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Abstract
The QM/MM MD and free energy simulations show that the dynamics involving a His residue at the
P1 site of the substrate may play an important role in substrate-assisted catalysis and specificity for
a serine-carboxyl peptidase.

Substrate-assisted catalysis (SAC) is the process in which one or more functional groups from
the substrate, in addition to those from the enzyme, contribute to the rate acceleration for the
enzyme-catalyzed reaction. There is growing evidence that SAC may exist in many naturally
occurring or engineered catalysts.1–2 The existence of product-assisted catalysis has also been
suggested recently.3 Understanding the role of SAC in enzyme specificity is of considerable
interest, as it may provide new insights into how substrates compete with each other for
enzymes. Many of the previous studies of SAC1–2 have focused on the catalytic effects
resulting from the well-positioned substrate groups that can participate in SAC directly, without
undergoing significant conformational changes. A fundamental question is whether some
substrate groups which are not located at such ideal positions in enzyme-substrate complexes
would be able to undergo conformational changes and participate in SAC as well. In this
Communication, we report the results of computer simulations and show that the dynamics
involving distant substrate groups that are triggered by bond breaking and making events of
enzyme-catalyzed reactions may indeed play an important role in SAC. The importance of this
type of SAC involving conformational changes of substrates might have been overlooked in
some enzymes due in part to the dynamic nature of the effects that may not be well reflected
in the X-ray structures.

The system used to demonstrate the importance of dynamics in substrate-assisted catalysis is
kumamolisin-As, a member of a recently characterized sedolisin family of proteolytic enzymes.
4–7 The QM(SCC-DFTB)/MM molecular dynamics (MD) and free energy simulations have
been performed in this study.8 Sedolisins have a fold resembling that of subtilisin and a
maximal activity at low pH (~3.9).4–5 The defining features of kumamolisin-As and other
members of this family are a unique catalytic triad, Ser278-Glu78-Asp82 (kumamolisin-As
numbering), as well as the presence of an aspartic acid residue, Asp164, in the active site.
Asp164 replaces Asn155 of subtilisin, a residue that creates the oxyanion hole.6 Unlike Asn155
that provides electrostatic stabilization of the tetrahedral intermediate during the catalysis,6
Asp164 seems to act as a general acid catalyst to protonate the tetrahedral intermediate and
assist in the nucleophilic attack by Ser278.7 The substrates used in the present work are
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RPXaa*FR (here * designates the scissile peptide bond and Xaa denotes the residue at the P1
site). The formation of the tetrahedral intermediate (TI) is examined, as the efficiency of this
step of the reaction is crucial for high substrate specificity of proteolytic enzymes.6 The models
were built using the X-ray structure of kumamolisin-As complexed with an inhibitor N-acetyl-
isoleucylprolyl-phenylalaninal (AcIPF)5b and the substrate coordinates were obtained based
on those from the corresponding residues in the Ser278Ala mutant of pro-kumamolisin.5f We
demonstrate that there is a conformational transition of the His residue at the P1 site for
RPH*FR and that a salt bridge is formed between His and Asp164 as the system changes from
the substrate to the TI complex. It is suggested that this conformational change and the
formation of the salt bridge make it possible for the His residue to participate in SAC during
the formation of the tetrahedral intermediate. Our suggestion for the existence of dynamic SAC
is supported by the comparison of the free energy profiles of the TI formation for RPH*FR
and RPF*FR and is consistent with experimental data.5

The average structures of the active site of the kumamolisin-As complex during the
nucleophilic attack by Ser278 on the RPH*FR substrate are given in Figure 1. As is evident
from Figure 1A, Ser278 is well aligned for the nucleophilic attack on C in the substrate
complex. Glu78 and Asp164 are well positioned to act as the general base and acid catalysts,
respectively, to assist in the nucleophilic attack. His at the P1 site forms two hydrogen bonds
(H-bonds) to the C=O group of Pro at P2 and the carboxylate of Asp179, respectively.
Moreover, there is an H-bond between the backbone N-H group of the P1 residue and Glu78.
Figure 1B shows that the interaction of the His sidechain with the C=O group is significantly
weakened as the nucleophilic attack proceeds to the transition state, making the His sidechain
available for other interaction. The weakening of the interaction involving His seems to be
triggered by the breaking of the H-bond between the backbone N-H group at P1 and Glu78, as
Glu78 accepts the proton from Ser278 and becomes uncharged during the nucleophilic attack.
Thus, there appears to be the cooperative effects of hydrogen bonding17 in the stabilization of
the H-bond between the His sidechain and the P2 C=O group in the substrate complex, although
other factors might be involved as well. Figure 1C shows that the histidine sidechain has rotated
significantly (mainly around the Cβ—Cγ bond) to interact with the unprotonated Asp164
residue during the formation of the TI complex. Since Asp164 is the general acid catalyst,7
the formation of the salt bridge between His and Asp164 may make the TI complex more stable
(see below).

The changes of free energy (potential of mean force) as functions of the reaction coordinate
(ξ) for the nucleophilic attack by Ser278 on the RPH*FR and RPF*FR substrates are given in
Figure 2. The free energy change for the RPH*FR complex in which the proton on Asp164 is
fixed by the Shake algorithm9 (to prevent Asp164 to act as the general acid) is also given.
Figure 2 shows that the free energy barrier of the TI formation is ~ 15 kcal/mol for RPH*FR,
and this barrier increases to ~ 20 kcal/mol when the substrate is changed to RPF*FR. The major
difference for the two substrates is that His at the P1 site in RPH*FR is able to form a salt
bridge with Asp164 through a conformational transition (see above), and this salt bridge may
help to stabilize the charge formation on Asp164 and make it a better general acid. In contrast,
Phe at P1 for RPF*FR is unable to interact with Asp164 and the stabilization of the TI through
this mechanism is therefore impossible. It is of interest to note that the TI for RPH*FR becomes
considerably less stable when the proton transfer from Asp164 to the ligand is prevented by
using the Shake algorithm, supporting the suggestion that Asp164 acts as a general acid
catalyst.7

The results of the simulations reported here are consistent with the available experimental data.
5 It has been shown that kumamolisin-As can cleave the –Pro–Xaa*Yaa– sequence and that
this enzyme generally has higher specificity for the substrates with a positively charged residue
at the P1 site than for those they do not. For instance, it was found that the kcat (KM) value for
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a substrate containing the –Pro–Arg*Gly sequence is ~ 65-fold (~ 6.5-fold) higher than for a
substrate containing the –Pro–Gly*Gly sequence, leading to 10-fold increase of kcat/KM.5a
Moreover, specificity profile analysis5b using a peptide library showed that kumamolisin-As
generally displays higher specificity for the substrates with His, Lys or Arg at P1 than for the
other substrates. Quantitative comparisons of the experimental data and theoretical results
require determinations of the catalytic mechanism and rate limiting step which are poorly
understood.

We suggest that the dynamics may play an important role in SAC and specificity of
kumamolisin-As. The conformational change observed is triggered by the deprotonation/
protonation events during the general acid-base catalysis. It is of interest to examine whether
this would also occur for other enzymes.
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Figure 1.
Average structures of kumamolisin-As complex during the nucleophilic attack by Ser278 on
substrate RPH*FR obtained from the QM/MM MD and free energy simulations. The enzyme
is plotted in ball and stick and the ligand in stick. Hydrogen bonds (H-bonds) are indicated by
red dashed lines. Ser278-Glu78-Asp82 is the catalytic triad. Only the sidechain of the P1 (His)
residue for the substrate is shown for clarity. (A) The substrate complex. His sidechain at P1
donates an H-bond to the C=O group of Pro at P2, in addition to the carboxylate of Asp179.
Glu78 accepts an H-bond from the backbone N-H group of the P1 residue (the H-bond distance
shown here is between the non-hydrogen atoms). (B) An average structure near the transition
state of the nucleophilic attack. The interaction of the His sidechain with the C=O group is
significantly weakened and the H-bond between Glu78 and the N-H group is broken. (C) The
TI complex. His at P1 has undergone a conformational change to interact with the unprotonated
Asp164 residue and the H-bond to the C=O group observed in the substrate complex is broken.
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Figure 2.
The free energy change from the substrate to TI complex as a function of ξ = r(C–Oγ), the
reaction coordinate for the nucleophilic attack. Red solid line: the RPH*FR substrate without
use of the Shake algorithm; Orange dot-dashed line: the RPH*FR substrate with use of the
Shake algorithm to fix the proton on Asp164; Blue dashed line: the RPF*FR substrate.
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