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ABSTRACT The study of southern bean mosaic virus protein coat high resolution model revealed a structure with
properties of a natural protein—ion channel. Coat protein pentamers form a 30-A long channel and the amino acid
composition of its wall bears some homology with the pentameric structure proposed for the nicotinic acetylcholine
receptor channel. [on transport properties were analyzed by computing ion—protein interaction energies on the basis of
quantum chemistry methods. Energy maps show a channel attractive for cations, fully permeable to Li* and a narrow
barrier for other cations and water. The energy profiles found are similar to the profiles determined for the K* channel
of the sarcoplasmic reticulum. Comparisons with other icosahedral virus structures, including picornaviruses, suggest
that ion channels would be a common feature of viral capsids. Biological roles for these channels are proposed.

INTRODUCTION

Membrane-bound transport proteins occur in many forms
and in all types of biological membranes, but such struc-
tures are not yet known at atomic resolution. While
studying the structure of southern bean mosaic virus
(SBMYV), a small icosahedral plant virus, we found that
the arrangement and nature of the amino acids immedi-
ately around its fivefold axes were such that they might
form an ion channel. The molecular structure of the viral
capsid is known at 2.8 A resolution (1, 2), and accurate
atomic coordinates are available (3). Thus it was possible
to study the properties of the putative channel by com-
puting ion—protein interaction energies.

SBMY has an icosahedral capsid, T = 3, built up by 180
chemically identical subunits (28,214 daltons) (4). The
folding motif of the subunit is an eight-stranded antiparal-
lel B barrel. Three quasi-equivalent subunits, differentiated
by their symmetry environments, are named A, B, and C.
Subunits A are related by icosahedral fivefold axes, cre-
ating pentamers. Pairs of subunits B and C related by
icosahedral threefold axes create hexamers.

The channel fully spans the protein capsid of the virion
and is created by pentamers of subunits A; thus its axis is
coincident with icosahedral fivefold axes. Its entrance is at
Thr 126 and it extends for 30 A until Pro 177. There is a
wide funnel-shaped structure toward the external viral
surface built by a large loop containing Lys 234, the most
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external residue on the capsid (Fig. | @). Following the
channel, toward the inside of the virion, there is Thr 125,
whose methyl groups produce the narrowest section of the
channel, and then Trp 162. Three consecutive fivefold
rings, each one involving Glu 163, Arg 181, and Asp 178,
respectively, end the channel structure (Fig. 1 4). Coinci-
dentally, on the basis of sequence data a structure of
alternating basic and acidic residue rings has been pro-
posed for the cation channel of the nicotinic acetylcholine
receptor, which has a pentameric structure as well (5).

METHODS

Ion—protein interaction energies were computed using a
method recently developed by S. Fraga, which is based on a
1/R expansion of the interaction potential and is specially
suitable for large molecular associations (6). This method
has been parameterized on the basis of atomic pair poten-
tials developed by E. Clementi, which were determined
after extensive ab-initio self-consistent field (SCF) calcu-
lations (7). These SCF procedures, which are based on the
principles of quantum mechanics, do not include empirical
parameters. Fraga’s pair potentials, specially developed for
interactions involving amino acids, have been applied to the
study of amino acid recognition and amino acid solvation
effects (8, 9). These types of potentials were also success-
fully used for the study of the gramicidin channel, the
anphotericin B-cholesterol channel (10; Fraga, S., personal
communication), and intermolecular interactions involving
molecules other than amino acids (e.g., hydrocarbons,
alcohols and phenols, carboxylic acids, amines, etc.).

The interaction energy between the protein subunits
(molecule A) and different type of ions (molecule B) is
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expressed as a summation of atomic pair potentials,

AE-ZZAE,
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—694.70838( f,a, Q3 + fra, G2/ RY,
— 1516.0732f, freaes/ [ futta/ 1) + ( fyon/ 1) *1RG,
+4.184cU2 )P /R2,

where @ and b indicate atoms of molecule A and molecule
B, respectively. The main features of this potential are: (a)
Its parameters (Q, effective charge; «, dipolar polarizabil-
ity; f, scale factor; n, effective number of electrons; and c,
coefficient for repulsive term) are chosen following the
classification proposed by Clementi et al. (11-13). That
classification takes into account the nature of each atom as
well as its environment in the molecular framework. (5)
Clementi’s pair potentials (11-13) are extracted at the
Hartree—Fock (HF) level. Therefore, disregarding fitting
deviations on Fraga’s potentials, the quality of the results
obtained with this potential is that of an HF-SCF super-
molecule calculation without electronic correlation; that is,
dispersion energies are strongly underestimated. It has to
be noticed that for ion—protein interactions underestima-
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FIGURE 1 (a) Stereo view of the C, backbone of
two subunits A around the fivefold axis. The axis of
the channel is indicated by a dashed line. The
channel (30-A long) starts at Thr 126 and the main
residues lining it have been indicated. A wide
funnel is built by the loops containing Lys 234. (b)
Stereo view of amino acids lining the channel
contributed by three out of five subunits. The
dashed line is coincident with the line shown in a.

tion of dispersion terms is less important than a correct
evaluation of coulombic and polarization terms. (¢) The
1/R form of the potential allows for analytic gradient
optimization of the energy function extremes.

The channel protein structure was considered as rigid,
except at the putative gate, for the ion—protein energy
calculations. Although dynamic effects in the ion transport
phenomenon are recognized as important (14, 13), a static
picture provides very valuable information to assess ion
conducting properties. Then, either molecular dynamics or
energy refinement procedures would be required for a
more detailed study of the problem.

Those atoms within a cylinder of 18 A radius around the
axis of the channel (2,250 atoms) were used for the
calculations. Thus the isopotential maps reported account
for the effect of amino acids located far away from the axis.
The maps display similar features if a narrower cylinder,
including only 950 atoms, is used. Since the positions of H
atoms were not experimentally determined, they were
added to the protein structure following geometrical crite-
ria. The location of those H atoms at the channel wall was
optimized taking into account interatomic contacts.

Isopotential maps were computed for dehydrated Li*,
Na™*, and K* on a plane containing the axis of the channel
(Fig. 2 a). The plane chosen gives the most asymmetric
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profile for the accessible surface of the channel (Fig. 2 5).
Due to the fivefold rotational symmetry of the structure,
the map on that plane reflects the overall isopotential
function. Furthermore, extremes were characterized using
a steepest descent technique, which allows searching
beyond the plane. Thus the maximum, minimum, and
saddle point energies quoted correspond, in general, to
values in space. To determine the limits of the isopotential
map to be computed, the accessibility surfaces for different
ions were calculated (Fig. 2 b). They were defined in terms
of Van der Waals radii and indicate that the channel is
sterically open for Li* and Na*.

RESULTS

As expected the values of the attractive terms of the
interaction energies are about one order of magnitude
larger than normal since this is an in vacuo calculation. In
contrast, the high values for the repulsive term arise from
the assumed rigidity of the structure. In any event rather
than the energy values what is important is the general
behavior of the interaction energy function. The isopoten-
tial maps for dehydrated ions (Figs. 2, cand 4, and 3) show
a channel that is strongly attractive for cations at its
entrance, although cations have to surmount a barrier
equal to their dihydration energies. The channel is fully
open for Li* but there is a sharp energy barrier for both K*
and Na* produced by a single gate, Thr 125. After the
barrier there is no other obstacle for cation transport. A
cavity was found where two water molecules would favor-
ably interact with the channel wall with energies of the
order of 300 and 100 Kcal/mol, respectively. The cavity is
located between 134 and 140 A in Z and it extends to +9 A
in X (Fig. 3); inclusion of water molecules there would
increase the symmetry of the channel. No other region was
found with similar properties. In fact this was the only
region inside the channel where peaks, which could repre-
sent water molecules, were seen in the electron density
maps. Those peaks were low although clearly above the
noise level (3).

The minimum at 125 A in Z and —8 A in X would
provide an access for highly charged cations towards an
extended attractive region defined by sulfurs of the disul-

fide bridge Cys169-Cys176 and by oxygens from Cys 169,
Lys 175, Cys 176, and Thr 179. This corresponds to the
location of several heavy atom sites used for the determina-
tion of the structure (16).

A minimal energy pathway was computed only for Na*
(Fig. 3), showing an energy profile analogous to the energy
values at the axis (Fig. 4 a). Therefore, axial energy
profiles properly describe the ion—channel energetic fea-
tures. From axial energy profiles it is concluded that the
channel would be adequate for transport of Ca** and
water as well, but there is also a sharp energy barrier at the
gate (Fig. 4 ¢). The conductivity for different ions would be
mainly determined by this barrier. However, due to the
rigidity of the structure unrealistically high repulsive ener-
gies are found at the Thr 125 gate for most ions. Peak
energy values (Kcal/mol) at Thr 125 are: 700 for Na*;
1,100 for K*; 2,000 for Ca**. A more realistic view of the
movement of ions in that region requires, at least, some
twisting of Thr 125. Thus, the possibility of reducing the
energy barrier was analyzed in terms of a synchronous
movement of fivefold related Thr 125 towards the inside of
the channel (Fig. 15). The movement was achieved by
allowing a full flexibility of the peptide bond of Thr 125. It
was quantified by the well known CNDQO/2 technique
(17), using 98 atoms belonging to Thr 125 and neighboring
amino acids from each subunit. The interaction with the
rest of the structure was expressed in terms of Fraga’s pair
potentials as a molecular mechanics. This study shows a
very flat energy surface if Thr 125 moves toward the cleft
in between fivefold related Trp 162, leading to a consider-
able reduction of the energy barrier. For Na* the move-
ment involves a 8.5° twist, displacing the methyl groups of
Thr 125 ~ 1.0 A from their initial positions and increasing
the diameter of the channel 0.6 A.

The model analyzed has the methyl group of Thr 125
pointing towards the external viral surface. In fact the 2.8
A resolution electron density maps were slightly ambigu-
ous in that region allowing for two different conformations
for Thr 125. These are obtained by a 180° rotation of the
side chain around the C,—C; bond. In the second case the
methyl groups point toward the inside, the distances
between them are larger and the hydroxyl groups are
external producing the narrowest section of the channel.

FIGURE 2 (a) Codification of subunits around the fivefold axis. XZ is the plane chosen for the computation of isopotential maps. In the lower
part is shown the intersection of the XZ plane with the accessible surface of the channel defined in terms of Van der Waals radii of protein
atoms plus Na* radius. The atoms used for the calculations extend up to the shaded region. (b} Intersection of the XZ plane with the accessible
surface of the channel for different ionic radii. The profiles correspond, from the farthest away from the axis to the nearest one, to Li* (Mg**),
Na* (Ca**,Sr**, H,0*),K* (Ba**,F~), NH,* (OH"),and Cs* (Cl-, Br™); in parentheses are indicated species of ionic radius similar to the
preceding ion. Circles around atoms indicate the intersection of the XZ plane with spheres defined by Van der Waals radii. The amino acids
drawn are identified in Fig. 3. The profile for Li* is mainly determined by nonhydrogen atoms, whereas on the other extreme the profile for
Cs* is basically determined by hydrogens. Na* is an intermediate case, leading to the most asymmetric profile. (¢} Isopotential map for Li*.
Energies were computed on a grid of 0.3 by 0.3 A. In all maps the ion at infinity defines zero energy, quoted energy values are negative, and
they are expressed in Kcal/mol. Extremes were characterized by gradient techniques using step of 0.1 Kcal/mol. The minima are (@) —1,400;
(b)Y —1,100; (c) —900; (d) —800; (¢) —500. The saddle points are ( /') —155; (g) —250; (A} —320; (i) —200; (5) —175; (k) —250. This is the
only case analyzed where a barrier was not found at Thr 125. (d) Isopotential map for K*. Its meaning and computation are as in ¢. The
minima are (@) —590; (b) —490; (¢) —450; (d) —350; (¢) —200. The saddle points are ( f) —155; (g) —185; () —180; (i) —250. The map

shows an energy barrier at Thr 125.
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FIGURE 3 Isopotential map for Na*. The map was computed on a grid of 0.2 by 0.2 A. The dashed line near by the profile of the accessible
surface is the + 1,000 Kcal/mol isopotential contour. The maximum value of the map is a saddle point, (/) 500; this was determined by
gradient techniques, as the other extremes, taking into account the rotation of the methyl group of Thr 125 around the C,—C, bond. The
minima are: (g) —800; () —600; (i) —500; (j) —450; (k) —400; (/) —350; (m) —300; (n) —250; (p) —200. The saddle points are: (g)
—155; (r) —280; (s) —250; (1) —190; (1) —165. The dashed line by the axis indicates the minimal energy pathway. It was computed by
forcing the path to coincide with the axis at the entrance and exit, which is justified since the sections of the channel are quite narrow at those
ends. Hydration of viral exposed surfaces would make those sections even narrower. The energy surfaces are quite flat in two regions along the
pathway, (136-141 A) and (122-129 A) in Z.
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FIGURE 4 Energy profiles (Kcal/mol) along
the channel (A). Zero energy corresponds to the
ion in water at infinite dilution, that is, energies
differ from the values shown in the maps (Figs.
2 and 3) by a constant equal to the energy
required to dehydrate the ion. (a) Axial energy
profile for Na*. (Sofid line) Energy values on
the channel axis. Peak value at Thr 125 corre-
sponds to frozen, crystallographically deter-
mined, structure. {Dashed line) Projection of
energy values at the minimal energy pathway
(Fig. 3) on the channel axis. Peak energy value
corresponds to Thr 125 twisted conformation.
Barriers at z = 150 A are reduced to ~ — 100
Kcal/mol for the second conformation of Thr
125 after twisting. () Decomposition of energy
terms contributing to the axial energy profile
for Na*. I, coulombic; II, polarization; III,
dispersion; IV, repulsive. The large contribution
of the polarization term as well as the underesti-
mation of the dispersion is clearly displayed.
The ion most affected by errors in the dispersion
term is K*; when corrected the minima are
slightly deeper, although the profile has the
same features. {¢) Energy profiles at axial
pathways for different ions. Peak energies were
computed with Thr 125 twisted conformation.
Similar profiles are obtained for NH,* and
H,0". Barriers at z = 150 A are reduced to ~
— 100 Kcal/mol for the second conformation of
Thr 125 after twisting.



This conformation was analyzed as before and it was found
that a 6.5° twist of Thr 125 would produce the lowest
interaction energy with a virtual disappearance of the
energy barrier for the ions studied. In this conformation
there is, in fact, a small barrier (— 100 Kcal/mol), which
arises from a rotation of hydroxyl H induced by steric
constraints during Thr 125 twisting. Only NH,* and H,O*
display barriers in this configuration, 200 and 300 Kcal/
mol high, respectively, although mainly dominated by
steric interactions. It should be noticed that the second
conformation of Thr 125 is not accessible from the first
one, that is, the conformation is defined when the capsid is
assembled. In terms of protein—protein interaction ener-
gies, this conformation is not as favorable as the original
one. In any event both of them are consistent with an ion
transport capability for the structure although with dif-
ferent ion selectivity.

Partial hydration of the ions would not change the
general features of the potentials since the axial water
potential shares common features with the dehydrated ion
potentials (Fig. 4 ¢). These results do not suggest any
general dehydration mechanism except for Li*, whose
attached water molecules would see a sharp energy barrier
at Thr 125 where the cation could pass through. Remark-
ably, there is a high agreement between the axial potentials
found and the potential proposed by Cukierman et al. (18)
for the K* channel of the sarcoplasmic reticulum, which
was based on Cs* blocking experiments. They not only
display four barriers with a sharp one at the entrance,
implying a single gating structure (Thr 125 in our case),
but also the relative heights for both K* profiles are quite
similar.

DISCUSSION

Variations of virion density detected in Cs* salt gradients
indicate that many icosahedral capsids, including SBMYV,
would be permeable to Cs* (19~21). Our results show a
channel sterically closed for Cs* (Fig. 2 b). Despite the
fact that the intricate interlocking of the subunits suggests
that no other regions of the capsid would be adequate for
ion transport, we could not claim that Cs* permeability
would be mediated by these channels, although we think it
is very likely. The phenomenon is observed at high salt
concentrations, therefore large configurational changes are
conceivable not only at the channel entrances, thus increas-
ing Cs* conductivity, but also at other points on the
capsid.

In another two icosahedral plant virus whose structure
has been determined, there are Thr residues around the
fivefold axis towards the external viral capsid as Thr 126
and Thr 125 in SBMV. In tomato bushy stunt virus
(TBSV) (21, 23), Thr 170, Thr 171, and Trp 207 can be
structurally superimposed to Thr 125, Thr 126, and Trp
162, respectively, in SBMYV (24, 25). That is, the channel
entrance structure is similar in both virions even though

SiLvA ET AL.

the homology between amino acid sequences is only 20%.
The region between residues 163 and 184 in SBMYV,
contributing acidic and basic residues to the channel wall,
is an insertion relative to TBSV. In satellite tobacco
necrosis virus (STNV) (26, 27) a loop containing Thr 138,
Gly 139, and Glu 140 approaches the fivefold axis, with
Thr 138 being on the external surface. Here Thr and Glu
residues are further away from the fivefold axis than in
SBMYV. This is a short channel locked by a dihydrated ion
coordinated to five main chain carbonyl oxygens from Thr
138. Finally, there is a remarkable similarity in protein
folding as well as in subunit packing between plant viruses
and recently determined picornaviruses: rhinovirus (28)
and poliovirus (29). lon channels could also be present
across their protein coats. In fact a channel-like structure
locked by an ion has been observed along the fivefold axes
of rhinovirus (30).

Although the predicted ion conductivity of this structure
has to be experimentally verified, the emerging picture is
that ion channels would be a common feature of icosahe-
dral viruses. Several biological roles could be considered
for them. They might be just selective leak channels
providing cations to ensure electrical neutrality of the
RNA and then stability of the inner viral media. Another
possibility is that the channels are related to inducing, in
vivo, destabilization of the capsid. In particular swelling of
the virions appears to be a key step of the viral cycle since
swollen particles seem to release their RNA by interaction
with ribosomes (31). Alternatively, parts of viral capsids
might become incorporated into the cell membrane, chang-
ing its permeability towards conditions favoring viral func-
tions.

Dynamic effects in the interaction between biologically
relevant ions and the threonines at the gate might lead to
reducing the energy barrier in some conditions, thus
increasing conductivity. In this case ion transport proper-
ties would be determined by nonspecific factors like ion
concentrations, temperature, pH, etc. If specificity in
conductivity changes is required, ligand molecules might
be needed. In that line of reasoning it is tempting to
speculate in a gating mechanism involving phosphorylation
of the threonines at the entrance of the channel, since
threonines are a common occurrence at all three known
plant viruses: TBSV,SBMV, and STNV.

Finally, are the structures of viral coat proteins, and
therefore viral ion channel, related through divergent
evolution to some membrane ion channel proteins? We will
have to wait to know the high resolution structure of some
membrane ion channel proteins to attempt an answer,
which might give us a hint on the origin of viruses
themselves.
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