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ABSTRACT: Solving structures of membrane proteins has always been a formidable
challenge, yet even upon success, the results are normally obtained in a mimetic
environment that can be substantially different from a biological membrane. Herein, we use
noninvasive isotope-edited FTIR spectroscopy to derive a structural model for the SARS
coronavirus E protein transmembrane domain in lipid bilayers. Molecular-dynamics-based
structural refinement, incorporating the IR-derived orientational restraints points to the
formation of a helical hairpin structure. Disulfide cross-linking and X-ray reflectivity depth
profiling provide independent support of the results. The unusually short helical hairpin
structure of the protein might explain its ability to deform bilayers and is reminiscent of
other peptides with membrane disrupting functionalities. Taken together, we show that
isotope-edited FTIR is a powerful tool to analyze small membrane proteins in their native
environment, enabling us to relate the unusual structure of the SARS E protein to its
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function.
SECTION: Biophysical Chemistry and Biomolecules

he multiphasic environment in which membrane proteins

reside provides a significant challenge to the structural
biologist. X-ray crystallography is hindered by the difficulty in
obtaining high-quality crystals. Solution-state NMR spectros-
copy is hampered by the low tumbling rates of vesicles that are
needed to solubilize the membrane protein. Hence both
techniques that account for 98.9% of solved protein structures
routinely require membrane mimetic agents, such as detergents
to accomplish their task. Hence, it is of no surprise that
membrane proteins comprise only 2.4% of the solved protein
data bank, despite comprising 20—30% of known genomes."”

In the current study, we attempt to use a new route to obtain
structural models of membrane proteins using FTIR spectros-
copy. As our target, we chose SARS coronavirus E-protein,
given its importance and what seems to be its noncanonical
features. An overview of SARS coronavirus and a compre-
hensive review of its E-protein are given in the Supporting
Information.

Using linear dichroism isotope-edited FTIR spectroscopy, we
determined the orientation of 19 carbonyl groups out of the 32
in the peptide. These restraints were subsequently used to
obtain a structure for the protein by a molecular dynamics
protocol employing experimental refinement.

It is worth pointing out that the use of isotope-edited FTIR
to derive structural information on membrane proteins is
similar in principle to solid-state NMR. Both methods can
examine isotopically labeled peptides in lipid bilayers. However,
the structural precision that is obtained by solid-state NMR in
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comparison with the current study is significantly higher, yet
the principal reasons that drove us to develop FTIR analysis as
an alternative approach for structurally examining membrane
peptides are the following: relatively low sample requirements
(sub milligram), widespread instrumentation availability, short
measurement time (few minutes), and ease of sample
manipulation that enables multiple conditions to be tested
(pH, ligand concentration, temperature, and lipid type, to name
a few).

The result of our analysis is a unique helix—loop—helix motif
that is consistent with the experimental data. Independent
approaches were used to validate the structure, including
disulfide cross-linking, X-ray reflectivity measurements, and
H*/D* exchange. It seems intriguing to assume that this
uniquely short helix—loop—helix motif plays a major role in the
peptide’s capability to deform membranes and promote the
budding process, reminiscent of other proteins that play a role
in membrane destabilization.

The goal of our research plan was to obtain a reliable
structural model of the SCoV-E protein transmembrane
domain in lipid bilayers. The strategy was based on generating
accurate experimental restraints that may be used in an
objective model building process. Finally, additional exper-
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Figure 1. (a) Sequence of the SCoV-E protein with the expanded region, E7-R38, indicating the transmembrane encompassing peptide used in all
experiments. Red residues indicate positions of *C="%0 labeling. (b) Example FTIR spectra in the region of the isotope-edited amide I mode of a
peptide labeled at L19. Spectra were obtained using parallel (red) or perpendicular (blue) polarized light. (c) Wavenumber of the isotope-edited
BBC="%0 amide I mode of the different residues. The positions are taken from the spectra shown in Supplementary Figure 1b in the Supporting
Information. (d) Dichroic ratios of the amide I vibrational mode of the different '*C="%0 labels in the SCoV-E protein. (e) Tilt angles between the
TDM of the amide I mode and the membrane normal derived from the respective dichroic ratios shown in panel d.

imental approaches were used to provide independent
validation of the results.

As the subject for our investigation, we examined a peptide
that encompasses the entire hydrophobic domain of SCoV-E
protein and corresponds to residues E7-R38 (Figure la). We
have previously shown that this peptide exhibited properties
that are indicative that a full structural investigation is
warranted.” In brief, the peptide was shown to be highly
helical and fully embedded in the lipid bilayer. Moreover, the
same peptide was shown to deform lipid vesicles, as expected
from a protein that is involved in virus budding,* Consequently,
all of our studies were of the aforementioned transmembrane
peptide of the SCoV-E protein.

To derive accurate experiential restraints, we turned to
isotope-edited FTIR spectroscopy. In brief, FTIR linear
dichroism of "*C="%0 labels provides an accurate measure of
the tilt angle from the membrane normal of the transition
dipole moment (TDM) of the respective amide I stretching
mode.’”" Because the geometry of the TDM of the amide I
mode relative to the molecular frame is known,'® the
measurements provide accurate orientational information on
the labeled amide group. We note that severe sample mosaicity
may interfere with the previous orientational analysis. However,
when the Gaussian distribution of the mosaicity is below ¢ = 5°,
the effect of disorder is negligible.17 For this reason, FTIR
analyses were accompanied by measurements of membrane
mosaicity using X-ray reflectivity to ensure that sample disorder
can be neglected.

Nineteen SCoV-E transmembrane domain (TMD) peptides
were synthesized, HPLC-purified, and reconstituted in lipid
bilayers. Each peptide contained a single *C='0 label
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dispersed throughout the entire sequence of the peptide
(Figure 1la). Virtually all spectra were comprised of a-helical
amide I peaks and a negligible contribution from other
conformations, namely, f-sheet, turns, and coils (data not
shown), in agreement with previous work.?

The PC="%0 isotope-edited peak was found in all peptides
(see example in Figure 1b) to be located between 1584 and
1601 cm™" with an average peak center of 1592 + 4.6 cm™!
(Figure 1c). In the majority of residues, the peak center was at
1590 cm™), as found in other helical peptides.®*'%!3~1518
However, two residues exhibited peaks that were shifted to
significantly lower wavenumbers: F26 and L31 (peak center at
1584 + 0.3 cm™). This shift stems from the formation of a
bifurcated H-bond geometry of the peptidic carbonyl and the
hydroxyl group at residue at position i + 4.">*° (See the gray
connectors in Figure 1.)

Because this bifurcated H-bond pattern is indicative of an a-
helical geometry, we can state that residues F26 to T3S are
helical. This information provides further, site-specific secon-
dary structure assignment to our previous study that showed
that the SCoV-E protein is on average predominantly helical.®
Finally, as detailed later, this information can be used to limit
the position of any loop in the protein that resides between
helical regions.

The first step to yield orientational restraints involved
collection of linear dichroism spectra of the different peptides, a
representative of which is shown in Figure 1b. All spectra are
shown in Supplementary Figure 1 in the Supporting
Information. Both parallel and perpendicular polarized spectra
were obtained and fit as described in the Materials and
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Methods section. The ratios between the two absorptions
(ak.a. dichroic ratios) are listed in Figure 1d.

It is possible to convert the dichroic ratios to angular
information without consideration of sample disorder, as long
as disorder is minimal.'” Therefore, the second step in our
procedure was to use X-ray reflectivity rocking scans to measure
the Gaussian distribution of each sample that was examined by
FTIR spectroscopy. In all cases, the membrane mosaicity was
below 6 = 5° enabling us to neglect the effect of sample
disorder when calculating the orientation of the amide I TDM
orientation. An example of X-ray rocking a scan is shown in
Supplementary Figure 2 in the Supporting Information.

After establishing that sample disorder is negligible, we could
convert the measured dichroic ratios in Figure 1d to the tilt
angles between the TDM of the amide I mode and the
membrane normal, listed in Figure le. One can readily see that
there is an inverse (albeit nonlinear) relationship between the
dichroic ratio and the tilt angle: Larger dichroic ratios yield
smaller title angles (e.g, L21), while smaller dichroic ratios
yield more inclined tilt angles (e.g, I113). Finally, the
experimentally derived tilt angles were used to derive an
accurate model of the SCoV-E protein transmembrane domain
using the molecular modeling approaches described later.

The first approach that we tried to employ was rigid body
modeling, a procedure that may be used to model canonical
transmembrane helices using orientational restraints.'® In brief,
an ideal a-helix was constructed to match the sequence of the
peptide used in this work. Initially the peptide was aligned with
its director along the z axis. Following that, the peptide was
tilted in 1° increments until it was completely inverted. At each
tilt angle the peptide was rotated about its director by 1°
increments until an entire revolution was obtained. All together,
64800 = 180 X 360 tilt and rotation combinations were
created. Subsequently, at each tilt and rotation combination, the
angles between the amide I TDMs of all 19 residues and the z
axis of the resultant model were calculated. The measured
angles were then compared with the experimentally derived
values to see which spatial orientation of the peptide yields the
best fit to the FTIR results.

As shown in Supplementary Figure 3 in the Supporting
Information, the smallest difference between the TDM tilt
angles of the experimental data and the results of the rigid body
modeling is at tilt and rotation angles of 40 and 290°,
respectively. However, the average difference of 14° per residue
reflects a poor fit to the experimental data due to the fact that a
rigid body fit to a set of random angles yields similar values
(Supplementary Figure 3 in the Supporting Information). For
comparison, the same procedure applied to a canonical helix,
such as the M2 H* channel from influenza A,'® yielded an
average tilt angle difference of <S5° Taken together, we
conclude that the SCoV-E protein transmembrane domain
does not adopt a canonical helix structure that is compatible
with our experimental results.

Because our experimental results were inconsistent with a
canonical helix structure, we set out to determine if a hairpin
structure might exist. Toward this end, we tried to see if we can
cross-link two distant parts of the protein that would only be
close if the protein formed a hairpin structure. Two peptides
were therefore synthesized, each with two cysteine residues.
The first peptide contained the mutations S16C and T30C,
while the second peptide contained the mutations S16C and
T35C (Figure 2). All three residues (S16, T30, and T3S) are
found mutated in natural variants of the virus and are therefore
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Figure 2. Results of the disulfide cross-linking experiments.
Quantification of free thiols using Ellman’s reagent (412 nm
absorbance) as a function of reagent concentration. The blue line
represents an oxidation experiment, while the red line depicts data
without oxidation as control. Therefore, disulfide bond formation is
observed when there is a difference between the two samples due to
the fact the oxidation reduces the number of free thiols. The two
panels present results for the two different peptides as indicated. The
sequences of the peptides are shown on the top of every panel,
indicating the cysteine mutations in green.

not expected to change the function nor the structure of the
proteins.

To examine the proximity of the two mutated sites, we
examined the ability of the two cysteine residues to form a
disulfide bond. In brief, the peptides were reconstituted in lipid
bilayers, followed by oxidation to promote disulfide bond
formation. The reaction was then terminated, and the amount
of free thiol groups was estimated. The results of the cross-
linking experiments, shown in Figure 2, indicate a significant
difference in the amount of free thiol between the two peptides.
In particular, the peptide that contained the S16C and T35C
mutations was capable of forming disulfide bonds, while the
S16C and T30C containing peptide did not.

The results are incompatible with a parallel arrangement of
an a-helical structure that places the two residues ~30 A apart
from one another. Rather, the results are supportive, albeit not
conclusive of a hairpin model for SCoV-E protein in which
residues S16 and T35 are in close proximity to one another.
Therefore, to derive a reliable model for SCoV-E protein based
on the FTIR data, we turned to MD-based refinement. Such an
approach would allow conformational freedom to the resultant
outcome while at the same time closer adherence to the
experimental data.

A simulated annealing protocol was developed to incorporate
the experimental restraints in an objective manner, alongside
maintaining correct protein geometry.21 Two dummy atoms
were placed in the peptide plane (Figure 3a), such that the
bond between them coincided with the amide I TDM.'®
Therefore, harmonically restraining the bond between these
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Figure 3. (a) Diagram of the orientation of the TDM of the amide I mode relative to the amide group’s molecular geometry.'® The two dummy
atoms that were used in the refinement process are shown in green. The dotted arrow represents the amide I TDM. (b) Schematic of the refinement
process showing the quadrants of the angular restraints that were imposed during the simulation. In the first helix (green), the angles were restrained
to + 6, while in the second helix (brown) they were restrained to 7 + 6. In the region between the two helices the angle were refined to any of the
four possible quadrants. (c) Results of the refinement process: 40 different simulations were run, each differing in the loop size (1 to S residues) and
position (starting from residue 16 to 25). A continuous helix is signified by a loop length of 0 (left column). The color scale represents the TDM tile
angle difference per residue that the resulting structure has relative to the data derived from the FTIR study. The combinations shown in purple were
not tested. (d) Structure of the SCoV-E protein obtained from experimental refinement depicting the position of the three labeled phenylalanines, as
indicated in Figure 4. The positions of the iodines are shown in purple.

two atoms to a particular angle relative to the z axis
corresponded to refinement based on the experimental data.

One important consideration in the previously described
refinement procedure relates to the fact that the measured
absorption is proportional to the squared scalar product of the
electric field vector and the TDM. Hence, there is an angular
ambiguity between the four different quadrants regarding the
position of the actual angle measured: The FTIR-based
experiment cannot distinguish between 6, —6, 7 + 6, or & —
0 (quadrants I, IV, III, and II, respectively). Therefore, our
energy function was designed such that it does not distinguish
between the four angles as well.

Initial refinement trials have shown that movements between
the four quadrants rarely occurred due to entrapment in local
minima. As a result, a complete unbiased refinement based on
the experimental restraints would not be feasible. However,
because the protein was shown to be highly helical in our work
and in previous studies,”**** we could introduce the following
simplifying assumption: All TDM tilt angles in a mildly
inclined, continuous helix will either be in the right hemisphere
(£0) or left hemisphere (7 = 0). The reason for this geometric
fact is that in an a-helix the angle between the TDM and the
helix axis is relatively small (ca. 35°%9). The reader is referred to
previous studies™”** for a comprehensive treatment describing
the geometry of the TDM as a function of helix tilt and uniaxial
rotation.

On the basis of the above, we proceeded to model the
protein as predominantly helical with a stretch of nonhelical
residues of varying length and position. Hence, the protein
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contained three segments: two helical stretches interspersed by
a nonhelical segment. The location of the nonhelical stretch
was estimated to be anywhere between residues S16 and V25.
The reason being is that the flanking stretches were shown to
be helical based on the shift in the amide I frequency due to
intrahelical H-bonding previously discussed. (See the gray
arrows in Figure 1.)

Helical stretches were maintained using harmonic restraints
between every carbonyl oxygen of residue i and the amide H" at
position of i + 4. The orientational refinement was imposed by
allowing the TDM tilt angle to converge only to one
hemisphere: +6 in the case of on upward pointing helix or 7
+ 0 in the case of a downward pointing helix. In the nonhelical
segment, the angular restraints were allowed to converge to any
of the four quadrants.

The disulfide cross-linking experiments as well as previous
independent experiments’ have shown that the protein adopts
a hairpin structure. Therefore, the orientational restrains in the
two helical stretches were set to opposite hemispheres. (See the
schematic in Figure 3b.) In the final step of the refinement
process, after the orientational refinement took place, the
results of the disulfide cross-linking experiments were imposed.
The procedure involved a simple harmonic distance restraint
between the Cf atoms of S16 and T3S.

The refinement program employed nonhelical segments
ranging in lengths from one to five residues. In addition, the
starting location of the nonhelical segment was shifted from
residue 10 to 19. In total, 40 simulations were conducted of
varying loop length and position. The success of each
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Figure 4. X-ray reflectivity depth profiling 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. The boxed residues (F23—V25) are the location of the loop in the model that was
obtained after orientational refinement. (a) Electron density profiles as a function of the bilayer vertical position resulting from the reflectivity curves
shown in Supplementary Figure 4 in the Supporting Information. (b) Difference electron density profiles between the iodinated samples and the

unlabeled protein.

refinement simulation was evaluated by comparing the TDM
tilt angles of the resultant structures to the experimental data
using quadrant-independent difference. Finally, for comparative
purposes, a refinement simulation in which the entire segment
was treated as helical was conducted.

As shown in Figure 3c, the lowest angular deviation from the
experimental results occurred with a protein containing a loop
of three amino acids starting at residue F23. The TDM tilt
angle difference per residue of this structure relative to the tilt
angles derived from the FTIR is $.3°. In comparison, the
angular difference between experiment and refinement when
simulating the protein as one long helix was much larger, 8.7°
(see loop length 0: Figure 3c, left column). This value is very
similar to the average difference of 8.3° obtained in all
simulations. Hence, the MD refinement procedure was able to
yield a structure that is in close agreement with the
orientational data and still abides by the cross-linking restraints.
In addition, both refinement procedures, MD and rigid body
modeling, were inconsistent with a uniform helical structure of
the SCoV-E protein.

To validate the structural model of the SCoV-E protein
transmembrane domain that was obtained based on the FTIR
data, we turned to independent data: the vertical position of the
three phenylalanine residues, as determined by electron density
profiling using X-ray reflectivity. The electron density profile of
two very similar samples is compared: wild-type SCoV-E
protein in hydrated lipid bilayers and precisely the same system
except for the fact that the protein contained a para-iodinated
phenylalanine instead of the regular phenylalanine. Iodination
did not perturb any of the properties of the protein that we
could measure. Consequently, the difference between the
electron density profile of the two samples points to the vertical
location of the iodine relative to the bilayer center. In our
previous study on SCoV-E protein, we used this approach to
pinpoint the position of F23.> In the current study, we
extended the previously described approach to determine the
vertical position of the two other phenylalanine residues, F20
and F26, alongside a repeat analysis of F23.

As shown in Figure 4a, all SCoV-E protein variants
embedded in a hydrated lipid bilayer exhibited the following
electron density profile: The center of the lipid bilayer displays
the lowest electron density due to the lipid methyl groups. In
contrast, located ca. 18 A from the bilayer center, we find the
regions with the highest electron density that correspond to the
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lipid headgroup. Subtraction of the wild-type electron density
profile from that obtained from the three labeled samples
reveals the location of the jodine relative to bilayer center: 20.5,
18.5, and 16.9 A for F20, F23, and F26, respectively (Figure
4b).

In the hairpin model that we have derived based on the FTIR
orientational restraints, there is loop starting from residue F23
to V25. (See the boxed residues in Figure 4.) These locations
are entirely consistent with a transmembrane helical hairpin
model in that all three residues are either in the loop or very
close to it (Figure 3d). Hence, their position close to the lipid
headgroup region is predicted by the model and confirmed by
the X-ray reflective electron density profiling.

Traditionally, FTIR dichroism was used to infer the
geometrical positioning of a known rigid structure, that is,
the tilt and rotation angles of an a helix.>~"* This procedure
involves spatial rotation and tilt of the helices until the back-
calculated orientational restraints match best those that were
obtained experimentally. Even though FTIR-derived tilt angles
represent the average tilt and rotation angles of individual
peptides, a successful construction of an a-helix using rigid
body refinement is a strong indicator of a canonical form for a
helical peptide. In influenza’s M2 H* channel, this rapid
procedure had shown a great degree of accuracy, relying on
FTIR angles alone.'®

In the current study, we use site-directed dichroism on the
SCoV-E protein. However, when we employed the same
procedures used in the past, we were not successful. In
particular, modeling the protein as a continuous helix yielded a
structure that did not conform to the experimental restraints.
While the role of rigid body refinement is quite limited, failing
to reconstruct a continuous helix with a better agreement to the
experimental results than to a set of random angles greatly
reduces the possibility for such a conformation. Hence, a
different approach to structural refinement was needed, akin to
the way data are used in distance geometry in solution NMR
spectroscopy.

Toward this end, we developed an MD-based protocol that
employed the orientational data as a refinement criteria.
However, because the number of structural degrees of freedom
far outnumbers the orientational data points, additional
structural information was required. Here we could make use
of the secondary structure information that is available from
FTIR, which allowed us to constrain certain parts of the protein
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as helical. In search of an intrahelical motif, middle residues in
the peptide were allowed to move more freely, including the
local unwinding of the helix. Significant wavenumber shifts in
site-specific peaks were used to define the helical constrains and
narrow down the intrahelical motif search. It is not clear
whether a smaller degree of wavenumber shifts should account
for residues lining the motif. Together, the approach yielded a
helical hairpin structure that corresponded well to the
experimental data. Finally, to the best of our knowledge, this
is the first time a molecular dynamics protocol is combined
with FTIR linear dichroism studies to suggest a secondary
structure of a peptide, which seems far from a canonical helix.

The hairpin structure model is supported independently by
several lines of evidence, some provided in the current study
and others in previous work. In the current study, we show
using electron density depth profiling that the three middle
phenylalanines are located near the headgroup region of the
lipid bilayer. These residues, F20, F23, and F26, are placed right
around the loop in our hairpin structure, which is between
amino acids 23 to 25. (See Figure la.) This is entirely
consistent with their close vertical location, which is <4 A apart.
In contrast, if the protein was a continuous helix, the vertical
distance between the three residues was 9 A. Tilting of the helix
would reduce the vertical distance between the residues, but to
reach a value of 4 A would necessitate a tilt of 64°. Such a tilt is
not supported by the linear dichroism data.>**** In addition,
the depth profiling maintains that the three phenylalanines,
which are in the middle of the hydrophobic stretch of the
protein, are located near the lipid headgroup region. Hence, if
the protein was a continuous helix, it would mean that half of
the protein residues are outside of the bilayer. This is
inconsistent with amide H'/D" results that show that the
majority of the protein is embedded in the lipid bilayer.> We do
recognize that rotamer flexibility might impact the vertical
position of the residues because the label is located on the side
chain. However, the extent of uncertainty in the vertical
position of the iodinated side-chains is at most a few angstroms.
Therefore, it not sufficient to counter the central geometric
argument that places three phenylalanines close to the lipid
headgroup region and not in the middle of the lipid bilayer.

Another line of evidence to support the hairpin structure in
the current study is disulfide cross-linking. Our results point to
close proximity between residues S16 and T39, entirely
incompatible with a continuous helix where they would be
located ~34 A apart. Finally, using topology analyses, other
laboratories have shown that the termini of coronavirus E
proteins to be either on the same side of the membrane® or on
opposite sides. In SCoV-E protein, the majority of the protein
exhibited a topology in which both termini residues were on the
same side of the membrane,”® which is consistent with a hairpin
structure.

While it is difficult to conclusively point to the mechanism of
viral budding from the structural model that we obtained, one
interesting finding arises: The helical hairpin structure of
SCoV-E protein is similar to that of the influenza
haemagglutinin fusion domain.>”*® The fusion domain contains
two short helices of ten and eight residues connected by a very
short loop. If one considers that the hydrophobic thickness of a
lipid bilayer is ~30 A, it is obvious that the influenza
hemagglutinin fusion domain cannot traverse the entire length
of the bilayer. Therefore, one may speculate that its insertion
into the bilayer causes destabilization with the eventual fusion
between the endocytic and viral membrane. Similarly, in the
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model that we obtained for SCoV-E protein there are also two
short helices, 16 and 12 residues in length. This is remarkable
because like the influenza hemagglutinin, SCoV-E protein may
partake in lipid destabilization during the viral budding process.

B MATERIAL AND METHODS

The detailed procedures employed in the study are given in the
Supporting Information. In brief, the experimental procedures
used to synthesize the SCoV-E protein peptide and to collect
the FTIR data are described in ref 3. Peak fitting and
integration are described in ref 29. The procedures used in the
X-ray reflectivity depth profiling are undertaken as described in
refs 3, 17, 30, and 31. Molecular modeling using rigid body
analysis was as described in ref 18, while MD-based refinements
are described in detail in ref 21. Disulfide cross-linking has not
been previously described by us and is therefore fully detailed
in the Supporting Information. In brief, two peptides were
synthesized, each with a pair of cysteine mutations: S16C
+T35C or S16C+T30C. Both peptides were reconstituted in
lipid bilayers and exposed to an oxidation catalyst. Experiments
with an inactivated catalyst served as control. Finally, the level
of disulfide bond formation was examined by comparing
remaining free thiols in the control and experiment using
Ellman’s reagent.
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