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Interaction of a Peptide from the Pre-transmembrane Domain of the Severe Acute
Respiratory Syndrome Coronavirus Spike Protein with Phospholipid Membranes

Introduction

A new infectious disease, defined as severe acute respiratoryt
syndrome or SARS, emerged in Southern China in the autumn
of 2002 and was originated by a novel type of coronavirus,
SARS-CoV. This disease, which infects humans causing an
atypical and often lethal pneumonia, spread to more than 20
countries in Asia, North America, South America, and Europe
in the spring of 20035 Approximately 8400 people worldwide
suffered from SARS, and more than 800 deaths were recognize
according to the World Health Organization. It was hypothesized
that the new virus was originated from wild animals, and
promptly a coronavirus was identified in civet cats from
Southern China with a sequence identity of more than 99% to
the SARS-CoV. Therefore, the possibility of a future outbreak
coming out from a natural reservoir cannot be ruled out.

Coronaviruses are a diverse group of enveloped, positive-
stranded RNA viruses, with-34 proteins embedded in the
envelope, that cause respiratory and enteric diseases in humang,,
and other animals. 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. The SARS-
CoV virion, as with other coronaviruses, consists of a nucleo-
capsid core surrounded by a envelope containing three mem-
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The severe acute respiratory syndrome coronavirus (SARS-CoV) envelope spike (S) glycoprotein, a Class |
viral fusion protein, is responsible for the fusion between the membranes of the virus and the target cell. In
order to gain new insight into the protein membrane alteration leading to the viral fusion mechanism, a peptide
pertaining to the putative pre-transmembrane domain (PTM) of the S glycoprotein has been studied by infrared
and fluorescence spectroscopies regarding its structure, its ability to induce membrane leakage, aggregation,
and fusion, as well as its affinity toward specific phospholipids. We demonstrate that the SARS-CoV PTM
peptide binds to and interacts with phospholipid model membranes, and, at the same time, it adopts different
conformations when bound to membranes of different compositions. As it has been already suggested for
other viral fusion proteins such as HIV gp41, the region of the SARS-CoV protein where the PTM peptide
resides could be involved in the merging of the viral and target cell membranes working synergistically with
other membrane-active regions of the SARS-CoV S glycoprotein to heighten the fusion process and therefore
might be essential for the assistance and enhancement of the viral and cell fusion process.

receptor binding domain, localized in domain S1 and mapped
0 amino acids 3185108° defines the host range of the virifs,
while S2 is responsible for the fusion between the viral and
cellular membrane¥:11 S2 contains two highly conserved
heptad repeat regions (HR1 and HR2)!8 similarly to other

viral fusion proteins, including HIV-1 gp41, influenza hemag-
glutinin HA2, Ebola virus glycoprotein, and paramyxovirus F
protein1®=22 All of them have been classified as Class |
dtransmembrane glycoproteins and are displayed on the surface
of the viral membrane as oligomers. Class | viral proteins also
contain a hydrophobic region denoted as the fusion peptide (FP)
and another hydrophobic region immediately adjacent to the
membrane-spanning domain denoted as the pre-transmembrane
domain (PTM). Under the current model for membrane fusion,
there are at least three conformational states of the envelope
fusion protein: the pre-fusion native state, the pre-hairpin
intermediate state, and the post-fusion hairpin stat€. The

first step in membrane fusion involves the exposure of the FP
later on, its insertion into the host cell lipid bilayer.
Subsequently, the heptad repeat regions HR1 and HR2 are
exposed in an intermediate state binding each other to form a
coiled-colil structure facilitating the juxtaposition of the FP and
PTM segments, bringing in close proximity the viral and cellular
membranes; this is followed by virus-cell membrane fusion and

brane proteins: spike, membrane, and envelope proteins. The 5| entry.

spike glycoprotein S, responsible for the characteristic spikes
of the SARS-CoV, is a surface glycoprotein that mediates viral

entry by binding to the cellular receptor angiotensin-converting

enzyme 2 and induces membrane fusion. In some strains,

protein S is cleaved by a protease to yield two noncovalently
associated subunits, S1 and S2 (Figure 1), but cleavage is no
an absolute requirement for the mechanism of fugidine

Studies with a number of viral fusion proteins have shown
that the region immediately adjacent to the membrane-spanning
domain plays an essential role in the fusogenic activities of these
proteins, being a common characteristic to other Class | viral
fusion proteins of several virus familié%.32 For example, the
membrane-proximal domain of HIV-1 gp41l contains several
Trp residues that are invariant between different strains, and
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Figure 1. (A) Schematic view of the organization of SARS-CoV spike glycoprotein S (amino acid resiendezb4 for the full length), as well

as the S1 and S2 subunits, showing the approximate structural and functional regions: the N-terminal signal peptide (SP), the ACE2 binding

domain, the transmembrane domain (TM), and the predicted heptad repeat regions pertaining to the S2 subunit, HR1 and HR2. The fusion domain

is located at the N-terminus of the S2 subunit. Also shown is the sequence of the peptide used in this work. It should be noted that the size of each

domain is not drawn to an exact scale. (B) Hydrophobic moment, hydrophobicity, interfaciality distribution, and relative position of the peptide

used in this study along the SARS-CoV spike S2 domain, assuming it forrashafical wheel (see ref 29 for details). Only positive bilayer-to-

water transfer free-energy values are depicted (shaded areas).

analogous to the aromatic domains of HIV-1 and EboV, it has results on the determination of the secondary structure and the
been demonstrated that these peptides may aid in the disruptiorinteraction with model membranes of a peptide pertaining to
of the viral membrane during fusion and are capable of inducing the aromatic pre-transmembrane domain of SARS-CoV (SARS-
membrane leakage and lipid mixing of model phospholipid CoV PTM), the structural changes of which take place in both
membraneg®293438 Recently, the presence of this highly the peptide and phospholipid molecules, induced by membrane
hydrophobic aromatic domain has been shown in SARS- binding and interaction with the lipid bilayer through a series
CoV;3940in addition, this region displays a surface patch with of complementary experiments such as leakage, fusion, and
high bilayer-to-water transfer free-energy values (Figure 1). aggregation. Moreover, we show that SARS-CoV PTM strongly
Interestingly, the PTM domain of coronavirus fusion proteins partitions into phospholipids membranes and can be localized
is highly conserved, having a high content of aromatic residues. at different depths depending on the phospholipid composition
Although much information has been obtained in recent years of the vesicles. These results would suggest that the SARS-
on membrane fusion, we do not know yet the processes andCoV PTM could be involved in the merging of the viral and
the mechanism behind virahost cell membrane fusion. target cell membranes working synergistically with other
Elucidating the nature of the interactions between phospholipids, membrane-active regions of the S spike glycoprotein.
membrane proteins, and peptides is essential for the understand- .
ing of the structure and function of membrane proteins, Materials and Methods
clarifying the specific roles of specific types of phospholipids Materials and Reagents.The synthetic peptide encompass-
in biological membranes. In the present work, we report our ing residues 11851202 of SARS-CoV ¥ GKYEQYIKW-
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PWYVWLGF2%) was synthesized with N-terminal acetylation phospholipid mixture resembling the membrane of lung tissue
and C-terminal amidation on an automatic multiple synthesizer pneumocytes (LPM) contained EPC/BPI/BPS/SM/TPE/Chol at
(Genemed Synthesis, San Francisco, CA). The peptide wasa molar percentage of 27.7:7.5:10.5:9.4:26.2:18The phos-
purified by reverse-phase high-performance liquid chromatog- pholipid and peptide concentration were measured by methods
raphy to>95% purity, and its composition and molecular mass described previousl§/ 48
were confirmed by amino acid analysis and mass spectroscopy. Membrane Leakage Measurement.LUVs with a mean
Since trifluoroacetate has a strong infrared absorbance atdiameter of 0.Jtm were prepared as indicated above in buffer
approximately 1673 cmt, which interferes with the  containing 10 mM Tris, 20 mM NaCl, pH 7.4, and CF at a
characterization of the peptide Amide | batidiesidual trif- concentration of 40 mM. Non-encapsulated CF was separated
luoroacetic acid, used both in peptide synthesis and in the high-from the vesicle suspension through a Sephadex G-75 filtration
performance liquid chromatography mobile phase, was removedcolumn (Pharmacia, Uppsala, Sweden) eluted with buffer
by several lyophilization/solubilization cycles in 10 mM HEI. containing 10 mM Tris, 100 mM NaCl, and 1 mM EDTA, pH
EggL-o-phosphatidylcholine (EPC), egg sphingomyelin (SM), 7.4. Membrane rupture (leakage) of intraliposomal CF was
bovine brain phosphatidylserine (BPS), egg trans-estetified assayed by treating the probe-loaded liposomes (final lipid
phosphatidylethanolamine (TPE), bovine liven-phosphati- concentration, 0.125 mM) with the appropriate amounts of
dylinositol (BPI), 1,2-dimyristoylphosphatidylcholine (DMPC), peptide on microtiter plates using a microplate reader (FLU-
1,2-dimyristoylphosphatidylglycerol (DMPG), 1,2-dimyris- Ostar; BMG Labtech, Offenburg, Germany), stabilized at 25
toylphosphatidylserine (DMPS), 1,2-dimyristoylphosphatidic °C with the appropriate amounts of peptide, each well containing
acid (DMPA), 1-palmitoyl-2-oleoyl-phosphoethanolamine (POPE), a final volume of 17Q:L. The medium in the microtiter plates
cholesterol (Chol), lissamine rhodamine B 1,2-dihexadecanoyl- was continuously stirred to allow the rapid mixing of peptide
snglycero-3-phosphoethanolamin&-Rh-PE), andN-(7-ni- and vesicles. Leakage was assayed until no more change in
trobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecansiglycero- fluorescence was obtained. Fluorescence was measured using
3-phosphoethanolamine (NBD-PE) were obtained from Avanti a Varian Cary Eclipse spectrofluorimeter. For details, see
Polar Lipids (Alabaster, AL). 5-Carboxyfluorescein (CF95% references 49 and 50.
by HPLC), 5-doxyl-stearic acid (SNS), 16-doxyl-stearic acid  |nner-Monolayer Phospholipid-Mixing (Fusion) Measure-
(16NS), sodium dithionite, deuterium oxide (99.9% by atom), ment. Peptide-induced phospholipid mixing of the inner mono-
Triton X-100, EDTA, and HEPES were purchased from Sigma- |ayer was measured by resonance energy trahsTiis assay
Aldrich (Madrid, Spain). 1,6-Diphenyl-1,3,5-hexatriene (DPH), is based on the decrease in resonance energy transfer between
and 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene two probes (NBD-PE and RhB-PE) when the lipids of the probe-
(TMA-DPH) were obtained from Molecular Probes (Eugene, containing vesicles are allowed to mix with lipids from vesicles
OR). Porcine lungs were obtained from a local slaughterhouse.lacking the probes. The concentration of each of the fluorescent
Plasma membrane (LE) from lung tissue pneumocytes wasprobes within the liposome membrane was 0.6% mol. LUVs
obtained according to ref 43, and lipid extraction was performed with a mean diameter of 0.2m were prepared as described
according to the Bligh and Dyer procedure using a ratio of 1:1: above. LUVs were treated with sodium dithionite to completely
0.9 (v/viv) between chloroform, methanol, and the corresponding reduce the NBD-labeled phospholipid located at the outer
aqueous samplé All other chemicals were commercial samples monolayer of the membrane. The final concentration of sodium
of the highest purity available (Sigma-Aldrich, Madrid, Spain). dithionite was 100 mM (from a stock solutiofibM dithionite
Water was deionized, twice-distilled, and passed through Milli-Q in 1 M Tris, pH 10.0) and incubated for approximatél h on
equipment (Millipore Ibeica, Madrid) to a resistivity higher  ice in the dark. Sodium dithionite was then removed by size
than 18 M2 cm. exclusion chromatography through a Sephadex G-75 filtration
Sample Preparation.For FTIR spectroscopy, aliquots con- column (Pharmacia, Uppsala, Sweden) eluted with buffer
taining the appropriate amount of lipid in chloroform/methanol containing 10 mM Tris, 100 mM NacCl, and 1 mM EDTA, pH
(2:1, v/v) were placed in a test tube containing 2@0of dried 7.4. The proportion of labeled and unlabeled vesicles, lipid
lyophilized peptide. After vortexing, the solvents were removed concentration, and other experimental and measurement condi-
by evaporation under a stream of-®ee nitrogen, and, finally, ~ tions were the same as indicated previodSly.
traces of solvents were eliminated under vacuum in the dark Liposome Aggregation.LUVs with a mean diameter of 0.2
for more than 3 h. The samples were hydrated in 2000f wm were prepared in buffer containing 10 mM Tris, 0.1 M NacCl,
D-0 buffer containing 20 mM HEPES, 50 mM NaCl, and 0.1 and 1 mM EDTA. Peptide-induced vesicle aggregation was
mM EDTA, pH 7.4, and incubated at 1 above the phase detected by monitoring the optical density at 405 nm on a 96-
transition temperatureT,) of the phospholipid mixture with  well Anthos spectrometer. All measurements were performed
intermittent vortexing for 45 min to hydrate the samples and at room temperature on microtiter plates, each well containing
obtain multilamellar vesicles (MLVs). The samples were frozen a final volume of 15QuL. The lipid concentration was 0.27
and thawed five times to ensure complete homogenization andmM in all experiments, and the measured optical density was
maximization of peptide/lipid contacts with occasional vortex- corrected for dilution upon peptide addition. The absorbance
ing. Finally, the suspensions were centrifuged at 15 000 rpm at value for the vesicle suspension with the peptide was normalized
25 °C for 15 min to remove the possible peptide unbound to according to the initial absorbance value of the vesicle suspen-
the membranes. The pellet was resuspended inl26f D,O sion without peptide.
buffer and incubated for 45 min at PC above thel, of the Peptide Binding to VesiclesThe partitioning of the peptide
lipid mixture, unless stated otherwise. Large unilamellar vesicles into the phospholipid bilayer was monitored by the fluorescence
(LUVs) with a mean diameter of 100 nm (leakage assay) and enhancement of tryptophan. Fluorescence spectra were recorded
200 nm (fusion assays) were used to study vesicle leakage. Theyn an SLM Aminco 8000C spectrofluorometer with excitation
were prepared from MLVs in the absence of peptide by the and emission wavelengths of 290 and 348 nm, respectively, and
extrusion methot? using polycarbonate filters with a pore size 4 nm spectral bandwidths. Measurements were carried out in
of 0.1 and 0.2um (Nuclepore Corp., Cambridge, CA). The 20 mM HEPES, 50 mM NacCl, and 0.1 mM EDTA, pH 7.4.
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Intensity values were corrected for dilution, and the scatter studies, samples were scanned usifi§ 2ntervals and a 2-min
contribution was derived from lipid titration of a vesicle blank. delay between each consecutive scan. Subtraction of buffer

Partitioning coefficients were obtained ustig spectra taken at the same temperature as that of the samples
was performed interactively using either GRAMS/32 or Spectra-
| 14 | max K[L] Calc (Galactic Industries, Salem, MA) as described previ-
—= - P ——— 57,58 i H
Iy Iy W] + K] ously>”>®Frequencies at the center of gravity, when necessary,

were measured by taking the top 10 points of each specific band
) . . " and fitting them to a Gaussian band. The criterion used for buffer
wherek is a mole fraction partition coefficient that represents ¢ piraction in the €0 and amide regions was the removal of
the amount of peptide in the bilayers as a fraction of the total o hand near 1210 crhand a flat baseline between 1800 and
peptide present in the systeifiax is a variable value for the 5100 cnrl, Band-narrowing strategies were applied to resolve
fluorescence enhancement at complete partitioning determined,o component bands in the Amide region as previously

by fitting the equation to the experimental data, [L] is the lipid  en6tecf? peptide secondary structure elements were quantified
concentration, and [W] is the concentration of water (55.3 M). fom a curve-fitting analysis by band decomposition of the

Acrylamide Quenching of Trp Emission. For acrylamide  griginal Amide I band after spectral smoothing (for details, see
quenching assays, aliquots finca 4 M solution of the water-  references 49 and 59).

soluble quencher were added to the solution-containing peptide
in the presence and absence of liposomes at a peptide/lipid molaiz o g its
ratio of 1:100. The results obtained were corrected for dilution,
and the scatter contribution was derived from acrylamide Recently, the existence of different membranotropic regions
titration of a vesicle blank. The data were analyzed as previously in the SARS-CoV Spike glycoprotein has been shown by using
described? a peptide library encompassing the full sequence of the envelope
Fluorescence Quenching by Lipophilic ProbesQuenching glycoprotein3® which includes a highly hydrophobic aromatic
studies with lipophilic probes were performed by successive domain similar to other Class | fusion membrane protéis.
addition of small amounts of 5NS or 16NS in ethanol to the Since this region could be important in the membrane fusion
samples of the peptide incubated with LUV. The final concen- process, we present here the results of the study of the
tration of ethanol was kept below 2.5% (v/v) to avoid any interaction of a peptide derived from this region, SARS-CoV
significant bilayer alterations. After each addition, an incubation PTM, contiguous to the putative transmembrane domain, with
period of 15 min was maintained before the measurement. Themodel membranes (Figure 1).
excitation and emission wavelengths were 290 and 348 nm, The ability of the SARS-CoV PTM peptide to interact with
respectively. The data were analyzed as it has been describednembranes was determined from fluorescence studies of its
previously?*® three Trp residues in the presence of model membranes
Steady-State Fluorescence AnisotropMLVs were formed containing different phospholipid compositions at different lipid/
in 20 mM HEPES, 50 mM NaCl, and 0.1 mM EDTA, pH 7.4. peptide ratio$? The Trp fluorescence intensity of the SARS-
Aliquots of TMA-DPH or DPH in N,N'-dimethylformamide CoV PTM peptide increased upon increasing the lipid/peptide
were directly added into the lipid dispersion to obtain a probe/ ratio, indicating a significant change in the environment of the
lipid molar ratio of 1/500. Samples were incubated for 15 or Trp moieties of the peptide (Figure 2A). The change on the
60 min when TMA-DPH or DPH was used, respectively, 10 Trp fluorescence of the peptide has allowed us to obtain its
°C above the gel-to-liquid-crystalline phase transition temper- partition coefficient,K,. Kyvalues in the range #6-10° were
ature Ty, of the phospholipid mixture. Afterward, the peptides obtained for the different phospholipid compositions studied
were added to obtain a peptide/lipid molar ratio of 1/15 and (Table 1), indicating that the peptide was bound to the membrane
were incubated 10C above thely, of each lipid for 1 h, with surface with high affinity. Similak, values have been found
occasional vortexing. All fluorescence studies were carried out for other peptides in the presence of model membréhé$s2
using 5 mmx 5 mm quartz cuvettes in a final volume of 400 Higher K, values were obtained for negatively charged phos-
uL (315uM lipid concentration). The steady-state fluorescence pholipid-containing bilayers and for EPC-containing liposomes
anisotropy,] was measured with an automated polarization (i.e., without cholesterol) than those corresponding to liposomes
accessory using a Varian Cary Eclipse fluorescence spectrom-containing SM and TPE as well as for LPM and LE liposomes
eter, coupled to a Peltier for automatic temperature change, agTable 1). These results were further corroborated by the

described previousl{f displacement in the emission frequency maximum of Trp in
Infrared Spectroscopy. Approximately 25¢L of a pelleted the presence of phospholipid LUVs. In solution, the peptide
sample in DO were placed between two CaRvindows had an emission maximum at 347 nm when excited at the

separated by 56m thick Teflon spacers in a liquid demountable absorbance maximum, typical for Trp in a polar environment,
cell (Harrick, Ossining, NY). The spectra were obtained in a whereas, in the presence of increasing concentrations of
Bruker IFS55 spectrometer using a deuterated triglycine sulfate liposomes, the emission maximum of the Trp presented a shift
detector. Each spectrum was obtained by collecting 200 inter- of about 6-10 nm to lower wavelengths, implying that Trp
ferograms with a nominal resolution of 2 cf transformed sensed a low-polarity environment (entered in a hydrophobic
using triangular apodization, and, in order to average backgroundenvironment) upon interaction with the membrane.

spectra between sample spectra over the same time period, a To investigate the accessibility of the Trp residues of the
sample shuttle accessory was used to obtain sample andSARS-CoV PTM peptide to the aqueous phase in the presence
background spectra. The spectrometer was continuously purgedf membranes having different phospholipid compositions, we
with dry air at a dew point of~40 °C in order to remove used acrylamide, a neutral, water-soluble, highly efficient
atmospheric water vapor from the bands of interest. All samples quenching probe. SteriVolmer plots for the quenching of Trp
were equilibrated at the lowest temperature for 20 min before by acrylamide, recorded in the absence and presence of lipid
acquisition. An external bath circulator, connected to the infrared vesicles, are shown in Figure 2B. Linear Stekfolmer plots
spectrometer, controlled the sample temperature. For temperaturare indicative of all Trp residues being accessible to acrylamide,
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2.8 This is demonstrated by the lowkg, values obtained from the
1A . corresponding SterrVolmer plots (about 25 M%) compared
to the Ky, value of about 11 M! obtained for the peptide in
solution (Table 1).

The transverse location (penetration) of the SARS-CoV PTM
peptide into the lipid bilayer was further investigated by
monitoring the relative quenching of the fluorescence of the
Trp residues by the lipophilic spin probes 5NS and 16NS when
the peptide was incorporated in the fluid phase of vesicles having
different phospholipid compositions (Figure 3). These two
derivatized fatty acids differ in the position of the quencher
moiety along the hydrocarbon chain and permit one to establish
the depth of the peptide in the membrane by comparing the
guenching results obtained with each of them. 5NS is a better
guencher for molecules near or at the interface, while 16NS is
a better probe for molecules buried deeply in the membrane.
The variation of the fluorescence intensity with the increment
of the effective concentration of both 5NS and 16NS probes is
shown in Figure 3, along with the fitting lines obtained using
eq 6, whereas thKg, values for 5NS and 16NS are presented
in Table 1. It can be seen that, in general, 16NS quenches the
SARS-CoV PTM peptide fluorescence less efficiently than 5NS.
Quenching depends on phospholipid composition, since the
peptide is better quenched by 5NS in model membranes
composed of EPC/TPE/Chol and the complex mixtures LE and
LPM. However, model membranes composed of EPC, EPC/
BPS/Chol, EPC/SM/Chol, or EPC/BPI/Chol present a lower
guenching efficiency for both probes, which would indicate that
the Trp residues are located at the membrane surface.

In order to explore the effect of the SARS-CoV PTM peptide

T T T T T T in the destabilization of membrane vesicles, we studied their
0.00 003 006 009 012 015 018 effect on the release of encapsulated fluorophores in model
Acrylamide (M) membranes made up of various compositions. The extent of
Figure 2. Change on the tryptophan fluorescence of the SARS-CoVv leakage observed at different peptide to lipid molar ratios and
PTM peptide in the presence of increasing lipid concentrations (A), the effect on different phospholipid compositions is shown in
acrylamide quenching studies of the tryptophan fluorescence of the Figure 4A. It is interesting to note that the SARS-CoV PTM
peptide in aqueous solutio®) and in the presence of LUVs having peptide induced a high percentage of leakage (leakage values

different lipid compositions (B). The lipid compositions used were EPC/ 0 ; i ; ; .
BPI/CHOL at a molar ratio of 5:1:3&), EPC/BPS/CHOL at a molar  2€Ween 85 and 100%), even at high lipid/peptide ratios as 30:

I,

11

ratio of 5:4:1 @), the LPM mixture ), the LE mixture [), EPC @), 1, for liposomes containing EPC, Qhol, and_/or SM (Figure 4A).
EPC/TPE/CHOL at a molar ratio of 2:1:0), and EPC/SM/CHOL at ~ Lower leakage values were obtained for liposomes composed
a molar ratio of 5:1:1H). of EPC alone, those containing BPI and BPS, and those

composed of the complex phospholipid mixtures LE and LPM
and, in all cases, the quenching of the peptide Trp residues(40% and 25% leakage values were was observed at a peptide-
showed acrylamide-dependent concentration behavior. In aque-o-lipid ratio of 1:10). The lowest leakage value was found for
ous solution, the Trp residues of the peptide were exposed toliposomes containing TPE, which, at the highest peptide-to-
the solvent allowing for a more efficient quenching. However, lipid ratio studied, i.e., 1:10, only about 12% leakage was
in the presence of the phospholipid membranes, the quenchingattained (Figure 4A). The induction of inner-monolayer lipid
effect was smaller, indicating that the Trp residues of the peptide mixing (fusion) by the SARS-CoV PTM peptide, as a measure
were poorly accessible to the aqueous phase, suggesting thaof its fusogenic activity, was tested with several types of vesicles
the peptide was effectively incorporated into the membranes. utilizing the probe dilution ass&y;53and the results are shown

TABLE 1: Partition Coefficients and Stern—Volmer Quenching Constants for the SARS CoV PTM Peptide in Buffer and
Incorporated in LUVs of Different Compositions

KSV KSV KSV

ANR (M~1) (M~1) (M~1)

LUV compositions Kp (nm) acrylamide 5-NS 16-NS

EPC 2.33+0.43x 10° 8 4.47 1.37 1.94

EPC/SM/CHOL 5:1:1 6.26- 0.67 x 10¢ 10 3.42 3.10 2.87

EPC/TPE/CHOL 2:1:1 5.6 0.75x 10¢ 8 43 9.34 2.20

EPC/BPS/CHOL 5:4:1 193 0.67x 1C° 7 4.08 1.33 1.74

EPC/BPI/CHOL 5:1:3 2.06- 0.46x 10° 6 4.68 6.60 5.96

LPM 7.044+0.62 x 104 7 2.05 7.66 2.70

LE 3.06+ 0.40x 10* 10 3.87 5.87 3.50
SARS-CoV PTM in buffer 10.58

a A/ corresponds to a peptide/lipid ratio of 1:300.
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Figure 3. 5NS (©O) and 16NS @) quenching of Trp fluorescence of the SARS-CoV PTM peptide in the presence of LUVs for different lipid
compositions. The lipid compositions used were (A) LE, (B) EPC/TPE/CHOL at a molar ratio of 2:1:1, (C) EPC/SM/CHOL at a molar ratio of
5:1:1, (D) EPC, (E), EPC/BPS/CHOL at a molar ratio of 5:4:1, (F) EPC/BPI/CHOL at a molar ratio of 5:1:3, and (G) LPM.

in Figure 4B. The higher fusion values were found for liposomes CoV PTM peptide on the fusion values for the different
containing negatively charged phospholipids (liposomes con- membrane mixtures coincides with what has been observed in
taining BPI and BPS) as well as the complex LPM mixture the aggregation assays (Figure 4C).

(which also contains negatively charged phospholipids), which  The effect of the SARS-CoV PTM peptide on the structural
showed fusion values between 40 and 60%. Lower fusion valuesand thermotropic properties of phospholipid membranes was
were observed for liposomes containing either SM and Chol or investigated by measuring the steady-state fluorescence anisot-
Chol (about 25% and 20% fusion, respectively). The other ropy of the fluorescent probes DPH and TMA-DPH incorporated
compositions studied showed fusion values lower than 10% into model membranes composed of saturated synthetic phos-
(Figure 4B). The ability of the SARS-CoV PTM peptide to pholipids as a function of temperature (Figure 5). DPH and its
induce vesicle aggregation was tested in order to investigatederivatives are very useful fluorescent probes for monitoring
whether this property correlated with peptitembrane in- the organization and dynamics of membranes, since fluorescence
teraction as commented above. The changes in the absorbancpolarization is correlated to the rotational diffusion of membrane-
of different liposome compositions as a function of the peptide- embedded probes, itself sensitive to the packing of the fatty
to-lipid molar ratio are shown in Figure 4C. It is interesting to acyl chain$* These probes differ in their orientation and
note that the presence of negatively charged phospholipids inlocation in the membrane, so that it was possible to analyze
the liposomes favored the aggregation process, increasing morehe effect of the SARS-CoV PTM peptide on the structural and
than 3 times the o.d. A similar effect was also found for the thermotropic properties along the full length of the palisade
LPM complex mixture in comparison with the other liposome structure of the membrane, since DPH is known to partition
compositions. Lower aggregation values were obtained for the mainly into the hydrophobic core of the membrane, whereas
other liposomes tested. Significantly, the effect of the SARS- TMA-DPH is oriented at the membrane bilayer with its charge
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Figure 4. Effect of the SARS-CoV PTM peptide on (A) membrane
rupture, i.e., leakage, (B) membrane lipid mixing of the inner
monolayer, i.e., fusion, and (C) aggregation of LUVs having different
lipid compositions at different peptide-to-lipid molar ratios. The lipid
compositions used were EPC/SM 54)( EPC/BPS/CHOL at a molar
ratio of 5:4:1 @), EPC #), EPC/SM/CHOL at a molar ratio of 5:1:1
(m), EPC/CHOL at a molar ratio of 5:%(), EPC/BPI/CHOL at a molar
ratio of 5:1:3 @), the LPM mixture ¥), the LE mixture {d), and EPC/
TPE/CHOL at a molar ratio of 2:1:10). In panel C, the lines
connecting the experimental data are merely guides to the eye.

localized at the lipie-water interfacé*-% The SARS-CoV PTM

Guillén et al.

with a shift of T, of approximately 3-4 °C to lower temper-
atures (Figures 5C and 5D). For vesicles composed of DMPG,
the SARS-CoV PTM peptide decreased the cooperativity of the
transition, as well as it increased the anisotropy abbydy
0.03-0.04 anisotropy units (Figures 5E and 5F), although an
increase and a decrease of about 0.02 anisotropy units above
and belowT,, was observed for TMA-DPH. These differences
could suggest that the difference in charge between DMPC,
DMPS, and DMPG could affect the effects of the peptide
incorporation into the membrane. When vesicles composed of
POPE were studied, no effect was observed when DPH was
used, but the PTM peptide decreased the anisotropy of TMA-
DPH at all temperatures by 0.68.04 anisotropy units (Figure
5G,H). Moreover, when the PTM peptide was incorporated into
DMPA-containing vesicles, neither the cooperativity nor the
anisotropy below and above tfig of the mixture was affected
(Figure 51,J). Taking into account these results together with
the ones mentioned above, it could be suggested that the SARS-
CoV PTM peptide, although interacting with the membrane,
should be located at the lipidvater interfaceé?

The existence of structural changes on the SARS-CoV PTM
peptide induced by membrane binding has been studied by
looking at the infrared Amide' Iband located between 1700
and 1600 cm!. The infrared spectrum of the Amidéregion
of the fully hydrated peptide in D buffer at different
temperatures is shown in Figure 6A. The spectrum was formed
by different underlying components that gave place to a broad
and asymmetric band whose frequency maximum changed as
the temperature increased: whereas, at low temperatures, the
maximum of the band was located at about 1630%rat high
temperatures, two bands were apparent, a broad band at about
1647 cnt and a narrow one at about 1626 cthiFigure 6A).
Whereas the broad band at about 1647 taorresponds to a
mixture of unordered and helical structuféshe narrow band
at about 1626 cmt corresponds to eithgt-sheet structures or
self-aggregated peptides, forming a intermolecular network of
hydrogen-bondeg-structures or botf® The infrared spectra
in the Amide | region of the SARS-CoV PTM peptide in the
presence of DMPC, DMPG, and DMPA at phospholipid/peptide
molar ratios of 15:1 are shown in Figure 6B, respectively.
What is indeed significant is that the Amideregion of the
SARS-CoV PTM peptide in the presence of either DMPC or
DMPG, taken at temperatures above and below the main phase
transition temperatur@,, of each specific phospholipid, was
different. Outstandingly, the change in frequency of the Amide
I band took place at the same temperature as that at which the
phase transition of DMPC and DMPG occurred, as observed
by the shift of the &O stretching maximum with temperature
(Figure 6E,F); however, the observed change in frequency was
different in the presence of each phospholipid since the
frequency maximum of the Amidé band of the peptide in the
presence of DMPC decreased as the temperature increased, and
the opposite was true in the presence of DMPG (Figures 6E,F).
It is interesting to note that the bandwidth at half-height of the

peptide decreased the cooperativity of the transition as observed®mide I' band envelope when the peptide was bound to the
by both types of probes, as well as induced an increase of themembranes decreased abotticnm * compared to the peptide
anisotropy for DPH of about 0.02 anisotropy units both below in solution, indicating either the presence of additional structures

and above the gel-to-liquid-crystalline transitidn of DMPC,
but only 0.015 anisotropy units below tfg, for TMA-DPH,

contributing to the broader envelope for the peptide in solution
or a different flexibility of the peptide or both. In contrast, the

suggesting that the peptide was able to decrease the mobilityAmide I' envelope band of the SARS-CoV PTM peptide in the
of the phospholipid acyl chains when compared to the pure presence of DMPA presented a maximum at about +d827
phospholipid (Figures 5A and 5B). In the case of DMPS, a cm! at all temperatures studied (Figure 6D,G). These data
similar decrease in cooperativity was observed, concomitantly suggest that the SARS-CoV PTM peptide has different second-
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Figure 5. Anisotropy values[i[] of DPH (A,C,E,G,l) and TMA-DPH (B,D,F,H,J) fluorescent probes in model membranes composed of (A,B)
DMPC, (C,D) DMPS, (E,F) DMPG, (G,H) POPE, and (1,J) DMPA as a function of temperature. Data correspond to vesicles in the@paadce (
in the presence®) of the SARS-CoV PTM peptide.
ary structures in the presence of different phospholipid types 1648, 1635, 1627, and 1612 ch{Figure 7A). It is also possible
and phases (see below). to distinguish different component bands having similar fre-
To assign the component bands to specific structural featuresquencies as those found for the peptide in the presence of
and estimate the percentage of each component, we haveDMPC, DMPG, and DMPA (Figure 7BD). The number and
decomposed the Amidé Infrared band as described in the frequencies of the Amide tomponent bands for these samples
Materials and Methods section and compared them to literaturewere similar to those found for the peptide in solution, but their
values?”-5868 For the peptide in solution, we have identified intensity varied. To assign the component bands to specific
different component bands at frequencies of about 1678, 1662,structural features and estimate the percentage of each compo-
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Figure 6. Stacked infrared spectra of the Amideahd C=0 regions for samples containing the SARS-CoV PTM peptide in solution (A) and in
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significant decrease iff-sheet (36% and 26%, respectively,

A é; B
compared with 44% in solution) angd-turn (0% and 2%,

1700 1660 1620 1580 1680 1660 1640 1620 1600 respectively, compared with 13% in solution) structures were
Wavenumbers (cm'™) Wavenumbers (cm™) observed, concomitantly with an increase avhelix and/or
random coil (64% and 72%, respectively, compared with 43%
in solution). However, in the presence of DMPA, a slight
increase irm-helix and/or random coil (50%) was observed as

well as a slight decrease j#rturn (5%) when compared with
the peptide in solution. It should be recalled that two bands at
1626 and 1635 cmi appeared for the protein in solution, but
only one intense band at 1628 chappeared for the peptide

in the presence of DMPA. These results imply that the secondary
1680 1660 1640 1620 1600 1680 1660 1640 1620 1600 structure of the SARS-CoV PTM peptide was affected by
phospholipid composition.

elements of proteins, so they were not considered in the
determination of the total area of the Amidebland>862:68.69
The most significant difference between the secondary structure
of the SARS-CoV PTM peptide in solution and in the presence
of either DMPC or DMPG is that, in the latter cases, a
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Figure 7. Amide I' band decomposition of the SARS-CoV PTM
peptide in aqueous solution (A) and in the presence of DMPC (B),

DMPG (C), and DMPA (D). The spectra were taken at°@above : ; ;
the phospholipidT, and 35°C for the peptide in solution. The Viruses attach to cells through different mechanisms, but there

component bands, the original envelope, and the difference between'S only one way to get into the host cell through the mem-
the fitted curve and the original spectrum are shown. brane: viral and host-cell membrane fusion supported by

membrane fusion proteins. The membrane fusion protein of
nent, we have decomposed the Amideirfrared band as SARS-CoV is the envelope Spike glycoprotein, and it is thought,
described previousl§2 Bands below 1620 cr are outside the similarly to other Class | membrane fusion proteins, that several
range of frequencies usually observed for the secondary structuretrimers of the S protein are capable of juxtaposing, destabilizing,

Discussion
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and merging the viral and cellular membranes so that a fusion branes contain Pl and PS among other phospholipids) could
pore is formed.352540.5270.7Therefore, membrane fusion can play an important role and stimulate the first step in the fusion
be described as a succession of different steps, namely,process, i.e., approximation and binding of the protein to the
apposition of membranes, hemifusion of the outer leaflets to membrane, whereas the ensuing destabilization would be
form a stalk, fusion pore formation through merging of both induced by the presence of other phospholipid types.
biiayers at the stalk pOint, and, finaiiy, fusion pore enlargement We have shown that the SARS-CoV PTM pepude is Capab|e
with full contents mixing* "2 A lot of research on membrane  of affecting the steady-state fluorescence anisotropy of fluo-
fusion proteins point out that there are several regions within rescent probes located in the palisade structure of the membrane,
these proteins that are involved in the fusion process, and aresince it decreased the cooperativity of the transition, as observed
decisive for membrane fusion to take pldé@39.40.505258.71.735 by both types of probes for the phospholipids DMPC, DMPG,
Destabilization of the lipid bilayer and membrane fusion appears and DMPS. Therefore, the peptide was able to decrease the
then to be the result of the binding and interaction of these mopbility of the phospholipid acyl chains when compared to the
segments with the biological membranes. However, little is pure phospholipid. However, some differences were found
known about how the complex series of protein/protein and related to the anisotropy change below and abové& thef the
protein/phospholipid interactions drive membrane apposition and pure phospholipid, suggesting that the difference in charge
how they overcome the energy barriers for membrane fusion. petween DPMC, DMPS, and DMPG could affect the effects of
On the basis of our recent wofkwe have selected a highly  the incorporation of the peptide into the membrane. It is
aromatic domain from the SARS-CoV pre-transmembrane interesting to note that the peptide did not induce any significant
sequence, also found in other Class | fusion membrane proteinseffect on either the cooperativity or the anisotropy of DMPA,
to carry out a biophysical study, aiming to elucidate the capacity which, similarly to DMPG and DMPS, bears a negative charge
of this region adjacent to the transmembrane domain of the in jts headgroup. These data suggest, as commented above, that
protein, to interact and disrupt membranes with an approachthe SARS-CoV PTM peptide, although interacting with the
based on different but complementary strategies. membrane, should be located at the lipidater interfacé?

The SARS-CoV PTM peptlde studied in this work partitions The infrared Spectra of the Amidée [egion of the fu||y
with high affinity to model membranes having different phos- hydrated peptide changed with temperature, indicating a low
pholipid compositions. We and others have previously found stability of its conformation, where thg-sheet structure
similar binding affinities for other peptides pertaining to other predominated. However, we have observed differences in the
membrane fusion proteins, as reported previobsi§2627577  hronortion of the different secondary elements when the peptide
However, the degree of partitioning of the SARS-CoV PTM was incorporated into membranes of different phospholipid
peptide had no specificity for any particular lipid composition, composition, since its conformation changed depending on
as it has also been found for other peptides. This was fUrtherphosphonpid Composition_ Whereas tbd]e"xy ﬁ_sheet’ and
demonstrated by hydrophilic (acrylamide) and lipophilic (NS) random percentages were similar in solution and in the presence
probe quenching, suggesting that the SARS-CoV PTM peptide of DMPA, they changed significantly in the presence of DMPC
was effectively incorporated into the membranes but located at and DMPG, which would be in accordance with the fluorescence
the membrane interface. The SARS-CoV PTM peptide was alsodata commented above. Interestingly, furn content de-
capable of altering membrane stability, causing the release ofcreased in the presence of all types of phospholipids. These
fluorescent probes. However this effect was dependent on lipid data would suggest that the presence of different phospholipid
composition and on the lipid/peptide molar ratio, with the headgroups would modulate the secondary structure of the
highest effect being observed for liposomes containing EPC, peptide as it has been suggested for other pepticRé$21t is
Chol, and/or SM. Lower but significant values were observed interesting to note that the peptide in the presence of both DMPC
for liposomes composed of EPC alone, those containing BPI and DMPG, but not in the presence of DMPA, changed its
and BPS, as well as those composed of the complex phosphotonformation concomitantly with the phospholipid gel-to-liquid-
lipid mixtures LE and LPM. The observed effect should crystalline phase transition. The fact that peptide structure in
therefore be due primarily to hydrophobic interactions within  DMPA remains unaltered is consistent with the effect observed
the bilayer but not to the specific charge of the phospholipid in the TMA-DPH and DPH anisotropy experiments mentioned
headgroups. The binding to the surface and the modulation of ghove. This effect suggests that, apart from a negative-charged
the phospholipid biophysical properties, which take place when phospholipid, the presence of a more sizable headgroup is
the peptlde is bound to the membrane, i.e., partitioning into the impor[ant in the peptidemembrane interaction, perhaps permit-
membrane surface and perturbation of the bilayer architecture,ting a greater hydration. It has been shown that, besides its
could be related to the conformational changes that might OCCUI'fusogeniC properties, the Trp-rich domain is also required for
during the activity of the SARS-CoV Spike protein. The membrane fusion, perhaps by facilitating oligomerization of
induction of fusion by the SARS-CoV PTM peptide was also gp4$7 or stabilization of the spike trim&8 Membrane fusion
studied, and a similar result was obtained, since significant js an energy-costing event that involves destabilization of the
membrane fusion values were found in the presence of lipo- pjlayer and dehydration of the interfacial regiddg47° The
somes composed of negatively charged phospholipids as wellstryctural changes that take place when the SARS-CoV PTM
as for the complex lipid mixtures studied (vide supra). peptide binds to the membrane could be indicative of the

The differences we have found on the effect produced by conformational change that takes place during the metastable
the PTM peptide on leakage and fusion, i.e., higher aggregation(native) to stable (fusogenic) conformational changes of the
and fusion values but lower leakage values in the presence ofSARS S glycoprotein following binding of the SARS envelope
negatively charged phospholipids, and the opposite for the otherglycoprotein to its receptors. In the case of the peptide in DMPG,
types of phospholipids studied here, might indicate the pos- this effect is shown in the IR experiments. We can observe that
sibility that negatively charged phospholipids (it should be a change fronf-sheet structures or self-aggregated peptides to
recalled that type 1 and 2 lung pneumocytes are the mosta mixture of unordered and helical structures takes place at the
important cell targets of SARS-CoV, and their plasma mem- same temperature of DMPG. This change might be related to a
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