Using wide biological pores to cap and contain the COVID-19 spike protein
G. Sampath

Abstract. Geometric analysis shows that the spike (S) protein in the COVID-19 virus (SARS-Cov-2) can fully or
partially enter into the channel of a wide biological pore like perforin (PFN) or streptolysin (SLO) when the latter is
anchored in a bilayer lipid membrane. The PFN channel is a B barrel formed from multiple monomers, for example a
~14 nm diameter channel is formed from 22 monomers. Coincidentally the wide canopy of S (which has three
identical chains) has an enclosing diameter of ~14 nm. While inside the channel peripheral residues in the canopy
may bind with residues on the pore side of the barrel. If there are no adverse cross-reactions this would effectively
prevent S from interacting with a target cell. Calculations with data obtained from PDB and other sources show that
there are ~12 peripheral residue triples in S within a circle of diameter ~14 nm that can potentially bind with 22
exposed residues in each barrel monomer. The revised Miyazawa-Jernighan matrix is used to calculate the binding
energy of canopy-PFN barrel residue pairs. The results show a large number of binding pairs over distances of up to
38 A into the pore. This geometric view of capture and containment points to the possibility of using biological
pores to neutralize SARS-Cov-2 in its many variant forms. Some necessary conditions that must be satisfied for
such neutralization to occur are noted.

1. Introduction

The first step in the infection of a host cell by the COVID-19 virus is usually the attachment of the spike (S) protein
jutting out of the virus to the ACE2 receptor protein on the membrane of the target cell [1,2]. Many antiviral drugs
are designed to neutralize S by preventing such attachment. Broadly there are three approaches to counter the virus
[3]: 1) neutralize the receptor-binding domain (RBD) in S by targeting residues in it [4]; 2) block pockets in other
domains of S [5]; 3) directly deactivate the ACE2 receptor [6]. The inhibiting agent may be one of the following
depending on the approach used: antibody proteins [7], peptides [8,9], nanobodies [10], small molecules [11].

Here the possibility of capping and containing S inside a biological pore [12] is explored by looking at the
geometries of S and the pore and considering how S can enter the pore and be retained inside the pore channel. Such
an approach can in principle deactivate the RBD as well as any other pockets that may be present in the other
domains of S. As it is based primarily on physical containment it is likely to be indifferent to local mutations or
homological differences among variants, evolutionary or otherwise,. The sequences of S and the pore barrel are
examined for contact residues in S and binding sites on the inner wall of the channel. Data are presented for the
SARS-Cov2 virus.

2. Geometry of the COVID-19 spike protein

The SARS-Cov-2 (COVID-19) virus is a spherical particle with a protein membrane whose interior contains a
protein capsid enclosing a single RNA string that codes for the virus. The membrane surface has about 25-40 spike-
like protrusions, each of which is a protein with three identical sequence chains A, B, and C forming a mushroom
shape with a canopy and a stem. There are two domains in the spike: S1, the canopy consisting of a receptor binding
domain (RBD) and a non-terminal domain (NTD); and S2, below the canopy, which directs fusion of the virus to a
target cell prior to invading it. The RBD may be closed or open outward to provide a binding site to the ACE2
receptor that is located on the surface of a target cell [1].

Here the focus is on the geometry of the SARS-Cov-2 spike protein. Figure 1 shows plan and side views of 6VXX.
The two graphics were obtained from RasMOL views and are annotated to include other pertinent information, see
below.

The geometrical properties of the spike can be studied in terms of its extent, which can be calculated in a number of
ways, including such well-known methods as minimum enclosing ellipsoid, minimum enclosing right cylinder, and
minimum enclosing box or parallelepiped, all of which are global in character [13]. Here attention is focused on the
diameter of the canopy so that it can be related to biological pores, which are roughly symmetric cylinders. To this
end structure data for the spike protein (PDB id: 6VXX) was downloaded from the RCSB website and atomic
coordinates extracted; the results can be found in Supplementary File 1. The centroid of the three Ca atoms of each
residue triple in the three chains was calculated. From it the smallest enclosing diameter circle and the distances of
the centroids from the centroids of the topmost and bottommost residues were computed. The results for the 19
largest diameter triples are shown in Table 1. Of these the eight residue triples with diameter within ~15 A of 14 nm
are shaded.
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Figure 1. (a) Plan view of spike protein structure looking down from canopy side; smallest enclosing circle for all
residues in spike protein is shown. (b) Side view of spike protein; distances of widest diameter residue (HIS 245 A,
B, C) to tip of spike (residue SER 1147 A, B, C) and to top of canopy (residue 500 THR A, B, C) are shown.

Table 1. 19 triples (residues in A, B, C) with the largest enclosing diameters; the eight largest are shaded.

Residue Residue number in ~ Diameter of covering Distance from spike tip Distance from top of

sequence (A, B,and C  circle for triple (A) (residue triple sequence canopy (residue triple

chains) number 1147, SER) (A) sequence number 500,

THR) (A)

HIS 69 136.62 113.56 -42.24
HIS 245 135.35 120.5 -35.29
VAL 143 130.35 123.07 -32.72
ILE 68 130.18 112 -43.79
LEU 244 128.15 120.6 -35.19
GLY 142 126.62 124.93 -30.87
SER 98 125.87 112.09 -43.7
LYS 97 124.24 108.43 -47.37
ALA 67 122.91 113.01 -42.78
VAL 213 122.21 101.65 -54.15
ALA 243 121.72 120.12 -35.67
PHE 186 121.64 104.04 -51.75
ARG 214 120.38 100.68 -55.12
LYS 187 120.09 103.83 -51.96
ILE 100 119.79 115.58 -40.21
ALA 263 119.45 110.66 -45.13
ASN 211 119.38 98.6 -57.19
ALA 123 119.26 120.33 -35.47
ASN 99 119.19 113.96 -41.84

Figure 2 shows the projections of the 19 triples on to the XY plane. Note the clustering of the projection points, the
result of 3-way symmetry in the structure of the protein (see Figure 1a).

3. Geometry of some biological pores

Pores play a major role in biological function, which may be benign or malign. Proteinaceous pores in the
membrane of biological cells allow transport in one direction or the other of particles of various sizes, from Ca” ions
to large proteins. Such transport is usually benign and beneficial to normal cellular functions. Pores may also be
formed by viruses to attack healthy cells. There are many pore-forming proteins in nature that are toxins and



function by puncturing the cell membrane to cause cell death [14 ]. On the other hand such an intrinsically malign
property has been turned to advantage in vitro (and in silico) by using these pores as analytical tools in a wide range
of applications, including sequencing/identification of biomolecules (DNA, protein, oligomers, peptides) [15,16],
analysis of species [17], protein conformation and folding [18 ], and protein dynamics [19].
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Figure 2. Projections onto XY plane of the 19 largest diameter residue triples in canopy of S

When the naturally occurring protein alpha hemolysin is added to an electrolytic cell in which a lipid bilayer
separates two chambers cis and trans, it causes a pore to form through the membrane [20]. If an analyte like DNA or
protein is added to the cis chamber and a potential difference is applied across cis and frans the analyte translocates
through the pore to trans thereby causing changes in the pore current. These changes can be measured and used to
identify bases in the DNA sequence, residues in the protein sequence, or the DNA or protein as a whole. Such pores
usually have diameters of ~1-3 nm. Biological pores [21,22], however, have a wide range of diameters, going from 1
nm all the way up to the micron range. In the present context wide pores with diameters in the 10-50 nm range are of
immediate interest .

Figure 3. Cutaway view of PFN pore in a bilayer lipid membrane. (Extracted from Figure 1 in [26].)

Over the last few years, wide diameter pores have studied in depth [23]. Two wide pores of considerable interest are
perforin (PFN) and streptolysin (SLO). PFN is a toxin that has been studied in detail in [24-26] and is a multifold
pore. That is, it is formed from multiple monomers; 22 monomers can form a 14 nm diameter pore. Likewise SLO is
a toxic protein that can form pores with inner diameter of up to 25 nm [27]. Both PFN and SLO can form pores that
are full rings or arcs in a giant 3 barrel (a cylindrical structure made up of linked B sheets). The relationship between
the pore diameter and the number of monomers has been studied in [28].

The present report focuses on the potential use of PFN as a device to cap and contain the spike protein in SARS-
Cov-2. Figure 3 shows a cutaway view of a PFN pore anchored in a bilayer lipid membrane (graphic extracted from
Figure 1 in [26]). The structure of the monomer is shown in Figure 4a below. The sequence of residues in the § sheet



at the bottom of the structure that face the inside of the pore is shown in Figure 4b, the figure is an adaptation from
[26] .
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Figure 4. (a) Structure of single monomer of perforin (PEN). (b) Residues facing inside of pore channel

Table 2 shows the 22 residues in the B sheet at the bottom of the PFN monomer sorted by z value. This ordering on z
is used to define a barrel array for use in calculating the total energy of the spike-barrel ensemble.

Table 2. Shows x and z coordinates of residues in Figure 4. Last column shows integer value of z.

Sorted on z X z Truncated z
R 1.9 4.7 4
E 2.6 6.9 6
G -7.1 9.1 9
Q -11.6 11.3 11
N 5.7 14.0 14
N 1.2 16.2 16
S -3.3 18.4 18
S -7.8 20.6 20
D 9.4 23.4 23
R 49 25.6 25
Q 0.5 27.8 27
S -4.0 30.0 30
G 13.2 32.8 32
S 8.7 35.0 35
E 42 37.1 37
A% -0.3 39.3 39
R 17.0 42.1 42
A 12.5 443 44
N 8.0 46.5 46
K 3.5 48.7 48
D 20.8 51.5 51
S 16.3 53.7 53

Figure 5 shows the PFN f barrel schematically as a cut and unrolled cylinder laid out flat.
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Figure 5. Schematic of B barrel in PFN pore shown with the barrel cut, unrolled, and laid flat. Residues with
negative x values are rolled over to the right end (not shown).

4. Capping and containing the spike protein with perforin

Given the compatible diameters of the canopy of the spike protein and the 22-monomer PFN pore, it may be
possible to use the pore to cap and contain the spike protein. Figure 6 shows how this could happen. The graphic is
obtained by overlaying the spike protein graphic in Figure 1b on to Figure 3. Notice that the spike can be positioned
inside the pore at any horizontal angle (XY plane). Thus as the spike travels through the pore its canopy residues
come up against different pore residues depending on the spike rotation angle. The total energy of the spike-barrel
ensemble will depend on the contact energy between spike and pore residues.

Figure 6. Conceptual view of spike protein as it enters PFN pore from frans side of pore. View obtained by
superposing spike protein in Figure 1b over cutaway view of pore in Figure 3.

Protein folding and protein-protein interaction (PPI) models are often based on considering the affinity between
pairs of residues, in the same protein in the case of folding, or different proteins in the case of PPI. Many binding-
energy-based models use the Miyazawa-Jernighan (MJ) matrix introduced in [29] and revised in [30] (see
Supplementary File 2). Other more recent studies include [31-33]. While the MJ matrix has been most widely used
in protein folding models, it has also been used in PPI models, for example see [34].

Mapping the barrel and the canopy into arrays

In the present study the MJ matrix is used to calculate the energy between residues in S and in the PFN barrel. To
this end residues in the barrel and canopy are mapped to binary arrays of dimension L x W and H x W respectively,
in which a row or column corresponds to a distance of 1 A. Here L is the z value of the highest residue in Figure 5
and W = nd is the circumference of the pore with d = diameter of the pore. If there is a residue at (z,x) in Figure 5
(negative x values are made positive by adding W to them) then the entry at row trunc(z) and column trunc(x) in the
barrel matrix is 1 and 0 otherwise. Similarly if there is a residue in the canopy at height z (see Table 1) with angle 6
(degrees) in the XY plane (see Figure 3) then the entry in the canopy matrix at row trunc(z) and column x =



trunc(6W/360) is 1. The contents of the two binary arrays are shown in Figure 7 with m or m used in place of 1.
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Figure 7. Contents of binary barrel and canopy matrices. m = m = 1; Os not shown. Letters on the right are 1-letter
names of residues on corresponding row.

Binding energy of pore-canopy ensemble

1) A simple energy model considers a canopy residue to be bound to (or coincident with) a pore residue if the
corresponding entries in the barrel and canopy arrays are both 1. To determine binding pairs, the two arrays are
AND-ed. Entries in the AND-ed result that are 1 corresponding to binding pairs (Rg, Rs), where B and S refer to the
barrel and the spike. This is repeated for every circular position of the canopy by doing a circular rotation of the
canopy array 1 column to the right; there are thus W instances of the canopy array. The canopy array is then moved
1 row up on the barrel array and the procedure repeated L-H+1 times.
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Figure 8. Canopy array (m) superimposed on barrel array (m). Spike has moved 10 A into pore and rotated 80
degrees (with respect to Figure 3).

Figure 8 shows an example of the spike-barrel ensemble in which the spike has traveled z, = 10 A into the pore and
rotated 100 A around the inner circumference of the pore (= 80 degrees with reference to the angular position of the
spike in Figure 3). Corresponding to this movement the canopy array has moved up 10 rows and shifted right by 100
columns relative to the barrel array.



2) A more involved model considers binding to occur between a canopy residue at (z+zi,,x), where z;, = distance of
spike up the pore, and a barrel residue at any of the following locations in the barrel array: (z+zin,X), (z+zint1,X),
(z+zin-1,X), (z+2zin,x+1), (z+zin.x-1). The total energy is then the sum of the energies in all applicable cases.

Figure 9 shows the results of the two models.
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Figure 9. (a) Binding energy of pore-canopy ensemble as a function of the distance z;, traveled into the pore by the
spike; (b) Number of binding pairs vs distance zi,.

5. Discussion

Translation of the method proposed above into an anti-viral protocol needs to consider a wide range of issues. Some
of them are: a) developing an appropriate method of delivery; b) determining the right dosage, c) ensuring that the
integrity of the bilayer lipid membrane is not diminished after delivery. The last is especially important because most
biological pores, including PFN and SLO, are toxins in their natural form [14]; the cure should not be worse than the
contagion. Some practical issues are noted next.

1) Improved binding between S and the pore channel can be achieved by artificially introducing residues into PFN
through selective mutagenesis at a desired set of positions [35].

2) Notice that with the entire canopy of the spike capped by the pore, other pockets in the spike that can potentially
bind with the target cell are effectively closed off.

3) The maximum number of coincidences between a residue on a barrel row and a residue on a canopy row (see
Figure 8) is determined by how the number of monomers (22) and the number of canopy residues on any row (3)
relate to each other. This number is minimal because 22 and 3 are relatively prime. It can be increased by using 21
or 24 monomers, but this also affects the diameter of the pore and hence its relationship to the diameter of a canopy
residue triple.

4) Since capping is largely a physical process, whether the RBD (or any other domain) is conserved or not may not
be an issue.

5) One of the problems with attempts to neutralize the spike is that the latter is covered with a glycan shield that
thwarts attempts by antibodies to detect it [36]. Such evasion by the virus may not be an issue if the spike is capped
by a pore as long as there are no other cross-reactions.

6) An interesting property of the SARS-Cov-2 virus is that the spherical membrane appears to be quite robust and
resists mechanical attempts to change its shape [37].

7) When the pore (anchored in the bilayer lipid membrane) enters the extracellular environment, like any other
foreign body it can be expected to trigger an immune response, possibly in the form of antibodies. As long as these
antibodies do not block the pore or otherwise adversely impact the pore the latter's ability to cap and contain the
spike will likely remain unaffected.
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