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Abstract

Potent inhibitors of proteases are constantly sought because of their potential as new therapeutic lead com-
pounds. In this paper we report a simple computational methodology for obtaining new ideas for functional
groups that may act as effective inhibitors. We relate this study to serine proteases. We have analyzed all of the
factors that operate in the enzyme—substrate interactions and govern the free energy for the transformation of the
Michaelis complexNIC) to the anionic covalent tetrahedral compl€&€) The free energy of this transforma-

tion (AAG,,. ;o) is the quantitative criterion that differentiates between the catalytic and inhibitory processes in
proteases. The caysit TCis shifted upwardsfAG,,. ;. > 0) relative to theMC in the free energy profile of

the reaction, whereas the inhibitory tetrahedral species is shifted downfag|, (;. < 0). Therefore, the

more stable th&C, the more effective it should be as an inhibitor. We conclude that the dominant contribution

to the superstabilization of an anioffi€ for transition state analog inhibitors originates from the formation of

a o-covalent bond between the reactive centers of the enzyme and its inhibitor. This energetic effect is a quan-
titative value obtained irab initio calculations and provides an estimate as to whether a functional group is
feasible as potent inhibitor or not. To support our methodology, we describe several examplegoatiere
agreement is shown beten modeledb initio quantum chemical calculations and experimental results ex-
tracted from the literature.

Keywords: Protease, methodology of inhibitor design, MO ab initio calculations, free energy profile.

Transition state analog inhibitors were first introduced by
Introduction Wolfenden [4], who suggested that stable analogs of the

transition stateT(S) structure of any enzyme-substrate cata-
Serine proteases play an important role in regulating a widbytic process should inhibit enzyme activity. The TS analog
variety of biological activities. Specific protease inhibitors concept has been widely used over the last two decades for
thus serve as targets for many therapeutic applications [1-3flesigning TS-analog protease inhibitof§-8]. The TSana-
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log inhibitor is a chemical structure that contains a func-stabilizing either th&'Sor theTC arose from the following
tional group (for example aldehyde or ketone),ahhiin  concepts: (a) formation of hydrogen bonds with the oxyanion
contrast to the native substrate, cannot be transformed fuhole (reviewed by Ménard, & Storer [23]); (b) electrostatic
ther by the chemical machinery of the enzyme. The commonstabilization [18]; (c) environmental effects of the active site
feature ofTSanalog inhibitors is that they mimic the shape [12,25,26]; and (d) hydrophobic effects [27].
of the native substrate in &S state [5-8]. In this paper we In the present work we have estimated the relative contri-
analyze a specific type of TS analogs in which the inhibitorybutions from different effects (proton transfer, hydrogen bond
effect results from the intrinsic stability of the covalent com-formation and etc.) accompanying tMC O TC transfor-
plex, forming a stable charged species, rather than an intemation to the total free energy of this process. By analyzing
mediate on the reaction potential surface. factors that control th#1IC O TC step in catalysis, we con-

The first step in hydrolysis catalyzed by serine proteaseslude that the formation of a new covaleribond during the
is the conversion of the non-covalent enzyme-substrate (Hiucleophilic attack of the protease nucleophilic center on
S) Michaelis complexMC) to an anionic covalent tetrahe- the carbonyl group or its analog makes the main contribution
dral complex TC) —MC O TC [9], where the new covalent to the energy stabiliian of theTC. The superstabilization
bond is formed between the attacking nucleophilic atom in
the active site of the enzyme and the electrophilic center of
the substrate. On the reaction potential surface of enzymatic
catalysis, th& Cis located in a very shallow local minimum, catalysis
close to the saddle point corresponding tolt8f10-14] and TC (TS)
cannot accumulate [15]. Consequently, according to
Hammond's postulate [16], the structurettodé TC in the
reaction with a native substrate should be close to that of the
TS The reactive center of native substrates of proteases con-
tains a carbonyl group. We suggest that an appropriate struc-
tural variation of the reaction center of a native substrate
can lead to an anionic superstab& which will be lower in
energy than thBIC or the products. Thus, an anionic inhibi-
tor is located in the bottom of a potential well rather than on a
the top of the hill on the free energy profile of enzymatic
reaction path. This type of inhibition implements thermody-
namic control on the enzymatic catalysis. Aniofics have
been detected experimentally by direct NMR measurements
[17, 18]. Stabilization of the tetrahedral intermediate has been e ----ooooooooo -
established to be an important factor for increasing the in-
vitro potency of inhibitors [18]. Substitution of the location
alpha to the reaction center carbonyl with electron withdraw-
ing substituents as fluorine, trifluormethyl and heterocyclic
substituted aromatic rings, conutb to TS stabilization,
and derivatives bearing these substituents are found to be
potent inhibitors [18]. The effect of substituents on chemical
reactivity in general is also highlighted in a number of pa-
pers [19-22], and good correlation is found between calcu-
lated values (semi-empirical amath initio) and experimental
values. However, a theory that can analyze and quantify the
experimental values and build an easy to foll@neyal con- =
cept for obtaining new derivatives that may provide novel TC
charged superstable inhibitors is missing. We now report one b inhibition
approach to such a theory.

Which forces contribute to the formation of a superstabl
TC in inhibitory processes in contrast to the unstatse

AAGyc-Tc>0
MC

AAGycT1c <0

eFigure 1. (a) For a normal catalytic process, a tetrahedral

X ) . . complex (TC) is the transition state—the saddle point on a
formed during the catalysis of native sultes@ Wolfenden's reaction free-energy profile. The TC is shifted upward from

theory [4], predicting the principal ability of thESanalog . :
inhibitors neither assumes the specific nature of the attrac%—he energy of the Michaelis complex (MC).

tive forces involved nor requires that the enzyme be rigid o b) For the inhibition of proteasespe TC is a
. L . . . hermodynamically very stable structure corresponding to
flexible. Opinions in the literature that favor the notion that y y y P 9

: : . . the potential minimum on the reaction pass, which is shifted
in enzymatic catalysis noncovalent forces are responsible fo&ownward from the energy of the MC



392 J. Mol. Model.1996,2

rolahon

Figure 2. Generalized schematic presentation of the We define an unstableC as theTScorresponding to the
structural change in the active site of a serine protease duringaddle point on a normal proteolytic reaction path. Conversely,
the conversion of MQJ TC. The rectangles designate the we define here an inhibitory tetrahedral species as a thermo-
subsites of a substrate (inhibitor) belonging to the recognitiordynamically stable enzyme-inhibitor complex that corre-
site (R$ which are bound to the enzyme by noncovalensponds to the potential minimum on the reactioth.p@he
interactions. The two NH gups depict an oxyanion hole. free energy effect of the transfortiea MC U TC, AAG,, 1o
Formation of the new covalent bond, O-A, in a TC betweeils the quantitative criterion that differentiates between the
the reactive centers results in the creation of ring skeletoncatalytic and inhibitory processes. The catalyts shifted
which contains a Ser residue, an inhibitor molecule, and partpwards QAG,,. ;. > 0) relative to theMC in the energy
of the backbone of the enzyme. Hydrogen bonds in the T@rofile of the reaction (Fig. 1a), whereas the inhibitory tet-
are depicted by dotted lines to stress that they are more rigidahedral species is shifted downwa\G,,. ;. < 0), see
than in the MC. Additional binding between the enzyme andrig. 1b. Therefore, the more stalhe TC, the more effec-
the inhibitor results in a loss of degrees of internal rotation.tive it should be as an inhibitor.
We limit our consideration of E-S interactions to the re-

gion of enzyme active sité§ only, so that the Gibbs free-
of the TC depends on the strength of the newnrfiog o- energy effect of thBICO TC transformation can be approxi-
bond. This contribution can easily be estieth by model mated by the alue of AAG(AS)only.
calculations, and thus provide a tool for a semi-quantitative The ASis divided into two structural regions: the cata-
choice of substituents needed in order to stabilieeTC.  lytic (reactive) site €S), where the chemical interaction be-
We demonstrate that simple routine quantum-chemical cafween the enzyme and substrate occurs, accompanied by the
culations of a small model system-the analog offthean formation and cleavage of covalent bonds, and the recogni-
be applied successfully for the design of new classes of prdion site RS, which binds the substrate by non-covalent inter-
tease inhibitors. Using examples of known inhibitors fromactions. No chemical transformations occur in & Usu-
the literature, we show that the effect of inhibition results inally the CSfragment is much smaller than tR&
the formation of the superstable aniof€. Our model cal-
culations on these systems show excellent agreement betwef = RS[J CS (1)
the predicted values and the experimental results.

The model introduced here for the subdivision of an E-S
complex into its component parts is a trivial application of

Models and Methods the approach that is widely used in molecular mechanics and
guantum chemistry-structural-additivity analysis of molecu-
Structural analysis lar total energy We assume that tieRSfragment of an E-S

complex conserves its 3D molecular structure irMia] TC

In a normal catalytic pathway that corresponds to the nucleP@th:AGyc (RS)= 4G (RS)Hence, we can ugeq. 1, to
ophilic attack of the enzyme nucleophile on the substratéeWrite the expression for the Gibbs free-energy difference
carbonyl, which already locates as M€ in the active site, Petween théICL TC [AAG(AS] for a reaction profile of the
the TC lies on a hill higher in energthan theMC. If we ~ S&me substrate (or inhibitor):

succeed in stabilizing thEC to such an extent that it lies in

a potential energy well lower than tMC, we achieve inhi- 244G (AS) = AG;. (AS) -AG,,c (AS)= AAG(CS) =

bition.
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= AAH(CS) - A4S, (CS) (2) we separate a fragment in ti&S — the “eactivity center”,
defined as the fragment that contains the reactive centers of
where we have neglected the contribution frive RS re- the enzyme and substrate and the atoms of their valent sur-
gion toAAG(AS)in Eq. 3. The overall translational and rota- rounding. Most structural changes of the substrate in the
tional entropy,TAAS (Ast),rot’ does not contrilte toAAG(AS)  reaction step are located in the reactivity cemd&, . ex-
because in both th®1IC and theTC states the substrate is presses the contribution of the reactivity center to the value
bound to the enzyme in one compleﬁ.(AS}mt is deter-  of AAG(CS)
mined by the mass and geometrical parameters of the com- The electrophilic center of the native substrate is either
plex [28], where the enzyme, which does not change its shap amide or an ester carbonyl. The object of the nucleophilic
in the MCO TC transformation, dominates, so that attack in an inhibitor is a polarized double bond of the
AAS(AS) = 0. electrophilic site A=Y, whereA is an electrophilic center and
The E-S interactions in thRS (“recognition site”) pro- Y is usually an electronegative substituent 36]. The
vide the driving force for aligning the substrate (or inhibitor) nucleophile om D (D = O or S) forms the nevibond D-A,
in the active site of an enzyme, which strongly influenceswhich is partially covalent and partially ionic [31]. The trans-
the efficacy of enzymatic catalysis or inhibitiothe chemi- ~ formation is accompanied by an,$p sp, rehybridization,
cal transformation of the substrate (or inhibitor) in the reacwhich causes pyramidalization at the A center And bond
tion pathMCL TC can proceed in the initial stage of i€ elongation. ThelG, . builds up mainly from a considerable
only if all the atoms of the CS are positioned in very spe-stabilization energy, which results from the formation of a
cific, optimal interatomic distances for the desired chemicainew covalento-bond D-A, (see Fig2). This strong
process. ThdRSfragment contributes the dominant part of stabilization effect is partially compensated by the
the noncovalent binding between the enzyme and theéestabilizing energy resulting from reducing theharacter
substrate. The alignment can be characterized quantitativelyf the A=Y bond to a single bond. The net result of the
by the values ofAG, (AS) and 4G, (AS). Although the  transformation, however, is alwaydG < 0.
noncovalent E-S interactions in tR&strongly influence the
values ofAG, . (AS)andAG,,. (AS, according to Eq. 2, such Proton Tiansfer.Serine proteases facilitate nucleophilic at-
influence is canceled in the value of their Gibbs free-energyack on a substrate by transferring a proton from the
difference,AAG(AS: AAG(RS)= 0. Thus, we conclude that nucleophile [9]. The mton transfer occurs simultaneously
the free energy contribution from tikS [ AAG(CS)] deter-  with TC formation in reactions catalyzed by serine proteases.
mines the overall difference between the E-S binding energfhe process contributes [desitgth asAGpt (C9] AG(CS)
during the transformationthe noncovalent E-S interactions of the transformation to the total free energy effect. Warshel
in the RSplay a minor role here. & Russell [12], using empirical procedures, estimated that
In a related paper, Menger sugged the"Split-Site” the energy change involved in the proton transfer Ser-His in
model [29], where an active site is divided into a “bindingtrypsin is 14 kcal/mol, sdG,, (CS > 0.
region” and a feaction region”. Theheoretical findings of
Menger [29] are based on his idea that odbstabilizing  Environmental Effectdt has been established that the main
interactions between the enzyme and the substrate occur gource ofTf Sstabilization lies in the environmental effects in
theCSregion (Menger's reactive site). Menger also acceptedhe active site of the enzyme (designated@g,,(CS). The
that the 3D structure of the “binding site” (analogous to theoxyanion binding site in serine proteases is one example of a
RSin our analysis) remains constant during enzymatic transwidely studied environmental factor [23]. Such factors are
formations. He postulated that (a) in the reactive €§8,(  often considered the main sources of anidi@stabilization
destabilizéion of the TS is much stronger than that of the [32,33]. The structure of chymotrypsin-trifluoromethylketone
MC and (b) in the binding sitdR§, only noncovalent inter-  inhibitor complexes provides an experimental demonstration
actions can stabilize E-S compésx Webelieve that cova-  of the contribution of environmental effects [34]. The nega-
lent binding in theCS contribute to the stabilization effect. tively charged oxygen atom attached to the tetrahedral car-
The quantitative picture is demonstrated by calculations. bon of a hemiketal adduck) is hydrogen-bonded to Ser195
and Gly193 amides in the oxyanion hole. In the oxyanion
Free energy components in the CS hole, the hydrogen bonding for a negatively charged oxygen
atom in the ionized hemiketal in tA€ is stronger than the
In this section we discuss the contributiomG(CS)from carbonyl oxygen binding of the neutidlC [12, 35,36]. The
different processes accompanying ME TC transforma-  superstabilizion of the anionicTC relative to theMC is
tion. For simplicity we designatis(CS)instead ofMAG(CS).  ascribed to this differential binding strength.
McMurray, and Dyckeys [37] studied trypsin inhibition
Reactivity centerThe dominant process that occurs in the using the series of model peptide ketones Lys-Ala-Ly¥CH
transformation oMCL TC is the nucleophilic attack of the From a Hammett plot of -log Ks. o,; the authors con-
catalytic site of the enzyme on the electrophilic center of eluded that the strength of binding of the hemiketals to the
substrate or an inhibitor occurring in t8& In this analysis AS of the enzyme increases with the electron-withdrawing
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ability of the varied substituent, X. The tightest binding wasVibrational Entropy The last component of free energy con-
determined for the fluoromethylketone X = F. In our analy-sidered here is the contribution of vibrational entresy,
sis, ab initio calculations were used to obtain a quantitative(CS). In a TC the nucleophilic center of the enzyme is
estimate on the energetic contribution of this effect. We coneovalently bound to the electrophile. Topologically, the for-
sidered the small molecules (QHCO and (NH)HCO to  mation of this bond may be considered a ring closure (see
compare the CFsubstituent with NB which is the model Fig. 2), meaning a loss of at least two degrees of internal
for a native amide substrate. To simulate the hydrogen bondstation. Theentropy difference between linear and cyclic
in the oxyanion hole, we used one water moleclllee en-  compounds gives an entropy loss of 2.7 to 4.3 kcal/mol per
ergy of hydrogen bonds was calculated by Gaussian 92 [38hternal rotation [41]. In addition, the skeleton of hydrogen
at the 6-31+G*/3-21G level according to the following reac-bonds should be more rigid in tA€ than in theMC. Such

tion equations: phenomena generally reduce the integral vibrational entropy
of the TC relative to theMC. A quantitative estimate of the

MC: (NH,)HCO + HOHO (NH,)HCO —HOH, value ofAS, (CS)can be calculated only by a sophisticated

Eyc (NH,) = -4.0 kcal/mol (3a) computational procedure because the system under consid-
eration is extremely complex. For a qualitative picture, how-

TC: HO(NH)HCO + HOHO HO(NH,)HCO-HOH, ever, we may accept thag, (CS) <O0.

E,c (NH)= -12.4 kcal/mol (3b) In summary, we can write the following qualitative ex-
pression reflecting the additivity of all the components of

MC: (CF)HCO + HOHO (CF,)HCO—HOH, the main contributors to th&G(CS)

Eyc (CF) = -2.6 kcal/mol (3c)

AG(CS) = [AG, < 0] - [TAS,, (CS) < Q +
TC: HO(CF)HCO + HOH O HO(CF)HCO—HOH,
E.. (CF)= -14.7 kcal/mol (3d) +[AG, (CS)> 0] +[AG,,, (CS) < + Rest (5)

Our simple model for hydrogen bonds in the oxyanionwhereRest= thefree energy contribution from all other ef-
hole provides an estimate of tighter binding for Ti@ fects. Weassume thahe Resteffects are minor and princi-
pally do not change the general energetic picture.

AE(NH,) = E;(NH,) - E,,.(NH,) = —8.4 kcal/mol (4a)
AE(CF,) = E;(CF,) —E,,o(CF,) = —12.1 kcal/mol (4b) Results and Discussion

AAE = AE(CF;) — AE(NH,) = -3.7 kcal/mol (4c) Equation 5 provides the guideline for design of superstable
anionicTCs because it summarizes the trends of influence of
The values are quantitatively close to experimental valthe main factors governing the thermodynamic stability of
ues [36] and to the theoretical esttinas of Washel et al.  the TC in the CSregion of the E-S complex. We concluded
[12, 39, 40]. We can conclude that the hydrogen bonds in théhat the first term AG, ), which relates to the formation of
oxyanion hole contribute not only to the additional a covalento-bond O-A), should be the dominant compo-
stabilizaion of a TC but also to the superstabilization of a nent of AG(CS) The results of our computations in the fol-
TC when TSanalog inhibitors with a strong electron-with- lowing section suppothis condusion. Actually, we only have
drawal substituent are involved. The value of the effect igone tool to design an effective inhibitor forming the super-
small, however, when compared to the gain in energy that istableTC-the variation of the molecular structure of the de-
due to the formation of a covalent bond ifT& (see the sired candidate. Therefore, one must query which of the pos-
“Validity” section in Results and Discussion below). sible contributors tAAG(CS) (reactivity center interactions,
Hwang and Wahel [39] proposed that electrostatic environmental effects, proton transfer, and vibrational en-
effects are key factors in serine protease catalysis. Enzym&w®py) are the most susceptible to these tiana. The an-
provide the proper environment of polar-group dipoles toswer is that the variation of theS fragment of a substrate
complement the changes in charge distribution fromMBie  influences onlyAG,, and the other terms in Eq. 5 are not
to the TS[12,39]. The stimated energy alue of TS  relevant. Indeed, any changedg, (CS) relating to the
stabilization is -7 kcal/mol [12]. Another theory claims that loss of degrees of internal rotation on the amino-acid residues
in water solution, substrate-enzyme binding is driven by ef the enzyme is specific to a concrete type of enzyme (Fig.
hydrophobic eféct [27]. Thanost reasonable conclusion is 2). Basic catalysis that accelerates reactivity of its nucleophilic
that the environmental effects cause Ti2to be more sta- group is also an intrinsic feature of an enzyme (for example
ble than theMC[AG,,,, (CS) < Q. the catalytic triad in serine proteases). Because catalysis pro-
ceeds between nonvariable structural fragments (the amino-
acid residues of enzyme), thalwe ofAGpt (CS) is inde-
pendent of substrate variation. On the other hand, the value

env
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of AG,,,,(CS depends on the variation in the molecular struc-Validity of the model

ture of the substratBecauseAG,, (C involves only

noncovalent interactions, which are one or two orders ofn this section we shall present examples to prove our model
magnitude lower than the energy contribution from covalentor the design of functional groups that can act as serine pro-
forces,AG,, makes the dominant contution to AG(CS. tease inhibitors. Our guideline was to design small molecules
We conclude, therefore, that the formation of a new, covathat mimic the reactivity centers of virtual substrates and in-

lent D-A bond between the reactive centers of the enzymatihibitors. All examples were selected from the literature to

nucleophile and its substrate (inhibitor) is the main source o§how that we can predict experimentally observed tenden-

the tighter binding of 8C compared with aMC. cies for the influence of the substituents on the catalytic/
inhibition constants. Quantum-chemical calculations have
Methodology of design shown that neutral nucleophiles agCHand CHOH cannot

mediate nucleophilic addition to the carbonyl group without

The results of the thermodynamic analysis summarized irsupporting basic or acidic catalysis [43-45]. Therefore; OH
Eg. 5 and the refinement of the most susceptible region foanion was used as the simplest model for the serine
the variations in the inhibitor structure lead us to the conclunucleophile of the enzyme. Consequently, all the modeled
sion that the reaction center, which is a very small fragmenproducts of nucleophilic addition are anions, as illustrated
of the eal TC, can be used to model the relative stability by reaction schemes in Figs. 1 to 3.
betweenMC andTC. We examined the following two types of carbonyl group

The dominant structural factor — the new covalent bondlerivatives: (1) variation of substituents at the conserved
formed during theilC O TC transformation determines the electrophilic center, and (2) variation of the atom of the
choice of the computational method. This property—the for-€lectrophilic center. The calculated stabilities of the anionic
mation of a covalent bond can be separated from the rest diCs are presented in Table 1. All quantum mechanical calcu-
the factors, and followed quantitatively. Only quantum chemi-lations were performed using the standard Gaussian 92 pro-
cal calculations can correctly take into consideration the covagram [38]. Our general position was to simplify the compu-
lent interactions and the electronic effects of substituents otational procedure, keeping in the same time the level of ac-
the stability of thelTC. The system is small enough to allow curacy of the molecular calculations that provides reproduc-
the use ofab-initio quantum mechanical calculations with tion of the principal chemical picture of the observed experi-
large basis sets. mental reaction and structural features of reagents and prod-

The design of the most potent inhibitor in a series for anyucts. This route is convenient for practical application for
serine protease can be reformulated as the task of the choigemputer assisted drug design, where a large series of lead
in a series of inhibitors. According to our model, a potentialcompounds needs to be calculated in a reasonable time. In
protease inhibitot, is simulated by the simplest molecule our computational experiments we found that semi-empiri-
A, ., which contains the reactivity center of thg The en-  cal quantum chemical procedures like AM1 or PM3 (see the
zyme's nucleophilic site is also simulated by the simplestreview article by Stewart about these methods [46] ) failed to

molecule or aniorD. reproduce geometries and energies of anidfQistructures.

We take into account only thalues of AG (k) for In some cases, especially for the anioh@s containing the
each inhibitod,. The modeled reaction schemeM€t [J TC second row elements, semi-empirical methods gave unreal-
can be presented as follows: istic geometries and energies fbe MC 0 TC transforma-

tion. For example, the high levab initio calculations dem-
D + A O DA (6) onstrated the inability of the H&nion to formTC with for-

maldelyde [31, 47]. In contrast, semi-empirical procedures

For the nucleophil® conserved in the series, the stabil- predicted the formation of a stableC. Thus, we used the
ity of the DA, depends only on the electronic features of thenon expensive variant ab initio calculations, which repro-
atom of the electrophilic centerAgand its covalently bound duce reasonable molecular geometries and avoids basis set
substituents. Because we calculate the actual total energiésiperposition error (BSSE) in the reaction energy estima-
of molecules, we calculate the valuesA, (k) rather than  tions [48]. Molecular geometries were optimized in the 3-
those ofAG,, (k). This approach is based on the suggestior21G* basis set and then total energies were recalculated in
of Dewar [42] that the variation in the entropy component ofthe basis set 6-31+G*. This is a commonly used computa-
the free energy of reaction for a reaction series of analogou#nal approach that gives good results for anionic species
reagents should be insignificant. When designing potential49].

inhibitors, the species, that form the most stabl2A, in the The first set of calculations include a series of carbonyl
series should be the optimal candidates to construct the rea@derivatives where the substituents examined have different
tivity center of inhibitors. electron-donor and electron-acceptor properties. Figure 3

shows the list of varied substituents and the genenainse
of TC formation for this series.
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Table 1.Ab initio 6-31+G*/3-21G* calculated stabilization -4 kcal/mol for the ester and -3 kcal/mol for the amide.
energies E of Tetrahedral Complexes Hence, the molecular structure of the acylation $t®ps
about 6 kcal/mol lower in energy for the ester than for the
amide, which causes the barrier difference. The calculations

Substrate By keal/mol agree well with the experimental resufthe modelTC is
about 10 kcal/mol less stable for an Nsdibstituent than for
H(NH,)C=0 -22.7 an OH substituent (see Table 1 and Figure 3).
H(OH)C=0 -32.6 The second example relates to the polyfluoroketones. That
these moieties are strgTSanalog inhibitors for many mem-
H(CF,)C=0 -59.9 bers of the serine hydrolase class is well established [32, 33,
H(F)C=0 -50.5 51]. The new bond forming between the electrophilic center
of a carbonyl substrate and an attacking nucleophileTi@ a
H(CN)C=0 -62.2 should be more sensitive to the variation of the substituents
HB(OH), -53.2 than the hydrogen bonds discussed previously. In the model
calculations the molecules QBHO and NHCHO that
F(OH),P=0 61.7 [a] mimic the reactivity center of substrates were subjected to

nucleophilic addition of an HGanion. Theeaction scheme

[a] The E, for the F(OH)P=0 was estimated from the pres_e_nted in Figure 3 and the estimatatlies of theTC

reaction equation: st_ablhty shown in _Table 1 demonstra_te that when co_n_wpared

HO + F(OH),P=0 [0 (HO)LPO,” + HF with the NH, substituent, the CFsubstituent superstabilizes
the TC by -37.2 kcal/mol. This value is higher by one order-
of-magnitude than the energetic effect of hydrogen bonds
(environmental effect) considered above (see Eq. 4c¢). There-

The first example provides a detailed analysis of standfore, the results confirm our hypothesis that the estézg
ard free energy for a-chymotrypsin-catalyzed hydrolysis ofcontribution from the covalent bond between the reactive
N-acetyl-L-tryptophan methyl ester and N-acetyl-L-tryp- centers plays the leading role in superstabilizing the anionic
tophan amide. Bender et al. [50] showed that the activatiomC for TSanalog protease inhibitors. To strengthen our case,
barrier for the acylation step measured frimaMC is 13.5  we calculated additional model molecules with strong elec-
kcal/mol for the ester substrate and 19.6 kcal/mol for tharon-withdrawal substituents attached to the carbonyl carbon
amide substrate. For the deacylation step, the activation bar-a fluorine substituent [FCHO] and cyano group [(CN)CHO].
rier of 17.8 kcal/mol is the same for both cases because thelthe results of the calcuéal TC stability, pesented in Ta-
acylenzymes are identical. The physical meaning is that thble 1, show that superstabilization relative to the reference
rate-determining step is acylation for hydrolyzing amides andubstituent, NH| is -27.8 kcal/mol for the fluorine and -39.5
deacylation for hydrolyzing esters. The free energy ofkcal/mol for the cyano substituent. Thus, we can predict that
stabilization of theMiC compared with that of the separated peptidyl aldehyde derivatives containing F(C&)d NC(CO)
enzyme and substrate is similar for both substrates: fragments should be effectiiéS-analog inhibitors for serine
proteases.

The following examples concern the variation of the atom
of the electrophilic center of the substrate from a carbonyl
carbon atom to the boron and phosphorotmna. At
nanomolar concentrations, peptide boronic acids are very

HO
H
N |
HO™ + cC—o0 j " C\ )
x/ o HO
MC TC HO + /B_OH:H.-BS
OH OH
X = NHp, OH, CR;, F, CN OH
a b c d e MC TC

Figure 3. Scheme of TC formation by the series of carbonyFigure 4. Scheme of TC forrtian by the HB(OH)- the
derivatives where the varied substituents have differensimplest molecule simulating a boronic acid moiety of the
electron-donor and electron-acceptor properties. inhibitor.
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Figure 5. The reaction center of DFP is modeled by Summary
F(HO),PO. Here TC is the aged tetrahedral anion,
O(HO),PO. We analyzed the mechanism of serine protease inhibition in
a single catalytic step—the chemical transformationM®
O TC. We demonstrated that the dominant contribution to
effective TS-analog inhibitors in a wide range of serine the superstabilization of &C originates from the formation
proteases [52%53]. Theactive-site serine forms a covalent of acg-covalent bond between the reactive centers in the E-S
tetrahedral aduct TC with the boronic acid moiety of the complex. We suggest a simple computational methodology
inhibitor. We used the simplest molecule [HB(QHhat  for designing functional groups that can serve as the reactiv-
forms a TC [HB(OH),] with OH" anion (see the reaction ity center for new classes of serine protease inhibitors—
scheme in Figure 4 and the stabilization energy dan superstable anioni€C. To support our theoretical findings,
Table 1). we described several examples where excellent agreement

Many serine proteases are inhibited by organophosphoexists between modehb initio quantum chemical calcula-
rus compounds [8]. Diisopropylphosphafridate (DFP), tions and well-known experimental results extracted from the
which stoichiometrically and irreversibly inactivates serine literature.
proteases [54, 55] is used extensively as a diagnostic test for
the presence of the active serine in an enzyme. Phosphor-
ylated serine hydrolases are susceptible to an “ageay-r Acknowledgmenté/e are grateful to Mr. Yehuda Bronitsky
tion, which involves hydrolysis of one phosphate bond [56].from Ormat Industries for supporting the work of Dr. M.
The tetrahedral structure of an aged enzyme-inhibitor comShokhen. We also thank thedsli Ministry for Absorption
plex has a covalent bond between the serine oxygen and phasg-New Immigrants for the Giladi scholarship and the Min-
phorous atom [57]. In our calculations, the reactivity centeristry of Science and Education for their help in supporting in
of DFP was modeled by F(HGRO. The aged product of the this research.
nucleophilic addition of the H@nion is the tetrahedral anion,
O(HO),PO, as shown in Figure 5.
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