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Abstract

The main protease of SARS-CoV-2 (Mpro) plays a critical role in viral replication; although it is 

relatively conserved, Mpro has nevertheless evolved over the course of the COVID-19 pandemic. 

Here, we examine phenotypic changes in clinically observed variants of Mpro, relative to the 

originally reported wild-type (WT) enzyme. Using atomistic molecular dynamics simulations, we 

examine effects of mutation on protein structure and dynamics. In addition to basic structural 

properties such as variation in surface area and torsion angles, we use protein structure networks 

(PSNs) and active site networks (ASNs) to evaluate functionally relevant characters related to 

global cohesion and active site constraint. Substitution analysis shows a continuing trend toward 

more hydrophobic residues that is dependent on the location of the residue in primary, secondary, 

tertiary, and quaternary structure. Phylogenetic analysis provides additional evidence for the 

impact of selective pressure on mutation of Mpro. Overall, these analyses suggest evolutionary 

adaptation of Mpro toward more hydrophobicity and a less-constrained active site in response to 

the selective pressures of a novel host environment.
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Introduction

The SARS-CoV-2 main protease (Mpro), also referred to as non-structural protein 5 (nsp5) 

or 3-chymotrypsin-like cysteine protease (3CLpro), is a vital component of the coronavirus 

replication machinery1. During replication, the host ribosomes translate the SARS-CoV-2 

non-structural proteins (nsps, i.e., enzymes) as a long polyprotein; this must then be cleaved 

into individual proteins to complete the expression and maturation process. In SARS-CoV 

and SARS-CoV-2, this cleavage function is performed by two proteases: the papain-like 

protease (PLpro), and Mpro 2,3. The first three cleavage sites, corresponding to the release 

of nsp1-nsp3, are cleaved by PLpro, with the remaining 11 cleavage sites handled by Mpro, 

including those needed to release Mpro itself4,5. Mpro is thus necessary for maturation of 

the bulk of the proteins comprising the SARS-CoV-2 replicase6. Mpro also targets several 

proteins in the host cell, including key components of the cytokine and inflammatory 

responses6,7.

Mpro itself is a cysteine protease, in which hydrolysis is performed by a catalytic dyad 

composed of a neutral (protonated) cysteine (C145) and a histidine (H41); this mechanism is 

strongly conserved among coronaviruses1,8,9. Mpro’s active conformation is a homodimer1, 

although limited activity of Mpro monomers has been reported10. Despite its greatly reduced 

activity, molecular modeling suggests that the monomer is likely to be stable under 

physiological conditions, with a conformation that is similar to its conformation in the active 

homodimer11. Monomer and dimer structures, labeled by domain, are shown in Figure 1.

SARS-CoV-2 is believed to have transferred to the human population from zoonotic 

origin13,14, and shares particular similarity with a number of bat coronaviruses15. While 

mutations to the infamous spike protein capture the attention of the public16, other 

coronavirus proteins are also subject to evolutionary change, either due to neutral drift or as 

an adaptive response to environmental pressure. When adapting to a new host organism, 

selection pressure may be imposed by differences in the internal environment of host 

cells. For instance, bats experience a larger range of body temperatures compared with 

humans17,18, including periods of activity at very high temperature19,20. Differences in host 

body temperatures impose different thermodynamic and kinetic constraints on the structure 
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and activity of viral proteins within cells, which is a known factor limiting inter-species 

virus transmission21,22 as well as tissue tropism within a single host23,24.

As shown in studies of extremophilic organisms, the stability and catalytic efficiency 

of enzymes is dependent on their thermal environments25,26. Proteins in organisms that 

regularly experience high temperatures require stronger and more extensive interactions 

among residues, such as disulfide bonds and salt bridges to maintain stability27–29, 

whereas proteins in low-temperature regimes require greater internal flexibility to facilitate 

catalysis30. The large and abrupt fluctuations in body temperature of bats are representative 

of frequent thermodynamic changes that put different kinds of stress on proteins, which may 

require particular structural responses to maintain structure and activity30.

Beyond structural effects, mutations may also affect dynamics. Changes to local structure 

near the active site are particularly relevant, since such changes can affect both protein-

substrate interactions and catalysis. Stronger side-chain interactions within the active site, 

for instance, may increase constraint on the dynamics of the catalytic residues. At the same 

time, long-range effects of residue substitution are known31,32, suggesting that functionally 

relevant mutations may occur throughout the protein, as already observed for HIV protease33 

and SARS-CoV Mpro 34.

For SARS-CoV-2 Mpro, then, selection for successful replication in a novel host 

environment is likely to favor systematic changes in protein structure and dynamics, 

which in turn will favor specific patterns of substitution. Such patterns may or may not 

be evident from sequence alone, because many different mutations may lead to similar 

physical properties; however, if present, selection pressure should manifest as consistent 

differences between structural and dynamic properties of WT Mpro versus ecologically 

successful mutants. By contrast, functionally critical properties that must be conserved 

between human and prior hosts would be expected to remain similar for both WT and 

successful variants, and properties under neutral drift would be expected to show variation 

with no systematic change from WT. Examination of structure and dynamics across a 

large range of ecologically successful mutants compared to WT thus provides evidence 

regarding adaptation by Mpro to its new environment. Early studies have suggested that some 

Mpro variants do differ from WT in structure and dynamics11,35,36, motivating a systematic 

comparative analysis.

In this study, we identify evidence of selective pressure on the evolutionary adaptation of 

Mpro by analyzing results from molecular dynamics simulations and network analysis of 

all 1253 clinically identified variants of Mpro that were reported to the GISAID database 

over the first year of the COVID-19 pandemic (i.e., before February 25, 2021). Focusing 

on clinically observed variants allows us to work with mutations that were both functional 

and ecologically successful, in that they could successfully infect human hosts “in the wild.” 

To distinguish between effects arising directly from changes to the structure of the Mpro 

monomer and those emerging only in the dimeric state, we examine models of both the 

functional dimer and the free monomer in solution. Trends in physical properties of variants 

relative to WT are assessed using multiple techniques. Relative Solvent Accessibility (RSA) 

is used to calculate total surface area, providing preliminary information on the effect 
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of mutation on global structure. Internal changes to structure are further investigated by 

analysis of Protein Structure Networks (PSNs) to observe changes in internal residue 

interaction rates. The effects of substitutions on local dynamics are observed by comparing 

variation in torsion angles - extracted from dynamic simulation trajectories - between and 

within variants. Active Site Networks (ASNs) of each variant are constructed to measure 

local constraint on the active site. Finally, we investigate trends in the physical properties 

of amino acid substitutions, and explore the ways the location of certain substitutions - or 

lack thereof - contribute to a response to selective pressure that may be guiding the adaptive 

evolution of Mpro.

The results of the following analyses provide a rich context for understanding the physical 

adaptation of Mpro, and suggest a number of targets for experimental investigation, which 

will be required to probe the impact of the observed mutations on catalytic activity and 

kinetic parameters. Compared with WT, variants are observed on average to have more 

solvent-accessible surface area (SASA), indicating either an increase in size of surface 

residues or a loosening of internal structure. In the monomeric state, Mpro is observed 

to have lower cohesion overall, contributing to the loosening of the structure, while the 

dimeric state conserves internal interactions in domain 2. Backbone torsion angles are 

generally similar between the monomeric and dimeric states, with mutations having the 

greatest impact on the backbone structure of residues in domain 2 of both states. The two 

active sites of the dimeric state trend towards less constraint on the catalytic residues, but 

the monomeric state shows no definite trend, despite the similar effects of mutation on 

the structure of the monomeric and dimeric states. The substitutions themselves generally 

trend towards more hydrophobic residues, with certain frequently occurring mutations near 

the active site showing a trend toward more hydrophilic residues. Frequently observed 

mutations, including some located near the active site, have occurred in several unique 

branches, indicating a possible benefit to Mpro function that is supported by selective 

pressure on the enzyme.

Methods

Sequence Preprocessing

Human-derived SARS-CoV-2 full genome sequences were retrieved from the GISAID 

EpiCoV database37 on February 25, 2021 at 10:15 AM (PST). These were filtered for size 

and quality; those with <1 percent N content and lengths within +/−3 percent of the length 

of a designated WT sequence (RefSeq: NC 045512.213) (29,006 bp–30,800 bp inclusive) 

were retained for further processing. High-quality sequences were filtered for valid Mpro 

sequences, and then again for modellable Mpro sequences. For our purposes, “valid” 

sequences refer to those with no frameshifts, deletions, insertions, Ns, or non-standard 

IUPAC nucleotides (those other than A, C, U, G); “modellable” sequences are valid Mpro 

sequences with no non-synonymous mutations that result in either changes to the active 

site (H41 or C145) or premature stop codons, as the true functionality and/or translated 

structures of these variants are currently unknown. These Mpro sequences were located 

in and extracted from full genomes by using six 15-nucleotide keys, derived from the 
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NC_045512.2 reference Mpro sequence (loc: 10,055–10,972). All sequence preprocessing 

was done using custom scripts in Python (v3.7.6)38.

Alignments

All full genome alignments were performed using suggested MAFFT 

(v7.471)39 protocols for SARS-CoV-2 (https://mafft.cbrc.jp/alignment/software/

closelyrelatedviralgenomes.html). Full genomes were aligned to a WT reference 

(NC_045512.2), using the options “–auto” and “addfragments”; in order to retain site 

information for phylogenetic analysis, the “–keeplength” option was not used.

Clustering and Phylogenetic Tree

A phylogenetic tree was constructed for aligned full genomes that contained non-WT, 

modellable Mpro variants using FastTree (v2.1.11 SSE3)40,41 with OpenMP42 (FastTreeMP); 

the “-fastest” option was used. This included 70,246 full genomes with non-synonymous 

Mpro mutations (considered “variants”) and 34,909 full genomes with synonymous Mpro 

mutations (same protein sequence as WT). One WT full genome reference, (NC_045512.2) 

was also included. Visualizations were generated in R (v4.0.4)43 using ggtree44, ape45, 

ggplot246, treeio47, tidyverse48, ggtreeExtra44, aplot49, data.table50, svglite51.

Molecular Modelling of WT and Variant Structures

Monomer and dimer conformations of variant structures were predicted with MODELLER 

9.2352 using the PDB structure 6Y2E12 as the WT template. All structures underwent three 

rounds of annealing and MD refinement using “slow” optimization. The protonation states 

were corrected for the predicted cell environment using PROPKA 3.153. The corrected 

structures were minimized and equilibriated in explicit solvent. MD trajectories were then 

simulated from the corrected structures using NAMD54 with a CHARMM3655 force field 

and TIP3P water at 310 K under periodic boundary conditions for a water box with a 10 Å 

margin in an NpT ensemble. Solvated models were energy-minimized for 10,000 iterations, 

then simulated once for 10 ps to make water box size adjustments (for PME calculations), 

and once more for a 10ns trajectory with sampled conformations saved every 20 ps. 

Temperature control was maintained via Langevin dynamics with a damping coefficient 

of 1/ps, and pressure control was performed via a Nose-Hoover Langevin56 piston set 

at 1 atm. Visualizations and other static analyses are based on the final conformations 

from each trajectory, with full trajectories used for dynamic analyses. Visualizations were 

performed using VMD57. Solvent accessible surface area calculations were performed using 

the dssp.pdb function in the bio3d library in R58.

Network Analysis

All frames from each respective simulated trajectory were individually translated into PSNs 

using scripts written using the statnet, Rpdb, and bio3d libraries in R58–61. Vertices for 

each network follow the convention established by Benson and Daggett 62 - atoms are 

grouped into chemical moieties, each of which is represented by a node. Each residue is 

thus represented by a collection of nodes, and an edge (tie) is formed between two nodes 

when there exist respective atoms associated with each node that lie within a threshold 
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distance of each other in the selected frame. The distance cutoff used here is 1.1 times the 

sum of the respective van der Waals radii of the two atoms. An ASN63 was constructed 

for the active site of each variant structure by inducing a subgraph comprised of the nodes 

representing Cys 145, His 41, and all adjacent vertices from the respective PSN. PSNs and 

ASNs were calculated for all frames from each trajectory, all of which were used in the 

reported analyses.

Analyses of the PSNs used degree k-cores64 to characterize the cohesion of each monomer 

and dimer chain, with the core number of each node (i.e., the highest k such that the 

node belongs to the kth core) being employed as a measure of local cohesion. Mean core 

numbers for vertices within each domain, and for the protein as a whole, were used to 

assess cohesion; all quantities were computed within each frame, with trajectory averages 

used as for structural comparison. Autocorrelation-corrected bootstrap standard errors were 

calculated to control for within-trajectory temporal autocorrelation in the trajectory means, 

and variant values were treated as significantly different from WT if they differed by more 

than two standard errors. Calculations were done using the sna library in R65. Analyses of 

ASNs included calculations of degree, triangle degree, core number, and connectivity, each 

averaged over the active site. Here, degree refers to the number of ties a particular node 

has - i.e. the total number of contacts. Triangle degree refers to the number of triangles 

containing a particular vertex, and core number for these analyses was assessed within-ASN 

(as opposed to core number within the broader PSN). Connectivity was measured using 

the log of the number of indirect paths between the two active site residues. Together, 

degree, triangle degree, core number, and connectivity give an indication of the freedom of 

movement within the active site. This gives an approximation of an active site state, which 

can be used to distinguish active site conformations which are more “open” or “closed.” 

Quantitatively, we assess this via a constraint score, which is the score of each network on 

the first principal component of the combined and standardized degree, triangle degree, core 

number, and connectivity measures.

Results and Discussion

Variants Tend Toward Less Compact Mpro Structure

Surface area increases, but more so in the monomer than the dimer.—Overall, 

the most common effect of mutations on the monomer conformation is to increase the 

surface area of the enzyme, as shown in Figure 2, with 46.3% of variants with increased 

surface area (p-value = 0.01 using an exact binomial test), 53.1% with no change (p-value 

= 0.03), and 0.6% with decreased surface area (p-value <2.2×10−16). This could be a side 

effect of bulkier residues, or the result of a decrease in internal interactions. Alternatively, 

bulky and hydrophobic residue substitutions in the interior could cause the structure to 

expand outward to accommodate the larger side-chains.

The increase in surface area of the monomer is less pronounced in the dimeric conformation: 

although we do see a net tendency towards SASA increase (28.4% increased, 7.4% 

decreased, and 64.6% stay the same, p-values <2.2×10−16 using an exact binomial test), 

fewer variants show significant differences, and the location of WT within the distribution 

is less skewed. This suggests that surface enlargement occurs disproportionately within 
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the dimerization interface, resulting in a total surface area that is more conserved upon 

dimerization. That said, we still observe a significant bias towards higher-SASA dimers, 

which is consistent with selection favoring a somewhat looser, enlarged protein surface.

Global cohesion is lower in the majority of variants, except for domain 2 in 
the dimeric state.—Looking at the impact of substitution on cohesion within free Mpro 

monomers, we see a consistent pattern of structural “loosening” relative to WT, with 78.5% 

of variants showing significantly lower levels of cohesion, versus 0.3% showing higher 

levels (p-value <2×10−16 using an exact binomial test). PSNs measuring internal interaction 

rates between moieties show a decrease in internal cohesion in all domains of the monomer 

(Fig. 3), with a slightly reduced degree of loosening in domain 2. This suggests selection 

for increased flexibility at the level of individual proteins, possibly as a result of the more 

moderate thermal environment of the human host.

Is this monomer-level change retained upon dimerization? Fig. 4 shows that this pattern of 

reduced cohesion is largely preserved, with looser structures seen in entire dimerized chains, 

as well as internally within domains 1 and 3. Domain 2, however, shows a rather different 

pattern, with no clear evolutionary trend: indeed, a substantial fraction (33.1% in the high-

cohesion chain and 13.6% in the low-cohesion chain, p-values <2×10−16 using an exact 

binomial test) actually show enhanced cohesion versus WT. The presence of diversification 

(with some variants higher, others lower, and relatively few remaining similar) is compatible 

with the notion that domain 2 within the dimeric state is not being actively selected with 

respect to cohesion, and is subject to neutral drift. It is interesting to observe in this regard 

that we do see a cohesion-reducing trend for domain 2 in the monomer, and thus that the 

apparent direction of evolution is different for the components of active Mpro versus the 

active dimeric state itself; one plausible explanation is that the monomeric loosening within 

domain 2 arises as a side effect of overall selection for a less cohesive protein, but that 

interactions in the dimer interface do not preserve this property for that region in the dimeric 

state. Either way, we find no evidence that Mpro is being selected for a looser domain 2 

structure in the dimer.

Local structural changes due to mutations show similar effects for free and 
dimerized monomers, despite cohesion differences.—To assess local changes in 

backbone structure due to residue substitution, we compute the (angular) mean and variance 

for each backbone torsion angle in each trajectory for both free monomers and dimers. 

Using this, we compare the variance in angles within trajectory versus across trajectories, 

allowing us to determine the extent to which local structure differs across variants above 

and beyond natural variations due to protein dynamics. Figure 5 shows the log-ratio of the 

between-variant versus within-variant angular variance, plotted by residue. High log-ratio 

values (blue areas) show substantial sensitivity to mutations, while low log-ratio values (red 

areas) show little structural change relative to normal fluctuations due to protein dynamics. 

We see here that the bulk of the mutation effects are in or adjacent to domain 2, with 

domain 3 showing particularly low levels of sensitivity to observed substitutions. Taking 

these results in the context of the above findings regarding cohesion, we conclude that the 

cohesion changes seen in domains 1 and 3 are not due primarily to local deformation of 
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the backbone in these regions of the protein, but more plausibly to a combination of side 

chain interactions and interactions with domain 2 residues (which do show greater change 

in torsion angle). Local deformation in domain 2 may thus be less important for the impact 

it has on domain 2 itself (which, as seen above, is inconsistent), versus its effect on the 

network of contacts in the neighboring domains (which both show consistent patterns of 

change).

Figure 5 also reveals that the pattern of backbone structure change in the free monomer 

is extremely similar to what is observed in the dimerized monomer, indicating that local 

structural changes are not strongly affected by dimerization. The immediate impact of 

mutation on local (backbone) structure thus depends only on interactions that are internal to 

the Mpro monomer itself, and are not related to interactions across the dimerization interface.

Mutations Increase Active Site Flexibility in the Active Dimer State

Mutations increase active site flexibility in the dimer, but not the free 
monomer.—If mutations were selected to increase function of free monomers, the local 

structure around the active site of the monomer would be expected to show systematic 

change. This is not the case. As shown in Figure 6, constraint on the active site of the 

monomer does not trend in any direction; the presence of a large number of variants with 

either significantly higher (23.7%) or lower (11.2%) constraint levels suggests drift rather 

than conservation (p-values <2.2×10−16 using an exact binomial test). By contrast, we see 

evidence of systematic selection for lower levels of active site constraint (looser structure) in 

the dimeric state. Not only are the grand means across variants lower for dimer active sites, 

but the majority (59.7% in higher scoring chain, 69.1% in lower scoring chain, p-values 

<7.5×10−12, <2.2×10−16, respectively using an exact binomial test) of variants have mean 

constraint scores that are significantly below WT. The presence of large differences in the 

dimer vs. monomer sites indicates that active site loosening is not driven by local structural 

changes to the monomer itself, but instead emerges from interaction between monomers in 

the dimer.

The decrease in constraint of the dimer active sites supports the hypothesis that the 

enzyme is increasing flexibility to adapt to the cellular environment of the human host. 

The difference between the changes in the properties of the dimer versus free monomer 

sites further sheds light on the dramatically higher activity of Mpro in the dimeric state: 

although earlier work11 has shown that monomeric active site conformations do not differ 

markedly from dimeric ones, dimerization clearly shifts the equilibrium distribution of 

conformational states. Selection in this case appears to be operating on this shift, rather than 

on the underlying distribution, resulting in a pattern of changes that is selective for dimers 

while apparently neutral for free monomers.

Amino Acid Substitutions Favor Increased Size and Hydrophobicity

In general, substitutions increase hydrophobicity.—Out of the 306 residues of the 

mature Mpro sequence, 269 have been substituted in at least one variant. To analyze the 

trends in properties of the substituted amino acids a substitution network was created by 

forming an adjacency matrix of substitutions. The rows and columns of the matrix were 
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labeled with the 20 unique amino acids, and values in the matrix represented the frequency 

of each substitution occurring in the set of 1253 variants. This resulted in the network shown 

in Figure 7. Nodes represent unique amino acids, and edges represent the frequency of 

respective substitution. Substituted amino acids tend to be more hydrophobic and massive 

than their predecessors.

The large number of substitutions between certain residues, such as L → F, K → R, G → 
S, and A → V indicate that these substitutions are highly favorable. These four substitutions 

are all examples of an exchange for a bulkier residue, and in the case of G → S, a more 
hydrophilic residue. In the cases of L → F and K → R, the substituted residues are able 

to form more complex intermolecular interactions, with a wider range of pi-stacking and 

cation-pi interactions available compared to the starting residues.

Frequent substitutions near the active site are either similar in hydrophobicity 
or more hydrophilic, while those in domain 2 are more hydrophobic.—Figure 8 

shows the frequencies of variants containing a substitution at a particular residue. The three 

most common substitutions among variants, L89F, K90R, and G15S, all occur in domain 1, 

and are all substitutions for bulkier residues. The decrease in cohesion of domain 1 could be 

caused by an increase in solvent interactions due, in part, to these three substitutions.

The first rug in Fig. 8 is the mean change in hydrophobicity, and shows a greater occurrence 

of hydrophobic substitutions in domain 2 than in either other domain. This also coincides 

with residues being more buried, as shown in the second rug by the darker blue coloring. 

An increase in the hydrophobicity of buried residues in domain 2 could be a response 

to a decreasing hydrophobic effect required to maintain the cohesion needed for certain 

dynamics resulting from internal interactions occurring between the dimer interface and the 

active site. While there are some structural changes upon dimerization in domain 2 due to 

substitutions, as seen in Fig. 5, those substitutions tend to be for more hydrophobic residues 

that are participating in the dimer interface. Increasing hydrophobicity at the dimer interface 

would result in increased contact between the two chains due to the hydrophobic effect. 

Additionally, the location of more hydrophilic substitutions in regions where the chain is 

transitioning from the interior to the surface would cause a decrease in cohesion as those 

residues have stronger solvent interactions. Such regions are found in all three domains.

Persistent substitutions - those that occur most frequently - are shown in their location on 

one chain of the dimer in Figure 9. The most frequent substitution, L89F, is located between 

the folded β-sheets of domain 1. The substitution with a bulkier residue, phenylalanine, 

would push the β-sheets apart, reducing the cohesion of domain 1 and pulling the 

catalytic His41 back towards the β-fold. This change in structure of domain 1 would 

affect interactions between residues 43–50 and residues 186–190 on the unstructured loop 

between domains 2 and 3. There may also be some effect on the domain 1 residues near the 

N-terminus.

The substitution K90R would be expected behave similarly to L89F. However, this residue 

is facing out from the surface of the protein, and the substitution to arginine from lysine 

increases the number of potential hydrogen bonds that can be formed with the solvent in 
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addition to increasing the bulk of the side chain. This may cause the domain 1 β-fold 

to be pulled open from the outside, instead of pushed from the inside. Variants with the 

K90R substitutions may see less effect on the interactions between residues 43–50 and 

186–190, and more impact on the cohesion of domain 2 due to interactions between residues 

97–105 in the unstructured loop between domains 1 and 2. The substitutions of G15S and 

G71S occur much closer to the dimer interface. Glycine and serine are both highly flexible 

residues, so the substitution at these locations may not have an appreciable effect on local 

structure. However, the polar nature of serine may cause it to respond to dynamics of other 

residues. For instance, a serine at residue 15 or 71 may interact with the polar hydroxyl 

group on Y154 of the opposite dimer chain, which would cause some correlation between 

the dynamics of domain 1 of one chain and domain 2 of the opposite chain.

P108 and P132 together form the ends of a loop that extends through domain 2 to interact 

at the dimer interface, forming a large part of the dimer interface. The location of the P108S 

and P132S substitutions may optimize their effect due to their connections with the dimer 

interface and proximity to the active site. Persistent mutations that are more hydrophilic 

are located away from the dimer interface, or else function to maintain the location of the 

interface by becoming less susceptible to the hydrophobic effect. These mutations are all 

located in domain 1, yet have limited impact on the active site except when in the dimer 

conformation. The more hydrophobic of the persistent mutations are located in domain 

2, and have an influence on interaction at the dimer interface, while also having limited 

impact on the active site. The increasing hydrophobicity due to substitutions in domain 2 

contributes to the conserved cohesion of the domain, as well as the increased influence of 

the dimer interface on local structure.

Conserved residues are concentrated in domain 2, and tend to be polar.—
Substitutions in domain 2 for more hydrophobic residues may help to maintain the cohesion 

of the structure, as well as the dynamics resulting from interactions between the dimer 

interface and active site. Conserved residues may facilitate those dynamics to such an extent 

that any substitution that disrupts those interactions would inhibit function of the protein. 

This hypothesis is supported by the pattern of conserved residues in the dimer structure, 

shown in Figure 10.

Conserved residues in domain 2, located between the dimer interface and the active site, 

tend to be aromatic polar and nonpolar residues. Nonpolar residues that are conserved 

in domains 1 and 3 are by contrast non-aromatic. Acidic residues that are conserved are 

concentrated at the dimer interface near the N-termini, as well as on domain 2 at the active 

site. Polar residues other than Gly are concentrated around the active site, and at the dimer 

interface near the C-termini.

Relationships between Variants

Clustering in phylogenetic tree shows independent occurrence of frequent 
mutations, supporting the selective pressure hypothesis.—Frequent mutation is a 

form of adaptation in viruses66, but while many rare variants exist in the population through 

luck, those that are observed in large numbers may be evidence of selective pressure67. 
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Clustering patterns (Figure 11) have shown several large groups of recurring variants across 

disconnected lineages, supporting the hypothesis that this variation in sequence space may 

have also led to functional differences.

The most numerous mutations within the sample are, in increasing order: G71S, G15S, 

K90R, P108S, and L89F. These five were all present in a previous dataset from April, 

202011, though their prevalence in certain SARS-CoV-2 lineages were not necessarily as 

pronounced. Notably, G15S and K90R, which once dominated datasets over one year 

ago, have since been overtaken by L89F. Despite differences in raw counts, all five of 

these long-established mutations inhabit their own evolutionarily distinct clusters within 

the phylogenetic tree, often mimicking the large subtrees we saw in April, 2020 that were 

indicative of separate evolutionary events. Additionally, highly prolific mutations, including 

these five, have continued to remain viable in the population, co-occurring with secondary 

non-synonymous mutations that may impart their own structural or functional differences. 

For example, there are now 202 unique L89F variants (201 with at least one other amino 

acid mutation); in terms of mutational space, this means that nearly 1/6 of our unique variant 

dataset contains an L89F mutation. Although there is some overlap with other prominent 

mutations, much of that space is also taken up by G71S (36 variants), P108S (46 variants), 

G15S (74 variants), and K90R (97 variants).

Whole genome phylogenies are a useful tool in the study of viral evolution, but phylogenetic 

inferences should be made with the understanding that complex evolutionary dynamics 

are inherently difficult to capture. While neutral drift and selective mechanisms vie for 

control of genotypic diversity68, factors like sequencing errors and sampling bias can disrupt 

attempts to accurately quantify their effects69,70. The study of SARS-CoV-2 in particular is 

further complicated by large numbers of sequences with low sequence variation70, making 

it difficult to draw meaningful conclusions from phylogenetic analyses alone. Because of 

regional variation in sequencing rates and pandemic policy, it is difficult to know if the rise 

of certain variants is truly due to fitness, as is often suspected. However, the trends observed 

here in total surface area, cohesion, torsion angle variance, and active site constraint speak to 

adaptations resulting from selective pressure, and reinforce evidence to that end observed in 

Mpro’s phylogeny.

Conclusion

Taken together, our analyses suggest that the SARS-CoV-2 main protease is evolving in 

response to selective pressure, possibly brought by the difference in cellular environments of 

bats and humans. The resulting adaptations are observed to affect the global structure and 

active site dynamics of the dimer conformation differently than the free monomer, despite 

having similar impacts on the local backbone structure of both states; in the case of active 

site constraint, the observed pattern of change vs. wild type is seen only in the dimeric 

state, and thus emerges from interactions between monomers. Adaptations tend to conserve 

interactions at the dimer interface and in domain 2, while allowing the rest of the protein, 

including the active site, to become more flexible in the dimeric state. The locations and 

properties of frequently occurring substitutions, as well as that of conserved residues, help 
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elucidate the relationship between structure, dynamics, and function of Mpro as it is revealed 

by the process of selective adaptation.

As with any computational study, a major function of this work is to suggest targets 

for experimental investigation. Our findings suggest both general trends to be tested, 

and variants predicted to have extremal properties (relative to the ensemble); both tests 

of these hypothesized trends and examination of the relationship between the structural 

characteristics considered here and catalytic function would both shed light on Mpro 

evolution and help guide future computational studies. We also note that a number of 

other nsps (including the papain-like protease, PLpro 71) are also highly conserved within 

the beta-coronaviruses,72 suggesting mutation rates low enough to make computational 

studies like this one possible for such systems. Comparative analysis of changes seen across 

SARS-CoV-2 nsps in response to human host adaptation could provide deeper insights into 

ways in which evolutionary processes influence the molecular machines that carry out viral 

replication.
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Figure 1: 
Monomer and dimer conformations of the wild-type SARS-CoV-2 main protease (Mpro), 

based on respective atomistic molecular dynamics simulations of the free monomer (left) 

and dimer (right); MD simulations were based on the 6Y2E PDB crystal structure of 

Mpro 12, as described in the Methods section. Note the three domains (highlighted, left); 

the active site straddles the cleft between domains I and II, and faces away from the 

dimerization interface.
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Figure 2: 
Total mean SASA distribution of the monomer, dimer, and each dimer chain, across variants. 

WT value is in green; trajectories significantly higher than WT are shown in blue, lower 

in red (black values do not differ significantly from WT). Substantially more variants 

show increased SASA versus WT than decreased SASA. This is particularly true for free 

monomers, suggesting that mutations act in part through modifications to interfacial surface 

that is buried in the dimer.
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Figure 3: 
Mean cohesion of variants in the monomeric conformation, in decreasing order. WT is 

highlighted in green. Variants with mean cohesion scores significantly greater than WT are 

colored blue, and those significantly less than WT are colored red. A horizontal line through 

the distribution marks the grand mean. The majority of variants show less cohesion both for 

the monomer as a whole, and in each domain.
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Figure 4: 
Mean cohesion values for of all variants in the dimeric state. The same plot style and color 

scheme are used as in Figure 3. To break homodimer symmetry, chains were labeled for 

analysis based on the observed mean cohesion score (left higher, right lower).
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Figure 5: 
Comparison of monomer and dimer structures, with coloring corresponding to the log-ratio 

of between-chain variance and within-chain variance. Blue color shows higher between-

chain variance, red shows higher within-chain variance. Free monomer and dimeric 

monomer structures are overlaid; both show very similar patterns of change in backbone 

torsion angles.
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Figure 6: 
Mean ASN constraint scores by variant trajectory, for free monomeric and dimeric states; to 

break symmetry, dimeric active sites labeled based on mean constraint for analysis (middle 

high, bottom low). WT values indicated in green, grand mean indicted by horizontal line. 

Blue values are significantly more constrained than WT, red values are significantly less, 

black values not significant. Dimer active sites show reduced constraint for most variants, 

with no trend for the free monomer.
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Figure 7: 
Substitution network showing the trends in residue substitutions. Nodes represent unique 

amino acids, with directed edges in the direction of the substitution. Edges are weighted by 

the number of substitutions observed, with darkened edges for substitutions which occurred 

more than 20 times. Nodes are colored by the corresponding hydrophobicity of the amino 

acid.
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Figure 8: 
Frequency of substitutions along the main protease sequence. Colors indicate change in 

hydrophobicity resulting from the substitution, ranging from decreased hydrophobicity 

(blue) to increased hydrophobicity (red). A rectangular moving average of mean 

hydrophobicity change is shown below the bar plot using the same color scale. A rectangular 

moving average of the mean RSA of residues in the dimer conformation is shown at the 

bottom of the plot; darker values correspond to a more buried residue.
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Figure 9: 
Locations of persistent substitutions in a single chain of the main protease structure 

are shown by the respective amino acid vdW representation colored according to 

hydrophobicity, as well as the catalytic C145 and H41.

Diessner et al. Page 24

Biochemistry. Author manuscript; available in PMC 2024 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10: 
Conserved residues visualized in VMD using beads in their location on the dimer structure. 

Residues with a “halo” have an aromatic side-chain (Tyr, Phe, Hse). Blue are polar (Tyr, 

Asn, Gln, Ser, Hse, Gly), yellow are nonpolar (Phe, Cys, Ala, Leu, Pro). Acidic residues 

(Asp, Glu) are colored red.
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Figure 11: 
Phylogenetic tree (topology only) generated using all available full genomes from 1,253 

Mpro variants as of February 25, 2021, including variants with multiple non-synonymous 

mutations, and one WT reference sequence13. The five most common mutations are 

indicated by colored lines: purple - G71S, pink - G15S, orange - K90R, blue - P108S, 

red - L89F.
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