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Supplementary background

SARS coronavirus

In the winter of 2002, a new devastating human disease, termed “severe acute respiratory syn-
drome” (SARS) emerged from the Far East.! Starting at November 2002, 8,422 SARS-related

cases and 916 SARS-related deaths have been reported in 25 countries world-wide. Death from
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progressive respiratory failure occurred in just over 10% of cases, and peaked to almost 50% among
elderly patients.?

The causative agent of SARS was quickly recognized as a coronavirus,® and its genome se-
quence indicated that it is new member of the Coronaviridae.*> Even after the dwindling of the
SARS pandemic in July 2003, new members of coronaviridae continue to be isolated from pa-
tients exhibiting respiratory diseases: By 2005 two new members were isolated in the Netherlands
(HCoV-NL63)° and Hong Kong (HCoV-HKU1).” Late in 2012, MERS-CoV was isolated in Saudi

Arabia,? as the causative agent of the “Middle East SARS” with a fatality rate close to 50%.

SARS coronavirus E protein

SARS-CoV has three membrane proteins: ! (i) The trimeric fusion S(pike) glycoprotein that is
functionally analogous to influenza’s Hemagglutinin; (ii) The abundant polytopic M(embrane)
glycoprotein, which gives the envelope its shape and (iii) The E(nvelope) small peptide, which is
the subject of this study.

Found in small amounts in the virion’s envelope, SARS-CoV’s Envelope protein (E) is a small
integral membrane protein composed of 76 amino acids.” Sequence comparison indicated that
SCoV-E protein does not present significant homology to any other protein. Moreover, SCoV-
E protein is also more conserved than other coronaviruses” E protein.'? Tt lacks a signal peptide
and does not undergo glycosylation. ! However, palmitoylation on a conserved cysteine at the
carboxy side of the transmembrane domain (TMD) does take place, and is essential for producing
healthy viral particles. '?

SCoV-E protein contains a TMD positioned near the N terminus, followed a long hydrophilic
C terminus tail. '3!4 Its cytoplasmic tail is linked to an array of activities: It is sufficient to redi-
rect the protein to the Golgi region; > It binds PALSI1 tight junction protein, therefore potentially
affecting cell polarity; '° It contains a BH3-like region that interacts with Bcl-xL antiapoptotic pro-
tein, thus promoting apoptosis in T cells;!” and also Down-regulates inositol-requiring enzyme 1

pro apoptotic pathway thus reducing apoptosis in other cells. '8
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The TMD of SCoV-E protein was found to form an ion channel, blocked by hexamethylene
amiloride.!® When the TDM, flanked by two lysine residues, was reconstituted in lipid bilayers
it formed a Na* channel that could be inhibited by amantadine.?’ Measurements of channel con-
ductance for the putative channel were also performed in diphytanoyl phosphocholine lipids.?!
Expression of the SARS-CoV E protein in mammalian cells altered the membrane permeability
of these cells,?? as well as in Escherichia coli.?® Finally, cation selective channel activity was
recorded for E proteins from other coronaviruses such as: Human-22E9, mouse hepatitis virus
(MHYV) and infectious bronchitis virus (IBV) when placed in bilayers.24’25

Coronavirus E proteins have been implicated to play a central role in the virus budding and
maturation process. Following translation, S, M and E proteins are inserted into the ER, from
which they mature to the ER-Golgi intermediate compartment. '® The creation of new viral par-
ticles requires both M and E proteins.?’2° Very little is known about the process: The TMD of
E in IBV was found to alter the trafficking of cargos in infected cells to the advantage of the
virus.?? E and S structural proteins were found to decrease the levels of ENaC Na* channels at
the apical surfaces of lung epithelial cells, possibly by activating the PKC pathway.3! Expressing
E alone resulted in the budding of vesicles containing E,3? while complete deletion of E resulted
in the budding of plaques with low growth rate and low infectious titer.333> Expression of MHV-
CoV E protein induced membrane curvature® and similarly, SCoV-E protein TMD incorporated
in 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) vesicles induced a significant degree of
deformity to the vesicles.'? E turnover seems to be governed by both the ubiquitination pathway
employing nsp33’ and ubiquitin-independent pathway by 8b.383?

Recently, vaccination with SARS-CoV lacking E completely protected mice from lethal dis-
ease.*? Not only the lack of E but also the presence of E can account for immunization targets,
whereby individuals recovering from SARS showed marked T cell response when stimulated with
peptides overlapping E sequence.*' Also, snRNAs targeting the gene of E delivered in adenovirus

vector significantly inhibited the expression of SARS-CoV genes in infected cell lines.*>*3 Dele-

tion of E however still elicited a T and B cell immune response in susceptible mice** and ham-
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sters. 35.45

Topology analyses using immunofluorescence of epitope-tagged SCoV-E protein revealed that

46 consistent

both termini of the protein are exposed to the cytoplasmic side of the membrane,
with the finding on MHV’s E, 47 but in contrast to IBV’s E.%® Moreover, X-ray reflectivity studies
revealed that a phenylalanine residue located in the middle of TMD of the protein was positioned
close to the lipid head group of DMPC bilayers.*® E peptide did not change structurally under
FTIR investigation when treated with protease K (data not shown) consistent with previous results
demonstrating that MHV-CoV E was not affected by protease digestion. 3%

Spanning 28 amino acids, the TMD of SCoV-E protein is abnormally long!3 in comparison
to the average TMD helix length of 21 residues.*® Nevertheless, the TMD was shown by FTIR
19

studies to be highly helical.!%!30 Finally, SCoV-E protein TMD was found to be pentameric

similar to the full length protein when expressed in Escherichia coli.'*

Supplementary Material and Methods

Sample preparation

Peptide synthesis The peptide sequence used in all experiments encompassed the entire hy-
drophobic domain of SCoV-E protein (accession number NP_828854), and corresponded to residues
E7-R38, as shown in Figure Sla. The peptides were synthesized using standard solid-phase N-
(9-fluorenyl) methoxycarbonyl chemistry. A total of 19 hydrophobic residues along the peptide
sequence were individually labeled using the '3C='30 double label at the positions indicated in
red in Figure Sla. The '3C=!80 double label was synthesized from 1-'3C labeled amino acids
precursors (Cambridge Isotopes Laboratories, Andover, MA) according to previously published
procedures.>! In addition, three peptides, each containing a single para-iodo-phenylalanine, were
synthesized using the same procedures. The location of the iodine labels is shown with a black

asterisk in Figure S4.
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Peptide purification The purification, and membrane reconstitution of the peptides used in this
work have been described elsewhere.'? In brief, ca. 2 mg of synthesized peptide were dissolved in
2 ml of trifluoroacetic acid, and injected into a 1 x 25 cm Jupiter 5 C4-300 A column (Phenomex,
Cheshire, UK) equilibrated with 80% H»O, 8% (v/v) acetonitrile and 12% (v/v) isopropanol. Pep-
tide elution was obtained with a linear gradient to a final solvent composition of 40% acetonitrile
and 60% isopropanol. All solvents contained 0.1% (v/v) trifluoroacetic acid. Chromatography

fractions containing the peptide were subsequently lyophilized.

Peptide reconstitution The peptides were reconstituted into lipid vesicles of 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC, Avanti polar lipids, Alabaster, Al) by co-solubilization in
1,1,1,3,3,3-hexafluoro-2-propanol (Merck, Whitehouse Station, NJ). Following rotoevaporation
and desiccation, liposomes were prepared by hydration of the sample in 1 ml of water. Recon-
stituted liposomes were routinely sonicated using a probe-type sonicator for 2 minutes at 100 Watt

(pulses given every 2 seconds) and extruded through 0.2 yum nitrocellulose filter at 37°.

FTIR spectroscopy

Spectra collection 400 ul of sample were deposited onto a 25 reflection Germanium internal
reflection element (2 x 20 x 50 mm, Grasbey Specac, Kent, UK), followed by bulk solvent removal
under a stream of dry, CO;-depleted air for several hours. For each spectrum, 1000 interferograms

at a resolution of 2 cm™!

were collected and averaged. Spectra were processed with 1-point zero
filling and Happ-Genzel apodization. Polarized spectra were obtained with a 0.25 mm wire grid
polarizer (Graseby Specac, Kent, UK). Two to four spectra were taken for each of the 19 different

13C=130 double-labeled peptides.

Peak fitting and integration In order to obtain orientational information from FTIR, peak in-
tegration and consequently peak fitting are required. Two peak fitting procedures were employed

to reach a self-consistent result: (i) Peaks in the region between 1520 cm~ ! and 1800 cm™! were

S5



approximated by corresponding Voigt functions and integrated separately. The baseline was taken
as a linear line calibrated by the featureless area between 1900 cm~! and 2500 cm™!. (ii) Alter-
natively, the site-specific peaks were approximated as individual peaks as described in.>? Finally,
in both fitting procedures, the Gaussian full width at half height (FWHH) was estimated from the
total Voigt FWHH and Lorentz FWHH and was averaged for all fitting procedures. Errors in the
Gauss FWHH estimations are < 0.02%, which is significantly lower than the discrepancy between

the two peak fitting methods.

Orientational analyses

After FTIR spectra acquisition, the tilt angle between the amide I transition dipole moment (TDM)
and the z axis was extracted as described in detail in.”3 In brief, the dichroic ratio %, which is the
ratio of absorption between parallel and perpendicular polarized light in attenuated total internal
reflection (ATR) geometry is given by:

52%_’_&2%

%ATR _ z (1)

& y,; are the axial electric field components given by Harrick>* and .y, are the corresponding in-
tegrated, dimensionless, absorption coefficients for each of the three axes. In a uniaxial symmetric

system, such as a lipid bilayer, the integrated absorption coefficients are given by:
1
%z:coszeand%/x:%/yzisinZO, 2)

where 0 is the angle between the vibration’s TDM and the laboratory z axis. Since the lipid bilayer
resides in the xy plane, the z axis is simply the bilayer normal. Note that the above is correct only
when sample mosaicity is negligible,>> which can easily be confirmed using X-ray reflectivity, as
elaborated below.

The sample thickness significantly exceeds the penetration depth of the evanescent wave, al-

lowing us to employ the thick film approximation.>® Therefore, using refractive indices for Ge and

S6



for the lipid bilayer of 4 and 1.43, respectively, we obtain: &y = 1.398, &, = 1.516 and &, = 1.625.
Finally, incorporating the above parameters in equations Eq. (1) and Eq. (2), one obtains the tilt
angle of the TDM from the z axis as a function of the measured dichroic ratio using the following

simple relationship: 3

2.14153
6 = arct 3
e \/%ATR —0.923832 ©)

X-ray reflectivity

Mosaicity measurement Mosaicity of the membrane due to the incorporation of the peptide
was measured using X-ray reflectivity rocking scans, as described in detail in.>> Briefly, after a
scattering profile is obtained, the angles of the incident and reflected beams were set to match the
first Bragg peak. Subsequently, a rocking scan was conducted by tilting the sample perpendicularly
to the X-ray beam. The change in intensity as a function of the rocking angle is then fit to a
Gaussian profile, to derive the standard deviation o, of the mosaicity. When the standard deviation
is smaller than 5°, the mosaicity of the sample may be neglected and the orientational information

can be extracted directly from the linear dichroism results using equation Eq. (3).>°

Electron density profile construction Three samples were analyzed for electron density, each
containing a single para-iodo-phenylalanine instead of phenylalanine in either one of the three
naturally appearing in the peptide: F20, F23 and F26 (see Figure S4). In brief, samples were dis-
solved in chloroform/2-propanol (40:60% v/v) at 2 mg/ml, while DMPC lipids were dissolved in
20 mg/ml of chloroform/2-propanol (50:50% v/v). Stocks were mixed together to prepare sam-
ples at 1:10 or 1:50 protein:lipid molar ratio. Samples were then dried in water-deprived air and
placed in a vacuum overnight, to remove traces of solvents. Following rehydration a film with a
thicknesses of about 2-5 tm was obtained.

Electron density profiles were obtained by the Fourier synthesis method from the integrated
peak intensities, using a Lorentz correction factor of /4., and the following phases (+, -, -, - and -).

The integrated intensity of the first Bragg peak was normalized to 1 for the non-iodinated SCoV-
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E peptide, while the iodinated SCoV-E protein curves were properly scaled to the non-iodinated

curve corresponding to the respective scattering signals.

Structural modeling

Two approaches for structural modeling of the SCoV-E protein based on orientational restraints
were used: rigid body modeling and flexible molecular dynamics (MD) based refinement. In both
approaches the aim was to derive a model, in which the differences between the experimental tilt

angles and those found in the model are the smallest, while keeping with correct protein geometry.

Error calculation

Since the absorption of light is proportional to the squared scalar product of the electric field vector
and the integrated absorption coefficient, angular ambiguity arises. In other words, while the
calculated angle from the dichroism experiment is invariably in the first quadrant (0 < 6 < 7/2),
the actual angle might be any of the following four equal options: 6, —6, w+ 6 or T — 0. Therefore,
the difference A, between the experimental tilts 0, and the tilt angles for any model obtained ¥,

was calculated as the minimum of the following four options:

A =min{|®—6|,|0+6|,|0—(x—0)|,|5 — (1+6)|} )

Rigid body refinement

Rigid body refinement was carried out as described elsewhere.>’ An ideal a-helix corresponding
to the sequence of SCoV-E protein was constructed using PyYMOL (Schrédinger, NY). The peptide
was initially oriented such that its director coincided with the z axis. Afterwards, the peptide was
tilted by 1° increments until complete inversion took place. At each tilt angle the peptide was
rotated about its long axis (1° increments) until a complete revolution was obtained. For each rota-
tion and tilt angle combination the amide I TDM tilt angles of the labeled residues were extracted

and compared to the angles obtained experimentally. The difference between the experimental
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results and those measured from the model reflected how well a particular structure abides by the

experimental constraints.

MD based refinement

The procedure for using MD based refinement to yield structures of membrane proteins was re-

cently detailed in.>? Below we describe the basic principles of the procedure:

Set up MD simulations were carried out using CNS, %% employing an annealing protocol for
both the temperature and the Van der Waals force constant. The peptide was constructed as an ideal
helix using PyMOL and included two dummy atoms to represent every one of the 19 labeled sites.
The exact geometry of the atoms within the peptide group plane, was such that the angle between
the two dummy atoms coincided exactly with the TDM of the amide I vibrational mode (see green
atoms in Figure 3a). The two dummy atoms were constrained to their position using bond, angle
and dihedral terms. However, they did not participate in any non-bonded interactions. All other
force field parameters employed default values using the OPLS parameter set with a united atom

topology. %

Experimental refinement At each MD simulation step the angle between the vector connecting
the two dummy atoms and the z axis was calculated (1#). Subsequently the angle was restrained
to the FTIR measured angle (0) for the corresponding residue according to the following energy
penalty function:

E = kA%, o)

where k is the harmonic force content equal to 400 kcal/(rad?-mol), and A is the difference between
the experiments results and that measured currently as detailed above.

As indicated, different segments of the protein were restrained to a helical geometry by an
NOE restraint between the carbonyl oxygen of residue i and the amide proton of residue i +4. The

NOE distance was set to 3.15 A with a force constant of 200 kcal/(z&z-mol). In the regions that
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were restrained to a helical geometry, the orientational refinement was calculated as follows: The
differences between the current angle 1%, and the experimentally derived angle 0, was the minimum
of the following two terms:

A =min{|0 —06],|8+ 0|}, (6)

whenever the helix that is tilted from the z axis by an angle smaller than 7/2. When the helix tilt
angle was larger than 7/2, the difference between the current tilt angles and the experimental results

were taken as the minimum of:

A =min{|® — (x—0)|,|]%—(x+0)|}. ()

See Figure 3b for a scheme of the two different calculation options in a case of a helical geometry.
When the region was not restrained to an o-helical geometry, all four quadrants were used to

calculate the difference from the experiential data (as implemented in equation Eq. (4)).

Annealing protocol Numerous protocols were tested in order to reach a consistent answer that
yields the smallest difference from the experimental data (i.e. maximal refinement) while main-
taining correct geometry. The temperature in the simulations was reduced linearly from 598°K
to 273°K in 15°K increments (22 cycles), while the Van der Waals force was multiplied by an
exponentially increasing constant from 0.03 to 1 in each cycle. The number of simulation steps
in each cycle was determined by the total simulation length. Simulation steps were 0.1 fs and the

total length of the simulation was 20 ps, after which additional convergence was not obtained.

Disulfide cross linking

Two peptides were synthesized, each with a pair of mutations: S16C and T35C in the first peptide
and S16C and T30C and in the second (see Figure 2). In both samples A22 was labeled with a
13c=180. Reconstituted and hydrated (2 ml) samples were split into two identical aliquots of 1 ml

each, alongside 100 ul of 150 mM Cu(II)(1,10-Phenanthroline)3, as an oxidation catalyst. The
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aliquots were incubated at 37°C for 45 min. To one of the aliquots, 410 ul of 0.1 M Ethylenedi-
aminetetraacetic acid (pH 8) were added at the end of the 45 min reaction, thereby chelating Cu(II)
and terminating the oxidation reaction. In contrast, in the control aliquot, Ethylenediaminete-
traacetic acid was added at the beginning of the incubation, thereby preventing oxidation from to
taking place in the first place.

Subsequently, 2 ml of 1,1,1,3,3,3-hexafluoro-2-propanol (Merck, Whitehouse Station, NJ) were
added to dissolve the liposomes completely. 800 uL of Reaction Buffer solution, containing 0.1 M
disodium phosphate buffer (pH 8) and 1 mM of Ethylenediaminetetraacetic acid, were added to
each aliquot. The pH was maintained above 8 by adding 5 uL. of 10 mM NaOH to the final solu-
tion and was checked by blotting a small amount on a pH paper.

Finally, 900 ul of each aliquot (either undergoing the redox reaction or the control) was taken
and incubated for 30 min with increasing amounts of 25 mM Ellman’s reagent (98%, Sigma-
Aldrich, St. Louis, MO). The amounts of Ellman’s reagent that were added were: 5 ul, 7.5 ul,
10 ul, 15 ul, 20 ul, 50 pul and 100 ul. The ratio between the final concentration of the Reaction
Buffer and the Ellman’s reagent was kept above 10:1 by adding additional 200 ul of Reaction
Buffer when 20 ul or more of the reagent solution were added. When adding 100 ul of reagent,
the ratio was not kept above 1:10 but was 5:1, in order to maintain a homogenous solution.

Solutions in glass cuvettes were taken to a spectrophotometer (Ultraspec 2100 pro, GE Health-
care, Piscataway, NJ) to measure absorption at 412 nm, which is indicative of free thiol groups. Ab-
sorption values were compared between the aliquot that underwent the oxidation reaction (Ethylene-
diaminetetraacetic acid was added at the end of the incubation) and the identical aliquot that did not
undergo the redox reaction (Ethylenediaminetetraacetic acid was added at the beginning). There-
fore, decreased absorption at 412 nm in the reaction relative to the control vial indicates that the

oxidation took place.
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Supplementary figures
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Figure S1. Sequence, labeling and FTIR spectra of the SCoV-E protein. a. Sequence of the

SCoV-E protein (accession number NP_828854). The expanded region, E7-R38, indicates the

transmembrane encompassing peptide that was used in all the experiments with red residues indi-

cating positions of 13C=!80 labeling. b. FTIR spectra in the region of the isotope-edited amide

I mode of the different labeled peptides in hydrated lipid bilayers. Spectra were obtained using

parallel (red) or perpendicular (blue) polarized light.
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first Bragg peak from a specular scan of the multi-lamellar SCoV-E protein lipid vesicles used for
the FTIR analysis. See inset for a sketch of the experiment. The data (in red) are fit with a Gaussian
function (solid line) with a standard deviation of ¢ = 4.5°, and are a measure of the probability

distribution of local membrane normal vectors.
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Figure S3. Rigid body modeling of the SCoV-E protein transmembrane domain. Each point in
the graph represents a particular combination of tilt and rotation angles of an ideal helix. The
color scale represents the TDM tilt angle difference per residue that the structure has relative to the
angles derived from the FTIR study, or random angles in the top and bottom panels, respectively.
The crosshair represents the minimum difference between the experimental data and the rigid body

rotation.
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Figure S4. X-ray reflectivity of the SCoV-E protein in lipid bilayers. The sequence of the peptide
indicating the positions of the different para-iodo-phenylalanine in color is shown at the top. bot-
tom: Reflectivity curves of SCoV-E protein in hydrated multilamellar lipid bilayers. The wild type
protein is in black, while the three para-iodinated phenylalanines containing peptides at residues
F20, F23 and F26 are in blue, red and green, respectively. The curves are shifted vertically for

clarity.
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