
Registered Charity Number 207890

Accepted Manuscript

This is an Accepted Manuscript, which has been through the RSC Publishing peer 
review process and has been accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, which is prior 
to technical editing, formatting and proof reading. This free service from RSC 
Publishing allows authors to make their results available to the community, in 
citable form, before publication of the edited article. This Accepted Manuscript will 
be replaced by the edited and formatted Advance Article as soon as this is available.

To cite this manuscript please use its permanent Digital Object Identifier (DOI®), 
which is identical for all formats of publication.

More information about Accepted Manuscripts can be found in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the text and/or 
graphics contained in the manuscript submitted by the author(s) which may alter 
content, and that the standard Terms & Conditions and the ethical guidelines 
that apply to the journal are still applicable. In no event shall the RSC be held 
responsible for any errors or omissions in these Accepted Manuscript manuscripts or 
any consequences arising from the use of any information contained in them.

ChemComm

www.rsc.org/chemcomm

ISSN 1359-7345

Chemical Communications

www.rsc.org/chemcomm Volume 46 | Number 32 | 28 August 2010 | Pages 5813–5976

1359-7345(2010)46:32;1-H

Volum
e 46 | N

um
ber 32 | 2010 

C
hem

C
om

m
     

 
Pages 5813–5976

COMMUNICATION
J. Fraser Stoddart et al.
Directed self-assembly of a 
ring-in-ring complex

FEATURE  ARTICLE
Wenbin Lin et al.
Hybrid nanomaterials for biomedical 
applications

www.rsc.org/journals
Registered Charity Number 207890

Free institutional access, managed by IP address, is available on all these titles. 
For more details, and to register, visit www.rsc.org/free_access_registration

New for 2010

Chemical Science - a new journal presenting findings of exceptional significance from across the chemical 
sciences. www.rsc.org/chemicalscience

MedChemComm - focusing on medicinal chemistry research, including new studies related to 
biologically-active chemical or biochemical entities that can act as pharmacological agents with therapeutic 
potential or relevance. www.rsc.org/medchemcomm

Polymer Chemistry - publishing advances in polymer chemistry covering all aspects of synthetic and 
biological macromolecules, and related emerging areas. www.rsc.org/polymers

New for 2009 

Analytical Methods - highlights new and improved methods for the practical application of analytical 
science. This monthly journal will communicate research in the advancement of analytical techniques for use 
by the wider scientific community. www.rsc.org/methods

Integrative Biology - focusing on quantitative multi-scale biology using enabling technologies and tools to 
exploit the convergence of biology with physics, chemistry, engineering, imaging and informatics. 
www.rsc.org/ibiology

Metallomics - covering the research fields related to metals in biological, environmental and clinical systems. 
www.rsc.org/metallomics

Nanoscale - publishing experimental and theoretical work across the breadth of nanoscience and 
nanotechnology. www.rsc.org/nanoscale

Top science …free institutional access

ISSN 2041-6520

www.rsc.org/chemicalscience Volume 1  |  Number 1  |  2010

Chemical Science

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ► 

ARTICLE	
  TYPE 
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Salt as a Catalyst in the Mitochondria: Returning Cytochrome c to its 
Native State after it Misfolds on the Surface of Cardiolipin Containing 
Membranes  
Leah A. Pandiscia and Reinhard Schweitzer-Stenner* 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 5 

DOI: 10.1039/b000000x 

Cytochrome c binding to cardiolipin receptors on the 
surface of TOCL/DOPC(20%:80%) liposomes induces a 
conformational change which is not reversible after the 
protein’s dissociation at low ionic strength. Addition of 10 

100 mM NaCl switches the protein back to its native state.  

Cytochrome c is a multi-facet bio-molecule with a high degree of 
plasticity. It serves as an electron carrier between cytochrome c 
reductase and oxidase on the inner membrane surface of the 
mitochondria.1  Moreover, it has been utilized as an ideal model 15 

system for fundamental protein folding studies.2 Over the last five 
to ten years research on cytochrome c has shifted focus towards 
the protein’s role in triggering mitochondrial apoptosis.3 To this 
end, the protein has to dissociate from the inner membrane and 
subsequently penetrate the outer membrane to escape into the 20 

cytoplasm.4 To accomplish this task the protein has to acquire 
peroxidase activity by which it oxidizes cardiolipin in the inner 
membrane.4,5 This requires the protein to switch from its native 
fully folded to a partially unfolded conformation in which the 
functional heme group is more exposed to the protein 25 

environment.6 It is unclear, however, to what extent these 
conformational changes are reversed upon the protein’s 
dissociation from the inner membrane. This issue has to be 
clarified in order to understand how the protein can interact with 
the outer membrane and finally with the Apaf1 complex in the 30 

initiation of the apoptotic process.   
Liposomes with anionic phospholipids have been frequently 

used as a model system for the inner mitochondrial membrane.5,7–

13  Cardiolipin is particularly effective for interacting with the 
protein via electrostatic interactions with its positively charged 35 

surface and some additional hydrophobic interactions.14 Most of 
these interactions involve conformational transitions of the 
protein into partially unfolded conformations.15 This 
communication shows that the reversibility of these transitions 
depend on the presence of anion binding to the protein in 40 

solution.  
We first measured the circular dichroism (CD) spectrum of 

the Soret band region of ferricytochrome c as a function of 
lipid/protein ratio in the absence and presence of 100 mM (nearly 
physiological) concentration of NaCl. For the liposomes, we 45 

chose a 20%/80% mixture of TOCL(1,1’2,2’-tetraoleoyl 
cardiolipin) and DOPC(1,2-dioleoyl-sn-glycero-3-
phosphocholine). This is close to physiological conditions with 

regard to the cardiolipin content of the liposome’s lipid bilayer.13  
The pH of the sample was adjusted at 7.0 and stabilized with a 25 50 

mM HEPES buffer. The observed spectra are shown in Figure 1 
and 2, respectively.  

 

 
Fig.1 Soret band CD (top) measured as a function of the lipid/protein 55 

ratio of cytochrome c- liposome complexes. The red line represents 
cytochrome c in solution in the absence of lipids.  Spectroscopic and 
sample parameters are in the Supporting Information. The positive 

couplet at 412 nm increases with liposome/protein ratio, which ranged 
from 15 to 200 in increments of 25. Inset: Difference between Δε-values 60 

measured at the position of the positive and negative component of the 
couplet in the native state’s spectrum plotted as a function of the 

lipid/protein ratio. 

The CD spectrum of the unbound native protein displays a 
couplet, which is indicative of B-band splitting, in part due to the 65 

presence of a strong internal electric field.16 In the absence of 
NaCl and upon the addition of liposomes, the couplet gradually 
disappears with increasing lipid/protein ratios and is replaced by 
a positive Cotton band, which reflects a more open heme crevice 
with the M80 containing Ω-loop further away from the heme 70 

group (Figure 1).17 This parallels the observation Sinibaldi et al. 
reported for cytochrome binding to liposomes with 100% 
TOCL.18 The magnitude of the Cotton band is reminiscent of the 
Soret band CD signal, which Hagarman et al.19 observed for the 
non-native state V of ferricytochrome and Soffer et al.20 for a 75 

misfolded state of the protein that they could stabilize even at 
native conditions after exposing the protein to alkaline conditions 
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at pH 11.5. The inset of Figure 1 shows the difference between 
the Δε values measured at the position of the positive and 
negative component of the couplet in the native state’s spectrum 
as a function of lipid/protein ratio. These data are indicators of 
the protein’s binding to the liposome surface. We also measured 5 

the corresponding UVCD spectra, which are shown in Figure S1 
of the Supporting Information. The spectra clearly indicate that 
the secondary structure of the protein remains mainly unaffected 
by the conformational transition of the protein.  
 10 

 
Fig. 2 Soret band CD (top) measured as a function of the lipid/protein 

ratio (inset) of cytochrome c-liposome complexes in the presence of 100 
mM NaCl. The red line represents cytochrome c in solution in the 

presence of 100 mM NaCl. Spectroscopic and sample parameters are in 15 

the Supporting Information. Lipid/protein ratios ranged from 15 to 200 in 
increments of 25. Inset: Difference between Δε-values measured at the 
position of the positive and negative component of the couplet in the 
native state’s spectrum plotted as a function of the lipid/protein ratio. 

Figure 2 reveals that the addition of 100 mM NaCl nearly 20 

recovers the couplet of the fully folded protein. The binding 
isotherm (Figure 2 inset), indicates a significantly reduced 
binding of the protein to the liposomes, suggesting that the 
binding mechanism is at least partially electrostatic in nature, as 
reported earlier.21,8 The dominance of the couplet structure in all 25 

spectra further suggest that the unbound proteins are all in the 
native state, indicating reversibility for the protein’s 
conformational change. The corresponding UVCD spectra in 
Figure S2 are again suggesting that the secondary structure 
remains mostly unaffected. It should be noted that the presence of 30 

salt reduces the couplet of the unbound, native protein, which 
reflects a direct influence of anion binding to positively charged 
patches on the protein’s surface on the electrostatic potential of 
the protein in the heme pocket.22  

The results reported thus far resemble finding from earlier 35 

studies. Here, we go a step further by checking the reversibility of 
the conformational changes of cytochrome c induced by its bin 
ding to CL. To this end we subjected the protein-liposome 
solutions to ultracentrifugation, again in the absence and presence 
of 100 mM NaCl. This allowed us to probe the unbound fraction 40 

of the protein. Surprisingly, in the absence of salt, the CD spectra 
still display positive Cotton bands for all lipid to protein ratios 
(Figure 3), which indicates that the protein has maintained the 
non-native, partially unfolded state after dissociation from the 
surface. This observation resembles the recent discovery of a 45 

misfolded state of ferricytochrome c that remains stable at 
physiological conditions.20  

 
Fig. 3 Soret band CD (top) measured as a function of the lipid/protein 

ratio (inset) of the protein supernatant. The red line represents cytochrome 50 

c in the absence of liposomes. Spectroscopic and sample parameters are in 
the Supporting Information. The positive couplet at 412 nm increases 

with liposome/protein ratio. Lipid/protein ratios ranged from 15 to 200 in 
increments of 25. Inset: Difference between Δε-values measured at the 
position of the positive and negative component of the couplet in the 55 

native state’s spectrum plotted as a function of the lipid/protein ratio. 

The addition of NaCl prior to the centrifugation processes 
yields a rather different picture. As shown in Figure 4, all of the 
recorded spectra resemble or are very similar to the couplet 
observed for the native protein in the presence of 100 mM NaCl.  60 

The Δε values depicted in the inset show only minor changes at 
high lipid/protein ratios which might indicate an incomplete 
conversion to the native state for the dissociated proteins. This 
observation suggests that Cl- ions not only inhibit cytochrome c 
binding to the cardiolipin receptors on the liposome surface but 65 

also insure that the induced conformational changes are 
reversible. This is a very astonishing result and points to an 
important regulatory role of these ions in the inner membrane 
space of mitochondria.  

 70 

Fig. 4 Soret band CD (top) measured as a function of the lipid/protein 
ratio (inset) of the protein supernatant in the presence of 100 mM NaCl. 
Spectroscopic and sample parameters are in the Supporting Information 

Lipid/protein ratios ranged from 15 to 200 in increments of 25. Inset: 
Difference between Δε-values measured at the position of the positive and 75 

negative component of the couplet in the native state’s spectrum. 
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In order to ensure that the supernatant contains only proteins 
unbound to liposomes, we employed dynamic light scattering 
(DLS) experiments to check the size of the particles in our 
samples. Our 20%/80%  liposome mixtures of CL/PC gave a 
median particle size of 38.4 ± 7.5 nm, cytochrome c in the 5 

presence of salt alone yielded a particle size of 4.0 ± 0.5 nm, 
while the supernatant samples had a particle size ranging from 
4.8 ± 0.9 to 6.4 ± 0.9 nm, confirming that the protein in the 
supernatant had dissociated from the surface.  

We wondered whether the salt-induced reversibility of the 10 

conformational transition is liposome mediated, i.e. indirect 
modifications of protein – cardiolipin interactions by the binding 
of Na+-ions to negatively charged groups on the liposome 
surface23 or directly induced by the interaction between Cl- ions 
to positively charges patches of the protein in solution.  To 15 

distinguish between these two modes of interaction, we first 
centrifuged liposome-cytochrome c samples in the absence of salt 
and subsequently added 100 mM NaCl. We then measured the 
respective CD spectra and found them practically identical with 
those in Figure 4 (cf. Figure S3). Hence, Cl- ions function as an 20 

allosteric effector that restores the protein’s native state.  
 

Conclusions 
Our results are surprising in many respects. Firstly, our data 
regarding cytochrome c – liposome interactions in the absence of 25 

salt indicate that at least a substantial fraction of the observed 
binding is reversible (a quantification has to await further 
studies), while the induced conformational transition is not. This 
is thus the second time that we observed an apparently frustrated 
state of ferricytochrome being stable at neutral pH.20 Secondly, 30 

the fact that this misfolded conformation switches back in the 
presence of NaCl is even more surprising. This suggests that the 
former is stabilized by repulsive interactions between positively 
charged surface groups, which may prevent the N- and C-helix of 
the protein from forming the necessary non-covalent bonds to 35 

establish the native state. A similar though somewhat less 
dramatic effect has been observed at acidic pH where Cl- binding 
can switch a mostly unfolded ferricytochrome c into the much 
more folded molten globule state A.24 Our results are reminiscent 
of what Ingwall et al. reported with regard to the conformation of 40 

a polyalanine peptide with lysine segments at its termini. With 
the lysine’s charged the protein was found to be in extended state. 
Upon deprotonation, it collapsed into a compact, molten globule 
like state.25 

 The most striking consequence of the observed results is that 45 

it sheds some light on the biological role of NaCl in the space 
between inner and outer membrane.  It is generally thought that 
salt reduces the number of cytochrome c molecules bound to the 
inner membrane surface thus ensuring an equilibrium between a 
majority of unbound and a minority of bound proteins. Our 50 

results suggest an additional role: it prevents the protein from 
predominantly switching into a misfolded state. If this happened 
the protein could no longer serve effectively as an electron 
transfer protein.    

In conclusion, our data reveal two catalytic processes as being 55 

involved in cytochrome c – cardiolipin interactions. First, the 
liposome surface promotes a conformational transition of the 
protein. Second, Cl- binding reverses this transition in solution. 
Our discovery should prompt investigations on the functionality 

of cytochrome c in mitochondria that are deficient with regard to 60 

their NaCl- concentration in the inner membrane space. We 
predict that this will cause a major perturbation of the 
mitochondrial electron transfer process. 

We like to thank Dr. Joe Foley for providing us access to his 
dynamic light scattering apparatus, Dr. Elias Spilotis for 65 

providing us access to his centrifuge and Dr. Jonathan B. Soffer 
for producing the TOC figure. L.A.P. received fellowship support 
from the College of Arts and Sciences. 

 
__________________________________________________________ 70 

Department of Chemistry, Drexel University 
3141 Chestnut Street, Philadelphia, PA, USA.  
E-mail: rschweitzer-stenner @drexel.edu 
† Electronic Supplementary Information (ESI) available. 
See DOI: 10.1039/b000000x/ 75 

References 
1. E. Edman, Biochim. Biophys. Acta, 1979, 549, 107–144. 
2. S. W. Englander, T. R. Sosnick, L. C. Mayne, M. Shtilerman, P. X. 

Qi, and Y. Bai, Acc. Chem. Res., 1998, 31, 737–744. 
3. X. Jiang and X. Wang, Annu. Rev. Biochem, 2004, 73, 87–106. 80 

4. V. E. Kagan, V. A. Tyurin, J. Jiang, V. B. Ritov, A. Amoscato, A. N. 
Osipov, N. A. Belikova, A. A. Kapralov, V. Kini, I. I. Vlasova, Q. 
Zhao, M. Zou, P. Di, D. A. Svistunenko, I. V Kurnikov, and G. G. 
Borisenko, Nat. Chem. Biol., 2005, 4, 223–232. 

5. N. A. Belikova, Y. A. Vladimirov, A. N. Osipov, A. A. Kapralov, V. 85 

A. Tyurin, M. V Potapovich, L. V Basova, J. Peterson, I. V 
Kurnikov, and V. E. Kagan, Biochemistry, 2006, 45, 4998–5009. 

6. M. Rytōman, P. Mustonen, and P. K. J. Kinnunen, J. Biol. Chem., 
1992, 267, 22243–22248. 

7. N. Ben-Tal, B. Honig, C. Miller, and S. McLaughlin, Biophys. J., 90 

1997, 73, 1717–1727. 
8. M. Rytömaa and P. K. Kinnunen, J. Biol. Chem., 1994, 269, 1770–

1774. 
9. M. Rytömaa, P. Mustonen, and P. K. Kinnunen, J. Biol. Chem., 1992, 

267, 22243–22248. 95 

10. T. J. Pinheiro, G. a Elöve, A. Watts, and H. Roder, Biochemistry, 
1997, 36, 13122–13132. 

11. P. K. Kinnunen, a Kõiv, J. Y. Lehtonen, M. Rytömaa, and P. 
Mustonen, Chem. Phys. Lipids, 1994, 73, 181–207. 

12. T. Heimburg, P. Hildebrandt, and D. Marsh, Biochemistry, 1991, 30, 100 

9084–9089. 
13. J. D. Cortese, A. L. Voglino, and C. R. Hackenbrock, Biochemistry, 

1998, 37, 6402–6409. 
14. E. K. J. Tuominen, C. J. A. Wallace, and P. K. J. Kinnunen, J. Biol. 

Chem., 2002, 277, 8822. 105 

15. M. Rytōman and P. K. J. Kinnunen, J. Biol. Chem., 1994, 269, 1770–
1774. 

16. I. Dragomir, A. Hagarman, C. Wallace, and R. Schweitzer-Stenner, 
Biophys. J., 2007, 92, 989–998. 

17. G. J. Pielak, K. Oikawa, A. G. Mauk, M. Smith, and C. M. Kay, J. 110 

Am. Chem. Soc., 1986, 108, 2724–2727. 
18. F. Sinibaldi, L. Fiorucci, A. Patriarca, R. Lauceri, T. Ferri, M. 

Coletta, and R. Santucci, Biochemistry, 2008, 47, 6928–6935. 
19. A. Hagarman, L. Duitch, and R. Schweitzer-Stenner, Biochemistry, 

2008, 47, 9667–9677. 115 

20. J. B. Soffer, E. Fradkin, L. A. Pandiscia, and R. Schweitzer-Stenner, 
Biochemistry, 2013, 52, 1397–1408. 

21. M. Rytomaa and P. K. J. Kinnunen, J. Biol. Chem, 1995, 270, 3197–
3202. 

22. R. Schweitzer-Stenner, R. Shah, A. Hagarman, and I. Dragomir, J. 120 

Phys. Chem. B, 2007, 111, 9603–9607. 
23. T. Heimburg and D. Marsh, Biophys. J., 1995, 68, 536–546. 
24. S. Zhong, D. L. Rousseau, and S.-R. Yeh, J. Am. Chem. Soc., 2004, 

126, 13934–5. 
25. R. T. Ingwall, H. a Scheraga, N. Lotan, a Berger, and E. Katchalski, 125 

Biopolymers, 1968, 6, 331–68.  

Page 3 of 4 ChemComm

C
h

em
ic

al
 C

o
m

m
u

n
ic

at
io

n
s 

A
cc

ep
te

d
 M

an
u

sc
ri

p
t



 

4  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

 

Page 4 of 4ChemComm

C
h

em
ic

al
 C

o
m

m
u

n
ic

at
io

n
s 

A
cc

ep
te

d
 M

an
u

sc
ri

p
t


