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Abstract-A range of aryl and arylalkyl boronic acids has been prepared and evaluated as inhibitors of the serine protease 
subtilisin Carlsberg, with the goal of exploring the factors controlling binding to the S1 site. 

Introduction 

Enzymes are now widely used for asymmetric synthetic 
transformations in organic chemistry.’ However the factors 
responsible for determining the structural and 
stereospecificity of enzymes towards unnatural substrates 
and inhibitors remain poorly understood. Among the 
interactions generally considered as contributors to, or 
opposing, binding are steric effects, electrostatic and 
hydrogen bonds, hydrophobic effects arisin 

9 
from solvent 

reorganization, and stacking interactions. We ,became 
interested in this area because identifying and understanding 
the factors controlling substrate and inhibitor binding is an 
essential prerequisite for the selection of enzymes best 
suited to cope with the increasingly broad structural range 
of substrates imposed by the chiral synthon demands of 
asymmetric synthesis.3 As one step in this direction, we 
recently began to analyze the binding of selected substrates 
and inhibitors to synthetically useful proteases. This was 
approached using a combination of enzyme kinetics and 
molecular modeling,4 with the ultimate goal of identifying 
and understanding the active site interactions involved and 
with a view to eventually formulating guidelines for 
predicting binding affinities and orientations for any new, 
unnatural, substrate and inhibitor structures with 
synthetically useful enzymes. 

Subtilisin Carl&erg (EC 3.4.21.14) was chosen as the 
initial enzyme vehicle for these studies, being a 
commercially available serine protease that has been 
applied synthetically5 and for which a high resolution X- 
ray crystal structure is available.6 While a considerable 
amount of kinetic data has been accumulated for this 
enzyme,7 the published data represent an unsatisfactory 
basis for forecasting the behavior of new substrates because 
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of the somewhat haphazard range of literature structures 
surveyed and of the wide variations in the assay conditions 
applied. Subtilisin Carlsberg has an extended binding 
region composed of several subsites of which the Sl- 
pocket8 is of greatest current relevance to the preparation of 
chiral synthons. Delineation of the features controlling 
binding to the S l-pocket, and of the structural and 
electrostatic properties of substrates that promote good S l- 
interactions, is thus of primary importance. 

For systematic probing of enzyme specificity, evaluating 
the binding affinities of competitive inhibitors represents a 
convenient strategy. It is this approach that is followed in 
this paper, using a structurally coherent range of boronic 
acid inhibitors. Boronic acids are generally very effective 
reversible, transition state, inhibitors of serine proteases 
and of subtilisin Carlsberg in particular, as a preliminary 
study has confirmed.10 In this paper, we continue our 
exploration of the dimensions, steric tolerance, and 
electrostatic properties, of the generally hydrophobic Sl 
binding pocket of subtilisin Carlsberg using the boronic 
acid inhibitors RB(OH)z l-32, possessing the range of 
different R-groups identified in Tables 1 and 2. 

Results and Discussion 

Preparation of boronic acids 

The boronic acids used for this study were purchased or 
were prepared as shown in Scheme I from commercially 
available carboxylic acid starting materials. In the first step 
of each boronic acid preparation, the precursor bromide was 
reacted with activated magnesium to give the corresponding 
Grignard reagent, which was slowly added with vigorous 
stirring to a mixture of trimethyl borate in ether at low 
temperature. As noted in the literature, 1 1 the yield of this 
reaction is highly dependent on the reaction temperature 
and the stirring speed. In this regard we found that the best 
results were achieved with mechanical stirring at 500-1000 
rpm. The boronic acids obtained in this step are 
contaminated with borinic acids. The rate of formation of 
borinic acid versus boronic acid was found to depend on the 
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Table 1. Inhibition of subtilisin Carl&erg by phenylboronic acids 1-13a 

Inhibitor 

RB(OH)2 

R Ki (PM) l/Kbind (PM) 

1 lOOk3 23.0 

2 7 f 0.0 1.1 

56 *4 8.4 

3 

4 23*1 1.9 

5 180*10 31 

4 

6 8 f 0.7 0.008 

7 75 f 5 _b 

6 12f 1.2 1.2 

Cl 

9 1OiO.8 1.9 
-- 

Cl 

10 6 f 1.2 1.1 

C 

11 4 f 0.8 0.40 

2* 0.3 0.38 

12 

13 o-d 0 0 37f2 0.41 

aK, values were determined in duplicate at pH 7.1 in 0.1 M phosphate buffer and 25 ‘C. Initial rates were measured at substrate (TAME) 
concentrations in the range of 0.015-0.30 M, inhibitor concentration 10-6-10-3 M and enzyme concentration 3.7 x 1w7 M. 
bEstimation of Kbind not possible due to unavailability of expermiental AGdesolv value for aniline. 
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Table 2. Inhibition of subtilisin Carl&erg by alkyl and arylalkyl boronic acids 14-32a 

37 

Inhibitor 

RB( OH)2 

R WW l/Kbind (PM) 

14 C”3 1.3x104 *1.3x103 _b 

15 1.3x103*200 2.8~10~ 

w 
16 3.3x103 f400 2.6~1~ 

17 257k19 59 

16 520221 114 

225t8 50 

20 270 f 15 59 
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Table 2 Continued 

21 525 f 28 89 

22 

23 

24 

25 

26 

27 

26 

29 

298il4 50 

58 f 4 9.9 

48k3 _C 

884k70 103 

94i7 14 

is*1 2.9 

202*20 7.7x103d 

380f21 _b 

11014 2.0 

aKi values were determined in duplicate at pH 7.1 in 0.1 M phosphate buffer and 25 “C. Initial rates were measured at substrate (TAME) 
concentrations in the range of 0.015-0.30 M, inhibitor concentration 10-6-1@3 M and enzyme concentration 3.7 x l(r7 M. 
bNot estimated since $ value so high. 
‘Estimation of Kgnd not possible due to unavailability of experimental AGdesolv values for the corresponding substituted benzenes. 

dThe free energy of desolvation of trifluoromethylbenzene of -2.16 kcahmole was estimated from bond and group contributions as described in Ref. 
20(b). 
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nature of the trialkyl boronate used, with trimethyl borate 
being the most satisfactory. For example, in the 
preparation of phenylboronic acid (1) borinic acid 
formation is negligible with trimethyl borate as the boron 
source but rises to a 25% yield when tributyl borate is 
used.12 Accordingly, trimethyl borate was used in all 
current preparations. Isolation of the boronic acids as their 
cyclic ethylene 
by distillation.1 9 

lycol esters permitted facile purification 
Subsequent hydrolysis then gave 5,8, 

10, 11, 13, 16-31 in a crystalline form suitable for 
direct use in the enzyme kinetic studies. The 2-(4- 
carboxyphenyl)ethyl boronic acid (32) was prepared by the 
route outlined in Scheme II in which methyl 4-hydroxy 
benzoate (33) was converted to the triflate 34, followed by 
Stille coupling14 with tetravinyltin to yield 35, which on 
treatment with dibromoboranc-dimethyl sulfideI gave the 
boronic acid 32 in 12% overall yield. 

While pure boronic acids are usually air-stable, freshly 
prepared samples may undergo autoxidation. Such 

LiAIH4 
R’-COOH d R-OH 

OH 

R-B’ 
‘OH 

l-31 

Scheme I. 

1. KOH 

autoxidation is inhibited by water. Accordingly, all the 
boronic acids in this study-were stored at 0 “C without 
drying. Similarly, the purchased boronic acids l-4,6, 7, 
9, 12,14,15 were recrystallized from aqueous solution 
prior to use 

Inhibition studies 

For the kinetic determinations, the inhibitors l-32 were 
divided into two groups on the basis of structural 
similarities, with the phenylboronic acid 1-13 and alkyl 
and arylalkyi boronic acid 14-32 categories being the 
most clearly distinguishable. The individual inhibition 
constants for each inhibitor for subtilisin Carl&erg were 
determined using a pH-stat method and with N-paru-tosyl- 
L-arginine methyl ester (TAME) as the standard reference 
substratea Each boronic acid was found to be a 
competitive inhibitor and the results are stmnnarr ‘zed for l- 
13 and 14-32 in Tables 1 and 2 respectively. 

2. HCI 

CBr, 

hP 

H 

pyidine 

33 

R-Br 

I 1. Mg, ether 
2. B(OMe), 

3. (CbOH>2 

R-B: 

3 

OTf 

Me 

(CH&H),Sn, LiCl 
Pd(PPh&,, BHT 
dioxane, reflux 

I 

32 i) HCI 

Scheme II. 
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Inhibition by phenylboronic acids 1-13 

The phenylboronic acids 1-13 were all excellent inhibitors 
(Table 1). A pattern of substituent effects on KI is 
immediately evident in that electron withdrawing 
substituents enhance, and electron donating substituents 
decrease, the binding affinity of a phenylboronic acid to 
subtilisin Carlsberg. For example, a 60-fold difference in 
KI was manifest between the para-methoxy and 3,5- 
dichloro substituent effects of inhibitors 5 and 12, 
respectively. While this indicates that the efficacies of the 
phenylboronic acids 1-13 as competitive inhibitors 
reflect, at least in part, the differences in the 
electrophilicities of the individual boron atoms, no linear 
relationship was evident when the KI values of Table 1 

-pKa -7 

were plotted in a Hammett-like manner against the o 
parameters of the substituents. Thus the relative capacities 
of these compounds to inhibit subtilisin Carl&erg cannot 
be explained simply in terms of the influence of a given 
substituent on the electrophilicity of the boron, and hence 
of the strength of the boron atom interaction with the 
active site serine nucleophile. On the other hand, for the 
monosubstituted boronic acids 1-6, a plot of the -pKa 
values,16 which directly reflect the influence of boron 
electrophilicity on acidity, against o gave a good linear 
correlation (Figure l(a)), whose p value of 2.04 F 0.09 is 
in good agreement with the literature value. l7 The apparent 
contradiction between the KI vs Q and -pKa vs o plots is 
attributed to solvation effects, which always play a major 
role in determining enzyme-inhibitor binding strengths. 

-7.5 

-8 

-8.5 

-9 

-9.5 

-0.2 0 0.2 0.4 0.6 0.8 

log(Kbind) 

8 

a 

(b) 

I”““““‘4 6 

6 

-0.2 0 0.2 0.4 0.6 0.8 

Figure 1. Hammett plot correlations of the effects of substituents on (a) the pK,-values of phenyltnxonic acids and (b) the solvation-corrected 
inhibition constant l/Khind for phenylboronic acid inhibition of subtilisin Cadsberg. Substituents are H(l), m-Cl (2), p-Cl (3), pBr (4), p-OMe (5) and 
m-NO, (6) 
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Unfortunately, reliable general methods for the quantitative 
evaluation of the contributions of solvation-desolvation 
processes in El-formation remain elusive. Nevertheless, we 
have attempted to take solvation effects into account using 
the following protocol. 

When it binds to a protein, an inhibitor must be removed, 
at least in part, from solvent water. If an inhibitor is very 
hydrophobic, the effect of squeezing the molecule out of 
the aqueous phase into a hydrophobic pocket can be very 
important.18 Although phenylboronic acids are too small 
to fit optimally into the S1 binding site, molecular 
graphics analysis shows that phenyl rings themselves must 
be stripped of water in the El-complex. By extension of the 
Wolfenden concept, 1 8b we have characterized the steps 
involved in binding in terms of an equilibrium constant, 
&olV(&,,+ of partial desolvation and of an equilibrium 
constant, Kbind(ina), for binding to the enzyme of a 
partially desolvated inhibitor. This situation is depicted in 
Figure 2. Kbind represents a measure of the “true” affinity 
of the inhibitor for the enzyme in that it is free from 
solvent effects. The equilibrium constant of desolvation, 
Kdesolve can be calculated from the free energy of 
desolvation, AG,jesolv. We attempted to calculate the 
solvation energies involved for binding of 1-13 using 
Biosym’s DelPhilg program but the results were 
ambiguous, and inconsistent with marker experimental 
values. Fortunately, free energies of desolvation have been 
evaluated for many corn 

!” o 
unds from their water-to-vapor 

distribution coefficients. Accordingly, this latter method 
was applied in all solvation-desolvation calculations in the 
current study, with the exception of the trifluoromethyl 
derivative 28, for which the experimental data needed are 
unavailable. Fortunately, however, to a reasonable 
approximation, the contributions of the constituent groups 
of a compound to its AGdesolv value are additive, and the 
solvation energies derived in this way are generally 
consistent with experimental values.20 Accordingly, this 
strategy was applied to estimate AGdesolv for 28. 

In the current study, we have made the assumption that the 
partial free energies of desolvation (AGdesolv) for inhibitors 
1-13 are equal to the desolvation energies of the 
corresponding substituted benzenes. Based on the Figure 2 
CqUatiOn, KI can be re-expressed as = UKbindKdesolv, or 

IlKbind = KIIKdesolv = KI/e-AGdesolv/RT. The values of 
I/Kbind, which may be considered the “true” inhibition 

constants, CalCUlatCd from literature20b values for AGdesolv 
and the current KI data are recorded in Table 1. From these 
values it can be seen that, for each inhibitor 1-13, the free 
energy of desolvation represents a negative binding 
contribution. NOW, a Hammett-plot for l-6 of lOg(Kbind) 

vs o gives a p value of 3.76 f 0.75 (Figure l(b)). The 
combined Figure 1 data thus show that substituent groups 
that withdraw electron density from the boron atom of 
phenylboronic acids will stabilize the adducts of boronic 
acids with -OH, and with the enzyme’s active site serine 
hydroxyl group in the tetrahedral El-complex, in an 
analogous manner. The positive p values observed in both 
plots demonstrate that the negatively charged species 
formed in titration of a phenylboronic acid with hydroxide, 
and in subtilisin Carlsberg inhibition, are similar in 
character. The higher p value for the enzyme plot reflects 
the greater charge separation in a tetrahedral boronic acid- 
subtilisin Carlsberg complex, involving a positively 
charged histidine imidazolium group and the oxyanion 
hole, than in the corresponding boron& acid-hydroxide ion 
adduct, which is stabilized by water only. On another 
aspect of El-binding, the lower KI for 3-biphenylboronic 
acid (13) than for the phenylboronic acid (1) parent can be 
attributed to a better fit of a biphenyl residue than a phenyl 
group into the hydrophobic S 1 pocket. 

Inhibition by alkyl and arylalkylboronic acids (14-32) 

The competitive inhibition constants for the inhibition of 
subtilisin Carlsberg by the boronic acids 14-32 are 
recorded in Table 2 together with the calculated values of 
IlKbind that take solvation-desolvation into account. 
While methylboronic acid (14), the smallest possible 
boronic acid, is a very poor inhibitor of subtilisin 
Carlsberg its KI value is interesting since it provides a 
measure of the contribution that the active site serine221- 
to-boronic acid addition itself makes to inhibitor binding, 
devoid of the additional binding stabilization bestowed by 
the side chains of 15-32 with active site regions such as 
S 1. Alkylboronic acids are generally worse inhibitors of 
serine proteases than arylboronic acids,21 a pattern 
confiied by comparison of the inhibition constants of the 
other two alkylboronic acids 15 and 16 with the Table 1 
values. While 15 and 16 do have lower Kis than 14, they 
are still poor inhibitors. 

solvated inhibitor site-bound inhibitor 

desolvated inhibitor 

Figure 2. Solvation-desolvation steps envisaged in binding of boronic acids to subtilisin Carl&erg 
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The change in inhibition constant on replacing the 
cyclohexyl ring of 16 with a phenyl group, as in 17, is 
dramatic, with the KI of 2-phenylethylboronic acid (17) 
being 128-fold lower, at 270 @I. There is little change in 
the inhibition constant if the aromatic ring of 17 is 
substituted with methyl groups in either the meta- (18) or 
para-position (19), or by a meta-methoxy group, as in 22. 
Chain extension by one CH2-group also has minimal 
effect, with the KI’S of 17 and 29 remaining close. In 
contrast, ortho-substitution of 17 is detrimental, with 
compounds 18,21, and 25 exhibiting KI’S -2-fold higher 
than that of the unsubstituted parent 17. This is indicative 
of steric crowding in the upper part of the Sl binding 
pocket. In contrast, electronegative substituents in the 
par&position contribute very positively to inhibitor 
binding, as exemplified by the low KI’S of 4-methoxy-, 4- 
fluoro- and 4chlorophenylethylboronic acids 23,24 and 
27 respectively. In fact, the KI of 19 p.M for 27 is the 
lowest of all the Table 2 inhibitors. Introduction of a 
naphthyl group, as in 31 and 32, also improves binding 
-2-fold relative to the phenylethylboronic acid standard. On 
the other hand, the electron withdrawing 4-trifluoromethyl- 
and 4-carboxy substituents did not exert the same beneficial 
effect on binding. While inhibition by 28 was marginally 
better than that of 17, introduction of the para-carboxy 
substituent, as in 32, created a very poor inhibitor whose 
KI of 2.7 mM matches those of the alkylboronic acids 14 
16. 

Applications of molecular graphics analyses in conjunction 
with molecular dynamics and electrostatic potential 
calculations permitted the data of Table 2 to be interpreted 
more corn letely. The X-ray structure of subtilsin 
Carlsberg ? was energy-minimized using the Biosym 
“Discover” program and the boronic acid inhibitors 14-32 
then individually docked into the active site. Each El- 
complex was then subjected to energy-minimization by 
Discover’s molecular mechanics protocol, followed by 
molecular dynamics simulation for 20 ps. 

Analyses of the trajectories showed that the 
phenylethylboronic acids oriented themselves at the active 
site such that, for the two hydroxyl groups attached to the 
boron atom, the oxygen atom of one forms a hydrogen 
bond of length 2.4 + 0.2A to Ne of His64 and the oxygen 
of the other forms a hydrogen bond to the amide hydrogens 
of Asn155 of the oxyanion hole. The phenyl ring remains 
in the S 1 pocket after the molecular dynamics simulation. 

The S1 pocket of the enzyme is too narrow to permit the 
cyclohexane ring of 16 to fit satisfactorily, despite the 
driving force of a highly favorable desolvation effect, nor 
to allow good binding of the ortho-substituted compounds 
18,21, and 25. However, the Sl groove is long enough 
to accommodate with ease phenylethylboronic acid (17), 
the par-u- and m&u-substituted compounds 19,20,22-24, 
26-28, and 32, the naphthyl derivatives 30 and 31, and 
3-phenylpropylboronic acid (29). Interestingly, although 
2-(4-methylphenyl)ethylboronic acid (20) and 2-(4- 
trifluoromethylphenyl)ethylboronic acid (28) are 
structurally and sterically similar, their binding affinities 

differ by 130-fold when the desolvation effects are taken 
into consideration. This can be accounted for by the 
capacity of aromatic rings to act as hydrogen-bond 
acceptors.22 In this regard, the Sl pocket of subtilisin 
Carlsberg is lined by the backbone atoms of Gly154 and 
Asn155 on one side, by Leu126, Gly127 and Gly128 on 
the other, and by Gly166 and Tyr167 at the bottom. The 
hydrogen atoms of peptide bond nitrogens of these residues 
represent sites for potential hydrogen bonding to the 
aromatic rings of appropriate Table 2 inhibitors. This 
accounts for the excellent binding of the electron-rich 
naphthylboronic acids 30, 31 and the 4-methoxy 
compound 23. It also explains the better binding of the 
more electron rich 2-methoxy- (21) than 2-methyl- (18) 
and 2-chlorophenylethylboronic acid (25). The poor 
inhibitory properties of 28 are now rationalizable in terms 
of the deleterious effect on S 1 hydrogen bonding resulting 
from the low electron density induced in the aromatic ring 
of 28 by the puru-trifluoromethyl substituent which, 
furthermore, is itself a poor hydrogen-bond acceptor. 

Contributions of electrostatic attractions to El-binding 
were also investigated. Calculations using the Delphi 
program of the electrostatic potential23 of the active site 
region of subtilisin Carl&erg identified regions of positive 
charge located on both sides of Sl and in proximity to 
Gly128, Ala129 and Tyr167 at, and beyond, the bottom of 
the Sl pocket. This is evident in Figure 3, which depicts 
the El-complex of the enzyme with the excellent inhibitor 
27. The negative potential of the puru-chloro group of 27 
overlaps with the positive region at the bottom of Sl to 
give a beneficial electrostatic contribution to El-binding. 
Such overlap turns out to be generally advantageous 
Comparative calculations on the El complexes of subtilsin 
Carlsberg with 17,24 and 27 revealed that the lowering 
of KI’S induced by the introduction of a puru-fluoro- or 
chloro substituent were attributable to electrostatic 
attractions between the negative potential of the fluoro or 
chloro function of the inhibitor with the positive potential 
on the enzyme’s surface adjacent to the bottom of the S1 
pocket. In the minimized El-complexes of 24 and 27, the 
electronegative puru-fluoro and chloro-substituents 
respectively point to the bottom of Sr where they are 
attracted to the partially positively charged hydrogen atoms 
attached to the peptide-bond nitrogen atoms of Tyr167, 
Ala129 and Gly128. The same effect is evident in the 
better binding than 17 of the metu-chloro inhibitor 26. 
Disappointingly, 2-(4-carboxyphenyl)ethylboronic acid 
(32), whose paru-carboxyl function was designed to 
interact, in its carboxylate conjugate base form, with the 
positive region emanating from the rear of Sl, was a very 
poor inhibitor. We attribute this to the very high free 
energy cost of desolvation involved in transferring a 
carboxylate group out of aqueous solution into a 
hydrophobic active site pocket.24 

While the current results represent only a first step towards 
exploring the factors controlling binding to the S 1 groove 
of subtilisin Carl&erg, they have identified several factors 
that can contribute to good binding. Future studies will 
probe these aspects further. 
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Figure 3. E&ctrostatic contribution to inhibitor binding in the S pocket. Isocontours were obtained at -20 k&/mole for both positive (blue) and 
negative (red) electrostatic potentials. (a) The Delphi calculated e&trostatic potential for 2-(44lorophenyl)ylboronic acid (27) shows the large 
negative potential associated with the para-chloro group (identified by the arrow c-). (b) The tetrahedral El-complex of subtilisin Carl&erg and 27 is 
shown. The electrostatic potential surface of the enzyme is depicted, with the inhibitor structure in line-form only for clarity. The region extending 
beyond the bottom of the Si pocket is seen to be one of positive potential (blue, idenitified by arrow c) with which the negative field of the para- 
chloro can interact in an electrostatically attractive manner. The extent of this overlap can be envisaged by mental juxtaposition of the (a) and (b) 
images 

Experimental Section 

General meth& 

Unless otherwise stated, all reactions were performed under 
nitrogen using oven-dried glassware. Anhydrous reagents 
were prepared according to literature procedures.25 
Preparative flash column chromatography was performed 
using silica gel 60 (40-63 p), supplied by Toronto 
Research Chemicals Inc. Melting points were obtained on 
a Tottoli melting point apparatus, and are uncorrected. 
Boiling points are uncorrected. IR spectra were determined 
in KBr pellets (for solids) and films (for liquids) on a 
Nicolet 5DX FTIR spectrophotometer. NMR (‘H, 13C) 
spectra were recorded on a Gemini 200 (200 MHz, 50 MHz 
respectively) spectrometer unless otherwise indicated. ‘H 
NMR chemical shifts are reported in ppm relative to the 
CHC13 peak (6 = 7.24) with CHCl3 as solvent, the DMSO 
peak (8 = 2.49) in DMSO-de and the HOD peak (6 = 4.80) 
in D20. 13C NMR chemicat shifts are reported in ppm 
relative to the CHC13 peak (6 = 77.00) with CHC13 as 
solvent, the DMSO peak (8 = 39.50) in DMSO-de and 
relative to external dioxane (8 = 66.50) in D20 as solvent. 
Mass spectra were measured on a Bell and Howell 21-490 
(low resolution) or AEI MS3074 instrument (high 
resolution). 

Dibromoborane, bromobenzene, 4-bromoanisole, 2,3- 
dichloro-1-bromobenzene, 2,5-dichloro-1-bromobenzene 
and 3,4dichloro-1-bromobenzene, (2-bromoethyl )benzene, 
2-(4-fluorophenyl)ethanol, 1-bromo-3_phenylpropane, 2- 
methylphenylacetic acid, 3-methylphenylacetic acid, 4- 
methylphenylacetic acid, 2-methoxyphenylacetic acid, 3- 
methoxyphenylacetic acid, 4-methoxyphenylacetic acid, 4- 
trifluoromethylphenylacetic acid, 4chlorophenylacetic acid, 
1-naphthylacetic acid, 2naphthylacetic acid, 2-(4- 
fluorophenyl)ethanol, 2-cyclohexylethanol, phenylboronic 
acid (l), 4-bromophenylboronic acid (4), 3-nitrophenyl- 
boronic acid (6), 3aminophenylboronic acid (7) and 
methylboronic acid (14) were obtained from Aldrich. 4- 
Chlorophenylboronic acid (3), 2,4dichlorophenylboronic 
acid (9) and 3,5-dichlorophenylboronic acid (12) were 
purchased from Lancaster and methyl 4-hydroxy benzoate 
(33) from Baker. n-Butylboronic acid (15) and subtilisin 
Carl&erg (Lot 29F-0050) were obtained from Sigma. (2- 
Bromoethyl)-cyclohexaue, l-(2-bromoethyl)-2-methyl- 
benzene, l-(2Tbromoethyl)-3-methylbenzene, 1-(2- 
bromoethyl)-4_methylbenzene, 1-(2-bromoethyl)-2- 
methoxybenzene, 1-(2-bromoethyl)-3-methoxybenzene, l- 
(2-bromoethyl)-4-methoxybenzene, 1-(2-bromoethyl)-2- 
chlorobenzene, 1-(2-bromoethyl)-3-chlorobenzene, 1-(2- 
bromoethyl)4chlorobenzene,1-(2-bromoethyl)4-trifluoro- 
methyl benzene, l-(2-bromoethyl)naphthalene, 2-(2- 
bromoethyl)naphthalene and 3-bromobiphenyl were 
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prepared from the corresponding alcohols. The alcohols 
were conveniently prepared by reduction of the 
corresponding acids with LiAlIQ. 3Chlorophenylboronic 
acid (2) and 3,5dichlorophenylboronic acid (12) were gifts 
from Professor H. Honig. 

General procedure for preparation of bmmic acids 

The method for 4-methoxyphenylboronic acid (5) is 
representative. 

4-Methoxyphenylboronic acid (5). 4-Methoxyphenyl- 
magnesium bromide was prepared from magnesium (1.46 
g, 0.06 mol) and 4-bromoanisole (6.26 mL, 0.05 mol) in 
ether (75 mL). This solution was added during the course 
of 1 h to a solution of trimethyl borate (5.88 mL, 0.05 
mol) in dry diethyl ether (150 mL). The reaction mixture 
was mechanically stirred and cooled so that the internal 
temperature was maintained below -60 “C. After all the 
Grignard reagent had been added the white suspension was 
allowed to warm slowly (preferably overnight) to room 
temperature. The reaction mixture was then added slowly to 
10% aqueous H2SO4 (50 mL) at 0 “C. The ether layer was 
separated and the aqueous phase extracted with ether (3 x 50 
mL). The combined organic phases were dried (MgSOa), 
filtered, added to a flask containing ethylene glycol(3.10 g, 
0.05 mol) and stirred vigorously for 30 min. After addition 
of hexanes (200 mL) the aqueous phase was separated and 
the organic layer dried (MgSO4) and filtered. Evaporation 
of the solvents and distillation furnished the desired 
ethylene glycol boronate, which was dissolved in ether (50 
mL) and extracted with 1 M aqueous KOH (5 x 30 mL). 
The combined aqueous layers were washed with diethyl 
ether (30 mL) and acidified to pH 1 with 10% hydrochloric 
acid. The precipitated boronic acid was then extracted into 
diethyl ether (5 x 30 mL) and the combined ether layers 
washed with saturated aqueous NaCl. The organic phase 
was added to water (25 mL) and the volatile components of 
the two phase mixture removed at 130 “C on a rotary 
evaporator until 5 mL of water had distilled into the 
receiver. The remaining mixture was then cooled at 4 “C 
for 2 h and the crystalline boronic acid collected by 
filtration and stored under argon. The product 5 (3.50 g, 
46% yield after recrystallization from water) had m.p. 155- 
157 “C. IR (KBr) 3600-3000, 1650, 1570, 1350, 780 
cm-l. ‘H NMR 6 (DMSO-&) 3.42 (3H, s), 6.88 (2H, d, J 
= 8.5 Hz), 7.74 (2H, d, J = 8.5 Hz), 7.85 (2H, s, 
exchangeable with D20). 13C NMR (CDC13) 6 54.9, 
113.2, 136.2, 161.4. HRMS 402.1570 (calcd for anhydride 
C21H21 B306: 402.1617). 

The other boronic acids were prepared analogously,26 as 
follows. 

2,3-Dichlorophenylboronic acid (8). 38% yield from 2,3- 
dichloro-1-bromobenzene, m.p. 241-242 “C. IR (KBr) 
3600-2800, 1522, 1411, 1365, 1004, 979, 792,690 cm-l 
‘H NMR (DMSO-&) 6 7.25-7.35 (2H, m), 7.5-7.6 (lH, 
m), 8.49 (2H, s, exchangeable with D20). 13C NMR 
(DMSO-d6) 6 128.8, 131.7, 132.7; 134.2, 139.7. HRMS 
189.9764 (calcd for anhydride C&BC1202: 189.9760). 

2,5-Dichlorophenylboronic acid (IO). 49% yield l?om 2,5- 
dichloro-1-bromobenzene, m.p. 202203 “C. IR (KBr) 
3600-2800, 1550, 1252, 1005, 787 cm-‘. tH NMR 
(DMSO-d6) 6 7.3-7.4 (2H, m), 7.8-7.9 (lH, m), 8.45 
(2H, s, exchangeable with 90). 13C NMR (DMSO-&) S 
130.2, 130.7, 131.6; 133.4, 135.0. HRMS 515.8982 
(calcd for anhydri& CtsH9B@&: 515X$%2). 

3,4-Dichlorophenylboronic acid (11). 63% yield from 3,4- 
dichloro-1-bromobenzene, m.p. 275-277 “C. IR (KBr) 
3600-2800, 1551, 1250, 1005, 979, 788 cm-l. ‘H NMR 
(DMSO-&) 6 7.4-7.8 (3H, m), 7.95 (2H, s, exchangeable 
with D20). 13C NMR (DMSO-a) 6 130.6, 131.5, 133.8, 
134.8, 136.5. HRMS 515.8976 (calcd for anhydride 
C,sH9B$l&: 515.8962). 

3-Biphenylboronic acid (13). 18% ield from 3- 
biphenylbromide; m.p. 202-204 “C (lit.2 7 m.p. 207-208 
“C). IR (KBr) 3600-3000, 1550, 1005, 979 cm-‘. ‘H 
NMR (DMSO-6) 6 7.3-8.2 (m). 13C NMR (DMSO-a) 6 
126.9, 127.5, 128.3, 128.6, 129.2, 132.8, 133.5, 139.5, 
140.9. 

2-Cyclohexylethylboronic acid (16). 43% yield from (2- 
bromoethyl)cyclohexane, m.p. 88-89 “C. IR (KBr) 3300- 
3000,2923, 1549, 1376, 1224, 1004,979 cm-l. ‘H NMR 
(DMSO-de) 6 0.35-1.25 (lOH, s), 1.5-1.8 (5H, m), 7.31 
(2H, s, exchangeable with D20). 13C NMR (DMSO-6) 6 
12.4 (broad), 25.9, 26.4, 31.8, 32.7, 39.5. HRMS 
414.3648 (cakd for anhydride C2$&B303: 414 3665) 

2-Phenylethylboronic acid (17). 55% ield from (2- 
bromoethyl)benzene, m.p. 85-87 “C (lit. 17 m.p. 88 “C). 
IR (KBr) 3500-3200, 1377, 1039, 695 cm-‘. ‘H NMR 
(DMSO-de) 6 0.90 (2H, t, J = 8 Hz), 2.62 (2H, t, J = 8 
Hz), 7.1-7.3 (5H, m), 7.53 (2H, s, exchangeable with 
D20). 13C NMR (DMSO-&) 6 18.6 (broad), 32.3, 128.7, 
130.8, 131.6, 147.8. HRMS 396.2220 (calcd for anhydride 
C24H27Bs03: 396.2230). 

2-(2-Methylphenyl)ethylboronic acid (18). 46% yield from 
l-(2-bromoethyl)-2_methylbenzene, m.p. 62-63 “C. IR 
(KBr) 3600-3000, 1371,1362, 1227, 784 cm-l. ‘H NMR 
(DMSO-d6) 6 0.85 (2H, t, J = 8 Hz), 2.22 (3H, s), 2.58 
(2H, t, J = 8 Hz), 7.0-7.2 (4H, m), 7.53 (2H, s, ex- 
changeable with D20). 13C NMR (DMSO-6) 6 16.1 
(broad), 18.8, 27.4, 125.6, 126.1, 127.9, 130.0, 135.5, 
143.3. HRMS 438.2734 (calcd for anhydride C27H33B303: 
438.2709). 

2-(3-Methylphenyl)ethylboronic acid (19). 45% yield from 
I-(2-bromoethyl)-3-methylbenzene, m.p. 56-58 “C. IR 
(KBr) 3600-3000, 1373, 1326, 1222, 781, 760 cm-l. ‘H 
NMR (DMSO-d6) 6 0.89 (2H, t, J = 8 Hz), 2.23 (3H, s), 
2.59 (2H, t, J = 8 Hz), 6.9-7.0 (3H, m), 7.1-7.2 (lH, m), 
7.51 (2H, s, exchangeable with D20). 13C NMR (DMSO- 
6) 6 17.2 (broad), 21.0, 30.1, 125.0, 126.1, 128.3, 128.7, 
137.3, 145.3. HRMS 438.2714 (calcd for anhydride 
C27H33B303: 438.2709). 
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2-(4-Methylphmyl)ethylboronic acid (20). 50% yield from 
l-(2-bromoethyl)-4-methylbenzene, m.p. 90-91 “C. IR 
(KBr) 3600-3000, 1376, 1025, 762 cm-t. tH NMR 
(DMSO-%) 6 0.89 (2H, t, J = 8 Hz), 2.23 (3H, s), 2.59 
(2H, t, J = 8 Hz), 6.9-7.2 (4H, m), 7.50 (2H, s, 
exchangeable with D20). 13C NMR (DMSO-4) 6 17.6 
(broad), 20.6, 29.8, 127.9, 129.0, 134.3, 142.3. HRMS 
438.2735 (&A for anhydride C~H33B303: 438.2709). 

2-(2-Methoxyphenyl)ethylboronic acid (21). 41% yield 
from l-(2-bromoethyl)-2-methoxybenzene, m 

*P* 
128-130 

‘C. IR (KBr) 3600-3000,1377,1028,752 cm- . ‘H NMR 
(DMSO-d6) 6 0.85 (2H, t, J = 8 Hz), 2.58 (2H, t, J = 8 
Hz), 3.74 (3H, s), 6.8-7.2 (4H, m), 7.45 (2H, s, 
exchangeable with D20). 13C NMR (DMSO-&) 6 15.6 
(broad), 24.4, 55.2, 110.6, 120.4, 126.7, 128.8, 133.2, 
157.3. HRMS 486.2562 (calcd for anhydride C27H33B$&j: 
486.2556). 

2-(3-Methoxyphenyl)ethylboronic acid (22). 31% yield 
from 1-(2-bromoethyl)-3-methoxybenzene, m.p. 133-134 
“C. IR (KBr) 3600-3000,1490,1396,1260,787 cm-l. ‘H 
NMR (DMSO-&) 8 0.91 (2H, t, J= 8 Hz), 2.61 (2H, t, J 
= 8 Hz), 3.71 (3H, s), 6.6-7.2 (4H, m), 7.51 (2H, s, 
exchangeable with D20). 13C NMR @MS@de,) 8 17.3 
(broad), 30.3, 54.8, 110.8, 113.7, 120.3, 129.4, 147.1, 
159.6. HRMS 486.2569 (calcd for anhydride C27HssB306: 
486.2556). 

2-(4-MethoxyphenylJethylboronic acid (23). 44% yield 
from 1-(2-bromoethyl)Amethoxybenzene, m 

*P* 
120-122 

“C. IR (KBr) 3600-3000,1377,1039,695 cm- . ‘H NMR 
(DMSO-d6) 6 0.87 (2H, t, J = 8 Hz), 2.56 (2H, t, J = 8 
Hz), 3.69 (3H, s), 6.80 (2H, d, J = 8 Hz), 7.08 (2H, d, J = 
8 Hz), 7.48 (2H, s, exchangeable with D20). t3C NMR 
(DMSO-ds) 6 18.0 (broad), 29.2, 55.0, 113.8, 128.9, 
137.3, 157.2. HRMS 486.2560 (calcd for anhydride 
C27H33B&: 486.2556). 

2-(4-Fluorophenyl)ethylboronic acid (24). 41 % yield from 
l-(2-bromoethyl)-4-fluorobenzene, m.p. 50-52 “C. ‘H 
NMR (DMSO-de) 6 0.88 (2H, t, J= 8.2 Hz), 2.60 (2H, t, 
J = 8.2 Hz), 7.00-7.23 (4H, m), 7.52 (2H, s, exchangeable 
with D20). 13C NMR (DMSO-d6) 6 17.6 (broad), 29.4, 
115.0 (d, J= 20.8 Hz), 129.6 (d, J = 7.7 Hz), 141.5 (d, J 
= 3.1 Hz), 160.8 (d, J = 241.8). HRMS 450.1971 (calcd 
for anhydride C24H24B3F303: 450 1957). 

2-(2-Chlorophenyl)ethylboronic acid (25). 39% yield from 
1-(2-bromoethyl)-2-chlorobenzene, m.p. 90-91 “C. IR 
(KBr) 3600-3000,1551, 1252,1005,816 cm-l. ‘H NMR 
(DMS@d,j) 6 0.90 (2H, t, J = 8 Hz), 2.71 (2H, t, J = 8 
Hz), 7.1-7.4 (4H, m), 7.58 (2H, s, exchangeable with 
D20). 13C NMR (DMSO-&) 8 15.5 (broad), 28.0, 127.5, 
129.3, 130.0, 133.0, 142.6. HRMS 184.0458 (calcd for 
CgHtoBCI02: 184.0462), 498.1071 (calcd for anhydride 
C24H~B3C1303: 498.1070). 

2-(3-Chlorophenyl)ethylboronic acid (26). 58% yield from 
1-(2-bromoethyl)-3chlorobenzene, m.p. 93-94 “C. IR 

(KBr) 3600-3000, 1552, 1250, 1004,795 cm-l. ‘H NMR 
(DMSO-d6) 8 0.89 (2H, t, J = 8 Hz), 2.66 (2H, t, J = 8 
Hz), 7.1-7.3 (4H, m), 7.60 (2H, s, exchangeable with 
D20). 13C NMR (DMSO-de) 6 17.0 (broad), 29.8, 125.5, 
126.8, 127.9, 130.6, 133.1, 148.0. HRMS 498.1071 
(cakd for anhydride C&,4B$1303: 498.1070). 

2-(4-ChlorophenylJethylboronic acid (27). 62% yield from 
l-(2-bromoethyl)-4-chlorobenzene, m.p. 90-91 “C. IR 
(KBr) 3600-3000, 1377, 1039, 695 cm-l. ‘H NMR 
(DMSO-de) 8 0.88 (2H, t, J = 8 Hz), 2.60 (2H, t, J = 8 
Hz), 7.18 (2H, d, J = 8 Hz), 7.28 (2H, d, J = 8 Hz), 7.58 
(2H, s, exchangeable with D20). 13C NMR (DMSO+) 8 
17.4 (broad), 29.5, 128.3, 129.9, 130.1, 144.4. HRMS 
184.0458 (calcd for CgHtoBC102: 1840462), 498.1071 
(Glkd for anhydride C2&4B’$I303: 498.1070). 

2-(4-Trijluoromethylphenyl)ethylboronic acid (28). 66% 
yield from l-(2-bromoethyl)4chlorobenzene, m.p. 88-89 
“C. IR (KBr) 3600-3000, 1601, 1372, 1323, 1168, 1125, 
1066,784 cm-‘. ‘H NMR (DMSO-6) 8 0.91(2H, t, J = 8 
Hz), 2.70 (2H, t, J = 8 Hz), 7.39 (2H, d, J = 8 Hz), 7.60 
(2H, d, J = 8 Hz), 7.62 (2H, s, exchangeable with D20). 
13C NMR (DMSO-&) 8 17.1 (broad), 30.0, 125.2, 125.3, 
138.8, 150.4. HRMS 218.0724 (&cd for anhydride 
CgHt0BF302: 218.0726). 

3-Phenylpropylboronic acid (29). 79% yield from l- 
bromo-3-phenylpropane, m.p. 78-80 “C. IR (KBr) 3600 
3000,1377,1039,695 cm-l. ‘H NMR (DMSO-&) 6 0.60 
(2H, t, J = 8 Hz), 1.55-1.65 (2H, m), 2.51 (2H, t, J = 8 
Hz), 7.1-7.3 (5H, m), 7.42 (2H, s, exchangeable with 
D20). 13C NMR (DMSO-&) 6 14.6 (broad), 26.2, 38.5, 
126.2, 128.7, 128.9, 142.8. HRMS 438.2725 (calcd for 
anhydride C27H33B303: 438.2709). 

2-(1-Naphthyl)ethylboronic acid (30). 38% yield from l- 
(2-bromoethyl)-1-naphthalene, m.p. 65-68 “C. IR (KBr) 
3600-3000, 1377, 1039,695 cm-l. ‘H NMR (DMSO-&) 
6 1.05 (2H, t, J = 8 Hz), 3.11 (2H, t, J = 8 Hz), 7.3-8.2 
(7H, m), 7.65 (2H, s, exchangeable with D20). 13C NMR 
(DMSO-ds) 6 16.9 (broad), 27.2, 124.1, 125.0, 125.7, 
126.0,. 126.2, 128.8, 131.6, 133.8, 141.5. HRMS 
546.2718 (c&d for anhydride C3&33B303: 546.2709). 

2-(2-NaphthylJethylboronic acid (31). 25% yield from l- 
(2-bromoethyl)-2-naphphthalene, m.p. 136-137 “C. IR (KBr) 
3600-3000, 1377, 1039, 695 cm- . ‘H NMR (DMSO-de) 
6 1.01 (2H, t, J = 8 Hz), 2.81 (2H, t, J = 8 Hz), 7.3-7.9 
(7H, m), 7.57 (2H, s, exchangeable with D20). 13C NMR 
(DMSO-d6) 6 18.5 (broad), 30.4, 125.2, 125.4, 126.1, 
127.5, 127.6, 127.7, 127.8, 131.8, 133.6, 143.1. HRMS 
546.2727 (calcd for anhydride C3&33B303: 546.2709). 

2-(4Xarboxyphenyl)ethyl boronic acid (32). To a solution 
of methyl-4-hydroxybenzoate (4.49 g, 29.5 mmol) in 
pyridine (25 mL) containing DMAP (2 mol%, 72 mg, 
0.59 mmol) cooled with an ice bath, was added triflic 
anhydride (10.0 g, 35.4 mmol). The solution was refluxed 
for 72 h, then poured into water (100 mL) and extracted 
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with diethyl ether (3 x 50 mL). The combined organic 
layers were successively washed with water (50 mL), 1 M 
hydrochloric acid (3 x 50 mL), water (50 mL) and brine (50 
mL). After drying (MgSOd), and evaporation, the residue 
was flash chromatographed (hexanes:ethyl acetate (1O:l) 
elution) to give methyl-4-trifluoroacetoxybenzoate (34) as 
a clear colorless oil (7.04 g, 84% yield); IR (film) 1736, 
1609, 885 cm-l; ‘H NMR (CDC13) 8 3.92 (3H, s), 7.33 
(2H, dd, J, = 9 Hz, Jm = 2 Hz), 8.13 (2H, dd, J, = 9 Hz, 
J ,,, = 2 Hz). 13C NMR (CDC13) 8 52.47, 118.72, 121.41, 
130.38, 131.87, 152.48, 165.36. HRMS 283.9953 (calcd 
for QH7F30sS: 283.9966). 

To a solution of methyl-4-trifluoroacetoxybenzoate (34, 
5.14 g, 18.1 mmol) in 1,4-dioxane (90 mL) were added 
tetravinyltin (3.4 mL, 18.7 mmol), lithium chloride (2.3 
g, 54.3 mmol), tetrakis(triphenylphosphine) palladium(O) 
(5 g, 4.3 mmol) and a few. crystals of 2,6-di-tert-butyl-4- 
methyl phenol. The resulting suspension was heated under 
reflux for 24 h, then cooled to 20 “C and treated with 
pyridine (10 mL) and pyridinium fluoride (2 mL of a 1.4 
M solution in THF, 28 mmol). The resulting mixture was 
stirred at 25 “C for 16 h. The reaction mixture was then 
diluted with diethyl ether (100 mL), filtered through Celite 
and washed successively with water (75 mL), 10% 
hydrochloric acid (75 mL), water (75 mL) and brine (75 
mL). The solution was dried (MgSOd), concentrated, and 
flash chromatographed (hexanes:ethyl acetate (50: 1) 
elution) to yield methyl-4-vinylbenzoate (35, 1.88 g, 
64%) m.p. 31-32 “C; IR (KBr) 1724, 1607 cm-‘. ‘H 
NMR (CDC13) 8 3.89 (3H, s), 5.36 (lH, d, Jcis = 11 Hz), 
5.84 (lH, d, JtranS = 18 HZ), 6.73 (lH, dd, Jcis = 11 HZ, 

= 18 Hz), 7.44 (2H, dd, JO = 9 Hz, J, = 2 Hz), 7.98 
&rdd JO = 9 Hz J, = 2 Hz). 13C NMR (CDC13) 8 
52.;2, i16.50, 126.‘13, 129.29, 129.90, 136.03, 141.93, 
166.86. HRMS 162.0695 (calcd for CteHluO2: 162.0681). 

Dibromoborane-d.imethyl sulfide complex (7.27 mL of a 1 
M solution in CH2C12 7.27 mmol) was added to neat 
methyl 4-vinylbenzoate (35, 1.1792 g, 7.27 mmol) under 
argon, and the resulting mixture heated under reflux 
overnight. The reaction was then quenched with ice-water 
mixture (100 mL) and extracted with diethyl ether (3 x 50 
mL). The combined fractions were extracted with 10% 
aqueous NaOH (3 x 50 mL), acidified with cont. 
hydrochloric acid and extracted with diethyl ether (3 x 75 
mL). Water (10 mL) was then added to the ether extracts 
and the mixture evaporated under reduced pressure at < 30 
“C until the boronic acid precipitated. The mixture was 
then cooled at 5 “C overnight and the boronic acid was 
collected by vacuum filtration, washed with cold water (3 x 
5 mL) and air dried to yield 2-(4carboxyphenyl)ethyl 
boronic acid (32, 0.32 g, 21%) as the monohydrate, m.p. 
130-138 “C. IR (KBr) 3600-2400, 1675, 1610, 1430- 
1280, 1181, 1121, 846,770 cm-l. ‘H NMR (DMSO-&) S 
0.91 (2H, t, J = 8.0 Hz), 2.68 (2H, t, J = 8.0 Hz), 3.35 
(2H, s), 7.28 (2H, d, J= 8.0 Hz), 7.57, (2H, s), 7.82 (ZH, 
d, J = 8.0 Hz), 12.77 (lH, s). 13C NMR (DMSG-de) 6 
17.6, 30.5, 125.7, 127.9, 150.5, 167.3. HRMS 176.0631 
(calcd for C9Hl lB04H20 176.0645). 

Computational Methods 

System setup 

The reference structure used was that of the subtilisin 
Carlsberg crystal structure of McPhalen and James6 
available from the Protein Dam Bank2* at Brookhaven 
National Laboratory.29 The setup was done with INSIGHT 
II, version 2.0.0 (Biosym Technologies, Inc., San Diego, 
CA, U.S.A.). To create initial coordinates for the 
minimization, the inhibitor (eglin C) and the three calcium 
ions were removed. Hydrogens were added at the pH used 
for the kinetic measurements (pH 7.8). This protonated all 
Lys, Arg, His residues, and the N-terminus, and 
deprotonated the acids Glu, Asp and the C-terminus. In the 
calculations of the boronic acid-enzyme complexes, a 
tetrahedral carbon atom was used to mimic the boron atom 
since, as yet, no forcefield parameters have been reported 
for boron. This approximation was considered acceptable 
since only energy differences resulting from changes 
remote from boron were being explored. To set up the 
initial structure for the energy minimization the boron- 
equivalent carbon was covalently bound to 0 of the 
hydroxyl group of the active site serine 221. The X-ray 
structure of 2-phenethylboronic acid (17) bound to 
subtilisin BPN’12a was used as the model to guide 
dockings of the substituted 2-phenethylboronic acids of 
Table 2 into the active site of subtilisin Carlsberg. The 
two hydroxy groups attached to the boron were oriented 
such that one pointed to Asp155 of the oxyanion hole and 
the other to His64, which becomes positively charged after 
the addition of the proton from Ser221. The aromatic 
residue of each inhibitor was positioned in the S 1 pocket in 
a manner that avoided all bad Van der Waals interactions. 
Charges on Ser221 and the enzyme-bound boronic acid 
were generated by AM1 calculations (MOPAC 6.0) and 
scaled to fit those of the CVFF library. The overall 
negative charge of -1 was mostly on, and distributed 
between, the oxygen atoms bound to boron. The boron 
atom itself was assigned a charge of -0.01. This model 
s 
x 

stem was solvated in a rectangular box (49 x 47 x 49 
3> of water molecules. The total number of water 

molecules in this system was 23 18. The overall charge of 
the enzyme-inhibitor complex resulting from this setup 
was -1. 

Energy minimization 

The simulations were performed with the DISCOVER 
program, Version 2.7.0 (Biosym Technologies, Inc., San 
Diego, CA, U.S.A.) on a Silicon Graphics 240 GTX 
computer, using the Consistent Valence Force Field 
(CVFF).30 A non-bonded cutoff of 10 A with a switching 
function between 7.5 and 9 A was used. The non-bonded 
pair list was updated every 20 cycles and a dielectric 
constant of 1 was used in all calculations. The energy of 
the system was minimized with respect to all 3N Cartesian 
coordinates until the maximum derivative of 0.1 kcal mol-1 
A-’ was reached. The resulting structure was used as the 
starting point for the molecular dynamics calculations. 
During the molecular dynamics simulations, the whole 
enzyme, with the exception of a 12 A radius region around 
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Ser221, was kept fixed, as were water atoms more than 15 
A away from Ser221. The MD simulations were performed 
for 20 ps with an initial equilibrium period of 10 ps and a 
timestep 10 fs. 

Electrostatic mapping of the Sl pocket 

The calculations were performed with Delphi, version 
2.2.0 (Biosym Technologies, Inc., San Diego, CA, 
U.S.A.). The previously obtained (see above) Discover- 
minimized coordinates of enzyme and enzyme-inhibitor 
complex were used. The Sr pocket was defined by Ser125 
-Ala129, Ala152-Gly154, Ile165-Tyr167, and only these 
residues were included for the enzyme calculations. El- 
complex calculations involved the par&Cl-PheCHzCHz 
group of 27 in addition to the above Sl-amino acid 
residues. The charges were obtained by single-point AM1 
calculations on total valence satisfied atoms of the enzyme 
sub-sets defined above. The NH, CO and CH2 groups 
artificially created when the above sub-sets were “split-off 
from the full enzyme structure were converted into NH2, 
COH and CH3 respectively, wherever necessary. The Van 
der Waals radii supplied with the CVFF force field and a 
dielectric constant of 1 were used in all calculations. 

Kinetic measurements 

The reference substrate used was N-paru-tosyl-L-arginine 
methyl ester (TAME), with initial rates of subtilisin- 
catalyzed hydrolyses being determined by NaOH solution 
titrations using a pH-stat.3 All rates were determined at 25 
“C on reaction mixtures containing aqueous 1 M KC1 (1 
mL), an aliquot (0.4, 0.6, 0.8, 1.0, 2.0. 4.0, 8.0 mL) of 
0.37 M aqueous TAME solution and saturated aqueous 
inhibitor solution (1 x 10e5-1 x 1O-2 M). In each case 
water was added to bring the final volume to 10 mL to 
give final concentrations of 0.015-0.3OM of substrate and 
10e6-1 Od3 M of inhibitor. Actual boronic acid 
concentrations in all stock solutions were established by 
titration with 0.02 M NaOH solution. After equilibration 
for 5 min, the pH of the assay cell was adjusted to 7.8 
with 0.2 M NaOH and the reaction initiated by addition of 
50 pL of subtilisin Carl&erg stock solution (7.33 x 10m5 
M in 0.1 M phosphate buffer pH 7.8). The rate of uptake 
of 0.2 M NaOH was recorded directly into a PC and Kis 
were determined using the Grafit program (Erithacus 
Software Ltd, U.K.). All kinetic runs were performed in 
duplicate at two different concentrations of boronic acid. 
The results are recorded in Tables 1 and 2. 
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