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ABSTRACT. Quantum mechanical/molecular mechanical molecular dynamics and free energy simulations
are performed to study the acylation reaction catalyzed by kumamolisin-As, a serine-carboxyl peptidase,
and to elucidate the catalytic mechanism and the origin of substrate specificity. It is demonstrated that the
nucleophilic attack by the serine residue on the substrate may not be the rate-limiting step for the acylation
of the GPH*FF substrate. The present study also confirms the earlier suggestions that Asp164 acts as a
general acid during the catalysis and that the electrostatic oxyanion hole interactions may not be sufficient
to lead a stable tetrahedral intermediate along the reaction pathway. Moreover, Asp164 is found to act as
a general base during the formation of the acyl-enzyme from the tetrahedral intermediate. The role of
dynamic substrate assisted catalysis (DSAC) involving His at {tst® of the substrate is examined for

the acylation reaction. It is demonstrated that the bond-breaking and -making events at each stage of the
reaction trigger a change of the position for the His side chain and lead to the formation of the alternative
hydrogen bonds. The back and forth movements of the His side chain betweerr@grGup of Pro at

P, and Q3 of Aspl64 in a ping-pong-like mechanism and the formation of the alternative hydrogen
bonds effectively lower the free energy barriers for both the nucleophilic attack and the acyl-enzyme
formation and may therefore contribute to the relatively high activity of kumamolisin-As toward the
substrates with His at the; Rite.

Kumamolsin-As belongs to the recently characterized The biological importance of sedolisins in mammals has
family of serine-carboxyl peptidases (sedolisins) that were already been demonstrated by the fact that mutations leading
originally described by Murao, Oda, and co-workers about to the loss of the human enzyme CLNPRL{-13), another
20 years agol—3). Sedolisins are present in a wide variety member of the sedolisin family, result in a fatal neurode-
of organisms, including archaea, bacteria, molds, slime moldsgenerative disease, classical late-infantile neuronal ceroid
(mixomycetes), amoebas, fishes, and mammals, and they ardipofuscinosis 14).
active at low pH and often high temperature. This family of  the three-dimensional structures are available for three

enzymes seems to have been derived through divergeninempers of the sedolisin family, including sedolisin (also
evolution from a common ancestor with classical serine ynqn a5 pepstatin-insensitive carboxyl proteinase or PSCP)
peptidases; the structural studigs-(0) showed that sed- (4—6), kumamolisin 7, 8), and kumamolisin-Asg, 10). The
olisins have a fold resembling that of subtilisin, although defini'ng features of these enzymes are a unique catalytic
they are significantly larger (the mature catalytic domains triad, Ser-Glu-Asp (Ser278-Glu78-Asp82 for kumamolisin-
contain approxw_nate_ly 375 amino acid residues). _One As; see Figure 1A), as well as the presence of an aspartic
interesting question is why nature needs another family of acid residue (Asp164 for kumamolisin-As) that replaces
subtilisin-like peptidases. For bacterial sedolisins, one POS- Agn155 of subtilisin, a residue that creates the oxyanion hole
sible explanation is that some organisms might have to utilize in the classical suBtiIisin-Iike serine peptidase. The X-ray
such evolved serine-carboxyl peptidases for their survival, crystallographic and mutagenesis studids 10) .demon-

presumably under acidic environments and high (eMPErature. i ated that the serine residue is the catalytic nucleophile for

t This work was supported in part by the Center of Excellence for S€dolisins, while the nearby Glu is likely to act as the general
Structural Biology and UT-ORNL Science Alliance, the University of base to accept the proton from Ser and assist in the
Tennessee, and the Petroleum Research Fund (H.G.) and in part byyycleophilic attack. Recent computational studies—17)
the Intramural Research Program of the NIH, National Cancer Institute, further suggested that Asp164 may act as a general acid

Center for Cancer Research (A.W.). -
* To whom correspondence should be addressed. E-mail: hguol@ catalyst to protonate the substrate and stabilize the tetrahedral

utlg-edU- Telephone: (865) 974-3610. Fax: (865) 974-6306. intermediate (TI). This mechanism of the Tl stabilization is
These authors have contributed equally to this work. similar to the one proposed for aspartic peptidad& fut
§ University of Tennessee. . . . . . .
I National Cancer Institute at Frederick. is different from that of serine peptidases, in which the
U Tohoku University. electrostatic oxyanion hole interactions are used insteg)d (

10.1021/bi061737p CCC: $37.00 © 2007 American Chemical Society
Published on Web 02/28/2007



Acylation Reaction Catalyzed by Kumamolisin-As Biochemistry, Vol. 46, No. 12, 2008785

Thus, although sedolisins might have evolved from a the acyl-enzyme formation. The importance of DSAC or
common precursor of classical serine peptidases, they seemedimilar types of catalytic processes involving the conforma-
to have ended up with the use of some of the chemistry of tional changes of protein groups triggered by the bond-
aspartic peptidases for the catalysis. The existence ofbreaking and -making events might have been overlooked
significant mechanistic similarities between sedolisins and in some other enzymes, due in part to the dynamic nature of
both serine and aspartic peptidases makes the detailedhe effects that may not be well reflected in the X-ray
understanding of this newly characterized family of enzymes structures.
extremely interesting. Here we demonstrate that the nucleophilic attack by the
Here we examine the acylation reaction catalyzed by serine residue on the substrate may not be the rate-limiting
kumamolisin-As of the GPH*FF substrate (* designates the step for the acylation reaction for kumamolisin-As, which
scissile peptide bond), using quantum mechanical/molecularis different from some previous calculations on classical
mechanical (QM/MM) molecular dynamics (MD) and free  serine peptidases2@). The results support our earlier
energy (potential of mean force) simulations. Although the conclusion that the general acid mechanism involving
enzyme has been a subject of previous computational studieAsp164 is crucial for the stabilization of the tetrahedral
(15—-17), the earlier investigations have mainly focused on intermediate during the catalysis and that the electrostatic
the inhibitor binding and the nucleophilic attack by Ser278. oxyanion hole interactions may not be sufficient to generate
To the best of our knowledge, a detailed examination of the a stable Tl along the reaction pathwelb{-17). Moreover,
acylation reaction as well as the corresponding free energyAspl164 is found to act as a general base during the formation
barriers has not been performed for this enzyme or, indeed,of the acyl-enzyme from the tetrahedral intermediate and
for any sedolisins. Kumamolisin-As can cleave the -Pro- therefore plays multiple roles in the catalysis. The present
Xaa*Yaa- sequence (here Xaa and Yaa denote the residuestudy also provides important new insights into the role of
at the R and R’ sites, respectively). One experimental DSAC. The previous suggestioi@) for the existence of
observation that is of considerable interest is the fact that DSAC was based on the results of the nucleophilic attack
this enzyme generally has higher specificity for the substrateson a substrate (RPH*FR). Since the nucleophilic attack may
with a positively charged residue at thedite than for those  not be rate limiting for the acylation (see above), a question
they do not carry such chargg, (9). For instance, it was remains as to whether the dynamics involving the His residue
found that thek.o value for a substrate containing the -Pro- at P would also play a role in stabilizing the transition state
Arg*Gly sequence is~65-fold higher than for a substrate for the acyl-enzyme formation (so that an overall rate
containing the -Pro-Gly*Gly sequence and #g is ~6.5- enhancement for the acylation reaction could be achieved).
fold higher, leading to 10-fold increase kfz/Kwu (3). The In this paper, it is shown that the bond-breaking and -making
higher specificity for the substrates with a positively charged events at the different stages of the acylation reaction trigger
residue at Pwas also confirmed from specificity profile the back and forth movements of the His side chainjat P
analysis using a peptide librar9)( It was suggested in our  between the €O group of Pro at Pand Q, of Aspl164,
earlier computational studyL§) that the dynamics involving  leading to the formation of the alternative hydrogen bonds
His at R triggered by the bond-breaking and -making events and the reduction of the free energy barriers for both the
may play an important role in the stabilization of the nucleophilic attack and formation of the acyl-enzyme. It is
tetrahedral intermediate and therefore contribute to the proposed that such motions and the formation of the
relatively high specificity for the substrates with His at P alternative hydrogen bonds may contribute to the relatively
This type of catalytic process is normally referred to as high activity of kumamolisin-As toward the substrates with
substrate-assisted catalysis (SAQ)Y)( with one or more His at the R site and lead to the reduction of the free energy
functional groups from the substrate, in addition to those barriers for the deacylation reaction as well.
from the enzyme, contributing to the rate acceleration for
the enzyme-catalyzed reaction. However, many of the METHODS
previous studies of SAC2Q) have focused on the catalytic A fast semiempirical density-functional method (SCC-
effects resulting from the well-positioned substrate groups DFTB) (23) implemented in the CHARMM32b prograr4)
that can participate in SAC directly, without undergoing was used in the present study for the QM/MM molecular
significant conformational changes. A major difference in dynamics (MD) and free energy (potential of mean force or
the case of kumamolisin-As is that His at thedfe is not PMF) simulations. The efficiency of the semiempirical QM
located at such an ideal position in the enzyrsabstrate methods (such as SCC-DFTB) makes possible to sample
complex but is able to undergo a conformational change for millions of the structures and conformations for enzyme
the Tl stabilization during the nucleophilic attack. We define systems and to determine the free energy profiles of the
this type of SAC involving conformational changes of the enzyme-catalyzed reactions. These important tasks for un-
substrates as dynamic SAC (DSAC), to distinguish it from derstanding enzymes are not feasible with high-level first-
the standard SAC for which the conformational changes of principle ab initio methods. Moreover, recent testing studies
the substrate are not required. It is shown here that suchand comparisons with high-level ab initioc QM methods on
DSAC involving His at ? also plays an important role for  model systems seem to indicate that the SCC-DFTB method
offers certain advantages over some other semiempirical QM
1 Abbreviations: DSAC, dynamic substrate-assisted catalysis; SAC, methods (for reviews, see re2$—27). However, it should
substrate-assisted catalysis; QM/MM, quantum mechanical/molecularbe pointed out that care must be exercised in using the

mechanical; MD, molecular dynamics; Tl, tetrahedral intermediate; ; i i
PMF, potential of mean force; SCC-DFTB, self-consistent charge semlemplrlcal QM methods for the studies of enzymes.

density functional tight binding; TS, transition state; WHAM, weighted Indeed, while the high-level QM/MM approaches based on
histogram analysis method. energy minimization may face the intrinsic problem for the
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lack of sampling sufficient conformational spaces, the transition involving His at Pwas also observed, confirming
accuracy of the semiempirical QM/MM MD and free energy our conclusion of the existence of DSAC.
simulations may be limited by the approximations in their ~ There are additional questions that need to be mentioned
descriptions of the breaking and formation of chemical bonds for the model building processes. The family of sedolisins
as well as interactions. Indeed, Jorgensen and co-workerss only active at low pH, and the models used in the present
(28—30) have performed extensive testing of the SCC-DFTB study (e.g., the information concerning the protonation states
and other semiempirical methods and provided some veryof Asp and Glu residues) were based on the computer models
useful data concerning the deficiencies of the SCC-DFTB of the tetrahedral adduct complex obtained in the earlier
method. They showed that heats of formation from SCC- studies 15-17), in which the models were manually
DFTB are not improved compared to traditional semiem- modified by adding protons on some ionizable residues (e.g.,
pirical methods (e.g., PM3), even though the conformational Asp and Glu), based on their local environments. In other
and interaction energies seem to be more accurate. For thavords, the models were built to mimic the structures
results reported in this paper, the deficiencies of the SCC- determined at low pH and to represent the active enzyme at
DFTB method could affect some of the conclusions low pH (i.e., not at neutral pH at which the enzyme is
reached from this study (even though the SCC-DFTB inactive). The average structure from the 1.2 ns QM/MM
energies are not used directly to generate the profiles). Thus MD simulations for the tetrahedral adduct complex was then
the comparisons of performance of the SCC-DFTB method performed to test whether the experimental X-structure could
on certain models as well as on simplified enzyme systemsbe well reflected from the models that we built. If the
with those from high-level ab initio calculations are of interactions in the experimental structure could not be well
fundamental importance. This would allow us to obtain represented by a model, the structure would be expected to
important insights into the question as to whether the deviate significantly from the experimental structure during
conclusions obtained from the QM/MM MD and free energy the simulations. After several tests, we were able to generate
simulations could still hold if high-level QM methods would the model for which the average structure from the MD
be used. simulations was rather close to the experimental structure
Although the SCC-DFTB method has been tested on a obtained at low pH, suggesting that the interactions in the
large number of models and enzyme systems (for reviews,tetrahedral adduct complex are well represented and that the
see ref@5—27), additional comparisons with the results from model should be reasonable. For instance, the distances
high-level ab initio calculations for the systems related to between the non-hydrogen atoms for the key hydrogen bonds
the present study are necessary. In our earlier wbsk (ve in the active site from the simulations are very close to those
compared the performance of the QM(SCC-DFTB)/MM in the experimental structure, with an average deviation of
simulations with the calculations based on the QM(B3LYP/ only about 0.1 A. We also tested other cases and noticed
6-31G**)/MM energy minimization for the process of the that we could not reproduce the X-structures from the
nucleophilic attack of Ser278 on an inhibitdt;acetyliso- simulations if we used different (presumably incorrect)
leucylprolylphenylalaninal (AcIPF), in the kumamolisin-As  protonation states for certain residues.
complex. We found that the results from both methods are The initial coordinates for the enzyme were taken from
consistent with each other concerning the role of Asp164 the crystal structure (PDB ID 1SIO, resolution 1.8 A) of
and Glu78 as the general aeilase catalysts. There are two kumamolisin-As complexed with the inhibitor AcIPRA{
additional conclusions obtained from the present study that acetylisoleucylprolylphenylalaninal® 10). The substrate
could also be affected by possible deficiencies of SCC- used in the present study, GPH*FF, contains the key residues
DFTB. One conclusion is that the nucleophilic attack by of the internally quenched fluorogenic (IQF) substrate
Ser278 on the substrate may not be rate limiting for the [NMA-MGPH*FFPK-(DNP)DRDR] used in the earlier
acylation reaction, and the other is the existence of dynamic experimental study & 10), although it is considerably
substrate assisted catalysis (DSAC). The first conclusion smaller. One of the key questions for performing the
could be affected if the SCC-DFTB method underestimates simulations on kumamolisin-As is how to obtain the coor-
(overestimates) the activation barrier for the nucleophilic dinates for the substrate (tetrahedral intermediate) in the
attack more (less) significantly than the activation barrier enzyme complex. Fortunately, an X-ray structure for the
for the acyl-enzyme formation (i.e., the breaking of the S278A mutant of pro-kumamolisin (PDB ID 1T1E, resolu-
peptide bond). In this case, the relatively low barrier for the tion 1.18 A) @) is available that makes generating the
nucleophilic attack might be simply due to the deficiencies enzyme complex possible. This X-ray structure contains an
of SCC-DFTB. We have compared the performance of SCC- activation peptide/linker running through the active site cleft.
DFTB with B3LYP/6-31G** on a small model system and The catalytic domain of the Ser278Ala mutant of pro-
on selected snapshots of the enzyme complex. It was foundkumamolisin has a virtually identical structure compared to
that the SCC-DFTB method may in fact underestimate the the active kumamolisin. Kumamolisin-As and kumamolisin
activation barrier for the acyl-enzyme formation more share high sequence identity (92.7%), and their structures
significantly than that for the nucleophilic attack. Thus, the superimpose very well. The structures of the kumamolisin-
first conclusion mentioned above is likely to be true even As—AcIPF complex and the catalytic domain of the S278A
with the high-level ab initio method. For the conclusion mutant of pro-kumamolisin were first superposed, and the
concerning the existence of DSAC, the high-level ab initio coordinates of the £Arg169p-RB-Pro170p-P-His171p-R'-
MD simulations could not be performed due to the reason Phel72p-P-Arg173p peptide fragment from the linker were
that these simulations are extremely expensive. In order toused to generate the coordinates of the GPH*FF substrate,
confirm this conclusion, we changed the treatment of His at with P;-Arg169p replaced by Gly and,PArg173p replaced
P, from SCC-DFTB to MM (31). The same conformational by Phe. The coordinates of kumamolisin-As and the GPH*FF
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peptide were then combined to generate the putative kuma-constants that were used are in the range of—BlD
molisin-As—substrate complex used to initiate the compu- kcal-mol~1-A~2. Similar free energy profiles and the same
tational studies. conclusions were obtained from different sets of PMF
The stochastic boundary MD metho82f was used for calculations with the MD simulations ranging from 40 ps
the QM(SCC-DFTB)/MM simulations. The system was (20 ps equilibration and 20 ps production run) to 250 ps (50
separated into a reaction zone and a reservoir region; theps equilibration and 200 ps production run) in each window.
reaction zone was further divided into the reaction region
and the buffer region. The reaction region was a sphere with RESULTS AND DISCUSSION
radiusR of 16 A, and the buffer region ha@equal to 16 A Structural and Dynamic Properties of the Substrate
< R< 18 A. The reference center for partitioning the system Complex, Tetrahedral Intermediate, and Acyl-Enzyfte
was chosen to be the carbonyl carbon atom (C) of the His average active site structure for the kumamolisin-As
residue at the f5ite (see Figure 1). The side chains of Glu32, substrate (GPH*FF) complex obtained from the QM/MM
Asp82, Glu78, Ser278, and Asp164, as well as a part of theMD simulations is given in Figure 1A. Ser278 is the
substrate [the backbone atoms efffo (C=0), P-His, P/'- nucleophile that attacks the carbonyl carbon atom (C) of the
Phe (G-NH), and the side chain ofifHis] were treated by  substrate, while Glu78 and Asp164 act as the general base
QM and the rest of the system by MM. The all-hydrogen and acid catalysts, respectivel¢—~10, 15-17). Two ad-
potential function (PARAM22)31) was used for MM atoms.  ditional residues, Glu32 and Trp129, interact with Asp82 of
The link-atom approach3@) available in the CHARMM the catalytic triad through hydrogen-bonding networks. These
program @4) was used to separate the QM and MM regions. two residues may play an important role in maintaining the
A modified TIP3P water modeB@—35) was employed for  structural integrity of the active site. Indeed, the previous
the solvent, and explicit water spheres covering the whole experimental study8) on kumamolisin showed that Glu32
region of interest were used to solvate the system using the— Ala and Trp129— Ala mutations affect the active site
standard procedure in the CHARMM program. The resulting conformation, leading to a 95% decrease in the activity. The
system contains 3431 atoms (2630 enzyme atoms and 26hackbone N-H group and side chain of Thr277 interact with
water molecules, including 79 crystal water molecules). The Asp164, and it was suggested in the earlier computational
initial structure for the entire stochastic boundary system was study (5) that these interactions might play a role in
optimized by the adopted basis NewteRhaphson (ABNR) stabilizing negative charge formation on Asp164 during the
method. The system was gradually heated from 50 to 300 K nucleophilic attack. The motions of the three protons that
in 20 ps and equilibrated at 300 K for 80.p& 1 fs time may be important for catalysis (i.e., those between Asp164
step was used for integration of the equations of motion, and substrate, Ser278 and Glu78, and Glu78 and Asp82) are
and coordinates were saved every 10 fs for analyses. Themonitored from the trajectories of the MD simulations of
LD frictional constants were 250 pSfor the protein atoms  the substrate complex and are plotted in Figure 1B. Figure
and 62 ps? for the water molecules. The bonds involving 1B shows that, for the substrate complex, these protons are
hydrogen atoms in the MM region were fixed by the SHAKE located on Aspl164, Ser278, and Asp82, respectively, con-
algorithm @6). The 500 ps QM/MM MD simulations were  sistent with the average structure shown in Figure 1A. The
performed for the substrate, tetrahedral intermediate, andfluctuation of the H-O(D82) distance is larger than that for
acyl-enzyme complexes of the wild-type enzyme; the initial a normal H-O bond [e.g., comparing the fluctuations with
structures of the tetrahedral intermediate and acyl-enzymethose of H-O(D164) and H-O(S278)], indicating that the
complexes were obtained from the free energy simulations corresponding HO(D82) covalent bond is weakened as a
(see below). The fluctuations of some important distances result of the strong hydrogen-bonding interaction with Glu78
related to the proton motions were monitored with the (the distance of the hydrogen bond between Glu78 and Asp82
coordinates obtained from the trajectories of the 500 psis only 1.5 A).
simulations. The average structure for the tetrahedral intermediate
The umbrella sampling metho®@%) implemented in the  obtained from the simulations is shown in Figure 1C. In this
CHARMM program andveightedhistogramanalysis method  structure, the Ser278 residue has already attacked the
(WHAM) (38) were applied to determine the change of the substrate and transferred its proton to Glu78. The proton on
free energy (PMF) for the acylation reaction in wild type. Aspl64 has transferred to the substrate during the formation
The reaction coordinate [= R(C—N) — R(C--+O,)] used of the tetrahedral intermediate. Thus, Glu78 and Aspl64
in the study is the difference between the bond distance of played the roles of the general base and acid catalysts,
the scissile peptide bondR{C—N)] and theR[O,(Ser278) respectively, during the nucleophilic attack. Preventing the
--C] distance of the nucleophilic attack (see Figure 1A), the proton transfer from Aspl164 to the substrate increases the
two key distances for the change of the substrate to the acyl-free energy for the formation of the tetrahedral intermediate
enzyme. The determination of multidimensional free energy significantly (see below), highlighting the importance of the
maps involving all of the coordinates would be too time- role of Aspl64 as the general acid catalyst. A similar
consuming. Our previous stud¢?) indicated that the one-  discussion can be made for Glu7B7). It is of interest to
dimensional free energy simulations with the suitable reaction note from Figure 1D (bottom panel) that the-&(D82) bond
coordinate would be sufficient to determine the key energetic does not undergo the large fluctuations (as observed in the
properties for the reaction. The free energy profile for the substrate complex) in the tetrahedral intermediate; the
wild-type enzyme, with the proton fixed on Asp164 using corresponding H-bond distance to Glu78 is also long€r.9
the SHAKE algorithm 36), was also obtained. A total of A). The average structure of the acyl-enzyme is given in
18—22 windows along the reaction coordinate were used Figure 1E, and the fluctuations of the distances related to
between the substrate complex and acyl-enzyme. The forcethe proton motions are plotted in Figure 1F. Panels E and F



3788 Biochemistry, Vol. 46, No. 12, 2007 Xu et al.
A C D

E32

5278

o 150 300 450

0.5 4 T T T
0 150 300 450

Ficure 1: Average active site structures of the kumamolsir-8sbstrate (GPH*FF) complex, tetrahedral intermediate, and acyl-enzyme
obtained from the QM/MM MD simulations and motions of the three key protons involved in the catalysis. The initial structures of the
simulations for the tetrahedral intermediate and acyl-enzyme were based on the structures from the free energy simulations (see below). (A)
The average structure of the substrate complex. The enzyme is plotted in ball and stick and the substrate in stick. Hydrogen bonds (H-
bonds) are indicated by red dashed lines. Only the side chain of; ttiéi$) residue of the substrate is shown for clarity. The catalytic triad
contains the Ser278, Glu78, and Asp82 residues. The His side chairdah&es an H-bond to the=€D' group of Pro at B, in addition

to the carboxylate of Asp179 (not shown). The backboreéH\group of the Presidue donates a hydrogen bond to Glu78. (B) Fluctuations

of the distances (in A) related to proton motions (vibrations) between Asp164 and substrate, Ser278 and Glu78, and Glu78 and Asp82 in
the substrate complex. Top panel: Fluctuations of the(iD164) and H--O(substrate) distances as a function of time. Key: red; r[H
+-O(substrate)]; blue, r[HO(D164)]. The proton is on Asp164 and is involved in an H-bond with tseO@roup of the substrate (see also

panel A). Middle panel: Fluctuations of theHD(S278) and H-O(E78) distances as a function of time. Key: red,fid(E78)]; blue,
r[H—0(S278)]. The proton is on Ser278 and is involved in an H-bond with Glu78. Bottom panel: Fluctuations of©¢H8) and
H—0(D82) distances as a function of time. Key: red, +{8(D82)]; blue, r[H--O(E78)]. The H-bond formed between Glu78 and Asp82

has a short distance ef1.5 A, and the proton is mainly located on Asp82. (C) The average structure of the tetrahedral intermediate after
the nucleophilic attack by Ser278 on the substrate. The His side chaimatPinteracts with @, of Asp164 and may, therefore, play a

role in stabilizing the charge formation on Asp164. The H-bond between the backbeHegMup of the R residue and Glu78 becomes
significantly weaker due to the protonation of Glu78. (D) Fluctuations of the distances related to proton motions (vibrations) in the tetrahedral
intermediate complex. Top panel: Fluctuations of the-8(D164) and H-O(tetrahedral intermediate) distances as a function of time.

Key: red, r[H-O(tetrahedral intermediate)]; blue, {+O(D164)]. The proton is on the tetrahedral intermediate and is involved in an
H-bond with Asp164 (see panel C). Middle panel: Fluctuations of the®{S278) and H-O(E78) distances as a function of time. Key:

red, r[H—O(E78)]; blue, r[H--O(S278)]. The proton is on Glu78 and is involved in an H-bond with Ser278. Bottom panel: Fluctuations

of the H--O(E78) and H-O(D82) distances as a function of time. Key: red,{&(D82)]; blue, r[H--O(E78)]. (E) The average structure

of the acyl-enzyme with the €N bond broken. (F) Fluctuations of the distances related to proton motions (vibrations) in the acyl-enzyme.
Top panel: Fluctuations of the-HO(D164) and H:-O distances as a function of time. Key: red, {#D]; blue, r[H-0(D164)]. Middle

panel: Fluctuations of the ++O(S278) and H-O(E78) distances as a function of time. Key: red,f#®(E78)]; blue, r[H:-O(S278)].

Bottom panel: Fluctuations of the-HO(E78) and H--O(D82) distances as a function of time. Key: red, «+{®(D82)]; blue, r[H--

O(E78)].

of Figure 1 show that Glu78 has given up its proton to the acyl-enzyme (Figure 1F, bottom panel); the proton is almost
nitrogen atom (N) of Phe at;R leading to the breaking of  equally distributed on Glu78 and Asp82 during the MD
the C-N peptide bond betweenfMis and R'-Phe and the  simulations.

formation of the acyl-enzyme. Asp164 becomes protonated Free Energy Profiles of the Acylatiomhe changes of free
again and therefore acted as a general base during the acylenergy (potential of mean force) as functions of the reaction
enzyme formation. It is interesting to note that a low-barrier coordinate §) for the acylation reaction in kumamolisin-As
hydrogen bond is formed between Glu78 and Asp82 in the and the D164A mutant are given in Figure 2A. The free
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A 45 the suitable reaction coordinate should be sufficient to
determine the key energetic properties for the acylation
reaction.

Figure 2A shows that the nucleophilic attack by the serine
residue on the substrate is not rate limiting for the acylation
reaction, although the free energy barriers for the nucleophilic
attack (TS1) and formation of the acyl-enzyme (TS2) do not
differ significantly, with the barrier at TS2 slightly higher.

. The result obtained for kumamolisin-As is different from
Substrate the previous calculations on trypsi@Q), which suggested
5 ! T ' that the nucleophilic attack is rate limiting for the acylation

- 0.5 0 0.5 1 in the serine peptidase. It is of interest to note in Figure 2A
that preventing the proton transfer away from Aspl164 leads
to an increase of the free energy barrier of the acylation
reaction by about 10 kcal/mol and the tetrahedral intermediate
along the reaction pathway disappeared as a result of fixing
the proton on Asp164. Thus, the electrostatic oxyanion hole
interaction involving the protonated Aspl64 is unlikely to
be sufficient for generating a stable tetrahedral intermediate
during catalysis. Figure 2A also shows that the replacement
of Aspl64 by Ala increases the free energy barrier consider-
ably. The results of the simulations reported here support
the earlier proposall§) for the existence of the general acid
mechanism involving Aspl64 in the stabilization of the
tetrahedral intermediate and are consistent with the available
mutagenesis studieg-{10). For instance, the D164A mutant
of kumamolisin did not show any measurable proteolytic

Ficure 2: (A) Free energy profiles of the acylation reaction for i iQin.
the wild-type kumamolisin-As and D164A mutant as a function of activity (7). For the D164N mutant of kumamolisin-As, a

the reaction coordinate[= RCC—N) — R(C...0,)] obtained from low but appreciable Ieyel of catglytic activity (1.3%_) was

the QM/MM free energy (potential of mean force) simulations. found (10), corresponding to an increase of the activation
Key: red solid line, wild type; blue dot-dashed line, wild type with  barrier of about 2.5 kcal/mol. It should be pointed out,

the proton fixed on Asp164 with the SHAKE algorithm; pink dashed however, that care must be exercised in making direct
line, D164A. The average structures for the substrate complex, .o mnarisons of the computational results with experimental
tetrahedral intermediate, and acyl-enzyme for wild-type are given d For i h lati ion h b

in Figure 1A, 1C and 1E, respectively. The average structures of data. Forinstance, the acylation reaction has not been proven
TS1 and TS2 for wild type are given in panel B. (B) Average active t0 be rate limiting, and the processes of the deacylation,

site structures for wild type near the transition states for the substrate binding, and product release may need to be
nucleophilic attack (TS1) and the formation of the acyl-enzyme considered as well. Furthermore, structural analyses of the
(TS2), respectively, obtained from the free energy simulations. unliganded D164N mutant showed that, although the catalytic

. . i triad is intact, the mutated residue (Asn164) unexpectedly

ehnegglyl Aﬁ?gn?e n r\]N h|cg the proton g\n Alsépz1164.|s flxedhby makes a hydrogen bond with the side chain of Ser2D. (

the algorithm £6) (to prevent Asp164 acting asthe o consequence of this structural change and the way by

general acid and base catalyst for the nucleophilic attack and ic the side chain Asn164 stabilizes the transition state
acyl-enzyme formation, respectively) is also given. It should ;, the reaction catalyzed by the D164N mutant are still
be pointed out that the free energy profiles in Figure 2A | niknown.

were based on the one-dimensional free energy simulations.  Thg ayerage active site structures near the transition states
For the stepwise bond-breaking and -making events this Maysqr the nucleophilic attack (TS1) and the formation of the
not pose a serious problgm. However, for the concertgd acyl-enzyme (TS2) are given in Figure 2B. Figure 2B (left)
processes some information that would be contained in ghows that there is little progress of the proton transfer from
multidimensional free energy profiles may be absent in the Asp164 to the substrate before the system reaches TS1. The
one-dimensional profiles. Indeed, there are several protonyesylt is consistent with the earlier suggestion that such proton
transfers during the acylation reaction, and some of thesetransfer mainly occurs at a later stage of the nucleophilic
proton transfers may be coupled to the rearrangement of theattack (5,17). The proton transfer from Ser278 to Glu78
system (i.e., the nucleophilic attack and the formation of the seems to be more synchronous with the nucleophilic attack,
acyl-enzyme). For instance, our earlier two-dimensional free although two-dimensional free energy maps are required for
energy simulations on the nucleophilic attack of Ser278 on a detailed understanding of the relationship between the
AclIPF in kumamolisin-As showed that there are important nucleophilic attack and proton transfé7). Figure 2B (right)

free energy relationships between the nucleophilic attack andshows that the proton transfer from Glu78 to the nitrogen
the proton transfers. Such free energy relationships betweeratom (N) of Phe at P> has been basically completed at TS2.
the nucleophilic attack (acyl-enzyme formation) and proton  Dynamic Substrate-Assisted Catalysis (DSAR)ma-
transfers are absent in the one-dimensional free energymolisin-As was found to have a higher specificity for the
profiles (Figure 2A). However, the previous studyr) also substrates with a positively charged residue (such as His or
indicates that one-dimensional free energy simulations with Arg) at the R site than for those they do nog,(3, 9).
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10 17 the rate-limiting step for the acylation. Thus, the question
1 remains as to whether the His residue atuld be able to
stabilize the transition state for the acyl-enzyme formation
(TS2) as well and therefore lead to an overall rate enhance-
ment for the acylation reaction. The structure shown in Figure
1E suggests that this may indeed be the case, as His at P
moves back to its original position (i.e., to that found in the
substrate complex) to interact with the=©' group of Pro
at B, in the acyl-enzyme. Figure 2B (right) shows that the
motion of the His residue from the position in the tetrahedral
0+ . . : . ' intermediate to that in the acyl-enzyme is almost completed
16 20 24 28 32 36 40 as the system reaches TS2, the transition state for the acyl-
04,(D164)...H(His at P,) (A) enzyme formation. This is in contrast to the case of the Tl
3.7 (3.2)[3.4] 1.8(1.8)[1.8] formation, yvhere His at undergoes the conformational
- - change mainly after the system passes TS1 (see above).
Average distance between H(His at P,) and O' (P,) for the . - .
substrate complex (blue), Tl (black, in parenthesis), and Figure 3 shows a plot of the free energy profiles for His
acyl-enzyme (red, in square parenthesis). at P moving between the €0’ group of Pro at Pand Q.
FiGure 3: Free energy change as the His residue ;amBves of Asp164 in the substrate complex, tetrahedral intermediate,

between @ of Asp164 and Oof the G=0' group of Pro at Pin and acyl-enzyme; the distance between the hydrogen
the substrate complex, tetrahedral intermediate, and acyl-enzyme

for kumamolisin-As (see Figure 1A,C,E). The reaction coordinate atom of the His side Ch:dm (ie., H |nd|cat§d n Flgure
is the distance between the hydrogen atom (H) of the His residue 1A,C,E) and @, of Asp164 is used as the reaction coordinate

at B and Q of Asp164. The corresponding average distances (RC). For the substrate complex, the free energy for the
between H and Care given below. For instance, when the reaction conformations for which the His residue forms a hydrogen
coordinate is 4.2 A for the substrate complex, the average distancepgnd with the GO’ group (RC~ 4.2 A) is considerably

for R(H---Q') is about 1.8 A based on the trajectory of the -
corresponding window (i.e., H forms a hydrogen bond with the lower than the free energy of those with the(Asp164)

C=0' group of Pro at p. Blue dotted line: The free energy change **H(His) hydrogen bond; the conformations in the former
in the substrate complex. For the substrate complex, the conforma-case are therefore more stable. This result is consistent with

tions for which His at Pforms a hydrogen bond with the=8' the average structure shown in Figure 1A where the His
group of Pro at P (i.e., the structure shown in Figure 1A) are residue interacts with €0'. For the Tl complex, the

considerably more stable (by about-6 kcal/mol) than the . - .
conformations for which the His residue interacts witlg, @f conformations with the ©(Asp164)--H(His) hydrogen bond

Asp164. Black solid line: The free energy change in the tetrahedral become more stable, as indicated by the relatively low free
intermediate. For the tetrahedral intermediate, the conformationsenergy at RC= 1.7 A. The conformations with the /@

for which the His at Eforms a hydrogen bond with L@Of Asp164 (Asp164)..H(Hls) hydrogen bond become less stable agaln

(i.e., the structure shown in Figure 1C) are more stable (by about _
2 kcal/mol) than the conformations for which His interacts with after the system changes to the acyl-enzyme. Therefore, the

C=0 group of Pro at R Red dashed line: The free energy change HiS residue at Pmoves between the<€0’ group of Pro at
in the acyl-enzyme. The conformations for which the His residue P and O of Asp164. Each movement is triggered by the
forms a hydrogen bond with the=€D' group of Pro at P(i.e., the bond-breaking and -making events at a given stage of the
structure shown in Figure 1E) are considerably more stable than eaction, as well as the corresponding changes of the
the conformations for which His at hteracts with @, of Asp164. interactions with the His residue. The back and forth
Interestingly, the linkers of pro-kumamolisin-As and movements of the His side chain between tleC group
pro-kumamolisin (-2:Arg169p-B-Pro170p-R-His171p-R'- of Pro at B and Q; of Aspl64 in a ping-pong-like
Phel72p-RP-Arg173p-) also have a positively charged His mechanism and the formation of the alternative hydrogen
residue at P(7—10); the coordinates of this peptide fragment bonds effectively lower the free energy barriers for the both
from pro-kumamolisin have been used to generate thenucleophilic attack and the acyl-enzyme formation. It is
substrate complex used in this study (see above). It was foundpossible that this mechanism also works for the deacylation
in our earlier simulations1) that the His side chain at;P  reaction. In other words, the water attack on the acyl-enzyme
rotated significantly during transition from the substrate to and the formation of the product might also be helped by
the tetrahedral intermediate. This movement was triggeredthe motions of the His residue in the same ways as what
by the deprotonation/protonation events and resulted in thehappened for the nucleophilic attack by Ser278 and the
interaction of His at Pwith the unprotonated Asp164 making formation of the acyl-enzyme, respectively.
the tetrahedral intermediate more stable. We suggested tha
the dynamics involving the His residue at the dfte may ONCLUSIONS
play an important role in the catalysis and contribute to the The QM/MM MD and free energy simulations demon-
higher specificity for the substrates with His at Fhese strated that the nucleophilic attack by the serine residue on
results are confirmed here with a different substrate. Indeed,the substrate may not be the rate-limiting step for the
while His at R forms a hydrogen bond with the=€D' group acylation of the GPH*FF substrate. The results given here
of Pro at B in the substrate complex (Figure 1A), it interacts confirm the earlier suggestions that Asp164 acts as a general
with Asp164 in the tetrahedral intermediate (Figure 1C). acid during the nucleophilic attack by Ser278. It was also
The previous proposal for the existence of DSAC in the shown that this residue acts as a general base during the
kumamolisin-As-catalyzed reaction was based on the resultsformation of the acyl-enzyme from the tetrahedral intermedi-
of the nucleophilic attack by Ser278 on a substrate. However, ate. The role of dynamic substrate assisted catalysis (DSAC)
as demonstrated earlier, the nucleophilic attack may not beinvolving His at the P site was examined, and it was shown
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that the bond-breaking and -making events at each stage of
the reaction trigger a change of the position for the His side
chain and lead to the formation of alternative hydrogen
bonds. The back and forth movements of the His side chain
between the &0O' group of Pro at Pand Q; of Asp164

and the formation of the corresponding hydrogen bonds
effectively lower the free energy barriers for both nucleo-
philic attack and the acyl-enzyme formation and lead to a
relatively high activity.
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