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Introduction

Many drugs that are currently in use or in development are
enzyme inhibitors.[1–5] Thus, understanding enzyme mechanism
at the molecular level is of high priority both as a fundamental
science and for a variety of practical applications, especially in
the field of medicinal chemistry. Enzyme inhibitors can be di-
vided into two groups: noncovalent and covalent. In this
report we concentrate on the latter group. Covalent inhibitors
can bind their target enzyme either reversibly or irreversibly. In
a previous theoretical study of transition-state (TS) analogue
inhibitors of serine proteases, we observed that the covalent
bond formed in a thermodynamically stable enzyme–inhibitor
tetrahedral complex (TC) is about 30 kcalmol�1 stronger than
the analogous bond formed by a native substrate in the cata-
lytic reaction intermediate.[6,7] Moreover, the trend in experi-
mental binding constants in series of such inhibitors was well
correlated with the energy of the enzyme–inhibitor covalent
bond.[6] This conclusion is also supported by the kinetic data
for chymotrypsin interacting with a series of peptide amide
substrates and trifluoromethyl ketone (TFK) TS analogue inhibi-
tors, reported by Brady and Abeles.[8] For each pair of TFK and
amide with the same peptidyl fragment, the value of DG

ACHTUNGTRENNUNG(NH2�CF3)

was estimated as DG
ACHTUNGTRENNUNG(NH2�CF3)=G�

ACHTUNGTRENNUNG(NH2)�GTC ACHTUNGTRENNUNG(CF3), for which G�
ACHTUNGTRENNUNG(NH2) is

the free energy of activation of amide substrate hydrolysis and
GTC ACHTUNGTRENNUNG(CF3) is the corresponding free energy of formation of the co-
valent TC, both measured at 25 8C. In the series of five different
peptidyl fragments examined, the standard deviation from
the average value of DG

ACHTUNGTRENNUNG(NH2�CF3) (30.0 kcalmol�1) is only
0.5 kcalmol�1. Analysis of the contribution of various interac-
tions in the enzyme active site to the stability of the TC dem-
onstrated that the dominating factor is the enzyme–inhibitor
covalent bond.[7]

In continuing our mechanistic studies of enzyme–inhibitor
interactions, we consider herein a very specific class of cova-
lent inhibitors—isoselective inhibitors. They are used here as a

tool to analyze fundamental principles that control the trend
in the efficiency of enzyme covalent TS analogue inhibitors.

Results and Discussion

The concept of isoselective inhibitors

In this work we consider the reversible binding of covalent TS
analogue inhibitors to the active site of an enzyme, quantita-
tively described by the equilibrium constant Ki= ([E][I])/[EI] ,
which characterizes the thermodynamic equilibrium between
the reactants (R) and the products (P): RÐP. The reactants cor-
respond to the free enzyme and inhibitor (E and I, respectively)
and the product is an enzyme inhibitor complex, EI. Thus, ac-
cording to the classical definition of thermodynamics, the free
energy of product P formation from reactants R (inhibitor bind-
ing energy) is calculated as:

R T lnKi ¼ DGP ¼ GP�GR ð1Þ

A ligand for an enzyme (either a substrate or an inhibitor)
formally consists of two parts. One part, the CS region, con-
tains the reactive chemical site and the covalent surroundings
that control its chemical reactivity. The CS is a localized com-
pact structural fragment. The rest of the ligand, the recogni-
tion site (RS), participates only in various noncovalent interac-
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A transition-state analogue inhibitor that covalently reversibly
binds to an enzyme formally consists of two parts : the chemical
site, CS and the recognition site, RS. We have experimentally and
theoretically demonstrated that the trend of binding affinity in a
series of isoselective inhibitors (with identical RS and different CS
fragments) depends mainly on their CS fragments. Isoselective in-
hibitors have the same affinity trend toward different enzymes of

the same family with a common catalytic mechanism. Thus, very
good correlation between experimentally determined and theo-
retically calculated Ki values was demonstrated. A practical out-
come is the application of the described method as a tool for an
expert analysis in virtual screening of inhibitor libraries and in
the design of new enzyme inhibitors.
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tions with the enzyme. Its role is to properly align the ligand in
the enzyme active site.[6] The binding energy DGP of each cova-
lent inhibitor defined in Equation (1) can be approximated as:

DGP ¼ DGPðCSÞþDGPðRSÞ ð2Þ

We consider a special class of ligands with identical RS and
different CS fragments. The RS fragment bears the main contri-
bution to inhibitor selectivity (recognition), so we classify such
inhibitors as isoselective. Thus, at a good level of approxima-
tion, the relative free energy of enzyme–inhibitor binding,
DDGP,k :

DDGP,k ¼ DGP,k�DGP,o ð3Þ

measured for any inhibitor k relative to a reference inhibitor o
in the isoselective inhibitor series (all having the same RS frag-
ment), depends mainly on the varied CS fragment:

DDGP,k � DDGP,kðCSÞ ð4Þ

In other words, the trend in binding affinity in a series of iso-
selective ligands depends mainly on their CS fragments.

Experimental validation of the concept

We synthesized three series of isoselective TS analogue inhibi-
tors of serine proteases and measured their inhibition con-
stants. Two sets of the general formula RS�X (RS=Cbz-Phe;
X=OH, H, CH3, COCH3, CF3 and RS=Cbz-Gly-Leu-Phe; X=OH,
H, CH3, COCH3) were examined with three serine proteases:
chymotrypsin, subtilisin, and carboxypeptidase Y. The third RS�
X series (RS=Cbz-Ala-Ala; X=OH, H, CH3, COCH3) was studied
on the serine protease elastase. The syntheses of the aldehyde,
the methyl ketone, and the methyl diketone derivatives (X=H,
CH3, and COCH3, respectively) followed the approach of Ange-
lastro et al.[9] The trifluoromethyl ketone TS analogue (X=CF3)
was prepared according to Walter et al.[10] The corresponding
inhibition constants are presented in Tables 1 and 2. The same
trend is observed for all three different recognition sites Cbz-
Phe, Cbz-Gly-Leu-Phe, and Cbz-Ala-Ala in all examined en-
zymes; the stability of the TC as a function of varied CS frag-
ment decreases in the following order:

CF3>COCH3>H>CH3>OH

Thus, the CS fragment controls not only the extremely large
difference in stability of the TC formed by a good inhibitor
versus a substrate (CF3 versus NH2),

[7,8] but also the difference
in the binding trend observed between inhibitors with similar
electron-withdrawing ability such as CF3 and COCH3. The
above experimental data can be generalized in a conceptual
conclusion: the trend in binding affinity of any two isoselective
ligands to an enzyme is independent of variation in the RS frag-
ment.

Data in Tables 1 and 2 demonstrate that the same trend is
observed for all enzymes examined. This result experimentally
demonstrates the validity of the second basic concept: a series

of isoselective inhibitors has the same affinity trend toward differ-
ent enzymes belonging to the same family with a common cata-
lytic mechanism.

Theoretical analysis

Different members of the same enzymatic family with a
common catalytic mechanism differ by the recognition fea-
tures of their active sites. Therefore, noncovalent enzyme–RS
interactions are different for different enzymes from the same
family. Analogously, the enzyme–RS interactions between an
enzyme and two inhibitors with different RS fragments would
also be different. On the other hand, the experimental data
demonstrate that reversible covalent inhibitors with varied CS
fragments have the same binding trend for various representa-
tives of the same enzyme family and in different series of iso-
selective inhibitors. A reasonable explanation is that the domi-
nant trend-determining factor is not the recognition contribu-
tion of the RS fragment, but rather the energy released from
the enzyme–inhibitor chemical reactivity of the CS. This idea
can be examined by molecular modeling that ignores the RS
fragment of inhibitors as well as the noncovalent interactions
of the CS fragment in the enzyme active site. The latter ap-
proximation is justified, as the energy of the enzyme–inhibitor
covalent bond is one or two orders of magnitude higher than
the energy of noncovalent recognition interactions in the
enzyme active site for such a small fragment as CS.[7,11] In fact,
our earlier modeling studies (mentioned above) in which the
RS fragments were avoided indeed reproduced the experimen-
tal trend.[6,7] Nevertheless, more precise modeling, especially
with systems that are energetically similar, would require the
proper accounting of all environmental effects. We studied a
series of substituted carbonyl groups (CH3�CO�X; X=H, OH,
CH3, CF3, COCH3) to generate the CS fragments of the exam-

Table 1. Apparent inhibition constants (Kapp
i [mm]) for TS analogue inhibi-

tors of serine proteases.[a]

Inhibitor Chymotrypsin Subtilisin CPY[b]

Cbz-Phe-OH 340 6010 3600
Cbz-Phe-CH3 208 630 70
Cbz-Phe-H 19 26 41
Cbz-Phe-COCH3 0.75 19 1.07
Cbz-Phe-CF3 0.22 0.64 0.04

[a] Measured at 25 8C. [b] carboxypeptidase Y.

Table 2. Apparent inhibition constants (Kapp
i [mm]) for TS analogue inhibi-

tors of serine proteases.[a]

Inhibitor[b] Chymotrypsin Subtilisin CPY[c] Elastase

RS-OH 64 404 126 1380
RS-CH3 48 80 50 1000
RS-H 1.96 2.69 4.0 67
RS-COCH3 0.011 0.053 0.59 31

[a] Measured at 25 8C. [b] RS=Cbz-Gly-Leu-Phe for chymotrypsin, subtili-
sin, and CPY; RS=Cbz-Ala-Ala for elastase. [c] carboxypeptidase Y.
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ined isoselective inhibitors. These functional groups of the
water-solvated inhibitors are subjected to various chemical
ACHTUNGTRENNUNGinteractions with water. Thus, the peptidyl bound carboxyl
group (X=OH) has pKa ~5 and therefore is ionized at neutral
pH. The carbonyl group with H, COCH3, and CF3 substituents
could be hydrated.[8,12] The products of such competitive reac-
tions, the carboxylate anion and the hydrate, could not interact
with the Ser nucleophile in the active site of serine proteases.
Thus, the competitive reactions consume free inhibitor and
considerably decrease its concentration. Therefore, the experi-
mentally measured values in Tables 1 and 2 are in fact the ap-
parent binding constants, Kapp

i .[8] These competing reactions
that lead to the formation of a nonreactive product C are ex-
pressed in the thermodynamic equilibrium:

C Ð R Ð P ð5Þ

In this case, the formation of product P is determined by
Kapp

i , the expression of which can be derived from statistical
thermodynamics as:

lnKapp
i ¼ DGP=R Tþln½1þeð�DGC=R TÞ	 ð6Þ

lnKi=DGP/RT, lnKC=�DGC/RT; DGP=GP�GR and DGC=

GC�GR, for which GR, GP, and GC are the free energies of states
R, P, and C in the equilibrium, respectively. If the formation of
the competitive product C is an exothermic process with a
large equilibrium constant, KC>1, the value of Kapp

i can be ap-
proximated by a simpler formula such as that used by Brady
and Abeles[8] for the hydration of TFK inhibitors, for which Kh=

4500:

Kapp
i ¼ KC K i ð7Þ

Another complication is the fact that as electrophiles, the
COOH and COCH3 groups are too weak, and thus the over-
whelming fraction of the enzyme–inhibitor complex is repre-
sented by a noncovalent Michaelis complex (MC), and only a
negligible fraction is in the form of the covalent TC.[13] There-
fore, the average relative free energy of binding hDDGP,ki of in-
hibitor k defined in Equation (3) can be expressed as:

hDDGP,ki ¼ xMC,k DDGMC,kþxTC,k DDGTC,k ð8Þ

The relative energies of formation are DDGMC,k=DGMC,k�
DGMC,o and DDGTC,k=DGTC,k�DGTC,o [Eq. (3)] , for which the
molar fractions xMC,k and xTC,k can be estimated from standard
formulas of Boltzmann statistics: xi= [e(�DDGi/RT)]/Z ; Z is a parti-
tion function.

In the Michaelis complex formed by any inhibitor k, the CS
fragment of the inhibitor is not involved in any covalent chem-
ical interaction with the enzyme. Therefore, if we ignore the
noncovalent interactions of the CS fragment with the enzyme
active site (see discussion above), we can conclude that
DDGMC,k=0. Indeed, according to Equation (2), in the absence
of covalent binding the only contribution to the free energy of
inhibitor binding is the DGMC(RS) noncovalent recognition in-

teraction: DGMC,k=DGMC,k(RS). As all inhibitors in a series of iso-
selective inhibitors have identical RS fragments, their binding
energy values DGMC,k(RS) are equivalent. Consequently, within a
series of isoselective inhibitors, the relative binding energies in
the Michaelis complex are zero: DDGMC,k=0. In other words,
the binding trend in a series of isoselective inhibitors, DDGP,k,
is in fact a function of DDGTC,k values only, even when consid-
ering a very small molar fraction of TC, as in the case of CH3

and OH substituents at the carbonyl group, for which xMC,k@

xTC,k (see ref. [13] and discussion above).
We have examined the above formulated principles of isose-

lective inhibition through molecular modeling of TS analogue
inhibitors[8,14,15] of serine proteases. We used a series of sub-
ACHTUNGTRENNUNGstituted carbonyl groups (CH3�CO�X; X=H, OH, CH3, CF3,
COCH3) to generate the CS fragments of the isoselective inhibi-
tors examined. The variation of X covers a wide range of cova-
lent TC stability, from very unstable in the case of CH3 and OH,
up to highly stable TCs formed by TFK inhibitors.[8] The serine
nucleophile was simulated by the CH3O

� anion. Water is the
bulk solvent for the enzymatic reaction considered. To accom-
modate both processes, the formation of the anionic TC prod-
uct and the competitive hydration of the carbonyl group or
acid dissociation in the case of X=OH, we considered the fol-
lowing three reactions:

CH3O
�þCH3�CO�X ! CH3�CðO�ÞðOCH3Þ�X ð9Þ

H2OþCH3�CO�X ! CH3�CðOHÞ2�X ð10Þ

H2OþCH3�COOH ! CH3�COO�þH3O
þ ð11Þ

According to the formulated concept, the relative binding
affinity of any two isoselective ligands is independent of the
structural constants of the reaction series, such as common re-
actants (serine nucleophile) and common structural fragments
(the RS fragment of inhibitors). Specifically, the nucleophiles
CH3O

� and H2O [Eq. (9) and Eq. (10)] , the basic H2O, and the
product H3O

+ [Eq. (11)] are structural constants in the model-
ing reaction series. Therefore, they do not contribute to the
corresponding relative free energies of formation (DDGTC,k and
DDGC,k) of TC and C, the competitive product from the inhibi-
tor Ik :

DDGTC,k ¼ ½GTC,k�GI,k	�½GTC,o�GI,o	 ð12Þ

DDGC,k ¼ ½GC,k�GI,k	�½GC,o�GI,o	 ð13Þ

for which GTC,k, GC,k, and GI,k are the quantum mechanically cal-
culated free energies of TC, C, and the inhibitor I, respectively.
The subscript “k” marks the varied substituent in CS and “o”
corresponds to the referenced substituent (the aldehyde in
this case: X=H) used as a zero point on the scale of relative
DDGTC,k and DDGC,k energies. The competitive reaction of hy-
dration in Equation (13) is considered for all but X=OH sub-
stituents. In the latter case, the side reaction is the acid dissoci-
ation reaction. With pKa 4.76 for acetic acid and an equilibrium
constant K= [A�]/[AH] obtained by the Henderson–Hasselbalch
equation:[16]
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pH ¼ pKaþlog ð½A�	=½AH	Þ ð14Þ

the derived absolute free energy, DGA(�),OH of CH3COO� com-
petitive product formation is �3.04 kcalmol�1 at 298 K and
pH 7. In the specific case of X=OH, the relative free energy of
the competitive product formation, DDGC,k [Eq. (13)] is
DDGA(�),OH and can be calculated by:

DDGAð�Þ,OH ¼ DGAð�Þ,OH�DGhyd,CF3
þDDGhyd,CF3

ð15Þ

In Equation (15) DGhyd,CF3
is the absolute free energy of hy-

drate formation for X=CF3, and DDGhyd,CF3
is the corresponding

relative value defined in Equation (13). The value of DGhyd,CF3
=

�4.96 kcalmol�1 was derived from the experimental value of
the hydration constant of TFK inhibitors.[8] The relative free
energy DDGhyd,CF3

of the corresponding hydrate formation was
determined by Equation (13).

Based on our experimental results and the theoretical analy-
sis discussed above, we have suggested that the trend in TC
stability in a series of isoselective inhibitors is mainly deter-
mined by the covalent interaction of the inhibitor CS fragment
with Nuc, the nucleophilic functionality of the enzyme (Nuc=
Ser residue in serine proteases, considered herein). The model-
ing approach used reflects this feature and considers only the
reaction core explicitly : the CS–Nuc covalent interaction. More-
over, as mentioned above, such a simplification was accepted
in order to examine by modeling whether the CS–Nuc covalent
interaction is the dominant factor in determining the trend in
a series of isoselective inhibitors. Nevertheless, despite the
local character of such a CS–Nuc interaction, it should be
strongly influenced by environmental effects: polar and
ACHTUNGTRENNUNGcharged groups in the enzyme active site and solvation by
bulk water. We used the QM/SCRF(VS) approach aimed at
quantum mechanical simulation of chemical reactions in
enzyme active sites, treating a water-solvated enzyme as a
two-layer system.[17,18] The inner layer, the molecular cluster
model of the reaction core, was calculated in gas-phase ap-
proximation by high level DFT.[19–21] The outer layer includes
the rest of the protein and the bulk water, so it is very hetero-
geneous. The QM/SCRF(VS) approach avoids the complications
of heterogeneity by considering the protein/water outer layer
as a “virtual solvent”, a uniform continuum dielectric medium
characterized by an empirical parameter, the effective dielectric
constant eeff ; 1eeff80. The interval borders correspond to
the extreme cases of either a vacuum- or water-embedded
molecular cluster. The eeff parameter considered is a local char-
acteristic of the polarization effect of the outer layer at the
small area of the reaction core (molecular cluster). The polari-
zation level at the reaction core caused by the outer layer is
specific for every enzyme, so eeff can vary widely between dif-
ferent enzymes. In its physical sense, eeff is very close to ep, the
local protein di ACHTUNGTRENNUNGelectric constant introduced by Warshel and co-
workers; ep is not an absolute constant, but rather simply a pa-
rameter that depends on the model used.[22–24] Therefore, it
may even vary for the same enzyme, depending on the explicit
model or specific inhibitor used, as exemplified in the present

study by the effect of different modeling on the eeff value for a
given enzyme (Figure 1 versus Figure 3).

To fit the empirical parameter eeff, the effective dielectric
constant of the virtual solvent, the solvation energy was calcu-
lated for different e values to best fit between sets of experi-
mental and theoretically calculated values of lnKapp

i,k for a series
{Ik} of isoselective inhibitors. The total free energy G of any

Figure 1. Linear correlation according to Equation (18) between experimen-
tal and theoretically calculated values of lnKapp

i,k for the Cbz-Phe-X series of
isoselective inhibitors forming anionic TCs with chymotrypsin, subtilisin, and
carboxypeptidase Y (CPY). The values of lnK app

i,k (rel) were calculated by Equa-
tion (17). The best fits correspond to the following coefficients and parame-
ters : a) CPY: a=0.2484, b=�9.8879, SE=0.445, eeff=1; b) subtilisin: a=
0.2405, b=�9.5204, SE=0.940, eeff=4; c) chymotrypsin: a=0.2263, b=
�11.2468, SE=0.792, eeff=4.
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considered state of the modeling systems was quantum me-
chanically calculated as:

G ¼ GgþGsðeÞ ð16Þ

where Gg and Gs(e) are the absolute gas-phase and solvation
free energies, respectively. The calculated numerical values of
relative free energies DDGTC,k and DDGC,k are collected in
Table 3. DDGC,k values are calculated at e=80, reflecting the

fact that the competitive reaction of inhibitor hydration or acid
dissociation occurs when the free inhibitor is fully water-solvat-
ed. DDGTC,k values are calculated at different values of e. Com-
bining Equation (6) with Equations (12) and (13) gives the de-
sired expression of the relative Kapp

i,k (rel) for any inhibitor k in the
isoselective series:

lnKapp
i,k ðrelÞ ¼ DDGTC,k=R Tþln½1þeð�DDGC,k=R TÞ	 ð17Þ

The advantage of theoretically calculating Kapp
i,k (rel) by Equa-

tion (17) instead of absolute values Kapp
i,k [Eq. (6)] is that the rec-

ognition contribution to the binding energy can be ignored, as
DDGP,k(RS)=0 and DDGP,k=DDGP,k(CS). Thus the molecular
cluster used for modeling is decreased to the reaction core
CS–Nuc only. Moreover, Kapp

i,k (rel) gives comprehensive informa-
tion if one is interested in the binding trend only. Comparison
of Equations (6) and (17) shows that lnKapp

i,k can be well approxi-
mated as a linear function of lnKapp

i,k (rel):

lnKapp
i,k ¼ a lnKapp

i,k ðrelÞþb ð18Þ

Importantly, the linearity of Equation (18) originates in the
approximation that in a series of isoselective inhibitors, the
binding contributions of CS and RS fragments can be separat-
ed as independent variables. Thus, the intercept b in Equa-
tion (18) has a physical sense of the constant contribution of

the RS fragment to the total binding energy. The slope a can
be interpreted as a quantitative measure of the correspond-
ence of the used RS recognition fragment to the active site of
the specific enzyme. In other words, the numerical values of
the linear coefficients a and b are strictly unique for every
enzyme. Improved recognition by RS corresponds to higher
sensitivity of the binding energy of any pair of inhibitors to
the difference between their CS fragments. The reaction core
CS–Nuc contributes maximally to the binding energy if the
alignment of CS and Nuc in the enzyme active site optimally
reflects their intrinsic electronic properties. A poor alignment
of CS and Nuc requires geometrical deformation in the active
site to provide the chemical interaction, leading to an energy
“penalty” to the overall inhibitor binding energy.

The absolute values of Kapp
i,k can be calculated if the linear co-

efficients a and b are known. We used standard linear regres-
sion analysis to optimize the a and b coefficients by RMS fit-
ting of the theoretically calculated value of lnKapp

i,k to the experi-
mentally determined values of lnKapp

i,k derived from the Kapp
i,k

values presented in Tables 1 and 2. The quality of estimation
can be considerably improved by variation of the calculated
value of lnKapp

i,k (rel)(e) as a function of the dielectric constant e of
the virtual solvent. Thus, we have provided regression analysis
with different sets of values of lnKapp

i,k (rel)(e) calculated with the
corresponding DDGTC,k(e) values presented in Table 3. The best-
fit results of coefficients a and b in Equation (18) selected by
minimum SE and maximum R2 for different e values are pre-
sented in Figures 1 and 2.

Equation (18) is based on the analytically derived expression
for lnKapp

i,k (rel) [Eq. (17)] . Formulation of an analytical dependence
of lnKapp

i,k (rel) that takes the role of various factors into account
can be too complicated. Therefore, for practical inhibitor
design, it may be better to use an alternative simplified numer-
ical approach. This is illustrated in Figure 3, which shows the
linear regression fitting of experimental versus theoretically cal-
culated absolute values of Kapp

i,k calculated on two independent
variables DDGTC,k and DDGC,k (the factors accounted for
herein). Thus, our modeling based on inhibitor CS fragments
alone, reproduces quite well the experimentally observed bind-
ing trend for all enzymes considered and three isoselective in-
hibitor series. This result confirms the suggested dominant role
of the covalent enzyme–CS interactions in the binding trend of
the isoselective inhibitors.

Conclusions

We have introduced isoselective inhibitors as an expert tool for
inhibition trend analysis. The binding trend in a series of isose-
lective inhibitors is determined by the varied CS fragments. A
practical outcome of this analysis is that universal libraries of
CS fragments and enzyme families with tabulated binding in-
crements can be prepared. These libraries will be based on ex-
perimental Ki values for “training” series of isoselective inhibi-
tors, measured for commercially available representative en-
zymes for each enzyme family. Such libraries will serve as data
sources for given CS fragments.

Table 3. Relative free energies[a] of formation of hydrates (DDGC,k)
[b] and

TCs (DDGTC,k)
[c] .

X Hydrate
e=80

TC
e=1

TC
e=2

TC
e=3

TC
e=4

CH3 5.01 1.69 3.63 4.28 6.20
OH[d] �0.04 8.49 8.38 8.27 8.19
H 0.00 0.00 0.00 0.00 0.00
CF3 �1.96 �19.42 �15.95 �14.77 �14.16
COCH3 2.16 �9.48 �6.12 �4.98 �4.45

X TC
e=6

TC
e=8

TC
e=10

TC
e=20

TC
e=40

CH3 6.95 7.47 7.75 8.36 8.44
OH[d] 8.11 8.11 8.08 8.04 8.01
H 0.00 0.00 0.00 0.00 0.00
CF3 �13.56 �13.17 �12.98 �12.58 �12.63
COCH3 �3.85 �3.56 �3.39 �3.19 �3.10

[a] In kcalmol�1. [b] Calculated at e=80. [c] Calculated at different values
of e. [d] In the case of X=OH, the numerical value corresponds to the rel-
ative free energy of acetic acid dissociation, calculated by Equation (15).
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Our inhibitor trend analysis, based on the isoselectivity prin-
ciples formulated above, uses modeling on small molecular
systems that simulate the interactions of the reaction centers
of the inhibitor and the enzyme. Such simulations can exam-
ine, in reasonable time, the affinity of dozens of different CS
fragments in high-level ab initio quantum mechanics. Another
advantage of this approach, which focuses only on the reactive
functional groups, is that it does not require any 3D structural
information about the enzyme. This latter feature is very im-
portant when such information is not available, as is the case
for most of membrane-bound enzymes. On the other hand,
our approach does not take into account, at the explicit molec-
ular level, any possible local environmental effects such as hy-
drogen bonds and van der Waals interactions between the in-
hibitor CS fragment and the enzyme active site. Nevertheless,
it gives an excellent correlation between theoretically and ex-
perimentally determined lnKapp

i values, as the enzyme–inhibitor
covalent bond formed is by far the most trend-dominating
factor.[7] This is further demonstrated in the successful applica-
tion of the isoselective inhibition trend analysis methodology
to some medicinally important enzymes, published separate-
ly.[25]

Experimental Section

General: Enzymes, their substrates,
amino acids and peptides were
purchased from Sigma–Aldrich.
NMR spectra were recorded at 600,
300 or 200 MHz (1H), 150, 75 or
50 MHz (13C), and 188 MHz (19F) in
CDCl3. Chemical shifts are reported
in d (ppm) with TMS as internal
standard. All 1H NMR assignments
were supported by COSY experi-
ments, whereas 13C NMR assign-
ments were supported by DEPT or
hetero-COSY experiments. MS data
were recorded in CI mode with
either isobutane or ammonia as
the reagent gas. TLC was per-
formed on Merck 0.2 mm precoat-
ed silica gel F-254 plates and
viewed by either UV light or Cl2/KI-
tolidine.[26] Flash column chroma-
tography[27] was carried out on
silica gel 60 (230–400 mesh ASTM,
Merck).

Synthesis: The N-protected tripep-
tide Cbz-Gly-Leu-Phe-OH was pre-
pared and characterized as previ-
ously described (Cbz=benzyloxy-
carbonyl).[28] The aldehyde, methyl
ketone, and methyl diketone were
synthesized according to the gen-
eral procedure of Angelastro
et al.[9,29] Cbz-Phe-H,[30] Cbz-Phe-
CH3,

[31] and Cbz-Phe-COCH3
[29] were

characterized according to pub-
ACHTUNGTRENNUNGlished data.

Cbz-Phe-CF3 was prepared according to Walter et al.[10] and charac-
terized according to Schofield et al.[32]

Cbz-Gly-Leu-Phe-NACHTUNGTRENNUNG(CH3)OCH3 (41% yield): 1H NMR: d=0.77 (d, J=
4.2 Hz, 3H), 0.78 (d, J=4.2 Hz, 3H), 1.37 (ddd, J=13.5, 7.0, 2.8 Hz,
1H), 1.46 (obscured, 1H), 1.47 (nonet, J=5.4 Hz, 1H), 2.82 (dd, J=
13.7, 7.5 Hz, 1H), 2.97 (dd, J=13.7, 6.3 Hz, 1H), 3.05 (s, 3H), 3.55 (s,
3H), 3.77 (bd, 2H), 4.56 (dt, J=8.3, 4.7 Hz, 1H), 5.04 (s, 2H), 5.16 (q,
J=7.2 Hz, 1H), 5.98 (t, J=6.9 Hz, 1H), 6.89 (d, J=7.8 Hz, 1H), 7.05–
7.27 (m, 10H), 7.29 ppm (d, J=7.0 Hz, 1H); 13C NMR: d=22.75,
24.53, 25.34, 31.93, 38.07, 41.30, 50.27, 51.51, 60.25, 61.40, 66.86,
126.67, 127.91, 127.97, 128.15, 128.35, 129.34, 136.24, 156.64,
168.91, 171.5, 171.72 ppm; HRMS (m/z) calcd for C27H37N4O6 [MH+]:
513.1774, found: 513.1766.

Cbz-Gly-Leu-Phe-H (82% yield): 1H NMR: d=0.82 (d, J=7.6 Hz, 3H),
0.84 (d, J=7.6 Hz, 3H), 1.33–1.50 (m, 2H), 1.50–1.63 (m, 1H), 2.97
(dd, J=14.0, 7.9 Hz, 1H), 3.10 (dd, J=14.0, 5.28 Hz, 1H), 3.80 (d,
J=4.5 Hz, 2H), 4.52 (q, J=6.8 Hz, 1H), 4.60 (q, J=6.6 Hz, 1H), 5.06
(s, 2H), 5.95 (bd, 1H), 7.11–7.32 (m, 10H), 9.51 ppm (d, J=6.6 Hz,
1H); 13C NMR: d=22.06, 22.75, 24.72, 41.01, 41.18, 44.37, 51.71,
59.81, 67.14, 127.02, 128.05, 128.25, 128.58, 128.66, 129.29, 136.04,
136.24, 156.81, 169.56, 172.63, 198.99 ppm.

Cbz-Gly-Leu-Phe-CH3 (77% yield): 1H NMR: d=0.87 (d, J=6.1 Hz,
3H), 0.89 (d, J=6.0 Hz, 3H), 1.43 (ddd, J=14.1, 8.1, 6.0 Hz, 1H),
1.49 (obscured, 1H), 1.56 (nonet, J=6.08 Hz, 1H), 2.10 (s, 3H), 2.97

Figure 2. Linear correlation according to Equation (18) between experimental and theoretically calculated values
of lnKapp

i,k for the Cbz-Gly-Leu-Phe-X and Cbz-Ala-Ala-X series of isoselective inhibitors forming anionic TCs with
chymotrypsin, subtilisin, carboxypeptidase Y (CPY), and elastase. The values of lnKapp

i,k (rel) were calculated by Equa-
tion (17). The best fits correspond to the following coefficients and parameters: a) CPY: a=0.2450, b=�12.5329,
SE=0.070, eeff=4; b) subtilisin: a=0.3969, b=�13.5250, SE=0.359, eeff=4; c) chymotrypsin: a=0.3926, b=
�14.5664, SE=1.209, eeff=4; d) elastase: a=0.1985, b=�9.4571, SE=0.272, eeff=10.
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(dd, J=6.9, 14.1 Hz, 1H), 3.09 (dd, J=6.3, 14.1 Hz, 1H), 3.81 (d, J=
5.4 Hz, 2H), 4.49 (dt, J=5.4, 8.4 Hz, 1H), 4.77 (q, J=6.9 Hz, 1H),
5.10 (s, 2H), 5.79 (t, J=5.1 Hz, 1H), 6.89 (d, J=8.1 Hz, 1H), 7.10–
7.34 ppm (m, 10H); 13C NMR: d=22.3, 23.04, 25.01, 28.26, 37.12,
41.30, 44.69, 51.99, 59.85, 67.45, 127.28, 128.34, 128.52, 128.85,
129.48, 136.4, 136.47, 156.97, 169.97, 172.08, 206.59 ppm; HRMS
(m/z) calcd for C26H34N3O5 [MH+]: 468.2498, found: 468.2462.

Cbz-Gly-Leu-Phe-COCH3 (60% yield): 1H NMR: d=0.86 (d, J=
6.3 Hz, 3H), 0.90 (d, J=6.3 Hz, 3H), 1.43 (t, J=6.37 Hz, 2H), 1.55
(nonet, J=6.37 Hz, 1H), 2.27 (s, 3H), 2.94 (dd, J=14.1, 8.7 Hz, 1H),
3.18 (dd, J=14.1, 5.1 Hz, 1H), 3.83 (bd, 2H), 4.42 (q, J=7.2 Hz, 1H),
5.10 (s, 2H), 5.4 (dt, J=8.1, 6.7 Hz, 1H), 5.63 (bt, 1H), 6.74 (d, J=
8.1 Hz, 1H), 7.09–7.35 ppm (m, 10H); 13C NMR: d=22.09, 22.96,
23.98, 24.78, 36.64, 40.49, 44.60, 51.39, 54.91, 67.44, 127.26, 128.22,
128.44, 128.71, 128.82, 129.40, 136.01, 136.14, 156.83, 169.5,
172.12, 195.75, 196.78 ppm; HRMS (m/z) calcd for C27H34N3O6

ACHTUNGTRENNUNG[MH+]: 496.2447, found: 496.2434.

Cbz-Ala-Ala-N ACHTUNGTRENNUNG(CH3)OCH3 (76% yield): 1H NMR: d=1.31 (d, J=
7.2 Hz, 3H), 1.34 (d, J=6.9 Hz, 3H), 3.18 (s, 3H), 3.73 (s, 3H), 4.37
(quintet, J=6.9 Hz, 1H), 4.97 (quintet, J=7.1 Hz, 1H), 5.05 (d, J=
12.3 Hz, 1H), 5.11 (d, J=12.3 Hz, 1H), 5.95 (d, J=7.5 Hz, 1H), 6.05
(d, J=9.0 Hz, 1H), 7.38 ppm (m, 5H); 13C NMR: d=18.07, 19.07,
32.10, 45.47, 50.37, 61.46, 66.62, 127.91, 128.17, 128.34, 136.33,
155.73, 172.09, 172.79 ppm.

Cbz-Ala-Ala-H (69% yield): 1H NMR: d=1.21 (d, J=6.9 Hz, 3H), 1.31
(d, J=6.9 Hz, 3H), 4.31 (quintet, J=6.9 Hz, 1H), 4.51 (sextet, J=
7.2 Hz, 1H), 5.01 (s, 2H), 5.72 (d, J=6.6 Hz, 1H), 5.74 (d, J=9.3 Hz,
1H), 7.19–7.25 (m, 5H), 9.39 ppm (d, J=7.5 Hz, 1H); 13C NMR: d=
18.6, 18.77, 50.46, 54.46, 67.08, 128.27, 128.41, 128.58, 136.15,
156.13, 172.85, 199.2 ppm; HRMS (m/z) calcd for C14H19N2O4 [MH+]:
279.1344, found: 279.1332.

Cbz-Ala-Ala-CH3 (86% yield): 1H NMR: d=1.25 (d, J=7.2 Hz, 3H),
1.30 (d, J=6.9 Hz, 3H), 2.11 (s, 3H), 4.24 (quintet, J=6.9 Hz, 1H),
4.46 (quintet, J=6.9 Hz, 1H), 5.02 (s, 2H), 5.64 (d, J=7.2 Hz, 1H),
6.97 (bd, 1H), 7.21–7.25 ppm (m, 5H); 13C NMR: d=17.10, 18.70,
26.49, 50.53, 54.64, 67.00, 128.06, 128.21, 128.56, 136.26, 155.97,
172.16, 206.73 ppm; HRMS (m/z) calcd for C15H21N2O4 [MH+]:
293.1501, found: 293.1504.

Cbz-Ala-Ala-COCH3 (95% yield): 1H NMR: d=1.26 (d, J=7.2 Hz, 3H),
1.34 (d, J=6.9 Hz, 3H), 2.33 (s, 3H), 5.02 (obscured, 1H), 5.08 (s,
2H), 5.94 (bquintet, 1H), 6.73 (d, J=6.9 Hz, 1H), 7.28–7.32 (m, 5H),
7.41 ppm (bd, 1H); 13C NMR: d=16.28, 18.41, 26.77, 49.05, 50.47,
66.95, 127.93, 128.15, 128.48, 136.11, 155.97, 172.33, 204.98,
206.86 ppm; HRMS (m/z) calcd for C16H21N2O5 [MH+]: 321.1450,
found: 321.1452.

Enzyme inhibition assays: All enzymatic assays were carried out
at 25 8C by following substrate hydrolysis spectrophotometrically.
For competitive inhibition assays, solutions of substrate (at the in-
dicated concentration in 20 mL DMSO) and inhibitor (varying con-
centrations in 20 mL DMSO) were dissolved in buffer (940 mL). The
catalytic reaction was initiated by the addition of enzyme solution
(20 mL). Enzyme concentration was set such that under conditions
of substrate saturation (Vmax) and absence of inhibitor, the initial
velocity of hydrolysis was �10�3 ODUsec�1. For slow tight binding
inhibition assays, the discontinuous method was applied.[33] Typi-
cally, the enzyme studied was incubated at 25 8C with the particu-
lar inhibitor dissolved in DMSO (volume of organic solvent not ex-
ceeding 5% of the total volume). Aliquots were removed periodi-
cally, diluted into assay solution containing the substrate, and the
residual enzymatic activity was measured. A control pre-incubation
solution containing all of the ingredients except for the inhibitor
itself was assayed in parallel.

Chymotrypsin (bovine pancreas, EC 3.4.21.1) was assayed in potas-
sium phosphate buffer (100 mm, pH 7.0) by following the hydroly-
sis of N-benzoyl-l-tyrosine ethyl ester (BTEE, 20 mm in DMSO) at
l=256 nm.[34]

Figure 3. Linear correlation between experimental and theoretically calculat-
ed values of lnKapp

i,k by the linear approximation lnK app
i,k =aDDGTC,k+bDDGC,k+

c for the Cbz-Phe-X series of isoselective inhibitors forming anionic TCs with
chymotrypsin, subtilisin, and carboxypeptidase Y (CPY). The best fits of a, b,
and c, the linear regression coefficients, and e values are: a) CPY: eeff=4,
SE=0.128, a=0.5572, b=�0.5504, c=�10.1859; b) subtilisin: eeff=40, SE=
1.054, a=0.4483, b=�0.31931, c=�9.3682; c) chymotrypsin: eeff=20, SE=
0.9362, a=0.4221, b=�0.3057, c=�11.0906.
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Subtilisin (protease type XXVII, EC 3.4.21.62) was assayed in potassi-
um phosphate buffer (100 mm, pH 7.0) by following the hydrolysis
of succinyl-Ala-Ala-Pro-Phe-p-nitroanalide (Succ-AAPF-pNA, 5 mm in
DMSO) at l=404 nm.[35]

Carboxypeptidase Y (S. cerevisiae, EC 3.4.16.1) was assayed in
Tris·HCl buffer (100 mm, pH 8.0) by following the hydrolysis of
BTEE (20 mm in DMSO) at l=256 nm (KM=0.35 mm).

Elastase (porcine pancreas, EC 3.4.21.36) was assayed in Tris·HCl
buffer (100 mm, pH 8.0) by following the hydrolysis of Succ-AAPF-
pNA (4.4 mm in DMSO) at l=412 nm.

Computational details: The molecular structures of the reactants
and products were fully optimized in the gas-phase by the DFT
method, applying B3LYP functional and cc-pvdz basis set imple-
mented in the Jaguar 4.1 package.[36] The absolute gas-phase free
energy values Gg of reactants and products were calculated in
ACHTUNGTRENNUNGharmonic approximation. The continuum reaction field solvation
model implemented in Jaguar, SCRF,[37,38] was used in B3LYP/SCRF//
cc-pvdz level of the DFT method to calculate Gs(e), free energies of
solvation.
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