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Themolecular interactions between two single-chain lysosomotropic surfactantsDMM-11 (2-Dodecanoyloxyethyl)
trimethylammonium bromide) and DMPM-11 (2-Dodecanoyloxypropyl)trimethylammonium bromide) with a
small heme-protein (cytochrome c (cyt-c)) inHepes buffer (pH=7.4)were extensively investigated by surface ten-
sion, dynamic light scattering (DLS), circular dichroism (CD) and fluorescence spectroscopy in combination with
molecular dynamic simulation techniques. The results demonstrated that surfactants can destroy the hydrophobic
cavity of cyt-c, make the α-helical become loose and convert it into the β-sheet structure. The interactions between
surfactants and cyt-c are mainly hydrophobic. Molecular modelling approaches were also used to gather a deeper
insight on the binding of lysosomotropic surfactants with cyt-c and the in silico results were found to be in good
agreement with the experimental ones. This study provides a molecular basis for the applications of protein-
surfactant complexes in biological, food, pharmaceutical, industrial and cosmetic systems.
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1. Introduction

Interactions between proteins and surfactants have been studied for
many years [1–6], not only due to their fascinating structural organiza-
tion, but also to their potential technological applications in biosciences,
drug delivery, medicine and food industry. The surfactant-protein com-
plexes become more hydrophilic than either the surfactant or the pro-
tein themselves, and the effective increase of the complexes solubility
avoids the formation of higher order aggregates [7].Mostly, electrostatic
interactions and hydrophobic associations are the two main driving
forces that contribute for the surfactant-protein interactions [8,9]. Like-
wise, surfactants can cause protein conformational changes leading to
the protein folding or unfolding depending on the concentrations of
both surfactants and proteins. Several biophysical methods such as iso-
thermal titration calorimetry [4], surface tension analysis [10], fluores-
cence [11] and circular dichroism spectroscopy [12] have been used to
unravel the interactions between surfactants and proteins. Parray
et al. [13] reported the interactions between cationic gemini surfactant
and its monomeric counterpart with phospholipase A2, and the results
indicated that the tuning of the protein conformations by surfactants
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changes according to the structure of the surfactants used. Janek et al.
[4] studied the interactions between bovine serum albumin (BSA) and
cationic quaternary ammonium surfactants (QACs) using the synchro-
nous fluorescence method, and the experiments showed that surfac-
tants mainly interacted with the tryptophan residues of BSA. Hu et al.
[14] estimated the Stern–Volmer quenching constants KSV and the cor-
responding thermodynamic parameters ΔH, ΔG and ΔS of the interac-
tions between BSA and surfactants by the fluorescence quenching
method. It was noted that the hydrophobic forces are the predominant
intermolecular forces between BSA and the surfactant.

An interesting group of lysosomotropic surfactants are the cationic
QACs which, according to their amphiphilic nature, can partition to
the phospholipid bilayer and translocate across membranes as un-
charged molecules [6]. In contrast to other surfactants that kill cells by
acting at the plasma membrane, lysosomotropic surfactants primarily
act on within the lysosomes [15]. Several soft cationic QACs showed bi-
ological activities against several pathogenic bacterial strains [16], fila-
mentous fungi [17] and also some human tumor cell lines [18].
Therefore, soft cationic QACs can potentially be used in lysosome-
targeting anti-cancer drugs [19–21]. Cationic QACs can enter the lyso-
some and possibly induce conformational changes of the proteins in-
volved in apoptosis [22].

In our experiments we used cytochrome c (cyt-c) as amodel protein
for various interactions. Cyt-c is a kind of iron-containingmetalloprotein

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2019.01.024&domain=pdf
https://doi.org/10.1016/j.ijbiomac.2019.01.024
tomasz.janek@upwr.edu.pl
Journal logo
https://doi.org/10.1016/j.ijbiomac.2019.01.024
http://www.sciencedirect.com/science/journal/
http://www.elsevier.com/locate/ijbiomac


1178 T. Janek et al. / International Journal of Biological Macromolecules 126 (2019) 1177–1185
present in the cells mitochondria. It is a small globular protein (molecu-
lar weight 12,327 Da) well known for its role in the biological electron
transport functions. In horse heart cyt-c, the heme group is bond to
four amino acids and it is also connected to a noncovalent side-chain,
thus making the internal structure around the heme macrocycle rela-
tively rigid [23]. The alpha helix (α-helix) is the dominant structure of
cyt-c which is connected by short non-helical segments [23]. Structural
alterations are not only important for electron transfer, but also for
events like apoptosis [24]. It has been reported that during apoptosis
cyt-c undergoes a conformational change, which may be required for
binding to Apaf-1 [25].

Herein, we attempted to unravel the nature of the interactions be-
tween cyt-c and single-chain quaternary ammonium surfactants in
Hepes buffer at physiological pH= 7.4 using physicochemical and fluo-
rescence spectroscopic techniques. Moreover, the experimental results
were supported by molecular dynamic simulations. Studies on the mo-
lecular interactions between DMM-11 or DMPM-11 and cyt-c are help-
ful to further understand the effects of lysosomotropic surfactants on
cyt-c and their biological properties.

2. Experimental section

2.1. Materials

The surfactants used were quaternary ammonium salts from the
esterquats group, namely (2-Dodecanoyloxyethyl)trimethylammonium
bromide (DMM-11) and (2-Dodecanoyloxypropyl)trimethylammonium
bromide (DMPM-11). The synthesis of these lysosomotropic surfactants
was described in detail in earlier studies [26,27]. These surfactants were
recrystallized three times and characterized by electrospray ionization
mass spectrometry (ESI-MS) and nuclear magnetic resonance (1H NMR)
spectroscopy (Table S1). The chemical structures of these surfactants
are illustrated in Fig. S1. All reagents and solvents were of the highest
available grade and were used as received. Horse heart cytochrome c
(cyt-c), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid sodium
salt (Hepes) and sodium chloride were purchased from Sigma Chemical
Co. (St. Louis, MO). Stock solutions of cyt-c and single-chain surfactants,
prepared in Hepes buffer solutions (5 mM Hepes, 150 mM NaCl, pH 7.4)
were further used to prepare samples with the desired concentrations.
The concentration of the cyt-c was determined spectrophotometrically
at 410 nm using an ε = 106,100 M−1 cm−1. All experiments were per-
formed at 25 °C.

2.2. Surface tension measurements

Surface tensions (γ) weremeasured using a Krüss K100 Tensiom-
eter (Krüss GmbH, Hamburg, Germany) at 25 °C, according to the du
Noüy's ring method [28]. Surfactants and cyt-c were dissolved in
Hepes buffer and mixed to obtain several mixtures containing a con-
stant cyt-c concentration (1 g L−1) but different DMM-11 or DMPM-
11 concentrations. Millipore water was used to calibrate the tensi-
ometer. The platinum ring was thoroughly cleaned with Millipore
water between measurements. The surfactants γ values in the pres-
ence or absence of cyt-c were measured by mixing the adequate
stock solutions. The average γ values were obtained by measuring
each sample in triplicate.

2.3. Dynamic light scattering (DLS)

DLSmeasurements were carried out using a Zetasizer Nano-ZS from
Malvern Instruments (UK) to measure the hydrodynamic radii (Rh) of
the cyt-c (with and without surfactants) at 25 °C. Before the measure-
ments, the samples were filtered through a 0.2 μm pore size filter di-
rectly into the optical cell to remove any impurity. For each sample
nine measurements were made with an acquisition time of 20 s. The
Rh values were estimated on the basis of an autocorrelation analysis of
scattered light intensity data based on translation diffusion coefficient
by Stokes–Einstein relationship [29]:

D ¼ KBT
3πηd

ð1Þ

where D is the diffusion coefficient, KB is Boltzmann constant, T is the
temperature, η is the viscosity of buffer solution and d is diameter.

2.4. UV–visible absorption measurement

The UV–visible absorption spectra were recorded on a Varian Carry
50 Bio spectrophotometer (Varian, USA) using the 1 cm path length
quartz cell at 25 °C, with the wavelength scanning from 300 nm to
700 nm.

2.5. Fluorescence measurements

The fluorescence spectra were generated with a Varian Cary eclipse
fluorescence spectrophotometer using a 1 cm quartz cuvette. The emis-
sion spectra were recorded in the wavelength range of 310–340 nm by
exciting protein at 295 nm using excitation and emission slit width of
10 nm. All measurements were conducted at 25 °C. To eliminate the
inner filter, the fluorescence intensity was corrected using the following
relationship [30]:

Fcor ¼ Fobs � 10 AexþAemð Þ=2 ð2Þ

where Fcor and Fobs are the fluorescence intensity corrected and ob-
served, respectively, and Aex and Aem are the absorption of the system
at excitation and emission wavelengths, respectively.

2.6. Circular dichroism (CD) measurements

The CD spectra of cyt-c in the absence and presence of surfactants
were performed using a Jasco model J-1500 spectropolarimeter, and
were recorded at 25 °C with a 1 mm path length cuvette in the wave-
length range of 200–260 nm. A scan speed of 50 nm min−1 and a re-
sponse time of 1 s were used. The spectrum of Hepes buffer was
subtracted from the sample spectra for data analysis. The β-sheet con-
tents were calculated using the Jasco spectropolarimeter software
(JWSSE-513 protein secondary structural analysis program).

2.7. Molecular dynamics simulations

The molecular dynamics (MD) simulations were performed with
version 14 of the AMBER simulation package [31]. The three dimen-
sional structure of horse cytochrome complex used during simulation
was obtained from the Brookhaven Protein Database PDB (PDB ID:
1HRC) [32]. The structures of DMM-11 and DMPM-11 surfactants
were described with use of AMBER force field parameters. The atomic
charges were calculated according to the Merz-Kollmann scheme via
the Restrained Electrostatic Potential procedure (RESP) at HF/6-31G*
level of theory [33]. In the case of the hememolecule itwas used param-
eterization deposited in AMBER parameter database [34]. The number
of surfactant molecules used during preparation of the systems corre-
sponds to CMC obtained from experimental measurements. To setup
the surfactant/cyt-c system, we used 8 molecules of surfactants
(below CMC) and 30molecules of surfactants (above CMC). All systems
were neutralized by adding sodium cations andwere immersed into the
TIP3P water box. The MD simulations were performed according to the
following criteria: all considered systems after two stage minimization
were heated up to 25 during 100 ps of initial molecular dynamics simu-
lation run. Density of systems was equilibrated during next 500 ps of
simulation. All initial steps were performed with weak constrains for
protein and heme molecules. The first initial stage was followed by



Fig. 2. Effect of surfactants concentrations on the hydrodynamic radius (Rh) of cyt-c
(1 g L−1) inHepes buffer (pH 7.4) at 25 °C. Results represent themean of 9 replicates± SD.
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next 200 ns of MD simulation run. Structural analysis including root
mean square deviation (RMSD) and identification of hydrogen bonds
were performed using the VMD package [35]. The analysis of hydrogen
bonds included three parameters: distance between donor (D) and ac-
ceptor atoms (A) b 3.5 Å, distance H–A b 3 Å and angle D–H–A N 90°.
The identification of atomic contacts between protein and surfactant
molecules was performed using the ccptraj module implemented in
AmberTools 14 package. The solvent accessible surface area (SASA)
and solvent accessible volume (SAV) were calculated using the CASTp
application [36], the radius of probe sphere was equal to 1.4 Å.

3. Results and discussion

3.1. Surface tension and DLS studies

In order to understand protein–surfactant interactions, the surfac-
tants micellization process in aqueous solution is required. For that pur-
pose, surface tensions were measured and the surfactants critical
micellar concentrations (CMC) were determined. The CMC values
have been taken from the break points in the surfactant-cyt-c systems
(Fig. 1). In the case of DMM-11 and DMPM-11 without cyt-c, typical
CMC values can be observed as the saturation of the interface is
reached. The calculated values for the CMC of DMM-11 and DMPM-
11 in Hepes buffer solutions from their surface tension isotherms
were 0.75 mmol L−1 and 0.6 mmol L−1, respectively. These CMC
values are in good agreement with the ranges previously reported
[4]. The observed surface tension of DMM-11 and DMPM-11 solu-
tions containing cyt-c is lower than the values obtained for the
pure surfactants due to the surface active nature of cyt-c. It can be
seen from Fig. 1 that the surface tension curves corresponding to
the surfactant/cyt-c complexes exhibit one break point which
marks the concentration above which the aggregation of surfactants
occurs. The DMM-11 and DMPM-11 complexed with cyt-c showed
CMC values of 1.48 mmol L−1 and 0.75 mmol L−1, respectively. An
estimation of the number of surfactant molecules bound to the pro-
tein was done under these conditions (i.e. at the CMC). We per-
formed the calculation of the surfactant:protein ratios for both
systems. The molar ratios estimated in this way were 9:1 for both
DMM-11 and DMPM-11 in the presence of cyt-c. These results sug-
gest that both surfactants can interact with cyt-c through electro-
static and hydrophobic forces. These results are similar to those
reported for the fluorescence intensity changes of BSA with QACs.
Besides, they are also similar to the results reported for the interac-
tions between gelatin and cationic gemini surfactant [37]. On the
other hand, Nishikido et al. [38] didn't find significant changes in
CMC using lysozyme and surfactant mixtures at the protein concen-
tration range studied.
Fig. 1. Surface tension profiles of surfactant: cyt-cmixtures. (A) DMM-11; (B) DMPM-11. Cyt-c
triplicates ± SD.
DLSwas used to calculate the hydrodynamic radius of the complexes
surfactant-cyt-c. In Fig. 2, the calculated hydrodynamic radius (Rh) was
plotted as a function of the surfactants concentration (cyt-c concentra-
tion was kept constant). As it can be observed, the Rh of the complexes
increased at low concentrations (below the CMC) of DMM-11 and
DMPM-11, from 1.45 nm to 4.12 and 3.98 nm, respectively. Above the
CMC, the Rh of cyt-c decreased from ~ 4 nm to 2.17 and 1.63 nmwith in-
creasing DMM-11 and DMPM-11 concentrations, respectively. The dis-
tinct Rh obtained for the different surfactant/cyt-c complexes can be
attributed to the difference in the binding number of cationic surfac-
tants to cyt-c. An increase in the Rh was observed with the addition of
a sub-micellar concentration of surfactants. Surprisingly, the Rh de-
creases upon the addition of a post-micellar concentration of surfac-
tants. This fact correlates very well with the observation that when
DMM-11 andDMPM-11 are added to the solutions they tend to interact
with native cyt-c to unfold and fold it. The polydispersity index was al-
ways b0.2 in all experiments.

3.2. UV–Vis and fluorescence spectra

A Soret band with a maximum intensity at 410 nm is typical of the
native state of cyt-c, indicative of the presence of axial histidine andme-
thionine ligands. The change in the absorbance of cyt-c at 410 nm was
registered in the presence of cationic surfactants and is shown in
Fig. S2. The Soret maximum in the presence of DMM-11 and DMPM-
=1 g L−1. Themeasurements were performed at 25 °C. The values represent the mean of
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11 remains fixed at 410 nm over the entire surfactant concentration
range investigated, thus indicating the persistence of methionine liga-
tion in cyt-c. A linear increase in the absorbance of the Soret band was
observed with the addition of a sub-micellar concentration of the sur-
factants. Above the CMC, the absorbance decreases with increasing
DMM-11 and DMPM-11 concentrations. Prior to CMC, the free surfac-
tants molecules bind to the cyt-c chains, whereas beyond CMC the
surfactant/cyt-c micelle interactions prevail. These results were further
confirmed by dynamic light scattering assays (Fig. 2).

Horse heart cyt-c contains a single tryptophan residue (Trp59)
which is bonded to one of the propionic groups of heme. For the native
cyt-c the fluorescence signal is weak because of the proximity of Trp59
to the heme group [39]. The increase in the Trp59 distance from the
heme leads to an increase in the fluorescence intensity [40]. Hence,
the change in fluorescence intensity is often used as a reliable marker
of molecular expansion around the heme. As the excitation wavelength
was set to 295 nm, the intrinsic fluorescence of protein can be emitted
due to the Trp residue [41]. As shown in Fig. 3, the intrinsic fluorescence
intensity of cyt-c is enhanced with the increase of both DMM-11 and
DMPM-11 surfactant concentrations, which is ascribed to the fact that
both electrostatic and hydrophobic interactions occur as the negatively
charged amino acid residues of the protein bind to the positively
charged head groups of surfactants, and the hydrophobic chains of the
surfactants interact with the adjacent hydrophobic regions of cyt-c.
Both cationic surfactants, DMM-11 and DMPM-11, exhibit a similar be-
havior. Trp exists in the vicinity of the hydrophobic cavity of cyt-c, and
Fig. 3. Fluorescence emission spectra of cyt-c (10 μmol L−1) in the presence of different
concentrations of DMM-11 (A) and DMPM-11 (B) at 25 °C.
the hemichrome in the hydrophobic cavity has a strong quenching ef-
fect on the fluorescence of Trp. As described in Fig. 3, the fluorescence
of cyt-c is mainly due to Trp59, which is quenched by the heme group
through foster energy transfer, thus native cyt-c produces very weak
fluorescence. The fluorescence emission in native cyt-c by tryptophan
can be seen at 326 nm with very low intensity due to quenching by
the heme group. The DMM-11 and DMPM-11 insert into the hydropho-
bic cavity of cyt-c, forces the hemichrome release and inhibits the
quenching of fluorescence. On the other hand, our results suggest that
the interaction with the surfactants induced an increase of the samples
turbidity and cyt-c unfolding, thus resulting in a conformational change
of the metalloprotein with increasing cationic surfactants concentra-
tions. These results are similar to those reported for the fluorescence in-
tensity changes of cyt-c with anionic surfactants [42]. Furthermore,
Ahluwalia and co-workers [42] observed that the fluorescence intensity
increases significantly with the increase of sodium dodecyl sulfate
(SDS) concentrations. A similar trend has been reported for long-chain
imidazolium ionic liquid surfactants with cyt-c [12].

3.3. CD measurements

CD spectroscopy has been employed as a descent technique to ex-
amine the conformational changes of proteins and peptides in aqueous
solutions. Therefore, it was used to assess the effect of the DMM-11 and
DMPM-11 on the secondary structure of cyt-c Fig. 4 shows the change of
far-UV CD spectra of cyt-c at different surfactant concentrations. The CD
spectra of cyt-c exhibit two negative bands in the region of 208 and
Fig. 4. CD spectra of cyt-c (0.5 g L−1) in the absence and presence of DMM-11 (A) and
DMPM-11 (B) at 25 °C.
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222 nm,which correspond to the characteristic peaks of α-helical struc-
ture [43]. With the increase of surfactants concentrations, the intensity
of CD spectra is decreased. The CD results are expressed in terms of
mean residue ellipticity (MRE) in θ or deg cm2 dmol−1 [44]:

MRE208 ¼ CDobserved

Cnl
ð3Þ

where CDobserved is the CD value in CD spectrum (mdeg); C is the con-
centration of cyt-c (4 × 10−5 mol L−1); n is the number of amino acid
residues, n = 104; l is the path length (0.1 cm). Afterwards, the α-
helix content of cyt-c is determined by Eq. (3):

α−helix %ð Þ ¼ −MRE208−4000
33;000−4000

� �
� 100% ð4Þ

where MRE208 is the value of MRE at 208 nm; 33,000 is for the random
coil and β-form conformation and 4000 is the MRE value of a pure α-
helix at 208 nm. With the increase of DMM-11 or DMPM-11 concentra-
tions, theα-helicity of cyt-cwas changed. CD spectra of free cyt-c at 25 °C
yielded a 42.8%α–helical structure. The addition of 5mmol L−1 of DMM-
11 or DMPM-11 to cyt-c caused a conformational modification of the
cyt-c to 32.1% α–helical and 34.0% α–helical, respectively. The results
clearly show that the increase of surfactant concentrations leads to a de-
crease of the α-helical contents of cyt-c, thus indicating that α-helixes
become loose and are converted into the β-sheet structure (Table S2).
In contrast, Singh and co-workers [12] reported an opposite trend
when studying the interaction of a long-chain imidazolium ionic liquid
surfactants with cyt-c.

3.4. Computational analysis of surfactant–protein interactions

The structure of the cyt-c system analyzed in the molecular dynam-
ics stage is illustrated in Fig. S3. Both geometries from first and 200 ns
exhibit high similarity suggesting the structural and dynamic stability
of this system. This was further confirmed by the RMSD values deter-
mined for cyt-c and heme with and without surfactants over the
whole 200 ns simulation time (Fig. S4). The presence of either DMM-
11 or DMPM-11 led to the fluctuation of protein structure. The struc-
tural changes of cyt-c are particularly visible when the number of sur-
factant molecules increases above CMC. The heme group in all
considered systems exhibited high structural stability, not influenced
by the addition of surfactant molecules, thus confirming low and stable
values of RMSD. In Fig. S5, the RMSD values for selected fragments of the
cyt-c protein are presented. As it can be seen, the addition of surfactants
affects the enhancedmobility of specific fragments of the proteinwhich
is related to the structural changes of the polypeptide chain. BelowCMC,
DMM-11 and DMPM-11 molecules especially influence the fluctuation
of 14–26 and 72–90 fragments. However, above CMC the impact strictly
depends on the type of surfactant molecule. In the case of DMM-11, the
major changes take place around 1–25 fragments of protein, whereas,
the presence of DMPM-11 affects the structure of the 100–105 frag-
ments. Such structural effects are strictly related with interactions of
the surfactant molecules with the amino acids from the protein surface.
The characteristics of such interactions were herein described by the
number of contacts between cationic surfactant molecules and cyt-c.
Table 1
Average values of atomic contact for DMM-11 and DMPM-11 surfactants.

Surfactant molecules Distance 4 [Å] Distance 5 [Å]

Contacts SD Contacts SD

8 DMM-11 7 (87.5%) 434 134 1294 357
30 DMM-11 6 (20%) 496 127 1736 408
8 DMPM-11 6 (75%) 482 133 1486 417
30 DMPM-11 6 (20%) 473 99 1643 333
Our results suggest that, in the case of the DMPM-11 system, regardless
of the number of surfactant molecules used in the simulation, the inter-
actions occurmainly in the active center of protein (Table 1). In the case
of DMM-11, eight molecules interact similarly, while 20–30 amino acid
residues localized under the active center of heme play a dominant role
in the contact surfacewith 30molecules of DMM-11. The increase of the
range of interactions increases only the number of contacts (about three
times), not affecting the number of interacting molecules. The highest
flexibility of cyt-c fragments was connected also with the presence of
the largest number of protein-surfactant contacts. The high mobility of
the 100–105 fragments of cyt-c in the presence of 30 molecules of
DMPM-11 is not related to mutual interactions of subsystems but to
the decrease of interactions with the 20–30 fragments of protein. As it
can be observed in Figs. 5, 6, 7 and Fig. 8, some surfactant molecules
can interact with the protein surface through their polar parts but, in
most cases influence via a hydrophobic moiety. Above CMC, DMM-11
and DMPM-11 have the ability to self-assemble through hydrophobic
interactions with cyt-c The structural flexibility of protein chains after
addition of surfactants molecules, influences the structural properties
of active site, where the heme molecule is located. The structural mod-
ifications were confirmed by the increase of the maximum values of
SASA and SAV after addition of surfactant (Fig. 9 and Table S3). On the
other hand, solvent accessible surface and volume slightly decreases
when the number of DMPM-11 exceeds the CMC. The slight structural
changes of the active site that were observed did not influence the sta-
bility of the heme. The earlier observations related with RMSD values
confirm also the distributions of hydrogen bonds created by Trp59
and oxygen's from the heme side chain (Table 2). For all complexes con-
sidered during simulation, the existing hydrogen bond is stable and
nearly 99% taken into account that conformations meet the require-
ments for such interactions. However, small discrepancies in acceptor
donor distance distributions were observed. The increase of active site
solvent accessible volume (SAV) observed for some complexes correlate
with the increased amount of conformers characterized by higher
values of hydrogen bond length.

4. Conclusions

The interactions between the two cationic lysosomotropic surfac-
tants DMM-11 and DMPM-11 and cyt-cwere studied using surface ten-
sion, fluorescence measurements, CD spectroscopy and molecular
dynamic simulations. The multiple spectroscopic methods indicated
that both cationic surfactants can interact with cyt-c and that the
major binding mechanisms involved are electrostatic and hydrophobic
interactions. Both single-chain surfactants were found to be able to in-
teract with cyt-c to form hemichrome. The surfactants turn the second-
ary structure of cyt-c loose due to the hydrophobic interactions and
changes in themobility of specific fragments of the protein, thus leading
to its conversion into theβ-sheet structure. Based on themolecular dy-
namic simulations and computation analysis, we propose for first
time a novel theoretical model at the atomic level for the interactions
between cyt-c and the QACs DMM-11 and DMPM-11. Overall, this
study provides a complete description of the nature of interactions
between lysosomotropic surfactants and cyt-c which is useful to de-
sign drug delivery and medical applications.
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Fig. 7. Time evolution of cyt-c protein in the presence of 30 molecules of DMM-11, red (amino acids 1–20) colours represent protein chains with the highest flexibility during molecular
dynamics simulation.

1 ns 100 ns 200 ns

Fig. 8. Time evolution of cyt-c protein in the presence of 30 molecules of DMPM-11, red (amino acids 20–30) and white (amino acid 100–105) colours represent protein chains with the
highest flexibility during molecular dynamics simulation.
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Fig. 9. Bar diagram of calculated values of (A) accessible surface area [Å2], (B) accessible
surface volume [Å3].
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Table 2
Characteristics of the hydrogen bond created by Trp59 and the heme molecule.

Distance [Å] Population [%]

Cyt-c Cyt-c
8 DMM-11

Cyt-c
8 DMPM-11

Cyt-c
30 DMM-11

Cyt-c
30 DMPM-11

1.75 20.4 13.8 14.0 9.9 10.4
2 47.9 46.2 44.9 44.6 44.3
2.25 19.9 27.0 30.1 33.7 31.0
2.5 6.5 8.6 8.6 8.8 9.6
2.75 1.8 3.0 1.5 1.6 2.1
3 0.7 0.7 0.6 0.5 0.9
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