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ABSTRACT: The main protease from SARS-CoV-2 is a homodimer. Yet, a recent 0.1-ms-long molecular dynamics simulation
performed by D. E. Shaw’s research group shows that it readily undergoes a symmetry-breaking event on passing from the solid state
to aqueous solution. As a result, the subunits present distinct conformations of the binding pocket. By analyzing this long simulation,
we uncover a previously unrecognized role of water molecules in triggering the transition. Interestingly, each subunit presents a
different collection of long-lived water molecules. Enhanced sampling simulations performed here, along with machine learning

approaches, further establish that the transition to the asymmetric state is essentially irreversible.

he appearance of a new coronavirus has triggered a

pandemic that is still spreading throughout the world."”
The virus is closely related to other coronaviruses® such as
SARS-CoV and MERS-CoV and has been named SARS-CoV-
2. A number of vaccines were developed at an unprecedentedly
fast rate and have been provided to a significant fraction of the
human population.” However, the emergence of new variants
of the virus makes it imperative to concurrently advance drug
discovery.’

A target against SARS-CoV-2 infection is the main protease
(SC-2 MP™ hereafter)®™'” that cleaves the nascent viral
polypeptide chain. This enzyme is a homodimer, and the
presence of the two subunits is required for its biological
function.'” Each of the subunits is formed by three domains:
domains I (residues 10—99) and II (residues 100—182) have
an antiparallel f-barrel structure, while domain III (residues
198—303) forms a compact a-helical domain connected to
domain II by a long linker loop'® (Figure la,b). The enzymatic
reaction is performed by the catalytic His41-Cys145 dyad,
located in the S2 site of each of the subunits (see Figure S-1 in
the Supporting Information (s0)).!>

Although most X-ray studies on SC-2 MP™ show an almost
perfect symmetry of the homodimer,” indirect evidence
suggests that only one of the two subunits is catalytically
active in each of the subunits, as in a variety of other
homodimeric proteins.'> (i) In the almost identical homodi-
meric protein from SARS-CoV (SC MP®, 96% sequence
identity with SC-2 MP™),” one subunit is inactive because of
distortions of the active site;'™'" molecular dynamics (MD)
provided insight on this asymmetry,'® similarly to what has
been done for other homodimeric proteins.””*" (ii) Different
analyses of a 0.1-ms-long MD simulation, recently performed
by D. E. Shaw’s research group (DESRES),*” of SC-2 MP™ in
aqueous solution suggested that each of the two subunits visits
a different set of configurations™~>° after starting from a
symmetric X-ray structure (PDB 6Y84°°). This hints at a role
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of packing forces in the conformation of the protein.”’
Consistently, other MD studies suggested that only one
subunit is catalytically active.”>*’

Here we re-analyze the DESRES simulation,” focusing on
the factors that lead to symmetry breaking. The key role of
water is clearly apparent from the very first part of the
trajectory, in which the initial symmetry is broken. In fact, we
observe a single water molecule entering the binding pocket of
one of the subunits, which starts a series of changes that lead to
the disruption of the catalytic site and to symmetry breaking.
As in the SC MP™ dimerization and (in)activation,'” a key step
is the contact breaking between the N-finger terminus
(residues 1—7, Figure 1b) of one subunit and the m-shaped
loop (residues 135—146, Figure 1b) of the other one. After this
initial phase, a long-lived asymmetric state emerges, in which
the binding pockets of the two subunits have different volumes
and contain a different number of water molecules (see SI).

Could the protein swap from one asymmetric conformation
to the other? Our analysis helps us in identifying a slow mode
of the system that expresses the subunit active—inactive
transition. By amplifying its fluctuations by means of a newly
developed enhanced sampling method,* we are able to induce
transformations in which the subunits exchange their roles.
However, our estimate of the corresponding kinetic barrier is
so high that on the biological time scales this event is
unattainable. This reported stability of the homodimer
asymmetric state is practically irreversible.

We start by illustrating how the initial symmetric
configuration (PDB 6Y84°°) shown in Figure la—c is broken
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Figure 1. (a, b) Cartoons representing the SC-2 MP™ X-ray structure*® from two different viewpoints. The subunits, T in light blue and A in red,
consist of domains I-III. The m-shaped loop of I and the N-finger of A are shown in darker colors in a dashed circle. (c) Schematic of the protein
as shown in (b). (d—g) Symmetry breaking of I, as observed in the DESRES simulation.”> This event occurs between 0.75 and 1.035 gs. Only
residues relevant to the process are shown. (d) The initial conformations of the m-shaped loop and the N-finger (also in () and (b)). The two
regions interact via the Glul66@I— and Phel40@I—Serl @A H-bonds. (e) One water enters the S1 binding pocket and forms a bridge between
His163@I and Tyr161@I. (f) A rotation of Glul66@I leads to a breakage of its H-bond with the N-finger. (g) A water molecule that leaves the S1
binding pocket triggers a disruption of the hydrophobic contact between residues His163@I and Phel40@]I, leading to the deactivation of I.
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Figure 2. Average positions of (a) medium- and (b) long-lived water molecules inside of the two subunits of an SC-2 MP™ after 60.2 ys. In (a), the
distribution of water is asymmetric and delocalized, while in (b), the distribution is symmetrical in both subunits and consists of four hydration sites
(W1—W4). The water maximum lifetime 7, is indicated.

in the DESRES simulation.”” We follow in particular the intra-
and inter-subunit contacts which have been shown to be
crucial for the stabilization of the S1 binding pocket in SC-2
MP, Such contacts are the Phel40/His163 intra-subunit
hydrophobic interaction and the inter-subunit interaction
between the m-shaped loop and the N-finger, in particular
the Glul66/Serl H-bond (Figure 1d). We name the two
subunits A and I, anticipating that eventually the first one will
remain active and the other one will become inactive.
Following the observations from ref 16, the active form, in

contrast to the inactive one, satisfles simultaneously two
criteria which are essential in stabilizing the S1 binding pocket
(Figure 1d). First, it shows an intra-subunit z-stacking contact
between side chains Phel40 and His163 (Figure 1d). Second,
it has an inter-subunit hydrogen bond between its Glul66
residue and the Serl residue of the other subunit (Figure 1d).

After 750 ns, a water molecule bridges the imidazole
nitrogen atom of His163@I and the hydroxyl oxygen atom of
Tyr161@I (see Figure le). In another 150 ns, Glul66@I
rotates and the N-finger@A changes its conformation,
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Figure 3. Conformations of the m-shaped loop and the N-finger in (a) the inactive I and (b) the active A subunits in an equilibrated structure of
the DESRES simulation after 60.2 us. The positions of hydration sites with a water occupancy larger than 50% of the time are shown as red spheres.
The position of the catalytic dyad and the stackings between Phel40 and His163 and the S1 binding pocket are shown with labels (1)—(3),
respectively. Relevant hydrogen bond interactions between the two subunits are highlighted by a dashed line.

disrupting the link with the m-shaped loop@I (see Figure 1f).
Eventually, the water molecule exits from the S1 binding
pocket, leaving behind an empty space that leaves no steric
hindrance to stop the rotation of residue His163@I away from
Phel40@I. The rotation breaks the catalytic dyad of I (see
Figure 1g), while the one in A remains stable. This symmetry-
broken state is maintained for the rest of the simulation (about
99 us).

We concluded that water (within the well-known force field
limitations®"**) does play a role in the disruption of one of the
catalytic sites. This prompted us to investigate water dynamics.
We divided the water molecules inside the subunit in two
groups according to their lifetime during the last 99 us.

The long-lived water molecules (with a lifetime larger than §
us) are located in four spots (W1—WH4) whose position is
symmetrical in the two subunits (Figure 2b). The lifetime
increases on passing from W1 to W4. W1 and W2 bridge
domains I and II, while W3 and W4 sit in domains II and IIJ,
respectively. In W4, water is deeply buried and stays for the
entire dynamics. If a water molecule leaves W1—-W4, it is
quickly replaced by another one, supporting the notion that
water in these spots may have a structural role. The water
molecules lying on the W2—W4 spots are in close proximity to
positions observed by X-ray crystallography, with low values of
the Debye—Waller factor (PDB 6Y84,”° see Table S-1 and
Figure S-3 in the SI).

The medium-lived water molecules (with a lifetime between
0.5 and S ps) sit in non-symmetry-related positions (see Figure
2a), thus contributing to the asymmetry of what appears to be
the equilibrium state. They occupy a region that encompasses
the S1 binding pocket (see Figure 3). We refer to this region as
the water reservoir (see SI) and to the positions where water
accumulates as hydration sites. The asymmetry between
subunits I and A is mirrored in the larger number of hydration
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sites in I. Furthermore, in A, the water reservoir cavity is
essentially rigid and has a rather constant water occupation,
while in I it exhibits volume fluctuations correlated with its
content of water molecules (see SI).

The way in which the two subunits interact and their
respective conformation is correlated with their medium-lived
water content. In I, the m-shaped loop strongly interacts with
the N-finger of A via several hydrogen bonds; see Figure 3a. As
a result of these interactions, the large aromatic ring of
Phel40@I flips (Figure 3a). This event opens up a path for
water molecules to enter and, together with the reorientation
of the m-shaped loop and the hydrophobic 7-stacking of
His163@I and Phel40@I, leads to the collapse of the S1
binding site (indicated by label (3) in Figure 3a).

On the other hand, in A, the interaction between the m-
shaped loop@A and the N-finger@I is different (see Figure
3b). The Serl@I amino forms a hydrogen bond with the
carbonyl oxygen of Glul66@A and, together with the
hydrophobic interaction between the Hisl63@A and
Phel40@A, stabilizes the catalytic site (see label (3) of Figure
3b).

To determine whether the symmetry breaking can be
reversed, one can use enhanced sampling simulations.*® Here,
we apply the recently developed on-the-fly probability
enhanced sampling (OPES) method™ that is the latest
evolution of Metadynamics.”*>> Just like other enhanced
sampling methods, OPES requires the identification of
appropriate collective variables (CVs) whose fluctuations are
enhanced in a statistical mechanics compliant way.*?

Here, the CV construction is facilitated by the insight gained
by our examination of the DESRES trajectory. Our procedure
requires two steps. At first, we identify 26 descriptors that are
able to distinguish whether the catalytic site is active or inactive
by focusing on the region in the vicinity of the m-shaped loop,
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the N-finger, and the S1 binding pocket (see SI). Albeit these
descriptors focus on the protein conformation, we were guided
in their choice by the location of the hydration sites; thus,
water indirectly takes part in the descriptor set.

As a second step, we apply Deep-LDA,***” a machine-
learning-based procedure that, given a set of descriptors and
their fluctuations, is able to generate efficient CVs in the study
of transitions between metastable states. In our case, the states
in question are the configurations of the active and the inactive
subunits from the DESRES trajectory. By applying the
resulting CV independently to both subunits and starting
from the symmetry-broken homodimer state, we facilitate
transitions to the flipped homodimer where the two subunits
exchange their role. The ability of the CV to trigger transitions
crucially reflects the insight gained from our previous analysis.

We run a number of exploratory OPES simulations where, in
about 100 ns, we observe a few forth and back subunit
exchange events (see SI) that occur smoothly without passing
via unnatural conformations, reflecting the use of meaningful
CVs (see movie in the SI). Calculating an accurate free energy
surface is beyond present-day capabilities, given the size and
complexity of the system. However, we found it of interest to
determine, even if in an approximate form, the free energy
barrier corresponding to the subunit flip (see SI).

We estimate the barrier to lie between 125 and 150 kJ/mol,
which corresponds to an extremely rare event at room
temperature. Of course, such an estimate must be taken with
a lot more than a grain of salt. Nevertheless, considering that
the transition’s characteristic time far exceeds the SC-2 MP™
lifetime, we can be reasonably confident to say that the SC-2
MP™ asymmetric homodimer state is indeed irreversible.

In conclusion, our analysis of the long simulation in ref 22
on SC-2 MP™, complemented by enhanced sampling
simulations, suggests that water molecules in one of the two
subunits trigger a transition from a symmetric to an
asymmetric state in which only one of the two subunits is
functional. Such a transition is irreversible.
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