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ABSTRACT We present a combined quantum/molecular
mechanical study of the trypsin-catalyzed hydrolysis of a
specific tripeptide substrate, including the entire enzyme in the
calculation, as well as 200 H20 molecules. The results illustrate
how the enzyme and nearby H20 molecules stabilize the ionic
intermediates in peptide hydrolysis, such that the reaction is
calculated to have a barrier that is significantly smaller than the
calculated and experimental base-catalyzed barrier of form-
amide hydrolysis in aqueous solution. This enables us to
understand how serine proteases increase the rates for reac-
tions that take place in their active sites, compared to the
corresponding rates for analogous solution reactions.

One of the most interesting challenges faced by the theoret-
ical biophysical chemist is to simulate chemical reactions in
enzyme active sites and compare these with corresponding
reactions in solution. There have been a number of different
approaches to such a problem (1-6) but, to our knowledge,
none in which a detailed comparison of solution and enzy-
matic-catalyzed reactions have been carried out using a
combination of ab initio quantum mechanics and molecular
mechanics, including the entire enzyme, substrate, and a
substantial number of explicit water molecules in the molec-
ular mechanical model. We have recently developed an
approach to include solvation and bond formation energies in
simulations of complex systems and have applied it to gas
phase and aqueous solution amide hydrolysis (7).

Trypsin was chosen as the model serine protease because
its structure was known to high precision (8), there was much
experimental kinetic data (9, 10) on the reactions it catalyzed,
and it had a well-defined mechanism that was consistent with
many structural and kinetic studies. Pozsgay et al. (10) found
that the substrate Ac-Phe-Val-Lys(Me) possessed a higher
catalytic efficiency than nearly all of other model tripeptides
(kcat/Km = 4.5 x 104/M~sec). For this reason, we selected this
tripeptide (denoted Sub) for study. Below, we simulate amide
bond cleavage in the active site of a serine protease and
compare the reaction profiles for gas-phase, aqueous-phase,
and enzyme-catalyzed peptide hydrolysis.

METHODS
The proteolysis of peptides catalyzed by trypsin is thought to
occur as described in Scheme 1, in which the depicted
structures are representations of the calculated structures
considered here. Structure (A) represents the Michaelis
complex KM. The serine proton is transferred to histidine to
form structure KMION (B). The serine Oy substrate carbonyl
bond begins to form with a distance of 2.08 A [208 structure
(C)] and then this bond is -1.48 A in the tetrahedral
intermediate [TET1 structure (D)]. The histidine delivers
back the proton to the leaving group NHR on the substrate
(E) (structure 115, in which the HO..N distance is 1.15 A and
the amide bond C ..N 1.75 A). After this bond has been totally
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cleaved, a water molecule forms a hydrogen bond to the
histidine [structure ACYLWAT (F)], and then transfers its
proton as it attacks the acylenzyme to form the second
tetrahedral intermediate [structure TET2 (G)], which then
breaks down by proton transfer from histidine to the serine
O to regenerate the native enzyme.
Each model-built structure consists of the entire trypsin

molecule [taken from the x-ray crystal structure ofChambers
and Stroud (8) (resolution 1.5 A)]. Each complex also
contains 200 explicit water molecules. Ofthese 200, 100 ofthe
oxygen positions were taken from the work ofChambers and
Stroud and the neutron diffraction study by A. Kossiakoff
(personal communication). These water molecules were
selected if the water oxygen was less than 3.4 A from any two
atoms in trypsin. The hydrogen atomic positions were then
placed manually, maximizing hydrogen-bonding potential
with both protein and neighboring water structure.
To model SUB into the active site of trypsin we used

structural information from the x-ray crystal structure of
trypsin/bovine pancreas trypsin inhibitor (11), attempting to
form analogous H bonds.
The next step was to take the trypsin/Sub/100 "tightest"

interacting water molecules and to immerse them into a "giant"
cube of water. This "giant" cube was generated by taking a
single snapshot from a Monte Carlo simulation performed on a

Abbreviations: Sub, Ac-Phe-Val-Lys(Me); MP2, Moller-Plesset sec-
ond-order perturbation theory; SCF, self-consistent field.
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cube of216 water molecules (12) and translating it in the ±x, ±y,
and ±z directions to form a "giant" cube (27 cubes of 216 water
molecules each). We then used software within the computer
program AMBER (13, *) to select those water molecules within
15iA ofthe active site scissile bond and that were not within 2.35
A ofany Kossiakoff/Stroud trypsin or water atom. This lead to
a continuous water structure about the active site and a system
consisting of native trypsin (residues 1-223), Sub (residues
224-228), 100 Kossiakoff/Stroud H20 (residues 229-328), and
100 H20 added by AMBER (residues 329-428).
At this point, there were several close water protein and

water-water interaction distances, which we removed by
keeping trypsin fixed and allowing the entire water structure
to energy refine about the enzyme for 100 cycles of steepest
descent minimization. This model of trypsin/Sub/100
Kossiakoff/Stroud H20 (relaxed)/100 AMBER H20 (re-
laxed) was used as the starting structure of the KM complex
and taken as the basis for the other complexes.
As the reactive serine-195 O attacks the carbonyl carbon

center, the peptide bond to be cleaved lengthens, and the
peptide linkage carbon and nitrogen atoms begin to take on
more Sp3 character; To best incorporate this into the molec-
ular mechanics model, we have used quantum mechanically
optimized geometries from earlier ab initio calculations on
formamide hydrolysis by hydroxide ion (7). The formamide
molecule is analogous to the peptide linkage to be cleaved
while the OH- is representative of the attacking serine-195
0O. To force structures 208, TET1, 115, and TET2 to mimic
analogous structures found in the formamide/OHW study, we
have used large bond and angle force constants (Kr = 5000
kcal/A2 and Ke - 1000 kcal/rad2; 1 cal = 4.184J) and
appropriate equilibrium bond and angle values about these
groups in the molecular mechanics model. In our energy
refinement, we have employed a distance based and an
explicit "residue-by-residue" based cutoff for selecting the
nonbonded interaction pairs. Any residue or water molecule
that had at least one atom within 10 A of the reactive
serine-195 was included in the "active site" model of the
protein, and the rest of the atoms were held fixed. For the
active site model, we then used a residue based distance
cutoffof 8 A [i.e., nonbonded interactions were calculated for
any residue (or water molecule) that had at least one atom
within 8 A of any active site atom]. This corresponded to
=165,000 nonbonded pair interactions, which enabled us to
carry out a molecular mechanical minimization to a rms
gradient of <0.1 kcal/mol-A in about 20 min of central
processing unit time on a Cray X-MP computer (typically
3000-5000 energy evaluations were required). Because our
model included waters explicitly, we used a dielectric con-
stant = 1 throughout, the force field parameters for the
protein atoms from Weiner et al. (14), and the TIPS3P (12) for
the water.
Ab initio quantum mechanical energies of the important

active site atoms were calculated using Gaussian 82.t The
calculations were performed with a 4-31G basis set (15) at the
self-consistent field (SCF) and Moller-Plesset second-order
perturbation theory (MP2) (16) levels. Each SCF and MP2
calculation took 1.5-2 hr on the Cray X-MP computer. For
the steps leading up to the acylenzyme, this model consisted
of imidazole (or imidazolium), methanol (or methoxide ion),
and formamide; with the key heavy atom positions coming
from the energy refined coordinates of histidine-57, serine-
195, and the Sub backbone. For the ACYLWAT and TET2
geometries, our quantum mechanical model consisted of
imidazole (or imidazolium), water (or attacking hydroxide),

and methyl formate. All hydrogen atoms not included in the
molecular mechanics model were added with standard bond
lengths and bond angles.

After energy refining the various structures, the net molec-
ular mechanical energy was evaluated by partitioning the
system into five groups: (i) the atoms that are in the quantum
mechanical model, (ii) the remainder of the substrate, (iii) the
protein residues that have any atom within 8.5 A of any
quantum mechanical atom, (iv) the water molecules that have
an atom within 8.5 A of any quantum mechanical atom, and (v)
the rest of the protein and water molecules. Since group (I) is
included in the quantum mechanical model, we do not use its
molecular mechanical energy. Rather, we evaluate the molec-
ular mechanical energy reported in Table 1 by using the
AMBER (13, t) energy analysis program and evaluating the
internal energy of groups (i-iv) and their interactions with each
other and with group (i), the quantum mechanical atoms.
The molecular mechanics refinement and ab initio quan-

tum mechanical calculations were carried out at Cray Re-
search, Inc. in Mendota Heights, MN. All of the structures
were model built and analyzed visually on the Evans and
Sutherland PS2 computer using the program MIDAS§ in the
Computer Graphics Laboratory at the University of Califor-
nia at San Francisco.

RESULTS
In Table 1, we report the energies for the individual steps of
the catalytic reaction, with the ab initio quantum mechanical
energies reported at the SCF and MP2 levels. One can see
from the reported energies that the reaction profile for the
enzyme catalyzed reaction is predicted to be remarkably flat,
with the relative destabilization relative to the Michaelis
complex calculated quantum mechanically almost exactly
balanced by the stabilization of the system due to nonbonded
(molecular mechanical) interactions. This stabilization
comes mainly from electrostatic interactions, since the tet-
rahedral intermediate for serine protease catalysis is a
zwitterion (iv) and the Michaelis complex (i) is neutral.
We present stereoviews of most of the structures in Fig. 1.

It is clear from crystallographic studies that a good hydrogen

§Huang, C., Gallo, L., Ferrin, T. & Langridge, R. (1984) MIDAS
(Computer Graphics Laboratory, University of California, San
Francisco).

Table 1. Quantum and molecular mechanical energies of
structures along the trypsin catalytic pathway

Quantum
mechanical Molecular
energy, mechanical Total
kcal/mol energyj energy,§

Structure MP2* SCFt kcal/mol kcal/mol
KM 0 0 0 0
KMION 51.7 51.8 -68.3 (-57.2) -16.6 (-5.5)
208 60.3 64.6 -57.7 (-57.5) 2.6 (2.8)
TET1 68.9 67.5 -64.0 (-61.6) 4.9 (7.3)
115 29.6 26.1 -21.6 (-20.5) 8.0 (9.1)
ACYLWAT 0 0 0 0
TET2 51.6 44.7 -59.2 (-55.4) -7.6 (-3.8)

Values in parentheses represent energies if water-384 is not
included in the calculations.
*Total energy ofKM = -509.05805 atomic units (a.u.), ACYLWAT
= -528.87813 a.u. using MP2 (17, 18).

tTotal energy ofKM = -508.02261 a.u., ACYLWAT = -527.82089
a.u. at the SCF level.
*Energy relative to KM and ACYLWAT structure.
§Sum of MP2 quantum mechanical and molecular mechanical ener-
gies.

*Singh, U. C., Weiner, P. & Kollman, P. (1984) AMBER (University
of California, San Francisco).

tBinkley, S. &. Pople, J. A. (1982) Gaussian 82 (Carnegie-Mellon
University, Pittsburgh, PA).
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bond between histidine and serine is not formed in the native
structures of the mammalian or bacterial serine proteases
(19). However, an excellent Ser-His hydrogen bond is seen
in the refined coordinates of trypsin/bovine pancreas trypsin
inhibitor (11), a Michaelis complex analog. This H bond was
model built into our KM structure (Fig. 1A), and it remained
during minimization. The serine proton was transferred to
histidine-57 to form the KMION structure (Fig. 1B). This
structure is characterized by a similar Ser O.,, to carbonyl C
distance (=2.9 A) as KM, but there are a number of
interactions which strongly stabilize it, including two water H
bonds, which interact strongly with the anionic serine 0,.
Both of these water molecules are modeled rather than
actually located by neutron diffraction, and in particular one
does not know whether water-384, which is "inside" the
active site, is really there during trypsin catalysis. In fact, this
water molecule has an interaction energy with its surround-
ings of only -11.6 kcal/mol in the KM structure, consider-
ably less than the calculated energy of a water molecule in
water (10) of -24.2 kcal/mol, whereas the other water
molecules in the vicinity have much more favorable interac-
tion energies. Thus, we have also evaluated the molecular
mechanical energies with water-384 not included (Table 1).
The main effect of the exclusion of water-384 is to make the
relative energy of the KMION structure more realistic.

Structures 208 and TET1 (Fig. 1C) show the movement ofthe

A

C

E

serine 0,Yand its bond formation with the carbonyl carbon ofthe
substrate. There are a number of interactions that stabilize
TET1 over KM. The single most important is the hydrogen
bond is found between the donor HN6 of histidine-57 and one
of the acceptor oxygen atoms of the aspartic acid COO-. It is
not surprising that the strongest hydrogenbond is formed for the
tetrahedral complexes (TET1 and TET2), with hydrogen bond
distances of 1.68 A and 1.64 A, respectively.
A second important interaction is that between the sub-

strate and carbonyl oxygen and the oxyanion hole, which is
defined by the two backbone hydrogens of glycine-193 and
serine-195. The best hydrogen bonding structure is found for
the tetrahedral intermediate structures; in TET1 two hydro-
gen bonds of 1.74 A and 1.76 A are formed between the
carbonyl 0- and the backbone hydrogens. These N-H.O-
interactions are stronger in the TET1 structure than in the
KM structure by a total of 11.5 kcal/mol. This differential
stabilization can be related to the lower enzymatic activity
(10-4 to 10-7) of serine protease zymogens compared to the
active enzymes (19). The crystal structure of trypsinogen
does not have a properly oriented oxyanion hole (19). It is
worth noting that a reduction by half of the oxyanion hole
stabilization oftheTET1 structure by the KM complex (AAEt
= 5.8 kcal/mol) would correspond to reduction in rate of 10-4
if the tetrahedral complex formation was rate limiting in
catalysis.

B

D

F

FIG. 1. Stereoviews of active site parts of various structures. Only the backbone atoms C, N, 0, HN of many of the residues are shown,
and the picture is clipped to highlight the active site region. The key residues are numbered according to the corresponding numbers in
a-chymotrypsin. (A) KM structure. (B) KMION structure. (C) TET1 structure. (D) 115 structure. (E) ACYLWAT structure. (F) TET2 structure.
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The third important active site interaction involves the
hydrogen bonding of the lysine side chain in the specificity
binding pocket to aspartic acid-189. This ion-pair interaction is
very large in magnitude (AE - -90 kcal/mol throughout the
reaction), but is slightly weaker (by 4.3 kcal/mol) in the TET1
structure than in the KM complex and 3.0 kcal/mol weaker in
the TET2 structure than in the ACYLWAT structure.
A fourth important interaction in trypsin is that between the

salt bridge NH2-terminal NH3 -OOC aspartic acid-194 and the
active site atoms and substrate. This interaction stabilizes the
TET1 structure over the KM structure by 7.6 kcal/mol.
A final important stabilization of the TET1 structure over the

KM structure is afforded by the water interactions, which
stabilize the TET1 structure over the KM structure by 14.2
kcal/mol. This stabilization does not come predominantly from
the closest waters and can be thought of as a reaction field
stabilization of an ion pair in a partially aqueous environment.
The sum of the above interactions stabilize the TET1

structure over the KM structure by 57.6 kcal/mol, close to
the total molecular mechanical stabilization of 64.0 kcal/mol
noted in Table 1. Without forcing any particular orientation
of histidine-57 relative to the tetrahedral intermediate struc-
ture, the side chain of this residue has moved during the
molecular mechanics optimization to a very good position to
deliver the HN6 to the NH(CH3) end group [R(HN,,--N) = 2.2
A, O(N.(N. - HN.-jN) = 1500] and, thus, to facilitate C-N
bond cleavage. From this position, the proton can be trans-
ferred to 1.15 A from the nitrogen and the scissile bond C-N
lengthened to 1.75 A, which mimics the geometry of the
analogous structure in formamide hydrolysis in aqueous
solution. The energy refined structure with the above two
distance constraints is shown in Fig. iD. As noted in Table
1, this structure has a quantum mechanical destabilization
relative to the KM structure much less than the KMION, 208,
and TET1 structures, but a correspondingly smaller protein/
water stabilization of the active site residues, thus leaving it
similar in total energy to those structures.

After the cleavage of the terminal amide bond, the acyl
enzyme is formed. We have modeled this structure by
orienting a hydrogen of the water molecule closest to histi-
dine-57 toward N6 of this residue and energy refining to yield
ACYLWAT (Fig. 1E). Since our quantum mechanical model
has changed, and we have removed the terminal amide, we
cannot compare the energy of this structure directly with the
prior structures. However, based on the formamide-OH-
study (7), we expect the ACYLWAT structure to be lower in
energy than the 115 structure. We have not carried out as
detailed an analysis of the deacylation part of amide hydrol-
ysis, but have evaluated the structure and energy of the
tetrahedral intermediate for deacylation (TET2, Fig. 1F).
Again, as in the acylation step, the energy of this structure is
comparable to the ACYLWAT structure, due to the cancel-
lation of quantum mechanical destabilization and molecular
mechanical stabilization (Table 1). Fig. 2 compares the
schematic representation of the calculated reaction energet-
ics of amide hydrolyses in the enzyme, in the gas phase, and
in solution.

DISCUSSION AND CONCLUSIONS
We have examined the acylation step of amide hydrolysis in
some detail and have simulated proton transfer from serine
Otto histidine N6 (KM to KMION), O.1 attack on the scissile
carbonyl carbon (KMION to 208 to TET1), and proton
transfer from the histidine back to the leaving group amine
(TETi to 115). As with any kinetic scheme, we cannot prove
it correct. For example, seine to histidine proton transfer
might be concerted with O0, attack; however, we have found
a nonconcerted process facile and would expect the barriers
for an analogous concerted process to be even lower. We (6)
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FIG. 2. Reaction profile for formamide hydrolysis in solution
(-), in the gas phase (----), and in the trypsin active site (x).
Trypsin active site energies are taken from Table 1.

and others (17, 18) have examined the energetics of proton
transfer in detail and have concluded, that, as long as the
atoms in the hydrogen bond are suitably oriented and are
close enough together (<3.2 A) and the two states (6) of
proton transfer (A-H*.B and A-**H-B+) are similar in energy,
the barrier to proton transfer should be in the range of 5-10
kcal/mol or less. The calculated structures and energies for
serine to histidine and histidine-N (leaving group) proton
transfer meet these criteria, so we expect that any other
intermediate partially proton transferred structures will also
be low in energy. Komiyama and Bender (20) have suggested
that the proton transferred from serine-195 never fully reach-
es histidine-57 and, instead, veers off to the substrate amine,
with its higher pKa. We cannot rule out this possibility on the
basis of the calculations reported here. However, it seems
entropically unlikely (6, 17, 18) that all three groups (serine
OY, histidine N82 and substrate N) would be perfectly enough
aligned to make such a single hop facile. Our calculations do
show that a two step proton shuttle is very favorable.
The acylation step for amide hydrolysis is rate limiting,

consistent with our calculated relative energies for the
structures KM vs. TET1 (+7.3 kcal/mol) and ACYLWAT
vs. TET2 (-3.8 kcal/mol). Two possible reasons for more
rapid ester than amide hydrolysis in the enzyme are (i) the
lower resonance energy of the ester than amide bond,
reflected in the smaller quantum mechanical destabilization
of structure TET2 compared to TET1 (Table 1) and (it) the
fact that, in the tetrahedral intermediate in amide hydrolysis
(TET1), the leaving group nitrogen points its lone pair toward
the histidine HN,, in order to form a stabilizing N-H..N
hydrogen bond. Because of stereoelectronic effects (21) this
conformation is higher by 3-5 kcal/mol than the one with the
nitrogen inverted (7). In the case of an ester, one can orient
a lone pair in the stereoelectronically favorable direction and
still have the second lone pair pointing in the general direc-
tion of the histidine.
We have presented an approach for simulating an enzy-

matic reaction, incorporating the important internal and
environmental energies. However, we note that our method
can be improved. First, one could expand the active site
quantum mechanical model, use a better basis set, and
incorporate much of the external protein and solvent envi-
ronment into the quantum mechanical calculation.

Second, we have used a dielectric constant of 1.0 in both
the quantum and molecular mechanical models and a rela-
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tively small nonbonded cutoff of 8 A for evaluating
nonbonded interactions.

Third, one of the largest uncertainties in the calculations is
the location of water molecules, as we have noted above for
water-384. Nonetheless, this water seems to artifactually
stabilize only the most highly charged KMION structure
(Table 1) with the remaining energies relatively unaffected.

Finally, we have not assessed the contribution of entropy
to the reaction profile in order to assess free energies of
enzyme catalysis (see, however, ref. 7).

Nonetheless, even with the large uncertainties in our
calculated energies, discussed above, it is clear (Fig. 2) that
the enzyme catalyzed reaction is quite different from the
corresponding solution reaction and is part way between
solution and gas phase profiles. In the enzyme active site,
Michaelis complex, the O,, is =3 A from the carbonyl carbon
with no water molecules in between. As the proton is
delivered to the histidine N6, the waters in the active site,
aspartic acid-102, the oxyanion hole, and the isoleucine-l-
NH'-aspartic acid-189 ion pair stabilize the ionic groups
along the catalytic pathway, but, because these groups are
mainly "preoriented" and fixed, little energy is required for
this stabilization. Thus, our calculations give evidence for the
fact that serine proteases achieve their efficiency over the
corresponding solution reactions by both orienting the react-
ing groups and desolvating them during the binding step,
prior to the formation of ionic structures. No desolvation of
ionic structures is required, and the enzyme active site
groups such as the oxyanion hole are preoriented during
synthesis of the protein to stabilize such structures. In this
paper we have not addressed the question of binding of
substrate but that process involves releasing waters from the
substrate and active site and derives its favorable free energy,
as do most noncovalent protein-ligand interactions, by dis-
persion interactions, hydrophobic effects (release of water)
and electrostatic complementarity (22). The significant cat-
alytic enhancements achieved by biomimetic organic models
(23, 24) of ester and amide hydrolysis can be rationalized on
the basis of the orientation and desolvation effects noted
above.

If histidine to amine proton transfer is the rate limiting step
in trypsin catalysis, it is not likely to be because of the reason
suggested by Huber and Bode (25). They suggested that since
the histidine to amine distance is 4.2 A in the trypsin/bovine
pancreas trypsin inhibitor complex, a rate limiting
conformational charge of histidine occurs during catalysis.
Our calculations are consistent with our earlier calculations
(26) on a-chymotrypsin with a different substrate in that
during the formation of the tetrahedral intermediate, the
histidine N6 has moved to a good H bond position relative to
the amine during the molecular mechanical optimization,
with no barrier to this process. Our calculations are, unfor-
tunately, not accurate enough to establish the serine to
histidine proton transfer as the rate limiting step in trypsin
catalysis of amides, but this remains the most likely possi-
bility.
Warshel and Russell (27) have presented the results of

calculations on structures like our KM, KMION, and TET1
using an empirical valence bond approach and a dipolar
solvent model. Their solvation model is capable of more
accurately reproducing pKa values for enzyme groups than
ours, but it is hard to evaluate the accuracy of the quantum
mechanical approach they use. Dewar and Storch (28) have
recently suggested that enzyme reactions are gas phase-like
and have analyzed the serine protease mechanism on this

dine to aspartic acid proton transfer accompanies serine to
histidine proton transfer (29), we agree with their suggestion
that some desolvation is important in enzyme catalysis.
The recent and exciting results reported by Craik et al.

(30), in which genetic engineering has been used to study
trypsin catalysis in mutant enzymes provide important data
to further assess calculations such as reported here. They
found that glycine-216 to alanine and glycine-226 to alanine
caused significant decreases in enzyme catalytic rates, as
well as altering lysine/arginine specificities. By evaluating
the relative quantum mechanical and molecular energies for
the KM and TET1 structures in the mutant enzymes and for
different substrates, the molecular mechanical approach
presented here supplemented by free energy perturbation
molecular dynamics methods (31) should enable one to assess
how the two glycine to alanine substitutions destabilize the
KM and TET1 structures and how this differs for lysine and
arginine substrates.
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