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To support this hypothesis, several binding properties were computationally predicted 
for the SARS-CoV-2 Spike protein S2’ cleavage site associating with the proteolytic active 
site of human TMPRSS2, the Moraxella serine protease (MSP; GenBank ID: MBC7754020.1) 
and the Pseudomonas sp. serine protease (PSP; GenBank ID: MCL6711730.1). Specifically, 
of interest to probing the relative capacity of TMPRSS2, MSP and PSP to proteolytically 
prime the Spike protein to breach host cells, calculations were performed to predict 1) the 
non-covalent binding free energy for a representative fragment of Spike binding to each of 
these protease active sites, 2) the mean catalytically-relevant approach distances between 
the proteolytic serine oxygen and a proximal nucleophilic carbonyl carbon on the Spike 
backbone were assessed, and 3) post-reaction simulations were performed to assess how 
readily the reaction products could dissociate from the protease. 

These characteristics were simulated using the gaussian accelerated molecular dynam-
ics (GAMD) [1,2] algorithm implemented in the NAMD [3] molecular modeling program. 
GAMD is an extensively validated model that, unlike conventional molecular dynamics 
simulations, employs more complex bonding, angle, torsion and non-bonding potentials 
that enable realistic sampling of a much greater conformational space that enhances free 
energy estimation, and essentially enables  simulations of practical length (millions of time 
steps) to sample, discover and compare areas of biomolecular conformation space that 
might only be explored in a much greater number (comparable to greater than two orders 
of magnitude) of conventional simulation steps [1,2]. The GAMD protocol helps to alleviate 
conformational bias inherent in specifying the initial starting structure for a simulation. Alt-
hough GAMD incurs greater computational expense per simulation step, the search versa-
tility is of tremendous practical value in producing objective predictions for protease-sub-
strate complexes that are still hypothetical (i.e., experimental proof of S2’ cleavage by MSP 
and PSP has not yet been reported), based on receptor structures (MSP and PSP) whose 
three dimensional structures can be computationally inferred through comparative model-
ing and threading, but whose precise native and complexed conformations have not been 
experimentally characterized. 

For all simulations the viral substrate was modeled as a 27 amino acid peptide (P809 - 
K835) spanning the S2’ cleavage site (R815-S816) from the SARS-CoV-2 omicron BA.5 spike 
protein, as conformationally resolved in the crystal structure 7WEB [4], which was chosen 
as a reasonable constitutional representative of the Omicron subvariants (our targets at the 
time of analysis), with the structural manifestation of the S2 hairpin feature described as 
facilitating association between the Spike receptor-binding domain and ACE2 [5].  
TMPRSS2 was modeled via the crystal structure 7MEQ [6].  The structure for MSP was 
solved for the Moraxella sp. serine protease sequence  (GenBank ID MBC7754020.1), via 
default threading and 3D modeling functions within the Phyre2 server [7], with 3D struc-
tures resolved for residues 27-225. PSP was solved for the Pseudomonas sp. serine protease 
sequence (GenBank ID: WP_082643865.1) in the same manner as for MSP, with 3D struc-
tures resolved for residues 29-231. 

Simulations to predict the catalytically-relevant substrate approach distances were pre-
pared according to the prospective starting conformations delineated by Fig. S1. For each of 
these four prospective starting conformations, the substrate and protease were aligned by 



 

 

hand in PyMol [8] by positioning the R815 backbone carbonyl carbon (sC) as closely as pos-
sible to the proteolytic serine side chain oxygen (pO) without incurring a substantial sub-
strate-residue clash.  Incremental constrained GAMD simulations were then performed.  
For each increment, the distance between sC and pO were rigidly constrained, all other de-
grees of freedom were subjected to 10000 steps of minimization, then were sequentially 
warmed (100 K for 20000 steps; 200 K for 20000 steps, 308 K for 1 × 105 steps) using NAMD 
(GAMD protocol; CHARMM 3.6 force field [9]; implicit solvent dielectric of ε = 20.0 via the 
GBSA model [10–12], as chosen to mimic a mucosal environment). At the end of the incre-
ment, the final structure was edited in PyMol to decrease the sC-pO distance by exactly 0.25 
Å, and the aforementioned minimization and warming steps were repeated. Incremental 
approaches were continued until the sC-pO distance was less than 6.0 Å. At this point, each 
of the four different approach conformations for the Spike/TMPRSS2, Spike/MSP and 
Spike/PSP complexes was assessed for binding stability via an additional 1x106 steps at 308K 
with no constraints.  For each substrate/receptor pair, the two conformations yielding the 
shortest mean sC-pO distance (over a 100 evenly sampled structures from the final 1 × 105 
steps) were retained for further analysis.   

 
Figure S1. Orientations of S2’ coil bound to TMPRSS2-like proteases via either mode 1 (green) or 
mode 2 (magenta). For frame of reference key receptor features include the conserved disulfide bond 
(yellow), the amphoteric histidine (blue) and the catalytic / nucleophilic serine oxygen (red spheres). 
From receptor adaptive fit, we predict that the serine may adopts a different conformation depend-
ing on different substrate binding mode (m1 conformation for mode 1; m2 for mode 2). 

Structures derived from the above protocol were used as a starting point for substrate 
approach distance analysis, and for binding free energy calculations. For each complex 
analyzed, the substrate approach assessment entailed profiling 1000 structures sampled 
evenly from the final 2 × 106 steps of a 5 × 106 GAMD simulation that propagate directly 
from the point of the preparative calculations described above. Free energy estimates were 
derived from these simulations via the standard Alchemical free energy perturbation in 
NAMD [3,13].  



 

 

Prediction of the product release profiles was accomplished via two sequential sim-
ulations for each relevant complex. The first simulation entailed editing the final structure 
from the substrate approach simulation (as described above), such that a chemical bond 
was specified from the catalytic serine to the substrate carbonyl at the point of cleavage 
(suitable force field parameters specified using patches available in the CHARMM 3.6 pa-
rameter set), followed by manual cleavage (via PyMol; protons rearranged to yield normal 
valences) of the C-terminal fragment of the substrate. The resulting cleavaged structure 
was permitted to adapt to its altered state via a constrained incremental sC-pO adjust-
ment, using the same strategy as described previously for construction of the non-covalent 
complexes, with the exception that incremental approach was halted once a sC-pO dis-
tance of less than 1.6 Å was achieved. Once a plausible sC-pO covalent distance had been 
attained in constrained form, the distance from the covalently bound sC atom to the man-
ually dissociated amide nitrogen on the C-terminal leaving group was monitored over 
1000 structures sampled evenly from a 5 × 106 GAMD simulation.  Release of the N-ter-
minal fragment was then simulated by taking the final structure from the C-terminal re-
lease simulation, manually editing the sC-pO bond to create a fully processed product, 
then optimizing the resulting structure (10,000 steps), followed by incremental uncon-
strained warming (100 K for 20000 steps; 200 K for 20000 steps, 308 K for 1 × 105 steps) 
followed by a full 5 × 106 GAMD simulation during which N-terminal fragment release 
was monitored as a function of unconstrained sC-pO distance. 
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