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. A wide pore (such as PFN or SLO) can also be used in an electrolytic cell to
detect the presence of SARS-Cov-2, which would cause a large-sized blockade of the base current (the ionic current
in a fully open pore). It can further be used to quantify the virus level in the sample. Solid-state pores, which have
several advantages over biological ones, can be used instead; immune rejection is not an issue and there is no need
for the spike or the virus to bind to the pore.

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. Additionally a wide pore in electrolytic cell (e-cell) can be used to detect the virus in a sample
and also quantify its level in the sample. Solid-state pores also can be used for detection and quantification, in this
respect they have some notable advantages over biological ones.

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 (e-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 trans 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 10-250 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; for example 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 PEN 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. (2) Structure of single monomer of perforin (PFN). (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 271 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
\% -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.



Monomer ( 1 2 ; N )

60.0
: D : D : D
=00 K i = m K = m K = ]
=u. m N m N m N
m A m A m A
LTS m R m R m R
2T v W u v ]
s 400 m E m E m E
52 m 3 g B3 g m 3G
s s " aes " oa 5 -
EE 300 = 2 . = 2 - e s o = 2 ¥
7;"3" 5 o = E 5 o = [-} 5 o = E
EE 200 " a N " a NN L LY
a Q m Q ] Q m
10.0 m 8 . m 6 . m S
m R m R m R
] ] =]
0.0
-10.0 0.0 10.0 20.0

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 in the 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 PP1. 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 0
(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 | 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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Canopy is 10 A inside the pore and rotated 100 A around the pore inner circumference. Potential binding pairs circled.
See Figure 7 for canopy residue letters.

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+zint+1,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. (2) 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 z,.

5. SARS-Cov-2 virus detection and quantification with wide pores in an electrolytic cell

Wide pores may also be useful in detecting the presence of the Covid-19 virus in a sample. Currently used detection
procedures are based on RT-PCR applied to viral RNA or on testing for the presence of antibodies in a serum
sample. The former applies to current infections, the latter to prior ones [35]. Other approaches are based on
biosensors that use electrical or optical methods [36]. Here the capping of a spike protein by a wide biological pore
as described above suggests an electrical method for the detection of the SARS-Cov-2 virus. The e-cell mentioned
earlier can be used to measure the current that flows through a pore like PFN or SLO when an electrical potential is
applied across the cis and trans chambers. The pore used for detection does not have to be biological as it is in the
case of neutralization of the virus. There is no need to consider immune response, so solid-state pores, which have
several advantages over biological ones, can be used instead. They can be fabricated with diameters ranging from
sub-nanometer to as high as 200 nm [37]. In the following the use of solid-state pores is assumed.

If a buffered sample is introduced into cis or trans, the virus (whose structural proteins carry an electrical charge) is
drawn toward the pore and blocks it nearly fully. As a result the base current, that is, the current through the pore
when there is no analyte in it, drops to near zero. This binary change in the pore current signals the presence of a
large blocking molecule. If the sample does not contain any components of comparable or larger size then this state
change can be used to detect the presence of the virion in the sample. These larger particles can be filtered out by
using micro/ultra filtration methods [38] prior to entry of the virus and other smaller particles (such as DNA, RNA,
etc.) into the e-cell. Table 3 lists the electrical charge carried by the four (unfolded) structural proteins M, N, E, and
S in the virus at different pH values of the solution (electrolyte); the effective charge on the folded protein is less
because of unexposed residues. By adjusting the pH of the solution this effective charge on all the structural proteins
can be made to have the same polarity. This ensures electrophoretic translocation of the virus particle through the
pore with a voltage across the pore of appropriate polarity (see Figure 10 below).

Table 3. Electrical charge carried by the four structural proteins (unfolded) of SARS-Cov-2 for different pH values
Electrical charge carried by (unfolded) structural

Vlzie protein in SARS-Cov-2 (x 1.6 x 10"° coulomb)
M N E S (monomer) @
3.0 12.19 1261 237 8.79
5.0 8.14 5.43 1.86 779
7.0 8.14 5.43 1.86 2779
9.0 4.48 172 -101 -13.88
120 -1443  -1866  -8.63 -45.28

() Charge per monomer; S has 3 monomers



Figure 10 shows the two stages: micro/ultra filtration under pressure and current blockade in an e-cell with an
electrical potential across the pore membrane. A buffered sample is subjected to hydraulic pressure in an ultrafilter,
which allows particles of size approximately < the virus diameter to filter through (Figure 10a). The filtrate
containing virus particles is injected into the cis chamber of an e-cell with a membrane containing a pore that allows
particles of size < the virus diameter to translocate into the frans chamber through a combination of diffusion and
electrophoresis (Figure 10b). This results in the virus particle (if present ) blocking the pore resulting in near total
blockade of the pore current (Figure 10d). This is a binary measurement: if the e-cell current drops to near zero, the
presence of the virus is indicated. However the possibility of a false positive exists as there could be other particles
whose diameter is about the same as the virus diameter. On the other hand if there is no drop in the pore current over
a time of a few msecs and there is no adsorptive loss in the filtering stage or at the surface of the membrane on the
cis side, absence of the virus in the sample is indicated. In this case, the probability of a true negative is 100%.
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Figure 10. Detection and quantification of Covid-19 virus in sample. (a) Buffered sample filtered through ultrafilter
to allow particles of size approximately < virus diameter to filter through; (b) Filtrate containing virus particles
enters cis chamber of electrolytic cell (e-cell) with pore that allows particles of size < virus diameter to translocate
into trans chamber via diffusion and electrophoresis; virus particle blocks pore almost completely when attempting
to enter pore, causes near total blockade, see (d); (c) Filtrate enters e-cell with pore of diameter > virus diameter,
virus translocates through pore to cause substantial and measurable blockade; (d) Representational graph showing
blockades caused by particles of various size in (b), with near total blockade of pore by virus that more or less shuts
off pore current; () Representational graph showing blockades caused by particles of various sizes in (c), each
translocating virus particle causes blockade of size considerably different from those due to other particles (like
DNA, RNA, etc.); blockade count can be used to quantify virus in sample.

The above development has been limited to detecting the virus. To both detect and quantify the virus, an e-cell with
pore diameter greater than the virus diameter can be used to allow all virus particles (along with other particles in
the sample) to translocate through the pore (Figure 10c). The virus particles, because of their large diameter (relative
to the pore diameter), cause blockades whose size is substantial, easily measurable, and considerably different from
blockades due to other smaller particles like DNA, RNA, protein, etc. Each translocating virus causes a blockade; by
counting these multiple blockades (Figure 10e) the virus level in the sample can be quantified.

Filtration time
Consider an ultrafilter membrane with an array of 40 x 40 pores of diameter d = 150 nm and length L = 10 nm,
pressure AP = 2.0 atm, and buffer (dilute salt solution) viscosity n = 0.001 Pa.sec. The Poiseuille flow rate is Q =



n(d/2)*AP/8nL = 10° m’/s. A buffered sample volume of 1 cc can be filtered in about 7 minutes.

Translocation time of virus in e-cell

When the filtrate is added to the cis chamber of the e-cell the blockade detection due to a single virus particle will
occur in a few psecs. This requires a detection bandwidth of a few MHz, which may lead to problems because of
high frequency noise. The bandwidth can be reduced to a few Khz by using a bi-level positive-negative voltage
profile across the e-cell pore and adjusting the pH of the solution. To ensure delivery of the analyte in the cis
chamber to the pore, hydraulic pressure can be used. See [39] for more information.

The combined filtration and translocation time is a few minutes, so the detection (and quantification) process is fast.
As noted earlier, with this method the probability of a true negative is 100% if there is no adsorption in the filter
membrane or at the surface of the pore membrane in the e-cell. The true positive probability depends on the
'impurity' content, where an 'impure particle' is any particle of approximately the same size as the SARS-Cov-2
virus. The method is based on currently available filtration technology and uses only electrical measurement. It does
not involve any complex time-consuming procedures or expensive equipment and is fairly easy to translate into a
hand-held device for use in point-of-care (POC) diagnosis.

6. Discussion

Translation of the cap-and-contain 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; and
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 and other relevant 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 [40].

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 the relationship between the number of monomers (22) and the number of canopy
residues on any row (3). 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 [41]. Such evasion by the virus may not be an issue when it is capped by a
wide 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 [42]. Thus it is unlikely to squeeze through the pore of an e-cell.

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, typically 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.

8) Other electrochemical methods for detection of the SARS-Cov-2 have been reported recently; see [43] for
example.

9) A cap-and-contain approach somewhat like the one described above has been used earlier in a study of
Huntingdon disease in which aggregation of a mutant protein (mHTT) is inhibited by a chaperonin complex (TriC),
which caps the tips of HTT fibrils and encapsulates mHTT oligomers [44].
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