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Abstract

Pulmonary surfactant (PS) is a lipid–protein complex that forms films reducing

surface tension at the alveolar air–liquid interface. Surfactant protein C (SP-C)

plays a key role in rearranging the lipids at the PS surface layers during breath-

ing. The N-terminal segment of SP-C, a lipopeptide of 35 amino acids, contains

two palmitoylated cysteines, which affect the stability and structure of the mol-

ecule. The C-terminal region comprises a transmembrane α-helix that contains
a ALLMG motif, supposedly analogous to a well-studied dimerization motif in

glycophorin A. Previous studies have demonstrated the potential interaction

between SP-C molecules using approaches such as Bimolecular Complementa-

tion assays or computational simulations. In this work, the oligomerization

state of SP-C in membrane systems has been studied using fluorescence spec-

troscopy techniques. We have performed self-quenching and FRET assays to

analyze dimerization of native palmitoylated SP-C and a non-palmitoylated

recombinant version of SP-C (rSP-C) using fluorescently labeled versions of

either protein reconstituted in different lipid systems mimicking pulmonary

surfactant environments. Our results reveal that doubly palmitoylated native

SP-C remains primarily monomeric. In contrast, non-palmitoylated recombi-

nant SP-C exhibits dimerization, potentiated at high concentrations, especially

in membranes with lipid phase separation. Therefore, palmitoylation could

play a crucial role in stabilizing the monomeric α-helical conformation of

SP-C. Depalmitoylation, high protein densities as a consequence of membrane

compartmentalization, and other factors may all lead to the formation of pro-

tein dimers and higher-order oligomers, which could have functional implica-

tions under certain pathological conditions and contribute to membrane

transformations associated with surfactant metabolism and alveolar

homeostasis.
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1 | INTRODUCTION

The alveoli are responsible for gas exchange between the
air in the lungs and the bloodstream. They are coated by
two main types of alveolar cells: type I (AT1) cells, which
comprise about 95% of the alveolus surface and type II
(AT2) cells encompassing the remaining 5%, approxi-
mately (Guillot et al., 2013). AT1 cells are thin and flat
cells that take part in the exchange of gases while AT2
cells have a cuboidal morphology and secrete Pulmonary
Surfactant (PS). The PS is a lipid-protein multilayered
complex that forms films lining the alveolar surface and
reduce surface tension (Goerke, 1998). Once synthesized
in the endoplasmic reticulum, PS is assembled into lamel-
lar bodies (LBs), which once secreted are rapid and effi-
ciently adsorbed into the air–liquid interface. In this way,
PS film is the first physical contact with harmful particles
inhaled during breathing and contributes to the innate
defense system of the lung (Chroneos et al., 2010). Both
biophysical and immunological functions of PS depend on
its composition which is mainly lipids (90% of PS mass),
particularly saturated lipids as dipalmitoyl phosphatidyl-
choline (DPPC, 40%), unsaturated lipids (35%), and neutral
lipids as cholesterol (8%–10%) (Daniels & Orgeig, 2003).
The remaining 10% of PS mass encompasses surfactant
proteins (SPs): SP-A, SP-B, SP-C, and SP-D (Daniels &
Orgeig, 2003; Goerke, 1998). They are essential for a
proper function of the lung (Griese, 1999).

SP-A and SP-D are hydrophilic proteins, members of
the collection family of proteins that are involved in innate
immunity (Ariki et al., 2012; Perez-Gil & Weaver, 2010).
Deficiency or dysfunction of SP-A and SP-D has been asso-
ciated with various lung disorders, including acute respira-
tory distress syndrome (ARDS) and chronic obstructive
pulmonary disease (COPD) (Mason et al., 1998; Perez-

Gil & Weaver, 2010; Silveyra & Floros, 2012). On the other
hand, SP-B and SP-C are small cationic and highly hydro-
phobic proteins (Daniels & Orgeig, 2003; Goerke, 1998).
They are essential for the biophysical function of PS due to
their ability to rearrange lipids from PS membranes and
interfacial films during compression–expansion breathing
cycles (Parra & Pérez-Gil, 2015; Serrano & Pérez-
Gil, 2006). Lack of SP-B results in respiratory failure and
death shortly after birth, while SP-C deficiency causes lung
failure at long term (Amin et al., 2001; Clark et al., 1995;
Nogee et al., 1994; Tokieda et al., 1997).

The main activity of SP-C consists of the transference
of lipids between the lipid monolayer at the air–liquid
interface and multilayered membrane reservoirs beneath
the monolayer. Additionally, SP-C is able to interact with
lipopolysaccharide (LPS) of Gram-negative bacteria as
well as CD14 of macrophages, a co-receptor of bacterial
LPS (Augusto et al., 2001; Augusto et al., 2002; Augusto,
Synguelakis, Johansson, et al., 2003). Different evidences
indicate that SP-C may play an anti-inflammatory role, as
demonstrated by its ability to decrease levels of inflam-
matory mediators, including tumoral necrosis factor α
(TNF-α) and nitric oxide, induced by LPS (Augusto, Syn-
guelakis, Espinassous, et al., 2003; Garcia-Verdugo
et al., 2009). Thus, SP-C could play a relevant role modu-
lating the immune response against pathogens and main-
taining alveolar homeostasis. SP-C is synthetized as a
large precursor of 197 amino acid residues (21 kDa) that
includes a BRICHOS domain that contributes to a proper
folding and palmitoylation of the protein (ten Brinke,
Vaandrager, et al., 2002; ten Brinke, van Golde, &
Batenburg, 2002). This precursor is processed along the
SP-B precursor within the lamellar bodies of AT2 cells
(Olmeda et al., 2017; ten Brinke, van Golde, &
Batenburg, 2002; Weaver, 1998). Mature SP-C is the
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smallest protein of PS (4.2 kDa), composed just by
35 amino acids (FGIPCCPVHLKRLLIVVVVVVLIVV
VIVGALLMGL in Homo sapiens), and encompasses
about 1% of PS mass (Daniels & Orgeig, 2003;
Goerke, 1998; Johansson, 1998). It adopts a transmem-
brane α-helical structure despite its high proportion of
aliphatic branched residues, such as valines, typically
promoting formation of β sheets (Chou & Fasman, 1978).
These residues confer an extreme stiffness to the α-helix
(Johansson et al., 1994). The N-terminal segment of SP-C,
constituted by the first 12 amino acids, is not in principle
embedded into the membrane and adopts an undefined
structure (Johansson, 1998; Plasencia et al., 2001;
Vandenbussche et al., 1992). However, it is able to inter-
act with anionic lipids of PS layers, such as phosphatidyl-
glycerol (PG), due to its cationic charge. Moreover,
cysteine residues of this segment are stoichiometrically
palmitoylated (Johansson, 1998; ten Brinke, van Golde, &
Batenburg, 2002). Palmitoylation has been shown to
affect the stability and structure of the protein. It also
allows the anchoring of the N-terminal segment to the
membrane, modulating SP-C tilting in lipid bilayers. Fur-
thermore, palmitoylated SP-C is more resistant to proteo-
lytic degradation (Dluhy et al., 2003; Roldan et al., 2015;
Vandenbussche et al., 1992; Wang et al., 1996). The
C-terminal region of SP-C comprises the transmembrane
α-helix that contains a ALLMG motif. It has been pro-
posed as a dimerization domain analogous to the GxxxG
motif present in the membrane protein glycophorin A
(GpA), whose homodimerization state has been exten-
sively characterized (Kairys et al., 2004; Luy et al., 2004;
Sarabipour & Hristova, 1828). Both sequences are con-
served among a wide range of species including human
SP-C and porcine SP-C. Recently, Barriga et al. have
shown that SP-C molecules could interact with each
other using bimolecular fluorescence complementation

assays (BiFC) (Barriga et al., 2021). However, this tech-
nique does not allow discerning between a purely dimeric
or an oligomeric structure (Hiatt et al., 2008; Jia
et al., 2021). In addition, Korolainen et al. have studied
through molecular dynamics simulations the potential
dimerization of SP-C and they have proposed that SP-C
dimerization could depend on a sequence motif larger
than AxxxG (Korolainen et al., 2022).

In this work, the oligomerization state of SP-C in
membrane systems was studied using fluorescence spec-
troscopy techniques. Our results show that native dou-
bly palmitoylated SP-C was not able to form dimers or
oligomers in POPC membranes where compartmentali-
zation is not possible, in contrast to non-palmitoylated
recombinant SP-C, which could dimerize at high con-
centrations, particularly in the presence of a lipid phase
separation.

2 | RESULTS

The absorption and emission spectra of SP-C labeled with
Marina Blue or BODIPY-FL fluorophores upon incorpo-
ration into POPC bilayers under diluted conditions are
depicted in Figure 1. No significant spectral alterations
were detected for BODIPY SP-C compared to BODIPY
SP-B (Umberger & LaMer, 1945), and these spectral pro-
files are also identical to the ones obtained with the
recombinant SP-C protein, rSP-C (results not shown).
Upon direct inspection of Figure 1, a large overlap
between Marina Blue fluorescence emission and
BODIPY-FL absorption spectra can be detected, allowing
for an efficient FRET interaction. Incorporating fluoro-
phores into a biological structure could influence on the
intrinsic structure. To study this issue, we have per-
formed circular dichroism (CD) measurements.

0

0.2

0.4

0.6

0.8

1

300 350 400 450 500 550 600

a.
u.

Wavelength/nm

Marina Blue-SP-C

Absorption
Marina Blue-SP-C

Emision
BODIPY-SP-C

Excitation
BODIPY-SP-C

Emision

FIGURE 1 Normalized spectra of Marina Blue SP-C and BODIPY SP-C in POPC membranes. The spectra were obtained with 0.5 mol%

of Marina Blue SP-C (Cabre et al., 2018), and 0.125 mol% of BODIPY SP-C in 1 mM POPC vesicles.
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Deconvolution of spectra profiles has shown that the
probe does not disrupt the essentially alpha-helical struc-
ture of the protein (results not shown).

The photophysical characterization of these two deri-
vatized proteins is presented in Table 1 and Figure 2. The
fluorescence intensity decay of Marina Blue SP-C is well
described by three exponentials, with an additional faster
component when compared with previous data (Cabre
et al., 2018). A similar behavior was obtained for the fluo-
rescence anisotropy decay of Marina Blue SP-C, where
the previous limiting anisotropy is now translated by a
very long rotational correlation time ϕ = 21.0 ns. For the
BODIPY SP-C, its fluorescence intensity decay is success-
fully described by a single exponential of τ = 6.0 ns, and
a long rotational correlation time of ϕ = 14.1 ns is neces-
sary to adequately fit its fluorescence anisotropy decay. It
should be stressed that these results are essentially identi-
cal to the ones previously described in (Cabre
et al., 2018), and the small differences are essentially due
to a better instrumental time-resolution, allowing for the

TABLE 1 Fluorescence intensity and anisotropy decay fitting

parameters for fluorescently-labeled Marina Blue SP-C and

BODIPY SP-C in POPC membranes.

Marina Blue SP-C BODIPY SP-C

Fluorescence intensity decay parameters

τ1/ns 0.23 (0.26) 6.0 (1.0)

τ2/ns 1.9 (0.17) —

τ3/ns 5.3 (0.57) —

χ2 1.088 1.115

Fluorescence anisotropy decay parameters

ϕ1/ns 0.79 (0.3) 1.2 (0.43)

ϕ2/ns 21.0 (0.69) 14.1 (0.57)

χ2 1.205 1.219

Note: The parameters (with normalized amplitudes inside parentheses) have

been determined in samples containing 0.5 mol% Marine Blue SP-C or

0.125 mol% BODIPY SP-C in 1 mM POPC vesicles. τi are the lifetimes

components and ϕi the rotational correlation times. See text for further

details.

FIGURE 2 Fluorescence intensity and anisotropy decays of Marina Blue SP-C and BODIPY SP-C in POPC membranes. (a,b)

Fluorescence intensity and (c,d) anisotropy decays of (a,c) Marina Blue SP-C, and (b,d) BODIPY SP-C in POPC vesicles (see Table 1 for

probe:lipid ratios). Solid dark lines represent the best fitting curves using the fitting parameters of Table 1. The distributions of residues are

shown in the inset plots.
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detection of ultrafast components in the fluorescence
intensity decays.

2.1 | Protein lateral diffusion and
compartmentalization from time-resolved
self-quenching

The self-quenching (SQ) of emission of the BODIPY fluor-
ophore upon aggregation and π-stacking interactions has
been reported often in the literature (e.g., Kang
et al., 2022; Liu et al., 2019; Pakhomov et al., 2017). In the
present work, we used both time-resolved and steady-state
self-quenching (TRSQ and SSSQ, respectively) as means to
probe the lateral diffusion/compartmentalization (from
TRSQ) and aggregation (from SSSQ) of the two fluores-
cently labeled proteins in the different lipid systems. We
address the former in this subsection.

The dependence of BODIPY SP-C and BODIPY rSP-C
mean fluorescence lifetimes on their membrane concen-
trations were analyzed using a Stern–Volmer equation:

τ0=τ¼ 1þkq τ0h i Q½ �, ð1Þ

where [Q] is the fluorophore concentration in the lipid
phase (equal to that of the fluorescently labeled protein,
corrected for the corresponding labeling ratio), τ is the
amplitude-averaged mean fluorescence lifetime,

τ¼
X
i

αiτi, ð2Þ

and <τ> is the intensity-averaged mean fluorescence
lifetime,

τh i¼

P
i
αiτ2iP

i
αiτi

, ð3Þ

The subscript “0” indicates values extrapolated to infi-
nite dilution. The main fitting parameter in the Stern–
Volmer plots is the bimolecular collisional quenching
rate constant, kq. According to the approximation of
Umberger and Lamer (1945), it is related to the self-
diffusion coefficient D through

kq ¼ 4πNA 2Rcð Þ 2Dð Þ 1þ 2Rcffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 τ0h iDp

 !
, ð4Þ

where NA is the Avogadro constant and Rc is the colli-
sional radius, which for self-quenching equals to twice
the fluorophore radius.

Stern–Volmer plots for the different systems under
study are depicted in Figure 3. Note the enlarged ordinate
scale in the right plots, indicative of a larger extent of
self-quenching for rSP-C, especially in the LM (mixture
of DPPC/POPC/POPG, 50/25/15 w/w/w) and LS (full
lipid surfactant) systems. Table 2 shows the correspond-
ing D values obtained from solving the non-linear
Equation (4) (with Rc = 1.0 nm), as well as their 90% con-
fidence intervals. The diffusion coefficient measured for
BODIPY SP-C in POPC is typical of a membrane-inserted
protein, being in fact similar to that previously obtained
for BODIPY SP-B in the same system (Cabre et al., 2018),
and of the order of what is expected for phospholipids in
fluid disordered bilayers (�10�7 cm2/s; Filippov
et al., 2003, 2004). A similar extent of dynamic self-
quenching, and consequently a similar D value, was mea-
sured for BODIPY SP-C in the LM system. At variance,
for LS membranes, a larger degree of quenching occurred
within the same concentration range, implying a higher
diffusion coefficient by approximately an order of magni-
tude. Such value is unrealistically high for lateral diffu-
sion in lipid bilayers, and reflects compartmentalization
of SP-C, resulting in much higher effective SP-C concen-
trations available for dynamic self-quenching than
expected from the bulk membrane concentration in this
system.

Turning now to BODIPY rSP-C, an approximately
two-fold increase in D was observed in POPC compared
to the value obtained for the palmitoylated protein. This
slightly faster lateral diffusion of BODIPY rSP-C com-
pared to BODIPY SP-C could be rationalized on account
of the lack of the membrane-inserted acyl chain. On the
other hand, compared to POPC, the apparent diffusion
coefficient of BODIPY rSP-C is increased by a factor of
ffi4 and ffi15 in LM and LS vesicles, respectively. While
the results obtained for both proteins in LS are qualita-
tively similar, the higher apparent diffusion coefficient in
LM compared to POPC reveals that BODIPY rSPC proba-
bly has a confined distribution in this lipid system, con-
trary to its palmitoylated counterpart.

2.2 | Protein aggregation from steady-
state self-quenching

SSSQ of BODIPY-labeled membrane proteins was moni-
tored at λem = 550 nm, following excitation at
λem = 470 nm (Figure 4). The measured fluorescence
intensities IF were analyzed first with a formalism that
combined dynamical with static quenching, the latter
being described by an active sphere term, which accounts
for transient statistical nonfluorescent contact pairs,
formed at the moment of excitation, but not involved in
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complexes formation (i.e., with interaction energy below
the thermal value) (Cabre et al., 2018; Fernandes
et al., 2003):

IF ¼ C F½ �
1=τ0þkq F½ � exp �VNA F½ �ð Þ: ð5Þ

In this equation, V is the active sphere volume and
C is a multiplying factor. From this analysis, we con-
cluded that no aggregation of BODIPY SP-C was appar-
ent in POPC or LM bilayers (a V = 0 being recovered),

while a low degree of aggregation was observed for this
protein in LS, compatible with formation of statistical
contact pairs (active sphere radius R = (3V/
(4π))1/3 = 8.9 Å). Conversely, for BODIPY rSP-C, higher
active sphere radii were retrieved in all systems, namely
13.8, 26.7, and 18.7 Å for POPC, LM, and LS, respectively.
Such values, namely the latter two, are higher than the
expected interfluorophore distances for a contact dimer,
indicating a higher extent of aggregation than what could
be justifiably rationalized as statistical pairs. This led us
to alternatively consider a dimerization scheme,

2F1 ⇌ F2,K ¼ F2½ �= F1½ �2, F½ � ¼ F1½ �þ2 F2½ �, ð6Þ

where F1 and F2 represent monomeric and dimeric fluor-
ophore species, and [F] is the total fluorophore concen-
tration. In these circumstances, the fluorescence intensity
will be given by

IF ¼ C F1½ �
1=τ0þkq F½ � : ð7Þ

Solving Equation (6) for (for given K and [F] values),
and inserting in Equation (7) leads to (Fernandes
et al., 2003):
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FIGURE 3 Dynamic self-

quenching of BODIPY SP-C and

rSP-C in membranes. Stern–
Volmer plots for the dynamic

self-quenching studies of

BODIPY SP-C (a–c) or BODIPY
rSP-C (d–f) in POPC (a,d),

DPPC/POPC/POPG lipid

mixture (b,e), or LS (lipid

surfactant) (c,f). The solid lines

are the best fits of Equation (1)

to the experimental data of τ=τ0
ratios (circles) as a function of

the concentration of the

fluorescently labeled protein

used in each case. Note the

enlarged ordinate scale in the

right plots, indicative of a larger

extent of self-quenching for

BODIPY rSP-C.

TABLE 2 Lateral diffusion coefficients of BODIPY SP-C and

BODIPY rSP-C in membranes.

D (10�7 cm2/s)

System BODIPY SP-C BODIPY rSP-C

POPC 1.92 (1.39–2.52) 4.03 (2.97–5.19)

LM 1.55 (1.23–1.90) 15.7 (11.0–20.8)

LS 16.3 (10.8–22.1) 51.2 (42.1–60.5)

Note: The coefficient D (10�7 cm2/s) has been obtained from Equation (4)

after fitting Equation (1) to the Stern–Volmer plots of Figure 3 for either
protein in POPC, LM (DPPC/POPC/POPG lipid mixture) or LS (lipid
surfactant); 90% confidence intervals are given inside parentheses.
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IF ¼ C
1=τ0þkq F½ �

�1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ8K F½ �p
4K

: ð8Þ

This equation holds for the hypothetical situation of
a complete protein labeling with fluorophore. However,
in the case of incomplete protein labeling, such as in the
present situation, three different combinations are pos-
sible for dimers, namely labeled/labeled, labeled/unla-
beled, and unlabeled/unlabeled protein pairs. Only
formation of the first one leads to self-quenching of
BODIPY. Under this situation, the concentration of

protein in each form can be obtained for a given K value
by numerically solving a set of nonlinear equations, as
detailed in the Appendix S1. Summing the concentra-
tion of the two species with a single labeled protein
(either true monomers or unlabeled/labeled dimers) and
inserting that sum in the numerator of Equation (7)
(in the place of), the theoretical fluorescence intensity is
obtained as a function of total protein, and from fitting
of this variation to the experimental IF, one recovers
K (as well as C), which, in turn, allows estimation of the
variable concentrations of the monomeric and dimeric
species.
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FIGURE 4 Steady-state fluorescence of BODIPY SP-C and BODIPY rSP-C in membranes. Steady-state fluorescence intensity (IF; circles)

of BODIPY SP-C (a–c) or BODIPY rSP-C (d–f) in POPC (a,d), DPPC/POPC/POPG lipid mixture (b,e), or pulmonary surfactant lipid fraction

(c–f). The solid lines are the best fits to a combined dynamic and static quenching mechanism, with an active sphere (a,b; V = 0 in

Equation (5)) or dimerization equilibrium (c–f; Equation (7), see text for K values in each case) formalism. In the latter situation, the

fractions of monomeric labeled protein, /[F], are plotted as dotted lines, referring to the secondary ordinate axes of the corresponding panels.
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For the situations where the sphere of action formal-
ism indicated the possibility of aggregation, namely BOD-
IPY SP-C in LS or BODIPY rSP-C in POPC, LM, or LS
membranes, we used the dimer equilibrium formalism,
to obtain K = 1.0 M�1, 3.9 M�1, 438 M�1, and 16.6 M�1,
respectively. For these systems, the corresponding panels
of Figure 4C–F, respectively, show the fraction of mono-
meric labeled protein as a function of total fluorescently
labeled protein.

A critical comment should be made here about the
quenching models and the best-fit values recovered:
(i) there is some scatter in the data for plots E and F;
(ii) there is anti-correlation between the two sources of
quenching, meaning that an underestimation of the
dynamic component may be counterbalanced by an over-
estimation of the static one, and vice versa; (iii) although
the fits in Figure 4 are satisfactory, higher order aggre-
gates cannot be ruled out; and finally (iv) for simplicity,
it is assumed that the quenching efficiency of dimers
involving fluorescent units is strictly unity. Still, it can be
concluded that these results point to an essentially mono-
meric distribution of BODIPY SP-C in all systems (a very
slight degree of aggregation is apparent only in LS), in
contrast to BODIPY rSP-C, for which aggregation can be
inferred, most significantly in the LM and LS systems.

2.3 | Protein lateral membrane
distribution from time-resolved FRET
measurements

The time-resolved emission of Marina Blue SP-C and
Marina Blue rSP-C was measured in the absence and in
the presence of varying membrane concentrations of
BODIPY SP-C and BODIPY rSP-C, respectively. As
clearly seen in Figure 1, the emission spectrum of Marina
Blue and the absorption spectrum of BODIPY display
considerable overlap. This allows for an efficient FRET
between protein molecules labeled with the two fluoro-
phores, with a Förster distance of 4.93 nm as previously
determined (Cabre et al., 2018).

For each lipid system, the fluorescence intensity
decays of samples with donor only (vesicles loaded with
5 μM Marina Blue SP-C or Marina Blue rSP-C) and donor
+ acceptor (vesicles loaded with 5 μM Marina Blue SP-C
or Marina Blue rSP-C, and varying concentrations of
BODIPY SP-C or BODIPY rSP-C) were measured. For
each acceptor concentration, the donor-only sample
received a concentration of the corresponding unlabeled
protein equal to that of the BODIPY-labeled protein in
the corresponding donor + acceptor sample. These two
decays were analyzed globally, with linkage of the com-
mon decay parameters, as described previously in our

study of SP-C/SP-B interactions (Cabre et al., 2018). In
that work, we also established as the best FRET model a
formalism that allows for the possibility of two popula-
tions (relative amounts A1 and A2) of non-equivalent
donors, transferring excitation energy to corresponding
populations of acceptors (with local two-dimensional
concentrations c1 and c2, respectively). Each donor mole-
cule can undergo FRET to acceptors located in the same
bilayer leaflet (cis FRET) or in the opposite one (trans
FRET), at a transverse distance h = 3.4 nm (see fig. 7 of
Cabre et al., 2018). The donor decay in the presence of
acceptor, iDA(t), is described by

iDA tð Þ¼ iD tð Þ A1ρcis,1 tð Þρtrans,1 tð ÞþA2ρcis,2 tð Þρtrans,2 tð Þ� �
,

ð9Þ

where iD(t) is the donor decay in the absence of acceptor
(described as a sum of up to three exponentials), and the
ρ functions, given by

ρcis,i tð Þ¼ exp �cit
1=3

� �
, ð10Þ

and

ρtrans,i tð Þ¼ exp � 2 ci
Γ 2=3ð Þ �b

Z1

0

1� exp �t b3α6
� �� �

α�3dα

8<
:

9=
;,

ð11Þ

are the cis and trans FRET terms that apply to donor and
acceptor population i (i = 1, 2).

In the latter equation, Γ is the complete gamma func-
tion and b = (R0/h)/<τD>

1/3 (Davenport et al., 1985).
From the recovered acceptor concentrations c1 and c2,

an overall acceptor concentration <c> may be calculated
obtained by averaging with weights given by the relative
amount of donors (q = A2/A1):

ch i¼ c1þqc2ð Þ= 1þqð Þ, ð12Þ

which can be compared with the theoretical expectation,
obtained from the two-dimensional acceptor concentra-
tion n (molecules/unit area) (Loura et al., 1996, 2000):

c¼ nΓ 2=3ð ÞπR2
0= τDh i1=3: ð13Þ

As an example, Figure 5 shows experimental decays,
fitting curves, as well as residual distributions and resid-
ual autocorrelations, for the Marina Blue SP-C/BODIPY
SP-C FRET pair in POPC. The corresponding best-fit
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parameters are given in Table 3, while the ones for the
Marina Blue rSP-C/BODIPY rSP-C FRET pair are shown
in Table 4.

While both the fitted curves of Figure 5 and the fitting
parameters in Tables 3, 4 concern the analysis of the
ongoing hetero-FRET between the MB- and BODIPY-
labeled proteins within the framework of Equations (9)–

(11) (with two non-equivalent populations of labeled
protein), it should be noted that, for both the
fluorescently-labeled SP-C and rSP-C in POPC, the
decays of the most dilute samples could be successfully
analyzed with a simple formalism, considering a single
population. This is clear in the approximately equal c1
and c2 values obtained for [BODIPY SP-C] = 2.5 μM

FIGURE 5 Fluorescence intensity decays of Marina Blue SP-C in POPC membranes in the presence of unlabeled or BODIPY-labeled

SP-C. Fluorescence intensity decays of Marina Blue SP-C (5 μM) in POPC vesicles (1 mM), in the presence of unlabeled SP-C (blue lines) or

BODIPY SP-C (red lines), of concentration (either unlabeled or labeled with BODIPY), from top to bottom: 1.25, 2.5, 5, 7.5, and 15 μM. In

the left panels, the fitting curves (Equations (9)–(11)) to each data set and the instrumental response function are also shown (in black and

gray, respectively). The middle and right plots in each row show the residuals and residual auto-correlation plots for the corresponding

concentration of unlabeled (blue) or BODIPY-labeled (red) SP-C.

MORÁN-LALANGUI ET AL. 9 of 20
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(Table 3; even though this is not the case for 1.25 μM,
consideration of a single population would lead to an
identically good fit, with c = 0.162 ns�3 and global
χ2 = 1.11) and [BODIPY rSP-C] = 1.25, 2.5, and 5 μM
(Table 4). However, using higher acceptor concentrations
leads to donor fluorescence intensity decays that can only
be successfully analyzed by allowing for a second popula-
tion. For fluorescently labeled SP-C (Table 3), this is
apparent in a small (<8%) fraction of isolated donors,
that is, reporting a decreased local concentration of
acceptors (c2 << c1). We believe that this result is not
very significant, since the calculated average concentra-
tion, <c>, remains close to the c1 value; the residual c2
component could arise from an imperfect linkage of the

donor and acceptor decay samples. Significantly, when c2
is fixed to zero, the quality of the global fits is not
affected, and the recovered isolated donor fractions are
consistently <5%.

To some extent, this situation is also verified for
rSP-C (Table 4). However, somewhat differently for the
highest concentrations, when both c1 and c2 are opti-
mized, their recovered values are finite, differing by a fac-
tor of 2–3, with comparable amplitudes (q is neither very
small nor very large, indicating significant contributions
of both populations), which points to a slightly more het-
erogeneous population. This result would be expected for
a phase-separated lipid system, with two coexisting
phases, with differences in distribution of donor- and

TABLE 3 Time-resolved fluorescence data from FRET between Marina Blue SP-C and BODIPY SP-C in POPC membranes.

[BODIPY SP-C]/μM 1.25 2.5 5 7.5 15

Freely adjusted c1 and c2 parameters

Recovered c1/ns
�3 0.161 0.280 0.606 0.842 1.206

Recovered c2/ns
�3 2.594 0.279 0.024 0.088 0.000

Recovered q 0.0297 0.856 0.0565 0.0732 0.0264

Calculated <c>/ns�3 (Equation (13)) 0.23 0.28 0.57 0.79 1.18

Global χ2 (considering both donor-only and donor-
plus-acceptor decay for each [BODIPY SP-C])

1.11 1.06 1.28 1.27 1.20

Fixed c2 = 0

Recovered c1/ns
�3 0.162 0.280 0.601 0.811 1.206

Recovered q 0.000 0.000 0.0488 0.0459 0.0264

Calculated <c>/ns�3 (Equation (13)) 0.16 0.28 0.57 0.78 1.18

Global χ2 (considering both donor-only and donor-
plus-acceptor decay for each [BODIPY SP-C])

1.11 1.06 1.28 1.27 1.20

Note: Data obtained from plots in Figure 5.

TABLE 4 Time-resolved fluorescence data of FRET between Marina Blue rSP-C and BODIPY rSP-C in POPC membranes.

[BODIPY rSP-C]/μM 1.25 2.5 5 7.5 15

Freely adjusted c1 and c2 parameters

Recovered c1/ns
�3 0.089 0.178 0.290 0.262 0.367

Recovered c2/ns
�3 0.089 0.178 0.290 0.520 1.024

Recovered q 0.773 0.867 2.14 2.16 0.927

Calculated <c>/ns�3 (Equation (13)) 0.089 0.18 0.29 0.44 0.68

Global χ2 (considering both donor-only and donor-
plus-acceptor decay for each [BODIPY rSP-C])

1.06 1.27 1.35 0.97 1.18

Fixed c2 = 0

Recovered c1/ns
�3 0.089 0.178 0.290 0.441 0.611

Recovered q 0.000 0.000 0.000 0.0324 0.0571

Calculated <c>/ns�3 (Equation (13)) 0.09 0.18 0.29 0.43 0.58

Global χ2 (considering both donor-only and donor-
plus-acceptor decay for each [BODIPY rSP-C])

1.06 1.27 1.35 0.98 1.24
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acceptor-labeled proteins according to their respective
preferences. This is actually what is observed for the
Marina Blue SP-C/BODIPY SP-C FRET pair in the LM
and LS systems, where two populations of donors are
inferred, one sensing acceptor depletion
(0.1 ns�3 < c1 < 0.4 ns�3), while the other reports a local
higher acceptor concentration (1.5 ns�3 < c2 < 3.6 ns�3),
compatible with a partition coefficient of acceptor
between these two phases of c2/c1 (Loura & Prieto, 2000)
ffi10 (see Tables S1 and S2). In fact, in the case of fluores-
cently labeled SP-C in these more complex membrane
systems, composed of both unsaturated and saturated
phospholipids and (in the case of LS) cholesterol, an
underlying heterogeneous lipid organization is expected.
This is not the case for rSP-C in single-component POPC
membranes, where the recovery of two distinct and
significant populations can only be interpreted as a non-
homogeneous distribution of protein at high concentra-
tions, with possible coexistence of monomers and aggre-
gates, which would account for the lower and higher
c values, respectively.

From Equation (13), a linear dependence of c on the
analytical acceptor surface concentration n is expected.
n (molecules/Å2) can be readily calculated from the
probe:lipid ratio divided by the lipid molecular area
(taken as 66 Å2 for POPC; Filipe et al., 2015), and used to
obtain theoretical estimates of c. The latter are compared
with the <c> values recovered from the decay fits of
Marina Blue SP-C and rSP-C in POPC (Figure 6). Taking
into account that the theoretical line in Figure 6A is not
a fit (but the direct result of applying Equation (13) with
independently obtained parameters), there is good agree-
ment between the theoretical line and the recovered <c>
values for SP-C, with linear dependence of the latter on
protein concentration being kept up to 7.5 μM

(or lipid:protein = 133). Deviations from the theoretical
line may stem from several factors, including uncertainty
in absolute lipid or protein concentrations, as well as
lipid molecular area. Only for very high protein concen-
tration (15 μM, or lipid:protein = 67) a clear deviation
from linearity to <c> lower values becomes apparent,
probably indicating onset of aggregation. Similar behav-
iors were observed for this protein in the other lipid sys-
tems (Figure S1). In contrast, for rSP-C in POPC, this
deviation occurs at lower concentrations, pointing to
higher propensity for protein aggregation.

While the fitting of FRET models to the decays pro-
vides important clues regarding the organization of SP-C
and rSP-C in the different lipid systems, a simpler, more
immediate, and model-independent analysis may be car-
ried out by comparing the FRET efficiencies obtained
from time-resolved data, using amplitude averaged life-
times τ (Equation (2)),

ETR ¼ 1� τDA=τD, ð14Þ

with those determined, in the same samples, from
steady-state measurements, using fluorescence intensi-
ties I:

Ess ¼ 1� IDA=ID: ð15Þ

In both equations, “D” and “DA” denote the donor-
only and the donor + acceptor samples, respectively. The
presence of donor–acceptor aggregation would give rise
to donors quenched with 100% efficiency, invisible in the
time-resolved experiment, but whose lack of emission
would be reflected in a reduced IDA in the steady-state
measurement. This situation would, in turn, be mani-
fested as ESS > ETR. Conversely, the absence of a

0.0

0.4

0.8

1.2

0 5 10 15
[BODIPY SP-C]/µM

<c> /
ns–1/3

(a)

0 5 10 15
[BODIPY rSP-C]/µM

(b)

FIGURE 6 Overall surface acceptor concentrations as a function of protein content as determined by FRET data. Overall acceptor

concentrations <c> (circles) recovered from fitting Equations (9)–(11) to the time-resolved FRET data, with fixed c2 = 0. (a) fluorescently

labeled SP-C in POPC (Figure 5, Table 3); b: fluorescently labeled rSP-C in POPC (Table 4). The lines are the theoretical values calculated

from the actual acceptor concentrations with Equation (13) (straight line), using the spectroscopic R0 = 4.93 nm value, and an area/POPC

lipid molecule = 0.66 nm2 (Filipe et al., 2015).
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systematic order relation between ESS and ETR would
point to absence of extensive donor–acceptor (and thus
protein) aggregation.

Analysis of Figure 7 reveals a monotonic variation of
ETR, except for rSPC in LS (Figure 7D), while data for ESS

is largely scattered. This is unsurprising, since the latter
depends critically on donor concentration, which is an
additional cause of experimental uncertainty. Still, it can
be safely concluded that in both POPC and LS membrane
systems, the variations of ESS and ETR for the SP-C-based
FRET pair have a similar trend of variation
(Figures 7A,C). This is not the case for the rSP-C-based
FRET pair. In POPC, ESS and ETR are close, and only at
lower acceptor concentrations the higher ESS points out
to some extent of static quenching of Marina Blue rSP-C
by BODIPY rSP-C, likely caused by aggregation. On the
other hand, for LS (Figure 7D), ETR displays an erratic
dependence on acceptor concentration, around low
values, denoting inefficient FRET. This contrasts with the
corresponding ESS variation, which shows the expected
sublinear increase to values close to unity for high accep-
tor concentration. This behavior can be interpreted as
extensive static quenching of most donor fluorophores by
acceptors, indicative of aggregation. The TR data reflect
that the “surviving” donors, probably monomers segre-
gated from the quenched aggregates, reside mostly in an
acceptor-deprived microenvironment, and FRET from
them is inefficient.

3 | DISCUSSION

The homodimerization of SP-C has been investigated in
previous in silico or experimental studies, in which the
full sequence or the structure of the studied protein were
slightly different to that of native SP-C (Barriga
et al., 2021; Kairys et al., 2004; Korolainen et al., 2022;
Wang et al., 2002). In the present work, through a combi-
nation of fluorescence self-quenching and hetero-FRET
studies we were able to evaluate the interplay between
the palmitoylation state of SP-C and the lateral organiza-
tion of the lipid membranes on the aggregation state and
membrane compartmentalization of the protein. For this
purpose, three different membrane mimetic systems were
explored: (i) POPC membranes, in an entirely fluid disor-
dered state; (ii) DPPC/POPC/POPG (50:25:15 w/w/w)
mixed membranes, somehow mimicking in a simplified
version the lipid composition of pulmonary surfactant
and a likely coexistence of disordered and ordered
phases, and (iii) membranes made of full lipid surfactant
(LS) directly extracted from native pulmonary surfactant.
This complex mixture comprises mainly DPPC, other
phospholipids as phosphatidylglycerol phosphatidylinosi-
tol and phosphatidylserine, smaller amounts of other
phospholipids, and neutral lipids such as cholesterol.

It had been proposed that SP-C could be able to inter-
act with another molecule of SP-C through the extremely
conserved AxxxG motif contained at the end of its α-helix
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FIGURE 7 FRET

efficiencies from Marine Blue

SP-C to BODIPY SP-C or rSP-C

as calculated from time

resolved and steady-state

fluorescence. FRET efficiency

E calculated from time-

resolved (ETR; filled circles) or

steady-state (ESS; open circles)

fluorescence experiments with

Marine Blue SP-C/BODIPY

SP-C (a,c) or Marina Blue rSP-

C/BODIPY rSP-C (b,d) donor–
acceptor pairs, are compared in

the plots, in POPC (a,b) or LS

(c,d) membrane systems.
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(Kairys et al., 2004) or through the PCCP sequence
located at its N-terminal (Plasencia et al., 2004). How-
ever, our analysis from fluorescence intensities obtained
during steady-state self-quenching assays reveals that
SP-C does not apparently oligomerize within fluid POPC
membranes, where compartmentalization is not possible.
This result is consistent with the data obtained by
Horowitz and collaborators (Horowitz et al., 1993). They
studied Förster resonance energy transfer between NBD-
labeled SP-C and Eoisin 5-isothiocyanate (EITC) SP-C
into DPPC:DMPG (7:1) membranes at different tempera-
tures. When the temperatures were higher than the melt-
ing temperature of the membranes, the observed extent
of FRET was compatible with a uniform distribution of
the protein. This points out that SP-C does not dimerize
if there is no lipid phase separation on the system under
study. We have also studied here the oligomerization
state of SP-C in membranes whose composition emulates
the lipid composition of PS (LM) and in membranes with
the full lipid complexity of PS, here called LS. An impor-
tant difference between them is the presence of choles-
terol, only present in LS, where it regulates the fluidity of
segregated ordered-like membrane domains (Doole
et al., 2022). Concerning LM membranes, our results
from self-quenching assays using just BODIPY SP-C are
similar to those obtained in POPC membranes. Still, two
populations of donors were determined (Table S1) indi-
cating that SP-C could be compartmentalized. A similar
situation occurs in LS membranes, in which the high
apparent diffusion coefficient obtained in this study cor-
roborates our previous observation of fast collisional
quenching of wildtype SP-B by wildtype SP-C in the same
lipid system (Kang et al., 2022). In addition, dimerization
constants deduced from steady-state self-quenching in LS
membranes seem to point out that monomers of SP-C
might exhibit very little aggregation. Research performed
by Horowitz et al. (1993) at temperatures below phase
transition in different synthetic lipid systems revealed an
increased extent of energy transfer between NBD SP-C
and EITC SP-C. However, they could not distinguish
between true protein oligomerization and the possible
existence of membrane patches enriched in SP-C as a
mere consequence of the phase separation, due to the
lower sensibility of the equipment used. Considering all
these studies, one can conclude that SP-C is likely mainly
monomeric, although it is able to form a small amount of
dimers if there is a significant lipid phase separation.
Some simulation studies have suggested that SP-C could
form dimers, but they were performed taking into
account just the α-helical segment of SP-C (Kairys
et al., 2004) or the entire molecule of SP-C without palmi-
toylation (Korolainen et al., 2022). In the current study,
we have carried out experiments to analyze potential

protein oligomerization of a non-palmitoylated recombi-
nant human version of SP-C(rSP-C) expressed in bacteria,
lacking the palmitoylation machinery.

The structure and properties of this recombinant ver-
sion were studied in detail by Baumgart et al. (2010). It
has been suggested that palmitic acids of native SP-C
could promote a deeper insertion of the N-terminal seg-
ment of the protein into membrane layers and a decrease
in the degree of tilting of the protein in lipid bilayers
(Roldan et al., 2015). As a consequence, rSP-C would
have different restrictions in the geometry of the protein
into the membrane, leading to the possible formation of a
higher proportion of dimers than native SP-C. Alterna-
tively, a partial mismatch of the less tilted protein with
respect to the membrane thickness could promote an
enhanced protein segregation from the lipids, thus favor-
ing protein–protein associations.

All parameters obtained indicate that rSP-C could
form dimers even in POPC membranes. The lateral diffu-
sion coefficient calculated from Stern–Vomer equation is
higher than determined for the palmitoylated BODIPY-
labeled SP-C in POPC membranes (Table 2). Steady state
self-quenching of rSP-C in POPC membranes demon-
strated the existence of aggregation, with a dimerization
constant higher than that found for SP-C in LS mem-
branes. Therefore, we conclude that there are more
dimers of rSP-C in POPC membranes than dimers of
SP-C in LS, where there is a pronounced phase segrega-
tion. In addition, according to time resolved FRET
parameters (Figure 6), the concentration of rSP-C
required for aggregation is smaller than the correspond-
ing concentration of SP-C. This is consistent with the
study of a dimeric form of a recombinant mutant protein,
rSP-C (FFI), in chloroform/methanol solutions using
high resolution NMR spectroscopy (Johansson
et al., 1994). To investigate the influence of phase separa-
tion, where rSP-C molecules would be closer due to com-
partmentalization, LM and LS systems were used. In
both systems, the presence of dimers is higher in rSP-C
than in POPC membranes (Table 5). The lateral diffusion
coefficient obtained from Stern–Volmer equation for
BODIPY rSP-C in LS membranes is larger than that in
LM system, potentially indicating a greater segregation of
lipid domains, a facilitated interaction between mono-
mers of rSP-C, or a combination of both processes.
According to the SP-C state determined in the three lipid
systems studied here, the membranes of LS could be the
most compartmentalized. Therefore, it would be expected
that the formation of rSP-C dimers would be particularly
promoted in LS membranes. In contrast, the concentra-
tion of rSP-C required for protein–protein interaction is
the lowest in LM (Table 5). This suggests that phase sepa-
ration promotes oligomerization, but it might not
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exclusively depend on the degree of compartmentaliza-
tion but on the nature of the segregated phases, or possi-
ble defined protein/lipid interactions, among other
possible factors.

The main structural difference between rSP-C and
SP-C is the palmitoylation state. Considering the degree
of aggregation detected in POPC membranes, it seems
that palmitoylation could prevent, at least partially, the
interaction among SP-C monomers. Our results suggest
that rSP-C could tend to form more dimers than SP-C, for
which dimerization could not be completely established.
Despite of this, dimers of native palmitoylated SP-C have
been observed, in a minimal proportion, during purifica-
tion of this protein in different species, such as bovine,
canine, porcine, or rat SP-C (Baatz et al., 1992; Creuwels
et al., 1995; Luy et al., 2004; Wang et al., 2002). The sec-
ondary structure proposed for the SP-C preparations ana-
lyzed in those studies were β-sheet for the bovine protein
and α-helical for the canine protein. Thus, one could
expect that the amino acids implied in the formation of
the possible homodimers would be different depending
on the protein secondary structure. In Baatz and collabo-
rators' assays (Baatz et al., 1992), the yielding of fatty
acids liberated upon deacylation was lower in SP-C
dimers, pointing out that the cysteines in the PCCP motif

within the N-terminal segment of SP-C could participate
in intermolecular disulfide bonds. Whether the potential
formation of intermolecular disulfides precedes or is
rather a consequence of protein dimerization/oligomeri-
zation, remains to be established. Regarding the forma-
tion of dimers in α-helical canine SP-C, it was observed
in a non-acylated form of 7 kDa, indicating again the
generation of a dimer through intermolecular disulfide
biding of PCCP motif as defined in Creuwels et al. (1995).
In NMR studies with porcine SP-C, two sets of reso-
nances were resolved at the C-terminal segment of the
protein, suggesting the potential coexistence of mono-
mers and dimers (Johansson et al., 1994). Because of that,
Luy et al. investigated a recombinant mutant of human
SP-C shifting the PCCP sequence to PFFI (Luy
et al., 2004). That work supported the three-state model
proposed previously for SP-C (Szyperski et al., 1998):
(1) monomeric α-helix, (2) dimeric α-helix, and (3) β-
sheet fibrils. Such dimeric α-helix structure would not be
formed through disulfide bonds due to the absence of cys-
teines in the sequence of mutant rSP-C (FFI). This inter-
action could be performed through hydrogen bonds or
Van der Waals forces implying the AxxxG motif or the
recently proposed region V21xxxVxxxGxxxM33 (Kairys
et al., 2004; Korolainen et al., 2022). All these studies

TABLE 5 Evidences from fluorescence experiments regarding the oligomeric state of SP-C.

Lipid system SP-C rSP-C

POPC • Self-quenching: diffusion similar to host lipid, no
evidence for aggregation.

• FRET: essentially uniform distribution. Small (<5%)
fraction of isolated labeled protein for higher
concentrations (L/P < 200).

• Self-quenching: two-fold faster apparent diffusion
compared to SP-C. Static quenching indicates slight
evidence for aggregation at high concentrations (�8%
protein dimerized at L/P = 100).

• FRET: essentially uniform distribution for low
concentrations. Heterogeneous distribution for
L/P < 200: two donor populations with two- to three-
fold differences in local acceptor concentration.

LM (DPPC/
POPC/POPG
lipid
mixture)

• Self-quenching: diffusion similar to POPC, no evidence
for aggregation.

• FRET: protein distribution in two different
environments, with local concentrations differing by
�1 order of magnitude, underlying lipid phase
coexistence

• Self-quenching: faster apparent diffusion, by 1 order of
magnitude compared to POPC, compatible with
compartmentalization. Static quenching indicates
clear aggregation, with �50% protein dimerized at
L/P = 500.

LS (Lipid
Surfactant)

• Self-quenching: faster apparent diffusion, by 1 order of
magnitude compared to the same protein in POPC and
LM, compatible with compartmentalization. However,
no evidence for aggregation from steady-state data,
apart from statistical contacts.

• FRET: protein distribution in two different
environments, with local concentrations differing by
�1 order of magnitude, underlying lipid phase
coexistence

• Self-quenching: faster apparent diffusion, by 1 order of
magnitude compared to POPC compatible with
compartmentalization. Static quenching indicates
clear aggregation, with �50% protein dimerized at
L/P = 200.

• FRET: efficient donor quenching detected in steady-
state data, virtually undetectable in time-resolved
conditions (formation of highly quenched aggregates,
leaving “surviving” fluorophores isolated).
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seem to suggest a connection between SP-C depalmitoy-
lation and the formation of dimers/oligomers. Our results
in the present study indicate that, beyond the potential
formation of disulfide bonds, the lack of palmitic chains
at the N-terminal moiety of the SP-C structure could be a
factor promoting by itself protein–protein interactions
and the stabilization of higher order oligomers.

FRET studies performed in this work could not deter-
mine the secondary structure of SP-C dimers/oligomers.
Currently, the physiological implication of dimerization
is not defined. SP-C dimer adopting an α-helix structure
could be embedded in the membrane bilayer in an analo-
gous fashion to the monomer, and would be able to
achieve the insertion of phospholipids into the interfacial
monolayer as well as SP-C monomers, with a slight dif-
ference in the kinetics (Creuwels et al., 1995). It has been
hypothesized that SP-C dimers might adopt a rigid trans-
membrane V-shaped structure that would trigger mem-
brane fragmentation (Roldan et al., 2016). Recently,
Korolainen et al. have proposed three plausible different
structures for non-palmitoylated SP-C homodimers
according with its stability or lowest free energy calcu-
lated from MD simulations: (1) parallel dimer;
(2) inverted V-shape dimer, and (3) V-shape dimer
(Korolainen et al., 2022). Our results from rSP-C self-
quenching would imply the formation of rSP-C dimers
but considering the distance between the N-terminal end
of the molecules of rSP-C in the inverted V-shape topol-
ogy, this structure seems improbable. The most compati-
ble conformation would be the parallel dimer, although
the V-shape dimer cannot be discarded. Vesicles possibly
produced by SP-C-promoted membrane fission could be
endocytosed by alveolar macrophages or AT2 cells
(Barriga et al., 2021; Sehlmeyer et al., 2020). In this way,
α-helical stable or transient SP-C dimers could participate
in processing and homeostasis of different fractions of
surfactant in the alveoli. The results from the current
work suggest that dimerization of SP-C could be minimal
and would depend on phase separation and protein con-
centration (Table 5). However, during breathing, local
lipid composition, as well as compartmentalization
degree and SP-C concentration, is constantly changing in
both membranes and interfacial multilayered films of
surfactant (Keating et al., 2012; Pastrana-Rios
et al., 1994). Conversely to α-helix SP-C dimers, the func-
tional behavior of those with a β-sheet structure
functions has not been characterized in detail. It has been
proposed that they could end forming a β-barrel, similar
to some transmembrane proteins such as porin, affecting
the lipid transference between bilayers and monolayers
during breathing-like compression-expansion dynamics
(Baatz et al., 1992).

Previously, the transition from an α-helical SP-C
monomer to a protein form with β-sheet conformation
has been observed (Cruz et al., 1995; Szyperski
et al., 1998; Wüstneck et al., 2003). Fibrillogenic amyloid-
like aggregates produced by the accumulation of β-sheet
strands are related to pathologies as pulmonary fibrosis
and alveolar proteinosis (Beers & Mulugeta, 2005;
Johansson, 2001; Johansson et al., 2004). The BRICHOS
sequence contained within the precursor of SP-C (proSP-
C) is a chaperone domain that promotes α-helix structure
and stabilizes it until palmitoylation of the protein occurs
(Gustafsson et al., 2001; Johansson et al., 2009; S�anchez-
Pulido et al., 2002). All this seems to indicate that in
absence of this domain, the β-sheet structure that could
be eventually formed would be an anomalous, potentially
pathogenic, conformation.

In conclusion, the results of this work suggest that
palmitoylation could be important to stabilize the mono-
meric α-helical conformation of SP-C, which is likely
optimal to perform the role of the protein to stabilize the
interfacial surfactant films along the demanding breath-
ing dynamics. Eventual depalmitoylation as a conse-
quence of lung injury and oxidation, accumulation of the
protein to high densities because of membrane compart-
mentalization and other potential factors could end in
the extensive formation of protein dimers and other pos-
sible higher order oligomers that could affect function to
extents that need to be analyzed in detail and that could
be associated with certain pathogenic situations. It has
been proposed that protein oligomerization could be
associated with membrane remodeling and the fragmen-
tation of surfactant layers into small vesicles enriched in
SP-C, which could thus be prone to uptake by alveolar
macrophages or alveolar pneumocytes. The palmitoyla-
tion state of SP-C could then serve as part of the sensors
triggering surfactant recycling, the metabolism that
maintains alveolar homeostasis.

4 | MATERIALS AND METHODS

4.1 | Materials

All synthetic lipids were purchased from Avanti Polar
Lipids (Alabaster, AL). The lung surfactant lipid fraction
(LS) was isolated from lavages with Tris buffer (5 mM
Tris 150 mM NaCl pH 7.0) of porcine lungs. After isola-
tion of lipid–protein complexes by ultracentrifugation
(31,000 rpm, 1 h, 4�C; HIMAC CP100NX), PS was puri-
fied by density gradient centrifugation as described previ-
ously (Taeusch et al., 2005). The hydrophobic
components of PS were collected by performing an
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organic extraction (Bligh & Dyer, 1959) and chromato-
graphed using a Sephadex LH-20 resin equilibrated with
chloroform/methanol (2:1, v/v) to separate LS from the
hydrophobic proteins. LS fraction was quantified for
phosphorous content (Rouser et al., 1970).

The organic extract containing the two hydrophobic
surfactant proteins (SP-B and SP-C), was obtained from
minced porcine lungs according to the Bligh and Dyer
method (Bligh & Dyer, 1959). It was then loaded onto a
Sephadex LH-20 (GE, Healthcare) chromatography col-
umn equilibrated with chloroform/methanol (2:1, v/v)
from Merck (Darmstadt, Germany). Finally, SP-B and
SP-C contained within the protein fraction resulting from
this chromatography were isolated using a Sephadex LH-
60 resin equilibrated with chloroform/methanol (1:1, v/v)
acidified with a 0.5% volume of HCl (0.1 N).

Non palmitoylated recombinant SP-C (rSP-C) was
purified following the protocol of Lukovic et al. (2006)
with changes as described by Roldan et al. (2015). The
sequence of rSP-C is GPFGIPCCPVHLKRLLIVVVVVVLI
VVVIVGALLMGL, including an extension of two addi-
tional amino acids at the N-terminal end with respect to
the sequence of human SP-C, as a consequence of the
production and purification procedure. This extension
had no significant effect on the interfacial activities of the
protein as assessed previously (Lukovic et al., 2006). Pro-
tein concentration was quantified by amino acid analysis.

4.2 | Protein labeling

The N-terminal end of SP-C or rSP-C was labeled with
BODIPY-FL NHS ester (D2184, Invitrogen, Thermo-
Fisher Scientific) or Marina Blue® NHS ester (1242-5,
Fluoroprobes) probes as described (Cabre et al., 2018)
with some modifications. For all labeling reactions except
for rSP-C conjugated with Marina Blue, the apparent pH
of both pure proteins in the organic solvent (chloroform/
methanol, 1:1, v/v) was adjusted to 7.1 with the appropri-
ate amount of 50 mM Tris in methanol. To label rSP-C
with Marina Blue, the solution containing pure
rSP-C was slightly alkalinized (pH 7.5). Then, the
required probe was incubated overnight at 4�C with pure
proteins in a 5:1 probe/protein molar ratio. The labeling
procedure was stopped by decreasing the apparent pH to
2 with HCl. Finally, the samples were loaded onto a
Sephadex LH-20 resin equilibrated with chloroform/
methanol (1:1, v/v) acidified with a 0.5% of HCl (0.1 N)
to separate the labeled protein from free probe. Protein
concentration was finally quantified by amino acid
analysis.

The amount of dye conjugated to each protein was
calculated using the Lambert–Beer law where the molar

extinction coefficients (ε) used were ε504nm = 82 � 103

M�1 cm�1 for BODIPY-FL and ε365nm = 19 � 103

M�1 cm�1 for Marina Blue (Haugland, 2002). The final
dye:protein molar ratios (D/P) determined for the
fluorescently-labeled proteins were D/P = 0.5 for
BODIPY-FL/SP-C, D/P = 0.8 for BODIPY-FL/rSP-C,
D/P = 0.5 for Marina Blue/SP-C, and D/P = 0.7 for
Marina Blue/rSP-C, respectively.

To check whether the introduction of the fluorescent
probes could alter protein conformation, we obtained the
circular dichroism (CD) spectra of the different proteins
reconstituted in micelles of lysophosphatidylcholine
(LPC). In brief, proper amounts of each protein and LPC
were dried in a 1:7 mass ratio under a stream of nitrogen
and then under vacuum for 2 h and samples were resus-
pended in PBS (4.4 mM KH2PO4, 5.6 mM Na2HPO4,
50 mM NaCl, pH 6.8) through five cycles of freeze with
liquid nitrogen and thaw at 25�C, vortexing 30 s between
each cycle. Quartz cells of 0.1 cm optical path were used
to record the CD spectra in a JASCO J-715 Circular
Dichroism CD Spectrometer at 25�C. Data analysis was
performed with Spectra Manager Software and the
BestSel™ online tool was used to achieve CD deconvolu-
tion. All the CD spectra were consistent with a mainly
alpha-helical conformation for all the protein forms stud-
ied, palmitoylated and non-palmitoylated, with and with-
out fluorescent groups attached.

4.3 | Preparation of multilamellar
vesicles (MLVs)

Three lipid systems were used: (1) 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC); (2) a synthetic lipid
mixture (LM) composed of DPPC (1,2-dipalmitoyl-sn-gly-
cero-3-phosphocholine), POPC and POPG (1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoglycerol) (50/25/15, w/w/
w), and (3) the surfactant lipid fraction (LS) obtained
from native PS.

Lipid and lipid/protein MLV samples were prepared
by co-drying a proper amount of lipid and fluorescently-
labeled protein under a stream of nitrogen that was
finally subjected to vacuum during 2 h. The dried lipid or
lipid/protein samples were then suspended in 5 mM Tris,
150 mM NaCl pH 7 at 45�C, frozen with liquid nitrogen,
and thawed in a bath at 45�C. Five freeze/thaw cycles
were performed with vortexing between each cycle to
obtain the desired MLVs (Traïkia et al., 2000).

For the fluorescence self-quenching assays, variable
concentrations of BODIPY SP-C or BODIPY rSP-C
(namely 1.25, 2, 3.5, 5, and 7.5 μM in reference to the
fluorophore concentration) were co-solubilized with
1 mM of the desired lipids in order to obtain the
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fluorescently-labeled protein-loaded MLVs. For
the hetero-Förster Resonance Energy Transfer (FRET)
studies, the systems used were similar to the self-
quenching assays. However, in this case, a FRET donor,
Marina Blue SP-C or Marina Blue rSP-C (5 μM of
fluorescently-labeled protein), was also added to prepare
the protein-containing MLVs.

4.4 | Fluorescence spectroscopy

The fluorescence self-quenching and hetero-FRET stud-
ies were carried out by performing both steady-state and
time-resolved fluorescence measurements of the MLVs
containing variable surface concentrations of the
fluorescently-labeled native and recombinant SP-C pro-
tein. Steady-state measurements were acquired with a
Horiba-Jobin Yvon Fluorolog 3-22 (Tokyo, Japan) spec-
trofluorimeter, using 0.5 � 0.5 cm quartz cuvettes. For
the time-resolved fluorescence measurements, a time-
correlated single-photon timing system was used. Excita-
tion of Marina Blue and BODIPY-labeled proteins was
carried out at 340 nm (using the second harmonic of a
secondary dye laser of DCM from Coherent DCM
700 series), and 488 nm (using a ps laser diode from
Becker & Hickl [Berlin, Germany] series BPS-488-SM),
respectively, whereas emission from MB- and BODIPY-
labeled proteins was recorded at 455m and 515 nm,
respectively. Data analysis was carried out using the
TRFA data processor Advanced Version 1.4 from Scien-
tific Software Technologies Center (Belarusian State Uni-
versity, Minsk) (Marquardt, 1963). The goodness of the
fits was judged from the experimental χ2 value (χ2 < 1.5
indicating adequate fitting), weighted residuals and auto-
correlation plots.
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