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Abstract  

The spike protein mediates the attachment of the virus to the human cell via binding to an 

extracellular ACE2 protein with the processing of the S1 and S2 subunits leading to membrane 

fusion and virus entry into the cell. It has been shown that a key component of the spike protein is 

the cleavage at the recently evolved Furin site 682-RRARS-686 with cleavage occurring between 

R685 and S686. Specifically, it has 

been observed that the G614 mutant is 

more infective in vivo and in vitro. The 

focus of this paper is to computationally 

investigate how G614 mutation 

changes the reactivity of the Furin 

cleavage site, and potentially the rate of 

virus processing and infection. Namely, 

we show that the G614 (DG614) 

mutation leads to large-scale changes in 

electrostatic potential along with many 

other structural changes that may 

increase the attraction of Furin to the 

cleavage site thereby increasing the rate 

of virus processing and infection. 

 

Introduction 

As the SARS-Cov2 virus has passed through human hosts it has evolved from a virus primarily 

targeting Microchiroptera to one optimized for the infection of Homo sapiens. The mutation of the 

Aspartic acid at position 614 on the spike protein to Glycine has been observed to correlate with 

the number of passages. It has also been observed that G614 mutant is more infective in vivo and 

in vitro, and recently in a clinical setting. Such an increase in infectivity explains why the G614 

mutant came to dominate the virus population in the first months of the pandemic. The spike 

protein mediates the attachment of the virus to the cell via binding to an extracellular ACE2 protein 
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with the processing of the S1 and S2 subunits leading to membrane fusion and virus entry into the 

cell.  It has been shown that a key component in all these steps is the cleavage of the spike protein 

at the recently evolved Furin cleavage site 682-RRARS-686 with cleavage occurring between 

R685 and S686 (see Fig. 1).  It has been postulated the addition of this cleavage site allowed the 

virus to jump species. We and others (Ref) have computationally investigated how the G614 

mutation changes the reactivity of the Furin cleavage site, and potentially the rate of virus 

processing and infection. We show here that the change leads to a number of structural changes in 

addition to large-scale changes in electrostatic potential in the cleavage site that may increase the 

attraction of Furin and thereby increase the rate of virus processing and infection. 

 

 
Figure 1: The ribbon (left) and surface (right) visualization of the interaction of the furin and the spike in the cleavage site. 

 

The focus of this paper is to computationally study and report preliminary findings on the impact 

of G614D mutation in terms of structural and electrostatic changes to SARS-CoV-2 in the S1/S2 

Furin cleavage domain depicted in Fig. 2.  
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Figure 2: The depth zoom-out (left) and zoom-in (right) visualization of the furin cleavage site of the spike. Blue colors depict 

lower surface depth (extrusions), while colors closer to red depict higher depth (cavities). 

 

Background 

Protein pockets or cavities are recessions in a protein’s surface, and they can be extracted from 

PDB data using a Solvent-Excluded Surface (SES). Cavities can take on many different shapes 

and vary in-depth as it is shown in Figure 3, for Furin (right) S5-D614 and S6-G614 (left) of 

SARS-CoV-2 in the S1/S2 Furin cleavage domain, for the original and mutated strains, 

respectively.  

 

 
Figure 3: Drastic differences between the number and type of cavities we detected in the D614 (left) and G614 (right) spike furin 

cleavage domains. Each cavity has a different color as shown in the legend, based on its number. 
 

Cavities in general are classified as clefts, invaginations, tunnels, channels, or voids [1]. Cavities 

are important in protein-protein interaction as the active sites of proteins are often located inside 

some cavities [1]. In drug discovery, one of the first steps is to screen proteins of interest for 

cavities that can work as binding sites. Then, various ligands are considered for possible interaction 

with these pockets [2]. Choosing ligands must consider the shape of the target cavities [2]. Emil 

Fisher as early as 1894 realized that a cavity is like a keyhole, and a ligand is a key. It is important 

to find the right key that minimizes the energy barrier for the interaction and maximizes its speed 

and stability [15].  

 

For both a cavity and a ligand, their geometry and various biochemical and biophysical properties 

are important for analyzing their interaction [1]. In terms of geometry, their shape, depth, and 

overall size need to be considered. Biochemical and biophysical properties of interest, among 

others, include pH, hydrophobicity, polarity, and electrostatic potential. All these factors play a 

role in enabling the interaction between two different molecules [1]. In this paper, we will give 

special consideration to structural features like cavities created by the D614G mutation and 

electrostatic potential, which is one of the most important factors in protein-protein interaction [3]. 

 

There are several types of algorithms for detecting protein cavities. One of these categories is 

geometry-based, which is subdivided into several subcategories, the primary being: sphere-, grid-
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, surface-, and tessellation-based.  In this paper, we use a High-Performance Computing (HPC) 

tessellation-based method developed at the Center for real-Time Computing (CRTC) over the last 

twenty-five years for applications in Medical Image Computing [5, 6] and the Aerospace Industry 

[7]. 

 

Most tessellation-based algorithms for protein cavity detection utilize Delaunay triangulation in 

one way or the other. For most of these, Delaunay triangulation is a first step from which later 

alpha shapes, beta shapes, or Voronoi diagrams are computed. Alpha shapes are used to get a 

surface approximation from a protein atom cloud. Beta shapes are like alpha shapes, but are a 

generalization, which in this case utilize the Van der Waals radii of atoms. Voronoi tessellation is 

the dual of the Delaunay triangulation and is often used as a graph on which path finding is 

performed to identify tunnels and channels in proteins. Some notable tessellation-based algorithms 

make use of Voronoi. 

 

A major shortcoming of currently available algorithms for detecting protein cavities is that they 

are not HPC i.e., are not parallelized. This means that their runtime performance for very large 

proteins is poor. In addition to this, not many algorithms work on multi-model PDB files. The lack 

of this feature effectively bars such algorithms from working on large protein complexes. One way 

to partially overcome this limitation is for the user to break up large proteins and feed each model 

individually. However, this can be computational-intensive and will likely cause the algorithms to 

miss cavities that may be formed on the intersections of models. Consequently, these algorithms 

are not well suited for large protein complexes. A method that accurately works for all protein 

sizes, in real-time, needs to be developed. 

 

Material and Methods 

In this paper, we use PDB data and a new High-Performance Computing (HPC) algorithm, which 

is built around the intuitive concept that the surface of pockets and cavities has a greater distance 

from the protein boundary compared to other parts of the protein. The core of the algorithm 

consists of (1) creating a tessellated representation of the SES using known and well-understood 

mesh generation technologies developed for Finite Element/Volume Analysis (2) computing the 

unsigned distance of the tessellated SES from an exterior triangulated surface that envelops the 

protein (similar to alpha shapes), and (3) clustering vertices based on unsigned distance value 

thresholds in order to identify pockets and cavities. The result of the algorithm is a tessellated 

solvent-excluded surface with unsigned distance labels and identified pockets and cavities.  

 

Materials 

The PDB files used for this analysis are I-TASSER-derived protein models using as a template the 

SARS-CoV-2 spike protein [4] with PDB ID 5X58. This template is the highest resolution PDB 

structure with the highest homology to SARS-CoV-2 [4]. The AA region of 591 to 710 was 

analyzed because it contains the site of the DG614 mutation and the Furin cleavage site with a 
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secondary structure nearby both the sites [4]. The two PDB files are referred to as S5-D614 and 

S6-G614 [4]. The former is from the original D614 SARS-CoV-2 strain whereas the latter is from 

the newer G614 strain. The template modeling (TM) score, a metric used to measure the similarity 

of two protein structures [12], for S5-D614 and S6-G614 is 0.59 and 0.58 respectively [4]. A model 

with a TM score greater than 0.5 is regarded as topologically correct [4]. 

 

Methods 

Geometric Protein Cavity Detection (GPCD) is a high-performance software for detecting protein 

pockets and cavities, which are referred to as geometric features. The algorithm was designed to 

detect all types of geometric features, including clefts, invaginations, tunnels, and channels. A 

detailed technical description and analysis will appear elsewhere [8]. The key advantage of GPCD 

over other pocket detection algorithms is that it can leverage parallel computing (i.e. can use many 

processing CPU and/or GPU cores). GPCD is designed from the ground up to leverage parallelism 

across most of its runtime. For even greater performance, it will be extended to utilize the GPU as 

well as to work in a distributed environment. Parallelism grants GPCD a near-linear speedup to 

improve end-user productivity. The parallel nature of GPCD makes it capable of processing large 

proteins and protein complexes in real-time, something those other algorithms cannot handle. The 

algorithm can work with proteins of all sizes and has an edge on larger ones. 

 

GPCD uses parallel mesh generation and ray casting to detect geometric features. Parallel mesh 

generation [8] is used to create a tessellated mesh representation of a solvent-excluded surface. A 

volumetric image is first created from a protein PDB file, and then Euclidean distance transform 

is used to create a solvent-excluded image [10]. This grid is then used by the Parallel Optimistic 

Delaunay Mesher (PODM) [9] to create a mesh of the solvent-excluded surface. Ray casting and 

clustering are employed to detect geometric features. Once the cavities are detected, several 

properties can be assigned, such as electrostatic potential. 

 

Detecting pockets and cavities is just the first step in the process. It is important to quantitatively 

analyze detected features to understand their function and how they affect the protein. GPCD can 

compute and map physicochemical properties to the protein surface. Some advanced properties, 

like electrostatic potential (ESP), are imported from other software. In the case of GPCD, 

electrostatic potential is retrieved from the Adaptive Poisson-Boltzmann Solver (APBS) and 

mapped to the surface [13]. GPCD can compute various statistics for ESP. These statistics can be 

computed for the entire surface and for each individual cavity. ESP is the only property currently 

available with GPCD, but other properties such as hydrophobicity and pH will be added in the near 

future. 
 

Validation: GPCD’s results compared with the four widely-used software tools for analyzing 

structures in biomacromolecules: (i) MOLE 2.0 [Ref],  MolAxis [Ref], and CAVER 3.0 [Ref]. A 

detailed analysis will appear elsewhere [GPCD-Ref]. In this section, we summarize the results 

pertinent to SARS-CoV-2 D614G Mutation in the S1/S2 Furin Cleavage Domain.  
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Results 

The GPCD algorithm/software is used to create a protein surface mesh using PODM and to 

identify pockets and other cavities. Quantitative data for D614 and G614  spike furin cleavage 

domains are summarized in Table 1.  
 

Table 1: Lists the number of each type of cavity in the D614 and G614 spike furin cleavage domains. 

 

 

 
Figure 4: Shows the secondary structure of the S5-D614 and S6-G614 cleavage domains (left) and furin (PDB 5JXG). 
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Figure 5: Secondary structure of the SARS-CoV-2 D614 (left) and G614 (right) furin cleavage domain. 

 

It has been shown in a clinical study that patients infected with the G614 strain have a higher 

viral load than those infected with the D614 strain [14]. There are several hypotheses as to why 

the new strain appears to be more infectious [4]. One theory is that an increased rate of virus 

processing and cell entry leads to an increased rate of infection and more efficient reproduction 

of the virus. An increase in the rate of Furin cleavage of the glycoprotein spike before binding 

with ACE2 would lead to such an outcome, and therefore examining the effects of the D614G 

mutation on the properties of the Furin cleavage site could yield insight into the validity of this 

mechanism. Here, we explore how changes in electrostatic potential interaction between the 

cleavage domain and Furin may indeed lead to more efficient spike protein processing, which 

increases viral infectivity. The new strain has a more electrostatically positive cleavage site than 

the original strain, which may lead to faster and more energetically efficient interaction with the 

electronegative binding region of Furin. 

 

The electrostatic potential is important for protein-protein interaction, protein folding, and 

enzyme catalysis [6]. It is one of the factors that enables two proteins to be attracted to each 

other. For this to happen, one must be electropositive, and the other electronegative. Due to this, 

electrostatic potential is the best candidate for explaining why enzyme catalysis occurs, and in 

fact, it happens almost exclusively because of electrostatics [11]. Electrostatics plays a major 

role in the long-range attraction of molecules [6]. There is a large variety of proteins present both 

inside and outside a cell [6]. As such, a way for proteins to quickly recognize each other is 

necessary. This recognition process is enhanced by long-range electrostatics, and electrostatic 

forces bring two proteins close to each other [6]. This guidance of two proteins to each other is 

called electrostatic steering [6]. 
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Greater electro positivity indicates a greater area of effect for electrostatic interaction. With Furin 

having an electrostatically negative binding region, this greater positive region could benefit the 

interaction of the two molecules, with more efficient attraction and electrostatic steering leading 

to faster cleavage. Furthermore, as can be seen in Figure 6, the cleavage site in the G614 strain is 

more electrostatically positive than in the older strain, which might also indicate stronger 

attraction. Figure 7 shows that the mean electrostatic potential in the G614 strain is 1.64 times 

greater than in the D614, whereas the maximum value is 2.15 times greater. 
 

APBS was used to compute an electrostatic potential grid which was then mapped by GPCD to 

its protein mesh output using trilinear interpolation. The results were computed on an 8-core/16 

GB RAM desktop computer with an approximate time of 4 seconds per protein, using a very 

high-resolution solvent-excluded surface. Using lower resolution equivalents, the process took 

about 1.3 seconds. APBS computation time is not included in these timings. 
 

 
Figure 6: Electrostatic potential surface for the SARS-CoV-2 D614 (left) and G614 (right) furin cleavage domain. The cleavage 

site is marked with a yellow circle. As seen, the cleavage site in S6-G614 is more positive. 
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Figure 7: Electrostatic potential statistics for the SARS-CoV-2 D614 (left) and G614 (right) furin cleavage site. The statistics are 

computed for the points marked in white. 

 

In the G614 strain, the region of the Furin cleavage site and some nearby regions are more 

positive, whereas side regions are more negative. The hypothesis is that this change can benefit 

Furin cleavage. Furin may be able to more easily locate and position itself for cleavage because 

of a stronger positive attraction in the cleavage site and more negative surrounding areas, which 

promotes repulsion from those regions. This setup can allow Furin to more effectively be guided 

to the correct location via the means of electrostatic steering, which can lead to faster cleavage 

and overall greater infectivity. Figure 8 shows the cleavage domains of the two strains together 

with Furin side-by-side. 
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Figure 8: Shows the S5-D614 and S6-G614 cleavage domains (left) and furin (PDB 5JXG) with the approximate binding site 

location highlighted (right). 

 

 
Figure 9: Surface depth visualization of the SARS-CoV-2 D614 (left) and G614 (right) furin cleavage domain. The cleavage site 

is marked with a white circle. Blue colors indicate low surface depth, while yellow and red indicate greater surface depth. 

 

 
Figure 10: Surface geometry differences of S5-D614 from S6-G614 (left), S6-G614 from S5-D614 (right). The colorization 

reflects the Euclidean Distance of the displayed protein surface from each other.  Greater distances have a colorization closer to 

red. 

Apart from electrostatic differences, it is also possible that differences in the geometry near the 

cleavage site play a role in more efficient cleavage. Figure 9 shows a depth visualization of the 

surface of the cleavage Furin cleavage domains for the D614 and G614 strains of SARS-CoV-2. 

In the D614 strain, there are overall more recessions near the cleavage site, whereas in the G614 

strain these areas are flatter. Figure 10 visualizes the surface differences in the Furin cleavage 

domain of the two strains. In the new strain, there are some extruding atoms on the top right of 

the cleavage site. It is possible that the positions of these atoms can allow for a stronger binding 

between Furin and the cleavage site, promoting more stability. However, this cannot easily be 

quantified. 

 

Conclusion 



11 

Our findings and analysis support the hypothesis and observations that the SARS-CoV-2 G614 

strain is more infectious [14] than the original D614 Wuhan strain. The changes in electrostatic 

potential in the G614 strain’s Furin cleavage domain imply easier interaction between Furin and 

the spike protein’s cleavage site. The high electronegativity of the region in and around the Furin 

catalytic site leads to a lesser energy barrier when interacting with the more electropositive G614 

Furin cleavage site. 

 

Discussion 
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Appendix: Supplementary Material 

 
Figure A1: Shows an angle of the electrostatic potential (ESP) surface of the D614 spike furin cleavage domain (S5-D614 [4]). 

Electrostatic potential statistics for some cavities are displayed, along with ESP statistics for the entire protein surface. 
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Figure A2: Shows an angle of the electrostatic potential (ESP) surface of the G614 spike furin cleavage domain (S6-G614 [4]). 

Electrostatic potential statistics for some cavities are displayed, along with ESP statistics for the entire protein surface. 

 

 
Figure A3: Electrostatic potential difference of S6-G614 from S5-D614 (right). Positive differences have a blue and aqua color, 

while negative differences have a red and yellow color. Blue means that the region is more positive, while red means that the 

region is more negative. In S6-G614, the cleavage site is more positive than in S5-D614, while nearby regions are more negative.  
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