C67 and C73), that are 5 residues apart and form a disulﬁde bond [9, 10] (Fig. 1A). This feature is not
found in cyt c6, c6B or c6C and is thus unique to cyt c6A members [5]. No
conformational change in the disulﬁde bond or the LIP upon heme oxidation state change has been detected [10] and a number of hypotheses
suggesting a catalytic role for this disulﬁde containing LIP to support
possible cellular function have been put forward [11,12].
Folding and/or stability studies on the cyt c6 family (which includes
cyts c6A, c6B and c6C) have received relatively little attention [13–16]
compared to other Class I cyt c members. The folding and stability of
Class I mitochondrial horse and yeast cyts c have been extensively studied and it is well documented that the heme and axial ligands inﬂuence
the folding landscape [17–22]. The covalently bound heme can be considered to guide the polypeptide chain towards its folding pathway(s)
[23,24] and has led to the notion that this non-polar co-factor carries
part of the information about the native fold. Similarly, a disulﬁde
bond also has the potential to inﬂuence the folding pathway. For example
it has been shown that the location of a disulﬁde bond in a protein can act
to bring residues of the folding nucleus into proximity and facilitate the
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Fig. 1. (A) Cartoon representation with rainbow colouring from the N- to C-terminus of the X-ray crystal structures of At cyt c6A (PDB code 2CE0), left, and Pl cyt c6 (PDB code 2V08),
right. The heme iron is represented as a red sphere and the heme, its axial ligands and the disulﬁde bridge (C67/C73) are all drawn in sticks. Helices 3 and 4 are labelled and are
referred to in the text. The LIP region in At cyt c6A is indicated with a circle. (B) Amino acid sequence alignment of At cyt c6A and Pl cyt c6 with conserved amino acids highlighted in
blue. For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.

folding to the native state [25–30]. A common misconception is that disulﬁde bonds always provide stability in proteins. The energetic gain
from naturally occurring disulﬁde bonds can vary hugely [31] and catalytic or allosteric disulﬁde bonds do not generally have a stabilizing effect [32].
As well as studies with mitochondrial cyt c, the folding kinetics of
several bacterial cyts c have also been reported [33–38]. These studies
have highlighted that despite considerable variation in sequence and
thermodynamic stabilities inherent amongst Class I members, a consensus folding mechanism exists that involves the transient population of a compact intermediate with conserved structural features
[34–36].
In this study we report on the thermodynamic stabilities and folding properties of the photosynthetic cyt c6 from the cyanobacterium
Phormidium laminosum (Pl) and At cyt c6A. Amino acid sequence
alignment and X-ray crystal structures of these two members of the
cyt c6 family are depicted in Fig. 1. No kinetic folding proﬁle for a disulﬁde bond containing cyt c has been previously reported, and therefore the presence of a disulﬁde bond in cyt c6A affords an interesting
opportunity to assess its contribution to the folding kinetics in the
cyt c6 family and more generally to the consensus folding mechanism
of Class I cyts c [35]. To aid with determining the kinetic mechanism
and to ascertain the contribution to overall protein stability, the two
Cys residues forming the disulﬁde bond have been replaced with
Ser residues to create the C67/73S double variant. The results of this
study are strongly in favour of the disulﬁde bond stabilizing the conformation of the LIP and support a recent proposal that the LIP may
serve as a recognition site/motif for a protein partner [7], rather
than in a catalytic role [11,12].

2. Materials and methods
2.1. Protein expression and puriﬁcation
All proteins were expressed in Escherichia coli using a dual plasmid
strategy. The vector pGEMPlc6 (Ampr) harbouring the wild-type (wt)

gene of Phormidium laminosum (Pl) cyt c6 [6] was introduced by transformation into E. coli BL21(DE3) cells containing the pEC86 (Camr) plasmid. This plasmid contains genes to express the necessary proteins to
assist with covalent heme attachment [39]. The vector pBluAtc6a
(Ampr) containing the wt A. thaliana (At) cyt c6A gene was introduced
by transformation into E. coli GM119 also containing the pEC86 plasmid.
The C67/73S variant of At cyt c6A was also transformed into E. coli
GM119 containing the pEC86 plasmid [40]. Over-expression of the desired cyt began with starter cultures consisting of 10 mL lysogenybroth (LB) medium containing 100 μg/mL Amp and 25 μg/mL Cam for
6–8 h at which time the cultures were transferred to 2 L ﬂasks containing 1.7 L of LB supplemented with a ﬁnal concentration of 1 mM FeCl3
and growth continued at 30 °C with shaking (170 rpm) overnight. For
Pl cyt c6 expression was induced by the addition of 100 mg/L of isopropyl β-D-1-thiogalactopyranoside (IPTG) after overnight growth. Cells
were harvested after 72 h and puriﬁcation of all over-expressed cyts
was as previously described [10].

2.2. General sample preparation
Proteins were exchanged into 10 mM potassium phosphate,
50 mM potassium ﬂuoride pH 7.0 by ultraﬁltration. Protein concentrations were determined by UV–vis spectroscopy using a molar extinction coefﬁcient ε = 23 mM − 1 cm − 1 at 553 nm for ferrous Pl cyt
c6 and ε = 26 mM − 1 cm − 1 at 555 nm for ferrous cyt c6A [40]. The ferric or ferrous protein was prepared by the addition of excess K3[Fe
(CN)6] or ascorbic acid, respectively, followed by removal using a
PD10 column (GE Healthcare). Protein concentrations ranged between 15 and 65 μM for thermal and chemical denaturation experiments and 110 μM for kinetic experiments. Ultrapure guanidine
hydrochloride (GuHCl) was purchased from Fluka (>99%) and a
stock solution of 6 M was prepared by dissolving solid GuHCl in
10 mM potassium phosphate, 50 mM potassium ﬂuoride pH 7.0, and
ﬁltered through a 0.22-micron ﬁlter (Millipore) before use. The concentrations of GuHCl were determined through measurements of
the solution refractive index using a refractometer.
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2.3. Circular dichroism spectroscopy
Circular dichroism (CD) measurements were carried out using an
Applied Photophysics Chirascan CD spectrophotometer (Leatherhead,
U.K.) with a thermostatted cell holder controlled by a Peltier system.
Prior to kinetic folding experiments far-UV CD spectra at 20 °C for all
cyts to be studied were acquired in the range 280–190 nm to corroborate that they were folded.
2.4. Equilibrium unfolding
Equilibrium unfolding was monitored by far-UV CD spectroscopy.
Changes in ellipticity (θ) at 222 nm were monitored for both chemical
and thermal denaturation studies. A 6 M stock solution of GuHCl was
titrated into a sample to give the ﬁnal desired [GuHCl] with mixing facilitated by a magnetic stirrer. Thermal denaturation was monitored
between 0 and 96 °C with changes at 222 nm monitored at 1 °C intervals in stepping mode. To ascertain whether thermal denaturation
was a reversible process, thermally denatured samples were cooled
at 1 °C intervals and θ monitored at 222 nm. Measurements at each
temperature were allowed to equilibrate for 60 s before data acquisition. Sampling times for each data point at the desired [GuHCl] or
temperature were 12 s.
2.5. Stopped-ﬂow kinetic measurements
Unfolding and folding reactions were monitored at 222 nm using
an Applied Photophysics Chirascan CD spectrophotometer (Leatherhead, U.K.) ﬁtted with a stopped-ﬂow sample handling unit and
thermostatted at 20 °C with a Thermo scientiﬁc neslab RTE-7 digital
plus water circulator. Cyt samples for folding experiments were ﬁrst
unfolded in GuHCl to give ﬁnal [GuHCl] between 4.46 and 4.8 M. Folding was initiated by mixing the unfolded protein against 10 volumes
of a given [GuHCl] to give a post-mix cyt concentration of 10 μM
and a post-mix [GuHCl] between 0.4 and 2.9 M. Unfolding was initiated by mixing a 110 μM protein solution against 10 volumes of a given
[GuHCl] to yield a post-mix cyt concentration of 10 μM and a postmix [GuHCl] between 2.4 and 5.4 M. Changes in θ at 222 nm were followed over time ranges as short as 100 ms and as long as 40 s. Each
kinetic transient consisted of 1000 data points and was an average
of at least three triggers.
2.6. Data analysis
Equilibrium unfolding data for chemical denaturation were ﬁtted
using an equation for two-state unfolding with the assumption of linear baselines for native and denatured cyts according to the method
of Santoro and Bolen [41]

θ222nm



H2 O
ðα N þ βN ½GuHClÞ þ ðα D þ βD ½GuHClÞexp −ΔGD−N RTþm½GuHCl


¼
H2 O
1 þ exp −ΔGD−N RTþm½GuHCl
ð1Þ

αN and αD correspond to the baseline values of the native and denatured protein at 0 M GuHCl respectively, and βN and βD to their respective dependence on [GuHCl] i.e. the slope. ΔGD-N H2O is the free
energy of denaturation in water and m represents the dependence
of the free energy of denaturation on [GuHCl]. The fraction denatured
(FD) at any given [GuHCl] was calculated from Eq. (2).
FD ¼

θ222nm −ðα N þ βN ½GuHClÞ
ðα D þ βD ½GuHClÞ−ðα N þ βN ½GuHClÞ

ð2Þ

The unfolding and folding transients for all proteins studied followed a ﬁrst-order process and were ﬁtted to a single-exponential

313

function to yield ﬁrst-order rate constants. The natural logarithms of
the folding (kf) and unfolding (ku) rate constants were plotted against
[GuHCl] and the data were ﬁtted using Eq. (3)


kobs ¼ kF−I þ kI−F = 1 þ 1=K I=U

ð3Þ

which describes a 3-state folding mechanism, assuming the presence of a folding intermediate. kI-F and kF-I are rate constants describing the forward and reverse reactions, respectively, between
the folded and intermediate states (I) and KI/U is the equilibrium
constant [I]/[U] for the rapid interconversion of the intermediate
and denatured states.
3. Results
3.1. Equilibrium unfolding of wt At cyt c6A and Pl cyt c6
For all proteins used in this study the far-UV CD spectrum in the
absence of denaturant exhibited two negative minima at 208 and
222 nm, consistent with a fully folded protein dominated by α-helical
structure (Fig. 2A). In the presence of increasing [GuHCl] or temperature, changes in θ at 222 nm were observed. The GuHCl data were
converted to fraction unfolded using Eq. (2) and plotted as a function
of [GuHCl] (Figs. 2B and C). GuHCl induced unfolding was found to be
a reversible process for all proteins studied as indicated by UV–vis
and far-UV CD spectroscopies upon removal of GuHCl from the titration end-point sample (Figures S1 and S2 supporting information).
The ΔGD-N H2O, and m values reported in Table 1 were determined
by ﬁtting the chemical denaturation data to Eq. (1). Thermal denaturation was found not to be a reversible process (Figure S3 supporting
information) and therefore the data were not used to extract thermodynamic parameters. Fig. 2D illustrates the thermal denaturation proﬁles, which, although irreversible, indicate that the approximate midpoint melting transition for Pl cyt c6 is shifted to the right with respect
to At cyt c6A suggesting a slight increase in resistance to temperature
unfolding (Table 1). Reducing the heme to the ferrous state in Pl cyt c6
yields a signiﬁcant increase in the ΔGD-N H2O and Cm (the denaturant
concentration required to induce 50% unfolding) by 2.3 kcal/mol
and 0.5 M, respectively (Table 1). These differences are not as pronounced for ferrous At cyt c6A, where only a 1.1 kcal/mol increase in
ΔGD-N H2O is observed with respect to the ferric form, and no signiﬁcant change in Cm is observed (Table 1).
3.2. Equilibrium unfolding of the C67/73S disulﬁde bridge variant of At
cyt c6A
To assess whether the disulﬁde bridge in At cyt c6A could be reduced
the protein was incubated with dithiothreitol (DTT) overnight in an anaerobic chamber. Attempts to assess the free thiol content of the protein
were determined by the reduction of 5,5′-dithiobis(2-nitrobenzoic
acid) (DTNB) monitored at 412 nm (ε = 13500 M− 1 cm− 1) [42]. The
strong absorbance of the heme Soret band (ε = ~ 100,000 M − 1 cm− 1)
precludes accurate determination of the free thiol content with DTNB
and ratios of free thiol to protein were not therefore considered to be
an accurate reﬂection and were consistently lower than a ratio of 2:1
(thiol:protein). Furthermore, DTT reduces ferric heme to the ferrous
state. Thus to maintain reduced thiols the presence of excess DTT is required and therefore only the (un)folding of the ferrous form of the protein can be studied. To this end, chemical denaturation was carried out
in the presence of 2 mM DTT and the change in θ at 222 nm was monitored upon increasing [GuHCl]. These data were ﬁtted using Eq. (1) to
give the thermodynamic parameters reported in Table 1.
To circumvent the above problems the C67/73S cyt c6A variant was
used to assess the role of the disulﬁde in the LIP. The optical (Figure S4
supporting information) and far-UV CD spectra of the disulﬁde bridge
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Fig. 2. (A) Far UV-CD spectra of the ferric forms of At cyt c6A, the disulﬁde variant and Pl cyt c6 at 20 °C and pH 7. (B–D) Chemical and thermal denaturation proﬁles obtained through
monitoring the changes in ellipticity at 222 nm. Data is shown as fraction unfolded versus increasing [GuHCl] for the ferric (B) and ferrous (C) heme oxidation states and as MRE for
increasing temperature in the ferric state (D). The solid lines represent a best ﬁt of the data using equations described in Materials and methods to yield the parameters reported in
Table 1.

mutant, C67/73S, are comparable with the wt protein [40] (Fig. 2A), indicating that the removal of this covalent link does not affect the
spin-state of the heme or the secondary structure of the protein. In
the presence of GuHCl the ΔGD-N H2O and Cm of the ferric C67/73S
variant have decreased relative to the wt protein by 1.2 kcal/mol
and 0.9 M, respectively (Table 1). The m-value, which is a measure
of the change in hydrophobic surface area that has become desolvated upon denaturation, can be used to describe the compactness
of the denatured state [43]. In the absence of the disulﬁde bond an

Table 1
Thermodynamic parameters obtained for the equilibrium unfolding monitored by
chemical denaturation using GuHCl and the estimated thermal mid-point transition
(Tm) values for wt At cyt c6A, the C67/73S variant and wt Pl cyt c6 at pH 7.0.
Protein
Ferric
At cyt c6A
C67/73S
Pl cyt c6
ferrous
At cyt c6A
At cyt c6Ac
C67/73S
Pl cyt c6

a

a

a

b

7.0 (0.2)
5.8 (0.1)
6.5 (0.2)

2.4 (0.1)
2.9 (0.1)
2.6 (0.1)

2.9 (0.1)
2.0 (0.1)
2.5 (0.1)

73 °C
67 °C
82 °C

8.1
5.1
4.9
8.8

2.8
2.7
2.8
2.9

2.9
1.9
1.8
3.0

ndd
nd
ndd
ndd

ΔGD-N H2 O

(0.2)
(0.3)
(0.1)
(0.2)

m

Cm

(0.1)
(0.2)
(0.1)
(0.1)

(0.1)
(0.1)
(0.1)
(0.1)

Tm

ΔGD-N H2 O kcal mol− 1, m kcal mol− 1 M− 1, Cm M.
Tm is the estimated mid-point of the unfolding transition.
c
Carried out in the presence of 2 mM DTT.
d
Not determined (nd) due to the inability to keep the heme in a reduced state at elevated temperatures. Values are an average of 3 measurements and numbers in parenthesis indicate the standard deviation between the ﬁtting of the averaged data sets.
a

b

increase in m-value is observed. Removal of a disulﬁde bridge from
the denatured state is anticipated to result in it being less compact.
Consequently this will result in a smaller overall m-value for the
folding reaction. A destabilizing effect upon removal of the disulﬁde
bridge is also apparent from thermal denaturation studies, where the
temperature of the mid-point transition is shifted to the left with respect to the wt protein (Fig. 2D). In the ferrous heme state the conformational stability in the absence of the disulﬁde bond is further
compromised, with the ΔGD-N H2O decreasing by 3.2 kcal/mol and
the Cm value by 1.1 M, resulting in the ferrous form of the variant
being less stable than the ferric form by 0.9 kcal/mol (Table 1). It is
also noted that these values are similar to those obtained for wt At
cyt c6A in the presence of DTT (Table 1). Therefore, removal of the disulﬁde bridge as in the C67/73S mutant or in the presence of DTT
destabilises At cyt c6A, with the ferrous heme oxidation state being
destabilised to a much greater degree.
3.3. Folding and unfolding kinetics of the ferric proteins and disulﬁde
variant
Folding and unfolding kinetics were monitored using stoppedﬂow far-UV CD spectroscopy. For all proteins studied the folding
and unfolding reactions gave monophasic kinetics. Typical folding
and unfolding transients, together with ﬁts to a single-exponential
function and the resulting residuals are shown in Fig. 3. The dependence of the kinetic rates on [GuHCl] for At cyt c6A and Pl cyt c6, together with the disulﬁde variant is shown in Fig. 4. For all proteins
the unfolding limb of the chevron plot is linear within the concentration range of GuHCl used. However, the folding limb deviates from
linearity at low [GuHCl] for all proteins studied (Fig. 4). This behaviour is consistent with the rapid formation of a transient folding
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intermediate, which then slowly converts to the native folded state
and can be described by the following scheme:

Fig. 3. Examples of folding (A) and unfolding (B) far-UV CD stopped-ﬂow traces for At
ferric cyt c6A. The solid red line indicates a ﬁt to a single-exponential function with the
residuals shown below. Traces for Pl cyt c6 and the C67/73S variant were of equal quality and could all be ﬁtted to a single-exponential function to yield a ﬁrst-order kinetic
rate constant. For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.

The equilibrium (KI/U) and kinetic parameters (kI-F and kF-I) were
obtained by simultaneously ﬁtting the folding and unfolding data to
Eq. (3), which assumes the presence of an on-pathway intermediate.
The ﬁts are shown as solid lines in Fig. 4 and the resulting kinetic and
equilibrium parameters are reported in Table 2. The agreement between the equilibrium parameters calculated using the kinetic data
and the values obtained from the equilibrium denaturation studies
with GuHCl, do not align better as expected. However, the trend in
overall stability change, is maintained between the kinetic and equilibrium data (Table 2). Moreover, the overall change in helicity agrees
well for both chemical denaturation transitions and kinetic transients,
suggesting that all parts of the folding pathway have been accounted
for and therefore a reason for the discrepancy between data sets is
unclear.
The folding rate constant, kI-F, for At cyt c6A and Pl cyt c6 are not
signiﬁcantly different (Table 2). This hints at the possibility that the
presence of a disulﬁde bond in At cyt c6A has a negligible effect on
the detectable slow folding phase of the pathway. The folding kinetics
for the C67/73S variant strongly supports this, since the kI-F is also not
signiﬁcantly different from wt At cyt c6A or Pl cyt c6 (Table 2). Therefore once the intermediate state has formed the disulﬁde bond in At
cyt c6A has little inﬂuence on the slower phase of the folding pathway.
Comparison of the equilibrium constant, KI/U reveals that the intermediate state of Pl cyt c6 is more readily populated than either of
the At cyt c6A proteins (Table 2). For the C67/73S variant, the KI/U is
not signiﬁcantly different from wt At cyt c6A but the m values, mU
and mI, are consistent with a less compact unfolded and intermediate
state (Table 2). This is in line with the increase in the equilibrium mvalue and is again suggestive of less compact unfolded and folding intermediate states.
By contrast the unfolding rates (kF-I) for the proteins studied,
show signiﬁcant variation (Table 2). The kF-I for Pl cyt c6 is some 4 orders of magnitude faster than At cyt c6A (Table 2) and removal of the
disulﬁde bond in the latter causes the kF-I to increase by 2-orders of
magnitude in the C67/73S variant relative to the cyt c6A parent molecule. This indicates the possibility that the presence of the disulﬁde in
the LIP between helices 3 and 4 (Fig. 1) increases the stability of the

Table 2
Kinetic and equilibrium parameters for folding and unfolding of wt ferric Pl cyt c6, At
cyt c6A and the C67/73S variant at 20 °C, pH 7.0.
kI-F

46.8
(2.6)
76.4
(4.9)
70.0
(10.3)

At cyt c6A
C67/73S-c6A

kF-I

a

0.11 (0.01)
4.1 × 10-5
(1.1)
5.6 × 10− 3
(0.5)

b

KI/U

mU

63.0
(17.3)
17.1
(2.9)
28.2
(18.4)

− 4.1
(0.1)
− 5.2
(0.1)
− 6.0
(0.1)

mI

b

− 1.8
(0.1)
− 1.8d
− 3.1
(0.1)

mT

b

− 1.3
(0.2)
− 1.8
(0.2)
− 1.6
(0.2)

ΔGD-N H2 O c
5.9 (0.2)
10.0 (0.2)
7.4 (0.4)

Units of s− 1.
Units of M− 1.
c
Units kcal mol–1. Calculated from kinetic data, ΔGD-N H2 O = − RTln(kI-F*KI/U/kF-I),
where R and T represent the universal gas constant and the absolute temperature, respectively.
d
No error exists for the mI value associated with the At cyt c6A mutant as this value
was restrained to that of the Pl cyt c6 protein during the ﬁtting process. Values in parenthesis are the errors from ﬁtting to Eq. (3).
a

b

Fig. 4. Chevron plots of data obtained from the stopped-ﬂow folding and unfolding kinetics at 20 °C and pH 7 for At ferric cyt c6A, the C67/73S disulﬁde variant and Pl ferric
cyt c6. The folding and unfolding data were ﬁtted globally to a model that assumes the
presence of an on-pathway folding intermediate with the solid lines representing the
outcomes of the ﬁt.

a

Protein
Pl cyt c6
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protein primarily by decelerating the unfolding rate of the molecule.
Finally, it is noted that a more shallow chevron plot is observed for
Pl cyt c6 (Fig. 4) with lower gradients indicating smaller m values
(Table 2) that consequently suggest less hydrophobic material becomes buried or exposed between states.
4. Discussion
4.1. Thermodynamic stability of At cyt c6A and Pl cyt c6
The folding of a polypeptide chain into a speciﬁc tertiary structure is
required by many proteins to regulate their biological activity. For cyts c,
the correct fold of the polypeptide around the covalently attached heme
is critical to tuning the Em, which is ultimately responsible for regulating
function [44]. Despite the low sequence identity between cyt c6 and cyt
c6A the similarity in overall tertiary structure between the two proteins
has been well documented with the major difference being the presence
in cyt c6A of the disulﬁde bridged LIP [10]. A difference of >200 mV in Em
between these two proteins therefore belies their similarity in tertiary
and heme pocket structure [6] and this large difference in Em may have
consequences on protein stability.
The overall stability of the ferric fold for At cyt c6A and Pl cyt c6 determined by chemical denaturation is notably similar (ΔGD-N H2O 6.5–
7.0 kcal/mol, Table 1). Comparison with other studies reveal that the
ΔGD-N H2O for both proteins are signiﬁcantly higher than for the photosynthetic cyts c6 from the red alga Porphyra yezoensis (ΔGD-N H2O =2.4 kcal/
mol) [16] and the bacterium Nostoc sp. PCC 7119 (ΔGD-N H2O =5.1 kcal/
mol) [15]. For Pl cyt c6 a possible reason for the elevated ΔGD-N H2O is
due to Pl being a mild thermophile (optimal growth at 45 °C) and proteins
from this organism will likely display enhanced stability. For At cyt c6A the
higher ΔGD-N H2O may derive in part from the disulﬁde bond (vide infra).
Burial of the hydrophobic heme in the protein matrix serves to stabilize the neutral ferrous heme relative to the cationic ferric form and this
enables Em to be maximised through stabilisation of the ferrous state. It
has been reported that the ferrous fold of cyts c can convey up to
10 kcal/mol more resistance to unfolding than the ferric state [45–47].
However, such a large difference is not observed in the present work
with only modest gains in the stability of the ferrous fold relative to the
ferric states being observed (ΔΔGD-N H2O =1.1 kcal/mol for At cyt c6A
and ΔΔGD-N H2O =2.3 kcal/mol for Pl cyt c6). Thus despite the large variance in Em the stability differences between the ferric and ferrous
folds are small and imply that there is little difference in the driving
force for protein folding between the two oxidation states of the
heme for either cyt c6A or cyt c6 despite the large difference observed
in Em [6–8].
4.2. Contribution of the disulﬁde bond to At cyt c6A stability
Disulﬁde bonds within proteins are often associated with a structural role [48] but can also have catalytic and redox roles. More recently allosteric disulﬁde bonds have been identiﬁed that are able to
control function by triggering a conformational change in the protein
upon thiol oxidation [32,49,50]. Cyt c6A is unique in the cyt c6 family
in that it is the only member, so far identiﬁed, to contain a disulﬁde
bond and in combination with the low Em has led to a number of interesting hypothesis relating to the function of cyt c6A in plants that
incorporate catalytic and redox activity of the disulﬁde [11,12]. A disulﬁde bond, however, is also present in other Class I cyt c family
members [51,52]. These can be divided into two categories based on
the number of amino acids separating the two disulﬁde forming Cys
residues. For Methylobacterium extorquens cyt cL, 113 amino acids
separate the 2 Cys residues and the disulﬁde bond serves to pin the
N-terminal helix to a C-terminal tail [52]. In bullfrog heart cyt c, 81
amino acids separate the two Cys residues and the disulﬁde bond
acts to link the N- and C-terminal helix regions [53,54]. The second
category has far fewer amino acids separating the two Cys residues

and the disulﬁde bond is found in a loop of varying size. At cyt c6A belongs to this category, with 5 amino acids separating the 2 Cys residues in a loop of 12 amino acids, whereas cyts c5 from Azotobacter
vinelandii and Shewanella have 2 amino acids separating the Cys residues in loops consisting of 4 amino acids [55–58].
Removal of the disulﬁde bridge in At cyt c6A does not signiﬁcantly
alter the spectroscopic or secondary structural properties of the C67/
73S variant (Fig. 2A). However, removal of the disulﬁde bond does
cause an overall decrease in thermodynamic stability for both heme oxidation states, with the ferrous form being signiﬁcantly less stable than
the ferric (Fig. 2, Table 1). This observation goes against the paradigm of
the ferrous form of cyts c being stabilized over the ferric, yet despite this
decreased stability, the Em of the variant is not signiﬁcantly affected
[40]. No effect on Em but a decrease in protein stability has also been
reported upon removal of the short, 2 amino acid separated, disulﬁde
bond in the ferric form of cyt c5 from Shewanella violacea [58]. This
change in stability is more pronounced than for At cyt c6A with the
ΔGD-N H2O decreasing by a factor of 2 and the mid-point folding transition decreasing by 24 °C [58]. This suggests that a shorter connecting disulﬁde bond infers a higher degree of stability on the cyt c fold in
Shewanella cyt c5 than the longer, 5 amino acids in At cyt c6A. Whether
this is a common trend requires further investigation. Nevertheless,
the changes in thermodynamic parameters for the C67/73S variant of
At cyt c6A in both the ferric and ferrous forms are consistent with a structural role for this disulﬁde. These ﬁndings also support an in silico analysis which classiﬁes this disulﬁde bond to be structural rather than
functional [7,32].
4.3. A folding intermediate is present in cyt c6A and cyt c6
The folding kinetics of ferric At cyt c6A and Pl cyt c6 at pH 7 are consistent with the formation of an intermediate species at low denaturant concentrations. At neutral pH the folding kinetics of ferric cyts c
can be complicated because of heme iron mis-coordination by His
residues which may interfere with the folding process resulting in
multiphasic kinetics and the population of mis-folded intermediates.
Lowering the pH, thereby protonating the His residues and abolishing
the propensity to ligate to the heme iron, is one way to avoid this misligation [34,59]. For At cyt c6A and Pl cyt c6 only one His is present in
their primary structure which is part of the conserved pentapeptide
heme binding motif, CXXCH, and is coordinated to the heme iron in
both the native and denatured states [60]. Cyt c553, like Pl cyt c6 and
At cyt c6A is another member of the Class I cyt c family that does not
contain any additional His residues in its primary structure and at
pH 7 the folding pathway is reported to proceed via a two-state
mechanism [37]. This is in contrast at pH 7 to At cyt c6A and Pl cyt
c6, which in the absence of potential mis-ligated intermediates, fold
via an on-pathway intermediate. This ﬁnding is aligned with other
folding studies on cyt c (albeit at acidic pHs), that have led to the proposal of a consensus folding pathway for this protein family that all
involve an on-pathway folding intermediate [35].
Analysis of the m values reported in Table 2 allows Tanford β-values
to be calculated. This is a measure of the fractional burial of solventaccessible surface area relative to the native state (from 0 to 1), which
correlates to the compactness of a populated species along a reaction
coordinate and can therefore can give some insight as to the nature of
the intermediate. A βI-value of 0.66 has been reported for the folding intermediate in the cyt c family, indicating that about two-thirds of the
buried surface area is already formed in the intermediate [35]. In good
agreement with this, is the βI-value of 0.65 calculated for At cyt c6A.
For Pl cyt c6 a βI-value of 0.56 is calculated, which is slightly lower
than At cyt c6A and the consensus value but nevertheless is consistent
with a signiﬁcant amount of buried surface area formed in the intermediate. From the calculated equilibrium constants, KI/U, a higher value for
Pl cyt c6 compared to At cyt c6A is observed and suggests that the Pl cyt c6
intermediate is more highly populated (Table 2).
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The high level of compactness of the intermediate suggests that a
signiﬁcant amount of tertiary interactions has formed in the fast kinetic
phase of the folding pathway. A substantial body of evidence from cyt c
folding kinetics points towards the existence of an intermediate species
which has its N- and C-terminal helices interacting through speciﬁc
native-like contacts at the helix–helix interface [34,59]. Residues involved in these interactions are largely conserved across the cyt c family
and involve at least one strong contact between aromatic groups [14].
An aromatic triangle involving F12/F90/W99 in At cyt c6A and F11/
Y77/W86 in Pl cyt c6 provides > 13 inter-atomic contacts. These strong,
speciﬁc packing interactions are most likely responsible for the mutual
recognition of the N- and C-terminal helices in At cyt c6A and Pl cyt c6
and aid in the formation of the intermediate on the folding pathway.
Thus despite distinct differences in the Em and structural elements between cyt c6 and cyt c6A certain key elements which are responsible
for dictating the folding kinetics and driving the formation of the intermediate are highly conserved.
4.4. Contribution of the disulﬁde bond to the folding and unfolding kinetics
The folding kinetics of the C67/73S variant are very similar to the
wt protein. The intermediate is still signiﬁcantly populated and there
is no apparent effect on the kI-F (Table 2). However, a βI-value of 0.48
is considerably less than for the wt protein, and suggests that the disulﬁde bond in cyt c6A is important for determining the relative compactness of the intermediate state and therefore must be considered
to act as conformational restraint in both the folding intermediate
and the native structure. Despite the more solvent exposed intermediate, the rate (kI-F) from which this state folds to the native structure
in the absence of a disulﬁde bond is seemingly not affected. This suggests that the location of the disulﬁde bond, on the periphery of the
globular α-helical fold, does not inﬂuence the slower folding phase
in At cyt c6A, but the possibility that it inﬂuences the rate of formation
of the intermediate from the denatured state cannot be ruled out.
In contrast to the folding rates, the unfolding rate for the C67/73S
variant is signiﬁcantly accelerated compared to wt At cyt c6A (Table 2).
However, compared to Pl cyt c6 the At proteins are notably slower,
with wt At cyt c6A being at the lower end of unfolding rates reported
for mesophilic cyts c. The increase in unfolding rate for the C67/73S variant relative to the wt protein most likely reﬂects a destabilization of the
folded state [61]. Removal of the At cyt c6A disulﬁde bond by conservative mutation (C67/73S) decreases the stability of the ferric protein by
approximately 1.2 kcal/mol. This decrease in stability for the ferric
form of the protein is almost entirely attributable to an increase in the
unfolding rate, indicating that the LIP region tethered by this bridge is
a late event in At cyt c6A folding.
4.5. Implications for function
The experimental evidence presented in this work for the disulﬁde
bond in the LIP of At cyt c6A is consistent with the inference from its geometry that it has a structural rather than a catalytic role [7] and argues
against the proposal that cyt c6A functions in the formation of disulﬁde
bonds within other proteins of the thylakoid lumen [12]. Nevertheless,
the heme group is redox active, albeit with a much lower Em than conventional cyt c6, and is capable of transferring electrons onto plastocyanin
[10]. Thus a possible role for the LIP is to act as a binding site, stabilized by
the disulﬁde bond, for a partner that acts as a low-potential reductant of
the heme.
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