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Abstract: To elucidate the catalytic power of enzymes it is crucial to have clear information about the
corresponding reference reactions in solution. This is needed since catalysis is defined by comparing enzymatic
reactions to the relevant uncatalyzed reactions. Unfortunately, the energetics of the reference reactions of
many important classes of enzymatic reactions have not been fully determined by experimental studies. In
many cases it is hard to determine whether the given reaction involves a stepwise or a concerted mechanism.
It is also hard to estimate the activation barrier for steps which are not rate determining. Fortunately, it is
possible now to use computational approaches to augment the available experiments and to elucidate the shape
of free energy surfaces of various reference reactions. Here we present a systematic study of the reference
solution reaction for studies of serine proteases, i.e., the base-catalyzed and general base/acid catalyzed
methanolysis of formamide. The present work is based on the use of combined ab initio/Langevin dipoles
calculations and on a careful comparison to available experiments. The applied ab initio methodologies involve
nonlocal density functional (B3LYP/AUG-cc-pVDZ) calculations and G2 theory. The construction of the relevant
free energy surfaces involves partial geometry optimizations for the ammonia-catalyzed methanolysis of
formamide. Subsequently, energy corrections based on the appropriate experiidgmtdlips are applied to
construct interpolated free energy surfaces for the water- and histidine-catalyzed reactions. Crucial points on
the free energy surface for the water catalyzed reaction are also evaluated independently. We start by exploring
the first step of the alcoholysis reaction, which involves a proton transfer from ROH to a base, a nucleophilic
attack of RO on the amide, and a formation of a tetrahedral intermediate anion (TI). The interpolated free
energy surface for the water-assisted alcoholysis involves a least energy path where the proton transfer is
concerted with the nucleophilic attack. The corresponding activation barri€&2kcal/mol. The independently
calculated surface for this reaction involves an activation barrier33f kcal/mol. These results are in a good
agreement with the corresponding experimentally observed barrier3@@cal/mol). The interpolated free
energy surface for the histidine-catalyzed reaction involves a stepwise path, with a shallow surface that can
also allow for a concerted path. This free energy surface is quite different than the fully concerted surface
obtained in previous theoretical studies. The calculated activation barrier for the hisitidine-catalyzed reaction
is around 26 kcal/mol. To examine the next step of the reaction we evaluated the basicities of the O and N
atoms of the TI. These values were found to be 14 anl 8upits, respectively. The calculate&pof the N

atom indicates that the leaving group is protonated prior to the cleavage of the CN bond. The activation free
energy for the CN bond cleavage is predicted to be 22 kcal/mol at 298 K. This barrier is independent of the
nature of the general base. It is concluded that the nucleophilic attack is the rate-determining step for the
acylation reaction studied. After this step, the reaction surface is rather flat, with only small barriers separating
anionic and N-protonated TI from the product valley. The Tl may become stabilized by the formation of the
O-protonated form. The presented potential surface for the reaction with histidine as a base should provide a
useful way for validating quantum mechanical studies of serine proteases. This surface should also allow the
calibration of semiempirical approaches that can be used in studies of these enzymes.

1. Introduction on the corresponding enzymatic reactions, the analysis of the
kinetics and thermodynamics of amide alcoholysis in solution
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found eventually to be of an additional special value, since the similar. It is also clear that the isotope effects cannot tell us
origin of the catalytic power of enzymes can be understood about the actual difference between the activation energies of
completely only in reference to (and in contrast to) the the concerted and stepwise pathways.
uncatalyzed reaction in aqueous solution. Yet, several important It is obvious that a clearer understanding of the reference
mechanistic issues, such as the exact nature of the reactiorsolution reaction requires one to move from gas phase to solution
coordinates or the rate-determining steps, remained unresblved.calculations. This fact was recognized in our early EVB
This is because acyl-transfer reactions in solution represent astudied2627 as well as by Kollman%® and Jorgenser?
complex system with multitude of possible pathways that are groups, who studied the Otattack on formamide. The studies
difficult to separate by varying the experimental conditions. For of Kollman and co-workers used a hybrid QM/MM approach
example, it is difficult to assess individual rate constants for that took into account the solute polarization by the solvent but
reactions in which imidazole serves as a general base, nucleoevaluated average energies rather than the actual free energy
phile, or botht profile. The study of Jorgensen and co-workers evaluated the
In principle, the feasibility of individual reactive pathways free energy profile using gas-phase charges and structures. Such
can be examined by the methods of quantum chemistry. @ procedure does not take into account the solute polarization
However, previous theoretical studies left major open questions. by the solvent. This deficiency is not a major concern in studies
Empirical valence bond (EVB) studies used consensus experi-of reactions that do not involve a large charge separation. This
mental informatio1to generate solution potential surfaces. is probably the reason recent simulations of the attack of OH
This procedure depends, of course, on the uniqueness of theon formamide® which used gas-phase charges, provided a free
analysis of the corresponding experimental information, which energy surface that is consistent with the measured rate of this
is still not fully established. The nature of the reference potential reaction.
for the catalytic reaction of serine proteases has not yet been In contrast, the hydrolysis of amides by a water molecule
resolved by semiempirical or ab initio calculations since most and the general base catalysis of amide hydrolysis, which is
of these calculations were restricted to the gas phase (ratherdirectly relevant to the reaction of serine proteases, involve a
than to solution) environme#t 22 Unfortunately, gas phase ab major charge separation. Here, it is essential to use a solvation
initio calculations tend to overstabilize the concerted reaction model that describes properly the solugmlvent coupling. Such
pathways. For example, the gas-phase energy for a protonmodels include implicit and dipolar solvation models, which,
transfer from serine to imidazdfeis much larger than the  when properly calibrated, represent robust tools in the arsenal
corresponding energy in aqueous solution. This is because theof the physical organic chemisfy3* and hybrid quantum
large hydration energy of the ion pair is neglected in gas-phase mechanics/molecular mechanics (QM/MM) approaches (see refs
calculations. Thus, one of the mechanistic questions that remain28, 35, and 36), which should, of course, involve a proper free
open is whether the nucleophilic attack by serine involves a energy evaluation.
concerted or stepwise mechanisms in the nucleophilic attack/ Models that consider the solute polarization by the solvent
proton transfer step and in the—®l bond cleavage/proton  have been used in studies of the hydrolysis of formamide in
transfer step. This problem cannot be resolved in a unigue wayaqueous solution. These studies include the ellipsoidal cavity
despite the observation of kinetic isotope effects both in continuum model of Rivail and co-workéf¢hat has been used
solutiort®24and proteing® That is, although these effects are to study the hydrolysis of formamide assisted by a single water
usually interpreted as evidence for concerted pathways, theymolecule3® This study, as well as a later reinvestigation of this
are also expected from shallow potential surfaces where themodel system by Kallies and Mitzné&twho used the polarized
activation barriers for the stepwise and concerted pathways arecontinuum modet?4! provided a detailed discussion of the
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solution and in the active site of serine proteases has been thesimplified as well as implicit solvent models (e.g., refs-31
subject of several ab initio studies. The study of Stanton®t al. 34). Such models provide converging results with high level
followed the approach developed by Jorgensen and co-wétkers ab initio wave functions. Here it is crucial to have a proper
and used gas-phase ab initio calculations and a classical forcecalibration and validation using available experimental reaction
field that was fitted to the gas-phase geometries. This classicalfree energies and activation free energies. Of course, the use of
force field or, alternatively, a set of fixed gas-phase geometries simplified solvent models requires one to introduce some
were subsequently used in free energy perturbation (FEP)approximations about entropic contributions and other factors
calculations. As stated above this approach does not take into(see Theoretical Methods), but this treatment is justified in view
account the solute polarization by the solvent. This can lead to of the above-mentioned difficulties with all-atom approaches.
major problems in studies of processes that involve a large In fact, the open questions about entropic contributions can be
charge separation, such as proton transfer apdl &pe eventually examined using EVB surfaces that are calibrated on
processe’$ (see below). Furthermore, the classical force field the results of the simplified solvent model. Thus, we chose to
used in the FEP studies is based on gas-phase calculations andse in this work a combination of high level ab initio calculations
thus may not reflect correctly the solvent effect on the solute and the Langevin dipoles (LD) simplified solvent mo#el.
geometry. These inherent problems could have been solved by The ab initio/LD model is used in the present work in a
fitting EVB surface and charges (rather than a classical force systematic study of the potential surface of the reference solution
field) to the gas-phase ab initio results (e.g., refs-48), since reaction for studies of serine proteases. Since the formation of
the EVB approach provides a consistent way for transferring the acyl-enzyme is the rate-determining step in the serine
gas-phase potential surfaces and charges to solution studiesprotease catalyzed hydrolysis of a peptide bthwle focus here
However, such an approach was not used in ref 43. Muller et on the reference solution reaction for the first (acylation) step
al.*2 and Bentzien et &* introduced a consistent ab initio/MM  of the reaction of serine proteases. This reaction can be described
FEP approach for studies of enzymatic reactions. This approachschematically as

involves the use of an EVB surface as a reference potential for

the FEP ab initio calculations. This appears to give convergent K, o]
results for the self-consistent ab initio solvation free energies B + R"OH+ g —= R'O" + BH* + g

(the substrateprotein interaction) along the reaction path that R” ONHR' R” ONHR
involved the solute fluctuations. However, a large statistical error M a

was found for the contribution of the substrate intramolecular

energy (note that no other ab initio approach has considered K R o K o
the fluctuations of the ab initio intramolecular solute energy). — gy« \O—CI:—NHR'—‘ B+, I + RNH,
The challenging step of obtaining more stable intramolecular le R \O/C\R

free energies was left for subsequent studies.
In view of the above discussion, it is not completely obvious am av)
what is the optimal strategy for obtaining a potential surface of

the reference solution reaction for studies of serine proteases,,nere B denotes a general base@NHs, or histidine were

Itis also not clear what is the optimal way of comparing such .,ngidered in this study) and BHlenotes a general acid (WH
a surface to the surface of the corresponding enzymatic yistigineHt, or HO™).

reactions. It appears that ab initio QW/MM-FEP methods do Ay current method for calculations of reactions in enzymes

not yet provide such an optimal approach. and aqueous solution should be either calibrated or verified by
An appealing strategy is provided by calibrating EVB surfaces .qnsigering relevant experiments in solutidf?33This is, of

and charges by fgl?gg them to the corresponding gas-phase abqrse, true for the EVB method, but it is also true for ab initio

initio calculations®™* and using the calibrated EVB model in  ¢51cylations, whose reliability in studies of solution chemistry

solution studies. The EVB approach provides a QM/MM model g ot fylly guaranteed. Thus, we consider in section 3.1 the

that qaptures cqrrgctly the solutsolvent cqupling v;gile still relevant experimental information about reactions of amides with
allowing very efficient FEP/umbrella sampling studiésiow- alcohols in aqueous solution. The concertedness of the nucleo-
ever, we feel that it is preferable to parametrize the EVB model ,pijic attack step (eq 1,4 I1l) and the basis set effects on the
using solution, rather than gas phase, ab initio results. This c5ic jated energies are discussed in section 3.2. Sections 3.3
should allow one to use direct experimental information in 44 3 4 are devoted to the investigation of the stability of the
validating the results of different basis sets and to provide a (grapedral intermediate Il and to the breakdown of this
safeguard against cases where the EVB off-diagonal element§permediate (Ill— IV). Finally, it is argued that the resulting
are not fgl[y tre}nsferable.from the gas-phase to solution studies. g ,itace should provide a reliable starting point for studying
The difficulties associated with the current use of all-atom catalytic effects of the corresponding enzymes.
solvent models may be partially overcome by using less rigorous
(42) Muller, R. P.; Floria, J.; Warshel, A. Semiempirical and Ab Initio 2. Theoretical Methods

Modeling of Chemical Processes: From Agueous Solution to Enzymes. In )
Biomolecular Structure and DynamicNATO ASI Series; Vergoten, G., To evaluate free energy surfaces for the reference solution

Theophanides, T., Eds.; Kluwer Academic Press: Norwell, MA, 1997. reactions. we used a self-consistent hvbrid approach that
(43) Stanton, R. V.; Pékgla, M.; Bakowies, D.; Kollman, PJ. Am. ! y pp

Chem. Socl1998 120, 3448-3457. combines ab initio quantum chemical calculations with the
(44) Bentzien, J.; Muller, R. P.; FIdnia J.; Warshel, AJ. Phys. Chem. Langevin dipoles (LD¥ and polarized continuum (PCK#)*!
B 1998 102, 2293-2301. solvation models. This is done using our recent version of the

80524%%‘%?;"15564‘(“”' J;; Smith, S. F.; Jorgensen, WL IAm. Chem. | b ode| that has been carefully calibrated considering

(46) Hwang, J.-K.; King, G.; Creighton, S.; Warshel, A.Am. Chem. experimental hydration free energies of both neutral and ionic

So0c.1988 110, 5297. solutes’® Furthermore, this solvation model has been used
(47) Lobaugh, J.; Voth, G. AJ. Chem. Phys1996 104, 2056.
(48) Vuilleumier, R.; Borgis, DChem. Phys. Lettl998 284, 71. (50) Florian, J.; Warshel, AJ. Phys. Chem. B997 101, 5583-5595.

(49) Vuilleumier, R.; Borgis, DJ. Phys. Chem. B998 102, 4261. (51) Kraut, J.Annu. Re. Biochem.1977, 46, 331—358.
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extensively in studies of chemical processes in solifigh>253 H
The actual implementation of the method is described below.

2.1. Gas-Phase Calculations’he gas-phase geometries were /N\
calculated by a gradient optimization at the HartrEeck (HF)/ H H

6-31G(d) level. The nature of the transition states was evaluated
by subsequent calculations of the HF/6-31G(d) harmonic

vibrational frequencies. The HF/6-31G(d) level was chosen on H H
. e ; ~..~

the grounds of computational efficiency and also for consistency

with the LD solvation model (see below). The gas-phase H H

energies were determined for the HF/6-31G(d) geometries by | / /C\

single point B3LYP density functional calculations, using the H—1C—10 H o
6-31G(d) and AUG-cc-pVDZ basis sets. G2 thébPywas used |
for the calculation of the gas-phase basicity of the key tetrahedral
intermediate. Ab initio B3LYP/6-31G(d)//HF/6-31G(d) and Figure 1. The system used for t_he evaluatior_l of the potgntial surfgce
B3LYP/AUG-cc-pVDZ/IHF/6-31G(d) methods are further ab- for the NH-assisted methano_lys_ls_ of forma_mlde and for interpolation
breviated as B3LYP and B3LY'R respectively. All ab initio the surfaces for the 4 and histidine reactions.
calculations were carried out with the Gaussian 94 progfam. N
The gas-phase reaction coordinates were evaluated using théctivation energ\Agc,, which corresponds to the rate constant
intrinsic reaction coordinate (IRC) calculation in mass-weighted Keat for the given enzymatic reaction. This partitioning allows
internal coordinates at the B3LYRevel. The relevant searches one to examine the origin of the reduction of the differente (
on the corresponding solution surfaces are considered below.g?, — Agﬁags), while conveniently separating it from the much
2.2. Solvation Free EnergiesSolvation free energies (i.e.,  better understood factors that are involved in the binding process.
the free energies of transfer of the solute moleculenfeol M One may wonder at this point about the entropic factors
concentration in the gas phasest 1 Mconcentration in aqueous  associated with bringing the reacting fragments to the same
solution at 298 K) were calculated using the LD solvation cage3 but these are obtained from the well-known 55 M
model*® The LD model evaluates an average polarization of concentration correction or closely related estimates (see Chapter
the solvent molecules surrounding the solute by using a discreteg i ref 10). That is, the cage can be defined by giving each
dip_olar representation of the solvent. This model uses potential- .o 5ctant an effective volumeée that corresponds to a 55 M
derived PCM HF/6-31G(d) atomic charges to represent the concentration (i.e A= R In(Ver/Vo) = R In(1/55), where

charge distribution of the solute molecules. That is, our model Ve = 1660 & is the molar volume accessible to one molecule
takes into account the polarization of the solute by the solvent ino t;e 1 M state)

and the corresponding energy contributions. This self-consistent
treatment uses the solute charges evaluated by the PCM The transformation of the relevant experimental data about
modef?4! rather than by the LD model in order to have a the activation barrier to the data corresponding to the solvent
convenient external coupling with the Gaussian program which cage is straightforward for a stepwise mechanism. For example,
implements the PCM method. Note, in this respect, that earlier the “experimental” free energy for the stepwise mechanism is
LD model$’ involved a direct coupling of the solvent polariza-  obtained by combining the experimental information about each
tion to the solute Hamiltonian. Besides the electrostatic and separate step in the stepwise mechanism for a 55 M concentra-
induction contributions mentioned aboVe, the calculated LD tion of the reacting fragments (e_g_, Combining the information
solvation free energies involve parametrized terms that represenigpoyt the proton transfer and nucleophilic attack steps of eq 1).
dispersion and hydrophobic solteolvent interactions. Default  comparing the calculated energetics of the stepwise mechanism
Pauling's atomic radii multiplied by a standard factor of 1.2 4 yhe ahove “experimental” estimate is used to validate the

anld ?f'elecflf'ﬁ CI_O[;]Sta:jHP:CI\EjO V\l’erf tpsed for the P%M ¢ calculations even for cases when the stepwise mechanism is
cacuiations. 1he an cajcufations were carried ou not the one with the lowest activation barrier.

using the programs ChemSol 1322ind Gaussian 9%. _
2.3. The Solvent Cage Conceplo compare the calculations In calculating Agcage We used a reference state that corre-
of a specific reaction in an enzyme and in solution it is very SPonds to the reactants in the configuration characterized by
conveniert®58to divide the activation free energy of the reaction the O--C' distance of 3.5 A (Figure 1). Analogously, the
in solution into two parts: the free energhGrags which calculated free energies of the studied products correspond to
involves assembling of the reacting fragments into a single the weakly bound complex characterized by the 3.5 A distances
solvent cage, and the activation barriAgzage for the reaction between the G--N' atoms (coincidentally, the same 3.5 A
within the cage. This approach has the following advantages: distance was chosen for the referen¢e-O distance by Stanton
First AGE29*can be compared to the binding free energy of the et al*® based on their PMF calculations). The purpose of
enzyme,AGp 4, which corresponds to the enzymsubstrate defining the reference state of the solution reaction in terms of

dissociation constant. Seconig;,..can be compared to the  the weakly bound complex (instead of using infinitely separated
fragments) was to eliminate inaccuracies associated with the

gas-phase and solvation energies of small ions, such as OH

(52) Florian, J.; Sponer, J.; Warshel, A. Phys. Chem. B999 103
884—892.

(53) Florian, J.; Strajbl, M.; Warshel, AJ. Am. Chem. S0d.998 120, CH3O™, or NH4". Also, this approach is more directly related
79?3;)78661-_ | A Raghavachari. K. Tracks. G. W Pogle. 10a.  tO0UrUSE of a reference solvent cage in calculations of enzyme
urtss, L. A.; Raghavachari, K.; Irucks, G. ., Pople, J.JA. 163 .y ..
Chem. Phys1991 94, 7221. _cataIyS|s‘3. Flnall_y, av0|d|qg Fh_e definition of the reference state
(55) Curtiss, L. A.; Raghavachari, K.; Pople, J.JAChem. Phys1993 in terms of the isolated (infinitely separated) reactants enables
98, 1293. . i _ us to assume that the gas-phase entropy contributions do not
(56) Frisch, M.; et al. Gaussian 94, Revision D.2, Gaussian, Inc. 1995. dify i . th h f th ti f
(57) Luzhkov, V.; Warshel, AJ. Comput. Cherr1992 13, 199. modify in a major way the shape of the reaction surfaces

(58) Warshel, ABiochemistryl981, 20, 3167. obtained using the approximation of eq 2 (see also below).
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2.4. Free Energy Surfaces and Entropic Considerations.  activation barriers. In fact, it seems that the neglecvxigge)'
The dependence of the reaction free energy on the reactioncoincidentally cancels the overestimate of the ab initio activation
coordinate should be considered (see ref 33) as a potential ofenergies, since the ca|cu|atmg§age agrees well with the

mean force and was thus expressed as corresponding observed value. Thus, we confined the present
study to the simple approximation of eq 2. Finally, it should be
AGeagdr) = AEP(r) + AAG, (1) ) noted that the purpose of the present paper is to provide a

reasonable estimate for different activation barriers and thus to

wherer is the solute coordinate relative to a chosen reference S€rve as a basis for calibrating EVB or related potential surfaces.
coordinate (see below)E%sis the B3LYP" gas-phase energy, The EVB approach can then be used in a proper estimate of
andAAGsa(r) is the change in solution free energy relative to the entropic contributions tagf,,.andAgk,, and such studies

its value in the reference point. Note th®AGs,y includes the ~ are now in progress in our laboratory.

effect of the polarization of the solute by the field of the solvent ~ 2.5. Calibration of the Calculated Free Energy Surface.
(see section 2.2). A more rigorous version of eq 2 is given by To validate and calibrate our calculated free energy surfaces
Aggglg = AQcage — TAS + AH.ib, Where AS is the solute we used the corresponding differences i palues. That is,
entropic contribution (the solvent contribution is included in we required that the calculated free energgﬁ?’B (kcal/mol),
AAGgq) and AH,j, is the vibrational enthalpy contribution.  for a proton transfer (PT) between a donor (AH) and acceptor
Thus, the use of the approximation of eq 2 involves the (B), be equal to the corresponding experimental estimate. This
assumption that the solute entropy and vibrational enthalpy dowas done using the expressidn

not modify the shape of the calculated free energy surfaces in

a major way. The grognd state of the_ system is__expecteo_l toAg;\;VB(r) ~ AGQ?'B + AGQQ(r) =~ 2.3RT(pK(AH) —

have a larger translational and rotational mobility than its

transition state. Consequently, neglectih§ should result in PKa(BH)) + AGqq(1) (3)

an underestimating Qﬁgﬁage However, the entropic contribu- ) _

tion to Agg,..is much smaller than what is usually implied in wherer is the distance between the donor and acceior,
related studies of enzymatic reactions (e.g., refs 43, 59, angdenotes the universal gas constdrig the absolute temperature,
60). This is because in these studies, the entropic contribution@1d AGqq is the change in electrostatic interactions between
to catalysis is implicitly assumed to be only due to the ground- the donor and acceptor QUrlng the proton-transfer processes. The
state motions in the solvent cagleHowever, most of the  AGoq term can be estimated using Coulomb's law with a
degrees of freedom of the reacting fragments have similar dielectric constante > 30 (AGqq(r) = 332 QaQu/€err)). This
mobility in the ground and transition state (e.g., the base in eq approximation was found to d.escrlbe. quite reliably |nter§ctlons
1) and their entropic contributions cané&lFurthermore, the between charged molecules in solut|_on even at short distances
(r = 3 A).%4 Here, however, we decided to use the value of

entropic contribution toAg’. . cannot be evaluated without . .
P Geage Gog at 4 A forr < 4 A. This was done since we assumed

specialized simulation approaches, and such approaches hav he i . h di iaht invol h
not been fully developed (although a significant progress in this at tf € mftferactl(r)]n ats %rterd |stanr(]:es might involve charge-
direction is being mad®). One might still try to obtain a rough  transfer effects that would reduce the correspondiiGoql-

estimate of AQ ) by using? (Asﬁ ) = ﬁASS where the Equation 3 allowed us to construct reaction free energy
scaling constar&gis obtained by foracgingz’(\st y o reproduce surfaces for general bases that have not been studied by explicit
ag

. : . ab initio calculations. More specifically, our actual ab initio
the observem&iage(see Supporting Information). However, in . .
the addition oﬁ@ Y’ (and also the relatively small _calculatlons were carried out only for a mod_el system that
our¢case + _vcag o involved NH; as a base. However, th&pcorrections of eq 3
AH,jp) 10 Ageage Fesults in an overestimation of the observed \yere ysed in constructing the potential surfaces fg® Hnd

(59) Page, M. I.; Jencks, W. Proc. Natl. Acad. Sci. U.S.A971, 68, histidine as general bases. (The presented results will of course
1678. apply for similar bases of the sam& e.g., imidazole.) In

Yoﬁﬁ@fggfk& W. RCatalysis in Chemistry and Enzymolo@over: New this way we were able to keep the size of the systems studied

(61) The real open question about entropic effects is associated with theWithin the "mit manageab_le by high level ab initio calculations,
restriction of the degrees of freedom of the reacting fragments upon moving while effectively evaluating the free energy surface for the
from the solvent cage to the enzyme active site or, more specifically, the reference solution reaction for studies of serine proteases (in

difference between the entropic contributions to the ground and transition thi histidi is th I b Th . tructi
state in the enzyme and solvent cage. The evaluation of the entropic is case histidine is the general base). us, In constructing

contributions to catalysis, i.e., the difference between these contributions free energy surfaces for ;8 and histidine as bases, we
t0 Agh,g.andAgs,, is very challenging. To the best of our knowledge, the  determined the values of the free energies at the corners of the
only reported study that involved the actual potential surfaces in both the g rfaces. where the bases are fully protonated, by adjusting the

enzyme and solution is given in Chapter 9 of ref 10. This study indicated di | lculated f . b .
that the entropic contribution to catalysis is small, although more rigorous COfT€SpONdINg values calculated 1or ammonia as a base using

studies are clearly needed. Thus, it is quite likely that the entropic the relationships
contributions to catalysis were overestimated in early wé¥8In this
respect it is also useful to point out that a recent theoretical estimate of

) o
entropic contributions to the catalysis of serine protedsmeerestimated Ang(I’)C'-bOH”—'IS = AgPT(I‘)CH3OH/NH3 + AGPTNH“ IHis 4)
this effect. That is, this study was limited to the estimate of the so-called

) . : N
cratic free energy without attempting to evaluate the rele\tfgi;ge and AgPT(r)CHsoH/HzO — AgPT(r)CH3OH/NH3 + AGPTNH4 H0 (5)

Ag:at For example, no estimate was made for the entropy at the transition

state and no relevant simulation study was performed in the enzyme active

site. The entropy at the transition state would reduce the total contribution where theAGpt values were determined using eq 3.
to Ag’c‘age since for example the histidine molecule has a similar mobility
in the ground and transition state and its entropic contribution caffcels. (62) Strajbl, M.; Sham, Y. Y.; VillaJ.; Chu, Z.-T.; Warshel, Al. Phys.
Also note that the use of the fullS . (i.e., = 1) in estimatingAS,,, . (as Chem. B200Q 104, 4578.

done, for example, by Kuhn and Kollman [Kuhn, B.; KoIIman,gP.JA. (63) Warshel, A.; Floria, J. Proc. Natl. Acad. Sci. U.S.AL998 95,
Am. Chem. Soc200Q 122 2586]) does not reproduce the observed 5950-5955.

activation barriers. (64) Warshel, A.; Russell, S. Q. Rev. Biol. 1984 17, 283.
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50 The experimental ¢, value$? used for NH*, protonated
histidine, O™, and methanol were 9.3, 6.6,1.0, and 15.5,
B-MR=CHEH, - respectively. The K, of the tetrahedral intermediate was
o ) calculated using the relationsHip®*
E 30 _ [AEPT PK(AH) =
g BQ(A) + AGsolv(H-'—) + AGsolv(A) - AG‘solv(AH) (8)
9 2.30RT

20 -

where Bg(A), AGso{AH), and AGso(A) are the gas-phase
basicity and the solvation free energy of a protonated solute
(AH) and its conjugate base (A), respectively. The solvation
free energy of the protoMAGso(H*), was taken as-259.5
kcal/mol3° The gas-phase basicities were calculated at the G2
level as

ROH + H,0 —> RO~ + H;0"

proton transfer
Figure 2. The free energy profiles (B3LYP-LD) for proton transfers
from ROH to HO used in estimating of the coefficient in the LFER
relationship ¢ = AAg:qJAGpT, see eq 6). The donor and acceptor
oxygen atoms were constrainetlaa3 A separation.

By(A) = GgadA) + GadH") = Ggof AH)  (9)

where Ggas denotes the free energy of a gas-phase solute at 1
M concentration.
2.6 Geometry Search on the Solution Free Energy Surface.

For the transition state regions of the proton-transfer reaction 1N€ Present work focuses on the energetics of the amide
surfaces we used the Marcus relation&hipat provides a linear hydrolysis in solution rather than on the location of the exact
correlation between the change in the reaction free energy andifansition state (TS), which is less crucial for estimating

the change in the corresponding activation barrier. This relation- &ctivation barriers because the transition state region is fre-
ship can be written as qguently flat. To explore the solution free energy surface near

the TS region, we performed one initial search along the gas-
phase intrinsic reaction coordinate (IRC) and determined free
energies along this coordinate. This search was followed, in
most cases, by a systematic mapping of the solution free energy
where B and B are two different proton acceptors ands a surface. This mapping was carried out using a sequence of
linear free energy relationship parameter, which is given by  partial geometry optimizations. The coordinates used in the
different mapping studies are summarized below.

o = (AGpHOHNHs 1 2y/2), @) In studying the general base catalyzed surface we relaxed

our model system (Figure 1) by the gas-phase HF/6-31G*

where? is the reorganization energy for a proton transfer from OPtimization, while keeping the NO and N-N' distances
CH:OH to NHs. The value ofi was estimated as 50 kcal/mol  frozen at 3.0 A. This initial geometry optimization was carried
from the EVB calculations of ref 66. This gave= 0.62 for out in order to find a suitable starting configuration for
AGpr= 12 kcal/mol. Alternatively, we evaluatedby ab initio ~ Subsequent calculations. The resulting geometry was used to
calculations of the free energy surface for the reaction-cH define the mutual orientation of the reacting fragments. This
XOH + H,0 — CH,XO~ + HsO*, where X is H, CH, and F, orientation was determined by setting the bond angle©€
respectively (Figure 2). These calculations yieldei the 0.4 € and O-C'—N'to 119.7 and 98.1, respectively, and setting
<« < 0.7 range. In view of this estimate, we chase= 0.6.  the improper torsions €0—-C'—N’"and O-C-C'—N't0 232.4

In addition, we examined this assumption by using actual ab @nd 331.0, respectively. These degrees of freedom were kept
initio calculations to evaluate key points on the surface of the frozen during the subsequent calculations along the reaction
water-assisted reaction (see section 3.2). The application of thecoordinate described below. The interacting molecules depicted
correction given by eq 6 to the whole reaction surface corre- in Figure 1 were driven from the reactant to the product state
sponds to the assumption of a linear free energy relationship©f the general base/acid catalyzed methanolysis of formamide
betweenAGpr and Agf. The validity of such relationships in ~ (S€€ €q 1) by changing the position of the &om and by
solution reactions has been confirmed by numerous experiment-changing the ©C" and C—N' distances. The proton-transfer
alf™-69 and theoretical work®7! Furthermore, the validity of ~ coordinate of the general base-catalyzed step was mapped for
this relationship for the specific case of the water-assisted five different positions of the proton: ‘tbonded to Or(OH')
methanolysis of formamide is justified in this paper (see section = 1+ (r(ON) = 2)/4,r(OH) = 1+ (r(ON) — 2)/2, r(NH') =

(Ag?;T)AH/BZ — (Ag:)T)AH/Bl + aAGPTBlH/BZ (6)

3.2). 1+ (r(ON) — 2)/4, and Hibonded to N. Similarly, the following
proton positions were used for the general acid catalyzed step:

(66) Warshel, A.; Weiss, R. Ml. Am. Chem. S0d.98Q 102, 6218. , L ) .,

(67) Hammet, L. PPhysical Organic ChemistryMcGraw-Hill: New (r(NN') — 2)/2,r(N'H ) - 1+ (r(NN) T 2)/4, and H bonded
York, 1990. o to N'. The nucleophilic attack coordinate(OC'), and the

(68) Kreevoy, M. M.; Truhlar, D. G. Ininvestigation of Rates and  coordinate for the breakdown of the tetrahedral intermediate,

yg&ba?éség.snggécnonser”asco”" C.F., Bd.; John Wiley Sons: New o\ \vere mapped, as shown in Tables 1 and 3, at 10 points.

(69) Albery, W. J.Annu. Re. Phys. Chem198Q 31, 227. These calculations were performed for fixeed-® and N-N’
6251720) Kong, Y. S.; Warshel, AJ. Am. Chem. Sod 995 117, 6234~ separations ranging from 2.3 to 4.0 A in order to find the lowest
(7i) Warshel, A.; Aqvist, JAnnu. Re. Biophys. Chen.991, 20, 267— (72) Serjeant, E. P.; Dempsey, Bnisation Constants of Organic Acids

298. In Aqueous SolutignPergamon Press Inc.: New York, 1979.
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25 The experimental kinetic information mentioned above can
be transformed into the activation free energgfage of the
pertinent reaction step occurring in the solvent cage (see section
2.3) using absolute rate theofyThis theory is a very good
approximation for reactions with significant barriers in con-
densed phas¥.Thus, for the bimolecular reactions occurring
at ambient temperature, we can write

20 | . RO

H—C—0R ~——— I

o
—T

AG [keal/mol]
=

55k = F x 6 x 10" exp(~Ag,,JRT) (11)

WhereAgjéage is the activation barrier (in kcal/molf; is the
transmission factorR is the universal gas constarf,is the
thermodynamic temperatur®{ = 0.6 kcal/mol forT = 298
K), and the rate constamtis given in s mol~%. A reviewer
5 . . . . has questioned the validity of transition state theory (TST) and
2 3 4 5 the prominent role played by the activation free energy of eq
r(C'0) [A] 11. This impression may be due to the impact of Kramers’
Figure 3. The calculated reaction profiles for the unassisted attack of modef® and many subsequent studies. These works provided a
OH~ and CHO™~ on formamide. rigorous description of diffusive processes and the behavior of

the rate constant in cases of low activation barriers. However,
energy pathway. The values of all other degrees of freedom ¢, chemical reactions in solution where the activation barriers

were determined by gas-phase HF/6-31G* optimizations. In 4 higher than the diffusive limit (i.e. higher tharl0 kcal/
addlt_lon, the reference reactant (l'in eq 1) and product structuresmob, TST is an excellent approximation. More specifically, it
(IV in eq 1) were determined by gas-phase HF/6-31G* is oy well accepted (e.g. refs 886) that all true dynamical
optimizations while only (OC) = 3.5 A andr(C'N') = 3.5 A, effects are contained in the transmission faétaf eq 11. This
respectively, were constrained. factor reflects the number of recrossing of the transition state

In studying the uncatalyzed bimolecular reaction of;OH _ region by productive trajectories and the chance that a trajectory
and formamide we determined three gas-phase HF/6-31G* ¢ reaches the transition state region will continue to the

structures on the IRC pathway. The reference reactant Stateproduct staté®8486 Computer simulations of chemical reactions
configuration was calculated with the-' distance fixed to in solutions (see, e.g., Figure 15 in ref 46 and ref 87) have
3.5 A, all remaining degrees of freedom were optimized. The established repeatedly that 0sIF < 1. Furthermore, simula-
transition state structures presented in this work were fully tqns of reactions in enzymt&788have established th&thas
optimized. Reaction profiles for the una_sssteq attack of RO gjmilar magnitudes in enzymes and solutions. This implies that
on formamide were calculated by mapping the'@@ordinate  gynamical factors do not play a major role in reactions of the
while other degrees of freedom were optimized. type studied here. This is not to say, of course, that atoms are
not moving but to clarify that the probability for a productive
trajectory is given by the corresponding exi®{g*/RT).

3.1. Analysis of Relevant Experiments.The acylation Using egs 10 and 11 and assuming,{RNH,) = 10, the
reaction (eq 1) proceeds extremely slowly in aqueous solution parrier for the attack of CED~ on an amide becomeﬁgiageN
at ambient temperature. Fortunately, it is also strongly endot- 15 kcal/mol. Similarly, for the attack of methanol on amides,
hermic7®7 so that the kinetic parameters can be determined j e, for the I1— IV reaction, we obtaimg’,..~ 28 kcal/mol.
by combining the experimentalGo with the experimental rates  |nterestingly, for the related reaction of OHattack on di-
for the reverse reactidh® The analysis of Fershindicated  methylformamide, a considerably higher experimentally based
that the rate constaik; (M s for the nucleophilic attack estimate ofAgf,,,~ 22 kcalimol has been reportétowever,

of RO™ on amide (when the base B is a water molecule) {he rate constant for the base-catalyzed hydrolysis of formamide
increases with the decreasing basicity of the amine moiety 4t ggoc (0.21 M 5718 implies a somewhat lower value of

3. Results and Discussion

according to the relationship Agf,qe (18 keal/mol) for the OH attack at 298 K. Therefore,
logk, = 7.2— 0.67 K (R'NH,) (10) we adopt here an average¢value of 20 kcal/mol as the consensus
experimental estimate &g, for a OH™ attack on an amide.
Note thatk, in eq 10 corresponds to 4 in the notation of Additional important information is obtained by analyzing

ref 6. It was also established that the overall rate constant for the reaction when the nucleophile is®1 The uncatalyzed attack
the reaction - Il when R'OH is methanol and the substrate (77) Eyring, H.; Polanyi, M. ZPhys. Chem. B.931, 12, 279.

is formylhydrazine is, in water at neutral pH, 4310710 M~1 (78) Kramers, H. APhysical94Q 7, 284.
s!and 43x 108 M~2 s 1. The two values for this rate (79) Frauenfelder, H.; Wolynes, P. Gciencel985 229, 337.
constant correspond to the reaction that proceeds in the absencgeéi(_)) Truhlar, D. G.; Hase, W. L.; Hynes, J. I.Phys. Chent983 87,
and presence of a base d{§BH) = 7, respectively. Because (81) Grote, R. F.; Hynes, J. T. Chem. Phys198Q 73, 2715.
for formylhydrazine the reaction IH- 1V is fast,’® the overall (82) Northrup, S. H.; Hynes, J. . Chem. Phys198Q 73, 2700.
rate constant for the methanolysis of formylhydrazine (repre- 17§83) Hynes, J. T.. Kapral, R.; Torrie, G. M. Chem. Phys198Q 72,
senting reaction & V) can be estimated as = 4 x 10710 (84) Anderson, J. BJ. Chem. Phys1973 58, 4684.
M-1s 1 (85) Bennet, C. H. InAlgorithms for Chemical Computation€hrist-
offerson, R. E., Ed.; American Chemical Society: Washington, DC, 1977.
(73) Fersht, A. R.; Requena, ¥. Am. Chem. Sod.971 93, 3499. (86) Keck, J. CAdv. Chem. Phys1966 13, 85.
(74) Jencks, W. P.; Gilchrist, M. Am. Chem. S0d.964 86, 4651. (87) Bergsma, J. P.; Gertner, B. J.; Wilson, K. R.; Hynes, J. Them.
(75) Fersht, A. R.; Jencks, W. B. Am. Chem. Sod.97Q 92, 5442. Phys.1987, 86, 1356.

(76) Blackburn, G. M.; Jencks, W. B. Am. Chem. So4968 90, 2638. (88) Neria, E.; Karplus, MChem. Phys. Lettl997 267, 23.
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by water on the peptide bond has been studied by RadzickaTable 1. The Free Energy Surface for the Base-Catalyzed

and Wolfendehin neutral aqueous solution at elevated tem- Formation of the Tetrahedral Intermediate in the Methanolysis of
peratures. The measured rate constants were then extrapolated®@™ide in Aqueous Solutiergl — Ill in eq 1)

to the room-temperature by assuming that the activation entropy proton configuratioh

is constant over the considered temperature range. For the r(ocC) (A) A B C D E
hydrolysis of acetylglycylglycineN-methylamide by neutral
water, Radzicka and Wolfenden obtained the rate constant 3.6 5.0

Ammonia as a Base (B NH3)

_ 1 3 4 8 911y
x 10711 s71 at 298 K. This rate constant corresponds to an 35 0 [RF 15
activation free energigp, .= 32 kcal/mol. The rate constant 3.0 —1 13 18 18 16
of 8 x 1078 s71 for the hydrolysis of formamide by neutral 2.5 G 2= 18 19 ad
o . . . 2.3 7 14 18 21 2

water at 80°C determined by Hine and co-work&tss also 5 9 16 19 22 3
consistent withAgtagez 30 kcal/mol at 298 K. 2.1 11 18 22 24 2TS1]

3.2. The Formation of the Tetrahedral Intermediate. i-g %2 %g géf %2 %g
The RO~ Nucleophilic Attack. Our task is to obtain reliable 15 n 31 o8 5o 18

. ; . . [12]

free energy surfaces for base-catalyzed reactions of amides with o ]
alcohols in aqueous solution. As a first step in this analysis, we Histidine as a Base (B His)

examine the simplest and cleanest related reaction: the nucleo- 3 S 9 1171 1]

0 1

< : : _ 35 0[R]

philic attack of RO on amides. The reaction profiles for the 3.0 -1 13 19 19 18
unassisted nucleophilic attack of @&~ and OH", calculated 2.5 2 12 19 20 22
at the B3LYP+LD level are compared in Figure 3 (see section 2.3 7 14 19 22 23
2.1 for notation of methods). The calculated activation barriers 2.2
. . 2.1
of 16 and 19 kcal/mol, respectively, are in reasonable agreement 0
8
5

with the corresponding experimental estimates of 15 and 20

_ al 1. 26 25 28 29 22

kcal/mol (see section 3.1). The transition state (TS) for the OH 1. 41 31 29 23 20[12]

attack was found at a-€O distance of around 2.2 A This Water as a Base (B H.0)

distance indicates that the TS for the O&ttack on formamide 5.0 1 5 8 15 20

in aqueous solution should occur earlier than implied previously 35 0[R] 26

by Bakowies and Kollma#? who calculated a €-O distance gg ;1 113 2222 2256 2331

of 1.85 A at the TS of this regctlon. 53 7 16 oo o8 oy
The General Base CatalysisAlthough the rate constants 2.2 9 18 23 29 3%

for acyl transfer reactions proceeding via an alkoxide attack are 2.1 11 20 26 31 35

larger by several orders of magnitude than those for the attack ig %g %3 g? gé [Ts1] g;‘

by a neutral alcohol (see section 3.1), the latter mechanism is g n 33 32 59 29[12]

more relevant for neutral aqueous solutions and as a reference
system for the serine protease reaction. This is especially true ®The table gives the fa-corrected free energies (kcal/mol). The
when the reaction of ROH and an amide is catalyzed by a Ey?\tl\?m detﬁ'mgd |nclj:Jgure 1|;/yas ”Sled f_lc_)llr]thglc\la}lcg_lattlbﬁbe d|sta|£1cet
general base (eq 1)._ It is gen_erally believed that the formation ansf:nq (1?4 A)?gxc%fa?faor It%lérgtrdétur:(vvi(lﬁ:')O)ls:af.%eAV,vsvshe?ep

of the tetrahedral intermediate occurs as a result of the y(c'N') was 1.5 AA: The hydrogen Mwas bonded to the oxygen
nucleophilic attack on the amid&As a next step, the protonated O, r(NO) = 3.0 A, r(NN') = 4.0 A. B: r(OH') = 1.125 A,r(NO) =
base donates its proton to the amide nitrogen and the CN bond2-54 ; '&(Ng!')raﬁ'-lg) Allcl:zré?&le)(r\Tol)'zszAs'r Nr%)\lﬁv)25 fbfg\\”\é_)
breaks. Following this sch_gme, we first investigated the con- The hydrogen Hwas bonded w0 the nitrogen thO)= 3.0 A, r(NN)
certedness of the nucleophilic attack and the proton transfer from—_ 4 o’A. @ Energies that were used to construct the free energy profile
ROH to the base B. The calculations were carried out for the of Figure 8 are denoted with the corresponding symbols (R, 11, 12,
model system comprising formamide, methanol, and ammonia. TS1) in brackets¢r(NO) = 2.5 A.

The effects of a base on the reaction surfaces were exploreda base. Thus, theka corrections enable us to build a surface

for two important bases, i.e., water and histidine. The study of for another base that has a different basicity.

the water-assisted reaction enables us to compare our results The calculated free energy surfaces are presented in Table 1.
with the corresponding experimental observations, whereas theThe structures of the gas-phase transition states for the reactions
study of the histidine-assisted reaction provides a referencewith NH; as a base and with water as a base are depicted in
system for studies of serine proteases. To obtain free-energyFigure 4. Note that the CN bond tends to become longer in the
surfaces for these bases, the ab initio surface calculated withcourse of the nucleophilic attack. In amides, both CO and CN
ammonia as the base had to be corrected for Kygfiference bonds have partial double bond character. However, when the
between ammonia and.B or histidine. These corrections nucleophilic attack is complete, the amide oxygen is negatively
consist of the fullApK, differences in the regions where the charged, the resonance is lost, and the CN bond becomes a single

bases are in their protonated forms, whereas\ti, correc-  bond. The corresponding lengthening of the CN bond occurs
tions modified by the coefficientr were utilized for the  gradually as the tetrahedral intermediate is being formed.
transition state regions of proton-transfer steps (e¢jg)3Note The actual shape of the reaction surface, which determines

that these corrections are not employed to compensate forthe concertedness of the reaction, can be viewed more conve-
deficiencies of the ab initio methods, but they rather reflect the niently in the contour representation of Figure 5. Clearly, the

fact that the calculations were carried out with an ammonia as first step of the reaction with a water molecule as a base has a

: : : : concerted character. The concerted pathway is favored by about
195(3519212'2%&3?38; R.S.-M.; Midden, W. R.; Sinha, 4. Org. Chem. 4 kcal/mol compared to the stepwise mechanism. While the
(90) Bender, M. L.; Thomas, R. J. Am. Chem. Sod.961 83, 4183 reaction with water as a general base is of interest, our main
4189. point is to establish a reliable surface for the reaction where
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Figure 4. Gas-phase (HF/6-31G*) transition states of the general base- H
ca_ltalyzed methanolysis of formam_idt_e with (@) ammonia asa bgse and Ts2 'aN L
with (b) water as a base. Numbers in italics denote interatomic distances
(A). 1.321
) /NHz NH, '-1,’9‘§Z’_;;$C\1‘.'ZJ90
o o C\\u L H ’ 35w 109
B = Histidine H \\c 1.377
= . W S
ba 16 1%} 2 B3 Figure 6. Gas-phase (HF/6-31G*) state structures of the unassisted
10 nucleophilic attack of a C¥OH molecule on formamide. Numbers in
% , 2( italics denote interatomic distances (A).
4 the transition state structures TS1 and TS2 (Figure 6) amount
o ! to 39 and 41 kcal/mol, respectively. The geometries of these
\ transition states correspond to the HF/6-31G* optimized struc-
. : . . tures. We are aware that a more rigorous approach would
45 35 . 25 1.5 involve exploration of the two-dimensional free energy surface.
NH "(CO) [A] However, considering the fact that the calculated barriers are
B ROH "_c/ about 79 kcal/mol higher than the barrier of the water-
\\0 mediated proton transfer, it is clear that the direct proton-transfer
mechanism is rather improbable. A similar conclusion was
reached by Antonczak et & who compared activation barriers
for unassisted and J@-assisted neutral hydrolysis of formamide.
3.3. The Basicity of the Tetrahedral Intermediate. The
basicity of the nitrogen of the leaving group, measured by the
= pK, of the corresponding conjugated acid, varies significantly
a upon going from the reactants to the products of the acylation

reaction. The extent of this variation and the relative basicities
of a general acid and the-NH, and —O~ groups of the
tetrahedral intermediate (lll, eq 1) represent important factors
that determine the stability of this intermediate and the reaction
mechanism. Unfortunately, despite its fundamental importance,
1(CO) [A] the relevant [, cannot be obtained experimentally. Therefore,
Figure 5. A schematic representation of thgcorrected free energy ~ We calculated the absoluté&pfor the protonation of Iil (eq 1)
surfaces for the general base-catalyzed formation of the tetrahedraland formamide on the N and O atoms using G2 model
intermediate in the attack of methanol on formamide in agueous solution chemistry*55and the LD solvation model. The results of these
(I—1lineq 1, Table 1) calculated using B3LYR-LD method. The calculations (Table 2) indicate that the protonation of the oxygen
isoenergetic levels (3 kcal/mol spacing) were plotted using the dgrid3d gtoms in the tetrahedral intermediate and formamide is favored
algorithm in the program GNUPLOT. Top, histidine as a base; bottom, qver the protonation of the corresponding amino groups.
water as a base. The arrows represent the least energy path(s) on thbuantitatively, the calculated<a values of the nitrogen atoms
given surface. of Il and of formamide are in remarkable agreement with the

histidine serves as a general base. Here, the reaction surface igstimates of Fershiand Komiyama and Bend&t.The calcu-
flat enough to support both concerted and stepwise paths. Thislated magnitude of thel of the nitrogen atom of Il can be
result is quite different than results obtained by Daggett éfal., further refined by noting that the G2.D method overestimates

who concluded (based on gas-phase calculations) that thethe Ka of ammonia by about 3 Ky units. Thus, it seems
reaction is fully concerted. reasonable to expect that the calculatéd, for Il would be

The Unassisted Attack by ROH. The presence of a base overestimated by a similar amount. We invoke this comparison
as an acceptor or donor of a proton is not, in principle, necessaryPecause the experimentapof NH," is known and the same
for the nucleophilic attack to proceed. Therefore, in order to type of chemical bond (NH) is formed by the N-protonation
cover all the mechanistic alternatives for the solution reaction, Of the tetrahedral intermediate. Thus, assuming that the evalu-
we evaluated a mechanism in which the proton is transferred ation of the atomization energy of the-¥ group by the

directly from the methanol to the nitrogen or oxygen of the (91) Komiyama, M.; Bender, M. LProc. Natl. Acad. Sci. U.S.A979
substrate. The calculated free-energy barriers corresponding tor6, 557—560.

1.5

25

45 3.5
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Table 2. A Comparison of the Calculated and Experimentig}, pf Table 3. The Free Energy Surface for the Breakdown of the
Key Substrates and Intermediates of the Serine Protease Reaction Tetrahedral Intermediate in the Base-Catalyzed Methanolysis of

Formamide in Aqueous Solutidflll — IV in eq 1)

pKa
molecule Ggad AGga® AAGhya¢ (G2+LD) pKa(exp) proton configuratiof
CH3OH —115.557 612 377.1-94.7 16.8 15.6 r(C'N')P (A) A B C D E
formamide(OH) —169.984 616 192.5 63.6 —2.4 0 to—44 A - B 5 NH
formamide(NH') —169.959327 176.4 69.9 -9.6  —9.0° mmonia as a Base (B NHa)
II(OH) 9 —285.164 727 353.7-73.2  15.4 (14) 14 21 26 27 27 26
HI(NH 3)" ~285.201 675 330.6-56.8  10.5 (8) 1o o f12f 2 2[1s2] oA 22%['3]
i _ .

NHg4 56.801 017 198.3 785 12.7 9.3 9 38 37 35 33 29

a Gas-phase free energy (au) of the protonated compound calculated 2.0 43 40 38 35 23
at the G2 level® AGgas = GgadB) — GgadBH) (kcal/mol).© AAGhyar 2.1 a7 43 42 36  23[TS3]
= AGhya(B) — AGhya{BH), where AGnyqar denotes the hydration free 2.2 50 44 44 36 23
energy (kcal/mol) calculated by the LD solvation modeExperimen- 2.5 54 47 47 34 21
tally determined K, values taken from ref 98.Experimental estimate 3.0 44 18
(from eq 45 of ref 6)f The K, values given in parenthesis correspond 3.5 &[P]
to the calibrated G2LD results and represent our bestestimates Histidine as a Base (B His)
(see text)? The tetrahedral intermediate (eq 1) with a protonated 1.4 23 27 28 27 26
oxygen." The tetrahedral intermediate (eq 1) with a protonated nitrogen. 15 20[12] 23 23[TS2] 23 20 [13]
The CN’ distance was kept fixed (1.51 A) during the G2 calculation 1.7 27 29 28 26 20
since this tetrahedral structure is not stable in gas phase. We chose a 1.9 40 33 36 33 22
distance constraint of 1.51 A since the CN bond has this length in the 20 45 41 39 35 23
MP2/6-31G(d) fully optimized structure of the negatively charged TI 21 49 44 43 36 23[TS3]
and also in the N-protonated methylamine. 292 52 45 45 36 23

) . 25 56 48 48 34 21

G2+LD level involves the same systematic error for both 3.0 45 18
compounds and taking into account the estimate of Komiyama 3.5 &[P]
and Bender, we conclude that thé€ of the nitrogen and oxygen Water as a Base (B H20)
atoms of Ill are around 8 and 14, respectively. Becauska p 1.4 32 33 31 29 26
of 8 for the nitrogen atom of Ill is slightly higher than th&p i? gg [12] 2395 23? (TS2] 32 gg [13]
of histidine, one can expect only a very shallow minimum on 1o 19 7 39 35 22
the free energy surface near the N-protonated intermediate. This 20 54 47 42 37 23
minimum may completely disappear in the enzyme active site, 2.1 58 50 46 38 23 [TS3]
where the effectivelg, of the histidine residue increases to about 2.2 61 51 48 38 23
9.11 Under such circumstances, the reaction coordinate would gg 65 54 4581 36 1281
become fully concerted, as suggested by Komiyama and 35 &[P]

Bender?

The existence of a tetrahedral intermediate, which is supported
by 180 isotopic exchange in the substratesQ group?%.92-95

aThe table gives the a-corrected free energies (kcal/mol). The
actual corrections are given in parentheses. The system depicted in
Figure 1 was used for the calculatiois'he distance between the C

is further supported by the present calculations. To realize this and N atoms (see Figure 1). Th€¢OC) distance was kept constant

we should consider the kinetic scheme of eq 12.

(1.5 A).¢A: The hydrogen Hwas bonded to the nitrogen K(NO)

=3.0 A r(NN) =3.0 A. B: r(NH') = 1.125 A, r(NO) = 3.0 A,

111, —_— v

ﬂ

r(NN') =25 A, C: r(NH') = 1.25 A,r(NO) = 3.0 A, r(NN') = 2.5
A.D: r(N'H') = 1.125 A,r(NO) = 3.0 A, r(NN') = 2.5 A. E: The
hydrogen Mwas bonded to the nitrogerf N(NO) = 3.0 A, r(NN') =
12 3.0 A. ?Energies that were used to construct the free energy profile of
Figure 8 are denoted with the corresponding symbols (11, 13, TS2, TS3,

P) in brackets® No constraints on the NO and N-N' distances.

I —_— .

The K, values obtained at the G2.D level (note that this
The four states in eq 12 include structures lll and IV of eq 1 is @ substantially more rigorous ab initio approach than the

and two other structures that correspond to the O-protonatedB3LYP"+LD method used by us to generate the reaction

Tl and to the N-protonated TI. These structures are referred to surface) can be utilized for the assessment of the accuracy of

here as Illb and llic, respectively. If the Tl is a real intermediate, the B3LYP* reaction surface. Usingka values of 9.3 and 8

then we have two competing reactions, 4 Illb and Ill = for ammonia and the N-protonated tetrahedral intermediate, the

llic. The existence of the first reaction (O-protonation) is Correct “experimental” free energy for a proton transfer from
supported by the above-mention&0 isotope effect and the ~ NH4* to Il is 2 kcal/mol. Because the corresponding free energy
finding that the O of IIl has a highera than the N of lll. The difference calculated at the B3LYR-LD level is around 2 kcal/

existence of the Il= Ilic (N-protonation) is supported by the ~ mol, we can be quite certain that the free energy surface for
formation of the product IV, which is probably due to the llic the general base/acid catalysis is represented correctly by our
— |V (the breakdown of the N-protonated TI). This requires calculations.

3.4. The Breakdown of the Tetrahedral Intermediate.
The General Acid Catalysis. The results calculated for the
breakdown of the tetrahedral intermediate, i.e., the reaction Il
575575 — IV of eq 1, are given in Table 3. Here we assumed that the

(93) B;own, R. S.: Bennet, A. J.: Slebocka-Tilk, Hcc. Chem. Res. CN bond breaking and the proton transfer from the general acid
to the leaving group nitrogen follows the formation of the
tetrahedral intermediate Ill. This is a reasonable assumption,
(95) Slebocka-Tilk, H.; Bennet, A. J.; Keillor, J. W.; Brown, R. S.; Since the existence of this intermediate has been established by
the carbonyl/oxygen exchange experiments usfi@labeled

the existence of a high barrier for the IHb IV reaction, which
is consistent with the highiy, of the protonated oxygen.

(92) Bunton, C. A.; Nayak, B.; O'Connor, Q. Org. Chem1968 33,

1992 25, 481-488.
(94) Brown, R. S.; Bennet, A. J.; Slebocka-Tilk, H.; JodhanJAAm.
Chem. Soc1992 114, 3092-3098.

Guthrie, J. P.; Jodhan, Al. Am. Chem. S0d.99Q 112 85078514.
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NH3 0 The Overall Reaction Profile. The free energy diagram for

| V4 the overall reaction is depicted in Figure 8. Obviously, the rate-
B R—0—C—0 B 0—¢C NH3 L . - L] .

| / \ determining step is the nucleophilic attack. The activation barrier

H B < histidine R H for the reaction with water as a base is 32 kcal/mol, which is in

good agreement with the experimental value<{3@ kcal/mol).

B 21 18§ The negatively charged tetrahedral structure is not a stable
o4 intermediate (though with histidine as a base there might be
T | Vs some shallow local minimum); it converts immediately into the
= (, structure with protonated nitrogen. This intermediate is also only
20 /s8] 42 quasistable, as only 3 kcal/mol is required to break the CN bond
33\an in the next step. The free energy change for thelV reaction
( (see eq 1) is predicted by our calculation to b8 kcal/mol.
. , , Naturally, this energy is independent of the nature of the general
1.5 2 2.5 3 3.5 base/acid. The experimental estimate reported by Gétfuie

NH, r(CN) [A] this reaction free energy is 11 kcal/mol.

To validate our K, correction procedure we reevaluated
crucial regions on the potential surface of the water-assisted
H methanolysis of formamide using direct ab initio calculations
(rather than obtaining this surface by interpolating the corre-
sponding surface of the reaction with MHs a base). The
results, which are presented in Figure 9, were obtained by the
B3LYP"+LD calculation in which the water molecule was
considered explicitly. These results can be compared with the
results of Figure 5 and Tables 1 and 3 that were determined
using the s -correction procedure. Here we point out that the
predicted overall free-energy barrier is 34 kcal/mol for the
calculation with water molecule treated explicitly, while it is
) 32 kcal/mol when the results for ammonia as a general base
1.5 2 2.5 3 3.5 are extrapolated to the system involving water as a general base.

HCN) [A] In addition, both computational methods yield very flat free

Figure 7. A schematic representation of thEqcorrected free energy energy surfaces.

surface for the breakdown of the tetrahedral intermediate in the base- TO analyze the results presented in Figure 9 it is useful to
catalyzed methanolysis of formamide in aqueous solutiorl1V in consider the geometries and energies of the two transition states
eq 1, Table 3) calculated using B3LY#LD method. The isoenergetic  that served us as a starting point for the calculations of the
levels (3 keal/mol spacing) were plotted using dgrid3d algorithm in  reaction coordinate. As seen from the Figure 4b, the gas-phase
the program GNUPLOT. Top, histidine as a base; bottom, water as a transition state of this system involves a highly concerted path,
base. The arrows represent the least energy path(s) on the given surfacc.?,‘,here the proton transfer from GEBH to HO is concerted
with the nucleophilic attack and also, at the same time, with

0,92-95 i . . .
compounds: Furthermore, we focus here on a reaction he proton transfer from the catalytic water to the amide nitrogen
path that does not involve the oxygen-protonated intermediate, 514 \with the CN bond breaking. This transition state can be

because this mechanism requires the presence of an additionaliascribed in the two-dimensional diagram of Figure 9, where
base that would assist in the proton transfer to the leaving group.gach axis represents the indicated concerted motion. The gas-
Such a general base/acid catalyzed proton transfer from the, a6 path does not involve an oxyanion intermediate, but this
oxygen to the nitrogen atom of the tetrahedral intermediate is is 1ot necessarily the situation in solution. Here, the system can
necessary, since a direct proton transfer proceeding via a four-,ove toward the oxyanion region (upper left-hand corner of
membered transition state has a prohibitively large batti&t. Figure 9), where the surface is very shallow. Since entropic

However, such a base is not readily available in protein active gfects should make the four-bond transition state less likely, it
sites, which makes this reaction a less suitable candidate forgaeams to us that in solution the concerted proton transfer and
the reference sollution reaction for studies of serine prOt?aSQS-nucleophilic attack (the motion along the,(r») direction) and
Because the nitrogen atom of the tetrahedral intermediate iSq formation of an oxyanion type transition state occur before
more basic than both general acids considered in this study, e collapse of the system along the, ) coordinate. At any
the proton transfer between the protonated histidine and the e the direct estimate of the activation barrier on the free
tetrahedral intermediate precedes the CN bond cleavage (Tableenergy surface in solution is similar to that obtained by our
3 and Figure 7). As a result, the height of the barrier for the
CN cleavage is not affected by the nature of the general acid
involved. If the protonated histidine serves as a general acid
this proton transfer is associated only with a small (2 kcal/mol)
barrier, whereas for ¥#D™ this barrier entirely disappears. The The catalytic power of enzymes cannot be understood without
transition state region for the CN bond cleavage is rather flat relating it to the corresponding reactions in solution. It is quite
and features a maximum at a—@l distance of about 2.2 A.  obvious by now that gas-phase calculations do not provide
More importantly, we found that the activation free energy for proper potential surfaces for reactions in solution (and of course
the breakdown of the tetrahedral intermediate is about 3 kcal/ in enzymes). Thus, it is important to focus on obtaining reliable
mol lower than the barrier for the histidine-catalyzed nucleo- results from solution calculations. The present work evaluated
philic attack. This difference further increases when water servesthe potential surface for the reference solution reaction that is
as a general acid. needed for understanding the mechanism of action of serine

BH* R—0—C—0"

r(BH)

indirect interpolation procedure.

'4. Concluding Remarks
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mimimsmims B = ammonia
TS1 — B = Histidine

i
- \ unoummunn B = water
29

TS1

AG [kcal/mol]

NH; reaction coordinate

Figure 8. Calculated (B3LYP+LD) reaction profile of the reference solution reaction for studies of serine protease with three different bases:
ammonia, water, and histidine. The relative free energies are given in kcal/mol.

W0t 1,0 NHs indicates that the methanolysis of formamide with water as the
NH2 H general base is concerted and that the barrier for the formation
0_11“ .,_,;/ of the neutral tetrahedral intermediate (see the zwitterion in
Al e, VAR Figure 8) is significantly higher than the barrier for the cleavage
of the CN bond (i.e., 32 and 23 kcal/mol respectively). Second,
the surface of Figure 5 indicates that the reaction with histidine
as the general base involves a stepwise mechanism with a
34 34 34 3 24 shallow surface that can allow for some population of both the
stepwise and concerted pathways. Thus, it can also support a
substantial solvent kinetic isotope effect (KIE). As indicated
2 33 33 W A by early EVB calculationd’ a similar shallow surface may occur
. r2) 2 a2 3 33 5 in serine proteases. Therefore, the use of the observed solvent
KIE as a proof of a concerted mechanism in serine protéases
is not justified. Third, we provide a reliable estimate for the
% 26 acidity constant (theky,) of the amide nitrogen in the tetrahedral
2 3 intermediate (TI). This constant has been long considered as
one of the missing parts in the puzzle of serine protetiddsre,
our prediction of the [, ~ 8 indicates that the protonation of
the leaving group may occur prior to the breakdown of the CN
N bond. This means that the potential surface of the second step
ot W of the reaction supports a stepwise mechanism. Finally, our
e . calculations indicate that the formation of the Tl is the rate-
fl\“ \ veor determining step for our reaction, regardless of the basicity of

38 18 18 20 17 8

35 34 34 31 23

33 33 34 32 28

28 29

NH;

[] [

/ the assisting general base. That is, the calculated barrier for this
Me step with histidine as the base=26 kcal/mol) is higher than

Figure 9. Free energy surface (B3LYR-LD, kcal/mol) of the general the subsequent barriers-23 kcal/mol). However, this result

base catalyzed methanolysis of formamide calculated for water as the . S e

general base. The water molecule was included explicitly in the quantum also _teIIs us tha_t "?‘” three barriers for the histidine-assisted
reaction are of similar height.

mechanics and LD calculations (see text). The geometries for the free
energy points given in italics were generated by the gas-phase intrinsic  The present work focuses on the acylation step (eq 1) of the
reaction coordinate (IRC) calculation at the HF/6-31G* level. The fully  reference solution reaction for serine proteases. The deacylation
optimizgd geometry of the corresponding TS was used for this IRC step has also been examined in a somewhat less systematic way
calculation. by the B3LYP"+LD model. Interestingly, it was found that the
proteases. This was done using a judicious combination of high overall rate-determining step in agueous solution corresponds
level ab initio theory, the LD solvation model and available to the deacylation reaction. The calculated free energy difference
experimental data. Thus, we believe that our study has providedbetween R of Figure 8 and the highest TS of the deacylation
a reasonably reliable solution surface. Several mechanistic pointsstep is around 34 kcal/mol. This preliminary result indicates
can be deduced from our potential surface. First, our study that the serine proteases catalyze the deacylation step more than
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the acylation step (since in the enzyme the acylation step is observed kinetic isotope effects studies (see above). This can
rate limiting). be done by using the EVB-calibrated surface and a centroid

Since our potential surfaces for the solution reaction are path integral approach (e.g. ref 96). Finally, the use of the EVB
probably quite accurate, it will be interesting to revisit the approach and our new method of calculating activation entro-
reaction in the corresponding proteins. For this purpose we canpie$? should help in determining the role of entropic effects in
use the solution study to recalibrate empirical valence bond enzyme catalysis as well as in providing insight about the
(EVB) surfaces. These surfaces can be used both in standargntropic contributions to solution reactions.
EVB simulations or, as a consistent reference potential, in ab
initio FEP calculations of enzymatic reactioifsSuch studies Acknowledgment. This work was supported by the NIH
will allow one to explore the catalytic effect of the enzyme with grant GM24492.
greater certainty about the relevant potential surfaces. It should
also allow the exploration of the mechanistic implications of ~ Supporting Information Available: Breakdown of gas
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