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1. Introduction

Coronavirus (Co-V) is the causal agent responsible for the severe
acute respiratory syndrome (SARS) [1,2]. The 29.7 kb genome
structure of SARS-CoV contains a single positive stranded RNA
harboring 14 open reading frames (ORFs) which are translated into
a large polyprotein which is processed by viral encoded protease to
derive the individual proteins [3,4]. One of the structural proteins
from ORF8a encodes a membrane-associated protein with 39 amino
acids and contains a single transmembrane domain (TMD) with a
length of approximately 22 residues [5]. ORF 8a has been proposed
not only to enhance viral replication but also to induce apoptosis
through a mitochondria-dependent pathway [5]. Its topology and
biological function remains yet unknown.

Viral channel forming proteins (VCPs) participate in several viral
functions. They change chemical or electrochemical gradients by
altering ion permeability of the lipidmembrane andmodulate cellular
response by interacting with membrane proteins of the host [6–9].
Several VCPs have been detected as ion channels, especially when
reconstituted into lipid bilayers. VCPs are suggested to be encoded in
the genomes of enveloped and naked viruses and also chlorella plant
virus PBCV-1. VCPs, like host channels and pore forming microbial
peptides [10–13], have to assemble to form homo oligomeric bundles.
They are found to consist of approximately 80 to 100 amino acids.
Exceptions emerge with the discovery of 3a from SARS-CoV with a
length of 274 amino acids [14] and, based on this study, of ORF8a with
39 amino acids.

In the presented study, we demonstrate experimentally that
ORF8a forms channels when reconstituted into artificial lipid bilayers
at elevated temperature (38.5 °C). It is suggested that ORF8a3–20 is
part of the TMD and multi nanosecond molecular dynamic simula-
tions of ORF8a3–20 within a POPC bilayer are undertaken. A set of
different oligomeric bundle models raging from 4 to 6 units is
generated. The generation of computational bundle models follows
the ‘two stage model’ [15,16]. In short, this model suggests that the
secondary structure of a protein is generated prior to its tertiary or
quaternary structure. The identification and structural characteriza-
tion of the new ion channel protein— ORF8a from SARS-CoV—will be
helpful for the design of novel drugs against SARS.

2. Methods

2.1. Peptide synthesis

ORF8a, MKLLIVLTCI10 SLCSCICTVV20 QRCASNKPHV30 LEDPCKVQ39

was synthesized using solid phase peptide synthesis on a 433A
synthesizer using Fmoc-Chemistry and HBtU as coupling reagent. The
following side-chain-protecting groups were used: t-Butyl for Ser and
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Fig. 1. Identification of the putative membrane-spanning domain of the 39 amino acid
sequence of ORF8a using secondary structure prediction tools (A). Amino acids chosen
to model a helical TMD are shown in italics. ORF8a2–20 ideal helix including the bold
residues shown in its ‘Gaussian Contact’ representation (MOE) (B). Hydrophilic and
hydrophobic residues are highlighted in black and light gray, respectively.
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Thr, trityl for Cys, His, Asn and Gln, Boc for Lys and Pbf for Arg. After
completion of the synthesis, the peptide was cleaved from the resin
using 95% TFA/water and 3% triisopropylsilane for 3 h at room
temperature. After cleavage the crude peptide was precipitated with
ether and lyophilized. The crude peptide was purified by preparative
RP-HPLC on a 21×300 mmKromasil columnwith a flow rate of 70 ml/
min. Peaks were detected by UV at 220 nm and the separated product
was identified by mass spectrometry.

2.2. Reconstitution and channel recordings

Channel recordings of ORF8a were made with the protein
reconstituted into lipid bilayer mixture of POPE (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine) and DOPC (1,2-dioleoyl-
sn-glycero-3-phosphocholine) (1:4 (volume), total lipid 5 mg/ml).
Lipids were dissolved in chloroform, dried under N2 gas and re-
suspended in pentane and decane 9:1. Approximately 1 μl lipid
suspension was brushed over the Delrin cup aperture (diameter
150 μl) and dried. Then 3 μl of peptide dissolved in trifluoroethanol
(TFE) were added onto the aperture in the same way as the lipids.
The lipid bilayer was formed by raising the level of the buffer
(300 mM or 30 mM KCl, 5 mM K-HEPES, pH=7.05) of both trans-
(ground) and cis-side (head stage). The current response was
recorded using Planar Lipid Bilayer Workstation from Warner
Instruments with a BC-353 amplifier and 1440A data acquisition
system. Temperature was set to 38.5 °C using a Bipolar Temperature
Controller Model CL-100 from Warner Instruments. A constant
positive voltage of 70 mV (cis-side) was applied during lipid bilayer
formation to achieve an asymmetric orientation of the peptides
within the bilayer [17]. Records were filtered with 10 Hz using a
Bessel-8-pole low pass filter, digitized at 10 Hz and stored for
further analysis.

Experiments have been repeated in the presence of the reducing
agent dithiothreitol (DTT) with the peptide dissolved in TFE contain-
ing 50 mM DTT.

2.3. Computational methods

The application of several transmembrane (TM) prediction tools:
DAS [18], TMHMM [19], TMpred [20], SPLIT4.0 [21] and SOSUI [22],
which assume helical TM segments, have been used to detect the TM
helical segments of the protein. An ideal helix of TMD of ORF8a
(LLIVLTCI10 SLCSCICTVV20, 8a3–20) has been created using integrated
protein builder of MOE (www.chemcomp.com). The helix was
embedded into a lipid bilayer (POPC). Overlapping lipid molecules
were removed using the MOE suite. The lipid–peptide system was
then further processed using GROMACS-3.3 (www.gromacs.org). The
topology and structure of the POPC bilayer was prepared as described
elsewhere [23]. The lipid–peptide system was hydrated and a short
minimization routine using steepest descent and conjugate gradients
followed to remove unfavorable interactions. A short equilibration
(500 ps) followed with the peptide restrained at the Cα atoms. At this
stage the lipids were expected to surround the peptide adequately. In
the production run (15 ns) all components were fully unrestrained.

The program g_covar from the GROMACS-3.3 package was used to
perform Principal Component Analysis (PCA). The covariance matrix
of positional variation was computed for the full 10 ns simulation
length for the main-chain, based on the square fit of the Cα-atoms of
TM residues 3–20. The rotational and translational motions were
removed by fitting the peptide structure of each time frame to the
initial structure.

The derived averagedmonomer structure was then used inMOE to
generate tetrameric (TBMs), pentameric (PBMs) and hexameric
bundle models (HBMs) [24] by creating symmetric copies of
monomeric units around a central pore axis. Degrees of freedom
such as the rotational angle, inter-helical distance and tilt angle
(further on referred to as ‘tilt’) were changed systematically. To
sample the whole conformational space of the bundles each of the
degrees of freedom is varied stepwise (inter-helical distance 0.1 Å,
rotational angle 2° and tilt 2°). For each position the side chains were
linked with the backbone. Side chain conformation is chosen to be the
most likely one for the given backbone position and referenced in the
MOE library. A short energy minimization (15 steps of steepest
decent) followed the linking. Consequently the potential energy was
calculated using the Engh-Huber force field implemented in MOE.
More than one hundred thousand conformations are generated and
stored in a database for further analysis.

Before embedding low energy models into lipid bilayers two
amino acids residues of the protein were added at the N and C termini
of each of the helices in each bundle model to account for the
consequences of their interaction with the lipid bilayer during the
simulation. Short ideal helices from Met-1 to Ile-5 and Thr-18 to Arg-
22 were generated. They were aligned and superimposed with those
residues from the bundle models. Those residues of the short helices
which overlapped with the residues of the bundle models have been
deleted and the remaining residues of the short helices conjoined
with residues of the bundle models. This finally delivered bundle
models of 8a1–22. The selected bundle models were then embedded
into a pre-equilibrated (70 ns) hydrated POPC bilayer [23].

GROMACS-3.3 with the Gromos96 (ffG45a3) force field was used
for the simulations with an integration step size of 2 fs. The
temperature of the peptide, lipid and the water molecules were
individually coupled to a Berendsen thermostat with a coupling time
of 0.1 ps. Isotropic pressure coupling was used with a coupling time of
1.0 ps and a compressibility of 4.5e-5 bar−1. Long range electrostatics
was calculated using the particle-mesh Ewald (PME) algorithm with
grid dimensions of 0.12 nm and interpolation order 4. Lennard–Jones
and short-range Coulomb interactions were cut off at 1.4 and 0.8 nm,
respectively. The simulation boxes contained around 26,011 atoms for
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the tetrameric models (protein 828 atoms, lipids 5824 atoms, water
molecules 19,359 atoms), 26,218 atoms for the pentameric model
(protein 1035 atoms) and 26,425 atoms for the hexameric models
(protein 1242 atoms). Calculations of the root mean square deviations
(RMSD) were based on the Cα atoms.

The simulations were run on a DELL Precision 490n workstation
and a 28 core Opteron based compute cluster with Infiniband
interconnects. All pictures were generated using xmgrace, VMD-
1.8.6 and MOE-2007.09.
3. Results

Application of several TM prediction tools suggests a range of
amino acids within the N terminal part of the protein (Fig. 1A). The
longest stretch is suggested by SOSUI from Lys-2 to Ala-28 and the
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between Thr-18 to Ala-28. For the experimental and computational
investigations a consensus length of 18 residues from Leu-3 to Val-20
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3.1. Channel recordings

Channel recordings of SARS ORF8a at a KCl concentration of
300 mM at 38.5 °C show frequent openings (Fig. 2A). The temperature
has been chosen to simulate elevated body temperature occurring
during fever. The lipid composition and their individual components
have been proven successful in previous investigations [25]. DOPC is
also successfully used in bilayer recordings [26] and is known to
reduce packing density and enhance the integration of the peptide
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into the bilayers [27]. The calculated conductance histograms of the
recorded data enlighten a major conductance state of 8.8±0.8 pS
(Fig. 2B) and an ohmic behavior (Fig. 2C). Experiments have also been
conducted in the presence of DTT (Fig. S1A), since the sequence of the
peptide contains four cysteines (Fig. 1A). The overall behavior of the
collected data remains the same as for the experiments without DTT,
with a mean conductance of 8.9±0.1 pS (Fig. S1B) and an ohmic
channel behavior (Fig. S1C). All data in common is an increased open
duration of the channels at negative potential.

Ion selectivity of ORF8a was evaluated with asymmetric buffer
concentration (ten-fold in trans chamber) which shifts the potassi-
um reversal potential independent of the presence of DTT to
approximately 30–40 mV (Figs. 2D and S1D). The shift is indicative
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3.2. Computational modeling

The idealized monomeric TM helix based on the consensus
sequence Leu-3 to Val-20 (Fig. 1A) shows clustering of hydrophilic
residues (Thr-8, Ser-11, Ser-14 and Thr-18) on one side suggesting
that the four hydrophilic amino acids form the lumen of the pore in a
homooligomeric helical bundle channel model. Four cysteines are
forming a diagonal arrangement excluding any possibility for inter-
helical Cys-bridges (Fig. 1B).
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The generation of a series of assembled pore models follows a
protocol which was reported earlier [23,24]. A single ideal helix (8a3–
20) is embedded in a hydrated lipid bilayer and undergoes a 10 ns MD
simulation. An averaged helix from this simulation is generated based
on a PCA analysis. Calculating the eigenvector quantifies the
magnitude of the functional motion of the protein. Averaging over
all structures of the first few eigenvectors delivers a structure of the
helix which is the most likely one. This structure is then used to build
the bundle models.

The use of the truncated part of 8a, 8a3–20, is rationalized by the
understanding that the hydrophobic part of the TMD guides the
assembly. In the current assembly protocol any unfavorable interac-
tions due to hydrophilic residues at either end of the helix would be
over emphasized. With 8a3–20 residues like Lys-2 and Arg-22 are not
included during assembly.

Protein–protein interactions in respect to their potential and their
individual three degrees of freedom are calculated. With decreasing
inter-helical distance the energy values reach a minimum around
9.5 Å for the TBMs and PBMs (Fig. 3A). For both models some low
energy models can also be observed around 8.5 Å. The HBMs have
favorable energy values for inter-helical distances between 10 Å and
11 Å (Fig. 3A, left column). The lowest energy conformation in a
minimum is seen as representative for similar conformations
clustering around it.

Energy versus rotational angle correlation plots show three
minima for all models which are separated by 150–160° (Fig. 3A,
middle column). Each of the models adopts a minimum energy
conformation for a left-handed tilt of around +25° to +35° (Fig. 3A,
right column). For the right handed models a minimum is present at
−10° and around −35°.

All bundles in common are rings of cysteines (Cys-13, -15, and
-17), threonines (Thr-8), serines (Ser-11) and arginines (Arg-22, for
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Ser-11, Ser-14 and Thr-18) are highlighted in blue and hydrophobic residues are shown in
PBM2 and PBM3 only) facing the lumen of the pore (Fig. 4). All
hydrophilic and polarizable residues are separated by stretches of
hydrophobic residues of various lengths. HBM1 and HBM3 exhibit the
longest hydrophobic stretches within the lumen.

Three low energy pore models for each of the oligomers have been
chosen for another 15 ns MD simulation to further minimize the
proposed bundle models. The RMSD plots for all models rise during
the first nanosecond to level off at around 1 to 3 Å (Fig. 3B). In one of
the TBMs (TBM3) the spread of the RMSD values for the individual
helices of the bundle is minimal, indicative for the helices retaining its
starting structure (Fig. 3B, upper trace). For PBMs a moderate spread
is observed (Fig. 3B, middle trace) whilst for the HBMs the largest
spread can be detected (Fig. 3B, lower trace). Consequently, minor
conformational adjustments away from the assembled structure
occur.

The tilt angles averaged over the last 5 ns of each simulation are
in the order of +30° to +40° and −25° to −30° (Table 1). The
values are almost unchanged in respect to the values found during
the assembly process (Fig. 3A). The tilts show the lowest deviations
for TBMs and PBMs. The averaged inter-helical distance of the TBMs
is between 6–7 Å (Table 1). For the PBMs the inter-helical distance is
larger with values of 8 to 11 Å. In the HBMs the distance is around
9 Å, but shows large standard deviation. Visual inspection of all
bundles reveals that most of the bundles fail to retain a circular pore
assembly except TBM3, PBM2 and PBM3. The averaged minimum
pore radii for the models are calculated (HOLE) to be (4.4±0.2) Å
for PBM2 and (3.5±0.4) Å for PBM3 (Table 1). The minimum pore
radius can be located with an accuracy of ±2.3 Å for PBM2 and
±2.7 Å for PBM3. For TBM3 the pore radius is calculated to be below
1.5 Å over the entire length of the pore which is too small to harbor
any water molecules. As a result, water filled bundles of the TMD of
ORF8a should adopt approximately a +40° tilt with a distance
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Table 1
Interhelical distances and tilt angles calculated between the centers of mass of each
helix based on the Cα backbone atoms. Values are averaged over the last 5 ns of the
15 nsMD simulation runs. Minimum pore radius (MPR) is calculated as an average over
six bundle models taken at 10, 11, 12, 13, 14 and 15 ns using the program HOLE [44].

Bundle models Tilt [°] Distance [Å] MPR [nm]

TBM1 +30.1±6.1 7.1±1.4 –

TBM2 −28.8±9.8 6.2±1.9 –

TBM3 −24.6±7.3 6.3±1.1 –

PBM1 +30.3±10.6 8.7±3.6 −
PBM2 +42.8±4.9 11.1±0.7 4.4±0.2
PBM3 +37.6±5.4 10.4±1.1 3.5±0.4
HBM1 +26.5±11.0 9.0±4.6 –

HBM2 −25.8±11.9 9.4±3.5 –

HBM3 +30.9±12.1 9.2±3.4 –

Fig. 5. Cross-section view of PBM2 (see Fig. 4) after 15 ns of MD simulation shown in a
‘Gaussian Contact’ mode (MOE) (top). Hydrophilic residues (Lys-2, Thr-8, Ser-11, Ser-
14 and Thr-18) are highlighted in blue, hydrophobic residues in green, cysteines in
yellow and Arg-22 in red. Outside view of the same bundle with lipidmolecules omitted
for clarity (lower left). The water molecules are shown in blue. Graphical represen-
tation of only the water column within the bundle model (lower right).
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between the helices in respect to their long axis of 11 Å (Fig. 5 for
PBM2). With this large tilt hydrophilic residues Thr-8 and Ser-11 as
well as Cys-15 of one helix form the hydrophilic stretch, whilst Ser-
14 and Thr-18 are positioned at an inter-helical site. Lys-2 remains
in an outward position ‘snorkling’ for the aqueous phase and the
lipid head groups. The side chains of all the arginines (Arg-22) move
from an all inward facing position to such a position that they point
either outside the pore or towards the helix interface interacting
with Gln-21 of the neighboring helix. All assemblies in common is
also a line of cysteines (Cys-9, -13, and -17) in each helix at the
outside of the bundle (Fig. 5, lower left). The hour glass shape of the
water column is shown in Fig. 5 (lower right). The model underpins
the necessity of a balanced pattern with alternating hydrophilic and
hydrophobic residues mantling the pore to allow the existence of a
continuous water column through the pore.

4. Discussion

4.1. Experimental data

The calculated conductance data of the OFR8a protein and its weak
selectivity for cations is in accordance with findings of other viral
channel forming proteins [25,28–30]. Selectivity has so far been
reported for viral proteins with a single (e.g. Vpu from HIV-1) or
double TM topology (e.g. p7 from HCV). Even though assuming that
selectivity is coupled with flexibility and gating [31] it may be argued
that with the helical topologies of a single and eventually double TMD
no highly selective channels can be formed via self-assembly.

4.2. Evaluation of the computational protocol

In the protocol for the assembly of the TM helices of 8a a
combination of molecular dynamics simulations with a fine grained
positioning routine is used [23,24]. The positioning routine moves the
helix on the bases of the backbone atoms to a specific position and
consequently generates the side chains for each particular position. In
this protocol a vacuum force field (Engh-Huber [32]) has been used. In
another study, helix assembly undertaken in vacuum have been
compared with data derived from MD simulations in a hydrated lipid
bilayer and reported to explore the same conformational space [33].
This makes the use of vacuum conditions in combination with a fine
grained search of the conformational space, a powerful tool [34].
Applying MD simulations after the assembly step aims to address for
the specific environment of the bundle structure such as phospholipid
head group region, hydrophobic slab as well as the hydrophilic
environment within the lumen of the pore.

This protocol is along side of other protocols used to model TM
helix assembly and bundle formation [35–39]. In some of these
protocols a limited number of model structures is generated [35,36]
and in other methods larger numbers of models are generated
through extended simulation protocols and assessed [37,38]. All
protocols so far do not account for kinetics of the assembly of larger
units such as bundles or pores.

4.3. Inside the pore

The pore-lining pattern discovered in the model supports models
from other viral channel forming proteins which have been derived
using more biased model generation protocols in the past [40,41].
Based on experimental findings hydrophilic residues such as
threonine, serine and charged residues such as aspartic and glutamic
acids [42] as well as arginines and lysines, are seen as essential pore-
lining motif for ion channels [43,44] and viral channel forming
proteins [6,25,45]. A cysteine residue has been suggested to be at least
transiently part of the pore-lining motif of the human concentrative
nucleoside transporter 3 [46]. For the transient receptor potential
(TRP) channels conserved cysteine residues within the pore region
have been reported to be essential for channel function [47]. Also the
AMPA receptor has a cysteine facing the lumen of the pore of the
channel [48].

4.4. Outside the pore

The cysteines at the outside of the bundles may be able to lead to
covalent linkages with host cell proteins or possibly an attachment to
lipid rafts or other membrane based host cell factors. Also some of the
threonines and serines are not solely pore lining but enable stabilize
inter-helical interaction, a feature which has been suggested by
modeling other bundle systems [49].

4.5. The shape of the pentameric bundle

The results indicate that the helices in the pentameric bundles are
strongly tilted having the largest inter-helical distance. A straighten-
ing will not allow a water filled column to exist. The lower tilt angles
of the tetra and hexameric bundles match NMR spectroscopic data on
equivalent single peptides in equivalent lipids [50,51] and consecutive
MD simulations [51]. A series of MD simulations on the TMD of Vpu in
various lipid bilayer systems have shown that there is no simple
correlation between tilt angle and lipid thickness [23]. Often the tilt
shows rather large fluctuations and a mismatch is compensated by an
alternating kink angle. With Lys-2 and Arg-22 and their flexible and
extended side chains [52] at either end of the TMD a large tilt in the
pentameric assembly is by all means possible for the 8a peptide
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bundle. Computational studies on a model including the extramem-
brane parts are necessary to further evaluate the shape of the ‘proper’
bundle.

4.6. Discrimination between the bundle models

One the bases of the applied assembly protocol a pentameric
bundle is harboring a column of water molecules during the extended
equilibration of a MD simulation. All other models lose their circular
assembly structure by approaching each other as if the pore is
‘squeezed’. A similar situation has been reported also for simulations
on the TMDs of Vpu from HIV-1 [53]. The size of the pore in the PBMs
would allow the physiological relevant ions to pass. The existence of a
continuous water column in a particular bundle model may of course
not be the exclusive criteria. Functional studies will be the next level
of screening.

4.7. Putative transition between PBM2 and PBM3

There is no possibility for the two bundles PBM2 and PBM3 to
interchange based on the energy landscape. It only needs minor
changes in the tilt and distance towards the central axis, but the
rotational change of almost 180° has to cross a larger barrier (Fig. 3A,
middle column) in order to transform PBM2 into PBM3. It needs
further computational functional analysis to discriminate between the
models such as simulating the passage of an ion through each of the
pore and evaluating the potential of the mean force [41]. At this stage
it is suggested that both models would be present if generated under
the present experimental conditions. This may reflect the situation in
vivo, assuming that the proteins first diffuse by themselves freely for a
short while until they are finally assembled. In case of an instant
assembly at the site of in vivo production in the endoplasmic
reticulum, the conformational available space would be possibly
limited and a single model may emerge.

5. Conclusions

The protein 8a encoded by SARS-CoV has a single TMD being
able to form weak cation-selective channels most likely in a
pentameric homomeric assembly. Computational models of the
assembled TMD reveal that a pentameric bundle is most likely to
harbor a continuous water column. In such a bundle model a
polarizable cysteine residue and hydrophilic residues such as
serines and threonines are facing the pore. The putative water
filled pentameric bundle of the TMD of 8a should be made of helices
positioned in an approximately 11 Å distance in respect to their
helical long axis and with a tilt of about +40°.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamem.2010.08.004.
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