
Interaction of a peptide corresponding to the loop domain of the S2
SARS-CoV virus protein with model membranes
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Abstract
The severe acute respiratory syndrome coronavirus (SARS-CoV) envelope spike (S) glycoprotein is responsible for the
fusion between the membranes of the virus and the target cell. In the case of the S2 domain of protein S, it has been found a
highly hydrophobic and interfacial domain flanked by the heptad repeat 1 and 2 regions; significantly, different peptides
pertaining to this domain have shown a significant leakage effect and an important plaque formation inhibition, which,
similarly to HIV-1 gp41, support the role of this region in the fusion process. Therefore, we have carried out a study of the
binding and interaction with model membranes of a peptide corresponding to segment 1073�1095 of the SARS-CoV S
glycoprotein, peptide SARSL in the presence of different membrane model systems, as well as the structural changes taking
place in both the lipid and the peptide induced by the binding of the peptide to the membrane. Our results show that SARSL

strongly partitions into phospholipid membranes and organizes differently in lipid environments, displaying membrane
activity modulated by the lipid composition of the membrane. These data would support its role in SARS-CoV mediated
membrane fusion and suggest that the region where this peptide resides could be involved in the merging of the viral and
target cell membranes.
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Abbreviations: 16NS, 16-Doxyl-stearic acid; 5NS, 5-Doxyl-stearic acid; BPS, Bovine brain L-a-phosph-

atidylserine; CF, 5-Carboxyfluorescein; Chol, Cholesterol; CoV, Coronavirus; DMPG, 1,2-Dimyristoyl-sn-gly

cero- phosphoglycerol; DPH, 1,6-Diphenyl-1,3,5-hexatriene; EPA, Egg L-a-phosphatidic acid; EPC, Egg L-a-

phosphatidylcholine; EPG, Egg L-a-phosphatidylglycerol; ESM, Egg sphingomyelin; FP, Fusion peptide; FTIR,

Fourier-transform infrared spectroscopy; HIV-1, Human immunodeficiency virus type 1; HR, Heptad repeat region;

LUV, Large unilamellar vesicles; MLV, Multilamellar vesicles; POPC, 1-Palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine; POPE, 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; POPG, 1-Palmitoyl-2-oleoyl-sn-

glycero-3-phosphoglycerol, POPS, 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine; PTM, Pre-transmembrane

domain; SARS, Severe acute respiratory syndrome; SARSL, Loop peptide of SARS; SIV, Simian

immunodeficiency virus; TFE, Trifluoroethanol; Tm, Main transition temperature; TM, Transmembrane domain.

Introduction

In late 2002, the emergence of a form of pneumonia

called severe acute respiratory syndrome (SARS)

was attributed to a previously unknown coronavirus

termed SARS-CoV [1�4]. Similar to other corona-

virus, SARS-CoV membrane fusion is mediated by

the viral spike glycoprotein located on the viral

envelope. Trimers of the spike protein form the

peplomers that protrude from the virion giving these

viruses their distinctive crown-like appearance.

SARS-CoV S glycoprotein seems to be cleaved into

S1 and S2 subunits in Vero-E6 infected cells [5], but

cleavage is not an absolute requirement for the

mechanism of fusion [6]. Additionally, infection

mediated by the SARS-CoV protein can be inhibited
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by specific inhibitors of the endosomal protease

cathepsin L [7] suggesting that protein cleavage

might play an important role activating spike protein

for membrane fusion.

SARS-CoV infection, similarly to other envelope

viruses, is achieved through fusion of the lipid bilayer

of the viral envelope with the host cell membrane

[8], although recent studies have shown that the

entry of SARS-CoV into the cell may be through

pH- and receptor-dependent endocytosis [9]. Inter-

estingly, raft microdomains have been also shown to

be involved in virus entry [9]. The S1 subunit forms

a globular head and is responsible for recognition of

the host cell receptors [10], which for the SARS-

CoV has been identified as angiotensin converting

enzyme 2 (ACE2) and CD209L [11,12]. The S2

subunit is responsible for the fusion between viral

and cellular membranes [13]. S2 sequence is highly

conserved in coronavirus and contains different

functional regions critical for membrane fusion as

occurs in other class I viral fusion proteins (see

Figure 1): a stretch of about 20 residues situated

downstream of the minimum putative cleavage site

and considered the fusion peptide [14,15], a second

fusion peptide (helper?) for the fusion peptide

located immediately upstream of the HR1 re-

gion[16,17], two heptad repeat regions HR1 and

HR2 [18] and a stretch of about 13�18 residues that

precedes the TM domain at the C terminus, i.e., the

pretransmembrane domain [16,19,20].

Membrane fusion proteins share common motifs

functioning as an integrated unit. In the case of the

HIV gp41 envelope protein, as well as in other fusion

proteins of other retroviruses, it has been shown that

the presence of a conserved immunodominant

domain in the region of the loop separating the

two heptad repeats that reverse the polypeptide

chain [21�24]. This region seems important in the

stabilization of the trimeric helical hairpin either in

aqueous solution or in the presence of membranes

[25]. Moreover, it has been shown that mutations in

the loop region of gp41 affect the formation and

dilation of fusion pores that are permeable to

relatively small soluble molecules suggesting a role

of this region in late steps of the membrane fusion

process [26]. Finally, different peptides correspond-

ing to this region have shown membrane binding and

membrane perturbing capabilities [27�29], and

therefore the interaction of this domain with the

target cell membrane may be of key importance in

the viral fusion mechanism. In the case of the SARS-

CoV S glycoprotein, it was found a highly hydro-

phobic and interfacial domain flanked by the HR1

and HR2 regions [16] (Figure 1), and different

peptides pertaining to this domain have shown a

significant leakage effect [16] and an important

Figure 1. Hydrophobic moment, hydrophobicity, interfaciality distribution, and relative position of the SARSL peptide used in this study

along the SARS-CoV spike S2 domain, assuming it forms an a-helical wheel [16]. Only positive bilayer-to-water transfer free-energy values

are depicted (the darker, the higher). The scheme of the structure of SARS-CoV spike glycoprotein S2 (amino acid residues 758�761 to

1255 for the full-length) according to literature consensus is also shown. The relevant functional regions are highlighted: the putative fusion

peptide (FP), the internal fusion peptide (IFP), the predicted heptad repeat regions pertaining HR1, HR2, and the pre-transmembrane

(PTM), transmembrane (TM) domains [14,16,19,20,34]. The sequence of the peptide used in this work is also shown.
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SARS-CoV plaque formation inhibition [30]. These

results support a role of this region in the fusion

process such as it has been shown for the loop

domain of HIV-1 gp41. Apart from that, while much

progress has been made in understanding the

membrane fusion mechanism of different viruses,

available data concerning coronaviruses, particularly

in the case of SARS-CoV, are scarce. Therefore, the

purpose of the present work was to gain an insight

into the implication of the SARS-CoV loop domain

in the membrane interaction.

We have studied a 23-amino acid sequence,

peptide SARSL, pertaining to this domain, both in

aqueous solution and in the presence of different

membrane model systems, to evaluate its incorpora-

tion and location in membranes, determine its

secondary structure and to study its effect on the

integrity of the membrane. The structural and

dynamical changes which take place in both the

SARSL peptide and the phospholipid molecules

induced by its interaction with the lipid bilayer

have been characterized using monolayer penetra-

tion and fluorescence and infrared spectroscopy. Our

results show that SARSL strongly partitions into

phospholipid membranes and organizes differently

in lipid environments, displaying membrane-activity

modulated by the lipid composition of the mem-

brane. These data suggest that the regions where the

peptide SARSL resides could be involved in the

merging of the viral and target cell membranes.

Materials and methods

Materials and reagents

A 23-residue peptide, SARSL, pertaining to the S2

domain of SARS-CoV (1073REGVFVFNGTSWF-

ITQRNFFSPQ1095, with N-terminal acetylation

and C-terminal amidation) was obtained from

Genemed Synthesis (San Francisco, CA, USA).

The peptide was purified by reversed-phase HPLC

(Vydac C-8 column, 250�4.6 mm, flow rate 1 ml/

min, solvent A, 0.1% trifluoroacetic acid, solvent B,

99.9 acetonitrile and 0.1% trifluoroacetic acid) to

better than 95% purity, and its composition and

molecular mass were confirmed by amino acid

analysis and mass spectroscopy. Since trifluoroace-

tate has a strong infrared absorbance at approxi-

mately 1,673 cm�1, which interferes with the

characterization of the peptide amide I band [28],

residual trifluoroacetic acid, used both in peptide

synthesis and in the high-performance liquid chro-

matography mobile phase, was removed by several

lyophilization-solubilization cycles in 10 mM

HCl. Egg phosphatidylCholine (EPC), egg phos-

phatidylglycerol (EPG), egg phosphatidic acid

(EPA), bovine brain phosphatidylserine (BPS),

Cholesterol (Chol), 1-Palmitoyl-2-oleoyl-sn-gly-

cero-3-phosphoethanolamine (POPE), 1,2-Dimiris-

toyl-sn-glycero-3-phosphatidylglycerol (DMPG),

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylserine

(POPS), 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosph-

atidylglycerol (POPG) and 1-Palmitoyl-2-oleoyl-

sn-glycero-3-phosphatidylcholine (POPC) were

obtained from Avanti Polar Lipids (Alabaster, AL,

USA). 5-Carboxyfluorescein (CF), (�95% by

HPLC), deuterium oxide (99.9% by atom), Triton

X-100, EDTA, and HEPES were purchased from

Sigma-Aldrich (Madrid, ES, EUR). All other

reagents used were of analytical grade from Merck

(Darmstad, Germany, GER, EUR). Water was

deionized, twice-distilled and passed through a

Milli-Q equipment (Millipore Ibérica, Madrid,

ES, EUR) to a resistivity higher than 18 MV cm.

Liposome preparation

Aliquots containing the appropriate amount of lipid

in chloroform-methanol (2:1 vol/vol) were placed in

a test tube, the solvents were removed by evapora-

tion under a stream of O2-free nitrogen, and finally,

traces of solvents were eliminated under vacuum in

the dark for �3 h. The lipid films were resuspended

in an appropriate buffer and incubated either at

258C or 108C above the phase transition tempera-

ture (Tm) with intermittent vortexing for 30 min to

hydrate the samples and obtain multilamellar vesi-

cles (MLV). The samples were frozen and thawed

five times to ensure complete homogenization and

maximization of peptide/lipid contacts with occa-

sional vortexing. Large unilamellar vesicles (LUV)

with a mean diameter of 0.1 mm (leakage measure-

ments) were prepared from multilamellar vesicles by

the extrusion method [31] using polycarbonate

filters with a pore size of 0.1 mm (Nuclepore Corp.,

Cambridge, CA, USA). The phospholipid and

peptide concentration was measured by methods

described previously [32,33].

Peptide binding

Peptide partitioning into membranes was evaluated

by the change of the tryptophan fluorescence by

successive additions of small volumes of LUVs to the

peptide sample (2.67�10�5 M). Fluorescence spec-

tra were recorded in a SLM Aminco 8000 spectro-

fluorimeter with excitation and emission wavelengths

of 290 and 348 nm, respectively, and 4 nm spectral

bandwiths. Measurements were carried out in

20 mM HEPES, 50 mM NaCl, EDTA 0.1 mM,

pH 7.4. Intensity values were corrected for dilution,

and the scatter contribution was derived from lipid
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titration of a vesicle blank. Partition coefficients Kp

and fluorescence anisotropies Br�were obtained as

described previously [19,28,34].

Fluorescence quenching

Fluorescence quenching of the Trp emission by

acrylamide and fluorescence quenching of the lipo-

philic probes 5NS or 16NS were performed as

described previously [19,34�36].

Leakage measurement

LUVs with a mean diameter of 0.1 mm were

prepared as indicated above in buffer containing

10 mM Tris, 20 mM NaCl, 0.1 mM EDTA, pH 7.4,

and CF at a concentration of 40 mM. Non-

encapsulated CF was separated from the vesicle

suspension through a Sephadex G-75 filtration

column (Pharmacia, Uppsala, Sweden) eluted with

buffer containing 10 mM Tris, 0.1 M NaCl, 1 mM

EDTA, pH 7.4. Leakage of intraliposomal CF was

assayed by treating the probe-loaded liposomes

(final lipid concentration, 0.125 mM) with the

appropriate amounts of peptide on microtiter plates

using a microplate reader (FLUOstar; BMG Lab-

tech, Offenburg, Germany), each well containing a

final volume of 170 ml stabilized at 258C. The

medium in the microtiter plates was continuously

stirred to allow the rapid mixing of peptide and

vesicles. One hundred percent release was achieved

by adding Triton X-100 to the microtiter plates to a

final concentration of 0.5% (wt/wt). Fluorescence

measurements were made initially with probe-loaded

liposomes, then by adding peptide solution, and

finally 100% release was achieved by adding Triton

X-100 to the microtiter plates (final concentration of

0.5% (wt/wt)). Leakage was quantified on a percen-

tage basis as previously described [37].

Insertion of peptides into lipid monolayers

Insertion of peptides into lipid monolayers, residing

on an air/water interface, was measured using

magnetically stirred circular Teflon wells (Multiwell

plate, subphase volume 3 ml, Kibron Inc., Helsinki,

FIN). Surface pressure (p) was monitored with a

Wilhelmy wire attached to a microbalance (DeltaPi,

Kibron Inc., Helsinki, FIN, EUR) interfaced to a

computer. Lipids were mixed at the indicated molar

ratios in chloroform (approximately 1 mM) and then

spread onto the air-buffer interface (20 mM

HEPES, 0.1 mM EDTA, pH 7.4). The lipid mono-

layers were allowed to equilibrate for approximately

15 min at different initial surface pressures (p0)

before the injection of the peptides into the sub-

phase. The increment in p after peptide addition was

complete in approximately 30 min and the difference

between the initial surface pressure (p0) and the

value observed after the penetration of peptide into

the films was taken as Dp. The data shown represent

the average from triplicate measurements and are

represented as Dp vs. p0. These graphs yield the

critical surface pressure pc corresponding to the lipid

lateral packing density preventing the intercalation

of the peptides into the lipid films. All measurements

were performed at ambient temperature (:258C).

Infrared spectroscopy

Aliquots containing the appropriate amount of lipid

in chloroform/methanol (2:1, v/v) were placed in a

test tube containing 200 mg of dried lyophilized

peptide. After vortexing, the solvents were removed

by evaporation under a stream of O2-free nitrogen,

and finally, traces of solvents were eliminated under

vacuum in the dark for more than 3 h. The samples

were hydrated in 200 ml of D2O buffer containing

20 mM HEPES, 50 mM NaCl, 0.1 mM EDTA, pH

7.4 and incubated at 108C above the phase transi-

tion temperature (Tm) of the phospholipid mixture

with intermittent vortexing for 45 min to hydrate the

samples and obtain multilamellar vesicles (MLV).

The samples were frozen and thawed five times to

ensure complete homogenization and maximization

of peptide/lipid contacts with occasional vortexing.

Finally the suspensions were centrifuged at 15000

rpm at 258C for 15 min to remove the possibly

peptide unbound to the membranes. The pellet was

resuspended in 25 ml of D2O buffer and incubated

for 45 min at 108C above the Tm of the lipid

mixture, unless stated otherwise. Approximately

20 ml of the pelleted sample were placed between

two CaF2 windows separated by a 56-mm-thick

Teflon spacer in a liquid demountable cell (Harrick,

Ossining, NY). The spectra were obtained in a

Bruker IFS66s FTIR spectrometer using a deuter-

ated triglycine sulfate detector. Each spectrum was

obtained by collecting 200 scans with a triangular

function at a resolution of 2 cm�1. The spectro-

meter was continuously purged with dry air at a dew

point of �408C to remove atmospheric water vapor

from the bands of interest. Once the sample was

mounted in the holder of the instrument, it was

equilibrated at the lowest temperature used for at

least 20 min before acquisition. An external bath

circulator, connected to the infrared spectrometer,

controlled the sample temperature.

Time-resolved Fluorescence Spectroscopy

Fluorescence intensity and anisotropy decays were

obtained by the single-photon timing technique.
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For Trp excitation at l�295 nm, a cavity-dumped

frequency doubled dye laser of Rhodamine 6G was

described elsewhere [38]. For DPH excitation at

375 nm, a solid state Ti:sapphire laser in a setup

previously described [39] was employed. The emis-

sion wavelength (350 nm for Trp and 430 nm for

DPH) was selected by a Jobin-Yvon H329 mono-

chromator (Horiba Jobin-Yvon, Longjumeau, FR-

EU). For other details see references above. For the

anisotropy decays, the parallel (vertically polarized)

and the perpendicular (horizontally polarized) com-

ponents of the fluorescence decay were separately

collected with the same acquisition time. Back-

ground decays were obtained and subtracted,

although the average count rate was always less

than 3% of the sample. The time-scales ranged from

7.5�14.0 ps/channel for Trp and from 20.0�57.6 ps/

channel for DPH. For other details on the time-

resolved anisotropy measurements and analysis see

[40].

Hydrophobic moment, hydrophobicity, and interfaciality

The hydrophobic moment calculations were carried

out according to Eisenberg [41] and the scale for

calculating hydrophobic moments was taken from

Engelman [42]. Hydrophobicity and interfacial va-

lues, i.e., whole residue scales for the transfer of an

amino acid of an unfolded chain into the membrane

hydrocarbon palisade and the membrane interface

respectively, have been obtained from [43]. Each

specific value in the two-dimensional plot represents

the mean of the values pertaining to the hydrophobic

moment, hydrophobicity and interfaciality of the

amino acid at that position and its neighbours [16].

Positive values correspond to positive bilayer-to

water transfer free energy values and therefore, the

higher the value, the greater the probability to

interact with the membrane surface and/or the

hydrophobic core.

Results

Binding of SARSL peptide to lipid vesicles

The ability of the SARSL peptide to interact with

membranes was determined from fluorescence stu-

dies of the peptide intrinsic Trp in presence of model

membranes containing different phospholipid com-

positions at different lipid/peptide ratios. The Trp

fluorescence emission intensity of the SARSL pep-

tide decreased upon increasing the lipid/peptide

ratio, indicating a significant change in the environ-

ment of the Trp moieties of the peptide (Figure 2A).

The change on the Trp fluorescence of the peptide

allows obtaining its partition coefficient, Kp, for

different phospholipids (summarized in Table I).

Kp values in the range 106�107 were obtained,

indicating that the peptide was bound to the

membrane surface with high affinity. Slightly higher

Kp values were obtained for negatively charged

phospholipid-containing bilayers, EPG, EPA and

BPS, than liposomes containing the neutral phos-

pholipid EPC. These results were further corrobo-

rated by the displacement in the maximum emission

wavelength of Trp in the presence of phospholipids

LUVs. In buffer, the peptide had an emission

maximum at 345 nm, typical for Trp in a polar

environment, whereas, in the presence of increasing

concentrations of membranes, the emission max-

imum presented a shift of about 4�6 nm to shorter

wavelengths in negatively charged liposomes, but

only 1 nm for zwitterionic ones. Differences in the

fluorescence anisotropy values of the SARSL peptide

were also observed when in the presence of phos-

pholipid model membranes. It was found that

addition of LUVs to the peptide increased signifi-

cantly the anisotropy values (Table I), indicating an

eventual decrease in the mobility of the Trp residue.

The increase in anisotropy was lower in the zwitter-

ionic phospholipid EPC than in the presence of the

negatively charged phospholipids BPS, EPG and

EPA. The SARSL peptide has a positive net formal

charge of �1, so that an electrostatic effect might be

the reason to observe relatively high binding and

anisotropy values for compositions containing nega-

tively charged phospholipids. However, it is not only

the electrostatic attraction that is playing a role,

since, as shown below, the peptide affects more

significantly membranes containing zwitterionic

phospholipids rather than those containing nega-

tively-charged ones. The peptide mobility will be

addressed in more detail later in the article, in the

framework of the time-resolved data.

Location and penetration of SARSL in the bilayer

To assess the accessibility of the Trp residue of the

SARSL peptide to the aqueous environment before

and after binding to membranes having different

phospholipid compositions, the water-soluble

quencher acrylamide, an efficient neutral quencher

probe [34] was used. Stern-Volmer plots for the

quenching of Trp by acrylamide, recorded in the

absence and presence of lipid vesicles, are shown in

Figure 2B and the resultant Stern-Volmer constants

are presented in Table I. The data reveal a weaker

decrease in the fluorescence intensity in the presence

of liposomes, indicating that the Trp residue was less

accessible to the quencher in the presence of LUVs.

The KSV value for the zwitterionic phospholipid

EPC was slightly higher than those found in the

presence of negatively charged phospholipids. As
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observed in Figure 2B, the plots are linear with a

unitary intercept showing that the Stern-Volmer

dynamic quenching formalism describes accurately

the data (it will be shown later that the variations in

the peptide fluorescence lifetime do not affect this

result). The transverse location (penetration) of the

SARSL peptide in the lipid bilayer was evaluated by

monitoring the relative quenching of the fluores-

cence of the Trp residue by the lipophylic spin

probes 5NS and 16NS when the peptide was

incorporated in the fluid phase of vesicles having

different phospholipid compositions (Figure 2C). It

can be seen that, in general, and for each one of the

different membrane compositions studied, the

SARSL peptide was quenched more efficiently by

16NS, quencher for molecules near or at the inter-

face, than by 5NS, quencher for molecules buried

deeply in the membrane allowing to conclude that

SARSL remained close to the lipid/water interface. It

can be seen that in general, and for each one of the

different membrane compositions studied, although

the SARSL peptide was quenched slightly more

efficiently by 16NS, the difference for the two probes

is not very high. This allows the conclusion that Trp

resides in between these probes.

Fluorescence intensity decay of the peptide

All the parameters describing the peptide fluores-

cence intensity decay are given in Table II. As

expected for Trp [34], the decays are described by

the sum of three exponentials, with typical values for

the components lifetimes. The mean fluorescence

lifetime at 258C is around 2 ns, also a typical

behavior for Trp residues. However, the lifetime-

weighted quantum yield had an unusual behavior. In

the absence of static quenching, this param-

eter should be proportional to the steady-state

fluorescence intensity (to the quantum yield), and

it is expected to decrease monotonically with raising

temperature. As shown in Table II, this is not the

case, because the amplitude averaged lifetime in-

creases from 25�508C. This means that in addition

to thermal deactivation of the excited state, there

should be another factor contributing to the lower

quantum yield at 258C. For the peptide in solution,

this suggests that the peptide conformation and/or

aggregation state changes between 25 and 508C.

Either the peptide becomes denatured, or an aggre-

gate is destroyed at the higher temperature, taking a

Trp quencher side-chain away from the vicinity of

the indole ring. Upon interacting with lipid bilayers

of different compositions, the parameters describing

the fluorescence intensity decays of the peptide tend

to change, but not dramatically [27,28,35]. The

general trend observed here is a slight increase of

both the amplitude-weighted and the intensity-

weighted average lifetimes, except for EPC, for

which the interaction with the peptide is weaker

and the changes on peptide/structure/dynamics are

Figure 2. (A) Change on the Trp fluorescence intensity of the SARSL peptide in the presence of increasing lipid concentration, (B) Stern-

Volmer plots of the quenching of the Trp fluorescence emission of SARSL by acrylamide in aqueous buffer (9), and in the presence of

LUVs, (C) Doxyl NS quenching (5NS, open symbols, and 16NS, black symbols) of the Trp fluorescence of the SARSL peptide in the

presence of LUVs at different lipid compositions. The lipid compositions used were EPC (j), BPS ('), EPG (m), EPA ("). The spin

label concentration is the effective quencher concentration calculated as stated in the Material and Methods section.

Table I. Partition coefficient (Kp), spectral shift (Dl), aniso-

tropy value, acrylamide Stern-Volmer (KSV) quenching con-

stant obtained from the fluorescence of the Trp residue of the

SARSL peptide in buffer, in the presence of different model

membranes.

System Kp ^l (nm)* Br�* KSV

Buffe � � 0.065 16

EPC 6.8 �105 1 0.073 5.87

EPG 3.9 �106 5 0.091 4.81

BPS 4.8 �106 4 0.094 4.54

EPA 8.5 �106 6 0.104 4.78

*Dl, Br� correspond to a peptide/lipid ratio of 1:30.
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smaller. The slight increase observed for the ampli-

tude-weighted lifetime in all the anionic membranes

studied is at variance with the marked decrease

observed for the steady-state fluorescence intensity.

This effect should be due to a strong conformational

change and/or extensive aggregation of the peptide

in the membrane. The fact that the amplitudes and

the lifetime components change only mildly, and

also that the order of the relative amplitudes was

kept, suggests that a strong conformational change is

not taking place, and favors an interpretation of the

data as an extensive aggregation upon interaction

with the membrane.

Time-resolved fluorescence anisotropy of SARSL peptide

In order to gain more insight into the dynamic

behavior of SARSL, as well as information on its

aggregation state in water, the fluorescence aniso-

tropy decay of the peptide was obtained in different

systems. From visual inspection of the experimental

fluorescence anisotropy decays (not shown), it could

be observed that the fluorescence anisotropy at very

long times tended to zero in buffer solution, and to a

small value in zwitterionic membrane (EPC). In

addition, the dynamic component was slower for the

peptide interacting with membranes than in water

solution, and in the case of anionic membranes, even

at very long times, the fluorescence anisotropy had a

significant positive value. The decay of the aniso-

tropy starts in general at a value lower than the

fundamental anisotropy of Trp at the excitation

wavelength used, which is r0�0.2 [44]. This is

probably due to a very fast wobbling motion of

the indole moiety of the Trp residue that is un-

resolved, especially in the case of the lipid containing

samples, due to stronger scattering. For the peptide

in buffer, the results of the analyses of the anisotropy

decays are shown in Table III. A very fast component

(B100 ps) had to be included in the analysis in order

to obtain a low chi-square and random distribution

of residuals, but because it could not be accurately

determined, it is not presented in the Table. The

rotation corresponding to the longer rotational

correlation time was responsible for the remaining

depolarization. In order to determine if this was due

to some kind of segmental motion or due to the

rotation of the whole peptide, the volume of the

peptide was calculated from its molecular mass [45].

In this way, a volume of 3402 Å3/molecule was

obtained. In Table III the predicted rotational

correlation time for a sphere of this volume rotating

in water is also shown. It is clear that both at 158C
and 258C, the experimental value of the rotational

correlation time corresponds to a peptide dimer. At

these two temperatures the peptide has probably the

same molecular organization. This result correlates

well with the tendency of the peptide to form

aggregates in which a quenching of the Trp residue

fluorescence takes place, and that those aggregates

are partially or totally destroyed when reaching

508C. The fluorescence anisotropy decay in mem-

branes is clearly different from those in water. The

parameters retrieved from the analysis of those

decays are given in Table IV. It is clear from the

data displayed in Table IV that the rotational

dynamics of the peptide is different in the several

systems. However, the most significant differences

Table II. Fluorescence lifetime components ti, normalized amplitudes ai, and fluorescence mean lifetime (amplitude weighted, t̄; and

intensity weighted, Bt�) of the Trp residue of the SARSL peptide in buffer, in the presence of phospholipid model membranes at 258C.

The reduced x2 values of the fits to the experimental fluorescence decays are also given. The peptide/lipid ratio was 1:30.

System t1 (ns) t2 (ns) t3 (ns) a1 a2 a3 t̄ (ns) Bt� (ns) x2

Buffer 158C 0.305 1.343 4.302 0.403 0.387 0.210 1.55 2.99 1.16

Buffer 258C 0.212 0.986 3.531 0.513 0.365 0.121 0.897 2.11 1.19

Buffer 508C 0.243 1.039 2.72 0.362 0.475 0.162 1.02 1.70 1.18

EPC 0.25 0.934 3.186 0.486 0.373 0.141 0.918 1.94 1.20

EPG 0.259 1.14 4.107 0.440 0.389 0.171 1.26 2.72 1.28

BPS 0.308 1.229 3.939 0.507 0.345 0.147 1.16 2.46 1.10

EPA 0.268 1.09 3.485 0.463 0.361 0.176 1.13 2.30 1.18

Table III. Long rotational correlation time f from the anisotropy decay of the peptide SARSL in buffer solution at different temperatures.

The global chi-square is also given. For comparison, the rotational correlation time for different aggregates of the SARSL peptide at those

temperatures is also indicated. The inclusion of a very short rotational correlation time (B100 ps) was necessary to account for the initial

depolarization, but its value could not be accurately determined.

System fexperimental (ns) fmonomer (ns)* fdimer (ns)* ftrimer (ns)* xG
2

Buffer 158C 2.43 0.97�1.4 2.0�2.9 2.9�4.3 1.44

Buffer 258C 1.80 0.74�1.1 1.5�2.2 2.2�3.3 1.09

*From the Stokes-Einstein equation. The lower, upper bounds are calculated for non-hydrated, maximally hydrated peptide respectively.
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(considering the error associated to the parameters

majored by 15%, not shown) are a smaller value of

r� for EPC, and a longer rotational correlation time

for EPA (in the case of EPG, there is a broad surface

minimum for which r� could be slightly higher and

f slightly shorter, which would be effectively closer

to the f of BPS/EPC and r� closer to BPS; in the

EPG system the average lifetime is longer than in

BPS and this could also allow a better definition of

the dynamic part, and the retrieval of a smaller r�).

Focusing on the two major differences mentioned,

the anisotropy decay in EPC can be interpreted in a

similar way to the one observed in water, but in a

medium of higher viscosity (slower rotational corre-

lation time), and also with some hindering (non-zero

anisotropy for long times), but the peptide seems to

be loosely associated to the membrane. For the other

lipids, this is not the case. The rotational dynamics

of the Trp residue is severely hindered. Taking the

fact that no strong structural alterations in the

vicinity of the Trp residue are concluded from the

fluorescence intensity decay parameters (Table II),

together with the anisotropy decay data, this point to

the formation of large aggregates that have only

limited motion in the time scale of the fluorescence

emission. In the case of EPA, the rotational correla-

tion time is significantly longer. This may be due to

the establishment of strong interactions at the level

of the small and the less hydrated EPA headgroup

that slow down the Trp residue rotational motions as

it anchors the peptide at the membrane/water inter-

face. This is fully consistent with the larger spectral

shift (low hydration) observed for the peptide in the

presence of EPA, but also larger water accessibility

(less protection by the small phospholipid head-

group). The KSV value is actually the product of the

bimolecular quenching rate constant times the

average fluorescence lifetime of the fluorophore in

the absence of quenching. In this way, it is important

to check if there are significant variations in that

parameter in order to compare quencher accessi-

bility from KSV values. By dividing KSV (Table I) by

Bt� (Table II), it is verified that the water

accessibility decreases in the order EPC�EPA�

BPS�EPG.

Membrane leakage

In order to further explore the possible interaction

of the SARSL peptide with phospholipid model

membranes, we studied the effect of the peptide

on the release of encapsulated fluorophores trapped

inside LUVs. The extent of leakage observed at

different lipid-to-peptide ratios and the effect of

lipid composition is shown in Figure 3A, where it

can be seen that the peptide was able to induce the

release of the internal contents of the liposomes in a

dose-dependent manner. In the presence of lipo-

somes containing zwitterionic phospholipids, the

SARSL peptide induced a significant leakage value,

Table IV. Fitting parameters for the anisotropy decay of the

peptide SARSL (rotational correlation time f, associated depolar-

ization b, and limiting anisotropy r�) in lipid membranes of

several compositions at 258C. The global chi-square is also given.

System ba

fexperimental

(ns) r� xG
2

EPC 0.075 2.44 0.027 1.16

EPG 0.061 3.58 0.053 1.28

BPS 0.032 2.34 0.078 1.17

EPA 0.049 5.94 0.070 1.12

aThe inclusion of a very short rotational correlation time

(B100 ps) was necessary to account for the initial depolarization,

but its value could not be accurately determined.

Figure 3. (A) Effect of the SARSL peptide on membrane rupture of LUVs at different lipid compositions, at different lipid-to-peptide molar

ratios. The lipid compositions used were EPC (j), EPC/BPS/CHOL at a molar ratio of 5:3:1 ('), EPG (m), EPC/EPG/CHOL at a molar

ratio of 5:3:1 (%), EPC/EPA/Chol at a molar ratio of 5:3:1 ("). (B) Insertion of the SARSL peptide into lipid monolayers. Increments in

surface pressure (Dp) of lipid monolayers due to the addition of SARSL peptide into the subphase is illustrated as a function of the initial

pressure (p0). The lipid compositions used were POPC (m), POPS ('), POPG (j).
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whereas in liposomes containing negatively-charged

phospholipids much lower leakage values were

found. At the lowest lipid/peptide ratio used, the

highest percentages of leakage (49%, 41% and 36%)

were observed for EPC, EPC/EPG/Chol (5:3:1) and

EPG, respectively. Lower leakage values were found

in the presence of EPC/BPS/Chol (5:3:1) (18%) and

EPC/EPA/Chol (5:3:1) (5%) (Figure 3A). Interest-

ingly, at the lower peptide/lipid ratio used and more

usual in the normal context of protein-membrane

scenario, the membrane containing only zwitterionic

phospholipid had a significant effect in the probe

release (Figure 3A). These results indicate that the

peptide affects more significantly membranes con-

taining zwitterionic phospholipids rather than those

containing negatively-charged ones.

Monolayer insertion of peptide

The intercalation of the SARSL peptide in lipid

monolayers with different initial pressures p0 was

observed by measuring the increment in surface

pressure (Dp) following the addition of the peptides

into the subphase. As it can be seen in Figure 4B,

SARSL readily intercalated into the POPC film with

a pc of 41 mN/m, but POPS or POPG attenuated

the peptide insertion with pc values observed at

approximately 35 and 25 mN/m, respectively.

Perturbation induced by the peptide in the lipid palisade

The fluorescence intensity decay of the membrane

probe DPH was obtained in order to evaluate the

perturbation induced by the peptide in the mem-

brane hydrophobic core. It was previously verified

for other membrane active peptides that a superficial

location is also compatible with strong perturbation

in the lipid core (e.g., [34]). If the environment of

the DPH chromophore is more hydrated this will

readily lead to a concomitant decrease of the

amplitude-averaged and/or the intensity averaged

fluorescence lifetimes. In Table V, the parameters

describing the fluorescence intensity decay of DPH

are shown for a zwitterionic lipid (POPE), and an

anionic one (DMPG). The values were obtained

both below (158C) and above (358C) the main

transition temperature of the phospholipids (258C
for POPE [46] and 238C for DMPG [36]), i.e., in

the gel and in the fluid phase, respectively, and in the

absence and in the presence of the SARSL peptide.

In the absence of the peptide, the fluorescence decay

of DPH is always bi-exponential, except for DMPG

at 158C, where a longer component of �12 ns is the

major one, giving rise to a longer lifetime-weighted

quantum yield and average lifetime. This corre-

sponds to the gel phase of the saturated phospho-

lipid, for which the order and rigidity is kept deeper

along the acyl chains. In the presence of the SARSL

peptide, the decay becomes in general more com-

plex. An intermediate component either appears or

becomes more important to the total decay, with a

consequent decrease of the intensity and amplitude

averaged fluorescence lifetimes of DPH. This shows

that in all cases, the peptide perturbs the membrane

in such a way that it is sensed in the hydrophobic

core. The effect of the peptide in the average

lifetimes is similar (though lesser) to the effect of

the fusion peptide of the SARS-CoV in the same or

similar lipids [34]. However, the effect on the

lifetime components is different. In the presence of

the SARS-CoV fusion peptide the decay was more

complex, originating a short (sub-nanosecond) com-

ponent with an amplitude of more than �30%, and,

e.g., the amplitude averaged lifetime becomes in

every case B3 ns. In the case of the SARSL peptide,

the stronger effect is felt on the intermediate

component, and although this is related to an

increase in the polarity of the environment of the

DPH fluorophore, there is no direct contact with

water (that would lead to a componentB0.5 ns),

Figure 4. Infrared spectra in the Amide I’ region of the SARSL

peptide in solution (A), and in the presence of liposomes

composed of (B) EPC, (C) EPG at a phospholipid/peptide molar

ratio of 15:1 in D2O buffer at 258C.
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and in fact the SARSL peptide does not perturb the

bilayer structure in a way as drastic as the fusion

peptide does, as expected from the proposed func-

tion of the fusion and the loop peptides. Another

interesting feature is that in the case of the fusion

peptide, the relative effect on the average lifetimes

was stronger in the anionic lipid both below and

above Tm. In the case of the SARSL peptide, it is

clear that below Tm, the effect is much more

pronounced in DMPG, whereas above Tm, it is in

POPE membranes that the effect is more marked.

Secondary structure of SARSL peptide

The existence of structural changes on the SARSL

peptide induced by membrane binding was studied

by infrared spectroscopy. For the peptide in solution,

the Amide I’ band was quite symmetric with a

maximum at about 1646 cm�1, implying that the

peptide consisted mainly of a mixture of helical and

unordered structures [47] (Figure 4A). However, a

significant change in the Amide I’ envelope was

observed in the presence of model membranes of

EPC (Figure 4B) and EPG (Figure 4C). In the

presence of EPC, the Amide I’ band consisted of a

main band at about 1625 cm�1 and a shoulder at

about 1642 cm�1, whereas in the presence of EPG

two bands of similar intensity appearing at about

1641 and 1618 cm�1 were observed. Since bands at

about 1625 cm�1 can be assigned to b-sheet struc-

tures, whereas bands at about 1618 cm�1 corre-

spond to aggregated ones, these data would imply

that the SARSL peptide structure changed from a

mixture of helical and unordered structures to a

mixture of helical, unordered and b-sheet structures

in the presence of EPC and a mixture of helical,

unordered and aggregated structures in the presence

of EPG. These results imply that the secondary

structure of the SARSL peptide was affected by the

phospholipid composition of the membrane.

Discussion

Enveloped viruses use membrane fusion proteins in

order to juxtapose and merge the viral and cellular

membranes. The viral fusion protein of SARS-CoV

is the envelope Spike glycoprotein and the S2

domain is the responsible for fusion. Recent studies

point to the fact that there are several regions within

Class I and Class II membrane fusion proteins which

are involved in the interaction with the membrane to

accomplish fusion [48�51]. Although in other Class

I fusion proteins plentiful data have been obtained to

understand the implication of these membrane-

interacting segments in the fusion mechanism,

available information concerning the possible mem-

brane-active regions in coronavirus, and particularly

in the case of SARS-CoV, is scarce. Many studies

performed to examine the interaction of synthetic

peptides mimicking functional regions have been

shown to be very valuable in the understanding of

membrane viral fusion. Several peptides have been

identified in the SARS-CoV spike glycoprotein as

belonging to membrane interacting regions

[14,16,19,20,34]. In this work we have focused on

the possible roles of the loop region in the membrane

fusion process. We have selected a specific segment

from the SARS CoV sequence which corresponds to

the loop region, SARSL, to carry out an in-depth

biophysical study aimed at elucidating the capacity

of this region to interact and disrupt membranes, as

well as to study the structural and dynamic features

which might be relevant for that disruption.

From the methodological point of view, it is

noteworthy that the screening of the protein se-

quence taking into account hydrophobic moment,

hydrophobicity and interfaciality allowed a precise

identification of the membrane-active sequences,

and in addition provided insight into their functions.

In general, the experimental biophysical studies

conducted corroborate the putative functions of

those sequences, at the same time revealing new

and less expected features that contributed to the

Table V. Fluorescence lifetime components ti, normalized amplitudes ai, and fluorescence mean lifetimes (amplitude weighted, t̄; and

intensity weighted, Bt�) of DPH in phospholipid model membranes in the absence, in the presence of the SARSL peptide below, above

the phospholipid Tm. * From ref. [34].

T (8C) System t1 (ns) t2 (ns) t3 (ns) a1 a2 a3 t̄ (ns) Bt� (ns) x2

158C DMPG�SARSL 1.490 6.200 11.54 0.072 0.314 0.613 5.86 6.110 1.13

DMPG* 0.876 6.170 12.17 0.136 0.085 0.778 10.12 11.72 1.24

POPE�SARSL 0.810 5.397 9.310 0.168 0.163 0.669 6.060 6.410 1.10

POPE 1.030 �� 8.840 0.454 0 0.546 5.300 8.150 1.20

358C DMPG�SARSL 1.130 5.470 10.94 0.145 0.438 0.417 4.840 5.330 1.04

DMPG* 1.500 �� 9.190 0.182 �� 0.818 7.790 8.920 1.06

POPE�SARSL 0.649 3.220 8.060 0.124 0.108 0.768 2.900 3.150 1.09

POPE 0.986 �� 8.160 0.249 �� 0.751 6.370 7.880 1.17

Characterization of the SARS-CoV loop peptide 245

M
ol

 M
em

br
 B

io
l D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
W

ei
zm

an
 I

ns
tit

ut
e 

on
 1

1/
09

/1
0

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



better understanding of the molecular mechanism of

infection by SARS-CoV (Figure 1).

The SARSL peptide binds with high affinity to

model membranes, although it showed a higher

affinity for anionic-phospholipid compositions than

those containing zwitterionic phospholipids. These

results were further corroborated by the study of the

change in the maximum emission wavelength of the

Trp residue, as well as the increase in anisotropy in

the presence of model membranes. The greater

affinity for anionic phospholipids rather than for

zwitterionic ones was already expected, due to the

positive net charge of the peptide. The interaction

with membrane vesicles decreased the Trp quench-

ing by acrylamide as illustrated by the low KSV

values obtained, indicating a low accessibility of the

quencher to the peptide. The lipophylic probe

quenching results suggest a shallow-to-intermediate

location of the peptide in the membrane, but the

extent of quenching is relatively low compared to

other peptides [19,52,53]. This fact and the de-

crease in fluorescence suggest a possible aggregation

of the peptide when bound to the membrane. The

fluorescence intensity decay of the peptide supports

the experiments and conclusions commented above.

Time-resolved fluorescence anisotropy indicates

the formation of a peptide dimer in solution and the

formation of large aggregates in the presence of

membrane vesicles. Recently, it has been found that

the loop region of the gp41 from SIV increases the

stability of the trimeric helical hairpin, both in

solution and in the presence of membranes [25];

interestingly, mutations in this region almost abol-

ished the formation of syncytia between transfected

HEK293T cells and target HeLa-P4 cells [26].

Therefore, the loop region might mediate the inter-

actions between different gp41 trimers facilitating

the completion of later steps of the membrane fusion

process. The formation of a dimer in solution and

larger aggregates in the presence of membranes

suggests a similar role of the loop region of the spike

glycoprotein of SARS-CoV. Moreover, the forma-

tion of aggregates by the SARSL peptide is sup-

ported by the FTIR data, being observed an increase

of aggregated structures at the expense of the

a-helical structure content in the presence of either

phospholipids or the lipid mimetic TFE (not

shown).

We have also shown that SARSL peptide is capable

of affecting the membrane integrity shown by the

release of encapsulated probes as well as by pertur-

bation of the environment of the DPH fluorophore

in LUVs, being the highest effect observed for

neutral phospholipids. These experiments are in

agreement with monolayer experiments, because

the higher increase in pc is obtained in the presence

of neutral phospholipids, indicating a higher change

in the superficial tension of the monolayer.

Recently, it has been shown the inhibition of

SARS-CoV plaque formation by loop pertaining

peptides and on this basis it has been hypothesized

that these peptides might hamper the loop by a steric

interaction, preventing either the initial extension of

the fusion protein, the transition to the six-helix

bundle state, or the interaction of the S2 subunit

with the cellular membrane [30]. Our results would

support this notion and add new information about

how this region can contribute to the interaction

with the membrane. Moreover, the binding of the

peptide to the membrane and the modulation of

the lipid biophysical properties could be related to

the conformational changes which might occur

during the activity of the SARS-CoV S protein.

Although the peptide is not deeply buried in the

membrane, it is able to affect the lipid milieu from

the membrane surface down to the hydrophobic

core. It is known that, in the case of Class I

membrane fusion proteins, several fragments per-

taining to different trimers can promote the forma-

tion of local nipples in the cell membrane leading to

the formation of local bends which could induce

zones of non-lamellar phases on the outer leaflet

[54]. Therefore, the region where the SARS-CoV

SARSL peptide is located could interact with the

negatively-charged leaflet favoring the fusion pro-

cess, and leading to the fusogenic pore formation,

similarly to other Class I proteins [28].

The present data would suggest that disassembly

of the membrane core could possible happen only

after exposure to negatively charged membranes,

either by flip-flop or when in contact with the inner

leaflet, i.e., by making small holes in the outer

leaflet, as shown by the very short component

induced in the fluorescence decay of DPH by the

SARS-CoV fusion peptide [34]. The SARSL would

thus have a more primordial role because impor-

tantly it interacts strongly and specifically with

zwitterionic lipids whereas the SARSFP interacts

only weakly and non-specifically (e.g., the Kp of

SARSL to EPC is�106 (Table I) and for SARSFP

the interaction was too weak to allow determination

of a Kp value [34]. In this way the transverse

asymmetry of the target cell membrane, which is

challenged by the perturbation induced by the

SARSL peptide in the outer leaflet, becomes of

major importance for the process. In addition, the

perturbation of the membrane is somewhat con-

trolled because the membrane core becomes less

hydrophobic (Table V) but not as much as with the

SARSFP. This may be important to prevent fusion

to occur randomly. SARSL would have a more

facilitator and controller role, whereas SARSFP
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would have a more effector role in the fusion

process.
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