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ABSTRACT. To elucidate the catalytic advantage of the low-barrier hydrogen bond (LBHB), we analyze
the hydrogen bonding network of the catalytic triad (His57-Asp102-Ser195) of serine protease trypsin,
one of the best examples of the LBHB reaction mechanism. Especially, we focus on the correlation between
the change of the chemical shifts and the structural rearrangement of the active site in the acylation process.
To clarify LBHB, we evaluate the two complementary properties. First, we calculate the NMR chemical
shifts of the imidazole ring of His57 by the gauge-including atomic orbital (GIAO) approach within the

ab initio QM/MM framework. Second, the free energy profile of the proton transfer from His57 to Asp102

in the tetrahedral intermediate is obtained by ab initio QM/MM calculations combined with molecular
dynamics free energy perturbation (MD-FEP) simulations. The present analyses reveal that the calculated
shifts reasonably reproduce the observed valuesHarhemical shift of H; and Hy; in His57. The!*N

and!3C chemical shifts are also consistent with the experiments. It is also shown that the proton between
His57 and Aspl102 is localized at the His57 side. This largely downfield chemical shift is originated from
the strong electrostatic interaction, not a covalent-like bonding character between His57 and Aspl102.
Also, it is proved that a slight downfield character of; hf originated from a electrostatic interaction
between His57 and the backbone carbonyl group of Val213 and Ser214. These downfield chemical shifts
are observed only when the tetrahedral intermediate is formed in the acylation process.

Hydrogen bondings play a crucial role in many biological controversy. The initially proposezharge-relaymechanism
processesl). A special class of them, called the low-barrier (11) has been examined by many subsequent stuttear(d
hydrogen bond (LBHB), has attracted wide acceptance as N NMR (12—15), neutron diffraction experimentd, 17),

a major candidate for efficient enzyme catalyss 7). As etc.). The unusually low-field proton signal, which was
two electronegative atoms approach each other within theassigned to the proton between His57 and Asp102, was
sum of van der Waals radii, the hydrogen bond becomesobserved in the early NMR experiments2). At present,
stronger and the barrier between the two proton wells those signals are considered to be characteristic evidence of
becomes lower. When the barrier height approaches the zerothe LBHB (3, 4). Frey and co-workers observed an unusually
point energy of the hydrogen, the proton becomes delocalized|ow-field H NMR spectrum of~19 ppm for the tetrahedral
between the two wells; such a state is referfe(_j to as thecomplex of chymotrypsin inhibited by the peptidyl triflu-
LBHB (5, 6). It has been proposed that LBHB is important  romethyl ketones (peptidyl-TFKs), which resembles the
in many enzymatic reactions. A typical example is the ,ytative tetrahedral intermediatég]. On the basis of the
hydrogen bonding network of the catalytic triad (His57- geries of experiments, they proposed that the formation of
Asp102-Ser195) of serine proteas8s4). the LBHB between His57 and Asp102 along the catalytic

The reaction mechanism of serine proteases has long beem i, vay could increase the reactivity of His57 as a general
a contentious matte8{-10). Because the hydroxyl group base 18-22). 15N NMR experiment, however, gave con-

of Serl195 has poor nucleophilicity, how the catalytic triad flicti It t the h : t His57
renders high reactivity to Serl95 has been a matter of alrfo;rfsgelsouz ?o??ﬁ;-wt?c &%22%22 gg)ﬂdlng petween Hiss
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protein, Molina and co-workers employed the effective calculated results with available experimental data, we
fragment potential (EFP) approac®s] to the X-ray struc- discuss the assumption of LBHB based reaction mechanism.
tures ofa-chymotrypsin andx-lytic protease inhibited by

the transition state analogu2§( 27) (TSA). Although their 1. MATERIALS AND METHODS

models considered the steric effect of protein, the chemical 1 1 Shielding Tensor Calculations by QM/MM-GIATe
shift was evaluated by the ONIOM-NMR approad(that  guantum chemical calculations of NMR chemical shifts and
discarded the electrostatic effect from the polar protein (g|ated properties have been discussed in many wérks (
environment, which seems to be crucial for the abnormal 44). Several groups considered the environmental effect on
character of the chemical shift. the shielding constants4%—48). Because the details of
There are many physicochemical parameters to be char-methods to calculate the chemical shifts within the frame-
acterized as LBHBY, 6): a downfield'H chemical shift, a  work of QM/MM methodology are described elsewheté)(
large primary isotope shift, a low fractionation factor, a close we give a brief introduction pertinent to the present study.
contact in X-ray structures. Among them, the most unam-  The chemical shielding tensor is defined as the second-
biguous character is considered to be the NMR chemical shiftorder response to the magnetic field and the nuclear magnetic
for the proton engaged in the LBHEB,(4). Though many moment:
observations support the formation of LBHB3-22), there

is no direct connection between the characteristic features K 82E(B,mk)

of LBHB and its catalytic advantage. The abnormal chemical o= 88—8[']‘]'(|B=0'mk=0

shift profile of the hydrogen bonding proton needs to be

rationalized in some reasonable way if the LBHB hypothesis 82HW oP,, oH,,

is not to be invoked. Considering today’s experimental/ — zpﬂv "o / “ (1)
theoretical interpretation which does not reach the generally @ oBom, 4 9B amy

accepted consensus, calculating the NMR properties of

LBHB and the related free energy profile of the proton whereB is the external magnetic field amd is the nuclear
transfer by a realistic enzyme system must be inevitable to magnetic moment of atoij respectively. We employed the
validate the contentious LBHB mechanism. gauge-including atomic orbital (GIAO) approach9( 50)

In this article, we examine the LBHB hypothesis for the to lcallculgte_ ﬁth' In trf1eh GfI.AB,dthe sahieldbing_ ‘?”SOF s
catalytic reaction of serine protease trypsin. In order to obtain c2/culated with the use of the field dependent basis functions.

clear insights, we evaluate two complementary parameters In the present study, we employed the _Har%réeck (HF)

in consistent theoretical calculations: NMR chemical shifts V&V€ fL_mct|0n to de_scn_be the QM region. The QM/MM
of the imidazole ring of His57 in the catalytic triad and the interaction Hamiltonian is of the form

free energy profile of the proton transfer from His57 to ~ ~elec ~vdw A strain

Aspl02. Because chemical shifts are determined by elec- Hommm = Hommav + Hommm + Hommm (2)
tronic currents in a molecule and are sensitive to the protein , .

environment, incorporating the surrounding protein effect is yvhere the first term is treated by the one-electron operator

critical to identify the experimentally observed shift. In order in the QM reglonhcalculagon?/,vwhllle. the se_con(z) and th'rdh
to incorporate the steric and electrostatic effect of protein ones represent the van der Waals interaction between the

environment on the NMR chemical shifts, we employ the QM/MM_regions an_d the strain energy at the QM/MM
QM/MM technique 29—33). Most earlier theoretical works boundaries, respectively. The s_econd and third terms are
considered only one property (chemical shift or related ev?luz;telci by tthe Ml\if(s);ceBﬂeld with the A'IVIBER (garn:j.?ﬁ)
proton-transfer profile) and selected the target system for potential flunc lons¥L, ) .)‘ ecause we only considered the
a-chymotrypsiné-lytic protease inhibited by TSA, which ellectrostatlc effect or|g|.nat_ed from the parugl charges as-
is the experimental material for LBHB studg4 26 27 signed on the MM atomic sites, the perturbation effect from
34-38). In contrast to those approaches, here wé an’alyzethe MM region was introduced through the density matrix

: : and its derivative. The density matri,, was determined
the agylaﬂoq process of trypsin to focu; on the change of from the converged QM/MM wave function, and the
chemical shifts of His57 associated with the change of derivative ofP.. with respect to the maanetic fiel was
hydrogen bonding network along the reaction path. Because “ P 9 -

. : S . solved via the CPHF equatioB3). With these modifications,
sterical rearrangement during the catalysis is considered to

be a key factor18, 19, 21, 23), a detailed analysis of the m:ﬂcf?:mleﬁgfyeldmg tensor was calculated within the QM/
chemical shifts during the real reaction process is crucial. : . :
Also we discuss the relationship between the chemical shift 1.2. Free Energy Profile along the Reaction Palthe

and the free energy profile, which are evaluated by ab initio total free energy profile is calculated along the selected
QM/MM calculations in a consistent fashion. In contrast to reaction coordinate by the following approximati@®(40,

54):

most earlier results which were based on the potential energy
profile (24, 26, 27, 37), we calculate the free energy profile F~G (Rmin) _
of proton transfer between His57 and Asp102 with the QMY QM _

realistic enzyme system. To clarify the role of His57-Asp102 kT In fe—ﬁ[EoM/MM(RSHRMMHEMM(RMM)I dRyy, (3)
hydrogen bonding in the catalytic process, we also carry out

calculations for the Asn102 mutant reaction as well as the The first term represents the vibrational free energy in the
wild-type reaction; the details of its mechanisms are de- QM region, and the second is the free energy contribution
scribed in the previous two papei®9( 40). Comparing the  from the MM region (surrounding protein and solvent).
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Row means the optimized geometry on the selected reac-
tion coordinate in the QM region. In contrast to the related
works (64—56), the internal degrees of freedom in QM
region are exactly fixed at the QM/MM optimized one by
using the constrained-MD technique. The QM geometry is
projected onto the predefined reaction coordinate and is
forced to transform adiabatically from reactant to product
structure during the MD run. The perturbed states (both
forward and backward directions), whose structures are also
exactly retained predefined reaction path optimizations, are
generated to calculate the free energy difference in each MD
step. To achieve enough configuration sampling, MD
simulations are performed in a classical manner, where
electrostatic interactions between QM and MM regions are
approximated by the RESP charge modsel, (58). RESP
charges in the QM region are optimized to reproduce QM/
MM reaction path results. In this way, the QM/MM results
are incorporated into the simulation. The MM contribution
of the free energy term is evaluated by the FEP-like manner
(59) along the defined reaction path determined before free
energy simulation. This reahemical perturbatiolong the Ficure 1: The definition of the QM region used in the chemical
reacion paih guarantees the good comvergence of the e L Lot ot Siomy pos desmies
Qnergy difference Ql{rllng the MD run. The QM free engrgy '?he backbo):]e carbonyl gréup%f Vél213, the Wh(’)IFé o[f)SerZI?L and
is estimated by ab initio QM/MM force_ constant caIc_uIatlons the NH group of Trp215; yellow designates the scissile peptide
based on the harmonic approximation. The details of the portion of the substrate (peptide bond between Arg5 and lle6). The
calculations were described in the previous pap8&8s40). structure is adopted from the QM/MM optimized structure of the

1.3. Definition of the Molecular SystemBhe molecular wild-type ES complex used in the previous woBO)

s3|/stems (Wi(ljd-t){pg/ %Asnlng-ml'iﬂt;i'a':vltryﬁ_sin_-su dbstrate ;:(_Jm— Asn102 for the mutant reaction. The boundaries between the
plex) were adopted from the Q optimized geometres QM and MM regions (G—Cs bond of His57 and Asp102

along the reaction path, obtained from the earlier res88s ( (or Asn102), G—NH, C,—CO bonds of Ser195, &C,
40). In the case of the wild-type reaction, the acylation ~ _\ bonds of substrate Arg5,.E Cs, C,—CO bonds of
reaction progresses in the following way. After the formation ¢ b cote |16 C-CO bond of V<’51I213, and &-NH bond

of the ES complex, the reaction starts accompanying with of Trp215) wére saturated by link hy,drogen atoms. In all
the concerted two reactive modes (the proton transfer from ..o ical shift calculations. we employed the 6-8JG*(*)

Ser195 to His57 and the nucleophilic attack of Serl95 10 g setqo) (diffuse functions were added to the carboxylic
the scissile peptide of the. substrate), and the re_sultantgroup of Asp102, Q of Ser195 and Ser214, the scissile
tetrahedral complex (TET) is formed. For the reaction t0 hontide portion of the substrate, and p-functions were added
proceed further, TET must be converted into the structure {, iy of Ser195 and Ser214, dof His57). No cutoff was
(TET") preferable to abstract the proton from His57. Then introyduced between QM and MM interactions.
TET breaks down into the product acylenzyme (EA)  rq the reference compounds of chemical shift, we chose
accompanied by the two concerted reactive modes (the prOtor}etramethylsiIane (TMS) folH and3C chemical shifts and
transfer from His57 to the scissile amide and the cleavage NH for 15N. The relative shifts were evaluated by using the
of the scissile peptide bond). We identified TEdS the  hemical shifts of the reference compounds optimized at HF/
putative tetrahedral intermediate (TI), while TET as an g 31G*. The observed chemical shifts are given by the
artificial structure originated from the limitation of the QM/ o semble average of many configurational states in a given
MM optimizations 9). It is howeVef noted that the TET temperature. In the case of the strong hydrogen bonds whose
structure also resembles the experimental structure of thegpserved shifts largely depend on the nuclear position on
TI of chymotrypsin inhibited by the peptidyl-TFKs. We  hq rejated potential surface, a consideration of the configu-
therefore calculated the chemical ;s!mfts atthe TET geometry rational averaging might be an important factor. At present,
as well as the TETone. Two transition state structures (TS powever, the calculation of the dynamical averaging shifts
and T3) are observed during the formation and breakdown pased on ab initio methods is too demanding for the present
of the tetrahedral intermediate, respectively. molecular system. Therefore, we estimated the thermal
We focused here on the chemical shifts of the hydrogen averaged proton chemical shift based on the free energy
bonding network of the catalytic triad residue at the profile combined with the corresponding shielding surface.
characteristic point (ES, TI, EA, etc.) along the reaction path.  The calculation details of the free energy profile are as
The QM region adopted here contains the side chains of thefollows. The minimum energy path was first determined by
catalytic triad (His57, Asp102, and Ser195), the backbone ab initio QM/MM calculations. Starting the QM/MM opti-
carbonyl group of Val213, the whole of Ser214, and the mized geometry of the tetrahedral intermediate (NET
backbone NH group of Trp215, as well as the scissile peptide structure, the reaction path was calculated by the geometry
of the substrate (peptide bond between substrate Arg5 andoptimizations. We chose 13 different values for the His57
Ile6) as seen in Figure 1. Note that Asp102 was replaced byNs;—Hs: bond distance, and the optimizations were carried
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Table 1: The Calculated Chemical Shifts(ppm) at the ES c_omplex_ of the mutant reaction, tho_ugh the degree of
Characteristic Point along the Acylation Path for the Wild-Type deshielding is smaller than that of the wild type (Table 2).
Reaction These results indicate that the chemical environment around
ES TS TEP TI(=TET) TS EA Hs, is different from those of the other protons. In order to
SmiOf His57 155 17.6  18.9 178 147 135 Seetheeffect of the Asp102 or Asn102 residue on the proton
Onsz Of His57 5.6 5.6 5.8 6.0 6.1 58 chemical shifts, we carried out calculations for the model
Oper Of His57 79 85 88 8.7 8.8 7.7  dimer complex of imidazole and ethanol, which mimics the

OnsyOf HiS57 167.9 171.6 176.0 172.5 167.1 1629 hydrogen bonding system of His57 and Ser195 without the
One OF HiS57 2265 176.3 159.0 161.1 169.1 2445 Aspl02/Asnl102 residue. The resultant chemical shift was
bc,of His57 1258 127.8 1203 128.8 1301 126.0 8.4 ppm for the '|m|dazole K. Considering that the hydrogen
Sosp OF His57  118.7 110.3 109.6 110.0 111.3 1209 bond distance is comparable between the wild-type (2.723
Oca Of His57 1417 142.6 142.7 142.0 1416 1386 A) and Asn102 mutant (2.834 A) reactions, the large
2 All chemical shifts were calculated by ab initio QM/MM-GIA0 ~ downfield character obus for the wild type is mainly

HF/6-31¢)G*(*) level, based on the optimized structures along the attributed to the electrostatic effect on the hydrogen bonded
acylation reaction path. The definition of the reaction coordinate and Hy; originating from the negative charge on the carboxyl
the gisgcgs%i?%_cl)_f the reactiqp m?chanism were des%rifbed inhth$ prevdiousgroup of Asp102. Because a proton engaged in a strong
work (39). was an artificial structure originated from the limited 4 o3en bonding is considered to be deshielded by at least
availability of QM/MM optimizations. . .

5 ppm @), the His57 and Asp102 residues are regarded to

form a moderately strong hydrogen bond even in the ES
Table 2: The Calculated Chemical Shifigppm) at the complex.

Characteristic Point of the Asn102 Mutant Reaction

The Hs;; chemical shift in Table 1 increases along the

ES TET reaction path and reaches its maximum value at the tetra-
Oroz OF His57 10.8 12.0 hedral intermediate, followed by the decrease from the
Oz Of His57 5.9 6.1 intermediate to the EA complex. A slight upfield shift at
Onet OF HiS57 7.6 8.8 the TET complex from TET (from 18.9 to 17.8 ppm) is
Ons1 Of His57 157.2 161.7 due to the change of hydrogen bond distance between His57
Onez Of His57 2434 170.1 and Asp102 by the conversion from the TET structure (2.605
dc, of His57 122.7 126.4 A) to TET (2.650 A). In the EA state, the strong hydrogen
Ocs2 OF His57 1215 113.4 bonding observed at the tetrahedral intermediate disappears
Oce1 Of His57 138.8 141.2

and the chemical shift becomes 13.5 ppm. The other proton
2 All chemical shifts were calculated by ab initio QM/MM-GIAO  chemical shifts also slightly change along the reaction path.
HF/6-31(+)G*(*) level, based on the optimized structures along the The H, shift moves to the downfield direction when the
acyla_tlon reaction path. T_he deflnltlo_n of the reaction co_ordlnate a_nd tetrahedral intermediate is formed. This is consistent with
the discussion of the reaction mechanism were described in the previous ) ; .
work (40). the structural change that the protonated His57 forms a kind
of hydrogen bonding with the backbone carbonyl groups of
Val213 and Ser214. Compared with the wild-type reaction,
the magnitude of downfield in the ddshift from the ES to
TET is smaller for the Asn102 mutant reaction, indicating
that the hydrogen bonding at TET for the mutant reaction is
not so strong as the wild-type reaction. This result is
consistent with the reaction free energy profile of the Asn102

out for all the remaining degrees of freedom with fixing the
Ns1—Hs1 bond distance. Note that all geometry optimizations
were performed in the internal coordinate space, where the
donor and acceptor bond lengths of the proton transfer, as
well as the structural rearrangement of the acylation reaction,

were explicitly considered. In these calculations, the QM mutant reaction, whose main anticatalytic factor is the loss

;%clrr‘\ewssis“srir;letepde;ct)iézepf)lrc:i% r?k:)??r?eoéJggté\?;agélcu;rézdinOf the strong electrostatic interaction between His57 and
the previous papersg, 40). In all MD-FEP calculations, Asnl102 40). However, the downfield character of the;H

the same solvated svstem was adopted used in the reviouShiﬁ is quite similar to that of the wild-type reaction. The
ys P P fﬁrevious work clearly revealed that, to compensate a large
works. A total of 12 windows were used. In each window,

the simulation consisted of a 10 bs equilibration Drocess loss of the electrostatic stabilization between His57 and
- PS €q P Asnl102, the mutant enzyme uses an attractive interaction
followed by a 306-50 ps averaging run. The relative free

energies were calculated as the average of the forward /with Ser214 to decrease the total reaction free energy. The
backward simulation results present results also show the importance of remote site
: interaction for the efficient catalysis.
2. RESULTS AND DISCUSSION Experimentally, the related proton chemical shifts were
measured based on the tetrahedral analogues of chymot-
2.1. Chemical Shifts along the Acylation Proce$he rypsin, inhibited by the peptidyl-TFKd.8—22). Though the
calculated chemical shifts at the critical points along the chemical shift varies with the structure of the peptidyl groups,
reaction path in the wild-type reaction are summarized in ¢y, of the tetrahedral analogues is 1810.0 ppm, while
Table 1. Those of the TET formation step for the Asn102 that of the neutral His57 (corresponding to the ES complex)
mutant reaction are also given in Table 2. is ~15 ppm. Also the observed shift oty is within the
As seen in Table 1, the chemical shift of;Hs largely range of 9.0-9.2 ppm. The calculated proton chemical shifts
downfield compared with those of the other protons of His57 for the tetrahedral intermediate (TET/TBTare in good
(Hs2 and H,) at the ES complex of the wild-type reaction. agreement with these experimental values for both the H
A downfield character of ki shift is also observed for the and H; protons.
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We tabulated the calculaté@N and**C chemical shifts 10 ——— —
along the reaction path both for the wild-type and Asn102 I HISs 1
mutant reactions in Table 1 and 2. For the wild-type reaction, i 2\” H(? APz |
the chemical shift of ¥ in His57 shows a large decrease at —~ | i
the tetrahedral intermediate (67.5 and 65.4 ppm for TET and g i P
TET', respectively) compared with the ES complex, while _ s 5 =
that of Ns; increases slightly. The same trend was also =< - bl D) y—ASPi2 &
observed for the mutant reaction. These results are consistenz i /(9;',“ o _'__.9"
with the experiments by Bachovchin and co-workers for
a-lytic protease 23, 62, 63). The experimental N and N, i
chemical shifts are 185.9 and 173.5 ppm for the protonated ® o <. .
state corresponding to the tetrahedral intermediate, while g I
those for the neutral one corresponding to the ES complex'®
are 178.1 and 239.5 ppm, respectively. As for €
chemical shifts ofx-lytic protease, Sudmeier et al. reported I
that dcs2 of His57 undergoes a large downfield shift of 6.2 5 L P A A IR DU B
ppm during the change of pH from 4.0 to 9.64). In 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7
accordance with the experiment, the calculated decreases reaction coordinate ( angstrom )
from 118.7 ppm at ES to 109.6 or 110.0 ppm at TET or
TET. 28

It is noted that we employed the HF approximation to
calculate the NMR chemical shifts. The inclusion of electron 26 | Q
correlation effect with a larger basis set may be required to o+ N
compare with the experimental values more quantitatively, J ®
particularly for'>N and**C chemical shifts&5). In spite of
a limitation of the present calculations, the resultant chemical
shifts are consistent with the available experiments.

2.2. Free Energy Profile of Proton Transfén the LBHB
hypothesis, the hydrogen bonded proton moves on a double.
well potential and is shared by two electronegative atoms. X
In order to examine the validity of the LBHB hypothesis in e ™
the present trypsin catalytic reaction, we calculated the free ;4 |
energy curve for the proton transfer from His57 to Asp102. e

Figure 2 (upper panel) shows the free energy profile along R
the proton-transfer coordinate, the;NH;, distance of 1 1.1 1.2 13 14 15 1.6 1.7
His57. The components of reaction free energy are sum-
marized in Table 3. The calculated free energy curve has a ) )
single well at the yy—Hs; distance of 1.093 A with the NO Ficure 2: The proton transfer from His57 to Aspl102 in the

: . T tetrahedral intermediate. Upper panel: The free energy profile as
distance being 2.605 A’ indicating that the hydrogen bonded the function of the reaction coordinate §{N-Hs; bond distance of

proton i§ localized at the His57 side and not shargd by the His57). Lower panel: The related chemical shift,{,) profile as
two residues. Although the free energy contribution from the function of the reaction coordinate. The reactant was chosen

the QM part is more stable at the product side where the as the QM/MM optimized TETstructure.

proton is bonded to Asp102, the electrostatic interaction with calculations concluded that the proton is localized at the
the protein and solvent environments largely stabilizes the His57 side.

reactant. The importance of electrostatic stabilization at the The Hs; chemical shift along the proton-transfer path is
tetrahedral intermediate is also the key factor to prevent theshown in Figure 2 (lower panel). The shift moves to the
concerted double proton transfer (so-calleddaharge-relay downfield direction with the increase ofsN-Hs; distance
mechanism during the acylation process, as discussed in theind becomes the maximum at1.25 A, followed by the
previous work 40). Topf et al. employed direct ab initio  upfield shift with approaching the proton to Asp102. The
QM/MM MD simulation of the tetrahedral intermediate of chemical shift at the minimum free energy point is 20.5 ppm.
elastase in the deacylation step to calculate the free energywe also calculated the thermally averaged chemical shift
curve for the proton-transfer reactiod8]. In contrast to the by weighting the Boltzmann distribution estimated from the
present result, they found a minimum at the product side calculated free energy curve, and the result was 21.6 ppm.
with the energy higher by-1.6 kcal/mol than that of the  Note that although QM/MM-GIAO calculations incorporate
reactant. Though the present reaction system is different fromthe environmental effect of the protein, the electrostatic
that of Topf et al., the lack of the product potential well in interaction originated from the enzyme is a minor factor for
the present calculations might be attributed to the harmonic the calculated shift. The change of chemical shift along the
approximation in estimating the free energy contribution of reaction coordinate is mainly correlated to—N bond

the QM region, which cannot take account of large geometric distance.

displacements from the optimized minimum energy path. In  2.3. Low-Barrier Hydrogen Bond Hypothesithe LBHB
spite of the difference in the free energy profile, both the hypothesis postulates that the hydrogen bonded proton is

call
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the catalytic process39, 40). In spite of no large steric

compression, the present calculations reproduced the large
downfield NMR character. Considering these results, one can
conclude that the abnormal chemical shift at the tetrahedral

Table 3: Free Energy Calculation Results of the Proton Transfer
from His57 to Asp102 at the Tetrahedral Intermediate (kcal/mol)

Asp-COO H-His — Asp-COOH His

Q'\élEp(g,tw‘;onmb“tiOﬁ —5.06 intermediate in the serine protease catalytic reaction is

part) +6.32) - . . . .

(Ewr) (2.36) rationalized without assuming the LBHB hypothesis. The
(ZPE) (-0.59) unusually downfield profile is mainly originated from the
(Tasy (0.51) strong electrostatic interaction between the protonated His57

protein contributioh 8.46+ 0.32 and Asp102

solvent contributioh 2.74+ 0.09 P "

In the previous two papers39, 40), we proposed the
total free energy 6.14+0.41 reaction mechanism based on the electrostatic stabilization

aIn all QM/MM reaction path calculations, the QM region was
limited to the side chains of the catalytic triad and the scissile peptide
portion of the substrate as used in the previous wo8& 40). The

of the tetrahedral intermediate formed along the catalytic
pathway. The main source of the electrostatic factor is
QM/MM geometry optimizations were performed at the HF/6 olriginated from the multipl'e hydmg?n bon.ds at t.he ?‘C“"e
31(+)G*(*) level. The electron correlation energy at each optimized Sit€. The calculated downfield chemical shifts which imply
point was evaluated by the single point MP2 calculation with the (aug)- the formation of the hydrogen bondings strengthen the
cc-pVDZ basis setql), augmented by diffuse functions on the related proposed mechanism. The most problematic point of the
e o e ey oA CECION Mechanism of serine proteases o an uikel
Ealrc):ulatSd by the numerical differentiation mg%lod at the HF/6- reaCt'V'tY of Serl9s as a nucleophile for the _peptlde
31(H)G*(*) level in 310 K (0.89 scale factor was employe#)The hydrolysis 9, 10). The present results show thag;léf His57
error estimates indicate the difference between the forward and in the wild-type reaction is exerted by the strong electrostatic
backward MD-FEP simulation runs. effect of the adjacent Asp102 even in the ES complex.
Although the originatharge-relayproposal 1), where the
equally shared by two electronegative atoms. The origin of reactivity of Serl195 is rendered through the resonance forms
unusually downfield character for the proton chemical shift of Asp-COO™ H-His Ser-OH= Asp-COOH His-H Ser-0,
is considered to the attenuation of the electronic shielding has not gained wide acceptance, the series of works clearly
around the proton by forming the hydrogen bonds with the show that the hydrogen bonding between His57 and Ser195
two electronegative atoms. This is consistent with the resultsis strengthened through that between His57 and Asp102.

in Figure 2 (lower panel) that thé&l chemical shift increases
along the proton-transfer path and becom@® ppm at the
point where the distances of the proton from the N and O
atoms are comparable and the-D distance is shortened.

When the tetrahedral intermediate is formed, the negative
charge is concentrated on the oxyanion while the resultant
positive charge is developed on the imidazole ring of His57.
As was clarified in the second paper which compared the

However, the present calculations show that the free energycatalytic factor between the wild type and the Asn102 mutant
profile of the proton between His57 and Asp102 is of a single (40), the positive charge on the protonated His57 is stabilized
well and the proton is localized at the His57 side. In spite by two different factors. One is the strong hydrogen bond
of the single well free energy profile, the calculaiag; at formed between His57 and Asp102. The calculated properties
the tetrahedral intermediate showed a large downfield validate the strong electrostatic effect between His57 and
character of 20.5 ppm (at the free energy minimum), which Asp102. The other is a kind of hydrogen bonding formed
agrees with the experiments. TH8I and**C chemical shifts between His57 on one domain and the backbone carbonyl
are also consistent with the available experimental ones. groups located on another domain during the catalysis. The
To judge the catalytic proposal of LBHB based only on slightly downfield character o in His57 is consistent
the NMR chemical shifts is not a conclusive way. For with this structural change. The importance of this type of
example, Garcia-Viloca et al. analyzed the hydrogen bondshydrogen bond is pointed out by Derewenda et al. on the
in the hydrogen maleate and hydrogen malonate anions,basis of the extensive comparative study of serine hydrolases
which are experimentally characterized as LBHB)( Their (67). To answer the effective catalysis, Bachovchin and co-
results showed that although LBHB will always have a workers proposed the His57-ring-flip mechanis3,(68),
downfield chemical shift, the opposite statement is not whose experimental evidence largely depends on the down-
necessarily true. As stated by Warshel and co-workers, whofield shift of du. in His57. The series of our theoretical
concluded that the delocalized charge of a symmetric LBHB works reveal that the electrostatic stabilization among two
is an anticatalytic factor because it leads to a large reductiondomains is a critical element for the effective catalysis, and
of the electrostatic free energy by the polar environma#t ( the downfield character @ is originated from this remote
35), itis of great importance to discuss the free energy profile site interaction, not the ring-flipping process that accompanies
of the proton transfer, which corresponds to th&,p the disruption and re-formation of the hydrogen bonding
difference between donor and accept86)( The present  network. This result agrees with the QM/MM MD simula-
calculated free energy profile based on the realistic reactiontions of the tetrahedral intermediate of elastase by Topf et
model shows an apparent asymmetric character. Based oral. (38).
the series offH NMR experiments, Frey and co-workers
suggested the importance of the conformational compressiong' CONCLUSION
induced by the substrate binding, which brings the formation In this article, we have calculated the NMR chemical shifts
of LBHB between His57 and Asp1028—22). In the series of the catalytic triad residue of serine protease trypsin by ab
of our theoretical analysis of the acylation process, however, initio QM/MM-GIAO method, and also estimated the free
no apparent large conformational effect is observed during energy profile of the proton transfer between His57-Asp102
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dyad in the tetrahedral intermediate by using QM/MM 10
combined with MD-FEP simulations. We focus here on the
correlation between the chemical shifts and the structural

rearrangement of the active site in the acylation step. The

11

present results show that an apparent downfield character 12.

of Hs; shift is observed when the tetrahedral intermediate is
formed. The calculated free energy profile of the proton
transfer from His57 to Asp102 at the tetrahedral intermediate
shows an asymmetric single well character, where the
hydrogen bonding proton is localized on the His57 side. In
spite of this free energy profile, the proton chemical shift of
Ons1 in His57 shows an unusually downfield value. This
result is mainly originated from the strong electrostatic
interaction between the protonated His57 and the ionized
Asp102, which deshield the electronic environment of the
hydrogen bonding proton. Although the abnormal electro-
static environment between His57 and Aspl02 largely
influences the electronic character of the proton on His57,
the downfield shift is more correlated to the—N bond
distance of the imidazole ring of His57. The present analyses
clearly reveal that an unusually downfield proton chemical
shift is rationalized based on the conceptedéctrostatic
stabilization without invoking the LBHB hypothesis which
postulates the symmetric double well potential with the
delocalized proton.

Also, the present results show that the chemical shift of
H.; in His57 shows a slightly downfield character when the
tetrahedral intermediate is formed. These results clarify the
importance of the electrostatic stabilization of the tetrahedral
intermediate formed in the acylation process.
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