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Abstract: *On the basis of ab initio calculations at the MP2/6-31G**//RHF/6-31G** level, we study the model
reactions for the catalytic action of aspartatic proteinases. We elucidate the mechanistic features of two competing
catalytic mechanisms by determining the reaction paths. In contrast to the previous theoretical studies which
neglected the electron correlation, the concerted and the stepwise pathways are predicted to be almost equally
favored in the general acid/general base mechanism. On the other hand, we find that a concerted reaction
pathway is preferred to the stepwise one in the nucleophilic mechanism. We also find that both nucleophilic
and general-acid/general-base mechanisms may be operative in a peptide hydrolysis by aspartic proteinases.
For the model reaction under consideration, the former is energetically more favored if one considers only the
potential energy profile along the intrinsic reaction coordinate, as has been done in previous theoretical studies.
However, when the entropic contribution due to nuclear motions as well as the zero-point vibrational energies
is included, the latter is predicted to be the preferred one by 1.9 kcal/mol. The covalent intermediate, which
is the end-point minimum energy complex on the concerted nucleophilic pathway, is found to be a unstable
one that is 18.1 kcal/mol higher in free energy than the incipient model enzguixstrate complex. This fact

is in accordance with the previous experimental implications that decomposition of the covalent intermediate
is much faster than its formation. The present work provides a theoretical support for the persistent argument
that the possibility of the nucleophilic mechanism cannot be excluded in the catalytic action of aspartic
proteinases although the required experimental detection of the covalent intermediate has been unsuccessful
so far. It is demonstrated that for all reaction pathways under consideration, the protonation of the nitrogen
atom belonging to the peptidic bond is an essential step in crossing the activation barrier for the rupture of a
peptide substrate. The relevance of the mechanistic features observed for the model reactions to an enzymatic
reaction is discussed.

Introduction Despite the detailed knowledge of the structure, the elucida-
) ) _ tion of a catalytic mechanism has been the subject of persisting
The aspartic proteinases (Apases) are a group of proteolyticcontroversy. Although the detailed mechanism by which APases
enzymes containing two aspartyl (Asp) residues in their active ¢jeave proteins is still uncertain, much attention has been paid
sites. Among them are pepsin, penicillopepsin, renin, and HIV-1 g the two main possibilities for the detailed roles of the two
protease that has been widely studied due to the pharmaceuticahsp residues in the catalysis. The first is a nucleophilic attack
interest. X-ray crystallographic data for the various APases qf the enzyme on the aminocarbonyl carbon of the peptide bond
reveal that their active site regions are very similar in struc- gng the expulsion of the amine component, yielding an
ture: two Asp residues lie close to each other at the center of gnhydride intermediate (nucleophilic mechanism). The second
a deep and extended active site cleft.is generally agreed  gjternative involves the general-base assisted attack of catalytic
that these two Asp residues play an essential role in the catalysiSyater molecule upon the carbonyl, followed by prototropic shifts
of peptide hydrolysi.The protonation state of the Asp dyad and a direct elimination to give the product acid and amine
has been considered as an important aspect in UnderStandi"Qgeneral-acid/general-base mechanism).
the hydrolytic mechanism of Apases. In this regard, much effort A gistinctive mark of the nucleophilic mechanism is the
has been devoted to the determination i palues of the two  formation of intermediates that contain a covalent bond formed

catalytic Asp residues. by the transfer of acyl group from a peptide substrate to an
- - Asp residue of enzyme. Despite a great deal of effort,

8751%&'7%";xfiggfﬁ%?ﬁ?gfhﬁ%‘iﬁiﬁﬁfﬁ%sﬁi'.iﬁf}?}?@"z‘ experimental detection of this kind of covalent intermediates
(1) (@) Subramanian, E.; Swan, I. D. A.; Liu, M.; Davies, D. R.; Jenkins, for a variety of peptide substrates has been unsuccésshal.

J. A.; Tickle, 1. J.; Blundell, T. LProc. Natl. Acad. Sci. U.S.A977, 74, the other hand, the formation of a noncovalent enzyme-bound

ig%(%'asﬁg'“* Delbaere, L. T. J.; James, M. N. G.; Hofmaniature amide hydrate intermediate was confirmed for some peptide
(2’) (a) Wlodawer, A.; Miller, M.; Jaskolski, M.; Sathyanarayana, B. K.; (3) (a) Trylska, J.; Antosiewicz, J.; Geller, M.; Hodge, C. N.; Klabe, R.

Baldwin, E.; Weber, I. T.; Selk, L. M.; Clawson, L.; Schneider J.; Kent, S. M.; Head, M. S.; Gilson, M. KProtein Sci.1999 8, 180 and references
B. H. Sciencel989 245 616. (b) Clement, G. EProg. Bioorg. Chem. therein. (b) Hyland, L. J.; Tomaszek, T. A., Jr.; Meek, T.Blochemistry
1973 2, 177. 1991, 30, 8454.
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substrated?® This provides unmistakable support for the than the formate/formic acid pair is to suppress the presence of
general-acid/general-base (GA/GB) mechanism. Neverthelessa spurious G-H-:-O hydrogen bontby removing the hydrogen

the nucleophilic route has not been ruled out conclusively since attached to a $pcarbon. To compare the energetics of the

it is possible that the covalent intermediates may not accumulatecompeting catalytic mechanisms at the same level of theory,
to an experimentally detectable amount if their formation is the we also determine the minimum energy paths of concerted and
rate-limiting step and any subsequent steps that lead to theirstepwise GA/GB mechanisms by adding a catalytic water
removal occur much faster. Furthermore, there has been somenolecule to the above model system for the nucleophilic
supporting evidence for a nucleophilic role of active site Asp mechanism. Comparison of the present results for the concerted
residue in the hydrolysis of some model peptide substrates. Theand stepwise GA/GB mechanisms with those obtained in refs
first example was the observation of transpeptidation reactions 8 and 9, respectively, would also allow us to estimate the effect
for a variety of substrates in which an anhydride intermediate of a structural variation in active sites on the catalytic behavior
and an amino moiety would be involvédzrom the kinetic of Apases, at least in a qualitative manner.

studies on the hydrolysis of a geometrically distorted amide with  In addition to the potential energy profile, we also evaluate
dicarboxylic acids capable of forming cyclic anhydrides, So- the variation of entropy along the catalytic paths. The entropic
majaji and Brown provided persuasive evidence for the forma- factor has not been considered in the previous theoretical studies
tion of anhydride intermediates in the course of the reacfion. of Apases? although it is known to be an important factor in

Although the earlier theoretical studies of Apases were determining the reactivity of weakly bonded complexes due to
focused mostly on the determination of stable conformations the presence of low-frequency vibrations inherent to the
of active sites with different protonation stafespme ab initio intermolecular coordinatéd.The free energies of activation for
results have already been reported for the catalytic reaction pathghe four reaction paths under consideration are then compared
associated with the GA/GB mechanism of HIV-1 protease to determine which mechanism is preferable for the catalytic
action, by using formamide molecule and the formate/formic action of APases. It will be shown that the entropy factor can
acid pair as models for substrate and enzyme, respectively. Leeplay a significant role in determining the catalytic pathway of
and co-workers determined the reaction path for the concertedApases. By examining the geometrical features of the stationary-
GA/GB mechanism at the RHF/6-31G* level of thedrand state structures on each reaction pathway, we also indicate the
found that the forward hydrolysis barrier is about 22 kcal/mol basic elements of the catalytic actions that are inherent in the
with a reverse barrier of about 34 kcal/mol. More recently, four competitive catalytic mechanisms of peptidic bond cleavage
Venturini and co-workers determined the stationary-state struc- by APases.
tures that appear on the reaction path of the stepwise GA/GB
mechanism at the MP2/6-31G* level of theory? They also Computational Details
showed' thatin the GA/GB mechanism the stepwise pathway is All geometries corresponding to minima and transition states on the
energetically favored over the concerted one by about & 10 kcal/for reaction pathways are fully optimized at the RHF/6-31G** level
mol difference in activation energy at the RHF/6-31G* level, of theory with the latest version of GAMESS cotfeThese geometry
in accordance with the experimental proposal by Meek and co- optimizations are performed with the aid of analytically determined
workers3b:5 gradients and search algorithms of the quasi-Newfaphson pro-

In the present work, we investigate the mechanistic features cedure® The nature of each SCF stationary point is determined by the
and energetics of the nucleophilic mechanism of Apases- number of_imaginary frequencies that are e\(alu_ated by dia_gonalizing
catalyzed peptide hydrolysis by examining the intrinsic reaction e analytical matrix of energy second derivatives (Hessian). Each
coordinates (IRC) of both concerted and stepwise pathways for [21Sition state structure possesses a single negative eigenvalue of the

. . . .. _Hessian matrix, and the corresponding imaginary vibrational frequency
a model reaction. This model system consists of the formamide

d / . id pai inq f id b (frelated to the time scale of the motion that carries the reaction system
and acetate/acetic acid pair, acting for a peptide substraté ang,ye; the energy barrier. The intrinsic reaction coordinate (IRC)

active sites of Apases, respectively. Although various protona- connecting a transition state to the neighboring stable structures is
tion states have been proposed for the free enzymes and thejetermined at the RHF/6-31G** level using the Gonzaizhlegel
enzyme-inhibitor complexes21there has been experimental second-order (GS2) methédt.

evidence that the two catalytic Asp residues of HIV-1 PR exist ~ To get a better prediction of energetics, post-HF level calculations
in opposite states of protonation when the enzyme is complexedincluding the effect of electron correlation are performed at the RHF/
with various substrate®¥.As a model for the monoprotonated 6-31G** optimized geometries. These single-point calculations are
aspartyl dyad, we use the acetate/acetic acid pair. This kind ofcarried out with the 6-31G™ basis sets using the MetPtesset
model approach has also been adopted in other theoretical™(10) ) Clement, G. E.; Snyder, S. L.; Price, H.; Cartmell JRAM.

studies®® The reason for taking the acetate/acetic acid pair rather Chem. Soc1968, 90, 5603. (b) Cornish-Bowden, A. J.; Knowles, J. R.
Biochem. J.1969 113, 353. (c) Hunkapiller, M. W.; Richards, J. H.
(4) (@) Dunn, B. M.; Fink, A. L.Biochemistry1984 23, 5241. (b) Biochemistry1972 11, 2829. (d) James, M. N. G.; Sielecki, A. Mol.

Hoffmann, T.; Fink, A. L.Biochemistryl984 23, 5247. (c) Somajaji, V.; Biol. 1983 163 299. (e) Pearl, L. H.; Blundell, T. LFEBS Lett.1984
Keillor, J.; Brown, R. SJ. Am. Chem. S04988 110, 2625 and references 174, 96. (f) Green, D. W.; Ayknet, S.; Gierse, J. K.; Zupec, M. E.
therein. Biochemistry199Q 29, 3126. (g) Wang, Y.-X.; Freedberg, D. |.; Yamazaki,

(5) (@) Hyland, L. J.; Tomaszek, T. A., Jr.; Roberts, G. D.; Carr, S. A.; T.; Windfield, P. T.; Stahl, S. J.; Kaufman, J. D.; Kiso, Y.; Torchia, D. A.
Magaad, V. W.; Bryan, H. L.; Fakhoury, S. A.; Moore, M. L.; Minnich,  Biochemistryl996 35, 9945. (h) Smith, R.; Brereton, I. M.; Chai, R. Y.;

M. D.; Culp, J. S.; DesJarlais, R. L.; Meek, T. Biochemistry1991, 30, Kent, S. B. H.Nature Struct. Biol1996 3, 946.
8441. (b) Rodriguez, E. J.; Angeles, T. S.; Meek, TBiachemistryl993 (11) (a) Pross, A.Theoretical and Physical Principles of Organic
32, 12380. Reactuity; Wiely: New York, 1995; pp 136136. (b) Hobza, P.; Zahradnik,
(6) (a) Takahashi, M.; Wang, T. T.; Hofmann, Bicochem. Biophys. R. Top. Curr. Chem198Q 93, 53.
Res. Communl974 57, 39. (b) Wang, T. T.; Hofmann, TBiochem. J. (12) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T,
1976 153 691. Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A;
(7) (a) Beveridge, A. J.; Heywood, G. Biochemistryl993 32, 3325. Su, S.; Windus, T. L.; Dupuis, M.; Montgomery, J. A. Comput. Chem.
(b) Beveridge, A. J.; Heywood, G. Q. Mol. Struct.1994 306, 235. 1993 14, 1347.
(8) Lee, H.; Darden, T. A.; Pedersen, L. G.Am. Chem. Sod.996 (13) (a) Baker, JJ. Comput. Chen1986 7, 385. (b) Helgaker, TChem.
118 3946. Phys. Lett1991, 182, 305. (c) Bell, S.; Crighton, J. S. Chem. Physl984
(9) Venturini, A.; Lopez-Ortiz, F.; Alvarez, J. M.; Gonzalez,JJ.Am. 80, 2464.

Chem. Soc1998 120, 1110. (14) Gonzalez, C.; Schlegel, B. H. Chem. Phys1989 90, 2154.
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Figure 1. A pictorial description of the reaction pathway of the concerted nucleophilic mechanism for a peptide hydrolysis by Apases. Some

selected interatomic distances are given (in A).

second-order perturbation theory (MP2)The electronic energies

C—N bond and the increase of the electrophilicity of the

computed in this way are used to calculate the relative free energiesaminocarbonyl carbon € Thus the G-O bond formation

(AG) that are given by

AG = AE

elec

+ AH' — TAS

The reference state of zero energy is arbitrarily taken as that resembling
the isolated enzyme and substrate. Hence the reference system for the
calculation of nucleophilic mechanisms consists of the acetate/acetic

between the Catom and carboxylate oxygen gOand the
breakage of the & Ns bond occur simultaneously through the
Sn2-type reaction, facilitated by the proton JHransfer from
the carboxylic acid group to thegNitom.

The reaction pathway starts with the formation of an

enzyme-substrate complexGQNR) in which the N atom is

acid pair and an isolated formamide, while that for the GA/GB hydrogen bonded to the undissociated carboxylic acid group at

mechanism consists of an isolated formamide and the complex of the
acetate/acetic acid pair and the water moleclel’ denotes the
enthalpy change due to thermal motions of the nuclei including the
zero-point vibrational energieAS denotes the entropy change. While
the electronic energies are evaluated from the MP2/6-31G** level
calculations, the vibrational frequencies used to estimaté andAS

are obtained at the RHF/6-31G** level.

The entropies of transition states and minima are evaluated by
summing the translational, rotational, and vibrational contributions
(S= Srans t+ Sot + Sib), each of which is in turn obtained from the
corresponding molecular partition function. In the calculation of the
molecular partition functions, rigid-rotor and harmonic-oscillator ap-
proximations are used to factorize the contributions from rotation and
vibration. The single imaginary frequency mode of the transition state
is excluded in the calculation of the vibrational partition function, while
all normal modes are considered for the structures of energy minima.

All input structures for obtaining optimized reactant states are
prepared from a molecular mechanics energy-minimization calculation
using the AMBER force field under the constraints that the hydrogen
belonging to the carboxylic acid group should be directed to nitrogen
(concerted pathways) or oxygen (stepwise pathways) of the amide
group. These constraints are based on the enzygulestrate complex
structures proposed experimentally by X-ray crystallogrépagd by
a kinetic study®

Results and Discussion

Concerted Nucleophilic Mechanism. Figure 1 displays
snapshots of the calculated IRC: the reactant struc@iR(),
the transition state structur€NTS), and the product structure
(CNP). It is apparent that the carboxylate/carboxylic acid pair

a distance of 2.038 A. A stronger hydrogen bond is observed
between the negatively charged oxygen)(€f the carboxylate
group and N-H hydrogen of the formamide that are separated
by 1.704 A. The @+-H—Ns and Ne+H,—O, hydrogen bonds
make major contributions to the stabilization ©NR.

The reaction proceeds fro@NR with the approach of the
Oy atom toward the Catom along a line perpendicular to the
amidic plane and the gradual shift of the carboxylic protog) (H
to the N, atom. This protonation-induced pyramidalization at
Ns increases the p-character in Nybridization, and weakens
the G—Nsbond. Hence, the &atom becomes more susceptible
to a nucleophilic attack, promoting the formation of the-@s
bond.

At the transition stateGNTS in Figure 1), the carboxylic
proton H, in the Ny--Hgz--O4 hydrogen bond is almost fully
shifted to the Nside; the N-H distance decreases from 2.038
Ain CNR to 1.026 A inCNTS. In terms of the @Cs bond
formation also, we have a late transition state; the bond distance
decreases considerably from 3.382 to 1.424 A. On the other
hand, the G-Ns bond cleavage lags behind. The bond is
stretched from 1.347 A iCNR to 1.834 A inCNTS, while
the separation between the &d N atoms is 3.299 A in the
product stateCNP. The single imaginary frequency associated
with CNTS is dominated by the N-H, bond forming motion
as well as the &-Ng bond breaking motion, implying that the
proton transfer to Nis an essential step to cross the activation
barrier for the cleavage of an amidic bond. A similar mechanistic
feature has also been observed in the intramolecular hydrolysis

hydrolyzes the peptide substrate in a cooperative manner: theof the amidic bond irlN-methylmaleamic acid as well as in

carboxylate group acts as a nucleophile, while the carboxylic
acid group participates in the reaction as a general acid which
protonates the nitrogen g\atom of the substrate peptidic bond.
As a consequence of this proton transfer, t@atdm undergoes

a pyramidalizatio¥ that causes the weakening of the peptidic

(15) Mgller, C.; Plesset, M. 2hys. Re. 1934 46, 618.

(16) Jaskolski, M.; Tomasselli, A. G.; Sawyer, T. K.; Staples, D. G;
Heinrikson, R. L.; Schnerider, J.; Kent, S. B.; Wlodawer,Bdochemistry
1991, 30, 1600.

(17) (a) Silva, A. M.; Cachau, R. E.; Sham, H. L.; Erickson, J. JV.
Mol. Biol. 1996 255, 321. (b) The two optimized HNs—Cs angles of the
isolated formamide molecule are 1214#nd 119.1. These are reduced to
116.7 and 116.4, respectively, in the model enzymsubstrate complex
(CNR in Figure 1).

the hydrolysis reaction between water and formamide mol-
ecules'®

The minimum energy structure located at the end of the
reaction pathCNP in Figure 1, corresponds to a complex of
reaction products and an enzyme. In this complex theNg
bond is fully broken while the N-H, bond formation is
complete, leading to the formation of the ammonia molecule.
An N—H---O hydrogen bond between the carboxylate group

(18) Park, H.; Suh, J.; Lee, 8. Mol. Struct( THEOCHEM)1999 490,
47.

(19) (a) Krug, J. P.; Popelier, P. L. A.; Bader, R. F. WPhys. Chem.
1992 96, 7604. (b) Antonczak, S.; Ruiz-Lopez, M. F.; Rivail, J.1..Am.
Chem. Soc1994 116, 3912.
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SNP

Figure 2. A pictorial description of the reaction pathway of the stepwise nucleophilic mechanism for a peptide hydrolysis by Apases. Some
selected interatomic distances are given (in A).

and ammonia molecule is formed with a relatively larger distance, the transition state is relatively early in terms of both
O---H distance, 2.118 A. The comple€NP involves an Cs—0Os bond lengthening and ©&H, bond formation. The
anhydride intermediate formed between the enzyme and achanges in these two bond lengths are 0.034 and 0.158 A, which
substrate by a covalent bond. Such a covalent intermediate hagorrespond to 25% and 24% advancements toward the formation
been sought by experimentalists for a long time as supporting of an intermediateSNINT. The single imaginary frequency of
evidence for the nucleophilic mechanism in Apases-catalyzed SNTS1is dominated by the ©-Cs and Q—H, bond forming

peptide hydrolysis. motions, implying that the activation energy arises from
The MP2/6-31G**//[RHF/6-31G** level of theory predicts  distortion of the planar geometry of the amide link through the
that the free energy oENP is higher than that oCNR by protonation of Qand the simultaneous nucleophilic attack on

18.1 kcal/mol at 298.15 K and 1 atm. This relative instability Cs
of CNP is likely due to the lack of a strong hydrogen bond Passing through the first transition state, the reaction system
interaction as irCNR, and could be one of the reasons that the falls into an intermediate minimum energy structu8&INT,
anhydride intermediate has not been detected, for its decomposiwhich is tetrahedral at thes@tom. In this complex, the ©-Cs
tion would be much faster than its formatién. bond is fully developed with the proton transfer from the
Stepwise Nucleophilic MechanismFigure 2 displays the  carboxylic acid group to ©atom being completed. The second
stationary-state structures located along the reaction path. Thereaction step is then initiated by lengthening of the-Rs bond
first minimum energy structureSNR, corresponds to an in SNINT, accompanied by a proton transfer from thet®
enzyme-substrate complex. In contrast to the comp@&XR, the Ny atom. During this intramolecular proton transfer, the O
the target for the electrophilic attack of the carboxylic acid group atom of the carboxylate group iBNINT approaches the JN
on the amidic bond is the oxygen {Qather than the nitrogen  atom to form a relatively weak ®H hydrogen bond with the
(Ng), resulting in the formation of a strongers®H;—0O, ammonia that is formed in the second transition st&iTS2
hydrogen bond (with the ©-H, distance of 1.641 A) than the  Although the G atom still remains tetrahedral in this transition
N ++H,—O, 0ne inCNR. Another distinctive feature is that the  structure, the &-Ns bond lengthens by 0.41 A as compared to
formamide molecule remains planar$iNR; the two optimized that in SNINT. A most significant feature associated with
H—Ns—Csangles are 124%7and 120.5. The complex is further ~ SNTS2is that the H atom attached to &n SNINT is fully
stabilized through the hydrogen bond interaction between the transferred to § indicating again that protonation of the amidic
negatively charged oxygen,®@f the carboxylate group and a  nitrogen is essential for the rupture of the amidie )T bond.
hydrogen attached to thesitom at a distance of 1.781 A. FromSNTS2 a further increase in thes€EN; distance leads
The first reaction step involves the nucleophilic attack of the to the final minimum energy structur8NP, which is planar at
carboxylate oxygen Qupon the Gatom, accompanied by the the G atom due to the full breakage of the-€Ns bond. This
proton (H) transfer from the carboxylic acid group to the complex is similar in structure to th€NP found in the
carbonyl oxygen of the formamide, leading to the formation of concerted pathway except for the presence of a hydrogen bond
the first transition stat&SNTS1 As a consequence of these between a carboxylate oxygen and the hydrogen atom attached
geometrical changes the planarity of the peptidic bond is lifted. to the G. As can be seen in Figure 2, the two hydrogens attached
The two H-Ns—Cs angles of the formamide moleculeNTS1 to G and N, atoms are symmetrically shared by two oxygen
are reduced to 1072@and 110.4, respectively, and the bond atoms of the catalytic carboxylate group. Although the
between Gand Q lengthens with the increase of the p-character C—H---O hydrogen bond may be a spurious one due to the
in Cs hybridization. Despite the 2.1 A decrease in the-Qs simplicity of the model, this novel-type hydrogen bond is now
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Figure 3. A pictorial description of the reaction pathway of the concerted GA/GB mechanism for a peptide hydrolysis by Apases. Some selected
interatomic distances are given (in A). The-®ls distances irCGR andCGTS are 1.355 and 1.527 A, respectively.

known to be an important kind of intra- or intermolecuar is fully formed with breakage of the N\ Cs bond, leading to
interaction in some chemical and biological systéfs. the formation of the ammonia molecule and formate hydrogen
Concerted GA/GB Mechanism. A crucial factor that bonded with two carboxylic acids.
distinguishes the GA/GB mechanism from the nucleophilic  Stepwise GA/GB MechanismFigure 4 displays the struc-
counterpart is the participation of the catalytic water molecule tures of the reaction system at the energy minima and transition
as a nucleophile. In this case the carboxylate group of one Aspstates along the stepwise reaction pathway for the GA/GB
residue acts as a general base instead of a nucleophilemechanism. In the optimized structure of the model enzyme
deprotonating the lytic water molecule and thereby increasing substrate complexSGR in Figure 4), the water molecule is
the nucleophilicity of the water oxygen. The minimum energy hydrogen bonded to the negatively charged oxygen atas) (O
path for the concerted GA/GB mechanism is depicted in Figure of the catalytic carboxylate group with a distance of 1.938 A.
3. A stronger hydrogen bond is formed between the carbonyl
The first minimum energy structure on the IRCGR in oxygen (Q) of the formamide and the hydrogen dj-bf the
Figure 3) may correspond to an enzyrsebstrate complex in  carboxylic acid group with a distance of 1.655 A, which has a
which the hydrogen (i) belonging to the carboxylic acid group ~ comparable bond strength as that foundSiNR. This partial
of an Asp residue is directed to the nitrogen atong) @f the protonation of Qagain leaves the planarity of the amidic link
amide group, forming a weak hydrogen bond at a distance of intact.
2.141 A, In this structure, two hydrogens of the catalytic water ~ From the complex8GR, the reaction proceeds as the oxygen
molecule are hydrogen bonded to the two Asp residues: oneof water (Q,) approaches the{@tom along a line approximately
(Hwa) with a negatively charged oxygengfof the carboxylate perpendicular to the amidic plane. This nucleophilic attack is
group and the other (k) with the carbonyl oxygen (§) of facilitated by two proton-transfer processes:, fiom the
the carboxylic acid group with distances of 1.918 and 2.234 A, carboxylic acid group to ©@and Hy; from the water molecule
respectively. Similar ta€€NR, the strongest hydrogen bond is to O,1. The former increases the susceptibility of © a
established between one of the hydrogens attached to the amida@ucleophilic attack through the polarization of the-©s bond,
nitrogen and the second oxygen atomyf the carboxylate  while the latter enhances the nucleophilicity of. @uring these
group. changes a new hydrogen bond is established between the second
At structureCGR, the reaction is initiated by the approach hydrogen (i) of the water molecule and the carbonyl oxygen
of water oxygen (Q) to the G atom, facilitated by proton  (Oa1) Of the carboxylic acid group.
transfer from the carboxylic acid group of one Asp residue to ~ When the G-O, distance is reduced to 1.781 A, the reacting
the amide nitrogen and partial deprotonation of the water system reaches the first transition st&8&TS1 in which the
molecule by the carboxylate group of the other Asp residue. Ns atom has undergone a considerable pyramidalization, as
When the @Q—C; distance is reduced to 1.634 A, the reaction monitored by two H-Ns—Cs angles (see Figure 4). The proton
system reaches the transition sta@&({'S in Figure 3). In this (Ha) belonging to the carboxylic acid group is almost fully
transition-state structure a protongftis almost fully transferred  transferred to @ forming the Q—Hg+-Oa2 hydrogen bond with
to the N, atom, rupturing the planarity of the amide linkage. In  the Hy++Ox2 distance of 1.550 A. In this short strong hydrogen
contrast to significant progress in<C bond formation, the bond the distance between the H-acceptgg)(@nd the H-donor
breaking of the &N bond lags behind: while the-©C distance (Os) is found to be 2.543 A, which is comparable to the sum of
is contracted from 3.494 to 1.634 A, the-®l bond is stretched ~ van der Waals radii of the two oxygen atoms (2.55*AThis

from 1.355 to 1.526 A. It is noteworthy thaty®Hugze+*Oa1, result provides evidence for the establishment of a low-barrier
Ow—Hw1***Op1, and N—H:---Op, hydrogen bonds get stronger hydrogen bond (LBHB) during the catalytic action of Apases,
in going fromCGR to CGTS. which has also been invoked in various enzymatic reactions to

Further advancement in @ Cs bond formation, driven by  €xplain the rate enhanceméffThe involvement of the LBHB
transfers of two protons of the water molecule to the two Asp has already been appreciated in the catalytic mechanism of

residues, leads to the end point minimu@G@P in Figure 3), HIV-I protease?” However, in the previous studies, including
which may correspond to reaction products complexed with the the ab initio study by Venturini and co-worketsuch LBHB
two catalytic Asp side chains. In this structurethg-Cs bond was found to appear in the minimum energy structure corre-

sponding toSGR rather than at the transition state. Since it is

(20) (a) Jeffrey, G. AAn introduction to Hydrogen bondingxford
University Press: Oxford, 1997, and references therein. (b) Desiraju, G.  (21) Frey, P. A.; Whitt, S. A.; Tobin, J. BSciencel994 264,1927.
Acc. Chem. Red.991 24, 290. (c) Song, J.-S.; Szalda, D. J.; Bullock, R. (22) (a) Scheiner, S.; Kar, T. Am. Chem. Socl995 117, 6970. (b)
M. J. Am. Chem. Sod996 118 11134. (d) Karle, I. L.; Ranganathan, D.;  Schwartz, B.; Drueckhammer, D. G. Am. Chem. S0d.995 117,11902.
Haridas, V.J. Am. Chem. S0d.996 118 7128. (c) Shan, S.; Herschlag, D. Kciencel996 272,97.
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Figure 4. A pictorial description of the reaction pathway of the stepwise GA/GB mechanism for a peptide hydrolysis by Apases. Some selected
interatomic distances and angles are given (in A and deg), respectively.

the stabilization of the transition state rather than the reactant products complexed with the catalytic residues. In this structure
structure that is more relevant to the rate enhancement, wethe G—Nsbond is fully broken, leading to the formation of the

believe that the finding in this study should be more appropriate
to the enzymatic catalysis.

A further approach of (to Cs at the first transition state
carries the reaction system into the second energy minimum
(SGINT in Figure 4), where the ©-Cs bond is fully formed
with the Hy; atom being completely transferred to the catalytic
carboxylate group. As already pointed out by Venturini and co-
workers? the compleXSGINT may correspond to the enzyme-

bound noncovalent amide hydrate intermediate that has been
characterized by experiment and molecular modeling as support§

for the GA/GB mechanism. In this complex the distance between
Ns and the hydrogen (f1) belonging to the carboxylic group
is 3.126 A, which is in a good agreement with the previous ab
initio result (3.065 A) using the formic acid/formate pair as a
model for enzymé,as well as that obtained by a molecular
dynamics study (3.1 Ay

The next reaction step involves an intermolecular proton
transfer from the carboxylic acid group to the amine group (the
approach of K, toward N) and simultaneous elongation of the
Cs—Nsbond, leading to formation of the second transition state,
SGTS2 During these changes the,©&Hya -0y hydrogen
bond in SGINT is broken and replaced by a new weaker
Op1-*Hw1—Ns hydrogen bond; the g--Hy1 distance in the
latter is longer than the @--Hy;z distance in the former by 0.041
A (see Figure 4). On the other hand, the two hydrogen bonds
between hydroxyl groups attached tg &hd two carboxylate
oxygens @; and Qg get stronger in going fron8GINT to
SGTS2 revealing a localC,, symmetry. In these two sym-
metrical hydrogen bonds, the distances between H-donor an
H-acceptor fall within 2.59 A, supporting again the involvement
of the LBHB in the catalytic mechanism of Apases. The
transition stateSGTS2 s late in terms of both &-Ns bond
breakage and N-Hy1 bond formation; the two bond lengths

d

ammonia molecule and causing theaom to be planar.

Energetics and Relevance to the Enzymatic Catalysis.
Earlier experimental findings indicate that the hydrogen-bonding
pattern between the carboxylic acid group of a catalytic Asp
residue and a substrate plays an essential role in determining
the catalytic pathway: in the stepwise pathway the target for
electrophilic attack of an Asp residue is the oxygen atom of
the substrate amide group, while that in the concerted pathway
s amide nitrogen. All four reactant state structures considered
In this work are consistent with such geometrical features found
in the enzyme-substrate complex: the reactant state structures
that involve N-protonation of the formamide molecu@\R
and CGR) undergo concerted reactions, while those in which
the formamide reveals O-protonatioBNR and SGR) lead to
the stepwise pathway.

Previous theoretical studies of Apases (specifically the HIV-
protease)® were based on the calculation of the potential energy
profile along the IRC. However, it is well-known that entropic
effects arising from the thermal nuclear motions transverse to
the IRC, including the zero-point vibrational motions, are just
as important in determining the reactivity of weakly bonded
complexes! We therefore compute the various thermodynamic
potentials at 25°C and 1 atm by using the usual statistical
mechanical expressions as adopted in the GAMESS code.
Vibrational frequencies of the complexes required for the
calculations are evaluated at the RHF/6-31G** level of theory.
Table 1 displays the relative contributions of various energetic
factors to the free energies of the complexes.

We note that in all cases the variation of the entropic term
along the reaction path is much smaller in magnitude than the
electronic energy variation. That is, the major contribution to

are 2.012 and 1.025 A, respectively. Thus the protonation of the free energy of activatiom\G*) comes from the activation
the N; atom is again necessary to cross the activation barrier enthalpy (AH*) rather than from the activation entropy term
for the second reaction step. (—TASY). Nonetheless, it is essential to include the entropic
The reaction system then transforms to the final minimum contribution. When the electronic energies are considered alone,
energy structure SGP, which corresponds to the reaction the concerted nucleophilic path is the most preferred one, but
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Table 1. Relative Contributions of Various Energetic Factors to from the difference in the extent of stabilization through the

the Free Energies of the Stationary States along the Reaction hydrogen bond; in general, oxygen would be a better H-acceptor

Pathways than nitrogen. This is consistent with previous experimental
energy minima and findings that in formamide molecule oxygen is protonated in
transition states ABetec AH' —TAS AG preference to nitrogen in an acidic mediémDespite the

concerted nucleophilic stabilization ofSNR (Figure 2), formation of the first transition
CNR —7.1¢62) 49 7.8 5.6 state SNTS1 requires 25.3 kcal/mol. In going from the
CNTS 13.0(24.8) 4.5 13.9 31.4 intermediateSNINT, which has the energy of 21.4 kcal/mol
CNP 10.8 (12.6) 4.1 8.8 23.7 -

stepwise nucleophilic above_ theSNR, to the second transition sta&_NTSZ the
SNR -18.9(-16.5) 5.1 99 -39 breaking of the amide bond poses a further barrier of 15.2 kcal/
SNTS1 2.8(12.3) 4.1 14.5 21.4 mol. Hence the overall free energy of activatiaG* amounts
SNINT —3.0(2.8) 61 144 175 to 36.6 kcal/mol, as given by the energy difference between
gmsz 185'3 ((lzg-g)) ?‘:'-g 113'; 22227 SNR andSNTS2 On the other hand, the activation barrier for

concerted GA/GB ’ ' ' ’ ' the concerted nucleophilic mechanism, which is the energy
CGR 125 (9.7) 7.2 12.1 6.8 difference betwee@NR andCNTS, is found to be 25.8 kcal/
CGTS 8.1(27.3) 6.5 16.1 30.7 mol. On the basis of the previous experimental findings that
CGP —16.0(-12.8) 5.6 10.9 0.5 the rate-determining step occurs after substrate binding and

stepwise GA/GB precedes the formation of any covalent intermedtater
gg'I?Sl __18‘3 (t14.4) 48 101 14 theoretical results then predict that the nucleophilic mechanism

.9(10.2) 44 153 188 ; :

SGINT ~8.6 (—4.3) 6.6 136 11.6 of Apases-catalyzed peptide hydrolysis would prefer the con-
SGTS2 6.2 (14.3) 4.0 12.9 23.1 certed pathway to the stepwise one.
SGP 5.3(9.9) 26 126 205 As mentioned above, the free energy of activatio®* for

aThe energy values for the complexes involved in the nucleophilic the concerted GA/GB mechanism, which is the free energy
pathway are measured with respect to that of the system comprisingdifference betwee@GR andCGTS, is 23.9 kcal/mol and lower
the acetate/acetic acid pair and an isolated formamide. On the otherthan that of the nucleophilic mechanism by 1.9 kcal/mol. Here,

hand, the reference system for the GA/GB mechanism consists of an ; ; P
isolated formamide and the complex of the acetate/acetic acid pair andthe importance of the entropy factor in determining the favored

water molecule. Numbers in parentheses are the energy calculated af@t@lytic mechanism can be appreciated by comparing the
the RHF/6-31G** level. All energy values are given in kcal/mol. difference in activation energies with that in activation entropies

for the two mechanisms. As can be seen in Table 1, the extent

with the inclusion of the entropic factor both the concerted and of increase in the entropic term-TAS) in going fromCGR to
stepwise GA/GB mechanisms turn out to be the better reaction CGTS is 2.1 kcal/mol smaller than that in going fro@NR to
pathways. CGTS. This relatively large difference in activation entropy

In contrast to the previous theoretical stu@i®s which the leads to the preference of the concerted GA/GB mechanism by
electron correlation effects are not taken into account, the overbalancing the 0.5 kcal/mol difference in activation energy.
activation energy of the concerted GA/GB mechanismis found The small difference iMAG*, however, indicates that the
to be about 1.9 kcal/mol lower than that of the stepwise nucleophilic mechanism cannot be excluded conclusively in
counterpart at the MP2/6-31G**//RHF/6-31G** level of theory.  Apases-catalyzed hydrolysis of a peptide. The present theoretical
Comparing the potential energies of stationary-state structuresresult thus appeals to the previous experimental observations
in the two reaction pathways evaluated at the MP2 and RHF that the catalytic action of Apases may occur through the
levels, it follows immediately that the change in the preferred formation of the transient anhydride intermediate this regard,
reaction pathway from stepwise GA/GB to concerted GA/GB it is also noteworthy that some Apase-inhibitor complexes have
can be attributed to the extraordinarily large stabilization of been found to lack the catalytic water molecule that can be a
CGTS compared t&8GTS2by the electron correlation effects.  distinctive mark of the GA/GB mechanisth Here, it should
This result indicates that the inclusion of electron correlation is be remarked that the choice of catalytic pathway in the real
essential in evaluating the activation energy for a reaction enzymatic reaction may depend on the active-site environmental
pathway. A similar energetic feature was also observed for a effects including the solvent effect that has not been considered
Cope elimination reaction: due to the preferential stabilization in the present work.
of transition state by electron correlation effects, the activation  consistent with the previous experimental and theoretical
energy determined at the MP2 level is about 17 kcal/mol lower stydies, the hydrogen bond interactions between the two catalytic
than that obtained at the RHF lev@lWith the inclusion of Asp residues and Substrate, as can be seen in F|gu-re’sa]:e
entropic factors, however, the stepwise GA/GB pathway be- found to play an essential role in stabilizing the transition states
comes almost equally favorable as the concerted one. The lattefior al| four reaction pathways under investigation. In this regard,
is predicted to be only slightly favored by a 0.6 kcal/mol we observe an interesting geometrical feature: the functional
difference in activation free el’lergieS. ThUS, the present theoreti'groups involved in the hydrogen bonds are pre_a”gned in the
cal study indicates that both concerted and stepwise GA/GB jncipient minimum energy structure so that the necessary
mechanisms, which were proposed independently by Jaskolskihydrogen bonds can be readily established in the subsequent
et al’® and Meek et at’ based on X-ray structure and kinetic  transition state. As can be seen in Figurest1the hydrogen
studies, respectively, can be competitive in the catalytic action ponds Q--H,—Ns in CNTS, O,r:-H,—Ns in CGTS, and
of APases. Ogaz**Ha—Os in SGTS1 are formed, respectively, from©

From Table 1, we observe that the compEXR is more Ha**Ns in CNR, Op—Ha+*Ng in CGR, and Qu—Hg++Os in
stable thanCNR by about 9.5 kcal/mol. By comparing the  SGRas the proton is transferred from the donor to the acceptor
Ng++Ha distance inCNR (2.038 A) to the @++H, distance in

SNR(1.641 A), we may deduce that this energy difference stems  (24) (a) Fraenkel, G.; Niemann, @roc. Natl. Acad. Sci. U.S.A958
44, 688. (b) Gillespie, R. J.; Birchall, TTan. J. Chem1963 41, 149.
(23) Komaromi, I.; Tronchet, J. M. J. Phys. Cheml1997 101, 3554. (25) Gustchina, A.; Weber, I. TEEBS Lett.199Q 269 269.
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atoms with just slight changes in the interatomic distances. affect the overall hydrolysis rate. This implies that Apases should
Similarly, the two G--H—O hydrogen bonds IfCGTS and be able to catalyze both steps: the first and second activation
SGTS2are already established ®GR and SGINT, respec- barriers of the stepwise GA/GB mechanism are lowered by 15.8
tively, in a premature form (see Figures 3 and 4). On the basisand 13.5 kcal/mol, respectively, relative to those of the
of these observations together with the relatively small variation uncatalyzed reaction.
of entropy along the catalytic pathways, we argue that Apases On the other hand, the most significant factor in the
optimize their catalytic ability by prepositioning the hydrogen- nucleophilic mechanism is the initial protonation of thealtbm,
bonding groups in the enzymsubstrate complex or in an  which induces the pyramidalization at.N'he positive charge
intermediate appearing in the catalytic mechanism and thusdeveloped at Cin the transition stat€NTS, caused by the
minimizing the entropic penalty for forming hydrogen bonds Ns-protonation and the rupture of thes€Ns bond, is then
in the subsequent transition state. A similar mechanistic feature stabilized by a nucleophilic attack of the carboxylate group of
has been proposed also for the catalytic action of the serinean Asp residue. Thus, in contrast to the GA/GB mechanism,
proteases® Apases are likely to catalyze the amide hydrolysis by direct
Finally, we observe two different elements of the catalytic Participation in the reaction as a reactant in the nucleophilic
actions working in the mechanisms under consideration. The mechanism.
formation of multiple hydrogen bonds is likely to be a key conclusion
feature in the GA/GB mechanism. As can be seen in Figure 3,
four hydrogen bonds between the two Asp residues and the
substrate including a catalytic water molecule are involved in
CGR andCGTS, with those in the latter stronger than those in
the former. Similarly, three hydrogen bonds are established in

all stationary-state structures of the stepwise GA/GB mechanism.Present study is that. e|t.her the nucleophl!lc or G.A/GB mech-
Two of them in SGR are relatively weak with associated anism may be operative in an actual catalytic reaction, depending

O---H distances of 1.938 and 2.301 A. while those formed in " the structural specificity of the peptide and the active site of
the two transition s-tructuresG.TSl a’nd SGTS2 and the the enzyme. _F_or the model r(_eaction system underconside_ration,
tetrahedral intermedia®GINT have short ®-H distances, all the nucleophilic mechanism is energetically more favored if one

within 1.82 A (see Figure 4). Judging from these geometrical considers only the p°‘er!“a' energy profile along the lRC'
features, we expect that, during the catalytic action of the APasesHowever’ when the entropic co_ntr|but|on due to nuc_lear motions
through the GA/GB route, active site groups would be aligned transverse to the IRC (including the zero-point ylbratlons) IS
in such a way that stabilizes specifically the transition states counted together, the GA/GB mechanism is predicted to be the

and the intermediate, rather than the reactant. This causes thé)re_ferr_ed one, although the dlff_erence In the_ free energy of
lowering of the activation barrier and thus leads to the rate activation is just 1.9 kcal/mol. This shows that inclusion of the

enhancement. The use of this kind of multiple interaction, such entropic factor is essential in the theoretical study of Apase

f . . catalysis.
as hydrogen bonds, instead of relying on a single strong . . . . .
interaction, has been recognized often in various enzymatic.n(!ln ggnttrr]?te?egg %Z‘e\glcgé?rg;\e?::;trlggt'sﬁ)tg?:lgﬁcvgngg (:: dnot
reactions and the idea is being utilized in the design of enzyme It uwi thw e predicted 1o b Ilm’ " llv favored
inhibitors, synthetic receptors, and catalysts. Stepwise pathways are predicied to be aimost equally favore
) S . in the GA/GB mechanism. On the other hand, the present study
The importance of stabilization of transition states by

hvd bonds in the GA/GB hani b | shows that a concerted reaction pathway would be preferred in
ydrogen bonds in the GA/GB mec anism may be more easlly y,q nucleophilic mechanism. For all reaction pathways that have
appreciated when the free energy profile is compared to that of

! . . been considered, the protonation of the leaving amine group is
an uncatalyzed reaction, namely, the stepwise reaction of

. . . found to be essential for surmounting the activation barrier
formamide with a water molecule which lacks such hydrogen leading to peptidic €N bond cleavage, and it is the primary
bond stabilizations. For this reaction the first and second free ’

: o - step in the concerted nucleophilic mechanism. The hydrogen-
energies of activation were predicted to be 36.0 and 33.3 kcal/b di ina in the t iti tate struct
mol, respectively, at the MP2/6-31G**//[RHF/3-21G** |level of oncing grotps appearing In the transition state SuciuTes are

. X pre-aligned in their respective incipient minimum energy
theory?® Therefore, in the uncatalyzed reaction both steps may structure, thereby minimizing the entropic penalty for the

(26) (a) Jencks, W. PAdy. Enzymol1975 43,219, (b) Henderson, R, €Stablishment of hydrogen bonds in the transition states. In the
J. Mol. Biol. 1970 54, 341. (c) Ruhlmann, A.; Kukla, D.; Schwager, P.;  GA/GB mechanism, the formation of multiple hydrogen bonds
Bartels, K.; Huber, RJ. Mol. Biol. 1973 77,417. (d) Blow, D. M.; Janin, seems to be a key element of the catalytic action whereas in

Js'éis‘geset'AFig'\é'l'\'%”ngg“ 249,54. () Jencks, W. Feroc. Natl. Acad.  the nycleophilic mechanism Apases are likely to catalyze the
(27) (a) Fierke, C. A.: Jencks, W. B. Biol. Chem1986 261, 7603. (b) amide hydrolysis by a d_lrect participation in the reaction as a
First, E. A.; Fersht, A. RBiochemistry1995 34, 5030 and references  reactant. Further study is needed to understand the effects of
therein. active-site environments and solvents on the energetics and
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We have investigated the mechanistic features and energetics
of Apase-catalyzed peptide hydrolysis based on quantum
chemical calculations on a model reaction system consisting of
a formamide and acetate/acetic acid pair. A key result of the




