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 Theoretical equations are proposed to
analyze the behavior of Cyt ¢ on lipid
monolayers.

« The quantitative characteristics could
be concluded that the different concen-
trations of Cyt c influence lipid mono-
layers.

* Theoretical models are introduced that
takes into account a phase transition
between the LE and LC phase of DPPC.

« The adsorption capacity and confor-
mation reorganization of Cyt ¢ on lipid
monolayers are investigated.

« There is a largest adsorption quantity of
Cyt ¢ on the lipid monolayers.

The molecular model of different amounts of Cyt ¢ (0, 2.5, 5, 10, 15 L, respectively) interaction with lipid monolayer.
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Cytochrome c (Cyt c) is an essential component of the inner mitochondrial respiratory chain because of its
function of transferring electrons. The feature is closely related to the interaction between Cyt ¢ and membrane
lipids. We used Langmuir-Blodgett monolayer technique combined with AFM to study the interaction of
Cyt ¢ with lipid monolayers at air-buffer interface. In our work, by comparing the mixed Cyt c-anionic (DPPS)
and Cyt c-zwitterionic (DPPC/DPPE) monolayers, the adsorption capacity of Cyt c on lipid monolayers is
DPPS > DPPE > DPPC, which is attributed to their different headgroup structures. m-A isothermal data show
that Cyt ¢ (v = 2.5 pL) molecules are at maximum adsorption quantity on lipid monolayer. Moreover, Cyt ¢
molecules would form aggregations and drag some lipids with them into subphase if the protein exceeds the
maximum adsorption quantity. m-T curve indicates that it takes more time for Cyt ¢ molecular conformation
to rearrange on DPPE monolayer than on DPPC. The compressibility study reveals that the adsorption or intermo-
lecular aggregation of Cyt ¢ molecules on lipid monolayer will change the membrane fluidization. In order to
quantitatively estimate Cyt ¢ molecular adsorption properties on lipid monolayers, we fit the experimental iso-
therm with a simple surface state equation. A theoretical model is also introduced to analyze the liquid expanded
(LE) to liquid condensed (LC) phase transition of DPPC monolayer. The results of theoretical analysis are in good
agreement with the experiment.
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1. Introduction

Cytochrome c (Cyt c) is a water soluble metal heme protein, which
is widely existed in the inner mitochondrial membrane [1]. It is a rela-
tively small protein (MW = 12000) with a roughly spherical shape of
3.5 nm diameter [2]. Cyt c plays a significant role in the inner mitochon-
drial respiratory chain because it transfers electrons between the Cyt ¢
reductase and Cyt ¢ oxidase by changing the valence state of the heme
iron [1,3-5]. Certainly, the behavior of transferring electrons could pro-
mote the combination of hydrogen and oxygen, strengthen oxidation
reaction and cell metabolism. In recent years, Cyt c can also be used to
study some diseases such as apoptosis and anti-oxidant [6-9]. Numer-
ous researches have been published on Cyt c's structural, physiological
and physiochemical properties, and potential applications [10]. Espe-
cially, the process and mechanism of Cyt c transferring electrons have
been extensively investigated [2,10]. The feature of transferring elec-
trons is closely related to the interaction of Cyt ¢ with membrane lipids
[2,11-13]. Moreover, the interaction plays an essential role in determin-
ing the conformation of Cyt c, its mitochondrial bilayers location and
orientation of heme groups [14-16]. Monolayers play a crucial role in
organic electronic devices, since most of the behavior of the transferring
electrons occurs on the surface of different functional layers [17].

Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) lipids
are relatively abundant lipids in the mitochondrial membranes [18].
Therefore, studying the interaction of Cyt ¢ with DPPC/DPPE has an
important biological significance. Langmuir monolayers have been ex-
tensively used as model system to mimic natural membrane and to
study the thermodynamic behavior of lipid membrane [19-22]. In the
present work, there are extensive investigations on the mechanisms of
Cyt c association with lipids, but a lot of features of the binding process
remain unclear. In particular, the knowledge of the factors controlling
the process and protein molecular quantitative characteristics has not
yet been explicitly presented [23]. In this paper, the behavior of different
concentrations of Cyt ¢ associated with DPPC and DPPE at the air-buffer
interface has been studied by surface pressure (m)-time (T), surface
pressure (1)-area (A) isotherms as well as the surface compressibility.
Moreover, to illustrate the adsorption of Cyt c on lipid monolayers, the
morphology of mixed Cyt c-lipid monolayers was observed with AFM.
Finally, we applied the surface state equation and the first order equa-
tion to analyze the different behavior of the interaction of Cyt c with
DPPC/DPPE.

2. Materials and methods
2.1. Materials

Cytochrome c (Cyt c) from equine heart, which is mainly the oxi-
dized form of the protein, at a purity >95%, was purchased from
Sigma Chemical Co. (St. Louis, USA) without further purification. 1,2-
dipalmitoyl-sn-Glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn -
glycero-3-Phospho-ethanolamine (DPPE) and 1,2-dipalmitoyl-sn-
glycero-3-phospho-L-serine (DPPS) were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL, USA). The concentration of lipids solution
(dissolved in a mixing solvent of chloroform-methanol (3:1, v/v)) was
1 mg/mL. In all experiments, the subphase was 50 mM phosphate buffer
solution (pH = 7.4). All water used was Milli-Q water (18.2 M) cm). Cyt
¢ was dissolved in phosphate buffer solution to a final concentration of
1 x 10~ M for the following experiments.

2.2. Monolayer experiment: surface pressure-area isotherms and surface
pressure-time curves measurements

Surface pressure-area (m-A) isotherms and surface pressure-time
(m-T) curves were measured on a KSV Minitrough (KSV Instrument,
Helsinki, Finland). The trough's effective length and width are 364 mm
and 75 mm respectively. The subphase volume is about 240 mL. The

desired lipid was spread onto the surface of the subphase (including
the right amount of Cyt ¢ solution) with a Hamilton microsyringe after
cleaning the trough. To allow solvent sufficient evaporation, the spread
monolayer waited for about 15 min before compressed the monolayer.
Then the monolayer was compressed at the speed of 10 mm/min. Simul-
taneously, the computer would automatically record surface pressure of
the monolayer by the Wilhelmy balance method. Monolayers were
transferred onto freshly cleaved mica with the transferring rate of
1 mm/min. Surface pressure-time (n-T) curve experiments, in which
the monolayer was compressed to an initial pressure and then the
changes in pressure with time was recorded (at constant monolayer
area), were carried out. All above measurements were performed at
23 4+ 1 °C. Every experimental data was repeated at least three times
to show satisfactory reproducibility.

2.3. Imaging monolayer with atomic force microscopy (AFM)

Deposited lipid monolayer on the mica was imaged by SPM-9500-]3
AFM (Shimadzu Instruments Co. Ltd., Japan) operating in the contact
mode using a Micro-V-shaped Cantilever probe (Olympus Optical Co.
Ltd., Japan) that had a spring constant of 0.06 N/m, a length of 100 pm,
and thickness of 400 nm. All images (512 x 512 points) in height
mode were performed in air at a scan rate of 1 Hz.

2.4. Theoretical basis

Fig. 1 is presented according to the early study by Zeng et al. [24].
The experimental A isotherms can be analyzed by a simple surface
equation [24]

Tmax—ZKT/A

1
> (e=m)]
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where m is surface pressure, A, k and T represent the area of each residue
in the monolayer, the Boltzmann constant and the temperature, respec-
tively. Tnayx is the film surface pressure when the monolayer is under the
collapse state. A, an instantaneous value, is the corresponding area of
the intersection of the linear LC-state part of m-A isotherm with its
tangent. A, is a transition area from LC state to collapse state (Fig. 1).
The Eq. (1) can be used not only to describe pure phospholipids or
protein monolayer but also to describe the binary mixtures. In the
above Eq. (1), the value of Z approximates to 1 if monolayer is pure
phospholipid, while for protein molecules, the value of Z follows Z =
1/N;, where N, is the number of residues of protein molecules. However,
Eq. (1) is not applicable for the LE-LC phase transition of DPPC. Accord-
ing to Langmuir's report, it is known that part of the molecules will form
molecular groups in the process of the LE-LC phase transition. The liquid
expanded phase will gradually transform to the liquid condensed phase
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Fig. 1. Typical m-A isotherm of protein or lipid monolayer.
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when the molecular groups are further compressed. Considering the
process of the LE to LC phase transition, we also introduce the general-
ized Onnes equation as given in Eq. (2). This equation is not only widely
used in practical calculation, but also has a very important theoretical
significance.

TAm = RT + Bym1 + Bym? + B3 + ..., 2)

or

TAm = RT(1 + Bjm+Bym? + B4 +...) (3)
where 1 is surface pressure, A, is the molecular area/mole. R and T are
universal gas constant and the temperature, respectively. B; or B'; is the
virial coefficient. The virial coefficient is related to the experimental
temperature and material properties.

The behavior of protein molecules diffused to the lipid monolayer
surface and their conformation rearrangement can be analyzed by the
first order Eq. (4) [25].

Tle —TT t
ln( < ) =—=
e — Tl T
where T is relaxation time, T, T, T are the surface pressures of interac-
tion between protein and lipid at equilibrium times,t = 0, and t = t,

respectively. The relaxation time 7 can be determined by fitting the
m-T curves.

(4)

3. Results and discussion
3.1. m-Aisotherms and theoretical analysis

3.1.1. m-A isotherms

The surface pressure-area (m-A) isotherms of different amounts of
Cyt c interaction with DPPC (a), DPPE (b) and DPPS (c) monolayers
are shown in Fig. 2. The amounts of Cyt c are O pL, 2.5 pL, 5 L, 10 pL
and 15 pL, respectively. In Fig. 2(a), pure DPPC monolayer shows the
typical phase transition from LE to LC occurring around 3-6 mN/m,
which is in good agreement with previously reported values [26].
The surface pressure starts to increase at the area/molecule about
90 A2, The limiting area/molecule of pure DPPC monolayer is about
45 A%/molecule, which is estimated by extrapolating the approximate
straight part of the m-A isotherm to zero pressure. When the amount
of Cyt c is 2.5 L, the overall isotherm shows a larger molecular area
than pure DPPC due to the adsorption of Cyt c on DPPC monolayer.
Meanwhile, a slightly different behavior is observed between mixed
Cyt ¢ (2.5 pL)-DPPC and pure DPPC at lower pressures, which indicates
that Cyt c has a greater impact on DPPC monolayer at lower pressures.
This may be due to that part of Cyt ¢ molecules adsorb on DPPC mono-
layer under lower pressures and then they are squeezed into the sub-
phase with DPPC monolayer packed tightly during the sliding barrier
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sustained compression. The progressive increase of Cyt ¢ amount,
from 5 pL to 15 plL, results in a gradual shift of the isotherm toward
smaller molecular areas than pure DPPC. The emergence of this phe-
nomenon may be due to Cyt ¢ molecules which form aggregations.
These aggregations may drag DPPC molecules with them into the
subphase, which is supported by the AFM analysis. We can see that
the adsorption quantity of Cyt c on DPPC monolayer has reached a max-
imum when the amount of Cyt c is 2.5 pL. Increasing the amount of Cyt c,
the mutual repulsion between water molecules and hydrophobic resi-
dues of Cyt c molecules is stronger than their attraction, inducing Cyt c
molecules aggregated mutually under the van der Waals force. Then
these large Cyt c aggregations sink into subphase similar to that report-
ed in the literature [27]. In Fig. 2(a), a well-defined LE-LC transition
plateau is observed in all the isotherms.

In case of DPPE monolayer (Fig. 2b), the LE-LC phase transition
plateau has not been observed. The mean molecular area/molecule of
mixed Cyt c (2.5 pL, 5 pL)-DPPE is found to be larger than pure DPPE
monolayer. In Fig. 2(a) and (b), our data show that Cyt ¢ molecules
have reached a maximum adsorption on DPPC monolayer and DPPE
monolayer when the amount of Cyt c is 2.5 pL. However, a different
behavior, the mean molecular area/molecule of mixed Cyt c-DPPC is
smaller than pure DPPC but mixed Cyt c-DPPE is larger than pure
DPPE, is observed when the amount of Cyt c is 5 pL. It indicates that
Cyt ¢ molecules could be better adsorbed on DPPE monolayer as com-
pared with DPPC monolayer. The smaller headgroup of DPPE in compar-
ison to DPPC may be one deeper reason for this difference [28]. Another
reason may be the different shape of their headgroup structures, DPPC is
kind of a rodlike molecule while DPPE is the conelike molecule [29].

For auxiliary comparison of the difference in Cyt c adsorption behav-
ior between zwitterionic and negatively charged lipid monolayers, the
isotherm of the interaction between Cyt c and DPPS (negatively charged
lipid monolayer) was also studied (Fig. 2c). One can see that the surface
pressure of pure DPPS starts to increase at the area/molecule of 70 A®
similar to that reported in the literature [30]. The mean molecular
area/molecule of mixed Cyt c-DPPS monolayer is larger than pure
DPPS monolayer when the amounts of Cyt c are 2.5 pL, 5 pL and 10 pL.
By comparing the isotherms of mixed lipid monolayers, the mean
molecular area/molecule of mixed Cyt c-DPPC or Cyt c-DPPE is smaller
than pure lipid monolayer when the amount of Cyt c is 10 pL. However,
mixed Cyt c-DPPS monolayer shows a larger molecular area than pure
DPPS under the same amount of Cyt c.

To better understand the different behavior of Cyt c on lipid mono-
layers, we calculated the difference value of mean molecular area
(AA) between mixed Cyt c-lipid monolayers and pure lipid monolayers
at the three constant surface pressures of 20 mN/m, 30 mN/m and
50 mN/m (Fig. 3). If AA > 0, partial protein molecules adsorb on the
lipid monolayers; otherwise, aggregated protein molecules drag lipids
with them and sink into subphase. As shown in Fig. 3, the AA is much
larger for DPPS than for DPPE and DPPC. It indicates that Cyt c is much
more readily adsorb on DPPS monolayer. The AA of DPPE exhibits a pos-
itive value when the amount of Cyt c is 5 pL, however, the AA of DPPC
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Fig. 2. Surface pressure-area isotherms of different amount of Cyt ¢ interaction with DPPC (a), DPPE (b) and DPPS (c¢) monolayers on 50 mM phosphate buffer solution (pH = 7.4)

subphase at 23 °C. The horizontal dashed line is drawn to better understand Fig. 3.
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Fig. 3. AA (the difference value of mean molecular area between mixed Cyt c-lipid monolayers and pure lipid monolayers) as a function of Cyt ¢ adsorption on lipid monolayers, calculated

at different surface pressures: (a) 20 mN/m, (b) 30 mN/m, (c¢) 50 mN/m.

exhibits a negative value. It indicates that the adsorption capacity of Cyt
¢ on DPPE monolayer is slightly stronger than on DPPC. By comparing
the AA at the three different constant surface pressures (20 mN/m,
30 mN/m and 50 mN/m) under the same amount of Cyt ¢, we can see
that with the increase of the surface pressure, the AA of DPPS monolayer
gradually decrease, which indicates that the main driving force of the
interaction between Cyt ¢ and DPPS would be electrostatic force under
lower pressures. No differences of the AA in zwitterionic lipid mono-
layers (DPPE/DPPC) are observed within the three different surface
pressures under the same amount of Cyt ¢ condition.

From the above isotherm results, it is obviously showed that the
adsorption capacity of Cyt c on the above-mentioned three lipid mono-
layers is DPPS > DPPE > DPPC. This may be due to the electrostatic
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interaction of the positively charged Cyt ¢ molecules and negatively
charged DPPS molecules, which is the major factor in the Cyt c adsorp-
tion process.

3.1.2. Theoretical analysis

In order to further investigate the quantitative characteristics of
the interaction between Cyt c and DPPC/DPPE monolayer, we focus on
the typical experimental data in m-A isotherms (Fig. 2), the amounts
of Cyt c are O pL, 2.5 pL and 5 pL, which is reasonable because of their
sharply different adsorption capacities. These data are analyzed by
Eq. (1) and the results are shown in Fig. 4. In Fig. 4(a), the theoretical
results are in good agreement with the experimental isotherm data be-
tween the LC state and the collapse state. However, these curves don't
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Fig. 4. 1-A isotherms of mixed Cyt c-DPPC (a) and Cyt c-DPPE (b) monolayers. The points represent the corresponding experimental data of Fig. 2, theoretical curves (solid lines) calculated

from Eq. (1).
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Fig. 5. (a) The points represent the pure DPPC experimental data, theoretical curves (solid lines) calculated by the generalized Onnes equation. (b) The molecular model of different

amounts of Cyt ¢ (0, 2.5, 5, 10 and 15 piL, respectively) interaction with lipid monolayer.
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Table 1
Parameter values of mixed Cyt c-DPPCin Eq. (1).
The amount Parameters
of Cytc
Y Mimax AcAcw A A R
(mN/m) (A% (A%) (A)
opL 72.44 40.89 34.02 6.87 0.994
2.5 78.48 47.67 38.73 8.94 0.995
5uL 79.96 35.89 27.11 8.78 0.994

Timax 1S the film surface pressure when the monolayer is under the collapse state. A;c, an
instantaneous value, is the corresponding area of the intersection of the linear LC-state
part of m-A isotherm with its tangent. A, is a transition area from LC state to collapse
state (Fig. 1). AAjc = Ajc — A R? is the correlation coefficients.

Table 2
Parameter values of mixed Cyt c-DPPE in Eq. (1).
The amount Parameters
of Cytc
Y Tlimax AcAcwm  AA A R
(mN/m) (A} (A (A)
opL 73.02 54.19 47.95 6.24 0.998
25Ul 73.65 60.91 54.11 6.80 0.998
5uL 73.99 55.09 48.56 6.53 0.998

Timax 1S the film surface pressure when the monolayer is under the collapse state. A;c, an
instantaneous value, is the corresponding area of the intersection of the linear LC-state
part of m-A isotherm with its tangent. A; is a transition area from LC state to collapse
state (Fig. 1). AAic = Aic — A R? is the correlation coefficients.

fit very well with the experimental points at the process of the LE-LC
phase transition. To characterize the process of the LE-LC phase transi-
tion, the experimental data of DPPC are analyzed by the generalized
Onnes equation (Fig. 5a). The Onnes equation can fit the typical LE-LC
phase transition and give the values of the different virial coefficients.
The related parameters of fitted results are shown in Table 3. It is
found that there is no LE-LC phase transition plateau in the theoretical
curve when the data are analyzed by Eq. (1) (Fig. 4a). However, the pla-
teau is observed when the data are fitted by the generalized Onnes
equation. In our work, all fittings are based on the Origin 8.5.

The related parameters of fitted results by Eq. (1) are showed in
Table 1 (Cyt c-DPPC) and Table 2 (Cyt c-DPPE). We focus on four main
parameters, Mmax, ALc, A, and AAjc (Aic — A¢). From Tables 1 and 2,
we can see that the value of m,,x in mixed monolayers is larger than
that in pure phospholipid monolayers. Compared with DPPC or DPPE
molecules, Cyt ¢ molecules are much larger and have more complex
structures that can't pack tightly even at high pressure, inducing the
mixed monolayer, which is not easy to collapse. The theoretical fitted
values are in good agreement with experimental data and all the corre-
lation coefficients (R?) exceed 0.99. The difference value of the A,¢
between mixed monolayer and pure lipid monolayer is defined as the
amount of the Cyt ¢ molecular adsorption on lipid monolayer or surface
lipid molecular depletion. It is obviously showed that the difference
value of DPPC (6.78 A?) is almost similar to that of DPPE (6.72 A?)
when the amount of Cyt c is 2.5 uL. However, when the amount of the
Cytcis 5 L, the value for DPPC is smaller than DPPE. This study showed
that Cyt ¢ molecules are more readily adsorb on the DPPE monolayer
than DPPC monolayer under similar condition, which is consistent
with the results of previous experimental analysis. What's more, the
difference value between A;c and A; (AAc = Aic — A) reflects the

surface compressibility of monolayers (in accordance with the follow-
ing method).

3.2. Compressibility analysis

To characterize better the surface compressibility of lipid mono-
layers, the isothermal compressibility C; is evaluated from m-A iso-
therms by a physical state equation as follows [31]

-G,

Here, A and i represent the mean molecular area/molecule and
the surface pressure, respectively. We study the compressibility of
Langmuir monolayer to understand the details of phase transition [30]
and its stability. In Fig. 6(a), small peak that represents the LE-LC
phase transition is observed at the pressure about 3-5 mN/m in all
Cs—m curves. When the amount of Cyt ¢ increased from 2.5 pL to 15 L,
there is a relatively large peak at the pressure about 35-50 mN/m. The
increase tendency of the peak may be due to the partial Cyt ¢ molecules
diffused to the DPPC monolayer surface instantaneously and their
conformation rearranged and then formed aggregations. As shown in
Fig. 6(a), The Cs of mixed Cyt c (2.5 uL)-DPPC monolayer is smaller
than pure DPPC monolayer. This may be due to protein molecule
adsorption on DPPC monolayer traducing the membrane fluidization.
However, a larger Cs which is more than pure DPPC is presented with
increasing amount of Cyt ¢, from 5 pL to 15 pL, this may be due to the
Cyt ¢ molecules which form aggregations and carry some DPPC mole-
cules, eventually sinking into subphase, promoting the membrane fluid-
ization. In terms of mixed Cyt c-DPPE, the C; of mixed Cyt ¢ (2.5 pL,5 pL)-
DPPE is smaller than pure DPPE, while the value of mixed Cyt c (10 pL,
15 pL)-DPPE is larger than pure DPPE. As shown in Fig. 6(c), the value
of mixed Cyt c (10 pL)-DPPS is smaller than pure DPPS, the fluidity of
monolayer is reduced by Cyt ¢ adsorption on DPPS monolayer. By com-
paring the neutral and negatively charged lipid monolayers, the DPPS
negatively charged lipid monolayer with a slower fluidity may be
caused by the adsorption of Cyt c on the lipid monolayer. Taken togeth-
er, the smaller C; and the more adsorption of Cyt ¢ on the lipid surface,
induce the tightness of monolayers. When the amount of protein ex-
ceeds the maximum adsorption capacity of lipid monolayer, the formed
aggregations will carry part of the lipids into subphase, which causes
some defects (Fig. 10a, rectangular region) on the lipid monolayer sur-
face, inducing looser monolayers and larger C; (the result is consistent
with previous theoretical analysis of m-A isotherms). The maximum of
Cs represents the greatest intermolecular cooperativeness before the
full collapse [32], which suggests that the strongest interaction between
protein and lipid at the pressure is about 55-65 mN/m.

3.3. n-T curves analysis

The compression of mixed Cyt c (5 pL)-DPPC/DPPE monolayer was
interrupted by halting the barrier at the pressure of 20 mN/m, and
then m versus time curve was recorded at constant area (Fig. 7). From
the experimental data points we can see the 1 value of mixed Cyt c-
DPPC decreasing at about 5.9 mN/m, which is slightly larger than
DPPE. The surface pressure begins to decrease until it reaches an equi-
librium value at the time of about 2000 s. To analyze the kinetics of

Elsl:a?ues of the different virial coefficients of pure DPPC calculated by the generalized Onnes equation.
T(°C) Parameters
B’y ((mN/m)™1) B'> ((mN/m)~?) B'3 ((mN/m)~?) B’y ((mN/m)™*) B's ((mN/m)~®) B's ((mN/m)~°)
23°C —1.439 0.174 —8.442 x 1073 2195 x 1074 —3.393x10°° 3216x 1078

B'; is the virial coefficient. The virial coefficient is related to the experimental temperature and material properties.
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Fig. 6. C, calculated from m-A isotherm of Fig. 2, mixed Cyt c-DPPC (a), Cyt c-DPPE (b) and Cyt c-DPPS (c).

protein molecules, we focus on the value of parameters ., T, which can
be obtained from Eq. (4) by fitting the experimental data points. The
equilibrium 1. value of mixed Cyt c-DPPC is about 14.1 mN/m and T is
about 971.9 s, but for mixed Cyt c-DPPE, the e = 16.6 mN/m and
T = 1771.7 s. It is obvious that the experimental data are fitted very
well with the theoretical equation. The relaxation time for DPPE is
longer than DPPC, which suggests that it takes more time for protein
structure to reorganize after binding to DPPE monolayer. The surface
pressure decreases rapidly in mixed Cyt c-DPPE and Cyt c-DPPC mono-
layers when compression is halted, which is attributed to the occur-
rence of numerous molecular structure changes [33].

3.4. AFM observation

Atomic force microscopy is a new-type and effective method for
investigating the lateral domains of monolayer structures. The AFM
images of pure DPPE monolayer (Fig. 8a) and DPPC monolayer
(Fig. 8b) were transferred on mica at 20 mN/m. As shown in Fig. 8(a),
the morphology of pure DPPE monolayer presents “sheet” structures.
There are some gaps (isolated dark domains) between these “sheet”
structures. The pure DPPC monolayer is uniformly flat with occasional
small defects (triangular region in Fig. 8b). In Fig. 9, some white spheres
have occurred in the mixed Cyt c-lipid membranes when Cyt ¢ (5 pL)
was added in the subphase, a critical value for the isotherms of DPPC
and DPPE monolayer. Therefore, the white spheres are protein mole-
cules. In Fig. 9 (a-c), the morphology of mixed Cyt c-DPPE presents an
irregular “sheet” structure and globular domain. It is clearly observed
that a small number of protein molecules, rounding a ring structure
(elliptic region shown in Fig. 9b and c), attached on the surface of
DPPE monolayer (rhombic region showed in Fig. 9b and c). The size of
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Fig. 7. n-T curves of mixed Cyt c (5 puL)-DPPC/DPPE monolayer at initial pressure of

20 mN/m. The points represent the corresponding experimental data, theoretical curves
(solid lines) calculated from Eq. (4).

these protein molecules was measured to be about 39.8 nm in diameter,
which indicates that Cyt c molecules are adsorbed in the form of small
aggregations, because the diameter of the Cyt ¢ molecular monomer
is known to be 3.5 nm [2]. However, most of the proteins (rectangular
region shown in Fig. 9b and c) are dispersed homogeneously around
DPPE membrane. The dimensions of the globular domains are in the
range of 37-71 nm. Thus, the globular domains may be the aggregations
of 10 to 20 units of Cyt c molecules.

Compared with mixed Cyt c-DPPE monolayer, as shown in
Fig. 9(d-f), the distribution of Cyt ¢ molecules covered on the DPPC
monolayer is not uniform and regular. The dimensions of these ag-
gregated Cyt c molecules (white bright spheres) on DPPC monolayer
range in size from 68 nm to 532 nm and are much larger than those
observed on DPPE monolayer. Thus, Cyt ¢ molecules easily sink into
subphase together with some DPPC molecules during the film and
continuously compressed to higher surface pressures, which induces
smaller mean molecular area/molecule of mixed Cyt c (5 uL)-DPPC
than pure DPPC in mi-A isotherm (Fig. 2a). These observations indi-
cate that the interaction of Cyt c with DPPE is stronger than DPPC,
which makes most Cyt ¢ molecules evenly embed into the DPPE
monolayer with no significant large aggregations. Because of the
weakly interaction between Cyt ¢ and DPPC, the increment of intermo-
lecular aggregates of Cyt c molecules may be the main cause for the for-
mation of large aggregations. To further verify that the Cyt c molecules
formed aggregations, the AFM images of mixed Cyt ¢ (15 pL)-DPPE/
DPPC monolayer were also studied (Fig. 10). As shown in Fig. 10(a),
numerous Cyt c aggregations (white bright spheres) are scattered on
DPPE monolayer. Meanwhile, there are some small defects in DPPE
monolayer (rectangular region). The size of Cyt ¢ aggregations ranges
between approximately 96 nm and 300 nm. These aggregations may
be formed by about 28 to 90 units of Cyt c molecules. In Fig. 10(b), the
Cyt c aggregations on DPPC monolayer are much larger than on DPPE
monolayer. Therefore, the AFM images support the results of T-A iso-
therm and Cs-m curve studies.

Fig. 8. The AFM images of pure DPPE (a) and pure DPPC (b) monolayer at the scan range
5 x 5 pum, transferred on mica at 20 mN/m.
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Fig. 9. The AFM images of mixed Cyt ¢ (5 pL)/DPPE (a-c) and Cyt ¢ (5 pL)/DPPC (d-f) at different scan ranges, transferred on mica at 20 mN/m.

4. Conclusion

In this paper, we focus on the behavior of different concentrations
of Cyt c interacted with DPPC and DPPE at the air-buffer interface. m-
A isotherm shows that there is a maximum adsorption quantity of Cyt
c on lipid monolayers. Moreover, Cyt ¢ molecules would form aggrega-
tions on the surface of lipid monolayers and drag some lipids with them
into subphase if the amount of protein exceeds the maximum value (the
volume is 2.5 uL and the concentration is 1 x 10~% M). Comparing the
m-A isotherms of the neutral and negatively charged monolayers, we
can also get that the adsorption capacity of Cyt c on the lipid monolayers
is DPPS > DPPE > DPPC, which is attributed to their different headgroup
structures. The compressibility study reveals that the smaller Cs, the
more adsorption of Cyt ¢ on lipid monolayers. AFM images well verify
the results of m-A isotherms and Cs-m curves. The n-T curves indicate
that it takes more time for protein structure to reorganize after binding
to DPPE monolayer than DPPC. The experimental m-A isotherms and -
T curves are well described by a state equation and an order equation,

Fig. 10. The AFM images of mixed Cyt ¢ (15 pL)/DPPE (a) and Cyt c (15 pL)/DPPC
(b) transferred on mica at surface pressure of 20 mN/m.

respectively. All experiments are in very good agreement with the
theoretical analysis. These findings successfully serve a possible mecha-
nism to elucidate the interaction of Cyt c with lipid membranes and to
control protein molecular quantitative characteristics.
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