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Abstract

Boronic acids are a very appealing class of serine proteases inhibitors whose rational design suffers, in spite of their therapeutic potential,
from the lack of boron-related parameters in force fields commonly used for proteins. We introduced bonded, non-bonded and point charges
in the MacroModel/Amber force field, as well as GB/SA solvation parameters, to model boronic acids as tetrahedral adducts formed after
protease’s serine Oy coordination. With the aim to check the implemented force field, flexible docking studies were performed on three
crystallographic complexes of f3-lactamases with boronic acids that output the crystallographic conformation of the complexes as the global
minimum energy structure. Although the used approach was basic, nevertheless the resultant force field seems to be efficient and suitable for

the structure-based design of new boronic inhibitors of [3-lactamases.

© 2005 Elsevier SAS. All rights reserved.
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1. Introduction

B-Lactamases are important therapeutic targets because
they mediate the major resistance mechanism against f-lactam
antibiotics, such as penicillin and cephalosporin. B-Lactam
agents that inhibit these enzymes, such as clavulanic acid [1]
and compounds less susceptible to enzyme hydrolysis, such
as monobactams, have been widely used in antibiotic therapy
to overcome the action of B-lactamases. The similarity of these
compounds to the drugs they are meant to protect or replace
has allowed bacteria to evolve further, maintaining their resis-
tance. One way to avoid falling into this resistance mecha-

Abbreviations: GB/SA, generalized Born surface area; MCMM, Monte
Carlo multiple minimum; MM/MD, molecular mechanics/molecular dyna-
mics; PDB, protein data bank; RMSD, root mean square distance; TNCG,
truncated Newton conjugate gradient.
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nism again would be to develop inhibitors structurally dis-
similar to B-lactams.

Boron containing compounds are of increasing interest in
the medicinal chemistry field [2, 3]. Only few natural prod-
ucts containing boron are known, since nature lacks biosyn-
thetic pathways to form a boron—carbon bond and it might
probably lack metabolic enzymes able to break it down. This
circumstance would represent an advantage if these mol-
ecules were employed as therapeutic agents. Among the dif-
ferent organic compounds containing boron, boronic acids
RB(OH), are particularly suited for drug design owing to their
low toxicity, adequate stability under physiological condi-
tions, and practically neutral behavior [3]. Boronic acids,
moreover, owing to their strong Lewis acid character, can
readily interconvert from the trigonal, planar sp? form to
anionic, tetrahedral, sp3 complexes, by coordination of vari-
ous nucleophiles. Thus, properly designed boronic acids have
been shown to form very tight complexes with several serine
proteases such as chymotrypsin, B-lactamases, trypsin and
thrombin (see Scheme 1).
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Boronic acids, as proteases inhibitors, appeared for the first
time 30 years ago as chymotrypsin [4] and -lactamase inhibi-
tors [5]. Since then, interest in these molecules increased con-
tinuously and boronic acids with nanomolar affinity for
[B-lactamases have been published [6] and patented [7] recently.

Tem-1 is the most widespread B-lactamase and aminoacid
substitutions are frequently encountered in clinical variants
of this enzyme that are able to hydrolyze third generation
cephalosporins and monobactams [8]. Being presently inter-
ested in finding new boronic inhibitors against class A
B-lactamases like Tem-1 [9], we embarked in advance in the
modeling of the inhibition of Tem-1 and of other serine
B-lactamases by alkyl and aryl boronic acids, employing the
software MacroModel [10] implemented with the AMBER*
united atom force field [11-13]. X-ray crystal structures show
that boronic acids inhibit B-lactamases by the formation of
tetrahedral adducts, analogous to the deacylation tetrahedral
intermediate of these enzymes [14,15]. Similarly to other
authors [16], therefore, we focused our attention on the inter-
actions between inhibitors and enzymes as tetrahedral adducts
formed after catalytic serine Oy coordination, neglecting, for
now, the influence of the recognition step, leading to the for-
mation of the Michaelis—Menten complex.

Boron-related parameters, however, useful to mimic the
tetrahedral boronate functional group embedded in a protein
environment and exploitable in commonly used software
packages, have not been developed until now. To get around
this difficulty, some authors have modeled alkyl boronic acids
as serine protease inhibitors with TRIPOS force field after
substituting the boron atom with a carbon [17,18] and cor-
recting the bond lengths involving boron on the basis of crys-
tallographic data [16,19]. Such an approximation, however,
even though suitable for the application of a pure “docking”
methodology, seems too simple for a MM/MD approach that
needs all force field parameters to accurately simulate con-
formational flexibility.

The first example of boron parameter implementation dates
back to 1987 when parameters for boron enolates as transi-
tion states were introduced in MM2 force field [20]; this
parameterization was refined afterwards to include allyl and
crotyl boronates in addition to aldehydes [21-23]. In 1996 fur-
ther MM2 boron parameters were published [24] while triva-
lent alkylboronic acids were parameterized in OPLS [25]. The
most complete parameterization for alkyl and aryl boronic
acids, both as trivalent and tetrahedral adducts, has been
recently implemented in CHARMM force field [26]".

! In the study by Pletnev et al., stretching and bending interactions invol-
ving boron as the central atom have been modeled by application of the
Gillespie—Kepert theory, so that the corresponding parameters are not exploi-
table in standard softwares such as MacroModel.

The relevance of the subject of our research and the lack
of suitable parameters prompted us to tackle the implemen-
tation of the boronate function in AMBER¥*, introducing
GB/SA boron solvation parameters as well. The new set of
parameters was developed starting from literature, X-ray data,
semi-empirical and ab initio calculations. We report here the
results of our parameterization work together with some vali-
dation studies, in which the inhibition of Tem-1 and Amp-C
B-lactamases by known boronic inhibitors were simulated.

2. Force field parameterization

The AMBER* force field is described by the following
equation [11]:

1 1 1 (D
V=2 2 (K(b=b, ) )42 2 (K(0-0,))+ =
bonds angles dihedrals
A B
(k(1eeos [mo=r1))+ 3 |55 ]
nonbonded r r
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nonbonded € H-bonds r r

The first three terms in Eq. (1) handle the internal coordi-
nates of bond stretchings, angle bendings and torsions. The
non-bonded terms account for the van der Waals and electro-
static interactions and the last term represent the 12-6 Len-
nard—Jones hydrogen bond treatment.

The force field parameterization was performed by intro-
ducing the non-bonded parameters for the boron atom in the
Main Parameters section of the force field file (amber.fld) and
adding two substructures for the tetrahedral adducts of alkyl
and aryl boronic acids, in the Substructure section of the same
file. These substructures were inserted as suggested in the
MacroModel/Batchmin reference manual [27]. All the intro-
duced parameters are shown in Tables 1-4.

2.1. Stretching, bending and torsional terms

Input stretching equilibrium distance values were obtained
calculating the average length of the B—C and B—O bonds in
the X-ray crystal complexes of boronic acids with serine pro-
teases [14,15]. Semi-empirical geometry optimization calcu-
lations were carried out as well on standard structures 1 and 2
(see Scheme 2) with MOPAC/AM1 [28] to broaden the data
set available from crystal structures. Stretching force con-
stants were calculated from the average values of the IR
stretching frequencies of the B—O (1345 cm™) and B-C
(930 cm™") bonds [21], applying the equation suggested in
MacroModel/Batchmin reference manual [27]:

K (stretch)=3.0x 10° v’ M M,/(M, + M.,) )

where v is the stretching IR frequency in wave numbers
(cm™) and M, and M, are the atomic masses of the atoms
involved in the stretch. The stretching equilibrium values
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Table 1
Substructure introduced into the MacroModel/BatchMin amber.fld file (substructure section) and describing arylboronic acids

C Arylboronate

9 B3(-03-H2)-03-H2

-2

1 Cc2 1 1.6100 160.0000

1 1 2 1.4900 350.0000

1 1 4 1.4900 350.0000

1 1 03 1.6500 350.0000

2 2 1 4 109.5000 60.0000

2 2 1 03 109.5000 60.0000

2 4 1 03 109.5000 60.0000

2 C2 1 2 109.5000 35.0000

2 C2 1 4 109.5000 35.0000

2 Cc2 1 03 109.5000 35.0000

2 1 2 3 109.5000 35.0000

2 1 4 5 109.5000 35.0000

2 C2 Cc2 1 130.0000 70.0000

2 1 03 Cc3 113.0000 50.0000

4 03 1 C2 00 0.0000 0.0000 0.0000
54 0.0000 0.0000 0.0200
4 2 1 C2 00 0.0000 0.0000 0.0000
54 0.0000 0.0000 -0.1000
4 4 1 C2 00 0.0000 0.0000 0.0000
54 0.0000 0.0000 -0.1000
4 00 1 2 3 0.0000 0.0000 0.2000
4 00 1 4 5 0.0000 0.0000 0.2000
4 00 1 03 C3 0.0000 0.0000 —0.1000
4 00 C3 03 1 0.0000 0.0000 0.0100
-3

C Arylboronate charges

9 C2-B3(-03-H2)(-03-H2)-03-CB

4

8 -0.3296 0.7827 -0.9081 0.4207 -0.8550 0.3735 -0.7014 0.2200
Table 2
Substructure introduced into the MacroModel/BatchMin amber.fld file (substructure section) and describing alkylboronic acids

C Alkylboronate

9 CA-B3-03

-2

1 1 2 1.6300 340.0000

1 2 3 1.5100 450.0000

1 2 03 1.5100 450.0000

2 3 2 03 109.5000 60.0000

2 1 2 3 109.5000 40.0000

2 1 2 03 109.5000 40.0000

2 2 3 H2 109.5000 35.0000

2 2 03 CB 113.0000 50.0000

4 00 2 1 00 0.0000 0.0000 2.0000
4 00 2 03 CB- 0.0000 0.0000 0.1000
4 00 2 3 H2 0.0000 0.0000 0.2000
4 00 CB 03 2 0.0000 0.0000 0.0100
-3

C Alkylboronate charges

9 CA-B3(-03-H2)(-03-H2)-03-CB

4

8 -0.4098 1.0377 -0.9163 0.3822 -0.7626 0.3745 -0.9260 0.2200
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Table 3
Van der Waals parameters introduced into the Main Parameter Section of the
MacroModel/BatchMin amber.fld file

C Van der Waals Interactions (VDW)Opt. Descriptor

C

C Radius Epsilon Offset Charge Atml Lp
c @A (Kcal mol-1) (&) (Electrons)

-6

B3 1.9800 0.0340 0000 A2

were further adjusted through a trial-and-error procedure to
obtain the best matching between experimental and MM
data.

Both X-ray data and the results of our semi-empirical cal-
culations pointed out displacements of the bendings involv-
ing boron as central atom out of the values expected for a
tetrahedral geometry (109.5°). Since it was not possible to
directly reproduce this structural detail in an unambiguous
way, force constants for the bendings involving boron as cen-
tral atom were taken from MM2 parameterization by Whit-
ing et al. [24], after having multiplied these values for the
conversion factor between MM2 and AMBER¥* [27], while
their equilibrium values were set to 109.5°. The non-bonded
interactions were expected to account for the experimentally
observed deviations. All the others missing bending param-
eters not involving boron as the central atom were adopted
from Pletnev et al. [26]".

Torsion parameters were adopted from Pletnev et al. [26]
to describe both alkyl and aryl boronic acids.

2.2. Electrostatic, van der Waals and solvation terms

ESP partial charges were computed by the HF method with
6-31G** basis set, using the program Jaguar [29]. Calcula-
tions were performed on 1 and 2 (see Section 5 for more
details) and the new partial charges introduced in the sub-
structure section of the amber.fld file (see Tables 1 and 2).

Van der Waals parameters (see Table 3) were taken from
MM2 force field [20], implemented in MacroModel, as
already suggested by Pletnev [26].

Since the active site of B-lactamases is solvent exposed
and several residues of this cleft are polar, water effects were
not negligible; they were therefore included in the docking
studies according to the GB/SA Generalized Born Surface
Area continuum solvation treatment [30]. Four boron solva-
tion parameters had to be introduced in the water.slv file and
they were assigned according to a quite simple and conser-
vative procedure (see Table 4). The atomic radius of boron,
taken from an OPLS parameterization [25], was used as the

Table 4
Parameters for boron introduced into the water.slv file
SMODEL 3.00
GB/SA Solvation
RADIUS ENERGY PTYPE PTYPE
(A) (kI A2) (3 body ON) (3 body OFF)
ATM B3 2.0800E00  0.03000E0  1.0500000 1.3933470

Ph CH,
HO' BE HO' BE
HO' © HO' ©
1 2
Scheme 2.

van der Waals radius, in compliance with the general proce-
dure applied in the derivation of the GB/SA method [30].
The energy parameter was set to 0.03 kJ A2, that is, using
the generalized parameter already assigned in MacroModel
to C, P and all the metal ions (Li, Na, K, Rb, Cs, Ca, Ba) and,
similarly, the two P type parameters were fixed assigning to
boron the MacroModel generalized values of phosphorous,
halogen atoms and metal ions.

2.3. Torsional profiles comparison

Ab initio torsional profiles were calculated on the simpli-
fied structures 1 and 2 and compared with the corresponding
MM profiles. The overall torsional energy profile of a sys-
tem, in fact, is greatly influenced by charges and van der Waals
parameters of the atoms involved and consequently, mixing
of parameters from different sources can be done if, in the
final step, MM torsional profiles are verified to reproduce the
corresponding quantum chemical potentials.

2.4. Test cases

Three crystal complexes of B-lactamases with boronic acids
were downloaded from the Brookhaven Protein Data Bank
as an experimental reference (PDB entries: lerm, lero and
1kds) to test the capability of our customized force field to
reproduce the experimental structure of the inhibited enzymes
and to define a reliable modeling protocol to be applied to the
design of new boronic inhibitors [31]. Structures lerm and
lero show Tem-1 inhibited by two alkyl boronic acids {(R)1-
acetamido-2-(3-carboxyphenyl)ethaneboronic acid 3 [14] and
(R)1-phenylacetamido-2-(3-carboxyphenyl)ethaneboronic
acid 4 [14], respectively} while structure 1kds describes
Amp-C inhibited by an aryl boronic acid (3-
nitrophenylboronic acid 5 [15]) (see Scheme 3). A minimi-
zation of the complexes was firstly performed. Flexible dock-
ing studies were undertaken afterwards (see Section 5 for
detailed explanations), in which the outcome of the second
step of the inhibition reaction—leading to the formation of
the tetrahedral adducts—was simulated. Accordingly, Monte
Carlo MCMM searches were accomplished on lerm, lero
and 1kds, applying a broadly experimented procedure [31,32].
Crystal water molecules were not included in the calcula-
tions. In the case of lerm and 1kds further docking experi-
ments were rerun retaining a few water molecules directly
involved in interactions between inhibitor and enzyme?.

2 In the crystal structure lero no water molecules were retained as none of
them was detected within 4.0 A from the inhibitor.
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The fitting between each crystal complex and the respec-
tive modeled structure was evaluated by calculating the root
mean square distance (RMSD) between corresponding pairs
of atoms.

3. Results and discussion

The results of the torsional profiles comparison performed
on 1 and 2 are shown in Fig. 1. The good level of correlation
displayed in the figure between ab initio and MM energy pro-
files gave evidence of the reliability of the performed param-
eterization.

Minimizations carried out on the three crystal complexes
mentioned above gave the results summarized in Table 5.
RMSD values calculated superimposing the minimized sub-
set (see Section 5 for the subset definition) of each complex
with the corresponding X-ray reference were in the range
between 0.58 and 1.12 A. The minimum and maximum
RMSD values lowered to 0.18 and 0.45, respectively, when
solely the inhibitor was taken into account, showing the suit-
able quality of the introduced parameters. Notably, in the case
of lerm, the full deletion of crystal water molecules affected
the result of the minimizations while, on the contrary, the
same action performed on 1kds did not induce a similar dis-
placement of the inhibitor, making the match between the
experimental complex and the computationally optimized
structure better.

The results of the simulations concerning the second step
of the inhibition process of Tem-1 and Amp-C by boronic
inhibitors were satisfactory as well, as shown by the RMSDs
reported in Table 6, resulting from the superimposition of each
calculated global minimum and the corresponding X-ray

Table 5

Root mean square distance values (RMSD) obtained superimposing each
minimized structure (with and without crystal water molecules) with the
corresponding X-ray crystal structure

geometry. The superimposition between calculated and
experimental structures, are shown in Figs. 2—4. Both the
applied procedures (without crystal water molecules and with
the relevant ones) were able to identify the experimental X-ray
structures among the theoretical lowest energy poses. More-
over, the calculated global minimum geometry was found to
correspond to the experimental crystallographic lerm and
1kds structures, in the simulations performed including crys-
tal water molecules.

The results of our docking studies highlighted the impor-
tant role played by ordered water molecules in stabilizing the
global minimum pose. In the case of lerm complex (shown
in Fig. 2A), for instance, the carboxylate of the inhibitor was
stabilized by WAT304 bridging the gap between this func-
tional group and residues Arg243 and Val216 by hydrogen
bonding interactions, significantly stabilizing the enzyme—
inhibitor interaction. WAT341, as well, connected in a net-
work with other water molecules, was found to link (through
H-bonds) the acetamide carbonyl oxygen of the inhibitor with
Glul66, allowing the acetamide NH to interact with the car-
bonyl oxygen of Ala237. In the lowest energy output struc-
ture obtained without crystal water molecules, differently (see
Fig. 2B), the acetamide chain was found to be rotated of about
90°, with respect to the crystallographic structure, so to form
a direct hydrogen bond with NH, of Asn132, while, the car-
boxylic group retained its strong interactions with a region of
the active site characterized by some polar positively charged
residues. As a matter of fact, in the docking performed with-
out water molecules, the crystallographic pose was observed
at 17.1 kJ mol™" over the global minimum (RMSD inhibitor
0.68).

In the case of the 1kds complex (shown in Fig. 3) water
seemed to have a relevant role as well: WAT401, for instance,

Table 6

Root mean square distance values (RMSD) obtained superimposing the glo-
bal minimum geometry resulting from docking experiments (with and without
crystal water molecules) with the corresponding X-ray crystal structure

Complex RMSD (minimized subset®)  RMSD (inhibitor) Complex RMSD (minimized subset®)  RMSD (inhibitor)
lerm Water 0.59° 0.18 lerm Water 0.96° 0.65
lerm No Water 0.71°¢ 0.31 lerm No Water 1.08° 1.09
Ikds Water 111 0.36 1kds Water 1.26¢ 0.71
1kds No Water 1.12°¢ 0.23 1kds No Water 1.88°¢ 1.83
lero 0.58" 0.45 lero 1.80" 2.10

“See Section 5 for the subset definition.

" 165 atoms superimposed out of the total number of 2620 atoms.
€150 atoms superimposed out of the total number of 2605 atoms.
4155 atoms superimposed out of the total number of 3493 atoms.
¢ 149 atoms superimposed out of the total number of 3487 atoms.
130 atoms superimposed out of the total number of 2614 atoms.

*See Section 5 for the subset definition.

© 165 atoms superimposed out of the total number of 2620 atoms.
€150 atoms superimposed out of the total number of 2605 atoms.
4155 atoms superimposed out of the total number of 3493 atoms.
© 149 atoms superimposed out of the total number of 3487 atoms.
130 atoms superimposed out of the total number of 2614 atoms.
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Fig. 1. Torsional profiles comparison between ab initio and MM calcula-
tions of, respectively: (a) torsion EtO-B—C-H evaluated for the alkylboro-
nate 2. The profile shows a periodicity of 120°, therefore only the correspon-
ding portion of the energy contour has been calculated. (b) Torsion EtO-B—
C—C evaluated for the arylboronate 1. The profile shows a periodicity of
180°, therefore only the corresponding portion of the energy contour has
been calculated. (¢) Torsion EtO-B—O-H evaluated for the alkylboronate 2.
(d) Torsion Et—-O-B—OH evaluated for the alkylboronate 2.
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Watsar o
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Tyr105 i
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S Arged3

Ala237

Arg243
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B Glu166

Fig. 2. [33] Superimposition between the calculated global minimum geo-
metry of the adduct formed by Tem-1 (colored by atom types) with the inhi-
bitor (R)1-acetamido-2-(3-carboxyphenyl)ethaneboronic acid (orange) and
the crystallographic pose of the inhibitor (black) located at its proper 3D
position inside the active site of the enzyme. Hydrogen atoms bound to hete-
roatoms are displayed. Hydrogen bonding interactions are depicted as dot-
ted lines. In A, results obtained when relevant water molecules were inclu-
ded in the calculations are shown, whereas in B, the results obtained without
water molecules are displayed. For the sake of simplicity, only residues dis-
cussed in the text are shown.

is shown in Fig. 3A to bind as a bridge the two hydroxyl
groups of the boronate; the conformation adopted by the
boronic function is consequently stabilized by seven hydro-
gen bonds (two with water and five with the surrounding resi-
dues), and promotes the stacking interaction of the phenyl
ring with the Tyr221. In the docking without water molecules
(see Fig. 3B), otherwise, the boronate is arranged to form a
new hydrogen bond between the catalytic serine oxygen and
Tyr150. Moreover, the aromatic moiety of the inhibitor over-
turns to establish a T-shaped aromatic interaction with the
phenyl ring of Tyr150 and to enable the NO, to form a hydro-
gen bond with Asn289 (see Fig. 3B). Notably, also in the case
of 1kds, the crystallographic conformation was found as pose
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Asnz89
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Fig. 3. [33] Superimposition between the global minimum geometry of the
adduct formed by Amp-C (colored by atom types) with the inhibitor
3-nitrophenylboronic acid (orange) and the crystallographic pose of the inhi-
bitor (black) located at its proper 3D position inside the active site of the
enzyme. Hydrogen atoms bound to heteroatoms are displayed. Hydrogen
bonding interactions are depicted as dotted lines. In A, the results obtained
when relevant water molecules were included in the calculations are shown,
whereas in B, the results obtained without water molecules are displayed.
For the sake of simplicity, only residues discussed in the text are shown.

number 17 at 17.4 kJ mol™" above the global minimum
(RMSD inhibitor 0.67).

In the case of 1ero, finally, interesting results were obtained
as well. Two geometries of approximately equal occupancy
have been described for this crystal [14], differing because of
the position of the aromatic moiety, that adopts two alterna-
tive orientations. The first one, described by the PDB crystal
structure and displayed in black in Fig. 4, shows a favorable
aromatic T-shaped interaction between the two phenyl rings
of the inhibitor, while in the second one the phenylacetamido
group forms van der Waals interactions with the edge p-strand
of the enzyme active site (residues 235-238). Our docking
studies gave the second alternative conformation as the glo-
bal minimum pose (displayed in orange in Fig. 4A superim-
posed to the crystal structure), as demonstrated by the dis-
tance values between O amide NH, Asn132 (3.4 A) and NH
amide O Ala237 (2.9 A), comparable with the values de-
scribed in the article (3.5 and 3.3 A). Also in this case, any-
how, the conformation corresponding to the deposited crys-
tal complex was found at 13.2 kJ mol™" over the global
minimum (RMSD inhibitor 0.67, RMSD minimized subset
0.95) and is displayed in Fig. 4B.

Alaz37?

Asni132

Alaz237

Tyr105

Asn13z

Fig. 4. [33] Superimposition between the calculated geometries of the adduct
formed by Tem-1 (colored by atom types) with the inhibitor (R)1-
phenylacetamido-2-(3-carboxyphenyl) ethaneboronic acid (orange) and the
and the crystallographic pose of the inhibitor (black) located at its proper 3D
position inside the active site of the enzyme. In A, the calculated global
minimum geometry of the inhibitor is shown, whereas in B, the calculated
pose more similar to the crystallographic conformation is displayed. Hydro-
gen atoms bound to heteroatoms are shown. Hydrogen bonding interactions
are depicted as dotted lines. For the sake of simplicity only residues dis-
cussed in the text are shown.

4. Conclusions

In the present work parameters for boronic acids were
implemented in the force field AMBER¥*, with the aim to
model boronic acids as B-lactamases inhibitors. A simple pro-
cedure was adopted to implement the force field, in which
the parameters were mixed from a few sources. Although the
approach was basic in this sense, nevertheless the new force
field seemed to be efficient and reliable in reproducing the
structure of the boronate function and suitable for our dock-
ing purposes, as demonstrated by the simulations performed
on three reference crystal structures. Moreover, the applied
docking procedure was sensitive enough to highlight the role
of water molecules in determining the binding geometry. This
issue, in a particular manner, constitutes an important prob-
lem of general interest and is not simply related to this param-
eterization work.



A. Tafi et al. / European Journal of Medicinal Chemistry 40 (2005) 1134—1142 1141

In sum, we propose that our parameter set may be consid-
ered a useful tool for the application of Amber* force field to
the study of boronic acids in their inhibition process of serine
proteases.

5. Experimental protocols

The software packages MacroModel/BatchMin 5.5 and 6.5
[10] equipped with the AMBER* united atom force field
[11-13] were used for our calculations performed on SGI
02 R10000 and Origin 300 workstations.

Semi-empirical molecular orbital calculations were per-
formed using the MOPAC 6.0 [28] module implemented in
Insight II [34], applying the AM1 Hamiltonian [35] to opti-
mize the simplified structures 1 and 2 (Scheme 2).

The charge derivation was carried out by the HF method
with 6-31G** basis set, using the program Jaguar [29]. The
optimization of the geometries of 1 and 2 was carried out
with the same method until the default convergence criterion
of the Jaguar input was reached.

The MM torsional profiles were calculated submitting
structures 1 and 2 to “dihedral drive” calculations (command
DRIV) using the MacroModel 5.5 software package. DRIV
routine allows to rotate a specified dihedral angle and to opti-
mize the structure at each step, keeping fixed the atomic coor-
dinates of the four atoms defining that torsion. Four types of
dihedral angle were taken into account, corresponding to the
four typologies involving boron as one of the central atoms:
EtO-B-C-H, Et~=O-B-OH, EtO-B-O-H for the alkylbor-
onate 2 and EtO-B—C-C for the arylboronate 1. They were
rotated from 0° to, respectively, 120° (increment 30°), 360°
(increment 30°), 360° (increment 30°) and 180° (increment
15°). Minimizations were finished at a derivative conver-
gence of 107 kJ A~ mol™" using the Truncated Newton Con-
jugate Gradient (TNCG) algorithm. The ab initio profile of
each monitored torsion, was computed using each MM out-
put geometry as a starting structure for a constrained geom-
etry optimization, carried out keeping fixed the atomic coor-
dinates of the four atoms defining that torsion. The ab initio
conditions in the Jaguar calculations were exactly the same
used for the charge analysis, i.e. HF method with 6-31G**
basis set and default convergence criterion.

The PDB structures lerm, lero and 1kds were carefully
inspected with the program GRIN, implemented in the GRID
software [36,37], to check the file against incidental errors
that were subsequently manually corrected in MacroModel.

In the case of the 1kds complex, the monomer of the crys-
tal structure with the best crystallographic properties® was
selected for the studies reported here, because MacroModel
5.5 and 6.5 can manage molecules up to 5000 atoms. Hydro-
gen atoms were added on heteroatoms and on all the aro-

3 Amp—C complexes crystallize as homo-dimers (more than 6400 atoms),
even though the enzyme works as monomer.

matic rings. Glutamic and aspartic residues were deproto-
nated while lysine and arginine residues were protonated.
Crystal water molecules included in the calculations were:
WAT 304, 341, 437, 438, 482 in the lerm complex and WAT
400 and 401 in the 1kds complex.

All crystal structures were minimized to a derivative con-
vergence of 107> kJ A~'mol™" using the Truncated Newton
Conjugate Gradient (TNCG) minimization algorithm, the
extended non-bonded treatment and the GB/SA water solva-
tion model implemented in MacroModel, using the custom-
ized water.slv file (Table 4).

Because of the large number of atoms in the whole sys-
tems, a region of each enzyme centered on the inhibitor was
selected, that included all the residues within 8 A from the
ligand. All calculations were performed on these internal sub-
sets while the external residues were not considered in the
minimizations and docking studies. Moreover, the side chains
of some outstanding residues localized on the walls of the
active site (namely: Lys67, Leul 19, GIn120, Arg148, Tyr150,
Asnl52, Arg204, Ser212, Tyr221, Glu272, Asn289, Lys315,
Thr316, Asn343, Asn346, Arg349 in the case of lkds and
Lys73, Glul104, Tyr105, Ser130, Asn132, Asn136, Glul66,
Asnl70, Lys234, Ser235, Glu239, Arg243, Arg273 in the case
of lerm and lero) and the crystal water molecules, when con-
sidered, were steadily minimized with the inhibitor to guar-
antee the complementarity between the surfaces of the two
partners, while all the other atoms of the internal subset were
restrained with a force constant of 400 kJ A= to avoid crystal
structure rearrangement, even if their non—-bonded interac-
tions with all the relaxing atoms were calculated. Side chains
of the active site residues (previously specified), water mol-
ecules and the respective inhibitors constitute the subsets con-
sidered in the RMSD calculations.

The Batchmin Monte Carlo Multiple Minimum method-
ology (MCMM command) was chosen to carry out flexible
docking simulations performed by randomly rotating, in the
range 30-120°, all the rotatable bonds of each inhibitor and
the side chain of the catalytic serine. Because of the high num-
ber of rotational degrees of freedom, several consecutive runs
(each one made of 9000 Monte Carlo steps) were repeated
for each complex, using the SEED command. This command
is used to start the Monte Carlo random number generator at
a different point so that repeated MonteCarlo runs will give
different results. Resulting geometries, combined, were mini-
mized to a lower derivative convergence (1073kJ Al mol™).
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