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ABSTRACT: The coronavirus main protease (Mpro) repre-
sents an attractive drug target for antiviral therapy of
coronavirus (CoV) infections, including severe acute respira-
tory syndrome (SARS). The SARS-CoV Mpro and related CoV
proteases have several distinct features, such as an uncharged
Cys-His catalytic dyad embedded in a chymotrypsin-like
protease fold, that clearly separate these enzymes from
archetypical cysteine proteases. To further characterize the
catalytic system of CoV main proteases and to obtain
information about improved inhibitors, we performed
comprehensive simulations of the proton-transfer reactions in the SARS-CoV Mpro active site that lead to the Cys−/His+

zwitterionic state required for efficient proteolytic activity. Our simulations, comprising the free enzyme as well as substrate−
enzyme and inhibitor−enzyme complexes, lead us to predict that zwitterion formation is fostered by substrate binding but not
inhibitor binding. This indicates that Mpro employs a substrate-induced catalytic mechanism that further enhances its substrate
specificity. Our computational data are in line with available experimental results, such as X-ray geometries, measured pKa values,
mutagenesis experiments, and the measured differences between the kinetic parameters of substrates and inhibitors. The data also
provide an atomistic picture of the formerly postulated electrostatic trigger involved in SARS-CoV Mpro activity. Finally, they
provide information on how a specific microenvironment may finely tune the activity of Mpro toward specific viral protein
substrates, which is known to be required for efficient viral replication. Our simulations also indicate that the low inhibition
potencies of known covalently interacting inhibitors may, at least in part, be attributed to insufficient fostering of the proton-
transfer reaction. These findings suggest ways to achieve improved inhibitors.

Over the past few years, the SARS coronavirus main protease
(SARS-CoV Mpro) has been extensively studied, mainly

because it is an interesting drug target for specific antiviral
therapy of severe acute respiratory syndrome (SARS).1−7

Furthermore, biochemical and structural studies of related
CoV main proteases revealed the conservation of key residues
involved in catalysis and substrate specificity,2,5,6,8,9 making the
SARS-CoV Mpro an excellent model for developing broad-
spectrum inhibitors targeting a wide range of human and animal
coronaviruses. The urgent need for developing such inhibitors
became apparent by the global SARS epidemic which emerged in
Southern China in 2002−2003 and rapidly spread worldwide,
infecting a total of 8096 people and causing 774 deaths,10 and this
need is now reinforced by the identification of a novel human
beta-coronavirus that recently emerged in the Middle East and,
similar to SARS, appears to be associated with severe respiratory
disease and high mortality.11−14

Irreversible inhibition involves the formation of a covalent
bond between the electrophilic group of the inhibitor (warhead)
and an active-site residue of the enzyme, thereby producing a
dead-end complex. Hence, in such cases the inhibition potency

partly depends on the reactivity of the electrophilic group. A
survey of irreversible CoV Mpro inhibitors developed over the
past 10 years (Table 1) reveals that none of the compounds
exhibits a reaction constant ki greater than 0.05 s−1, which is
considerably lower than the corresponding kcat values of the
substrate (0.8−3.3 s−1).15,16 The same also holds for some
reversible inhibitors (Table 1) which are known to interact
covalently with the enzyme. Such small ki values are surprising,
given that the same warheads were shown to react much more
efficiently with other cysteine proteases.17

The active site of SARS-CoV Mpro displays several distinct
features compared to archetypical cysteine proteases.2,3 Exper-
imental pKa measurements further suggested that, in striking
contrast to the thiolate/imidazolium ion pair found in
papain18−25 or cathepsins,26 the SARS-CoV Mpro catalytic
residues Cys145 and His41 adopt an uncharged resting state.27
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The well-known low reactivity of thiols compared to thiolates
indicates that, prior to the actual chemical reaction between
enzyme and substrate, the active site of the enzyme has to be
activated. This might happen through a proton transfer, leading
to a very reactive thiolate that represents the reactive species in
many other proteolytic reactions. Furthermore, the determi-
nation of turnover rates of ester and amide substrates hydrolyzed
by SARS-CoV Mpro revealed similar kinetic parameters under
both steady-state and pre-steady-state conditions, although the
chemical reactivities of the two substrates differ by a factor of
2000 in aqueous media in the absence of enzymatic activity.15

These and other data suggested a proteolytic mechanism for
CoV main proteases that, at least in part, differs from that
employed by cellular cysteine proteases such as papain-like
cathepsins. The specific catalytic properties of CoV main
proteases might also explain the relatively poor success with
developing highly active, covalently interacting inhibitors
targeting these enzymes (Table 1). Previously performed
model calculations of inhibition reactions of thiol-containing
enzymes have indicated that the proton transfer leading to the
thiolate/imidazolium ion pair is a necessary (and often rate-
limiting) step in the inhibition reaction.28 The limited success of
the inhibitors summarized in Table 1 may be due to the fact that
these inhibitors (in contrast to natural substrates) do not (or less
efficiently) promote this proton transfer. The Lewis structures of
selected inhibitors are illustrated in Table S1 of the Supporting
Information.
To get further insight into the mechanisms involved in

catalyzis and inhibition of the SARS-CoV Mpro, we decided to
perform a detailed atomistic study. Using a range of theoretical
approaches, we sought to develop a theoretical model that
accommodates previous experimental findings, such as the
existence of a neutral Cys-His catalytic dyad (rather than
thiolate/imidazolium pair), and may be suitable to identify
factors involved in the distinct catalytic mechanisms of the SARS-
CoV Mpro. As a starting point for our computational studies, we

used a range of X-ray structures available for SARS-CoV Mpro.
Furthermore, we took advantage of structures reported
previously for inhibitor and substrate complexes, which allowed
us to evaluate possible effects arising from substrate or inhibitor
binding.
The theoretical study was performed as follows. First,

molecular dynamics (MD) simulations were conducted and
compared to the available X-ray structures. This allowed us to
identify the most likely protonation state of the active-site
residues. Second, on the basis of the identified protonation state,
possible proton-transfer reactions within the active site were
evaluated in order to identify possible charge-relay mechanisms.
Because the latter would involve bond breakages, quantum
mechanics/molecular mechanics (QM/MM) calculations were
employed in these analyses. Third, to obtain insight into factors
that might promote or inhibit ion pair formation, the electrostatic
contributions around the active site sphere were investigated
using charge deletion analysis (CDA). In a final step, free energy
calculations, based on QM/MM/MD simulations, were
conducted to obtain thermodynamic and kinetic information
on the proton-transfer reaction between cysteine and histidine,
including specific entropic contributions. Conclusions derived
from these theoretical studies regarding potential functional roles
of specific residues in the Mpro active site were supported by the
CoV-wide conservation (or conservative replacements) of these
residues. Taken together, the data provide a basis for future
studies into the inhibition reaction occurring at the active site of
the SARS-CoV Mpro and are expected to facilitate the
development of more-effective inhibitors.

■ MATERIALS AND METHODS

Comparative Molecular Dynamics Simulations. All MD
simulations were conducted with the NAMD 2.6 parallel
molecular dynamics software.29,30 Each of the six simulations
contained an overall number of about 68 500 atoms and was
simulated for 10 ns by using time steps of 1 ps. Solvent was

Table 1. Overview of Previously Reported Irreversible Inhibitors of the SARS-CoV Mpro a

year warhead Ki ki (s
−1) IC50 PDB ref

2003 chloromethyl ketone 2 mM 1UK4 Yang et al.3

2005 α,β-unsaturated ester 6.7 μM 0.0022 2AMD Yang et al.5

2005 α,β-unsaturated ester 0.52 μM Shie et al.127

2005 α,β-unsaturated ester 0.0002 45 μM 2ALV Ghosh et al.101

2005 etacrynic acid derivative 35.3 μM Kaeppler et al.128

2005 epoxide 18 μM 0.035 2A5I Lee et al.102

2005 aziridine Martina et al.129

2006 benzotriazole ester 7.5 nMb 0.0011 Wu et al.130

2006 aldehyde 0.05 μM 2GX4 Yang et al.98

2007 epoxide 2GTB Lee et al.95

2007 α,β-unsaturated ester 1.9 μM 0.035 2HOB Xue et al.96

2007 α,β-epoxy ketone 2.2 μM 0.004 2OP9 Goetz et al.103

2007 phthalhydrazide 0.25 μM 2Z3C Yin et al.97

2008 aldehyde 37 μM Akaji et al.131

2008 benzotriazole ester 1.38 μM 0.013 2V6N Verschueren et al.99

2011 α,β-unsaturated ester 330 μM 3AVZ Akaji et al.104

2011 aldehyde 2.2 μM 2SN8 Zhu et al.105

2013 nitrile 4.6 μM 3VB3 Zhu et al.100

aThe warhead describes the chemical moiety that was used as electrophilic building block to attain irreversible inhibition. Respective Ki, ki, or IC50
values are given as published. Available X-ray structures of enzyme−inhibitor complexes are indicated by four-letter Protein Data Bank identifiers
used by the Research Collaboratory for Structural Bioinformatics (RCSB).34 bKi values reported in this work could not be reproduced by
Verschueren et al.,99 who measured significantly reduced inhibition potency in the micromolar range. Please note that aldehyde-based105,131 and
nitrile-based100 inhibitors, which are known to react covalently, are weak reversible inhibitors.
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explicitly included in the simulations as a droplet approach and
comprised a diameter of 110 Å for the employed water shell.
Simulations were conducted as NVT ensemble, by using the
Verlet integration method31 and the SHAKE algorithm32 for the
water molecules to reduce internal degrees of freedom.
Furthermore, constraints were applied by using a spherical
boundary condition beyond a radius of 55 Å from the model
system’s center of mass, to prevent water molecules from
evaporating from the solvent shell into vacuum during the
simulation.
All simulations were based on the PDB structure 2DUC33 of

the SARS-CoV Mpro dimer that was obtained from the RCSB
database.34 They were performed in an identical manner using
the following protocol. The protonation state of titratable
residues, such as histidines, were set according to a pH value of 7,
and empirical pKa value predictions were made using the
PROPKA methodology.35−37 The protonation states of the
active-site residues His41, Cys145, and the neighboring His164
residue were set according to one of the six possible protonation
states, as shown in Scheme 2 in the Results and Discussion, in six
individual MD simulations. The protein structures were
embedded in a TIP3 water shell38 and water molecules initially
minimized in their energy for 1000 steps to remove molecular
strains, especially at the protein−water interface. Subsequently,
the model systems were heated in gradual steps of 10 K until
reaching the final simulation temperature of 310 K, while keeping
the protein structure fixed. After heating, simulations were
equilibrated for 1 ns under successive release of the spatial
constraints that were put on the protein backbone. Finally,
production runs were performed for 10 ns and trajectories
recorded in 10 000 step windows, resulting in 1000 frames for
each simulation. Subsequent data analysis for root-mean-square
deviation (RMSD) plotting and statistical structure analysis
(histograms) were performed with VMD.39 The respective
RMSD values as a function of simulation time are given in the
Supporting Information.
Histogram analysis for the Cys145−His41 distance was based

on atom distances between sulfur (Cys145) and nitrogen
(His41) for each trajectory. A binning size of 0.05 Å was
employed for the distance range from 2.0 to 10.0 Å and the
number of counts per bin were taken relative to the overall
number of 1000 recorded distances.
QM/MM Potentials. QM/MM potential energy surfaces

(PESs) were calculated with the Chemshell 3.2 software
package.40 The QM/MM system was set up from a
representative snapshot of the MD simulation according to the
Cys145-His41-His164 state. The water shell was reduced to a
radius of 30 Å around the active-site residues and further kept fix
for radii greater than 10 Å to save computational resources during
energy minimizations. Water molecules within the radius of 10 Å
were kept rigid with respect to internal degrees of freedom, with
the exception of the bridging water molecules involved in proton-
transfer reactions. The employed QM part was defined by the
side chains of active-site residues Cys145 and His41, His164, and
the two bridging water molecules as shown in Figure 2 and
further illustrated in Figure 3 in the Results and Discussion.
Calculations of the QM part were performed with the
TURBOMOLE 5.9 suite of programs.41 High-level approaches
which are needed for some properties or special reactions42,43 are
too expensive for the present study. Because a recent benchmark
study44 proved the good ratio between accuracy and computa-
tional costs, the B3LYP exchange correlation functional45−47 in
combination with a TZVP basis set48,49 was used for energy

calculations “on top” of the RI-BLYP/TZVP structure
optimizations,45,49−53 as successfully applied in several earlier
studies.26,28,54−57 According to a recent benchmarking,44 the
error with respect to structure optimizations on the B3LYP/
TZVP or even higher level of theory can be expected to be below
2 kJ/mol. The benchmark also showed that in comparison to the
LCCSD(T)/QZVP method the present approach under-
estimates the energy difference between the neutral and
zwitterionic state by about 17 kJ/mol. For the MM part, the
CHARMM22 all-atom force field58 was employed. For QM/
MM coupling and boundary treatment across chemical bonds, an
electrostatic embedding scheme59 and furthermore the link atom
approach60 were employed. Detailed reviews of the applied
approaches have been published previously by Senn and Thiel,61

and others.62,63

Valid reaction coordinates that connect the different
protonation states between the active-site residues Cys145,
His41, and His164 in a meaningful way were carefully identified
by probingmultiple PES calculations with different combinations
of bond length changes within the complex hydrogen bond
network, as shown in the Results and Discussion in Figure 2. The
reaction coordinates r1(O−H) and r(N−H) were assessed to be
suitable descriptors to model the proton-transfer reactions
between Cys145/His41 and His41/His164. Relaxed QM/MM
PESs were mapped by changing the reaction coordinates in
incremental steps of 0.1 Å and subsequent constrained energy
minimizations with respect to the two coordinates for each grid
point. For energy minimizations, hybrid delocalized internal
coordinates (HDLC)64 were used.
Averaged QM/MM energy potentials for the proton transfer

between the Cys145-His41-His164 and Cys145(−)-His41(+)-
His164 states were calculated for three QM/MM setups that
were prepared using the procedure described above for the QM/
MM energy surfaces. The three model systems (free enzyme,
inhibitor-bound enzyme, and substrate-bound enzyme) were
based on X-ray structures 2DUC,33 2AMD,5 and 2Q6G,6 as
illustrated in the Results and Discussion in Figure 3. For the
averaging of proton-transfer potentials, 10 snapshots were taken
from each MD simulation, one for each 1 ns window over the
whole simulation time of 10 ns. The QM part was restricted to
the relevant parts, comprising the side chains of the Cys145 and
His41 residues, and also included one bridging water molecule in
the case of the free enzyme. QM/MM energy curves were
calculated in forward and backward directions to ensure
meaningful minimum energy paths for the transition between
the Cys145-His41-His164 and Cys145(−)-His41(+)-His164
states. Therefore, averaging was done in sum over 20 minimum
energy paths that were aligned by least-squares fitting technique.
Furthermore, standard deviations for the relative energies ΔU
were calculated for each point of the proton-transfer curve.

Charge Deletion Analysis. The CDA, also denoted as
decomposition analysis, computes changes in the relative
energies ΔΔU that are due to switching off the electrostatic
point charges for certain parts of the QM/MM system by simply
setting them to zero. This method has been applied successfully
in different forms by several other QM/MM studies.26,65−69 For
the given purpose, the two minima Cys145-His41-His164 and
Cys145(−)-His41(+)-His164 that are located at r(S−H) = 1.4
Å and r(S−H) = 2.0 Å were taken from the 11 calculated proton-
transfer potentials, as described above, and calculated for their
relative QM/MM energy. This difference between the neutral
(N) and zwitterionic state (ZW) is abbreviated ΔU(ZW). Then,
a series of QM/MM energy calculations were repeated with
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identical structures, but with individual residues that were
deleted by their point charges in the MM part. This was done for
the side chains of each of the amino acids Arg40, His164, Phe181,
and Asp187 and the whole salt bridge formed by the Arg40−
Asp187 residues. Other important parts around the active site,
like the buried water molecule H2O@His41, the inhibitor, or the
substrate, were also included in the analysis. Furthermore, the
solvent water shell, the whole protein structure, and the
individual protomers A and B were switched off, respectively.
Th e d iff e r e n c e b e tw e e n t h e ob t a i n e d en e r g y
ΔU(ZW)MM charges off, when switching off a certain part of the
system, and the unaffected relative energy ΔU(ZW) gives an
estimate of the stabilizing or destabilizing electrostatic effect of
this part on the Cys145(−)-His41(+)-His164 state.

ΔΔ = Δ − ΔU U U(ZW) (ZW) (ZW)MM charges off

The sign of the ΔU values indicates whether the selected part
has a stabilizing or destabilizing impact on the formation of the
zwitterion. Positive energy values for ΔU indicate a stabilizing
contribution, whereas negative values indicate a destabilizing
effect. To take structural fluctuations during the MD into
account,70−75 averaging was done over 11 snapshots, similar to
the procedure described for the proton-transfer potential. This
also allowed the calculation of standard deviations in order to get
an estimate for the fluctuation of the electrostatic contribution.
Free Energy Calculations. Free energy potentials of the

cysteine histidine proton transfer were obtained by QM/MM
potential of mean force (PMF) calculations,76 using the AMBER
11 suite of programs.77 Simulations were performed for the free
enzyme and the substrate-bound model. Reasonable starting
structures were already available from the classical MD
simulations. The selection of the QM part was done as for the
QM/MM minimum energy path calculations and included the
side chains of Cys145 and His41, and one bridging water
molecule in the case of the free enzyme. The semiempirical
PM3/PDDG method78,79 was employed for the quantum
chemical calculations because it was recently proven by
benchmarking data to be more reliable than other semiempirical
Hamiltonians (RM1, AM1, MNDO).44 Nevertheless, the
benchmarking results have shown that PM3/PDDG over-
estimates the energy difference between the neutral and the
zwitterionic state by about 21 kJ/mol (LCCSD(T)/QZVP
benchmark). This means that in comparison to the B3LYP/
TZVP methods which are used for the QM/MM minimum
energy path calculation a difference of 38 kJ/mol can be
expected. For the MM part, the ff99SB parameter set from
Hornak and Simmerling80 was employed, as implemented in
AMBER. The two model systems were set up identically to the
classical MD simulations, comprising spherical boundary
conditions, 1 fs time steps, and 310 K simulation temperature.
In order to perform PMF calculations, an umbrella sampling81,82

was employed by using a bias potential along the reaction
coordinate. Each window was simulated for 50 ps. The influence
of the simulation length on the PMF results is shown in the
Supporting Information which gives an estimate of the change in
relative energies in relation to the sampling period applied.
Although longer simulation time provided better results, the
sampling times had to be restricted to 50 ps in order to keep
computational costs at a reasonable level. Despite these slight
limitations, the maximum deviation between relative energies
obtained by 50 and 100 ps was consistently found to be below 16
kJ/mol and, thus, clearly below the intrinsic error of the PM3
Hamiltonian. The bias potential was set up for the r(S−H) bond

of Cys145 and the r(N−H) distance of His41 in the case of the
substrate-bound model system, as illustrated in Figure 3e in the
Results and Discussion. The proton transfer required 16
simulation windows with incremental shifts of 0.1 Å for the
bias potential minimum to achieve the transition from the
Cys145-His41-His164 to the Cys145(−)-His41(+)-His164
state. For the free enzyme, which involves a water-mediated
proton transfer, the calculation of a two-dimensional PMF
energy surface with 272 simulation windows was necessary to
obtain the minimum energy path that connects the Cys145-
His41-His164 and Cys145(−)-His41(+)-His164 state. Here,
the r(S−H)/r1(O−H) and r2(O−H)/r(N−H) coordinates were
used, as illustrated in the next section in Figure 3d.

■ RESULTS AND DISCUSSION
Comparative Molecular Dynamic Simulations. A

topological analysis of the SARS-CoV Mpro active site reveals
an interesting network of amino acids that exhibit different
possibilities for individual protonation states of the titratable
residues. The active site of the SARS-CoV Mpro and its
neighboring residues (Scheme 1) contains four titratable

residues, Cys145, His41, His164, and Asp187, that, hypotheti-
cally, could exist in a variety of different protonation state
combinations. Permutation of all these protonation states would
formally lead to 24 (16) possible combinations. Asp187 forms a
salt bridge with Arg40. It seems reasonable to suggest that this
residue has an deprotonated carboxylate group, since proto-
nation of the Asp187 COO−moiety would lead to the disruption
of the salt bridge which, in turn, would require to overcome a
stabilizing energetic contribution of about 15 kJ/mol.83

Furthermore, we considered it extremely unlikely that positive
charges of residues His41 and His164 are positioned next to each
other. The remaining six hypothetical combinations of
protonation states for the residues Cys145, His41, and His164

Scheme 1. Schematic Drawing of the Catalytic Dyad Cys145/
His41 of SARS-CoV Mpro and Selected Neighboring Residues
Potentially Involved in Enzyme Catalyzisa

aHydrogen atoms are omitted for the sake of clarity. The water
molecule in the middle (H2O@His41) possesses a stable position and
is trapped between His41, His164, and Asp187.
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are depicted in Scheme 2. Although some combinations appear
more likely than others, it was not possible to draw definitive
conclusions regarding the predominant situation.
Generally, X-ray structures do not provide direct information

on the protonation states of specific residues because only heavy
atoms are detectable using routinely applied procedures of X-ray
crystallography. To some extent, however, information on
protonation states may be derived from the structural arrange-
ment of heavy atoms whose precise positions are affected by the
underlying hydrogen bond networks. Hence, structural compar-
ison of different theoretical protonation state models, such as
those obtained by MD simulations, with the experimentally
determined X-ray structure may help to identify (most) probable
and less likely protonation states. A key parameter in this analysis
is the degree of similarity between simulated and experimental
structure which can be ranked using RMSD values or important
geometric parameters.
In this study, we simulated six possible protonation states with

identical work flows for 10 ns, as described in the theoretical
calculations section, and analyzed their structural properties. The
quality of the MD simulations was assessed by determining the
RMSD of the frames with respect to the first frame of the
simulation. Detailed plots of RMSD values are given as a function
of simulation time in the Supporting Information. All simulations
remained stable after a period of about 1 ns and possessed
average RMSD values between 1.7 and 2.1 Å over the whole
simulation time of 10 ns. Although minor differences were
observed for the individual simulations they were considered too
small to draw reliable conclusions.
The distance between the catalytic residues Cys145 and His41

may provide a more suitable criterion for comparisons as

suggested previously in MD studies of the SARS-CoV Mpro.84,85

A comparative histogram analysis of the observed Cys145−
His41 distances recorded throughout the individual trajectories
is shown in Figure 1. The histograms show the distance values
that are most likely observed during the simulation, together with
their statistical distribution along the distance axis. Furthermore,
the distribution profiles were compared to the experimentally
available Cys145−His41 distances from six published X-ray
structures. The comparison of the individual histograms shows
very broad distance distributions for the Cys145(−)-His41(+)-
His164 and Cys145-His41(+)-His164 protonation states,
slightly sharper distributions for the Cys145(−)-His41-His164
and Cys145-His41-His164(+) configurations, and apparent
sharp peaks for the distributions of the two protonation states
Cys145-His41-His164 and Cys164(−)-His41-His164(+). Be-
side these narrow distance distributions, the latter ones also
revealed the best agreement with the experimental values
obtained by X-ray crystallography. The data lead us to conclude
that Cys145-His41-His164 and Cys145(−)-His41-His164(+)
are the most probable proton configurations for the considered
active-site residues. However, on the basis of these data it was not
possible to infer which one of the two configurations is
predominant, since the distance profiles obtained proved to be
very similar.
To gain more detailed information, the comparison between

the MD simulation results and the X-ray structures was extended
by using a set of three additional geometry parameters that
includes structure information on a slightly larger part of the
active site. For this purpose, the hydrogen bond network
involving His41 was considered more extensively, including the
buried water molecule H2O@His41 that occupies a position

Scheme 2. Six Possible Protonation States of the Active-Site Residues Cys145, His41, and His164a

aWater molecules are neglected in this scheme for the sake of clarity. A complete scheme with the topology of the active site of SARS-CoV Mpro is
given in Scheme 1.
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between residues His41, His164, and Asp187 (Scheme 1).
Averaged values for the four important geometry parameters are
summarized in Table 2. To get an estimate of the significance of
the structural agreements or disagreements with the exper-
imental values, the average values and standard deviations were
calculated for the set of six measurements from the X-ray
structures. The averaged distance values from MD simulations
were then compared with the experimental standard deviations
to decide whether or not they are consistent with the available X-
ray structure information. Considering all geometry parameters,
we found that only the Cys145-His41-His164 state is in good
agreement with each of the four distance values.
We therefore concluded that the catalytic dyad most likely

exists in a neutral (uncharged) resting state Cys145-His41-
His164, which also conforms to experimentally determined pKa
values of 7.7−8.3 for Cys145 and 6.2−6.4 for His41.15,27

Furthermore, our MD simulations revealed that His164 is
uncharged as well, since protonation of this residue would
strongly interfere with the rigid hydrogen network accommodat-

ing the buried water molecule H2O@His41. A further interesting
observation relates to the Cys145−His41 distance, which was
determined to be in the range of 3.6−3.7 Å. Obviously, this
distance is too large to allow direct hydrogen bond interactions
between the donating cysteine thiol group and the accepting
histidine nitrogen atom, suggesting that the catalytic dyad
possesses a bridging water molecule between the two residues,
which is in perfect agreement with our simulation trajectory.

Proton-Transfer Potentials. The presence of an uncharged
thiol/imidazole state of the SARS-CoV Mpro catalytic dyad
implies that the enzyme employs a general base-catalyzed
mechanism.27 This usually includes deprotonation of the thiol
group, assisted by the neighboring histidine residue, and
subsequent attack of the formed thiolate at the electrophilic
substrate’s amide moiety or, alternatively, at an inhibitor
warhead. Theoretical studies have shown that this most likely
involves a two-step mechanism of deprotonation and subsequent
nucleophilic attack, rather than a (single) concerted reaction.28

Therefore, the kinetic and thermodynamic characteristics of the
initial deprotonation step are of particular interest to understand
the mechanisms involved in both enzyme inhibition and
substrate cleavage.
For the given case, a QM/MM model system was set up to

calculate minimum energy paths of possible proton-transfer
reactions within the active site of the SARS-CoV Mpro. The
topology of the active site (Scheme 1) shows that, beside the
proton transfer between Cys145 and His41, a second proton
transfer between His41 and His164 could occur which, if
confirmed, would be mediated by the buried water molecule
H2O@His41. To evaluate this possible proton relay mechanism,
the QM part of the system was set up to include the side chains of
Cys145, His41, His164, and the two bridging water molecules, as
shown in Figure 2 (right-hand side, top). Parameters for the
stationary states I−IV are provided in Table 3 and Scheme 3. The
MM part includes an aqueous solvation sphere and both
protomers of the dimeric SARS-CoV Mpro structure, the latter
being of special importance since only the dimeric structure has a
catalytically competent conformation.84,86−88 The QM/MM
setup is illustrated below in Figure 3a. In order to “drive” the
desired proton-transfer reaction and calculate the respective PES,
suitable reaction coordinates had to be determined. The chain of
directly involved bond length changes involves as many as eight
bonds (four chemical bonds, and four hydrogen bonds) for the
given case, as depicted in Figure 2 (right-hand side, top).
Nevertheless, most of the bond length changes can be expected

Figure 1. Histogram analysis of the Cys145−His41 distances as
obtained from the six MD simulations (solid lines). Histogram profiles
refer to the protonation states defined in Scheme 1. Populations of
observed distance values were obtained through statistical binning with a
resolution of 0.05 Å and are given in relation to the overall number of
1000 measured points (in percent). Experimentally determined values
from the six X-ray structures 1UJ1,3 1UK3,3 2H2Z,96 1UK2,3 2GT7,95

and 2DUC33 are indicated by vertical dashed lines.

Table 2. Comparison of MD Simulation Results with Available X-ray Structuresa

Cys145(S)−His41(NE) His41(ND)−H2O(O) His164(NE)−H2O(O) Asp187(OA)−H2O(O)

d Δd d Δd d Δd d Δd

X-ray datab 3.71 ±0.15 2.83 ±0.24 3.06 ±0.10 2.88 ±0.16
Cys145-His41-His164 3.59 −0.12 (+) 2.90 0.07 (+) 2.96 −0.10 (+) 2.75 −0.13 (+)
Cys145(−)-His41(+)-His164 6.11 2.40 (−) 5.09 2.26 (−) 3.02 −0.04 (+) 2.80 −0.08 (+)
Cys145(−)-His41-His164(+) 3.59 −0.12 (+) 4.84 2.00 (−) 3.77 0.71 (−) 5.57 2.69 (−)
Cys145(−)-His41-His164 4.83 1.13 (−) 2.93 0.10 (+) 2.94 −0.12 (−) 2.79 −0.09 (+)
Cys145-His41(+)-His164 7.10 3.39 (−) 5.07 2.23 (−) 3.05 −0.01 (+) 3.77 0.89 (−)
Cys145-His41-His164(+) 4.41 0.71 (−) 6.57 3.73 (−) 3.21 0.15 (−) 2.91 0.03 (+)

aCompared were the mean values of selected geometry parameters of the active site, in Å. Distance values d were obtained from MD simulations and
calculated as mean values over the whole simulation trajectory of 10 ns. The deviation Δd indicates how this value deviates from the experimental
value (mean of six X-ray measurements) that is given in the first row. Positive and negative signs indicate whether the deviation of the simulated
mean value Δd ranges within (+) or outside (−) the standard deviation (±) of the X-ray reference value. bMean values and standard deviations (±)
from the set of six X-ray structures 1UJ1,3 1UK3,3 2H2Z,96 1UK2,3 2GT7,95 and 2DUC.33
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to be correlated with each other. To evaluate this, the two
transitions between the Cys145-His41-His164 to Cys145(−)-
His41(+)-His164 states (Figure 2, left-hand side, bottom) and
the Cys145(−)-His41(+)-His164 to Cys145(−)-His41-
His164(+) state (Figure 2, right-hand side, bottom) have been
calculated separately in individual PES calculations. They
comprise two reaction coordinates, respectively, one for the
deprotonation of the amino acid moiety, and one for the
deprotonation of the bridging water molecule. The shape of the
two PESs (Figure 2, bottom) shows that both minimum energy
paths proceed in a concerted way, without the occurrence of
(meta)stable H3O

+ intermediates. Therefore, the proton-transfer
reactions for the Cys145-His41-His164 to Cys145(−)-His41-

(+)-His164 transition and the Cys145(−)-His41(+)-His164 to
Cys145(−)-His41-His164(+) state can be described by using
only one coordinate for each transition, since all other bond
lengths follow smoothly according to this coordinate and are
therefore directly correlated to each other.
For the description of the whole charge-relay mechanism

(Figure 2, left-hand side, top) the r1(O−H) and the r(N−H)
coordinates were selected. From the PES, four local minimum
states I−IV could be found, which are connected to each other by
definite transition state passes. The relative energies ΔU of the
located minima and maxima with respect to the state of lowest
energy Cys145-His41-His164 (I) are summarized in Table 3.
The thermodynamic equilibrium between the Cys145(−)-

Figure 2. Calculated QM/MM potential energy surfaces (PESs) of the different protonation states of SARS-CoV Mpro active-site residues Cys145,
His41, and His164. Proton transfers are mediated by two bridging water molecules. All energies are given in kJ/mol. I−IV as defined in Table 3. PESs
refer to the free enzyme QM/MM system (a) (see Figure 3) in the absence of inhibitor or substrate bound to the active site. The employed QM
subsystem and reaction coordinates that were used for “driving” the proton-transfer reactions are given at the top on the right-hand side. The reaction
coordinates r1(O−H) and r(S−H) (left-hand side, bottom) and further r2(O−H) and r(N−H) (right-hand side, bottom) were smoothly coupled to
each other and, therefore, it was considered sufficient to use only one of these coordinates for the proton transfers between Cys145/His41 and His41/
His164. The PES on the left-hand top side combines the Cys145/His41 proton transfer by using ther1(O−H) coordinate on the first axis and theHis41/
His164 proton transfer by using the r(N−H) coordinate on the second axis, providing relative energies for the four different protonation states I−IV and
their respective transition states.

Table 3. Located Minima and Maxima on the Potential Energy Surface (Figure 2, left-hand side, top) and Their Relative Energies
ΔU with Respect to the Neutral State Cys145-His41-His164 (I) in kJ/mol

minima transition states

point refers to state ΔU point refers to transition ΔU

I Cys145-His41-His164 0 I−II* Cys145-His41-His164 to Cys145(−)-His41(+)-His164 101
II Cys145(−)-His41(+)-His164 87 II−III* Cys145(−)-His41(+)-His164 to Cys145(−)-His41-His164(+) 117
III Cys145(−)-His41-His164(+) 90 III−IV* Cys145(−)-His41-His164(+) to Cys145-His41(−)-His164(+) 123
IV Cys145-His41(−)-His164(+) 75 I−IV* Cys145-His41-His164 to Cys145-His41(−)-His164(+) 84
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His41(+)-His164 zwitterion II and the relayed Cys145(−)-
His41-His164(+) zwitterion III is nearly balanced with relative
energies ΔU = 87 and 90 kJ/mol. However, the kinetic
parameters for the transition between the two zwitterionic states
differ, since the minimum energy pass I−II* is located at 101 kJ/
mol and II−III* at 117 kJ/mol, suggesting that the formation of
the unrelayed zwitterion Cys145(−)-His41(+)-His164 is
kinetically preferred.
Interestingly, the possibility of a further, and rather

unexpected, zwitterionic state comprising the formation of a
histidine anion and histidine cation could be observed. Although
the Cys145-His41(−)-His164(+) state IV seems to be an
appealing route with quite preferable kinetic (ΔU = 84 kJ/mol)
and thermodynamic (ΔU = 75 kJ/mol) parameters, it represents
a dead-end process, since the formation of the Cys145 thiolate
would have to overcome a barrier of 123 kJ/mol (III−IV*) to
become anionic. Taking these things together, the formation of
the nonrelayed zwitterion Cys145(−)-His41(+)-His164 ap-
pears to be the most likely situation, although the transition state
of 101 kJ/mol (I−II*) for the minimum energy path to state I
appears quite high compared to related enzymatic proton-
transfer reactions.89−93 The route to the charge-relayed
zwitterion Cys145(−)-His41-His164(+) is therefore even
more unlikely. Furthermore, a CoV-wide comparative sequence
analysis of main proteases (data not shown) revealed that, in
about two-thirds of coronavirus main proteases, the SARS-CoV
Mpro His164 residue is substituted with Gln, arguing against a key
role of a protonated His164 residue in catalyzis.
Our investigations outlined above predict a prohibitively high

barrier for the formation of the zwitterion state Cys145(−)-
His41(+)-His164 whose formation, however, is a prerequisite
for proteolysis.44 It was therefore necessary to investigate if the
proton transfer becomes more favorable through substrate or
inhibitor binding. Fortunately, extensive structural data of SARS-
CoVMpro are available from X-ray crystallography studies, which
also include complexes with inhibitors3,5,94−105 and a substrate.6

Based on these data, the proton-transfer potentials for the free
enzyme, the inhibitor-bound enzyme, and the substrate-bound
enzyme were compared using identical computational QM/MM
workflows. For the complexed inhibitor, a high-resolution
structure with an α,β-unsaturated ester compound was selected
(PDB code 2DUC33) because this warhead type has been
extensively characterized by many studies over the past years.
The substrate complex (PDB code 2Q6G6) included the amino
acid sequence Ser-Ala-Val-Leu-Gln-|-Ser-Gly-Phe, which repre-
sents a natural substrate sequence of the SARS-CoVMpro.106 For
the free SARS-CoV Mpro (no substrate or inhibitor), the same
structure as described above for the PES calculations was used.
Prior to the QM/MM computations, 10 nsMD simulations were
conducted for each of the three systems to generate an extensive
set of starting structures for the QM/MM minimum path
calculations.
To take structural fluctuations during anMD run into account,

the proton-transfer potentials were averaged starting from 11
snapshots for each of the three model systems. To help identify
meaningful connections between the two minima, proton-
transfer potentials were furthermore assessed by calculations in
forward and backward directions. The SARS-CoV Mpro X-ray
structures of the inhibitor complex and the substrate complex
revealed that the Cys145/His41 distance is slightly closer than in
the free enzyme, indicating that, in these cases, the catalytic dyad
is unlikely to be bridged by a water molecule. This could also be
confirmed by visual inspection of theMD simulation trajectories,
which consistently and exclusively suggested a direct hydrogen
bond between the thiol group and the accepting nitrogen atom.
Figure 3 gives an overview of the three QM/MMmodel systems.
The QM parts include the water-bridged catalytic residues
Cys145/His41 for the free enzyme (Figure 3a) and the directly
hydrogen-bonded counterparts for the respective complexes
(Figure 3b,c).
By comparing the averaged QM/MM potential energy curves

of the proton transfer, as given in Figure 4, an interesting effect
was observed. For the free enzyme, the averaged proton-transfer
potential resulted in a barrier of 70 kJ/mol and a relative energy
of 67 kJ/mol for the transition from Cys145-His41 to
Cys145(−)-His41(+) which is 20−31 kJ/mol lower than the
values obtained for the single PES in Figure 2. This result again
illustrates the benefit of averaging minimum energy paths, which
provide a better estimate compared to that obtained from single
paths.
The proton-transfer potential calculated for the inhibitor-

bound structure was found to be in a similar range with a barrier
of 63 kJ/mol and a relative energy of 69 kJ/mol for Cys145(−)-
His41(+). Interestingly, however, for the substrate-bound model
system, significantly lower relative energies were determined,
with ΔU ≈ 38 kJ/mol in the zwitterionic region. Furthermore,
there was no separating barrier between Cys145-His41 and
Cys145(−)-His41(+) in the substrate-bound state of the SARS-
CoV Mpro.
These data lead us to suggest that substrate binding may have a

modulating effect on the proton-transfer potential. This effect
was not observed in the inhibitor-bound complex. The
hypothesis of a modulating effect is also supported by the
standard deviations shown in Figure 4, which provide a good
estimate of the fluctuations of potentials determined for a specific
set of calculated proton-transfer paths (Figure 4). While the
substrate-bound model system revealed a clearly defined average
path, indicating little fluctuation, the free and inhibitor-bound
enzymes exhibited large standard deviations, indicating quite

Scheme 3. Charge Deletion Analysis and Topology of the
SARS-CoV Mpro Active Site with the Catalytic Dyad in the
Zwitterionic State Cys145(−)-His41(+)-His164a

aThe charges of different neighboring structure elements in the MM
subsystem were switched off individually, and their energetic impact
on the QM subsystem was estimated as given in Table 4.
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significant fluctuation. These data are consistent with our
hypothesis that substrate binding by the Mpro facilitates
formation of the Cys145(−)-His41(+) zwitterion in the active
site.
Charge Deletion Analysis. The results obtained by the

QM/MM potentials provided an estimate of 25−30 kJ/mol for
the stabilization of the zwitterion due to substrate binding in the
active site of the SARS-CoV Mpro. In order to further dissect
these stabilizing contributions, a CDA was performed for the
three QM/MMmodel systems. It should be noted that the CDA
only accounts for the electrostatic interactions and not for other
intermolecular interactions, such as exchange or dispersion
interactions which, for example, might play a role for phenyl
rings. Nevertheless, electrostatic contributions typically possess
the greatest impact among the intermolecular interactions due to
their 1/r2 distance-dependent behavior. Since possible pitfalls
from single minimum energy path calculations,70−73 as described
above, equally apply to CDA, an analogue averaging was
performed over 11 snapshots for each case. CDA was performed
for the local minimum states Cys145-His41 and Cys145(−)-
His41(+). ΔΔU values were calculated by subtraction, yielding
the respective energetic impact on the zwitterionic state (Scheme
3). A more detailed description of the procedure is given in the
computational details section. Table 4 summarizes the results

obtained from the CDA including the electrostatic contribution
of various parts of the environment with standard deviations
obtained from data sets of 11 averaged snapshots.
The protein environment was found to be the major

contributing factor in stabilizing the Cys145(−)-His41(+)
state by 18−31 kJ/mol, depending on the model system. The
other protomer in the dimer was found to have practically no
impact on the proton-transfer reaction. A detailed examination of
single active-site residues was then performed to gain more
insight into their individual roles in the first step in catalyzis.
The calculated impact of just 1−7 kJ/mol for His164 shows

that this histidine residue plays no important role in the
formation of Cys145(−)-His41(+). Switching off Arg40
revealed that this residue could significantly contribute to the
zwitterionic state, with a stabilizing effect of 17−19 kJ/mol
observed in the absence of this residue. Scheme 3 shows the
relative orientation of Arg40 with respect to the dipole formed by
the zwitterionic catalytic dyad. The positive charge of the
arginine residue is located in close proximity to the positively
charged His41 residue. Withdrawal of one of the positive charges
is expected to decrease the electrostatic repulsion, thus stabilizing
the Cys145(−)-His41(+) state. Removal of Asp187 has an
opposite effect because the negative charge of the carboxylate
group has an important stabilizing effect on zwitterion formation.

Figure 3.QM/MMmodel systems employed in this study. TheMM subsystems (left)) include the dimeric protein structure of SARS-CoVMpro (gray)
and the solvation spheres around the active site (cyan). Three different models were employed. They describe the free enzyme (a) based on X-ray
structure 2DUC,33 the enzyme with a Michael acceptor inhibitor (magenta) bound to the active site (b) based on X-ray 2AMD,5 and the enzyme with a
natural substrate peptide (green) bound to the active site (c) based on X-ray 2Q6G.6 QM subsystems (orange) include the active-site residues Cys145
and His41 without backbone atoms and are either bridged with a water molecule (d) or directly hydrogen-bonded to each other (e). Reaction
coordinates are indicated with arrows and show the coordinates that are used to drive the proton transfer (solid lines). Also shown are the coordinates
that smoothly follow the driving reaction coordinates (dashed lines) on the potential energy surface.
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By removing this moiety, the favorable interaction between the
negative charge of Asp187 and the positive charge of His41 is
disturbed, increasing the relative energy by 19−26 kJ/mol for
Cys145(−)-His41(+) compared toCys145-His41. If Arg40 and
Asp187 residues are considered together as a salt bridge, the two
residues only have a marginally stabilizing effect of 3−9 kJ/mol
on zwitterion formation. The idea that the salt bridge and the
zwitterion act as single dipoles is also consistent with the three-
dimensional structure of the active site. Here, the two dipoles are
oriented nearly perpendicular to each other, with Asp187 being

slightly closer to the catalytic dyad. The Asp187−Arg40 salt
bridge essentially abolishes the individual stabilizing and
destabilizing effects of Asp187 and Arg40, respectively. Never-
theless, Asp187 appears to play the most important role in the
closer neighborhood of the active site and likely has a role in the
first step of the general base catalyzis of SARS-CoV Mpro.
The Phe181 has no impact in the CDA, since its phenyl ring

side chain has no significant electrostatic influence. However, a
contribution of this residue cannot be completely excluded
because interactions between aromatic systems and cationic
histidines are well documented107 and may have stabilizing
effects of ∼4 kJ/mol,108 depending on the spatial orientation of
the residues involved.109

Taken together, all these protein-related contributions were
consistently found for the three model systems, but most of these
changes were not statistically significant.
However, regarding the influence of water, a different trend is

observed. Water has a two-fold role in SARS-CoV Mpro catalyzis.
It acts both as a part of the solvent shell and an inherent and
conserved part of the active site as revealed by all X-ray structures
available to date. With respect to the buried water molecule
sitting between His41, His164, and Asp187 (H2O@His41), a
decreasing importance for the stabilization of the zwitterion was
observed, with contributions of 18, 14, and 0 kJ/mol, when
calculations were performed for the free enzyme, inhibitor-
bound enzyme and substrate-bound enzyme, respectively. Since
it was present in all MDs of the three model systems and did not
drift out of the rigid hydrogen bond network, as occasionally
hypothesized in the literature,84,110 the cause of this effect may be
attributed to substrate-induced changes of the active site
conformation and, more specifically, local adjustments of the
various stabilizing effects that contribute to zwitterion formation.
Even more interesting is the role of the water shell.

Comparison of the three model systems revealed that the
contribution of the solvation sphere to the formation of the
zwitterion differs quite significantly between the free enzyme and
the two complexes. In the first case, the averaged view reveals a
marginally destabilizing effect on the formation of Cys145(−)-
His41(+)-His164, reflecting that the proton-transfer path has to
proceed through a rigid hydrogen bond network formed by the
first solvation shell. This first solvation shell, which may also be
called biological water,111−113 has a constitution that corre-
sponds to the Cys145-His41 state and can hardly adopt the
Cys145(−)-His41(+) state that is instantaneously formed by
following the minimum energy path. The extremely high
standard deviation of 63 kJ/mol shows that already small
changes in the first solvation sphere have a strong impact on the
proton-transfer potential. The situation is quite different for the
enzyme−substrate complex. In this case, the first solvation
sphere seems to be well shielded through the substrate so that
only the stabilizing effect of the water bulk remains. It fosters the
formation of Cys145(−)-His41(+) by 25 kJ/mol. Furthermore,
significantly less fluctuation from this contribution (standard
deviation≈ 11 kJ/mol) was observed when compared to the free
enzyme. For the inhibitor-enzyme complex a similar situation is
predicted; however, the shielding through the inhibitor seems to
be less effective.
This interpretation of the CDA data is supported by Figure 5,

which shows the coverage of the active site by inhibitor and
substrate (upper part) and the radial pair distribution functions
RDF of solvent water around the active-site residues His41 (left-
hand side) and Cys145 (right-hand side). Distances were
calculated for 1000 frames with the respective analysis tool in

Figure 4. Averaged QM/MM potential energy curves of the proton
transfer between Cys145 and His41 for the three model systems (a−c in
Figure 3), comparing the free enzyme (blue line), inhibitor-bound
enzyme (magenta line) and substrate-bound enzyme (green line), as
shown in Figure 3. Energy values (in kJ/mol) are given relative to the
neutral state Cys145-His41-His164. The averaging was done for 20
potentials aligned by least-squares fitting and based on minimized
snapshots of 10 ns MD simulations for each model system. Standard
deviations for each point are indicated by vertical bars. The reaction
coordinate r(S−H), as shown in Figure 3d,e, was used to attain the
proton transfer between the Cys145-His41-His164 and Cys145(−)-
His41(+)-His164 states.

Table 4. Charge Deletion Analysisa

ΔΔU(ZW)

residue switched off free enzymeb inhibitor-boundc substrate-boundd

protein 31 ± 16.5 22 ± 10.6 18 ± 7.0
protomer A 27 ± 16.0 18 ± 11.6 20 ± 6.2
protomer B 4 ± 1.5 1 ± 0.8 −4 ± 3.6
His164 1 ± 3.8 7 ± 2.3 5 ± 3.6
Arg40 −17 ± 2.7 −19 ± 1.2 −18 ± 2.2
Arg40-Asp187 8 ± 5.0 9 ± 1.5 3 ± 2.0
Asp187 23 ± 5.7 26 ± 0.9 19 ± 1.4
Phe181 0 ± 0.1 0 ± 0.2 0 ± 0.2
H2O@His41 18 ± 4.4 14 ± 1.4 0 ± 0.1
water −5 ± 63.4 18 ± 5.3 25 ± 11.0
substrate 8 ± 3.1
inhibitor −1 ± 3.9

aEnergy values ΔΔU, in kJ/mol, refer to the change in energy that
occurs due to switching off certain parts of the QM/MM system with
respect to the unaffected QM/MM system, as shown in Scheme 3.
Values ΔU(ZW) refer to the relative energy of the zwitterionic state
Cys145(−)-His41(+)-His164 compared to the neutral state Cys145-
His41-His164 of the catalytic dyad. bData set consists of 11
minimized snapshots taken from MD simulation based on 2DUC.33
cData set consists of 11 minimized snapshots taken from MD
simulation based on 2AMD.5 dData set consists of 11 minimized
snapshots taken from MD simulation based on 2Q6G.6

Biochemistry Article

dx.doi.org/10.1021/bi400604t | Biochemistry 2014, 53, 5930−59465939



VMD.39 Distributions for His41 include pair distances between
nitrogen atoms (ND and NE) and all solvent water oxygen
atoms. Distributions for Cys145 include pair distances between
the sulfur atom and all solvent water oxygen atoms. For the free
enzyme, both moieties are surrounded by water molecules. Both
the coverage picture and RDF show consistently that substrate
and inhibitor shield the Cys145 residue very efficiently from the
water shell. For the His41 residue, however, the differences are
obvious. The incomplete coverage of the His41 residue through
the inhibitor seems to be responsible for the differences discussed
above.
Finally, Table 4 shows that the inhibitor does practically not

influence the Cys145-His41/Cys145(−)-His41(+) equili-
brium, whereas the substrate contributes 8 kJ/mol to support
zwitterion formation. Although this difference is rather small, it
may be an inherent property of the substrate that is not featured
by the inhibitor. If confirmed, this observation may have
interesting implications for inhibitor design.
Free Energy Calculations. Although the conducted QM/

MM minimum path calculations allow deep insights into the
proton-transfer reaction, they provide a static picture of the
model systems and do not account for dynamics or entropic
effects. PMF-based free energy calculations are a commonly used

approach to overcome this deficiency.114−116 They have also
become popular in combination with the QM/MM method-
ology.63,117−119 Furthermore, from a theoretical perspective, the
calculation of free energies is very well suitable to complement
minimum energy path calculations.
To get access to the free energy profiles of the proton transfer,

the model systems of the free enzyme and the substrate-bound
complex were set up for QM/MM MD simulations, in an
identical manner to the previous QM/MM calculations, as
shown in Figure 3a,c. Since extensive sampling is necessary to
obtain a PMF, a semiempirical method (PM3/PDDG) instead of
density functional theory had to be employed to keep the
computational efforts feasible. Please note that PM3/PDDG
overestimates the difference between the neutral and the
zwitterionic state by 38 kJ/mol in comparison to B3LYP/
TZVP, which was employed for the QM/MM minimum path
calculations.44

Figure 6 shows the free energy potentials for the free enzyme
model (blue) and the substrate-bound model (green), as
obtained by the PMF. The relative free energies ΔG of
Cys145(−)-His41(+)-His164 with respect to the neutral state
Cys145-His41-His164 are quite similar for both cases, with free
energy values of 73 kJ/mol for the free enzyme and 67 kJ/mol for

Figure 5.Upper part: Coverage of the active site (yellow) by the substrate (green) and the inhibitor (magenta). For the free enzyme the positions of the
Cys145 and the His41 moiety are indicated. Lower part: Radial pair distribution functions of solvent water around the active site residues His41 (left-
hand side) and Cys145 (right-hand side).
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the substrate-bound case, respectively. Taking into account the
error made by PM3/PDDG, the corrected free energy PM3/
PDDG results for the substrate-bound PMF (ΔG = 29 kJ/mol)
agree quite well with the B3LYP/TZVP minimum path
calculations (ΔU = 38 kJ/mol). The remaining difference of 9
kJ/mol can be considered as insignificant due to the inaccuracy of
the methods.
The situation changes for the free enzyme model. Whereas the

B3LYP/TZVPQM/MMminimumpath calculations predictΔU
= 67 kJ/mol between neutral and zwitterionic state, the PM3/
PDDG free energy, corrected to the B3LYP/TZVP level ΔG, is
only about 35 kJ/mol, i.e., ΔG < ΔU. Several reasons can be
responsible for this stabilization of the zwitterionic state by 32 kJ/
mol. The error bars of both methods may contribute to the
difference. However, in our opinion, the difference is too large to
solely represent an artifact. The next reason refers to entropic
effects that are only accounted for in the free energy calculations.
Since the entropic effects found for the protein−substrate
complex are rather small,72,120 the change would have to result
from the inner water-shell which reorients due to the emerging
zwitterionic state. Since the interaction between solvent water
molecules and the zwitterionic centers should be stronger than
the corresponding interactions with the neutral centers, the
solvent shell of the zwitterionic state should have a higher order
than the solvent shell of the neutral state. Since the order
increases, ΔG should be more positive than ΔU; however, the
opposite is found here. Hence, even though entropic effects may
contribute, they do not seem to be the main reason for the
stabilization of the zwitterionic state.
The second reason for the additional stabilization of the

zwitterionic state is the possibility of a relaxation of the inner
solvation sphere as a function of the emerging zwitterionic state.
Clearly, QM/MMMD sampling allows a much better relaxation
of the first solvation sphere, since it provides 50 ps of MD
simulation in which barriers to lower minima can be surmounted.
In the QM/MM minimum path calculations, the relaxation is
considerably restricted since the water molecules can only relax
to the next local energy minimum but not surmount any barriers
to reach deeper ones. Since the computations start from the
neutral state, better relaxation possibilities clearly favor the

zwitterionic state compared to the neutral one. Hence, this
second reason seems to be more important, since QM/MMMD
indeed predict a more stabilized zwitterionic state than QM/MM
minimum path computations. This is supported by QM/MM
MD calculations with simulation times of 25, 50, and 100 ps
which predicted energy differences of 23, 20, and 17 kJ/mol,
respectively. A plot of the results can be found in the Supporting
Information. QM/MM minimum path calculations only take
into account solvent relaxations that happen on a very fast time
scale, e.g. the polarization of the electron clouds of the water
molecules and some small fast motions while QM/MM MD
simulations can also be used to assess relaxation processes that
take place on considerably longer time scale.
These considerations indicate that the zwitterionic state is

considerably stabilized if the inner water shell has the possibility
to relax. This however implies that the zwitterionic state would
only be stabilized if this relaxation proceeded on a shorter time
scale than the proton transfer itself. Proton-transfer reactions are
assumed to take place on sub-picosecond time scales.121,122 The
relaxation of bulk water has relaxation times of <10 ps;123 that is,
it proceeds with similar speed or even slightly more slowly than
the proton-transfer process. Under the heading “biological
water”,111−113 it has been proposed that water molecules at the
surface of proteins even need times in the range of 8−80 ps to
reorient.111 Therefore, they definitely would be to slow to
contribute to the stabilization of the zwitterionic state.
To summarize these points together with the remaining errors

of the B3LYP/TZVP approach (−17 kJ/mol with respect to a
LCCSD(T)/QZVP computation), our computations indicate
that for the free enzyme the energy difference between the
neutral and zwitterionic states is between 84 kJ/mol (corrected
QM/MM minimum energy path computation) and 59 kJ/mol
(corrected QM/MM MD simulations). Since the water
relaxation seems to proceed on a similar or even longer time
scale than the proton-transfer reaction, the energy difference
should be closer to the higher value.
The situation differs for the enzyme−substrate complex.

Taking into account the remaining errors of the B3LYP/TZVP
approach, both the QM/MM MD and QM/MM minimum
energy path computations predict an energy difference of only
about 46 kJ/mol. Due to this reduction, the substrate strongly
promotes the proton transfer and, as a consequence, its own
proteolysis since the proton transfer is a prerequisite of the
overall reaction.
Free energy calculations of the corresponding inhibitor

reaction are impossible due hardware and software limitations.
However, since the static calculations predict an energy
difference between the neutral and zwitterionic states that
resembles that computed for the free enzyme, we expect similar
behaviors for both systems. Also in the free energy calculation of
the inhibitor-enzyme complex, the environment will adapt to the
changing electronic structure of the active site so that the free
energy difference is lower than the static energy difference.
However, as discussed for the free enzyme, it can be assumed that
the proton transfer will again be faster than the adaptation. If no
adaption of the environment can take place, the energy difference
obtained from the free energy calculation will resemble the value
obtained from the static calculation, which is too large for an
efficient proton transfer. This indicates that, in contrast to the
substrate, the inhibitor is not able to catalyze the proton transfer.
In other words, the inhibitors block the active site but their
covalent reactions with the enzyme are not so fast, and thus very
moderate overall inhibition potencies result.

Figure 6. Free energy potentials of the proton transfer between the
Cys145-His41-His164 and the Cys145(+)-His41(+)-His164 state, in
kJ/mol. The free enzyme (blue line), as shown in theQM/MMmodel in
Figure 3a, and the substrate-bound (green line) QM/MM model, as
shown in Figure 3c, were compared. The r(S−H) distance given in
Figure 3d,e served as reaction coordinate. Values ΔG were obtained by
the potential of mean force method, employing PM3-PDDG, by using
samplings of 50 ps for each point with a subsequent weighted histogram
analysis. The values shown in parentheses represent corrected values.
For more information see text.
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The difference between the substrate and the inhibitor
reaction becomes clear if we compare kcat data with the ki values
given in Table 1. Okomoto et al.16 measured 3.3 ± 0.14 s−1 for
kcat, while Solowiej et al.

15 report values of around 0.6−0.9 s−1.
Both values are 2−3 orders of magnitude larger than the ki value
of 0.0022 s−1 which was measured for the inhibitor under
consideration (2AMD). This inhibitor contains an α,β-
unsaturated ester as warhead (see Table S1 in the Supporting
Information for the Lewis structures of the inhibitors).
Our findings are in line with the assumption of an “electrostatic

trigger” that initiates the catalytic reaction, as reported in the
work of Solowiej et al.15 Moreover, our simulations provide an
atomistic picture of the underlying interactions. They
furthermore support the conclusion of Okamoto et al.,16 who
noted that their investigations indicate “a further fine-tuning
mechanism for biological control, particularly in the micro-
environment”.
A comparison of different inhibitors indicates that our findings

about the interplay between coverage and reactivity of the active
site may be applicable more widely than initially thought. The
chemical structures and with this the reactivities of the 2A5I and
2OP9 inhibitors, which both possess an epoxide as warhead, are
very similar. The corresponding ki values (0.035 vs 0.004 s−1)
differ, however, by about one order magnitude. The higher value
for 2A5I may result from a more complete coverage of the active
site compared to the area covered by the 2OP9 inhibitor (Table
S3 in the Supporting Information). A similar correlation was
found when we compared the 2HOB (Table S3) and the 2AMD
inhibitor (Figure 5) which both possess α,β-unsaturated esters as
warheads. The inhibitor 2V6N, which shows nearly no coverage
of the active site (Table S3) but has a ki value of 0.013 s−1, is a
special case. It possesses a benzotriazole ester as warhead which is
known to be an active ester used as activated carboxylic acid
component in peptide and ester syntheses and which is
considerably more reactive than the other warheads.124 We
would like to point out that our findings essentially depend on
visual inspections and remain to be substantiated by further
simulations, which will be the subject of future work.
It is important to note that experimentally available pKa

measurements of SARS-CoV Mpro estimate the relative free
energy between the neutral and the zwitterionic states to be 7−
12 kJ/mol, which is considerably lower than our values. The
differences may result from deficiencies of the applied QM/MM
models. However, we would like to point out that pKa values
represent thermodynamic quantities; i.e., the solvent shell can
perfectly adapt to a given situation. However, as discussed above,
this seems not to be the case for the proton-transfer reaction.
Perfectly adapted solvent shells are better reflected by solvent
continuum models. For our system they predict an energy
difference of only 34 kJ/mol, i.e., lower than the values discussed
above.44 Further reductions of the difference between our
theoretical studies and previously published experimental data
may result from directed hydrogen bonds, which should further
stabilize the zwitterionic state and are often underestimated in
continuum models. Furthermore, the remaining difference may
also result from the fact that pKa measurements reflect proton
exchange reactions of single centers with solvent water
molecules, while our simulations concentrate on the proton
exchange reaction between both centers.

■ CONCLUSIONS
In summary, the active site of the SARS-CoV Mpro was
characterized from different theoretical perspectives. The

comparative analysis of several MD simulations with available
structural data from X-ray crystallography revealed that the
catalytic dyad of SARS-CoV Mpro has a neutral charge state and
also the neighboring His164 residue appears to be uncharged.
Although His164 could act as a proton acceptor through a
hypothetical charge-relay mechanism, both the results from
QM/MM potential energy surface calculations and the
replacement of this residue with Gln in other coronavirus main
proteases suggest that this is an unlikely scenario.
The comparison of free enzyme, inhibitor-bound enzyme, and

substrate-bound enzyme by averaged QM/MM potentials and
QM/MMMD simulations has shown that the necessary proton-
transfer reaction toward the formation of an ion pair is
remarkably facilitated by substrate binding. It reduces the energy
difference between neutral and zwitterionic states (which is an
important part of the energy barrier to be overcome during
proteolysis) to about 46 kJ/mol. This indicates that the catalytic
dyad is “switched on” through substrate binding; i.e., the
substrate itself contributes to the catalyzis of its proteolysis
reaction. This is supported by charge deletion analyses and the
computed structures. The former predict a stabilizing effect of
the substrate for the zwitterionic state, and the latter show a very
efficient coverage of the active site by the natural substrate.
Hence, proteins which enter the active site but take different
positions than the natural substrates should not be able to lower
the energy difference and, consequently, do not react. This
indicates an interesting interplay between activation of the
catalytic center and substrate selectivity of the SARS-CoV Mpro.
It remains to be seen if similar mechanisms are operational in
other viral and cellular proteases. Our study also adds to the
growing list of examples for solvent water playing an active role in
enzyme catalyzis rather than being a more or less innocent
bystander.125,126

The importance of the position of the ligand is supported by
computations for the enzyme−inhibitor complex, which did not
reveal a similar facilitation of zwitterion formation. The
development of inhibitors which mimic the ability of the
substrate to shield the active site from the solvent shell may
therefore be a possible way to improve inhibitors in future
studies.
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H.-D. (2004) A Combined QM/MM Approach to Protein−Ligand
Interactions: Polarization Effects of the HIV-1 Protease on Selected
High Affinity Inhibitors. J. Med. Chem. 47, 6673−6680.
(69) Hermann, J. C., Hensen, C., Ridder, L., Mulholland, A. J., and
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