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Abstract. 3a is an accessory protein from SARS coronavirus that is known to play a significant role in
the proliferation of the virus by forming tetrameric ion channels. Although the monomeric units are known
to consist of three transmembrane (TM) domains, there are no solved structures available for the complete
monomer. The present study proposes a structural model for the transmembrane region of the monomer by
employing our previously tested approach, which predicts potential orientations of TM α-helices by minimizing
the unfavorable contact surfaces between the different TM domains. The best model structure comprising all
three α-helices has been subjected to MD simulations to examine its quality. The TM bundle was found to
form a compact and stable structure with significant intermolecular interactions. The structural features of the
proposed model of 3a account for observations from previous experimental investigations on the activity of the
protein. Further analysis indicates that residues from the TM2 and TM3 domains are likely to line the pore of
the ion channel, which is in good agreement with a recent experimental study. In the absence of an experimental
structure for the protein, the proposed structure can serve as a useful model for inferring structure-function
relationships about the protein.

Keywords. Membrane protein modeling; ion channel; transmembrane helices; viroporin; molecular dynamics;
SARS 3a.

1. Introduction

The outbreak of severe acute respiratory syndrome
(SARS) in China and subsequently in other countries in
the beginning of this century has necessitated an under-
standing of the underlying molecular mechanisms.1–3

The causative agent of this atypical form of pneu-
monia has been identified as SARS-associated coron-
avirus (SARS-CoV).4,5 Although this virus has a posi-
tive stranded RNA genome that is characteristic of coro-
naviruses, it has been shown to be phylogenetically
different from other coronaviruses.6,7 The genome has
14 open reading frames (ORFs), which code for struc-
tural proteins like the spike glycoprotein, the envelope
protein, the membrane protein, and the nucleocapsid
protein.4 While the former three constitute the envelope
of the virus, the latter is complexed with genomic RNA
to form the nucleocapsid.8,9 A protein important in the
infection cycle of the virus is the replicase polyprotein,
which is processed to yield proteases, RNA-dependent
polymerase and RNA helicase.7

Apart from the proteins mentioned above, SARS-
CoV encodes a number of proteins, the functions of
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which are still not understood. One of the proteins that
has recently been characterized is 3a, a 274 amino-acid
transmembrane protein.6,7 It is coded by the ORF 3a
gene, which is present in between the genes coding for
the spike and the envelope proteins.6,7,10 The protein has
three transmembrane (TM) domains on the N-terminal
side, and a long cytoplasmic domain on the C-terminal
side (figure 1).6 Monomeric forms of this protein have
been shown to form dimers via a disulfide linkage; two
dimers, in turn, can associate non-covalently to form
a homotetrameric complex.11 The possible role of this
tetrameric complex is to function as an ion channel that
promotes viral release.12 The channel has been shown to
be sensitive towards potassium ions, and can be inhib-
ited by barium ions.11 Atomistic details of the structure
of the channel, however, are yet to be elucidated.

Although membrane proteins contribute to about
∼25% of the open reading frames in most of the
genomes, the structure-function relationship of only a
very small fraction of these proteins is understood.13

An extensive understanding of the membrane protein
folding mechanism is important.14,15 The majority of
membrane proteins are formed by the transmembrane
(TM) α-helices.16 Membrane protein folding has been
proposed to proceed in two stages, namely the insertion
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Figure 1. (a) Schematic representation of the three trans-
membrane domains of SARS 3a. (b) Sequence of the SARS
3a protein. Residues that are part of TM1, TM2 and TM3 are
highlighted using similar colors in (a).

of stable TM α-helices into a lipid bilayer, and the
assembly of these helices into a helix bundle.17,18

Hydrophobic interactions are likely to play a key role
in driving the insertion of the transmembrane α-helices
into lipid bilayers. Taking into consideration the dif-
ficulties in experiments, computational approaches are
expected to play a major role in understanding the
structure-function relationships of the membrane pro-
teins. The study of the interaction between membrane
proteins and membrane lipid bilayers is the key step
in insertion of the membrane proteins into the lipid
bilayer.19,20 The study of the energy landscape of the
membrane proteins is important for the assembly of
individual helices in forming the helix bundle.21 The
interactions between the proteins and the lipid bilayer
has been studied using all-atom molecular dynam-
ics (MD) simulations, which involve several thou-
sands of non-bonded interactions at every time step for
such large systems, making simulation time a major
constraint.22–28 Hence, the use of implicit membrane
method has turned out to be very efficient in modeling
transmembrane phenomena.29,30

From the earlier studies of Fischer and coworkers,
it has been proposed that, out of the three transmem-
brane domains (TM1, TM2 and TM3), either TM2
or TM3 is likely to line the interior of the SARS 3a
ion channel;31,32 the results are based on two differ-
ent TM domain assembly algorithms. Recently, they
have experimentally reconstituted the TM domains and
placed them both individually and in equal mixtures
of all the possible combinations of the two of each of

the TM domains (1:1 ratio of TM1:TM2, TM1:TM2
and TM2:TM3 domains) in an artificial lipid bilayer
to investigate the ion channel activity.33 Based on the
Goldmann-Hodgkin-Katz constant field approach,34,35

they have measured the permeability ratio for all the
compositions between the two sides of artificial lipid
bilayer. The results showed that TM2:TM3 domains
show higher values of current as compared with the
individual TM domains and TM1:TM2 and TM1:TM3
mixtures. As far as the structure of the protein is con-
cerned, there are still no structures available for the
protein, thereby limiting an understanding of the pro-
cesses that the protein can possibly be involved in. In
the present study, a structural model has been proposed
for the TM region of the 3a monomer using a method
that optimizes favorable contacts between transmem-
brane helical bundles. The approach which has previ-
ously been used to successfully predict the structure of
a number of proteins,36 is employed here to propose a
structural model for 3a. The model is shown to be stable
in a membrane environment, and is able to account for a
number of properties of the protein reported in previous
experimental studies.

2. Computational

2.1 Methods

The three transmembrane α-helices of SARS 3a,
TM1 (LQAS40 LPFGWLVIGV50 AFLAVFQSA), TM2
(GFQFI80 CNLLLLFVTI90 YSHLLLVA), and TM3
(EAQFLYLYA110 LIYFLQCINA120 CRII) were mod-
eled as ideal α-helix structures using the Sybyl 7.2
program.37 To these three TM domains, three addi-
tional residues in the C- and N-terminal ends were
included for modeling the structures. Hence the number
of residues in each of the TM domains is 23 + 3 + 3 =
29. A detailed description of the methodology followed
for MD simulations of the individual TM domains in
implicit and explicit lipid bilayer environment can be
found in the Supporting Information. The three TM
domains were assembled in such a way that unfavor-
able contacts between the domains were minimized (see
Results and Discussion for details). The assembled pro-
tein was modeled in an implicit membrane environ-
ment using the generalized Born model with a switch-
ing function (GBSW).38,39 A thickness of 33 Å was used
for the membrane hydrophobic core, with a smooth-
ing length of 0.4 Å. This was followed by addition of
loops connecting the TM domains using the CHARMM
program,40 which uses CHARMM force field para-
meters to create an initial model of the loop.41,42
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Initial minimization and equilibration was performed in
an implicit membrane environment, so as to allow the
loops to relax, followed by extensive equilibration in an
explicit lipid bilayer. All simulations were performed
using the CHARMM (for implicit membrane environ-
ment) and NAMD (for explicit membrane environment)
programs with the CHARMM22 protein force field
with CMAP corrections.40–43 Trajectory analysis was
performed using the CHARMM program,40 and struc-
tural images were rendered using the visual molecular
dynamics (VMD) program.44

3. Results and Discussion

3.1 Behavior of the individual TM domains

The behavior of the individual TM domains in a mem-
brane environment was investigated prior to the assem-
bly of the three TM domains, so as to obtain insights
into the intramolecular and protein-lipid interactions

that could possibly stabilize these TM domains. The
intramolecular hydrogen bonds between the residues of
the individual TM domains were calculated throughout
the simulations in both implicit and explicit membranes
with a hydrogen bond donor (D)-acceptor (A) distance
cut-off of 3.5 Å and a D-H. . .A angle cut-off of 135◦.
Figures 2(a) and 2(b) represent the probability distri-
bution of intramolecular hydrogen bonds of all the TM
domains in implicit and explicit membrane simulations,
respectively. The average number of intramolecular
hydrogen bonds is less for TM1 and TM3 when com-
pared to the TM2 domain in implicit membrane simula-
tions. In the case of the TM3 domain, the predominant
occurrence of hydrophilic residues (in an otherwise
hydrophobic membrane environment) results in disrup-
tion of the helical structure, leading to less number of
hydrogen bonds. On the other hand, the presence of a
kink in the TM1 domain (see figure S1 in Supporting
Information) explains the relatively low number of hy-
drogen bonds in TM1.

The hydrogen bonding ability of the TM domains
with the lipid/water environment was examined by com-

Figure 2. (a) Probability distribution of intra-helical hydrogen bonds of TM domains in implicit membrane simulations.
(b) Probability distribution of intra-helical hydrogen bonds of TM domains in explicit membrane simulations. (c) Probability
distribution of the number of hydrogen bonds between TM domains and lipid molecules in the explicit membrane simulations.
(d) Probability distribution of the number of hydrogen bonds between TM domains and water molecules in the explicit
membrane simulations.
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puting the number of hydrogen bonds formed between
the two. Figure 2(c) gives the probability distribution
of protein-lipid hydrogen bonds for all the TM domains
in various explicit membranes, and figure 2(d) gives
the probability distribution for protein-water hydrogen
bonds in all the explicit membrane systems. The aver-
age number of protein-lipid hydrogen bonds varies as
TM3 > TM2 > TM1 in general. As far as protein-water
hydrogen bonds are concerned, TM1 forms less num-
ber of hydrogen bonds with water molecules in com-
parison with TM2 or TM3, suggesting that it is very
unlikely that TM1 will face the hydrophilic pore (in an
oligomeric form of the protein). TM3 forms more num-
ber of intermolecular hydrogen bonds (protein-lipid and
protein-water) due to the presence of more number of
hydrophilic residues compared to TM1 and TM2. The
unusually high number of hydrogen bonds for TM3 in
DMPC can be attributed to the unwinding of the helix
in the N-terminal end, leading to favorable interactions
between the unfolded part of TM3 with lipid heads
and water. In general, the results indicate a propensity
of the TM3 domain to form hydrogen bonds with the
external environment, suggesting that this domain could
possibly face the water-filled pore.

The tilt angle of the TM domains with respect to the
membrane normal in different membrane environments
is shown in figure S2 in SI. The TM domains are seen to
exhibit different tilt angle values in the different mem-
brane environments. Since the membrane models have
different thicknesses, the hydrophobic mismatch arising
from the occurrence of the hydrophobic part of the pro-
tein in the solvent region varies in the different models,
leading to different tilt angles being seen across these
models.

3.2 Modeling the TM protein as a bundle

When the three TM domains form a bundle within
the lipid bilayer, the hydrophilic residues of the TM
domains will minimize the exposure of these residues to
the hydrophobic tails of the lipids by forming hydrogen
bonds with each other (i.e., by burying the hydrophilic
residues in the inter-helical interface), or by facing
the pore lumen. Therefore, the probable structure of
the bundle is expected to have maximum number of
hydrophilic residues interacting with each other in the
interface of the three α-helices. Furthermore, the orien-
tation of hydrophilic residues in the bundle is expected
to be such that the number of hydrophilic residues fac-
ing the exterior hydrophobic environment is minimal.
The method used here, which is based on an analysis
of the solvent accessible surface areas (SASA) of each
of the residues and their relative orientations, has been
successfully used to model the structures of a number
of transmembrane proteins.36

The SASA of each of the side chains in the three TM
domains was calculated and normalized with respect to
the residue with the highest SASA value (W45). The
orientations of the side chain of each of these residues
were determined based on the position of the center of
mass of their constituent non-hydrogen atoms and by
taking a projection on a plane perpendicular to the heli-
cal axis. Polar plots of the average SASA values and
the orientations that are represented in the projection
plane perpendicular to the helical axis are depicted in
figure 3. Each line in the plots corresponds to a residue
in the TM domain, with the length of the line repre-
senting the SASA value and the angle formed between
any two lines representing their relative orientations in

Figure 3. Polar plots representing the SASA values (Å2) and the relative orientation of all the residues that form a part of
the three TM domains (hydrophilic and hydrophobic residues are given in green and red, respectively).
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Table 1. List of hydrophilic and hydrophobic residues in the different clusters identified for TM1, TM2 and TM3.

TM domain Cluster Hydrophilic residues in cluster Hydrophobic residues in cluster

TM1 C1 SER40, GLN57, SER58 ALA39, PHE43, GLY44, VAL47, VAL50, ALA51, ALA54
TM1 C2 GLN38, GLN57 ALA39, PRO42, PHE43, LEU46, VAL50, LEU53
TM2 C1 GLN78, CYS81, ASN82, THR89, GLY76, LEU85, VAL88, LEU96

SER92, HIS93
TM3 C1 GLU102, GLN116, CYS117, CYS121 LEU106, TYR109, ALA110, TYR113, ALA120, ILE124
TM3 C2 GLN104, ASN119, ARG122 LEU108, LEU111, LEU115, LEU118

the α-helix. The lines are colored based on the nature
of the amino acid residue (hydrophobic residues in
red and hydrophilic residues in green). The next step
is to arrange the three polar plots so that there is a
maximum overlap between the hydrophilic residues

between each of the three pairs of the TM domains
(TM1-TM2, TM2-TM3, and TM3-TM1). Based on the
relative orientations of the hydrophilic residues, they
were clustered into groups that can potentially interact
with other TM domains. Accordingly, two clusters

Figure 4. Arrangement of the individual polar plots (figure 3) to form four potential TM domain bundles
(1, 2, 3, and 4) with respect to varying orientation of residues.
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each of hydrophilic residues were identified for TM1
and TM3, and one cluster for TM2. The lists of the
hydrophilic and hydrophobic residues that form each
of these groups are given in table 1. It must be noted
that Q57 was included to be a part of both the clus-
ters of TM1. Since the side chains of the hydrophilic
residues of TM3 form two distinct sets of orienta-
tions, there is no such overlap. There exist four unique
ways of arranging the three TM domains (2, 1, and 2
different ways for TM1, TM2 and TM3, respectively)
to form the bundle. Figure 4 depicts all the four poten-
tial structures of bundles. The individual TM domains
in each of these bundles are arranged following these

steps: (a) the three TM domains are kept parallel to
each other and are arranged such that the three cen-
ters of mass of the backbone atoms of the three TM
domains form the vertices of an equilateral triangle, and
the centroid of this triangle is located (with the dis-
tance between the TM domains being such that any
two TM domains are as close together as possible with-
out any bad contacts); (b) the centers of mass of the
hydrophilic residues forming a cluster are computed for
each of the three TM domains; (c) the individual TM
domains are then rotated so that the center of mass of
the hydrophilic cluster of each of the TM domains lies
on the line connecting the vertex and centroid of the

Figure 5. Sequence versus SASA of the overlapping hydrophilic residues in the four potential bundles.
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Figure 6. (a) Probability distribution of the number of
hydrogen bonds between each pair of TM domains in bundle
2. (b) Contour plot of the probability distribution of the num-
ber of hydrogen bonds between TM1 and TM3, and TM2 and
TM3.

triangle. Inter-helical hydrophilic interactions depend
also on their positions along the helical axis in addi-
tion to their orientations. This was analyzed by exam-
ining the SASA of the residues lying in the interface of
the three helices (figure 5). Models 2 and 4 were found
to exhibit maximum interaction of hydrophilic residues
between any two given TM domains, whereas in mod-
els 1 and 3, some of the interacting residue pairs were
found to be a combination of hydrophilic and hydropho-
bic residues. Based on this, models 2 and 4 are proposed
to be potential structures for the TM domain bundle for
SARS 3a protein. Model 2 was further subjected to MD
simulations to validate this structure, and to examine the
inter-TM domain interactions that stabilize this bundle.

3.3 Initial validation of the predicted structure of
model 2

A putative structure of the bundle was modeled by plac-
ing the three dimensional structures of the individual

TM domains as close to each other as possible and
by avoiding obvious non-physical contacts. The rela-
tive orientations of the TM domains with respect to
each other were decided based on the plot (Bundle
2) given in figure 4. The resultant model system was
then placed in an implicit membrane environment and
was aligned along the membrane normal. The simula-
tion protocol used for this simulation was similar to
that used for the implicit membrane simulations of the
individual TM domains (see Methods and Supplemen-
tary Information). Inspection of the trajectories of this
MD simulation indicated that the relative orientations of
the three α-helices within the bundled structure remain
very similar to the initial structure, indicating that the
predicted structure of the bundle is reasonably stable.
Most of the residues in the interface of the individual
TM domains are hydrophobic. The hydrophilic residues
that lie in the interface of the α-helices are expected to
form hydrogen bonds with each other. The hydrophobic
packing and hydrogen bond interactions were examined
by calculating the SASA of the hydrophobic contacts,
and by analyzing probability distributions of the hydro-
gen bonds formed between each pair of the individ-
ual TM domains, respectively. Most of the hydrophilic
residues in the interface were found to form hydro-
gen bonds and the number of such interactions was
found to vary from 4 to 12 (figure 6(a)). Among the
three α-helical pairs, more hydrogen bonds are formed
between TM1 and TM3 compared to the other two,
with the number being the lowest between TM1 and
TM2. The low number of hydrogen bonds between
TM1 and TM2 can be attributed to the absence of a suf-
ficient number of polar residues in the TM1/TM2 inter-
face. The association between TM1 and TM2 is instead
driven by hydrophobic packing, with a large number of
hydrophobic residues lying in the interface. The exte-
rior of the bundle should be dominated by hydrophobic
residues rather than hydrophilic residues for favorable
interactions with the hydrophobic lipid tails. To eval-
uate this criterion, SASA values of hydrophobic side
chains and hydrophilic side chains that form the exte-
rior of the bundle were calculated. Notably, the SASA
of the hydrophobic residues were found to be more
than four times that of the hydrophilic residues that
form the exterior of the TM bundle (figure 7(a)). In the
interface, hydrophobic-hydrophobic, and hydrophilic-
hydrophilic contacts are expected to contribute to the
stability of the bundle due to their packing and polar
interactions, respectively. However, contacts between
hydrophilic and hydrophobic residues in the interface
are undesirable. These three possible natures of the
contacts between interfacial residues were quantified
using SASA calculations (figure 7(b)). The SASA of
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Figure 7. (a) SASA of hydrophilic and hydrophobic residues of bun-
dle 2 against simulation time. (b) Contact area between hydrophilic and
hydrophilic residues, hydrophobic and hydrophobic residues, and hydrophobic
and hydrophilic residues versus simulation time in bundle 2.

favorable contacts were found to be much larger com-
pared to the unfavorable contacts, further supporting the
good quality of the structure.

3.4 Addition of loops and further validation

Loops were added to the equilibrated bundle to obtain a
complete monomer, with the addition of loops expected
to stabilize the distance between the different TM
domains. The structure was initially equilibrated in an
implicit membrane in order to allow the loops and the
TM domains to relax. The backbone RMSD of the bun-
dle over the course of the implicit membrane equili-
bration shows rapid stabilization of the structure within
the first few picoseconds (figure S3 in SI). This equi-
librated structure was then modeled in a fully explicit
lipid bilayer environment in order to validate the stabil-
ity and integrity of the model in a more realistic envi-
ronment. Figure 8(a) shows the RMSD of the protein
backbone over the course of simulations in the explicit
membrane, and figure 8(b) shows the distance between
the centers of mass of the three TM domains during
these simulations. The results suggest retention of the
structure of the bundle, with slight adjustment of the
distance between the TM domains.

As mentioned previously, the unfavorable contacts
between unlike amino acid side chains were com-
paratively smaller than the favorable contacts. Visual

inspection of the structural model indicates that the
hydrophilic residues N82, T89, and H93 of TM2
domain, which were originally interacting with the
hydrophobic residues of TM1 and TM3 (see figure 4),
are found to be present in the exterior of the bundle after
the MD simulation. Figures 9(a) and 9(b) show the top
and side views, respectively, of the model structure of
the bundle obtained after the MD simulation in explicit
lipid bilayer. These three hydrophilic residues of TM2
lie in one side of the helix to form a hydrophilic strip.
Additionally, the hydrophilic residues C117 and C121
of TM3 also lie on the same side of the exterior of the
bundle structure. These two sets of amino acids form a
complete hydrophilic stripe on one side of the 3a pro-
tein, and are likely to constitute the pore lining of the
ion channel after oligomerization. A recent study by
Fischer and coworkers indicated that TM2 and TM3 are
likely to line the pore, since a TM2:TM3 composition
in an artificial lipid bilayer was found to conduct max-
imum current due to its ion channel activity, as com-
pared to other combinations of TMDs.33 This indicates
good agreement of the structure with this experimen-
tal observation, further validating the adequacy of the
model.

4. Conclusions

The present study proposes a model structure for a full
monomeric unit of the SARS 3a protein, based on an
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Figure 8. (a) Backbone RMSD of the bundle over the
course of equilibration in an explicit membrane environment.
(b) Distance between the centers of mass of the three TM
domains during the simulation.

Figure 9. Structure of bundle 2 after the simulation. (a)
Top view. (b) Side view. Interfacial hydrophilic residues
between TM domains are presented as red spheres, and
hydrophilic residues which are present outside the bundle
and form a hydrophilic stripe, are shown as blue spheres.

approach that assembles individual TM domains such
that unfavorable contacts are minimized. The three TM
domains were initially investigated independently to
gain insights into the properties of the individual TM
domains, and the results suggest that the TM3 domain
is likely to face the pore, rather than the lipid bilayer.
A previously tested method based on the residue com-
position, orientation and SASA of the TM domains is
employed by which TM bundles can be modeled start-
ing from individual α-helices. The model proposed by
the method has been validated using MD simulations
and by comparison with available experimental data.
The model structure was found to possess a hydrophilic
stripe along one side of the protein formed by the
hydrophilic residues of TM2 and TM3. This is in excel-
lent agreement with a recent experimental report, which
showed that the TM2 and TM3 domains are likely to
line the pore of the ion channel. The structural model
provides insights into residues that are likely to face the
pore, and thereby play a role in ion channel activity.
Future studies will exploit the model that is proposed
here in the modeling of the oligomeric state of SARS
3a and in the understanding of its activity.

Supplementary Information

Details of the simulation methodology are given as Sup-
plementary Text. Table S1 shows the magnitude of the
force constant used for the different restraints during
the six-step equilibration scheme. Figure S1 shows a
schematic illustration of kink angle, as well as the time
series for the kink angle over the course of implicit and
explicit membrane simulations. Figure S2 shows the tilt
angle of the TM domains with respect to the membrane
normal in the different membrane environments. Fig-
ure S3 shows the backbone RMSD of the bundle dur-
ing the implicit membrane simulations. Supplementary
Information is available at www.ias.ac.in/chemsci.
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