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Introduction
Antimicrobial agents, which represent an important 
advance in modern medicine for the treatment of 
infectious diseases, currently interfere with one of 
four cellular processes: cell wall biosynthesis, protein 
synthesis, DNA replication and repair, or folic acid 
coenzyme biosynthesis inhibition (this coenzyme is 
necessary for the biosynthesis of timine1). Although 
heralded in the 1940’s as the beginning of the end of 
infectious diseases, during the last 20 years, more of these 
agents have lost their efficiency due to their abuse in 

medicine and agriculture. The design and development 
of new drugs has not been able to keep pace with these 
losses in the repertoire of treatment alternatives, leading 
to a troublesome situation that poses a threat to public 
health. Consequently, efforts to discover and design 
novel antimicrobial agents have been intensified2–4.

The design of new agents is based on modifying the 
chemical structure of natural bacterial substrates in such 
a way that they damage the microbes. Several substrates 
have been modified in the last few years by adding boron 
and imides. The imides have shown antimicrobial, 
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antispasmodic and analgesic effects5. On the other hand, 
boron-containing compounds are antimicrobial and 
anticancer agents as well as inhibitors of several different 
enzymes6,7.

Amino acids constitute one type of natural substrate 
that has been used for many years as the starting material 
for the development of antimicrobial agents8,9. Whereas 
l-amino acids are used by eukaryotes, d-amino acids are 
important for the bacterial cell wall formation. One of 
the most important amino acids for Gram negative and 
Gram positive bacteria is d-glutamic acid, which is pro-
duced by the catalytic activity of the racemase enzyme 
(RacE) using l-glutamic acid as a substrate, and is part of 
the structure of peptidoglycans (mureine), a vital compo-
nent of bacterial cell walls8,10.

Due to the search for drugs with greater selectivity 
for RacE that could impede bacterial cell wall develop-
ment, in the present study both d-glutamic acid and 
l-glutamic acid were modified and tested as RacE inhibi-
tors. An in silico study was carried out to design these 
antibacterial agents, based on the theory that a certain 
moiety with similarity in structure to an endogenous 
compound, but with key modifications, could interact 
with greater selectivity and potency on enzyme targets. 
Hence, three glutamic acid derivatives were synthesized 
as tested for antimicrobial activity: two boron-containing 
glutamic acid compounds, (+)-(S)-4-(2,2-diphenyl-
1,3,2-oxazaborolidin-5-oxo) propionic acid (l-DFB) 
and (-)-(R)-4-(2,2-diphenyl-1,3,2-oxazaborolidin-5-oxo) 
propionic acid (d-DFB), as well as one imide-containing 
glutamic acid compound, (S)-2-(2,5-dioxo-2,5-dihydro-
1H-pyrrol-1-yl) pentanedioate (l-GM).

These two boron-containing analogues have already 
been reported as having potent activity in globus pal-
lidus neurons11. The aim of the current contribution was 
to evaluate the efficiency of these three test compounds 
as antimicrobial agents against Bacillus spp strains, the 
latter of which were chosen based on their pathogenicity 
and their lack of sensitivity to antibiotics currently used. 
Hence, three compounds with higher affinity for the RacE 
(according to docking studies) were synthesized. In vitro 
assays were carried out to assess their antimicrobial effec-
tiveness, which was expressed as their minimum inhibi-
tory concentration (MIC expressed in μg/mL), on cells 
of Bacillus spp strains. Additionally, a determination was 
made of the inhibitory concentration 50 (IC

50
 expressed 

in μg/mL) of the test compounds on RacE extracts from 
bacterial cells of the aforementioned strains.

Materials and methods

Maleic anhydride, diphenylboric acid 2-aminoethyl ester, 
d-glutamic acid, l-glutamic acid, dimethyl sulfoxide 
(DMSO), and other reagents were acquired from Sigma-
Aldrich (Quimica SA, Toluca, México). All the solvents 
used were of reactive grade and purified before their use. 
All the melting points were determined in open glass 
capillary tubes in an Electrothermal 9300 device, and are 

uncorrected. All the IR spectra were recorded in KBr pellets 
on a Midac spectrometer. 1H-NMR (300 MHz), 13C-NMR 
(78.7 MHz) and 11B-NMR (90 MHz) spectra were recorded 
on a Bruker Avance 300-DPX spectrometer. Luria-Bertani 
(LB) and Mueller-Hinton (MH) culture mediums were 
purchased from BD Diagnostics. The bacterial strains, 
Bacillus cereus (B. cereus) ATCC 11778, Bacillus subtilis (B. 
subtilis) ATCC 6633 and Bacillus anthracis (B. anthracis) 
QHI were kindly supplied by Dr. Graciela Castro Escarpulli 
of the Bacteriology laboratory of the Microbiology 
Department, Escuela Nacional de Ciencias Biológicas, 
Instituto Politécnico Nacional, México.

Molecular modeling

The RacE 1 (RacE1, PDB ID: 2DWU) and RacE 2 (RacE2, 
PDB ID: 2GZM) structures employed in this study were 
described by May, et al.10, which were taken from the 
Protein Data Bank (PDB). Before doing docking studies, the 
water molecules co-crystallized in the structures of RacE1 
and RacE2 were eliminated. Through docking simulations, 
using the AutoDock 4.0.1 (http://autodock.scripps.edu/
resources/adt/) software12 in the Linux platform, the 
free energy (ΔG) values were obtained and the type of 
binding interactions between ligand and enzyme was 
determined. In this way, we could establish whether or 
not the ligand arrived to the active site of the RacE1 and 
RacE2 enzymes. To evaluate the atomic partial charge 
contribution, we calculated the Kollman partial charges 
after adding polar hydrogen atoms to these enzymes, using 
the AutoDocktools (ADT) program12. The method utilized 
was the Genetic-Lamarckian algorithm implemented in 
the ADT program, with the following parameters: 100 runs, 
100 individuals in the population, 1 × 107 evaluations of 
energy and 27,000 generations. The rest of the values were 
left at their default setting12. Then, a grid box (60 × 60 × 60 
Å) with a spacing of 0.375 Å was used to consider the 
recognition site reported10. A calculation of the affinity of 
each ligand on these receptors was made by calculating 
the sum of the partial contributions12. The structures of 
the compounds were optimized at their lowest energy by 
utilizing Density Function Theory B3LYP/6-31G* in the 
Gaussian 03 program13, which was then converted to *.pdb 
format with Molekel 4.314. Then, the hydrogen atoms and 
Gasteiger charges of the ligand were assigned using the ADT 
program12. The receptor-ligand complexes were visualized 
and analyzed by employing the VMD 1.8 program15.

synthesis of glutamic acid derivatives

The method used to prepare compounds l-DFB and  
d-DFB (Scheme 1) was previously reported by our work 
group, published elsewhere11. The structures of com-
pounds were determined with IR and NMR (1H and 13C). 
The spectroscopic data was in accordance with reports in 
the literature11,16. The new imide compound, l-GM, was 
synthesized according to previous reports on the synthe-
sis of arylimides5,17,18, with some modifications in order 
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to obtain the compound in a single step. Consequently, 
a new methodology was established in our laboratory 
(Scheme 2) for the synthesis of the derivative of glu-
tamic acid with maleic anhydride. Briefly, solution A 
was prepared by dissolving (+)-(S) glutamic acid (1.0 g) 
in a minimum amount of distilled water. Then NaOH 
0.5 N was added dropwise until reaching the desired 
pH of 9. Solution B was prepared by dissolving maleic 
anhydride (0.66 g) in 10 mL of tetrahydrofurane (solu-
tion B). Solution A and B were then mixed with constant 
stirring for 2 h at room temperature. When the target 
product was precipitated, it was filtered, washed with 
hexane, dried and weighed to give (S)-2-(2,5-dioxo-2,5-
dihydro-1H-pyrrol-1-yl) pentanedioate compound in a 
90% yield as a white powder, mp 150–152 °C, IR (KBr) υ 
(cm-1): 1539 (C=O

as
), 3060 (C=C

as
), 3446 (NH

as
); 1H NMR 

(300 MHz, DMSO-d
6
, δ ppm): 6.15 (s, 2H), 3.650 (t, 1H), 

2.383 (m, br 2H), 1.983 (m, br 2H); 13C NMR (68.7 MHz, 
DMSO-d

6
, δ ppm):177.17, 173.81, 170.78, 134.22, 53.78, 

30.09, 25.49.

Determination of the minimum inhibitory 
concentration

The Minimum inhibitory concentration (MIC) was 
determined for the strains of B. cereus, B. subtilis and 
B. anthracis by the microdilution technique in Mueller 
Hilton broth, according to the Clinical and Laboratory 
Standards Institute (CLSI, formerly NCCLS) criteria for 
Staphylococcus aureus19. Prior to testing, each strain was 
sub-cultured twice on Trypticase soya agar (TSA) plates 
containing 5% sheep blood (Difco, BD) and incubated 
at 37°C overnight. Starting from the seeded bacterial 
strains on cultivation plates (LB agar), a suspension 
was prepared with a density equivalent to 0.5 on the 
McFarland scale (about 1 to 5 × 106 cell/mL). Dilutions 
were carried out with this solution in order to obtain 
a final concentration of 5 × 102 to 2.5 × 103 cell/mL in 
Mueller Hinton (MH) broth (Difco, BD). A stock solution 
of 1 mg/mL was prepared from d-DFB, l-DFB and l-GM. 
Afterwards; this was employed to prepare a dilution of 
256 to 0.5 µg/mL in DMSO. Beginning with well number 

Scheme 1. Reaction of synthesis of the boron-containing compound.

Scheme 2. One step amide and imide formation at room temperature.
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one (100 µL/well), triple serial dilutions were carried out 
with the first ten wells. Then, 100 µL/well of the suspen-
sion were added to the bacterial suspension in wells one 
to eleven. Well 11 was the control for bacterial growth 
(100 µL DMSO), while well 12 was the test control for ste-
rility of the medium. The microplates were incubated at 
37°C for 24 h, at which time the corresponding readings 
were made at 541 nm on a Multiskan EX photometer 
for microplates. The concentration that inhibited the 
growth of 50% of each of the Bacillus spp strains (MIC

50
) 

was established, so as that which inhibited 90% of the 
strains (MIC

90
)

.
 The MIC range of each antimicrobial 

agent for each strain was determined using tetracycline 
as a positive control.

Preparation of cellular extracts

The cell extracts containing the RacE were obtained as 
previously reported3,10,20 from three Bacillus strains: B. 
cereus, B. subtilis and B. anthracis. Briefly, these three 
strains were each separately cultivated in 50 mL of LB 
culture medium at 37°C for 16 h. The cell cultures were 
harvested at 5000 rpm for 5 min, eliminating the superna-
tant. Afterwards, the cells were resuspended with 10 mL 
of buffer, 0.1 M of Tris-HCl (pH 8) and 0.1 g of glass pearls, 
achieving the breakage of the cell at 4°C with pulses every 
30 s. The lysate was centrifuged at 13000 rpm for 10 min. 
The supernatant was dialyzed with the same buffer dur-
ing 24 h at 4oC and employed as the cell extract.

cellular extract assays

Extracts of the RacE from cells of three bacterial strains, 
B. cereus, B. subtilis and B. anthracis, were assayed by 
employing a previously reported method (Ashiuchi,  
et. al20.).

Results and discussion

Docking studies
Glutamic acid, a moiety which is the natural substrate of 
RacE, has several groups that can be chemically modi-
fied, giving rise to inhibitors with much better affinity 
for the active site or some allosteric site than the natu-
ral substrate. Various studies have reported that some 
glutamic acid derivatives are very selective for RacE and 
have potent antimicrobial activity21,22. In the current con-
tribution, three glutamic acid derivatives, two analogues 
of l-glutamic acid and one of d-glutamic acid, were syn-
thesized and tested as RacE inhibitors.

First, the docking procedure employed, was tested by 
using glutamic acid with the RacE (Figure 1), and com-
pared to previously reported data10. Then, docking and 
structural studies were carried out in order to explore 
which modification in the target moiety groups of glu-
tamic acid would probably lead to a compound with 
the greatest affinity for the active site of the RacE. It was 
found that what most influenced affinity for this enzyme 

was the presence of a 5-membered heterocycle moiety 
in the three test compounds, two of them containing a 
boron atom (l-DFB and d-DFB) and the other an imide 
(l-GM).

Previous docking studies have used crystallized RacE 
in order to explore the active site of the RacE in detail23, 
identifying the amino acid residues that participate in the 
ligand-receptor interaction3,8. In the active site of RacE1, 
the natural substrate binds to Cys77 and Cys188, while 
in the active site of RacE2 this ligand binds to Cys74 and 
Cys185. Thus, residues change the configuration of glu-
tamic acid from l to d or S to R by abstracting or adding a 
hydrogen atom10,23.

In each of the enzyme isoforms evaluated, the three 
test compounds were relatively distant from the two 
principal residues involved in the catalytic activity by 
the natural substrates. Regarding RacE1 (specifically 
Cys77 and Cys188), the imide group of the l-GM com-
pound was found to be at a distance of 8.39 Å, whereas 
d-DFB was at 9.03 Å and l-DBF at 14.11 Å (Figure 2). In 
relation to RacE2, the three test compounds were even 
more distant from the active site and therefore did not 
show any interaction with residues Cys74 and Cys185. 
Although the test compounds were relatively distant 
from the active site of both isoforms of RacE, their high 
affinity for an allosteric site of the enzyme suggests that 
they make conformational changes affecting the catalytic 
site, which would diminish the affinity for the natural 
substrate of the enzyme. This result is due to the fact that 
both RacE isoforms have a narrow pocket that forms the 
active site, which can be easily blocked.

Apart from the principal residues, the natural sub-
strate was close to the following residues of RacE1: 
Thr121, Gly47, Asn78, His190, Thr189, Tyr46, Ser15, 
Pro192 and Ala152. Likewise, the natural substrate was 
close to the following residues of RacE2: Ser12, Tyr43, 
Asp11, Thr186, Thr76, Asn75, Gly44, Pro42 and Val149. 
These results are in agreement with reports in the 
literature3,10,21.

Regarding l-GM, in the interaction with RacE1 it 
was close to Arg43, Thr124 and Thr153. With this same 
isoform, d-DFB was close to Arg43 and Thr153, while 
l-DFB was close to Glu192, Glu214, Glu215, Thr207 
and Lys109 (Figure 3). In the interaction with RacE2, 
l-GM was close to Lys262, Ile243, Gly244 and Lys242, 
while both d-DFB and l-DFB were close to Gly244, 
Ile243, Lys242 and Lys262. By comparing the residues 
for which the natural substrates have affinity with this 
data, it seems that the test compounds have affinity for 
an allosteric site.

To compare affinity, the free energies (∆G) of the test 
compounds and the natural substrates were determined 
in relation to RacE1 and RacE2 (Table 1). According to 
the ∆G, the affinity of the imide derivative is similar to 
that of l- and d-glutamic acid for both RacE1 and RacE2. 
However, the affinity of the boron-containing derivative 
is notably higher for both enzyme isoforms. This sug-
gests that the boron atom could play an important role 
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in protein recognition and could induce the conforma-
tional changes.

The bonding interaction of the test compounds and 
the natural substrates with the two enzyme isoforms is 
congruent with the comparative ∆G values. In a previ-
ously reported study, it is mentioned that the affinity of l- 
and d-glutamic acid for both enzyme isoforms is based 
on hydrogen bonds10.

The current docking study found that hydrogen bonds 
are also responsible for the affinity of the imide derivative 
for both enzyme isoforms. A hydrogen bond is formed 
between the ω-carbonyl oxygen of this compound and 
the backbone amide of Thr124, between the carbonyl 
oxygen of the compound and Arg43, and between the 
imide of the compound and the hydroxyl side chain of 
Thr153. Thus the slight affinity of the imide derivative for 

Figure 1. Binding site of: (a) d-glutamic acid and (b) l-glutamic acid on the RacE1 isoform with two principal amino acid residues, (c) 
d-glutamic acid and (d) l-glutamic acid on the RacE2 isoform with two principal amino acid residues. Carbon atoms are colored cyan; oxygen 
atoms, red; nitrogen atoms, blue; sulfur atoms of the protein, yellow for enzyme active site. 

Figure 2. Binding site of: (a) l-GM, (b) d-DFB, (c) l-DFB on the RacE1 isoform, with two principal amino acid residues. Carbon atoms are 
colored cyan; oxygen atoms, red; nitrogen atoms, blue; sulfur atoms, yellow for enzyme active site. 
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both isoforms can be explained by the well-known weak 
nature of hydrogen bonds. Contrarily, the higher affinity 
of the boron-containing compounds for both isoforms 
can be attributed to the fact that not only hydrogen bond 
formation was found (between the ω-carbonyl oxygen 
of compounds and amine group on the side chain of 
Lys262), but also a much stronger type of bond based on 
π-cation interactions of the aromatic ring of the deriva-
tives with the amine group of Lys242.

synthesis of glutamic acid derivatives

The compounds were synthesized as reported and all com-
pounds were obtained with good yields. The structures of 
the l-GM, d-DFB and l-DFB derivatives were established 
by their corresponding spectroscopic data (IR, 1H-NMR 
and 13C-NMR). For l-DFB the phenyl groups bonded 
to boron (the borinic ester) and the carboxyl group, evi-
denced by the presence of bands in the IR spectrum at 
1724 cm-1 and 1602 cm-1, respectively, which arises from 
the asymmetrical and symmetrical stretching modes.

assays with the MIc method

Antimicrobial activity of the test compounds and tet-
racycline was evaluated in vitro against three bacte-
rial strains: B. cereus ATCC 11778, B. subtilis ATCC 
6633 and B. anthracis QHI. The inhibitory effect of all 
compounds was compared to the growth of bacteria in 
wells without any compound added. The MICs of the 
test compounds and of the standard drug are presented 
in Table 2.

Tetracycline was selected as a positive control for 
inhibition of growth of the Bacillus strains used in this 
study because clinically it is the most frequently used 
for Bacillus spp. This drug, with a MIC ranging from 16 
to 0.03125 µg/mL, was inhibitory for B. subtilis and B. 
anthracis. A concentration of 0.25 µg/mL effected 50% 
inhibition, while a concentration of 0.5 µg/mL caused 
90% inhibition. A concentration of 8 µg/mL of this stan-
dard compound inhibited B. cereus at 50%, while 16 µg/
mL resulted in 90% inhibition. As can be seen, tetracy-
cline has a relatively low MIC, very close to that reported 
in strains of B. anthracis isolated in clinical studies. The 
two test compounds that gave the best results against 
the three bacterial strains were d-DFB and l-DFB, with 
a MIC ranging from 256 to 0.5 µg/mL. For the B. cereus 
strain, a concentration of 64 µg/mL of d-DFB showed a 50 
% inhibition, while a concentration of 128 µg/mL inhib-
ited this strain at 90%. d-DFB at a concentration of 32 µg/
mL inhibited the strains of B. subtilis and B. anthracis by 
50%, while a concentration of 64 µg/mL inhibited these 
strains by 90%. Curiously, these same concentrations of 
l-DFB inhibited the B. cereus and B. anthracis strains by 
50% and 90%. For the B. subtilis strain, a concentration of 

Table 1. Free energies values and K
d
 of the natural substrates of 

l and d-glutamic acid and all three test compounds in relation to 
RacE1 and RacE2, according to docking studies.

Compound

RacE1 RacE2
ΔG  

(Kcal/mol) Kd (M)
ΔG  

(Kcal/mol) Kd (M)
l-Glu −7.4 3.77 × 10-6 −8.21 9.521 × 10-7

d-Glu −8 1.38 × 10-6 −8.94 2.799 × 10-7

l-GM −7.72 1.25 × 10-5 −9.02 1.46 × 10-6

d-DFB −11.86 2.04 × 10–12 −11.47 3.97 × 10–12

l-DFB −12.33 9.81 × 10–13 −11.05 8.0 × 10–12

Figure 3. Ligand on racemase enzyme allosteric site of: (a) l-GM, (b) d-DFB, (c) l-DFB on the RacE1 isoform, with some amino acid residues. 
Carbon atoms are colored cyan; oxygen atoms, red; nitrogen atoms, blue. 
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16 µg/mL of l-DFB showed 50% inhibition, while a con-
centration of 32 µg/mL resulted in 90% inhibition.

Hence, the MIC of the boron-containing compounds 
was relatively higher compared to tetracycline. However, 
tetracycline inhibits protein synthesis in a non-selective 
form. Contrarily, the test compounds probably inhibit 
cell wall synthesis, which would make them selective for 
bacterial versus human cells. The MIC of the test com-
pounds is close to that of other antibiotics, such as cef-
triaxone (MIC

90
 32 µg/mL24), which also inhibit cell wall 

synthesis.

cellular extract assays

Since the aforementioned inhibitory values are in rela-
tion to the bacterial cell, they do not necessarily reflect 
the activity of the compounds on the enzyme. To confirm 
that these values express inhibition of the enzyme, we 
obtained cellular extracts containing the RacE from the 
three bacterial strains, according to a reported method20. 
A determination was made of the formation of 2, 4-dini-
trophenylhydrazone of α-ketoglutarate by measuring 
the increase in the absorbance at 550 nm (read on a 
spectrophotometer of visible UV). One unit of enzyme 
was considered as the quantity necessary to catalyze 
the formation of 1 µmol of l-glutamate per minute. 
Consequently, we could test the compounds on cellular 
extracts and obtain the inhibitory concentration 50 (IC

50
).

The results of the IC
50

 and the MIC with these assays 
were similar for d-DFB and l-DFB in relation to all three 
bacterial strains as those found with the whole bacterial 
cell. Once again, l-DFB showed greater affinity than d-
DFB. The greater in vitro inhibitory effect of l-DFB on bac-
terial growth is not surprising, because the natural function 
of RacE is the change from the l- to d-configuration. 
Therefore, the recognition site is chiral, and consequently 
can distinguish between the two chiral ligands. For l-GM, 
no inhibition of the enzyme was found when using the 
same concentration as that used to inhibit the bacterial 
cell. It was necessary to double the concentration to find 
the IC

50
 for the imide derivative on the extract (Table 3).

The IC
50

 for the boron-containing compounds was 
higher in relation to B. cereus (<64 µg/mL for d-DFB and 
<32 µg/mL for l-DFB), with a greater sensitivity shown 
to B. anthracis (32 µg/mL for both boron-containing 
derivatives), and the greatest sensitivity to B. subtilis (<32 
µg/mL for d-DFB and <16 µg/mL for l-DFB).

Judging by the X-ray of the structure for l-DFB, this com-
pound has a 5-membered ring. Therefore, the d-boron-
containing enantiomer must have this same structural 
geometry. The 11B-NMR analysis showed a chemical shift 
of 4.5 ppm for both compounds, confirming the tetravalent 
structure16,23. Consequently, these two compounds can 
pass through the lipidic membrane of the bacteria relatively 
quickly, compared to tetracycline, in order to approach the 
active site. Contrarily, tetracycline needs to pass through 
this lipidic membrane by passive diffusion through hydro-
philic pores in order to inhibit protein synthesis25. Similarly, 

it is likely that the hydrophilicity of l-GM makes it less lipo-
philic than d-DFB and l-DFB, which could explain the fact 
that at the assayed concentrations, l-GM did not inhibit the 
growth of the three Bacillus spp. strains.

conclusions

Two boron-containing glutamic acid compounds, l-DFB 
and d-DFB, as well as one imide-containing glutamic 
acid compound, l-GM, were tested in silico for their 
affinity to two RacE isoforms. The in silico analysis sug-
gested that all three test compounds disrupt enzyme 
function by allosteric binding to RacE1 and RacE2. On 
the other hand, the in vitro results shown that only two 
of the three test compounds, d-DFB and l-DFB, actually 
inhibit growth of the three bacterial strains employed in 
the present study. Although tetracycline shown a lower 
MIC than these two boron-containing compounds, it 
acts on bacteria by inhibiting protein synthesis. The fact 
that the two boron-containing glutamic acid deriva-
tives inhibiting the RacE means that they probably act 
by inhibiting bacterial cell wall formation. This property 
together with their greater lipophilicity could confer 
these two test compounds the capacity of acting more 
quickly and selectively than tetracycline. These results 
suggest that boron-containing compounds could repre-
sent an important focus for future research.
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Table 2. MIC
50

 and MIC
90

 for the Bacillus spp. strains tested, by the 
microdilution technique in Mueller Hilton broth.

Antimicrobial 
agent

MIC (μg/mL)
B. cereus B. subtilis B. anthracis

50% 90% 50% 90% 50% 90%
TTC 8 16 0.25 0.5 0.25 0.5
d-DFB 64 128 32 64 32 64
l-DFB 32 64 16 32 32 64
l-GM >256 >256 >256 >256 >256 >256

Table 3. Determination of IC
50

 of compound on Bacillus spp.

Cell extracts* (racemase enzyme)
IC

50
 μg/mL

d-DFB l-DFB LGM
B. cereus <64 <32 >500
B. subtilis <32 <16 >500
B. anthracis 32 32 >500
* Cellular extracts containing the racemase enzyme were obtained 
according to the materials and methods section. The specific 
activity for each extract was: 198 mU/mg for B. cereus (RacBc), 
192.6 mU/mg for B. subtilis (RacBs), and 207.6 mU/mg for 
 B. antrhacis (RacBa). The IC

50
 was determined using different 

concentrations for each inhibitor. To inhibit the activity of RacBc 
we used 64 μg/mL d-DFB, 32 μg/mL l-DFB, and 500 μg/mL 
LGM. For RacBs we used 32 μg/mL d-DFB, 16 μg/mL l-DFB, and 
500 μg/mL LGM. For RacBa we used 32 μg/mL d-DFB, 32 μg/mL 
l-DFB, and 500 μg/mL LGM.
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