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A B S T R A C T   

Fusion peptides (FP) are prominent hydrophobic segments of viral fusion proteins that play critical roles in viral 
entry. FPs interact with and insert into the host lipid membranes, triggering conformational changes in the viral 
protein that leads to the viral-cell fusion. Multiple membrane-active domains from the severe acute respiratory 
syndrome (SARS) coronavirus (CoV) spike protein have been reported to act as the functional fusion peptide such 
as the peptide sequence located between the S1/S2 and S2’ cleavage sites (FP1), the S2’-adjacent fusion peptide 
domain (FP2), and the internal FP sequence (cIFP). Using a combined biophysical approach, we demonstrated 
that the α-helical coiled-coil-forming internal cIFP displayed the highest membrane fusion and permeabilizing 
activities along with membrane ordering effect in phosphatidylcholine (PC)/phosphatidylglycerol (PG) uni-
lamellar vesicles compared to the other two N-proximal fusion peptide counterparts. While the FP1 sequence 
displayed intermediate membranotropic activities, the well-conserved FP2 peptide was substantially less effec-
tive in promoting fusion, leakage, and membrane ordering in PC/PG model membranes. Furthermore, Ca2+ did 
not enhance the FP2-induced lipid mixing activity in PC/phosphatidylserine/cholesterol lipid membranes, 
despite its strong erythrocyte membrane perturbation. Nonetheless, we found that the three putative SARS-CoV 
membrane-active fusion peptide sequences here studied altered the physical properties of model and erythrocyte 
membranes to different extents. The importance of the distinct membranotropic and biological activities of all 
SARS-CoV fusion peptide domains and the pronounced effect of the internal fusion peptide sequence to the whole 
spike-mediated membrane fusion process are discussed.   

1. Introduction 

Human coronaviruses (HCoV) are known since the 1960s [1,2]. To 
date, seven HCoV strains capable of infecting humans were identified: 
HCoV-229E, HCoV-NL63, HCoV-OC43, HCoV-HKU1, severe acute res-
piratory syndrome coronavirus (SARS-CoV), Middle East respiratory 

syndrome coronavirus (MERS-CoV), and SARS-CoV-2. The first four are 
endemic and usually cause mild to moderate symptoms in humans, 
while infection by the latter three HCoV can result in serious outcomes. 
SARS-CoV was responsible for the SARS outbreak in China in 2002- 
2003, provoking 774 deaths worldwide (10% case fatality rate) [3]. 
MERS-CoV, a SARS-CoV-related coronavirus, is the causative agent of 
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the respiratory syndrome called MERS that broke out in Saudi Arabia in 
2012, causing 886 deaths (35% case fatality rate) [4]. The third severe 
HCoV is SARS-CoV-2, which was identified in Wuhan, China, in 2019, 
and is the causative agent of the 2019 coronavirus disease (COVID-19), 
that resulted in millions of deaths worldwide [5]. The high transmission 
of the SARS-CoV-2 associated with the difficulty of early diagnosis, and 
the possible infection by asymptomatic individuals, contributed to the 
COVID-19 outbreak worldwide, driving the current pandemic. 

Coronavirus spike (S) glycoproteins are responsible for catalyzing 
the fusion between viral and cell membranes [3,5,6]. Like other class I 
viral fusion proteins, such as the human immunodeficiency virus gp41 
and the influenza virus hemagglutinin, different functional segments of 
the S protein play essential roles in the membrane fusion process [7]. 
Upon receptor binding through the N-terminal S1 subunit of the S pro-
tein (Fig. 1), both SARS-CoV and SARS-CoV-2 enter cells via two routes 
depending upon protease availability: an “early” plasma membrane 
entry route, which is triggered by exogeneous or membrane-bound 
proteases, and a “late” endosome entry pathway, in which the spike 
can be activated by endosomal cathepsins [6,8]. Either entry pathway, 
receptor binding and proteolytic priming drive multiple conformational 
changes in the C-terminal S2 subunit that expose functional membrane- 
active domains for interaction with target membranes (Fig. 1) [9–14]. 
Among them, the so-called fusion peptides (FP) are pivotal in viral entry. 
FPs interact with the host cell membranes and significantly change their 
ordering, fluidity, curvature, and hydration properties, driving the 
refolding of the S trimer coiled-coil core, ultimately leading to mem-
brane fusion [13–20]. 

The FPs of many class I viral fusion proteins reside at the N-terminus 
of the S2 subunit, near or immediately adjacent to the protein proteo-
lytic site. On the other hand, FPs from the Ebola virus glycoprotein or 
class II and class III viral glycoproteins are internally located within the 
polypeptide chain [21,22]. Interestingly, three FP candidates have been 
identified in the S2 subunit of the SARS-CoV S protein: a highly 
conserved sequence across the Coronaviridae, corresponding to residues 
798–815 (FP2) [23], and two less conserved sequences across the family 
but well conserved across lineage B betacoronaviruses, corresponding to 
residues 770–788 (FP1) [9] and 873–888 (IFP) [10]. FP1 and FP2 are 
located proximal or adjacent to the proteolytic sites R667 and R797 
[24], respectively, whereas IFP is located between FP2 and the coiled- 
coil-forming heptad-repeat HR1 domain [24,25] (Fig. 1). It has also 
been shown that a sequence C-terminally adjacent to FP2, comprising 

residues 816–835, also exhibits FP properties and acts, together with 
FP2, as an extended bipartite fusion “platform” [17]. The possible ex-
istence of different membrane-active domains displaying fusogenic 
properties in the spike protein of coronaviruses is indicative of a com-
plex coronavirus membrane fusion mechanism. 

The exact location of the putative internal membrane fusion peptide 
sequence has been a matter of debate. Using a 16/18-mer peptide library 
derived from the SARS-CoV S glycoprotein, Guillén and coworkers have 
shown that the 873–888 segment displays a significant membranotropic 
effect [10], later confirmed by a series of biophysical studies [14,26]. On 
the other hand, based on the Wimley and White interfacial hydropho-
bicity scale, Sainz and colleagues identified the 864–886 segment as an 
internal membrane-interacting sequence of the SARS-CoV S protein [9]. 
Biophysical studies have demonstrated the ability of this peptide to 
partition into membranes causing permeabilization and membrane 
fusion [9]. In addition, a mutagenesis analysis performed on the pre-
dicted SARS-CoV fusion peptide sequence [27] highlighted the impor-
tance of the 852–881 segment for the S-mediated cell-cell fusion since 
mutations within this particular sequence severely interfered in the 
protein ability to induce cell-cell fusion [25]. A fourth peptide segment 
of the SARS-CoV S protein, corresponding to the 855–880 residues, was 
proposed by Ou et al. as the possible FP [28]. The authors identified the 
putative FP-containing regions of the spike proteins of representative 
betacoronaviruses using a predictor of protein transmembrane domains. 
They performed a systematic mutagenesis analysis of the predicted FPs. 
Mutations within the 855–880 sequence severely affected cell-cell 
fusion, highlighting the importance of this internal hydrophobic 
sequence in the S-mediated viral-cell fusion [28]. Therefore, due to these 
conflicting results with overlapping sequences, we decided to investi-
gate the membranotropic properties of a combined segment containing 
the aforementioned internal FP sequences. We thus designated the 
851–888 sequence as the complete internal fusion peptide, or cIFP 
(Fig. 1). The corresponding cIFP and N-terminal FP sequences from the 
SARS-CoV-2 S protein are also shown in Fig. 1 to illustrate the degree of 
sequence conservation. The primary structure of the cIFP displays a high 
content of alanine and glycine residues (~ 40%), intermediate hydro-
phobicity, and a fully conserved charged residue, which are character-
istic of class I fusion peptides [29]. It also exhibits features of internal 
fusion peptides, such as the internal location and the presence of a fully 
conserved proline residue within the Coronaviridae family [28], which 
may confer the peptide a higher degree of conformational flexibility 

Fig. 1. Schematic representation of the SARS-CoV spike glycoprotein containing the fusion peptide sequences. Top. The primary structure of the spike protein 
contains functionally relevant domains both in the N-terminal S1 subunit (gray), such as the receptor binding domain (RBD), and in the C-terminal S2 fusion subunit 
(white), such as the fusion peptide sequences (FP1, FP2, and cIFP), the heptad repeats 1 (HR1) and 2 (HR2), and the transmembrane domain (TM). The locations of 
the cleavage sites S1/S2 and S2’ are shown. Bottom. Sequence of the designed host-guest SARS-CoV fusion peptides used in the present study and sequence alignment 
with the SARS-CoV-2 fusion peptide domains (Accession numbers: AAP13441.1 for SARS-CoV-Urbani, and QHD43416.1 for SARS-CoV-2-Wuhan-Hu-1). Asterisks 
represent fully conserved residues, whereas colons and periods correspond to residues exhibiting strongly and weakly similar properties, respectively. Negatively 
(positively) charged residues are shown in red (blue). The host H7 sequence is underlined. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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[30,31]. 
Although some earlier data attributed to FP1 the highest fusogenic 

activity among the FP1, FP2, and IFP sequences [9,13,23], liposomes of 
different lipid compositions were used in those studies, thus limiting a 
more definitive assessment of the peptide fusogenicity. Moreover, it has 
been recently shown that the 16-amino acid residue long IFP16, corre-
sponding to the 873–888 segment, is more fusogenic than FP1 in 
cholesterol-containing membranes [32]. Therefore, it is imperative to 
investigate the activity of the SARS-CoV fusion peptide sequences in the 
same lipid and environmental conditions. 

Here, we characterize the interaction of three membrane fusion 
peptide sequences from the SARS-CoV S glycoprotein (FP1, FP2, and 
cIFP) with model and biological cell membranes. To do so, we made use 
of a combined approach employing fluorescence spectroscopy assays to 
probe the permeabilization and membrane fusion activity of the pep-
tides, circular dichroism (CD) to monitor the peptide secondary struc-
ture in membrane mimetics, and electron spin resonance (ESR) to 
investigate changes in the membrane packing and fluidity. In particular, 
ESR has been extensively used to report changes in the structural dy-
namics of the lipids upon interaction with membrane-active agents 
[33–38]. It has also been particularly useful in the viral fusion peptide 
research since the FP-induced ordering of lipid bilayers, as reflected by 
the ESR-derived order parameter, is a crucial step in the viral membrane 
fusion process [15–18,39–41]. We have previously shown that both 
SARS-CoV FP1 and IFP16 promote ordering and induce negative cur-
vature of lipid bilayers composed of anionic lipids and generate curva-
ture stresses on phosphatidylethanolamine membranes [15]. By 
measuring the intramembrane water content using the pulsed ESR 
technique called electron spin echo envelope modulation (ESEEM), we 
have also reported that the FP1- and IFP16-induced membrane ordering 
is correlated to membrane dehydration, giving new insights into the 
membrane fusion mechanism mediated by the SARS-CoV S fusion pep-
tides [15]. 

On the other hand, FP2 exerts a membrane ordering effect dependent 
on Ca2+ binding to the peptide negatively charged residues [17,40,42]. 
However, the fusogenic activity of FP2 in lipid model membranes has 
not been so far evaluated in the presence of calcium. Therefore, we also 
investigated the calcium requirement for FP2 fusogenicity. Moreover, 
we evaluated the capacity of the SARS-CoV fusion peptides to per-
meabilize and aggregate erythrocytes and perturb the thermal stability 
of the erythrocyte ghost membrane proteins, used as models of biolog-
ical membranes. The significance of the different membranotropic and 
biological activities of the SARS-CoV membrane fusion peptides, the 
reported higher fusogenicity of the complete internal FP, and the lack of 
enhancement of the FP2-mediated membrane fusion activity in the 
presence of Ca2+ are discussed. Due to the high degree of sequence 
conservation with the SARS-CoV-2 fusion peptides (Fig. 1), our data can 
also shed light on the possible action mechanism of the corresponding 
SARS-CoV-2 membrane fusion peptides. 

2. Materials and methods 

2.1. Materials 

The peptides were synthesized by GenScript (Piscataway, USA) and 
GenOne Biotechnologies (Rio de Janeiro, Brazil). All peptides shown in 
Fig. 1 were acetylated at the N-terminus and amidated at the C-terminus 
and contained a guest -GGGKKKK hydrophilic sequence (H7) added to 
their C-terminus to increase solubility. It has been shown that the 
addition of the H7 tag does not perturb the structure and function of the 
fusion peptides [17,43,44]. The lysophospholipids 1-palmitoyl-2-hy-
droxy-sn-glycero-3-phosphocholine (16:0 lyso-PC or LPC) and 1-palmi-
toyl-2-hydroxy-sn-glycero-3-phospho-(1’-rac-glycerol) (16:0 lyso-PG or 
LPG), the phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glyc-
erol) (POPG), 1,2-dimyristoyl-sn-glycero-phosphatidylcholine (DMPC), 

1,2-dimyristoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DMPG), the 
fluorophores N-lissamine rhodamine B 1,2-dihexadecanoyl-sn-glycero- 
3-phosphoethanolamine (RhB-PE) and N-(7-nitrobenz-2-oxa-1,3- 
diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine 
(NBD-PE), and the spin labels 1,2-dipalmitoyl-sn-glycero-3-phospho 
(tempo)choline (DPPTC) and 1-palmitoyl-2-stearoyl(n-doxyl)-sn-glyc-
ero-3-phosphocholine (n-PCSL, where n = 5 and 14) were purchased 
from Avanti Polar Lipids, Inc. (Alabaster, USA). Triton X-100, HEPES, 
and the fluorescent probe calcein were purchased from Sigma-Aldrich 
(São Paulo, Brazil). The peptide concentration was determined spec-
trophotometrically by using their theoretical molar extinction co-
efficients. The solubilization of cIFPH7 required 20% acetonitrile (ACN). 
Control experiments were performed with the same amount of ACN used 
in the cIFPH7 measurements and subtracted from them when needed. 
All reagents were used without further purification. 

2.2. Circular dichroism studies 

CD experiments were performed at 20 ◦C on a Jasco J-815 spec-
tropolarimeter using a 1-mm path-length quartz cell. The bandwidth and 
response time were set, respectively, to 1 nm and 2 s. Spectra of the 
peptides (10 μM) in buffer solution (20 mM sodium phosphate, pH 5.0 or 
7.4) and in the presence of 10 mM of LPC or LPG micelles were recorded 
at 50 nm/min over the wavelength range 190–270 nm. The resultant 
spectra were averaged over 8 to 16 consecutive scans. The spectra of the 
control samples (buffer or micelles), acquired under the same condi-
tions, were subtracted from the averaged spectra from the peptides and 
converted to mean residue molar ellipticity. The fractional helical con-
tent, fH, was estimated by the mean residue ellipticity at 222 nm (θ222), 
calculated using the limiting θ222 values for all-helical (θH) and all- 
disordered (θC) conformations and the following equations: fH = (θ222 
– θC)/(θH – θC), θC = 2220–53 T, and θH = (250 T – 44,000)(1–3/n), 
where T is the temperature in Celsius, and n is the number of amino acid 
residues of the peptide [45]. 

2.3. Liposome preparation 

Multilamellar vesicles (MLV) were prepared by mixing appropriate 
amounts of phospholipids dissolved in chloroform or chloroform/ 
methanol 1:1 (v/v) stock solutions in a glass tube, drying under a N2 
stream, and keeping under vacuum overnight to remove traces of 
organic solvent. The lipid film was hydrated with the appropriate buffer 
at a temperature above the melting transition of the lipids and subjected 
to five freeze-thaw cycles. 

For the leakage experiments, the lipid films were hydrated with 10 
mM HEPES buffer, pH 7.4, containing 35 mM of the fluorescent probe 
calcein. After freezing and thawing, the resulting MLVs were extruded 
using polycarbonate filters with a pore size of 100 nm (Nuclepore Cor-
poration, Pleasanton, USA) to obtain large unilamellar vesicles (LUV). 
Non-encapsulated calcein was separated from the calcein-loaded lipo-
some suspension through a Sephadex G-75 filtration column (Sigma- 
Aldrich, São Paulo, Brazil). Vesicles were eluted in 10 mM HEPES, pH 
7.4, 100 mM NaCl. Lipid concentration was determined by measuring 
the lipid phosphorus content as described elsewhere [46]. Size distri-
bution was confirmed by dynamic light scattering (DLS) experiments 
using a Zetasizer μV (Malvern Instruments Limited, Worcestershire, UK). 

For the lipid mixing and the ESR assays, small unilamellar vesicles 
(SUV) were prepared as follows: either 1 mol% of the lipid fluorophores 
NBD-PE and RhB-PE in chloroform/methanol 1/1 (v/v) for fluorescence 
or 0.5 mol% of spin-labeled lipids for ESR were mixed with phospho-
lipids in organic solvent and MLVs were prepared as described above. 
The lipid film was hydrated either with 20 mM sodium phosphate buffer 
at pH 5.0 and 7.4 or with 10 mM HEPES/MES, pH 5.0, 150 mM NaCl. 
The freeze-thawed MLVs were then sonicated in ice using an Ultrasonic 
Dismembrator Model 500 (ThermoFisher Scientific, Waltham, USA) for 
20 min at a 10% duty cycle. The titanium particles released from the tip 
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were removed by centrifugation at 15,700g for 10 min. DLS experiments 
confirmed the size distribution of the resultant SUVs. Unlabeled SUVs 
for the lipid mixing and vesicle aggregation assays were prepared using 
the same procedure as the labeled ones. 

2.4. Liposome aggregation 

Peptide-induced liposome aggregation was monitored by changes in 
the optical density at 405 nm. The absorbance was recorded on a 
SpectraMax i3 multimode plate reader (Molecular Devices, San Jose, 
USA) using a 96-well microplate containing 100 μL of a 100-μM SUV 
suspension with and without the peptides at different lipid-to-peptide 
molar ratios. The experiments were carried out at 25 ◦C in triplicates. 

2.5. Fluorescence measurements 

Leakage and phospholipid mixing assays were performed in an ISS 
K2 spectrofluorimeter (Analytical and Biomedical Instruments, Cham-
paign, USA) using a fluorescence quartz cuvette of 1-cm path length. 
Peptides were added into a 1-ml vesicle solution under constant stirring. 

2.6. Leakage assays 

Membrane permeabilization was investigated by adding appropriate 
amounts of peptides into 50 μM calcein-loaded LUVs. The release of the 
liposome internal content due to peptide-induced membrane rupture 
was monitored at 25 ◦C by changes in the probe fluorescence intensity. 
The excitation and emission wavelengths were set to 490 nm and 520 
nm, respectively. The percentage of leakage of the intraliposomal cal-
cein was calculated with the following equation: 

%leakage =
F − F0

F100 − F0
× 100  

where F0 and F100 correspond to, respectively, the fluorescence in-
tensities of the calcein-encapsulated liposomes before peptide addition 
and after addition of 1% (v/v) of Triton X-100 to obtain 100% leakage. 

2.7. Phospholipid mixing 

Membrane fusion was monitored by the decrease of Förster reso-
nance energy transfer (FRET) between two lipid fluorophores and was 
based on the probe dilution assay [47]. In this assay, an unlabeled 
population of LUVs is mixed with a labeled population containing 1 mol 
% of the fluorophores NBD-PE and RhB-PE at a 4:1 unlabeled:labeled 
molar ratio with 150 μM total lipid. The two lipid compositions used 
were: POPC/POPG 3/2 (mol/mol) and POPC/POPS/Chol 3/1/1 (mol/ 
mol/mol). Fusion of the probe-containing vesicles with the unlabeled 
ones allows the new vesicle formed to exchange their lipids, resulting in 
a decrease in the FRET. Thus, the kinetics and extent of membrane 
fusion can be measured by the decrease of the emission intensity of the 
acceptor, RhB-PE, or by the increase of the emission intensity of the 
donor, NBD-PE. We chose the latter with the excitation and emission 
wavelengths set to 467 nm and 530 nm, respectively. The percentage of 
lipid mixing was calculated with the following equation: 

%fusion =
F − F0

F100 − F0
× 100  

where F0 and F100 correspond to the fluorescence intensities of the 
probe-labeled liposomes before peptide addition and after addition of 
1% (v/v) of Triton X-100. 

2.8. Electron spin resonance (ESR) and spectral fitting 

X-band (9.5 GHz) ESR experiments were performed at 30 ◦C on a 
Varian E-109 spectrometer. Lipid and lipid/peptide samples were 

transferred to glass capillaries (1.5 mm I.D.) and spun at 15,700 g for 15 
min. The capillaries were immersed into a mineral oil bath in a quartz 
tube for the measurements. A homemade temperature control unit 
coupled to the spectrometer (accuracy of ~0.2 ◦C) controlled the tem-
perature. The spectra were recorded with a modulation amplitude of 
either 0.5 or 1.0 G and a microwave power of 5 mW. Nonlinear least- 
squares (NLLS) fitting of selected ESR spectra was carried out using 
the Multicomponent LabView (National Instruments, Austin, USA) 
[48,49] as described elsewhere [38,50]. 

2.9. Hemolytic and hemagglutination activities of the SARS fusion 
peptides 

Freshly collected blood from a healthy human donor was washed 
three times with phosphate buffered saline (PBS) pH 7.4. A suspension of 
erythrocytes at 1% (v/v) was prepared in PBS and used in the hemolytic 
and hemagglutination assays. The 1% suspension of erythrocytes was 
incubated with the peptides FP1H7, FP2H7, and cIFPH7 at different 
concentrations (1–50 μM) for 1 h at 37 ◦C. The release of hemoglobin 
assessed the hemolytic activity. After the incubation time, the samples 
were centrifuged at 3000g for 5 min, and the absorbance of hemoglobin 
was measured at 405 nm on a SpectraMax i3 multimode plate reader 
(Molecular Devices, San Jose, USA). The percentage of hemolysis was 
calculated considering 100% hemolysis of the samples incubated with 
1% Triton X-100 after subtracting the absorbance of the control samples 
incubated with PBS or acetonitrile. The hemagglutinating activity of the 
peptides was observed in 96-well microtiter U-plates after 1 h incubation 
time. Images of the hemagglutination process were acquired in an op-
tical microscope Olympus BX53. In this experiment, the peptides were 
added to the erythrocyte suspension at desired concentrations, and 10 
μL aliquots were placed on glass slides, covered with coverslips, and 
immediately imaged. 

2.10. Differential scanning calorimetry (DSC) experiments 

Erythrocyte ghost samples were prepared as described in Felizatti 
et al. [35]. Peptide/ghost samples were obtained by adding the desired 
peptide concentration into 100 mg/mL erythrocyte ghost in PBS solu-
tion. The samples were incubated for 20 min at 37 ◦C. The DSC ther-
mograms were recorded in a VP-DSC MicroCal MicroCalorimeter 
(Microcal, Northampton, USA) using a heating rate of 60 ◦C/h. Analysis 
of the thermograms was performed with the MicroCal Origin software. 

3. Results 

3.1. SARS-CoV membrane fusion peptides promote extensive membrane 
disruption 

It has been suggested that the fusogenic properties of viral fusion 
peptides are strongly correlated with their capacity to destabilize lipid 
membranes [51]. Thus, the ability of the SARS-CoV fusion peptides to 
elicit membrane permeabilization was measured by the release of the 
fluorescent probe calcein encapsulated at a self-quenching concentra-
tion in the internal aqueous phase of the liposomes. Fig. 2A and B show 
representative data illustrating the kinetics of intraliposomal calcein 
release upon peptide addition to the zwitterionic POPC and the anionic 
POPC/POPG 3/2 (mol/mol) LUVs, respectively. The extent of mem-
brane rupture of the probe-loaded liposomes is shown in Fig. 2C and D. 
Both FP1H7 and cIFPH7 promoted extensive leakage of the liposome 
internal contents in a concentration-dependent manner. The ability of 
cIFPH7 to destabilize the zwitterionic LUVs and to cause membrane 
rupture was higher than that of FP1H7 (Fig. 2C, Table 1). On the other 
hand, the permeabilizing effects of both cIFPH7 and FP1H7 in anionic 
LUVs were virtually similar (Fig. 2D, Table 1). At a lipid-to-peptide 
molar ratio (L/P) of 20, both cIFPH7 and FP1H7 induced ~100% 
leakage of calcein from POPC/POPG liposomes. On the other hand, in 
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POPC membranes, cIFPH7 promoted leakage of ~98% of the total in-
ternal calcein content, whereas FP1H7 caused 75% leakage (Table 1). 
FP2H7 displayed the smallest membrane destabilization effect, inducing 
only ~8% leakage of POPC and ~ 19% of POPC/POPG liposomes at 5 
mol% (Table 1). 

3.2. The complete internal fusion peptide elicits membrane fusion at 
greater extents 

Since the peptides promoted differential membrane disruption ac-
tivity, we tested their capacity to promote the fusion of lipid model 
membranes. Thus, the fusogenicity of the SARS peptides was probed by 
investigating their ability to induce lipid mixing of labeled and unla-
beled liposomes. To do so, we monitored the decrease of the resonance 
energy transfer between the fluorescent lipids NBD-PE and RhoB-PE, 
both incorporated in the labeled vesicles, due to the dilution of the 
probes upon lipid mixing with the unlabeled liposomes [47]. This type 

of assay probes membrane hemifusion, which is characterized by mixing 
lipids from the outer monolayers of the interacting vesicles. A complete 
fusion would be achieved with pore formation, allowing for mixing the 
vesicle’s internal contents. Since the hemifusion state precedes fusion 
pore formation, phospholipid mixing assays are used to probe the 
fusogenic activity of fusion peptides [13,23,52]. 

We chose the POPC/POPG 3/2 (mol/mol) lipid composition for these 
membrane fusion assays because the peptides promoted the largest 
permeabilizing activity in anionic membranes (Fig. 2). Additionally, 
since SARS-CoV entry may occur through an endosomal pathway [6,8], 
we also probed the peptides fusogenicity at an environmental pH 
mimicking the acidic conditions of the endosomes. The kinetics of 
phospholipid mixing of POPC/POPG SUVs induced by the SARS peptides 
was recorded by monitoring the increase of the NBD-PE emission in-
tensity, and representative data are illustrated in Fig. 3A. At L/P = 40, 
both cIFPH7 (~ 27.3%) and FP1H7 (~ 20%) were more fusogenic than 
FP2H7 (~ 8%) at pH 5.0. The extent of the peptide-mediated membrane 
fusion of POPC/POPG SUVs at acidic and neutral pH is shown in Fig. 3B 
and C, respectively. All peptides induced lipid mixing in a concentration- 
and pH-dependent manner. Irrespective of the pH, cIFPH7 exhibited the 
largest lipid mixing effect, while FP2H7 displayed the smallest mem-
brane fusion activity among all peptides. Greater extents of lipid mixing 
were observed for FP1H7 and cIFPH7 at pH 7.4 compared to the acidic 
environment (Table 1). On the other hand, the fusogenic activity of 
FP2H7 was slightly increased in an acidic environment (Table 1). 

3.3. The fusogenicity of the FP2H7 peptide is not enhanced by Ca2+

binding 

The FP2 peptide was the least effective in promoting membrane 
fusion and leakage in the conditions tested. However, it has been shown 

Fig. 2. Membrane permeabilization induced by the SARS-CoV fusion peptides. Representative data on the kinetics of the leakage of calcein encapsulated in 50 μM of 
(A) POPC and (B) POPC/POPG 3/2 (mol/mol) at pH 7.4 and at different lipid-to-peptide molar ratios (L/P). (C, D) The extent of membrane permeabilization as a 
function of peptide-to-lipid molar ratio for POPC (panel C) and for POPC/POPG (panel D) lipid vesicles. The peptides were added to the vesicle solution at ~50 s. For 
each measurement, Triton X-100 (1%) was added to the sample to achieve 100% of calcein release. 

Table 1 
Percentage of membrane permeabilization (leakage) and membrane hemifusion 
(lipid mixing) induced by 5 mol% (L/P = 20) of the putative SARS-CoV fusion 
peptides. Total lipid concentrations: 50 μM for the permeabilization assays and 
150 μM for the lipid mixing assays.  

Sample POPC pH 7.4 POPC/POPG pH 7.4 POPC/POPG pH 5.0 

Leakage (%) Leakage (%) Fusion (%) Fusion (%) 

FP1H7 75 (3) 99.7 (0.3) 59 (3) 47 (4) 
FP2H7 7.7 (0.3) 19 (3) 15 (2) 18 (1) 
cIFPH7 98.0 (0.5) 99.7 (0.3) 99 (1) 48 (2) 

Standard deviations from duplicate or triplicate measurements are shown in 
parenthesis. 
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that the binding of Ca2+ ions triggers FP2 membrane insertion and 
membrane order to the FP2 Asp and Glu residues [17,40,53], and this 
binding is highly specific [42]. Therefore, it is tempting to investigate 
whether the low membrane fusion activity displayed by FP2H7 would be 
enhanced by Ca2+ binding. We only tested FP2H7 since the primary 
structures of both FP1H7 and cIFPH7 lack negatively charged residues 
(Fig. 1), thus not exhibiting putative metal-binding sites. Furthermore, 
no enhancement of the peptide-mediated lipid mixing was previously 
observed in the presence of Ca2+ for FP1 and an IFP construct [9]. 

For the FP2H7-membrane fusion assays, we used LUVs comprised of 
60% POPC, 20% of the anionic POPS, and 20% cholesterol (molar ratio), 
a lipid model membrane used in other fusion peptide studies [23,40,53]. 
The Ca2+-dependent SARS-CoV FP2H7 membrane insertion and 
membrane-ordering effect are virtually identical in POPS- and POPG- 
containing membranes [17,42]. The experiments were performed at 
pH 5.0 due to the higher FP2H7 fusogenic activity in cholesterol- 
containing membranes in an acidic environment, as previously re-
ported [23]. 

In the absence of calcium, FP2H7 promoted about 32% of lipid 
mixing in our POPC/POPS/Chol 3/1/1 LUVs, similar to previously ob-
tained with a POPC/POPS/Chol 1/3/1 model membrane under the same 
conditions [23]. The addition of increasing Ca2+ concentrations to the 
buffer containing the vesicles decreased the rate of fusion and the ability 
of FP2H7 to mediate lipid mixing (Fig. 4A). Pre-incubation of calcium 
with FP2H7 yielded similar results. Our assays showed that the binding 
of Ca2+ ions to FP2H7 did not enhance the peptide fusion activity. On 

the contrary, the presence of Ca2+ in the medium decreased FP2H7 
fusogenicity putatively by charge screening [54]. We then tested 
whether this effect was electrostatic by nature by changing the buffer 
ionic strength. The addition of NaCl did decrease the extent of lipid 
mixing, whereas reduction of salt concentration yielded greater extents 
of membrane fusion (Fig. 4B). Our results suggest that FP2H7 fusoge-
nicity is not only pH-dependent (previous section) but also ionic 
strength-dependent, and Ca2+ binding to the peptide sites does not play 
a role in the peptide fusion activity. 

3.4. The complete internal FP adopts a coiled-coil helical structure, 
whereas the N-terminal FPs acquire monomeric helical conformations in 
lipid micelles 

The propensity of the fusion peptides to acquire ordered conforma-
tions in the presence of lipid micelles was assessed by CD spectroscopy. 
The advantages of using micelles in structural studies of fusion peptides 
are three-fold: (i) they provide an excellent membrane mimetic envi-
ronment for peptide folding [55]; (ii) the high curvature of detergent 
micelles mimics the strongly curved lipid bilayer states involved in the 
whole membrane fusion process [56]; and (iii) it avoids vesicle aggre-
gation elicited by the peptides (Fig. S1). 

Fig. 5 illustrates the CD spectra of the SARS-CoV fusion peptides in 
solution and micelles comprised of the zwitterionic lysolipid 16:0 
phosphatidylcholine (LPC) or the anionic 16:0 phosphatidylglycerol 
(LPG) at pH 5.0 and 7.4 [57]. The negative band around 198–200 nm 

Fig. 3. Membrane fusion elicited by the SARS-CoV fusion peptides. (A) Representative kinetics data of phospholipid mixing induced by addition of 2.5 mol% (L/P =
40) peptides measured by the dilution of the probes NBD-PE and Rho-PE from labeled vesicles (30 μM) into unlabeled POPC/POPG 3/2 (mol/mol) LUVs (120 μM) at 
pH 5.0. For each measurement, the peptides were added to the vesicle solution at the time indicated by the arrow. Triton X-100 (1%) was added to the sample to 
achieve 100% probe dilution. (B, C) Extent of lipid mixing as a function of peptide-to-lipid molar ratio for POPC/POPG 3/2 (mol/mol) lipid vesicles at pH 5.0 (panel 
B) and 7.4 (panel C). 

Fig. 4. FP2H7 mediated lipid mixing is not enhanced in the presence of Ca2+. (A) Representative kinetics data of phospholipid mixing induced by addition of 5 mol% 
FP2H7 (L/P = 20) measured by the dilution of the probes NBD-PE and Rho-PE from labeled vesicles (30 μM) into unlabeled POPC/POPS/Chol 3/1/1 (molar ratio) 
LUVs (120 μM) at pH 5.0 in the absence and presence of Ca2+. Box. Extent of lipid mixing as a function of Ca2+ concentration. Buffer used: 10 mM MES/HEPES, 150 
mM NaCl, pH 5.0. (B) Kinetics of lipid mixing induced by addition of 5 mol% FP2H7 (L/P = 20) into a mixture of labeled and unlabeled POPC/POPS/Chol 3/1/1 
(molar ratio) LUVs at different NaCl concentrations. Inset. Extent of lipid mixing as a function of NaCl concentration. 
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indicates a disordered conformation of the peptides in solution at both 
pH values. In the presence of the membrane mimetics, the negative 
bands at ~208 nm and 222 nm in the spectra of the peptides are char-
acteristic of α-helical conformations (Fig. 5). These results indicate that 
all peptides adopted ordered α-helical secondary structures in LPC and 
LPG micelles at both pH values. The helicity of the peptides was higher 
in LPG, implying that peptide secondary structure formation might be 
enhanced by the electrostatic interaction between the peptides and the 
negatively charged LPG micelles (Table 2). 

Interestingly, the ratio of the molar ellipticities at 222 nm and 208 
nm, i.e. [θ]222nm/[θ]208nm, exceeded 1 for the cIFPH7 (varied from 1.00 
to 1.11, Table 2), suggesting a coiled-coil formation [58]. However, 
[θ]222/[θ]208 < 1 in trifluoroethanol/water solutions (Fig. S2), indi-
cating disruption of the coiled-coil helices [59]. This result suggests that 
the cIFPH7 quaternary structure formation is triggered by membrane 
binding. Additionally, a pH-triggered secondary structure formation was 
only observed for FP2H7 (Fig. 5B). In an acidic environment, the α-he-
lical content slightly increased from 25 to 28% in LPC and from 33 to 
40% in LPG micelles (Table 2). The structural change may be caused by 
protonation of the FP2H7 negatively charged Asp and Glu residues. The 
other peptides exhibited virtually no pH-dependent conformational 
changes (Table 2, Fig. 5). The more remarkable ability of the peptides to 
acquire higher content of ordered conformations in anionic membranes 
compared to zwitterionic ones and the pH-dependency of the FP2H7 
conformation might be functionally relevant to the viral membrane 
fusion process [13–15,23]. 

3.5. The complete internal fusion peptide promotes more extensive 
membrane surface ordering 

Our membrane permeabilization and lipid mixing assays indicate 
that cIFPH7 disturbs lipid bilayers more effectively than the other 
peptides. We then used electron spin resonance (ESR) to investigate the 

peptide-mediated changes in the local ordering and mobility of the lipids 
from the polar headgroup region down to the bilayer center [60]. To do 
so, we used nitroxide-labeled lipids that report on alterations at the 
lipid/water interface (DPPTC) and different depths along the hydro-
phobic core (5-PCSL and 14-PCSL) of SUVs composed of a mixture of the 
zwitterionic phospholipid DMPC and the anionic phospholipid DMPG. 
Saturated PC and PG phospholipids have been used in previous viral 
fusion peptide studies [15,18,61]. 

Fig. 6A–C illustrates representative ESR spectra of the spin-labeled 
lipids in the absence and presence of cIFPH7 in the physiologically 
relevant liquid crystalline phase of anionic DMPC/DMPG 3/2 (mol/mol) 
lipid vesicles. The peptide was added into the solution containing pre-
formed SUVs to mimic the peptide interaction with the outer leaflet of 
the lipid bilayer, as previously reported [15]. Qualitatively, peptide 
binding to the membrane caused extensive line broadening, yielding a 
reduction in the amplitude of low field resonance lines (h+1) of DPPTC 
and 14-PCSL spectra (Fig. 6A and C) and an increase in the outer hy-
perfine splitting of the 5-PCSL spectra (2Amax, Fig. 6B). Only cIFPH7 and 
FP1H7 significantly changed the ESR lineshape of all spectra in a 
concentration-dependent manner (Fig. S3). The higher the peptide 
concentration (lower L/P ratio), the less intense is the h+1 of the DPPTC 
and 14-PCSL spectra, and the more significant is the 2Amax of the 5-PCSL 
spectra. These results indicate that both FP1H7 and cIFPH7 increased 
membrane ordering and reduced the lipid chain rotational mobility 
[15]. On the other hand, FP2H7 caused only marginal spectral changes. 

To quantitatively characterize the peptide-induced perturbation in 
the dynamic structure of the DMPC/DMPG SUVs, we used parameters 
defined on the ESR spectra that can provide valuable information about 
the spin probe’s mobility in phospholipid bilayers [60,62]. The ratio of 
the amplitudes of the low (h+1) and central (h0) field lines of the ESR 
spectra of DPPTC and 14-PCSL and the outer hyperfine splitting, 2Amax, 
of the 5-PCSL ESR spectrum (Fig. 6A-C) are sensitive to the nitroxide 
dynamics and membrane packing. The higher the h+1/h0 and the lower 
the 2Amax values, the higher the spin-label mobility and the less ordered 
is the lipid chain [60,62]. To describe the spectral differences quanti-
tatively, we calculated the percentage of h+1/h0 reduction and the per-
centage of 2Amax increase so that positive values denote an increase of 
the membrane ordering (Fig. 6D–I). 

At the headgroup level and neutral pH, cIFPH7 promoted the most 
prominent ordering effect. Indeed, 5 mol% of cIFPH7 altered the h+1/h0 
parameter by ca. 18%, whereas 10 mol% of FP2H7 caused only a slight 7% 
alteration in the h+1/h0 (Fig. 6D). Nonlinear least-squares spectral simu-
lations indicate that the order parameter S0 increased from 0.38 in the 
pure membrane to 0.43 for FP2H7, 0.45 for FP1H7, and 0.49 for cIFPH7 
(Fig. S4 and Table S1). In the nonpolar core of the membrane, both FP1H7 
and cIFPH7 also affected the bilayer packing and membrane fluidity more 
significantly than FP2H7. However, the perturbations were lower than 
those caused at the lipid/water interface (Fig. 6E and F). 

Fig. 5. Peptide conformation in solution and bound to membrane mimetics. CD spectra of the peptides (A) FP1H7, (B) FP2H7, and (C) cIFPH7 in solution and 
incubated with 10 mM LPC or LPG micelles at pH 5.0 or 7.4. Peptide concentration was 10 μM. Spectra were recorded at 20 ◦C. 

Table 2 
Percentage of helical content and average number of helical residues (Nα) of the 
SARS-CoV membrane fusion peptides (10 μM) bound to the lipid micelles (10 
mM) obtained from the CD spectra. For the cIFPH7, the ratio of the molar el-
lipticities at 222 nm and 208 nm is also shown. The percentage of helical content 
was calculated as shown in Methods.  

Sample FP1H7 FP2H7 cIFPH7 

% Nα % Nα % Nα [θ]222/ 
[θ]208 

LPC, pH 5.0 18 ± 1  4.7 28 ± 1  6.9 29 ± 1  13.0  1.00 
LPC, pH 7.4 18 ± 1  4.7 25 ± 1  6.2 29 ± 1  13.0  1.11 
LPG, pH 5.0 26 ± 2  6.7 40 ± 1  10.1 32 ± 1  14.5  1.08 
LPG, pH 7.4 28 ± 2  7.3 33 ± 1  8.3 32 ± 1  14.5  1.10  
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Interestingly, the h+1/h0 parameter obtained from the 14-PCSL ESR 
spectra in the presence of FP1H7 and cIFPH7 initially increased at low 
peptide concentrations and then decreased with further peptide binding 
to the lipid vesicles (Fig. 6F). This result suggests that the interaction of 
those peptides with the lipid bilayers yields opposing effects in the acyl 
chain mobility in the lipid bilayer center: the mobility (i) increases at 
low peptide concentration, and (ii) decreases upon further peptide 
binding. This ordering effect in the bilayer center at high peptide con-
centrations is consistent with our previous work using FP1 and IFP16 
(without the H7 tag) [15]. On the other hand, the binding of FP2H7 
promoted a disordering effect in the bilayer center for all concentrations 
used. Taken together, these results indicate a differential and 
concentration-dependent membrane insertion depth of the peptides. At 
low concentration, all peptides may be located in a shallow position at 
the membrane surface, acting as lipid spacer, thus promoting a dis-
ordering effect in the bilayer center. At higher concentrations, both 
FP1H7 and cIFPH7 penetrated deeper into the membrane, causing an 
ordering effect in the bilayer center. 

All peptides induced slight changes in the acidic environment, 
mainly in the DPPTC and 14-PCSL ESR spectra (Fig. 6G and I). In 
particular, the pH-dependent peptide-induced ordering effect in the 

membrane surface was higher for FP2H7 than for the other peptides 
(Fig. 6G). Interestingly, at a very high peptide-to-lipid molar ratio (10 
mol%), FP2H7 enhanced the membrane packing of the bilayer mid-
plane, a strikingly different effect than that induced at neutral pH 
(Fig. 6F). On the other hand, an increase of membrane packing in the 
bilayer center was observed for all concentrations of both cIFPH7 and 
FP1H7 (Fig. 6I), different from the result obtained at pH 7.4 (Fig. 6F). 
These results suggest a putative pH-dependent transition of the peptide 
topology or a pH-triggered insertion depth in DMPC/DMPG membranes. 

We also tested pure zwitterionic DMPC to investigate whether the 
peptide-induced ordering of the anionic DMPC/DMPG was due to the 
negative surface charge provided by DMPG. Our ESR results showed that 
only cIFPH7 could significantly modify the ordering of the lipid head 
group and acyl chain of DMPC (Supplementary Fig. S5), despite the 
extensive permeabilization of PC membranes caused by both cIFPH7 
and FP1H7 (Fig. 2B). The cIFPH7-induced ordering effect on DMPC was 
much less pronounced than those observed in negatively charged vesi-
cles. This result indicates that lipid charge does play a role in modulating 
the effect of the SARS fusion peptides on the ordering and fluidity of 
lipid model membranes. 

Fig. 6. SARS-CoV membrane peptides promote ordering on anionic lipid bilayers. Representative ESR spectra of DPPTC (A), 5-PCSL (B), and 14-PCSL (C) embedded 
in 5 mM DMPC/DMPG 3/2 (mol/mol) SUVs in the fluid phase (30 ◦C) and at neutral pH in the absence (black) and presence (red) of 5 mol% of cIFPH7. The 
parameters defined on the spectra were used for spectral analysis shown in the panels on the right. The spectra were normalized by the height of the central line (h0). 
(D–I) Percentage of spectral change as a function of peptide-to-lipid molar ratio obtained from the analysis of the ESR spectra of DPPTC (D, G), 5-PCSL (E, H), and 
14-PCSL (F, I) at pH 7.4 (D, E, F) and 5.0 (G, H, I). The plots are shown as the percentage of h+1/h0 reduction of the indicated line amplitudes of both DPPTC (panel 
A) and 14-PCSL (panel C) spectra and the percentage of 2Amax increase of the 5-PCSL spectra (panel B) induced by the peptides. Positive values indicate membrane 
ordering, whereas negative values imply lipid disordering. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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3.6. SARS membrane fusion peptides promote opposing hemolytic and 
hemagglutinating activities 

Previous studies with other class I fusion peptides, such as those of 
influenza hemagglutinin and HIV-1 gp41, have demonstrated the cor-
relation between hemolytic and hemagglutinating activities of synthetic 
peptides their ability to promote membrane fusion [63–65]. Since SARS 
peptides can promote hemifusion, leakage, and lipid aggregation (Fig. 
S1) of model membranes to different extents, it is tempting to evaluate 
their potential to elicit permeabilization and agglutination of natural 
biological membranes, such as those of erythrocytes. 

Fig. 7A shows that only FP1H7 exhibited significant hemolytic ac-
tivity (13% at 25 μM and 21% at 50 μM) compared to the other SARS 
peptides, but smaller than those found for the fusion peptides from HIV- 
1 gp41 (70% at 40 μM) [64] and influenza hemagglutinin (~ 40% at 35 
μM) [44]. FP2H7 and cIFPH7 induced mildly to none hemolysis up to 50 
μM. Despite their low permeabilization activity on erythrocytes, the 
SARS-CoV fusion peptides interacted with erythrocyte ghosts and per-
turbed the thermal stability of the ghost membrane proteins (Fig. 7B), as 
previously shown for other peptides [35]. Our DSC data show that 
cIFPH7 altered both the enthalpy change and the denaturation tem-
perature of the anion-transporting domain of the band 3 protein (peak 
III) more significantly than the other peptides [66]. On the other hand, 
FP1H7 and FP2H7 were more effective (FP1H7 > FP2H7) in reducing 
the transition enthalpies of a set of different ghost membrane proteins 

ascribed to peaks I and II (see Fig. 7B caption). 
To gain further insights into the effects of the SARS fusion peptides 

on the properties of a cell membrane model, we also evaluated the 
ability of the peptides to promote the agglutination of erythrocytes. Both 
FP2H7 and cIFPH7 promoted hemagglutination at low concentrations 
(Fig. 7C). On the other hand, FP1H7 exhibited hemagglutinating activity 
only at high concentrations. The high hemagglutinating activity of 
cIFPH7 cannot be attributed to the acetonitrile (ACN) amount used for 
peptide solubilization (Fig. 7C). The relative aggregation potency of the 
peptides followed the order cIFPH7 ~ FP2H7 > FP1H7. Indeed, when 
analyzed under a light microscope, it is evidenced the enhanced ability 
of FP2H7 and cIFPH7 to promote erythrocyte aggregation as compared 
to FP1H7 (Fig. 7D). 

Despite being only qualitative, our results confer to cIFPH7 and 
FP2H7 the highest hemagglutinating activities since the minimal pep-
tide concentration required to aggregate the erythrocytes was 5 μM. 
Furthermore, a roughly inverse relation between hemolytic and 
hemagglutinating activities was noticed for the SARS-CoV membrane 
peptides. Those that exhibited the highest erythrocyte aggregating po-
tency (cIFPH7 and FP2H7) exhibited substantially less hemolytic ac-
tivity. At the highest concentration used, though, FP1H7 promoted both 
hemolysis and hemagglutination. 

Fig. 7. Biological activities of the SARS-CoV membrane fusion peptides. (A) Percentage of hemolysis as a function of peptide concentration. 100% hemolysis was 
achieved by adding 1% Triton X-100. (B) Representative DSC thermograms of erythrocyte ghosts in the absence and presence of 20 μM of FP1H7, FP2H7, and 
cIFPH7. The thermograms show four endothermic transitions corresponding to the melting of different erythrocyte ghost proteins. Besides peak IV, the other three 
transitions have been assigned to the denaturation of the following proteins [66]: (I) bands 1 and 2 of the spectrin complex (~ 48 ◦C); (II) bands 2.1, 4.1, and 4.2 
along with some glycophorins (~ 58 ◦C); and (III) the anion-transporting domain of the band 3 protein (~ 70 ◦C). (C) Hemagglutination assays with different 
concentrations of SARS peptides (1 to 50 μM). The red dots represent the deposition of the red blood cells onto the bottom of the wells, indicating a negative 
hemagglutination reaction. Absence of the red dot means positive reaction. PBS and ACN (acetonitrile) were used as negative controls. (D) Optical microscopy 
imaging of the SARS peptides hemagglutinating activity. Erythrocyte suspensions were incubated with FP1H7 (50 μM), FP2H7 (25 μM), and cIFPH7 (25 μM) and 
readily imaged. The data shown are representative of two independent experiments at the selected concentration. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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4. Discussion 

Membrane fusion is a critical step in the infectivity of enveloped 
viruses. The surface-attached fusion glycoproteins possess multiple 
functional domains that play essential roles in the viral-host membrane 
fusion process (Fig. 1, top). Among them, fusion peptides constitute key 
components of the viral fusion machinery. Upon receptor binding and S 
priming, FPs are triggered to interact with cell membranes, initiating the 
contact between the host and viral lipid bilayers. FPs insert into the 
target cell and establish an anchor that bridges both membranes via the 
S protein. FP binding to the host membrane is thought to drive refolding 
of the viral fusion protein into a trimeric hairpin conformation, leading 
to the merge of the viral and host lipid bilayers and fusion pore for-
mation [7,56]. Accumulating evidence supports the view that interac-
tion studies of synthetic peptides corresponding to the isolated viral FP 
domains with lipid model membranes can provide valuable information 
regarding the membrane fusion mechanism induced by the entire viral 
fusion glycoprotein [52,67,68]. Here, we explored the membrane ac-
tivity of three peptides whose sequences are intended to reproduce the 
proposed fusion peptide sequences found in the spike protein of the 
SARS-CoV (Fig. 1, top). The high level of sequence identity between 
these peptides and the corresponding sequences found in the spike 
protein of the SARS-CoV-2 suggest that our results can be fairly extended 
to the latter case. 

We demonstrated that all membrane-active fusion peptide sequences 
(FP1, FP2, and cIFP) studied here adopted α-helical conformations in the 
membrane (Fig. 5) and had the ability to induce membrane per-
meabilization (Fig. 2), lipid mixing (Figs. 3 and 4), vesicle aggregation 
(Fig. S1), and membrane ordering (Fig. 6) to different extents. They also 
interacted with ghost and erythrocyte membranes, promoting hemoly-
sis, hemagglutination, and perturbation of the thermal stability of the 
erythrocyte membrane proteins (Fig. 7). We found that the 38-residue 
long internal fusion peptide, cIFP, exhibited much more potent fuso-
genic and membranotropic activities on lipid model membranes than 
the other N-terminal FP1 and FP2 fusion peptides at both neutral and 
acidic pH. This finding highlights the importance of cIFP sequence to the 
SARS-CoV S-mediated fusion between the viral envelope and the plasma 
or the endosomal membranes since coronavirus entry might occur via a 
neutral-pH plasma membrane route or through the low-pH endosomal 
pathway depending upon the target cell type [6,8]. 

We have previously reported the functional plasticity of the SARS 
fusion peptides FP1 and IFP16, a short, 16-amino acid residue internal 
FP corresponding to the C-terminal half of cIFP [15]. We showed that 
both peptides perturbed lipid model membranes by promoting lipid 
packing, head group ordering, membrane dehydration, and membrane 
curvature and that FP1 disturbed the bilayers more effectively than 
IFP16 [15]. On the other hand, biochemical, biophysical, and muta-
genesis analysis revealed that mutations in the region corresponding to 
the N-terminal half of the complete cIFP sequence used here strongly 
affected cell-cell fusion and viral entry [25,28]. Our biophysical studies 
also pointed out that the cIFP N-terminal half played a critical role in 
mediating higher membranotropic and biological activities than the 
other peptides. Our results showed that the H7-tagged IFP16, or 
IFP16H7, promoted lower leakage, lipid mixing, and hemagglutinating 
activities than the complete cIFPH7 under the same conditions (Fig. S6). 
Therefore, the use of the complete sequence of the cIFP allowed us to 
pinpoint the contributions of the N-terminal part of the extended in-
ternal fusion peptide to its functional membrane-interacting properties. 

On the other hand, the well-conserved fusion peptide sequence 
immediately downstream from the S2’ cleavage site, FP2, was 
comparatively less potent than FP1 and cIFP but exhibited higher helical 
content and membrane activities in acidic compared to neutral envi-
ronments, which might be physiologically important in the context of 
the endosomal pathway for viral entry. 

Using ESR of nitroxide-labeled lipids incorporated in fluid bilayer 
membranes, we also showed an FP-induced ordering effect in the order 

cIFPH7 > FP1H7 > FP2H7, observed both at acidic and neutral pH 
values (Fig. 6). The membrane order was determined by changes in 
parameters defined on the ESR spectra, which was further confirmed by 
calculating the order parameter S0 via spectral simulations of selected 
spectra. The lipid order parameter is an excellent indicator of the 
functional membrane activity of viral fusion peptides [15–18,39–42]. 
The increase of the lipid head groups’ order parameter indicates mem-
brane dehydration [15,69]. Therefore, the ordering effect caused by 
different viral FPs in the lipid head group and the acyl chain region 
suggests the removal of water molecules from the membrane surface, 
which may reduce the hydration repulsion between two approaching 
lipid bilayers, thus triggering the fusion process. Our ESR data clearly 
showed that the complete internal fusion peptide sequence promoted 
the most significant ordering effect under the experimental conditions 
tested and may significantly contribute to the coronavirus membrane 
fusion process. 

The influence of ions, especially calcium, in regulating fusion pro-
cesses is of particular interest [39,70]. In the case of fusion peptides 
derived from the S protein of SARS-CoV, only FP2 exhibited a Ca2+

dependency of the peptide conformation and the FP-induced membrane 
activity [9,17]. It has been previously shown, also by ESR of spin-labeled 
lipids, that the membrane ordering promoted by FP2 was strongly 
dependent on and highly specific to Ca2+ ions [17,42]. This Ca2+- 
mediated bilayer ordering effect has also been reported for the corre-
sponding FP2 sequences of the MERS-CoV and SARS-CoV-2 S proteins 
[40,42]. By isothermal titration calorimetry, the same authors showed 
that FP2 had one binding site for Ca2+, and the adjoining C-terminal 
sequence, comprising residues 816 to 835, displayed a second binding 
site [17]. Surprisingly, we observed no enhancement in the lipid mixing 
activity of FP2H7 in the presence of Ca2+ ions, despite the primary 
structure of the FP2H7 here used contained a single Ca2+ binding site 
and the reported Ca2+ dependency of peptide-induced membrane 
ordering. This result contrasts with that obtained with the Ebola fusion 
peptide, for which a Ca2+-mediated enhancement of both lipid mixing 
and membrane ordering was observed [39,54]. Our lipid mixing assays 
showed an ionic strength dependency of the FP2H7 fusogenicity since 
increasing Ca2+ or NaCl concentrations in the medium downregulated 
the peptide membrane fusion activity. Reconciling the apparent lack of 
correlation between membrane ordering and lipid mixing activity for 
the fully conserved FP2 sequence from both SARS-CoV and SARS-CoV-2 
S proteins (Fig. 1) will require further investigation. Nonetheless, the 
FP2-induced membrane ordering effect triggered by Ca2+ binding to the 
peptide may also contribute along with the other peptides to the fusion 
reaction since it can promote membrane dehydration, helping to lower 
the hydration repulsion between the approaching viral envelope and the 
host cell lipid bilayer. 

We also showed that the FP1H7, FP2H7, and cIFPH7 were disordered 
in solution but underwent a transition to α-helical structures in lipid 
micelles. This result is in agreement with the literature for FP2 and for 
different IFP sequences, in diverse nonpolar environments 
[14,17,23,28,71,72]. A nuclear magnetic resonance structural charac-
terization of FP1 in detergent micelles has been conducted and reported 
a V-shaped helical conformation for FP1 [72]. On the other hand, most 
structural studies have shown that FP1 (without the H7 tag) adopts 
β-strand conformations both in aqueous and TFE solutions and bound to 
lipid bilayer membranes [9,13,73,74]. Our CD data indicated that 
adding the poly-lysine tag at the FP1 C-terminus provided a solubilizing 
platform for the peptide, reducing the FP1 tendency to form β-like ag-
gregates. This result may be important in the context of the whole SARS- 
CoV S protein. The FP1 conformation in the spike prefusion state is 
completely disordered. In contrast, it becomes α-helical in lipid micelles 
[55,72,75], whose curved shapes may mimic the highly curved bilayer 
conformation of the fusion pore state. 

Interestingly, the sequence of the most membrane-active and fuso-
genic cIFP peptide displays several consecutive GxxxG-like motifs (G can 
be substituted by A or S; X, any residue), which are also observed in the 
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IFP sequence of the SARS-CoV-2 S protein (Fig. 1) and the corresponding 
IFP sequences from spike proteins within the Coronaviridae family [28]. 
Moreover, the presence of GxxxG-like motifs seems to play critical roles 
in the structure and function of class I fusion peptides such as those from 
influenza and HIV-I [75,76]. Mutations of the glycine, alanine or serine 
residues from GxxxG-like motifs of the IFP segment of the MERS-CoV S 
protein completely abrogated cell-cell fusion, whereas Gly-to-Ala sub-
stitutions only mildly affected cell-cell fusion [28]. The importance of 
such motif lies in the fact that it facilitates interhelical interactions in 
membranes [77,78], such as those taking place between fusion peptides, 
promoting FP dimerization, or between FPs and transmembrane do-
mains (TMD, Fig. 1) or FPs and membrane-proximal external regions 
(MPER), promoting FP-TMD or FP-MPER associations [19,79,80]. Our 
CD data obtained with the complete internal FP indicated a membrane- 
triggered cIFPH7 homoassociation in the form of α-helical coiled coils. It 
has also been shown that a 23-residue long IFP (IFP23, 866–888 
sequence range) encompassing GxxxG-like motifs heteromerizes with 
the SARS-CoV spike MPER, forming a quaternary structure that might 
facilitate the stabilization of the hemifusion state and the formation of 
the fusion pore [26,73]. Therefore, since the IFP23 primary structure 
overlaps with the cIFP C-terminal half, this study further highlights the 
importance of the complete internal fusion peptide C-terminus. Taken 
together, our results, along with data from the literature, evidence the 
functional relevance of both C- and N-termini halves of the complete 
internal fusion peptide both in the early and late stages of the SARS-CoV 
membrane fusion process. 

Our studies with ghost and erythrocyte membrane models showed 
that the interaction of the membrane fusion peptides with biological 
membranes was much more complex than in lipid model membranes 
since the erythrocyte structural and membrane proteins were also per-
turbed, as shown by our DSC assays (Fig. 7B). Therefore, different from 
what has been found for HIV-1 and influenza FPs [63–65], a direct 
correlation between the membranotropic activity of the SARS-CoV 
fusion peptides and their biological activities was not possible, indi-
cating a more complex behavior. For instance, FP2H7 promoted as many 
multicellular aggregates as cIFPH7 but exhibited substantially less 
fusion and vesicle aggregation. On the other hand, FP1H7 induced the 
highest hemolytic activity while displayed intermediate permeabilizing 
capacity. Interestingly, though, all peptides seemed to play comple-
mentary biological activities since those that promoted extensive hem-
agglutination disturbed erythrocyte integrity. 

Similarly, the peptide which perturbed most the thermal stability of 
the anion-transporting domain of the band 3 protein (corresponding to 
the peak III in the DSC thermogram, Fig. 7B) caused only a marginal 
disturbance in the denaturation of the ghost membrane proteins 
comprising peaks I and II. Whether the peptides interacted directly with 
the ghost proteins or indirectly perturbed them via interaction with the 
ghost membrane bilayer was not in the scope of the present work and 
will require further investigation. Regardless, it is remarkable that 
synthetic membrane peptides corresponding to fusion domains of viral 
fusion proteins can promote high levels of aggregation of biological 
membranes and perturb the thermal stability of the membrane proteins 
of such cell models [63–65]. 

To summarize, here we showed that a 38-residue long internal fusion 
peptide sequence from the SARS-CoV spike glycoprotein displayed 
higher membranotropic and biological activities than the N-proximal FP 
sequences under the experimental conditions tested. We hypothesize 
that all membrane-active FP sequences from SARS-CoV S protein, and 
likely those from SARS-CoV-2 given the degree of sequence conservation 
(Fig. 1), play complementary roles in the fusion process. Depending on 
physiological conditions such as pH, salt, Ca2+ presence, proteolytic 
priming, and lipid composition [13,14,32,68,74,81], the SARS-CoV 
membrane fusion peptides may act independently, but likely synergis-
tically [26], in order to promote the necessary membrane remodeling 
and restructuring critical for the SARS-CoV spike-mediated viral-cell 
membrane fusion. 

5. Conclusion 

Using a combined biophysical approach, we investigated the inter-
action of three fusion peptide sequences from the SARS-CoV spike 
glycoprotein with model and biological membranes. Our findings 
revealed that the internal fusion peptide, cIFP, was more efficient in 
promoting membrane activity than the other N-proximal fusion peptides 
at both neutral and acidic pH. This result suggests that cIFP may disturb 
both cellular and endosome membranes, highlighting its importance to 
both early and late viral entry pathways. The cIFP formed a coiled-coil 
α-helical structure in model membranes, putatively due to the pres-
ence of several GxxxG-like motifs in its primary structure. The presence 
of such motifs may also be important to a possible heteroassociation of 
cIFP with the pretransmembrane domain of the S protein, highlighting 
the relevance of the internal fusion peptide also to the late stages of viral 
entry. 

Our data also revealed that the fusogenicity of the well-conserved 
FP2 sequence was ionic strength dependent and that Ca2+ down-
regulated the FP2 fusion activity. However, FP2 induced extensive ag-
gregation of biological membranes. Our hypothesis is that different 
hydrophobic segments from the spike protein with characteristics of 
fusion peptides may act independently from each other and likely play 
complementary roles in the viral membrane fusion. The possible exis-
tence of both N-terminal and internal fusion peptide domains may be 
advantageous since it may facilitate the contact of the SARS-CoV fusion 
S2 subunit with the host membrane, thus triggering more efficiently the 
necessary fusion-relevant membrane changes of distinct cell types under 
different physiological conditions such as pH, salt, Ca2+, and lipid 
composition. 
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