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Abstract: The role of Asp102 in the catalytic relay system of serine proteases is studied theoretically by
calculating the free energy profiles of the single proton-transfer reaction by the Asn102 mutant trypsin and
the concerted double proton-transfer reaction (so-called the charge-relay mechanism) of the wild-type trypsin.
For each reaction, the reaction free energy profile of the rate-determining step (the tetrahedral intermediate
formation step) is calculated by using ab initio QM/MM electronic structure calculations combined with
molecular dynamics—free energy perturbation method. In the mutant reaction, the free energy monotonically
increases along the reaction path. The rate-determining step of the mutant reaction is the formation of
tetrahedral intermediate complex, not the base (His57) abstraction of the proton from Ser195. In contrast
to the single proton-transfer reaction of the wild-type, MD simulations of the enzyme—substrate complex
show that the catalytically favorable alignment of the relay system (the hydrogen bonding network between
the mutant triad, His57, Asn102, and Ser195) is rarely observed even in the presence of a substrate at the
active site. In the double proton-transfer reaction, the energy barrier is observed at the proton abstraction
step, which corresponds to the rate-determining step of the single proton-transfer reaction of the wild-type.
Although both reaction profiles show an increase of the activation barrier by several kcals/mol, these in-
creases have different energetic origins: a large energetic loss of the electrostatic stabilization between
His57 and Asn102 in the mutant reaction, while the lack of stabilization by the protein environment in the
double proton-transfer reaction. Comparing the present results with the single proton transfer of the wild-
type, Aspl102 is proven to play two important roles in the catalytic process. One is to stabilize the protonated
His57, or ionic intermediate, formed during the acylation, and the other is to fix the configuration around
the active site, which is favorable to promote the catalytic process. These two factors are closely related
to each other and are indispensable for the efficient catalysis. Also the present calculations suggest the
importance of the remote site interaction between His57 and Val213—Ser214 at the catalytic transition
state.

1. Introduction transfer (DPT) in the triafl.Because this DPT (so-called the
The His-Asp-Ser catalytic motif, so-called tbatalytic triad charge relay mechanism predicted that th&pof His57 was

is totally conserved throughout the serine proteases family and/oWer than that of Asp102, many experiments have been carried

believed to be responsible for the efficient catalysis. Although ©Ut to validate the basicity of His57H and**N NMR experi-

the catalytic roles of His57 and Ser195 are widely recognized, Ments showed that Asp102 does not change its protonic state

that of Asp102 still remains elusive. Especially, whether the during the reactioft” The neutron diffraction study with the

proton in the His57-Asp102 hydrogen bond resides on His57 monoisopropyl phosphate modified trypsin revealed that the

or Asp102, or how many protons are transferred in the catalytic Proton is located on His57 at neutral pH conditidrisased on
pathway, has been a contentious isstfe. those experimental facts, the single proton-transfer (SPT) mech-

At the first discovery of the catalytic triad from the X-ray anism where His57 is stabilized by the electrostatic effect of
crystal structure of chymotrypsin, Blow and co-workers pro- Aspl102 is generally accepted at present. However, proton inven-
posed that the triad motif renders Ser195 nucleophilicity through tory measurements seem to favor the DPT in the specific cas-
the electronic resonance structuf&ubsequent studies refined  €s>*°These experiments revealed that DPT motion is apparently
this mechanism by proposing an actual concerted double protonobserved for oligopeptides which resemble naturally occurred

T Present address: Research Institute for Computational Science, National (4) Blow, D. M.; Birktoft, J. J.; Hartley, B. SNature 1969 221, 337-340.
Institute of Advanced Industrial Science and Technology, Tsukuba Central (s5) Hunkapiller, M. W.; Smallcombe, S. H.; Whitaker, D. R.; Richards, J. H.

2,1-1-1; E-mail: toyokazu.ishida@aist.go.jp. Biochemistryl973 23, 4723-4743.
(1) Fersht, AStructure and Mechanism in Protein Science. A Guide to Enzyme (6) (a) Robillard, G.; Shulman, R. G. Mol. Biol. 1974 86, 519-540. (b)
Catalysis and Protein Folding2nd ed; W. H. Freeman and Company: Robillard, G.; Shulman, R. Gl. Mol. Biol. 1974 86, 541—-558.
New York, 1999. (7) (a) Bachovchin, W. W.; Roberts, J. D.Am. Chem. So¢978 100, 8041
(2) Wharton, C. W. IlComprehensg Biological CatalysisSinnott, M., Garner, 8047. (b) Bachovchin, W. WProc. Natl. Acad. Sci. U.S.A985 82, 7948~
C. D., First, E., Davies, G., Eds.; Accademic Press: 1998; Vol. 1, Chapter 7951.
9. (8) (a) Kossiakoff, A. A.; Spencer, S. Aature 1980 288 414-416. (b)
(3) Hedstrom, LChem. Re. 2002 102 4501-4523. Kossiakoff, A. A.; Spencer, S. ABiochemistryl981, 20, 6462-6474.
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substrates, although a single proton is transferred in the case o
small substrates. To explore the catalytic role of Asp102, Craik

and co-workers employed the site-directed mutagenesis tech-

nique!12Based on the kinetic and structural studies with the
Asnl102 mutant trypsin, they proposed that Asp102 is crucial
to stabilize an appropriate His57 tautomer, which is favorable
to abstract the proton from Ser195. Recently, the low-barrier
hydrogen bond (LBHB) hypothesis has attracted much atten-
tion13-15 This proposes that a short, strong hydrogen bond
formed between His57 and Asp102 could render His57 to be a
more effective general base.

Despite those activities of experimental studies on serine

protease reactions, theoretical studies based on ab initio calcula-

tions are still limitedt®21 Most of earlier quantum mechanical
calculations supported the DPT mechani$rin these calcula-
tions, the catalytic triad was represented by an appropriate

chemical species assuming the coordinates to be the same as

the X-ray structures. Warshel and co-workers discussed the
reaction mechanism of Asn102 mutant trypsin and the DPT
mechanism based on the simple EVB/FEP calculatlé#.

Although their calculations could reproduce the experimental
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trend, no theoretical interpretation has emerged for the completerigure 1. Two chemically distinct conformations of the Asn102 mutant

picture of the reaction mechanism at present.

In the previous papét, we studied the acylation process of
serine proteases by ab initio QM/MM calculations combined
with molecular dynamicsfree energy perturbation (MBFEP)
simulations and revealed that the rate-determining step is the
tetrahedral intermediate (TET) formation process. It was also
shown that the electrostatic interaction with the protein environ-
ment plays a critical role for the effective catalytic activity. In
the present work, we focus on the role of Asp102 in the catalytic

trypsin. (Above) The conformation where the side chain;Njfoup is
oriented toward the active site cleft. Thg @&om of Asn102 could accept
the hydrogen bonds from the His57 residue. (Below) The conformation
where the side chain amide group is rotatecN#80° around the g—C,
bond.

wild-type by ab initio QM/MM, MD—FEP method. We only
dealt with the TET formation process because this can be re
garded as the rate-determining step as in the SPT of wild-type.

2. Computational Details

relay system. For this purpose, we calculated the free energy

profiles for the SPT of Asn102 mutant trypsin and the DPT of

(9) (a) Elrod, J. P.; Hogg, J. H.; Quinn, D. M.; Venkatasubban, K. S.; Schowen,
R. L.J. Am. Chem. S0d.98Q 102 3917-3922. (b) Quinn, D. M.; Elrod,
J. P.; Ardis, R.; Friesen, P.; Schowen, RJLAmM. Chem. S0d.980 102,
5358-5365. (c) Stein, R. L.; Elrod, J. P.; Schowen, R.JLAm. Chem.
So0c.1983 105 2446-2452.

(10) Stein, R. L.J. Am. Chem. S0d.983 105 5, 5111-5116.

(11) Craik, C. S.; Roczniak, S.; Largman, C.; Rutter, WSdiencel 987, 237,
909-913.

(12) Sprang, S.; Standing, T.; Fletterick, R. J.; Stroud, R. M.; Finer-Moore, J.;
Xuong, N.-H.; Hamlin, R.; Rutter, W. J.; Craik, C. Sciencel987, 237,
905-909.

(13) (a) Frey, P. A.; Whitt, S. A.; Tobin, J. Esciencel994 264, 1927-1930.

(b) Cleland, W. W.; Frey, P. A.; Gerlt, J. Al. Biol. Chem.1998 273
25529-25532.

(14) (a) Perrin, C. L.; Nielson, J. BAnnu. Re. Phys. Chem1997, 48, 511—
544. (b) Mildvan, A. S.; Harris, T. K.; Abeygunawardana, I@ethods
Enzymol.1999 308 219-245.

(15) (a) Cassidy, C. S.; Lin, J.; Fery, P. Biochemistryl997, 36, 4576-4584.

(b) Lin, J.; Cassidy, C. S.; Fery, P. Biochemistry1998 37, 11940~
11948. (c) Lin, J.; Westler, W. M.; Clealand, W, W.; Markley, J. L.; Fery,
P. A.Proc. Natl. Acad. Sci. U.S.A998 95, 14664-14668. (d) Neidhart,
D.; Wei, Y.; Cassidy, C. S.; Lin, J.; Cassidy, C. S.; Clealand, W, W.; Fery,
P. A.Biochemistry2001, 40, 2439-2447. (e) Westler, W. M.; Fery, P. A;;
Lin, J.; Wemmer, D. E.; Morimot, H.; Williams, P. G.; Markley, J. L.
Am. Chem. So2002 124, 4196-4197.

(16) (a) Umeyama, H.; Imamura, A.; Nagato, C.; Hanano,JMTheor. Biol.
1973 41, 485-502. (b) Scheiner, S.; Kleier, D. A.; Lipscomb, W. Rroc.
Natl. Acad. Sci. U.S.AL975 72, 2606-2610. (c) Dewar, M. J. S.; Storch,
D. M. Proc. Natl. Acad. Sci. U.S.A985 82, 2225-2229.

(17) (a) Warshel, A.; Russell, 8. Am. Chem. S0d.986 108 6569-6579. (b)
Warshel, A.; Naray-Szabo, G.; Sussman, F.; Hwang, JBikchemistry
1989 28, 3629-3637.

(18) Warshel, A.Computer Modeling of Chemical Reactions in Enzymes and

2.1. Ab Initio QM/MM, MD —FEP Calculations.We used the same
method as in the previous work for calculating the free energy prdfile.

The total free energy was calculated along the minimum energy
reaction path determined by the restrained QM/MM optimizations as
follows:

min

EQM/MM(RQM’RMM) +
Ew(Rw)]} dRyy (1)

min

F = Gom(Rom

) —kgTIn [ exp{—pl

The first term represents the vibrational free energy in the QM region
evaluated by ab initio QM/MM calculations based on the harmonic
approximation. In the present cag&wmv was given by

vdw
EQM/ MM

Eommm = E?}lfflcnvnw + + Esotﬁ/mMM (2
where the standard AMBER (parm.96) force fi@ldias employed to
describe the MM region. The second term of eq 1 represents the free
energy contribution from MM region, which is calculated by the MD

FEP techniqu®@ along the minimum energy path.

2.2. Free Energy Profile of Asn102 Mutant Trypsin.The overall
strategy to calculate the free energy profile was the same as that in
previous work. At first, a suitable reaction coordind®e which is
adequate to describe the chemical reaction, was selected. The reaction
coordinateR. was defined as a function of some geometric param-

eters: Rc = W(qu, Ga,..., On), Whereg; is an appropriate bond length or

Solutions John Wiely & Sons: New York, 1991.

(19) (a) Schider, S.; Daggett, V.; Kollman, R. Am. Chem. Sod.991 113
8922-8925. (b) Daggett, V.; Schder, S.; Kollman, PJ. Am. Chem. Soc.
1991 113 8926-8935.

(20) (a) Stanton, R. V.; Pékgla, M.; Bakowies, D.; Kollman, P. AJ. Am.
Chem. Soc1998 120, 3448-3457. (b) Peiyld, M.; Kollman, P. A.J.
Am. Chem. SoQ00Q 122, 3436-3444.

(21) Ishida, T.; Kato, SJ. Am. Chem. So@003 125 12035-12048.

7112 J. AM. CHEM. SOC. = VOL. 126, NO. 22, 2004

(22) (a) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M.,
Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman,
P. A.J. Am. Chem. Sod.995 117, 5179-5197. (b) Kollman, P.; Dixon,
R.; Cornell, W.; Fox, T.; Chipot, C.; Pohorille, A. l@omputer Simulation
of Biomolecular Systems, Vol; 8an Gunsteren, W. F., Weiner, P. K.,
Wilkinson, A. J., Eds.; Kluwer Academic Publishers: 1997.

(23) Kollman, P.Chem. Re. 1993 93, 2395-2417.
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His57 substrate Ile6

substrate Arg5

Serl95

Asnl02
Ser214

Val2l3

Ile212

Figure 2. Optimized structures of the ES/TET state of the Asn102 mutant and the TET state of the double proton-transfer reaction of the wild-type (ab initio
QM/MM HF/6-31(+)G*(*)/AMBER level). (Top) ES state of the Asn102 mutant. (Middle) TET state of the Asn102 mutant. (Bottom) TET state of the
double proton-transfer reaction. Only selected amino residues around the active site are shown in this figure.

angle, etc.. Then the minimum energy reaction path was determined active site. All crystal waters used were retained at the same positions.
by the restrained QM/MM optimizations by fixing the selected reaction Nine chloride ions were added at the positions of largest electrostatic
coordinate. In the case of Asn102 mutant reactipis the bond length potentials to neutralize the total charge.

of O,-H, in Ser195, andj. is the bond distance between of Ser195 The QM region was the same as that in the wild-type calculations
and the carbonyl carbon of the scissile peptide. For the DPT reaction, except for the side chain of Asn102. The boundaries between QM and
two of g; are the same as those in the mutant reaction,cgrisl the MM regions were saturated by link hydrogen atoms;—Cs bond of

Ns—Hs bond length in His57. Because the molecular system for the His57 and Asn102; &-NH, C,—CO bonds of Ser195; &-Cs, Co—

DPT reaction is the same as the earlier wild-type/SPT calculations, we NH bonds of substrate Arg5; and,€Cs, C,—CO bonds of substrate

only give a description of the calculation procedure for the Asn102 |le6. In all ab initio QM/MM geometry optimizations, we employed

mutant. the HF method with the same basis set as that in the previous study,
The initial geometry of the Asn102 mutant complex was the same 6-31(+)G*(*) 24 (diffuse functions were added to,@f Ser195 and the

as that of the wild-type (trypsin complex with an inhibitor from Bitter  scissile peptide portion of the substrate, and p-functions were added to

Gourd determined to 1.6 A resolution, PDB code 1MCT). The Asn102 H, of Ser195 and klof His57). The electron correlation energy at each

was placed at the original Asp102 position: we adopted the conforma- HF optimized point was obtained by single-point MP2 calculation with

tion where the side chain Natom of Asn102 was oriented toward  cc-pVDZ basis sét augmented by diffuse functions on the same atoms

outside the main chain amide groups of Ala56 and His57 (Figure 1). described above, (aug)-cc-pVDZ.

The sequence of the substrate was the same as that in the previous

study. (Cys3-Pro4-Arg5-1le6-Trp7-Met8, the serial number comes from (24) Hehre, W. J.: Radom, L.; van Schleyer, P. R.; Pople, JA. Initio

the original inhibitor sequence) and placed at the same position at the Molecular Orbital Theory John Wiely & Sons: New York, 1986.

J. AM. CHEM. SOC. = VOL. 126, NO. 22, 2004 7113
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Table 1. Selected Geometrical Parameters of ab Initio QM/MM
Full-Geometry Optimized Structures? along the Minimum Energy
Reaction Path (in A)

Ans102 mutant double proton transfer

ES TET ESP TS TET
0,(Ser195y-H,(Ser195) 0.952 1.700 0.957 1.616 1.852
0,(Ser195)-N ((His57) 2.902 2.726 2.766 2.642 2.834
N(His57)—H,(Ser195) 2.004 1.034 1.834 1.036 1.007
051(Asp102)—N;(His57) 2.723 2.647 2.705
Os1(Asp102)—H;(His57) 1.718 0.998 0.986
Hs(His57)—N,(His57) 1.021 1.655 1.726
O5(Asn102)—N(His57) 2.834 2.817
Os(Asn102)—H,(His57) 1.875 1.863
Ha(His57)—N,(His57) 1.003 1.010
Os(Asn102)-N(His57) 2.930 2.894

3.503 3.455 3.477
2.676 2.331 2310
2731 2742 2.747
2.715 1564 2.672 1.915 1.493
1.360 1.486 1.392 1.447 1.520
1211 1.276 1.203 1.229 1.284
3.690 2.990 3.841 3.331 3.128
2.721 2.055 2.864 2.366 2.170
2.756 2.727 2.772 2726 2.703
1.742 1.709 1.768 1.710 1.683
2.530 2.586 2.595
1527 1.604 1.616
3.057 2.903 2972 2.879 2.875
4586 4.162 4.292 3.591 3.576

Os2(Asp102)—N,(His57)
Os2(Asp102)—H,(His57)
Os2(Asp102)-N(His57)

O, (Ser195)-C(scissile bond)
N—C(scissile peptide bond)
C=0(in scissile bond)
O(scissile peptideyN(Ser195)
O(scissile peptideyHN(Ser195)
O(scissile peptideyN(Gly193)
O(scissile peptideyHN(Gly193)
O,(Ser214)-0s1(Asp102)

H, (Ser214)-0s1(Asp102)
O(carbonyl,Ser214)C.(His57)
O(carbonyl,Val213)-C.(His57)

aAll geometry optimizations were performed at the QM/MM HF/6-
31(+)G*(*) level. P These values are adopted from ref 21.

In the MD—FEP calculations, the solvated protein system was
defined by adding a sphere of TIP8Rvater molecules with a 30 A
radius centered on the, Gite of Ser195: the solvated structure consisted
of 128 crystal waters and additional 3618 water molecules. We adopted
the Nose-Hoover-chain/r-RESPZ-2° algorithm to generate the NVT
ensemble with the temperature of 310 K. The free energy differences
were calculated by the double-wide sampling metffodl.total of 16
windows were used in MBFEP calculations (18 windows for DPT
reaction). In each window, the simulation consisted of a 10 ps

mutational effect. The equilibrium values of bond lengths and
angles feq Oeg) in the QM region were fixed at the QM/MM
optimized values in ES complex.

On the whole, the average structure around the oxyanion hole
and the substrate binding site is similar to that of the wild-type
ES complex. However, the rotational orientation of the imidazole
ring of His57 varies largely: the average dihedral anglef
His57 is~150 + 70°, while that of the wild-type is~ — 90°
+ 10°. Because of this flexibility of the imidazole ring, the
catalytically favorable alignment of the mutant-relay system
(hydrogen bonding between His57 and Asn102, between His57
and Serl95) is rarely observed during the simulation time.

3.2. Asn102 Mutant Reaction: From ES to TET.The
minimum energy reaction path depicted on the 2D-reaction
coordinate diagram is shown in Figure 3. For a comparison,
the reaction path of the wild-type SPT is also included in this
figure. Although the two reactive modes (the proton transfer
from Ser195 to His57 and the nucleophilic attack of Ser195 to
the scissile peptide) progress in a concerted manner in the wild-
type, the proton transfer starts after a large orbital overlap is
achieved between the hydroxyl group of Ser195 and the carbonyl
group of the scissile peptide for the mutant reaction. This profile
seems to be a stepwise path rather than a concerted one.

The free energy profile along the minimum energy path is
shown in Figure 4. Although there was observed a shallow
minimum on thepotential energysurface at the QM/MM-HF
level calculations, théree energymonotonically increases along
the path. The change of the curvature of free energy observed
at Re ~ 0.9 A is attributed to the stepwise nature of the
minimum energy path as mentioned above. Compared with the
wild-type/SPT reaction whose free energy curve is also given
in Figure 4, the ES-TET free energy difference is larger for the
Asnl102 mutant reaction by5 kcal/mol. This mainly comes
from the QM contribution to the energy as seen in Table 2. As
was mentioned in the previous paBelET is a local energy

equilibration process and 30 ps averaging run. The relative free energiesminimum on the potential energy surface, originated from a

were calculated as the average of the forward/backward simulation
results.

3. Results and Discussion

3.1. ES Complex of Asn102 Mutant Trypsin.The optimized

limited availability of the present QM/MM optimizations. For
the reaction to proceed, TET must be converted into the structure
(TET') preferable to abstract the proton from His57. We
regarded this TETStructure as the ret&trahedral intermediate

in the previous paper. This process is completely exothermic

structure around the active site of ES complex is shown in Figure in the wild-type/SPT reaction. In the case of the Asn102 mutant,
2. The selected geometric parameters at ES are summarized ithe reaction seems to proceed in a similar way, and the rate-
Table 1. Although the optimized ES geometry around the determining step is considered to be the formation of TET. For
oxyanion hole is similar to that of wild-type in general, we can the Asn102 mutant reaction, the transition state (TS) structure
find a remarkable structural difference between the two systems.is considered to be very similar to that of the TET. To clarify

While Os of Asn102 is hydrogen bonded tosMind the main
chain NH group of His57, Nof Asn102 is hydrogen bonded
to the main chain carbonyl group of Asp100, not the hydroxyl
group of Ser214 as in the wild-type.

A 1 ns MD simulation in aqueous phase was performed to

the energetic relation of the reactions, the schematic free energy
diagram is given in Figure 5. Note that the stabilization by
solvation is larger for the mutant reaction than the wild-type
reaction.

The selected geometric parameters of TET are included in

further analyze conformational changes introduced by the Taple 1. No apparent conformational change is observed

: : between His57 and Asnl102 along the reaction coordinate,
(25) gfg‘gaé'é&_“ Dunning, T. H.; Harrison, R. J. Chem. Phys1992 96, although two hydrogen bonds between the carbonyl oxygen of
(26) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein, the scissile bond and the main chain NH groups of Gly193 and

M. L. J. Chem. Phys1983 79, 926-935. . . .
(27) Martyna, G. J.; Klein, M. L.; Tuckerman, M. Chem. Phys1992 97, Ser195 are formed in the Ooxyanion hole region at TET.

2635-2643. i P
(28) Tuckerman, M.; Beme, B. J.: Martyna, G.J.Chem. Phys1992 97, 3.3. pquble Proton Transfgr Reaction: From ES to TET.
1990-2001. The minimum energy reaction path for the wild-type/DPT

(29) Martyna, G. J.; Tuckerman, M. E.; Tobias, D. J.; Klein, MMol. Phys.
1996 87, 1117-1157.
(30) Jorgensen, W. L.; Ravimohan, &.Chem. Phys1985 83, 3050-3054.

process determined in a 3D-coordinate space is projected onto
each 2D-coordinate plane, and the results are depicted in Figure

7114 J. AM. CHEM. SOC. = VOL. 126, NO. 22, 2004
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Figure 3. The minimum energy reaction path of the first step reaction (from ES to TET) depicted in the 2D reaction coordinate diagram. For a comparison,
the SPT reaction path of the wild-type is included in this figure. ¥teis defines the nucleophilic attack coordinate (interatomic distance betweeh O
Ser195 and the carbonyl carbon of the scissile bond), ang-éixés is the proton-transfer coordinate (bond length of-8, in Ser195). The four structures
depicted on each square corner represent the asymptotic structures along each reaction direction.

6. The DPT motion begins only when the nucleophilic attack  Note that these results are consistent with earlier semiem-
coordinate becomes-2.2 A. These proton transfers do not pirical calculations that show the DPT being favored without
proceed in a completely concerted manner: the proton betweenthe protein environmerif:1°

His57 and Asp102 moves prior to the base (His57) abstraction 3.4. Remote Site Interaction along the Reaction PatiThe

of the proton from Ser195. QM/MM nonbonded interaction energy was decomposed into
The free energy profile is shown in Figure 4. The calculated each amino residue contribution to analyze the origin of
barrier height is~22.9 kcal/mol, which is-5 kcal/mol higher interaction from a structural viewpoint. The analyses were based

than that of the wild-type SPT. We found two characteristic on the optimized structures along the minimum energy path.
differences in the energy components between the two mech-To clarify the energetic difference between wild-type/SPT
anisms. One is that the QM part of energy of TET is lower for reactions, the contribution from each amino residue was
DPT by ~5 kcal/mol than that of SPT. The other is that the calculated by

electrostatic stabilization by the interaction with the protein

environment is smaller for the TET of DPT by8 kcallmol  AAEutt = (AE et dmuanuopt— (AEeatudwid—ype/spT
than that of SPT, because Asp102 and His57 are in neutral form

and the negative charge is localized at the oxyanion of the where

scissile peptide in the TET of DPT. The solvation stabilization

is also smaller for the TET of DPT by3 kcal/mol than that of AEiQ_'\fé';’i'g/'ue= E?_“,”;g”ig”u TET — (E?_"fé';'g"u ES

SPT. Thus the difference in the free energy between the TETs

of two reaction mechanisms mainly comes from the electrostatic The energetic components of the wild-type/SPT reaction
contribution of protein. (AEMMM y were adopted from the previous wotk.

i—residu
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Figure 4. Comparison of the free energy profile between three different
reactions. The wild-type/SPT result is adopted from the previous #ork.
In the DPT profile, the reaction coordinate is projected onto the related
reaction path determined in the 2D coordinate plane.

Table 2. Free Energy Calculation Results (From ES to TET) in
Each Reaction Profile (in kcal/mol)

Ans102 mutant wildtype

SPT DPT SPT®
QM part contributiod  53.65 33.85 39.18
(E(QM) part) (69.87) (43.83) (52.43)
(Emp2) (—18.04) 11.14) 14.70)
(ZPE) (=0.14) 0.07) (+0.13)
(TAS (—1.96) +1.25) (+1.58)
protein contributioh  —16.074+1.94 —3.37+0.49 —11.79+0.92
solvent contributioh  —12.51+0.14 —3.654+0.15 —7.024+0.01
total free enerdy 25.07+ 2.08 26.83+ 0.64 20.3740.93

aQM part contribution includes the zero-point energy and entropy
contributions in 310 K. MP2 electron correlation energies were calculated
at the MP2/(aug)-cc-pVDZ//HF/6-3H)G*(*) level. ZPE and entropy
contributions were calculated by a numerical differentiation method at the
HF/6-31(-)G*(*) level. P The error estimates indicate the difference between
forward and backward MBFEP simulation runs: These values are adopted
from ref 21.

Figure 7 (above/below) shows the decomposition results in

the mutant/DPT reaction, respectively. Two notable points are
observed in the mutant reaction. Because of a structural change

between Asnl02 and Ser214, Ser214 has some favorable
contribution to the total interaction energy. The substrate Pro4,
which is located above the imidazole ring of His57, has a large
favorable interaction with the active site. In the case of the DPT

mechanism, unfavorable energy contributions originate from the

residues that have a strong interaction with Asp102 in the wild-
type: His57 and Val213Ser214. In particular, Ser214 shows
a large unfavorable contribution to the total interaction. The
reason is mainly due to a loss of the electrostatic stabilization
by the neutral Asp102.

From the analyses of two different types of reactions, it has
been observed that only a limited region of protein environment
is responsible for the efficient catalysis. The interaction around
the oxyanion hole shows similar behavior in each reaction, while
that of Ser214 is distinctly different. According to the conven-
tional notation by Schechter and Berdérthe binding sites

© wildtype SPT
gA
3
— — — - wildtype DPT
= TS
>
=1 . e mutant SPT
<|C) ~25.1 FLLLLLILLLIY
L { S
© ~229 =T\
> i
= i\ TS
D ~17.8
o

tetrahedral
intermediate

complex
acyl enzyme

>

Reaction coordinate

Figure 5. Schematic free energy diagram along the reaction coordinate
among the three types of reactions. The acylation profile of the wild-type/
SPT reaction is adopted from the previous w¥rklote that, for the mutant
SPT/wild-type DPT reaction, we only considered the free energy profile of
the rate-determining step (tetrahedral intermediate formation process).

there are few configurational differences in the primary binding
site S between the two types of reactions. Apparent structural
differences are observed at the ste, a hydrophobic groove
surrounded by His57, Leu99, Ser214, and Trp215.

3.5. Role of Asp102 in the Catalytic Relay Systenfrom
the present results of the Asn102 mutant reaction, Asp102 seems
to play two important roles in the catalytic process. One is to
stabilize the positive charge developed in the adjacent His57
by the strong electrostatic effect, and the other is to fix the
alignment of the catalytic residues around the active site. As
seen in Figures 3 and 4, Asn102 largely reduces the ability of
His57 to abstract the proton from Ser195, i.e., basicity, compared
to the Aspl02 case.

n the MD simulation of the Asn102 mutant ES complex,
here is less opportunity to find the catalytically favorable
ahgnment of the mutant-triad residue. This is mainly attributed
to the ring flipped conformation of His5%4£ ~ 150°), where
the effective hydrogen bond between His57 and Ser195 is almost
broken. To achieve the catalytic conformation where His57 is
hydrogen bonded to Ser195, an additional energy penalty to
flip the imidazole ring of His57 by~14C° is needed. We
estimated this additional energy by calculating the potential of
mean force (pmf). The free ener@yy,) as the function of the
dihedral angley, is related to the relative probability density

p(x2) by
F(x2) = —keTInp(xy) +C

The result is shown in Figure 8, where we can see that the
catalytic conformation is thermodynamically less stable-dy3

between proteases and polypeptide substrates are categonzegl) Schechter, |.: Berger, Riochem. Biophys. Res. Comma867, 27, 157
162.

in terms of the R—S, interactions:~2 In the present calculations,
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Figure 6. Minimum energy reaction path of the first step reaction (from

ES to TET) of the DPT reaction projected onto the 2D reaction coordinate amino residue serial number

diagram. (Above) The-axis defines one proton-transfer coordinate (bond
length of Q—H, in Serl95), and thg-axis is the other proton-transfer
coordinate (bond length of HN; in His57). (Below) Thex-axis defines
the nucleophilic attack coordinate (interatomic distance betwegmfO
Ser195 and the carbonyl carbon of the scissile bond), ang-#xés is one
proton-transfer coordinate (bond length of-Ns in His57).

Figure 7. Interaction energy decomposition between QM (active site) and

MM (the rest of protein environment) regions: (above) decomposition of

the Asn102 mutant reaction and (below) decomposition of the double proton-
transfer reaction. All contributions of crystal waters and counterions were
omitted. Each energy component shows the difference of the energy
difference from the wild-type SPT reaction. See details in the text.

kcal/mol than the anti-catalytic one. This result is consistent
with the X-ray crystal structure of Asn102 mutant trypsin where
two configurations of His57 are observed and the rotated
conformation toward the solvent side is a major structtFeom

overall reaction rate is dominated by the formation of TET as
observed in the wild-type reaction, the present results agree
reasonably well with the experimental findings.
- : i ; <« X ) In the case of the DPT mechanism, the calculated QM region
_Flgur(_a 8, the barrier height to flip the imidazole ring of His57 energy shows that the protonated Asp102 is more stable than
is estimated to be-2.2 kcal/mol. the ionized one even in the active site of the enzyme. The anti-
Based on the X-ray crystal structure of Asn102 mutant trypsin catalytic effect that prevents the DPT motion is a loss of the
where the imidazole ring of His57 was displaced from the active electrostatic stabilization between the active site and the
site toward the solvent side, Craik and co-workers concluded surrounding protein. Especially, the electrostatic interaction
that the reduced activity of the mutant is mainly due to an between two domains, His57 and Val24S8er214, is a critical
unfavorable tautomeric state of His57, which is unable to accept catalytic factor. This result implies that the protein environment
the hydroxyl proton from Ser198:'2 Though this conforma-  around the active site is designed to stabilize the ionic
tional change may be one of the anti-catalytic factors, it is hard intermediate state, Asp( His(+) oxyanion{), formed along
to explain that the magnitude of decreasé&gdnby ~10* comes the catalytic pathway by the particular residues. Table 3 shows
only from the conformational effect. The present results show the averaged structural parameters at TET state of wild-type
that the main anti-catalytic factor is the loss of the strong SPT/DPT reactions. The neutralized residues apparently loses
electrostatic stabilization between His57 and Asn102 in the TET the character that fixes the surrounding residues to stabilize TET
structure as discussed in section 3.2. If we assume that thestructure. Though the averaged structures around the oxyanion
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3 T T T T T to a loss of the stabilization effect around the active site, and
] these results are closely related to the structural changes between
- 25 - the triad and Val213Ser214. To examine the importance of
[=] r . . . .
E ; \\ I’ ] the remote site interaction, we performed additional WVEEP
T /'\\ simulations with extra harmonic constrain potentials, that bind
Z / \ , ] the triad to Val213-Ser214. Based on the SPT reaction profile
8 s J 1 of the wild-type, we added the following three harmonic
S [ W potentials at the catalytic transition statie; = 500.0 kcal/mol
5 / catalyti ] ‘A2 1,=2.570 A, for O/(Ser214)-05(Asp102);k, = 100.0,
g \ 4 confortation ] lo = 3.520, for O(carbonyl, Val213)C.(His57); k, = 100.0,lo
G [ / ] = 2.785, for O(carbonyl, Ser214)C.(His57). The resultant
s 0 ; ] activation barrier increased by4 kcal/mol from the SPT one
3 \‘/ ] but was still lower by~1 kcal/mol than that of the DPT. This
g o anti-catalytic ] result may indicate that if a specially designed substrate could
| confortnation bind two domains whose configuration is favorable to stabilize
o5 b b e e — the catalytic transition state, DPT motion may be observed.
0 S0 100 150 200 250 300 350 However, for naturally occurring substrates, the DPT reaction
dihedral angle chi2 of His57 seems less likely to proceed than the SPT one.
Figure 8. Potential of mean force as the function of dihedral angle 4. Conclusion
His57. The catalytic conformation has a structure where His57 is hydrogen . .
bonded to Ser195. See details in the text. We have analyzed the role of Asp102 in the catalytic relay
bl 3. A 4G rical P . FWildT <P/ system of serine proteases based on the free energy profiles of
e e e oty he AnsL02 mutant typsin and the double proton-transier
A) reaction of the wild-type trypsin. In summary, Asp102 plays
SPT DPT two important catalytic roles during the acylation. One is the
O(scissile peptide)N(Ser195) 2 68% 0064 2.680% 0.005 strong electrostatic effect YVhICh stabilizes }he protopated H!557
O(scissile peptide)HN(Ser195)  1.72% 0.079  1.734+ 0.077 formed along the catalytic pathway. This direct interaction
O(scissile peptide)N(Gly193) 3.034+ 0.057 3.047 0.063 apparently affects the electronic character of His57 as a base.
O(scissile peptide)HN(Gly193) ~ 2.067£0.080  2.077:0.083 The other is to fix the configuration around the active site, which
Sigzgiggiﬁﬁigigg igg& 8:882 i;gi 8:282 is fayorable_ to provide the catalytic _envir_onment. Also the
O(carbonyl,Ser214)C.(His57) 3.065+ 0.144 3.269- 0.163 protein environment around the active site is designed to
Eéﬁzgﬁorz:.sl:r 214)H.(His57) ZéBZZSZit 2-%21 gélgaﬁti géi9 stabilize the ionic state (AspHist oxyanior) in the tetrahedral
O(carb%nyl%/alZl?r}CE(Hi357) 35905 0146 3 6955 0.149 |nte'rmed|ate structure formed along the catalytlt? pathway. This
O(carbonyl.Val213yH .(His57)  2.488 0.150  2.560+ 0.149 environment prevents the proton transfer from His57 to Asp102,
bending angle 165.7& 3.52  174.46+ 2.61 which is known as the charge-relay mechanism. The analyses

of the remote site interaction between the enzyme and substrates
during the catalytic process revealed that the interaction between
His57 and Val213-Ser214 seems to be critical for the efficient
hole are similar in both the cases, the structures between His57hydrolysis of substrates.
and Val213-Ser214 show slight difference. These conforma-  Recently, the LBHB hypothesis has received much attention
tional fluctuations bring a loss of the strong electrostatic to rationalize the reaction mechanism of serine protetisés.
stabilization in the TET state in the DPT reaction. Because the LBHB hypothesis is mainly supported by NMR
Although many experiments strongly supported the SPT measurements,it will be worthwhile to carry out theoretical
mechanism rather than the DPT one, the exact position of the calculations of NMR chemical shifts for enzyme systems as in
proton in the catalytic transition state has not been established.the present work?
Proton inventory measurements suggested the DPT reaction
mechanism for oligopeptides resembling naturally occurring M
substrates and pointed out the importance of the remote site
interaction between the enzyme and substrates at the transitio
state, which is required to bring into action the fully developed
catalytic potentiaf:’® The substrate used in this work is
composed of six residues, which seems to be not so small
compared with substrates used in many kinetic experiments.JA030405U
However, the present results strongly favor the SPT mechanism. 55, \vestier, w. M.; Weinhold, F.; Markley, J. L1 Am. Chem. So@002
The increase of the DPT activation free energy is mainly due 124, 14373-14381.

aThese values are based on the additional 75 ps#@BP simulations
at the TET state.
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