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Abstract
The acylation mechanism of a prototypical serine protease-trypsin and its complete free energy
reaction profile have been determined by Born-Oppenheimer ab initio QM/MM molecular
dynamics simulations with umbrella sampling.

Serine proteases catalyze the cleavage of peptide bond in two successive acylation and
deacylation stages, and have long been paradigms of enzyme catalysis1–4 and subjects for
drug development.5–8 In spite of a number of experimental9–14 and computational
studies15–24, a few key mechanistic details remain controversial, in particular regarding the
tetrahedral intermediate (TI) of the acylation process.1, 13, 25, 26

The essential functional unit of conventional serine proteases is the catalytic triad (Ser195,
His57, Asp102 in the case of trypsin), and a two-step mechanism has generally been
accepted for the acylation reaction: first His57 serves as a general base to abstract a proton
from Ser195 to facilitate the formation of a metastable tetrahedral intermediate (TI); and
then His57 serves as a general acid to protonate the leaving group for the breaking of the
TI.1–3 Since serine is a very weak acid and it is expected that His57 needs to be ideally
positioned to deprotonate it, one intriguing question is how the proton of His57 at the
intermediate state transfers to the leaving group instead of re-protonating serine. A reaction-
driven His-ring flip mechanism has been proposed as one solution of this dilemma,12, 13, 16

in which the ring of His57 is flipped at the TI to facilitate the protonation of the leaving
group. However, recent crystal structural studies9, 14 provided evidences against it and
suggested an economy of atomic motions during the acylation process. Meanwhile, based on
the stereo-electronic consideration, it has been suggested that inversion of leaving nitrogen
of the amine group takes place at the TI to favor the proton transfer to the leaving group and
the cleavage of the C-N bond.11, 26, 27 To unambiguously elucidate this interesting
mechanistic puzzle regarding the acylation tetrahedral intermediate has important
implications in understanding serine protease substrate specificity as well as inhibition
mechanisms, but is very difficult to be achieved by experimental means alone.

Herein our theoretical investigations center on Born-Oppenheimer ab initio QM/MM
molecular dynamics with umbrella sampling, a state-of-the-art approach to simulate enzyme
reactions.28–34 It provides a first-principle description of chemical reaction and dynamics of
the enzyme active site while properly taking account of interactions and fluctuations of the
heterogeneous enzyme environment, and thus overcomes several inherent limitations in
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previous computational investigations of serine proteases. The initial structure of the
substrate-enzyme complex was modeled based on the x-ray crystal structure of trypsin-
inhibitor complex (PDB ID: 1MCT).35 The sequence of the substrate was taken from the
inhibitor at the active site (Cys3-Pro4-Arg5-Ile6-Trp7-Met8), and the scissile bond is
between Arg5 and Ile6. The QM sub-system, including the side chains of catalytic triad
(His57, Asp102, and Ser195) and the scissile peptide portion of the substrate, was described
at the B3LYP/6-31+G* level. The QM/MM boundary was treated by the pseudobond
approach36–38 with the improved parameters39. Along the reaction path, 41 umbrella
windows were employed. For each window, at least 30 ps B3LYP/6-31+G* QM/MM MD
simulations have been carried out. The determined complete free energy reaction profile for
the trypsin acylation reaction is shown in Fig. 1. The calculated overall activation barrier is
16.9 kcal/mol, in good agreement with the experimental value of 15~20 kcal/mol depending
on substrates and experimental conditions.2

Our characterized acylation reaction proceeds in two chemical steps interspersed with one
subtle His-ring reorientation step between two distinct TI configurations, as illustrated in
Fig. 2. In the initial chemical step, His57 acts as a general base, facilitating the nucleophilic
attack of Ser195 to the carbonyl carbon of the substrate Arg5 to form a metastable
tetrahedral intermediate TI1.

At the TI1, we can see that the protonated His57 is indeed still close to OG atom of Ser195
and forms a stable hydrogen bond with an O…H distance at 1.66 ± 0.06 Å, while the proton
is far from the leaving N of the scissile bond with an N…H distance at 2.75 ± 0.22 Å. In
order to favor the forward progress of the reaction, our simulations indicate that the enzyme
only needs a subtle re-orientation of the His57 ring to yield a second meta-stable tetrahedral
intermediate TI2, in which the proton of His57 is well positioned to protonate the nitrogen
of the leaving group, with an N…H distance at 1.91 ± 0.06 Å and a donor–hydrogen–
acceptor angle at 164.7 ± 7.1°. Meanwhile, the subtle movement of His ring is accompanied
with a slight change in the newly formed C-O bond and the C-N scissile bond. From TI1 to
TI2, the distance for the newly formed C-O bond decreases from 1.56 ± 0.05 Å to 1.51 ±
0.05 Å, while the scissile bond increase from 1.52 ± 0.05 Å to 1.60 ± 0.06 Å. This indicates
the C-O bond becomes a little stronger and the scissile bond C-N has elongated somewhat
prior to the bond breaking. At TS3 state, the scissile bond is already extended to 1.81 ± 0.14
Å, with the distance between proton and N of His57 at 1.14 ± 0.05 Å, which means that the
scissile bond breaks first before the proton transfer. Finally, the proton transfers to the
leaving N atom, and the C–N bond breaks leading to a stable acyl-enzyme intermediate
(EA1). We can see that the first chemical step is rate-determining, while the barriers for
second and third steps are both quite small, only about 1.2 kcal/mol. Consistent with the
determined free energy profile, unrestrained ab initio QM/MM MD simulations also indicate
that both intermediates can be meta-stable for a few picoseconds. The free energy of the
resulted acyl-enzyme (EA1) is 12.8kcal/mol lower than that of the enzyme-substrate (ES),
indicating that the trypsin acylation process is exothermic and irreversible.

From our characterized reaction pathway, we can see that the His-ring flip mechanism is not
needed to facilitate the protonation of the leaving group. Instead, the change between two
distinct TI configurations only involves a subtle reorientation of the histidine ring. In order
to examine other hypotheses that the nitrogen-inversion11, 26, 27 or rotation of the leaving
group around C-N bond11, 19 takes place at the tetrahedral intermediate (TI) to favor the
forward reaction, we have also calculated the improper angle τ and torsion angle ω (see Fig.
3a). Along the whole reaction path, the change of both torsion angles are quite small. The
improper angle τ is always smaller than 0°, indicating that the scissile bond keeps in an S
configuration and no nitrogen-inversion happens in the acylation process. For the ω angle,
the difference between TI1 and TI2 is just about 15°, indicating a very subtle rotation of the
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scissile bond. Overall, these results support the recent hypothesis9, 14 that serine protease
acylation proceeds with a remarkable economy of motion, which can be further
demonstrated by a close superposition of four structures of trypsine active site along our
characterized reaction pathway: ES, TI1, TI2 and EA1, as shown in Fig. 3b.

For the hydrogen bond between His57 and Asp102, it becomes somewhat shorter at
transition states and intermediates than at ES and EA1 states, indicating a stronger
interaction due to the positive charge developing on His ring. However, throughout the
reaction process, the average N-O distance between His57 and Asp102 is longer than 2.7 Å
(see Table S1), indicating a normal hydrogen bond. Meanwhile, no spontaneous proton
transfer between His57 and Asp102 has been observed in our ab initio QM/MM MD
simulations. Thus our results provide further evidences against the charge-relay
mechanism40, 41 and the LBHB mechanism.42–45, and support that the main catalytic role of
Asp102 is to stabilize the positive charge on the imidazole ring of His57 at TS and TI states
through electrostatic interactions.15, 17, 46

In summary, we have characterized the acylation reaction of trypsin in detail with a state-of-
the-art computational approach. The simulation results indicate that the position of His57
ring only needs to be adjusted slightly during the reaction. The subtle re-orientation of the
His ring at the tetrahedral intermediate serves as a bridge connecting two chemical steps:
first His57 acts as a general base to accept a proton from Ser195, and then acts as a general
acid to protonate the amine leaving group. This proton shuttle by the histidine proceeds with
an economy of atomic motion, and does not need either the His-ring flip or the nitrogen-
inversion of the amine leaving group.
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Fig. 1.
Free energy profile for the trypsin acylation reaction stage determined by B3LYP/6-31+G*
QM/MM molecular dynamics simulations and umbrella sampling.
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Fig. 2.
Illustration of the structures for characterized acylation stage. ES, enzyme-substrate
complex; TI1 and TI2 are two distinct tetrahedral intermediate configurations; EA1, acyl-
enzyme.
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Fig. 3.
a) improper angle τ and torsion angle ω for substrate at ES, TI1 and TI2 states. Improper
angle τ: N′-C-H′-CA′ is employed to indicate the inversion of leaving N, while torsion angle
ω: CA-C-N′-CA′ is defined to control the rotation of NH group around the scissile bond. b)
Superposition of structures of active site region for ES (in red), TI1 (in green), TI2 (in blue)
and EA1 (in orange) in stick mode. The HG atom of Ser195 is also presented in sphere
mode.
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