
The laccase-catalyzed amination is a new method to syn-
thesize novel antibiotics by enzymatic transformation.1)

These reactions represent new, low-cost processes, which
allow the use of mild reaction conditions, aqueous solvent
systems, normal pressure, and room temperature. Further ad-
vantage is the specificity of the reaction, which can comprise
the amination of para- and ortho-dihydroxylated aromatic
compounds,2—4) the combination of two antibiotics contain-
ing a phenol moiety,5) the introduction of a phenolic com-
pound into an antibiotic containing a phenolic moiety,6) the
oxidation of an antibiotic,7) and the transformation of substi-
tuted heterocyclic compounds.8,9)

Recently we reported about the derivatization of amino-
penicillins coupling them with derivatives of 2,5-dihydroxy-
benzoic acid.1) The motive for our work was the global prob-
lem with resistance of many bacteria, e.g. Streptococcus
pneumoniae strains10—13) and Staphylococcus strains, against
currently available b-lactam antibiotics.14—17) The aminated
products1) inhibited the growth of several Gram positive bac-
terial strains and protected mice against an infection with
Staphylococcus aureus.

In this study, we used cephalosporins including the carba-
cephem loracarbef for laccase-catalyzed reactions because of
their advantages over the penicillins. First, they are inher-
ently more stable to b-lactamases. The second advantage is
the possible modification of two sites of the cephalosporin
molecule, while the penicillin molecule can be modified at
only one site. Thus, compared with penicillins, the potential
number of cephalosporins is considerably greater. Now 
we have employed laccases from Trametes sp. and from
Myceliophthora thermophila to achieve derivatization of
aminocephalosporins from the first und second broad-spec-
trum generations and to couple them with derivatives of 2,5-
dihydroxybenzoic acid. These derivatives are structurally re-
lated to the ganomycins, a new chemical class of antibac-
terial compounds18) and to other antibacterial active iso-
lates,19,20) and are therefore interesting as coupling partner

for b-lactams. The novel cephalosporins were structurally
characterized as new coupling products inhibiting the growth
of several Gram positive bacterial strains in the agar diffu-
sion assay, among them methicillin-resistant Staphylococcus
aureus and vancomycin-resistant enterococci. The products
protected mice against an infection with Staphylococcus au-
reus lethal to the control animals. Cytotoxicity and acute tox-
icity of the new compounds were negligible.

Results and Discussion
Biotransformation of Aminocephalosporins by Lac-

cases Laccase-catalyzed reaction of 2,5-dihydroxybenzoic
acid derivatives (substrates 1a to 1d) with cefadroxil, cefa-
lexin, cefaclor, and loracarbef (educts 2a—d) proceeded very
fast. Using the laccase from Trametes sp., the compounds
were consumed after an incubation period of 3 h resulting in
any case in one cross coupling product (3a to 3p, Fig. 1).

Comparable straight forward biotransformation of educts
to products we found also for hybrid dimer formation from
2,5-dihydroxybenzoic acid derivatives with aminopenicillins,1)

amino acids,21) and primary aromatic amines,2,3) and from 3-
(3,4-dihydroxy-phenyl)-propionic acid with 1-hexylamine.4)

Different reaction kinetics were described for hybrid dimer
formation from 3,4-dichloroaniline and syringic acid22) or 3-
(3,4-dihydroxy-phenyl)propionic acid and 4-aminobenzoic
acid.4) Therefore the amination of 2,5-dihydroxybenzoic acid
derivatives with laccase from Trametes sp. is an excellent
method for the synthesis of novel cephalosporins. In contrast
when using laccase from Myceliophthora thermophila, di-
aminated products and some not identified byproducts were
formed as reported for amination with primary aromatic
amines.3) These undesirable reactions diminished product
yields up to 50%.

After separation of the products 3a to 3p by solid phase
extraction, mass spectral analyses (LC/MS with API-ES 
in negative and positive modes) of the compounds showed 
a molecular mass attributed to the coupling of one 2,5-
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dihydroxybenzoic acid derivative (1a to 1d) with one
cephalosporin derivative (2a to 2d) under loss of four hydro-
gen atoms. These couplings were confirmed by the presence
of all carbons of the 2,5-dihydroxy-N-(2-hydroxyethyl)ben-
zamide 1a and of cefadroxil 2a, cefalexin 2b, cefaclor 2c, or
loracarbef 2d in the 13C-NMR spectra of the products 3a, 3e,
3h, and 3l. Two signals in the range of 180 ppm indicated a
quinonoid character of the products. Furthermore, 1H-NMR
spectral data of all products showed characteristic signals for
both compounds. The number of CH proton signals of the 
dihydroxylated phenyl rings changed from three—in the
educts—to two signals—in the products. The multiplicity of
the signals of the C-4� and C-5� protons indicated a further
substituent at the C-1� position. The chemical shift to lower
field of the C-4� and C-5� protons demonstrated the presence
of an electron-withdrawing group. Signals for phenolic hy-
droxy groups could not be detected, but signals for three
amine protons were observed. All results together confirm
the oxidation of the p-hydroquinone to a quinone as de-
scribed previously for hybrid dimer formation from 2,5-
dihydroxybenzoic acid derivatives with penicillins,1) amino
acids,21) and primary aromatic amines,2,3) and for the hybrid
dimer formation from 3,4-dichloraniline with protocatechuic
acid and syringic acid.22,23)

Biological Activity of the Biotransformation Products
All products (3a to 3p) showed a moderate to strong growth
inhibition of several Gram positive strains, among them mul-
tidrug resistant Staphylococcus and Enterococcus strains, and
of the Gram negative strain E. coli in the agar diffusion assay
(Table 1, data for 3a to 3d, all other data in supporting infor-
mation available via e-mail: annett.mikolasch@gmx.de), but
not against Pseudomonas aeruginosa and P. maltophilia. In-
vestigations towards the stability of the products showed lim-

ited lifetime in aqueous solution. Incubation of solutions of
3a to 3p at 30 °C showed decomposition after 2 h. Therefore
the survey of the antimicrobial effects were concentrated on
the initial screening using the agar diffusion test. 3a to 3p
showed no or only weak cytotoxicity against FL cells in con-
centrations up to 100 mg/ml (data not shown). A “Staphylo-
coccus-infected, immune suppressed mouse” model was used
for the examination of in vivo effectiveness of in vitro active
products (Table 2, data for 3a, 3e, 3i, 3m, all other data 
in supporting information available via e-mail: annett.
mikolasch@gmx.de).

The mice treated i.p. with one of the biotransformation
products survived the infection with Staphylococcus aureus
ATCC 6538 whereas untreated mice died after infection
within 2 d. The treated mice did not show any signs of intoxi-
cation. Besides this, 3a was tested in higher concentration
(2500 mg/kg i.p., observation period 20 d after injection) or
repeated application (50 mg/kg i.p. two times per day for
14 d, observation period 30 d starting with the first day of 
injection) for possible toxic effects in mice. Both schedules
did not show any toxic side effect during the observation pe-
riod. These results showed that, as is the case for aminopeni-
cillins,1) derivatization of cephalosporins by laccase-cat-
alyzed reaction can be done without a loss of antibacterial
activity, whereas the phenolic oxidation of 7-(4-hydroxy-
phenylacetamido)cephalosporinic acid7) and the dimerization
of penicillin X24) by laccase led to a distinct loss of antibac-
terial activity.

Corresponding to the aminopenicillin derivatives resulting
from laccase-catalyzed amination,1) the new cephalosporin
derivatives did not show an increase in activity compared to
the b-lactam educts. No considerable differences between 
the coupling products or between coupling products and
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Fig. 1. 2,5-Dihydroxybenzoic Acid Derivatives (1a to 1d), b-Lactam Antibiotics (2a to 2d) and the Products 3a to 3p



aminocephalosporins concerning spectrum and strength of
antibacterial activity were found until now. However, deriva-
tization can also influence other features of the antibacterial
compounds favorable. Thus, we reported about a coupling
product, which was quite stable against different types of b-
lactamases whereas aminopenicillins were reduced in their
activity against Staphylococcus aureus SG10 after treatment
with b-lactamases.1) Furthermore, the positive log D values
of the coupling products in contrast to the negative log D of
amoxicillin and ampicillin suggest that the compounds could
be adsorbed from the gastrointestinal tract after peroral appli-
cation.1) Studies regarding the stability against b-lactamases,
the log D values, acute and chronic toxicity, activity after per-
oral application and pharmacokinetic behaviour as well as in-
vestigations towards the enhancement of stability for the
novel cephalosporins are in progress.

Concluding, the laccase-catalyzed amination of 2,5-dihy-
droxybenzoic acid derivatives with aminocephalosporins is a

new method to synthesize novel cephalosporins by enzymatic
transformation. The novel cephalosporins broaden the spec-
trum of b-lactam antibiotics. The transfer of the laccase-cat-
alyzed synthesis on cephalosporins and penicillins1) shows
the enormous potential of this method for the synthesis of
new bioactive compounds.

Experimental
Enzymes Extracellular laccase C of Trametes sp. (EC 1.10.3.2) was ob-

tained from ASA Spezialenzyme (Wolfenbüttel, Germany) and used in an
activity of 800 nmol ·ml �1·min�1 (substrate: 2,2�-amino-bis-3-ethylbenzthi-
azoline-6-sulfonic acid).

Laccase from Myceliophthora thermophila (expressed in genetically mod-
ified Aspergillus sp.) was bought from NovoNordisk (Bagsvaerd, Denmark).
It was used in an activity of 800 nmol ·ml�1·min�1 (substrate: 2,2�-amino-
bis-3-ethylbenzthiazoline-6-sulfonic acid).

Substrates and Conditions of Biotransformation Aminocephalosporins—
cefadroxil, cefalexin, cefaclor, and carbacephem loracarbef (2 mM)—were
dissolved in 600 ml sodium acetate buffer, 20 mM pH 5.6. After addition of
laccase C (activity 800 nmol ·ml�1·min�1), the reaction mixture was com-
pleted by a 20 mM solution of one of the following 2,5-dihydroxybenzoic
acid derivatives in 60 ml sodium acetate buffer, pH 5.6: 2,5-dihydroxy-N-(2-
hydroxyethyl)benzamide, 2,5-dihydroxybenzamide, 2,5-dihydroxybenzoic
acid methyl ester or 2,5-dihydroxybenzoic acid ethyl ester. The reaction
mixture was incubated for 3 h at room temperature (RT) with agitation at
400 rpm.

For reaction with laccase from Myceliophthora thermophila (activity
800 nmol ·ml�1·min�1), the aminocephalosporins were incubated in citrate-
phosphate buffer (16 mM citrate, 164 mM phosphate) pH 7. The 2,5-dihy-
droxybenzoic acid derivatives were solved in 60 ml citrate-phosphate buffer.
Further reaction steps were done as described for transformation with lac-
case C.

Chemicals were purchased from commercial suppliers: cefadroxil, cefa-
clor and cefalexin from Sigma-Aldrich, loracarbef from Eli Lilly, 2,5-dihy-
droxy-N-(2-hydroxyethyl)benzamide from Midori Kagaku Co. Japan, 2,5-di-
hydroxybenzoic acid methyl ester and 2,5-dihydroxybenzoic acid ethyl ester
from Sigma-Aldrich. All chemicals were used as received. 2,5-Dihydroxy-
benzamide was synthesized as described previously.3)

Analytical High-Performance Liquid Chromatography (HPLC) and
General Procedure for Isolation of Biotransformation Products For
routine analysis, samples of the incubation mixture were analyzed by HPLC
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Table 1. Antimicrobial Activity of Products 3a to 3d and 2a

Amount n (mmol)

Strain 2a 3a 3b 3c 3d

0.019 0.1 0.19 0.019 0.1 0.19 0.019 0.1 0.19 0.019 0.1 0.19 0.029 0.14 0.29

Bacillus megaterium SBUG 1152 36a) 38 40 22 30 32 22 30 32 22 30 32 18 30 34
B. subtils AWD 166 36 38 40 24 30 32 22 30 32 22 30 32 22 30 34
Escherichia coli SBUG 1135 18 22 26 rb) 14 16 r 14 18 r 14 18 r 12 16
Enterococcus faecalis 769 r 10 14 r r r r r r r r r r r r
E. faecalis 945 r r r r r r r r r r r r r r r
Staphylococcus aureus 315 r r 8 r 10 16 r r 8 r r 12 r r 8
S. aureus 33490 16 24 28 r 14 18 r 14 20 r 14 20 r 14 16
S. aureus 34289 r r r r r r r r 12 r r r r r r
S. aureus 36881 r 14 18 r 10 16 r 12 18 r r 14 r 14 18
S. aureus 38418 30 34 38 14 24 26 16 24 26 10 22 28 10 20 24
S. aureus 39105 16 24 26 r r 14 r 12 18 r r 12 r r 14
S. aureus 520 r r 8 r r 12 r r r r r r r r r
S. aureus 526 r r r r r 10 r r 12 r r r r r r
S. aureus ATCC 6538 32 38 40 20 28 30 16 24 28 18 26 30 14 22 26
S. aureus Nordeutscher Stamm r r 10 r 16 18 r 8 12 r 10 14 r 10 12
S. epidermidis 1068 20 24 26 r 10 16 r 16 20 r 14 20 r 12 14
S. epidermidis 1071 22 28 30 r 18 20 r 18 22 r 14 20 r 14 18
S. epidermidis 125 26 36 40 14 24 28 14 22 26 12 24 28 10 20 24
S. epidermidis 563 24 28 32 r 10 16 r 14 20 r 14 20 r 12 18
S. epidermidis 847 12 26 30 r 16 20 r 10 12 r 14 18 r 10 14

a) Zones of inhibition (mm). b) r resistent (no zone of inhibition).

Table 2. Effectiveness of in Vitro Active Products in the “Staphylococcus-
Infected, Immune Suppressed Mouse” Model

Product Concentration
Survived/treated Survived/control 

mice n/n mice n/n

Staphylococcus aureus ATCC 6538

2a 2�0.5 mg 10/10 0/10
(25 mg/kg)

3a 2�0.5 mg 9/9 0/15
(25 mg/kg)

3e 2�0.5 mg 3/3 0/5
(25 mg/kg)

3i 2�0.5 mg 12/12 0/20
(25 mg/kg)

3m 2�0.5 mg 9/9 0/15
(25 mg/kg)



as described prevously.1) After 3 h the two educts of each reaction were
transformed by laccase from Trametes sp. in any case to one product. All
isolation steps of the coupling products were performed by solid phase ex-
traction corresponding to the method for transformed aminopenicillins.1)

Characterization of Biotransformation Products Products were ana-
lyzed by mass spectrometry (LC/MS with API-ES in negative and positive
modes).

The nuclear magnetic resonance (NMR) spectra were obtained at
300 MHz (1H) and at 75 MHz (13C and DEPT-135) in acetonitrile-d3.

6-{2-[2-(2-Hydroxyethylcarbamoyl)-3,6-dioxocyclohexa-1,4-dienyl-
amino]-2-(4-hydroxyphenyl)-acetylamino}-cephalosporanic Acid 3a
Synthesis and isolation as described above. Dark red solid. Yield 88%
(930.0 mg). 1H-NMR d 2.01 (s, 3H, H-10), 3.19 (d, J�18.3 Hz, 1H, H-2),
3.37 (m, J�5.7 Hz, 2H, H-9�), 3.43 (d, J�18.3 Hz, 1H, H-2), 3.57 (t,
J�5.5 Hz, 2H, H-10�), 4.89 (d, J�4.7 Hz, 1H, H-6), 5.65 (dd, J�4.7, 8.9 Hz,
1H, H-7), 5.87 (d, J�6.5 Hz, 1H, H-13), 6.56 (d, J�10.2 Hz, 1H, H-4�), 6.67
(d, J�10.1 Hz, 1H, H-5�), 6.82 (d, J�8.7 Hz, 2H, H-3�, H-5�), 7.39 (d,
J�8.7 Hz, 2H, H-2�, H-6�), 7.52 (d, J�8.6 Hz, 1H, H-11), 9.77 (t, 1H, H-8�),
13.12 (d, 1H, J�6.2 Hz, H-14). 13C-NMR d 19.91 (C-10), 30.34 (C-2),
42.10 (C-9�), 57.97 (C-6), 59.82 (C-7), 61.52 (C-10�), 62.95 (C-13), 101.39
(C-2�), 116.65 (C-3�, C-5�), 123.15 (C-4), 129.83 (C-1�), 129.96 (C-2�, C-
6�), 132.41 (C-3), 133.33 (C-4�), 141.34 (C-5�), 153.46 (C-1�), 158.46 (C-
4�), 164.01 (C-8), 165.05 (C-9), 170.12 (C7�), 171.96 (C-12), 184.60 (C-6�),
185.52 (C-3�). LC/MS m/z 557.5 ([M�H]�, 597.5 [M�Na]� API-ES pos.
mode).

6-{2-[2-(2-Hydroxyethylcarbamoyl)-3,6-dioxocyclohexa-1,4-dienyl-
amino]-2-phenyl-acetylamino}-cephalosporanic Acid 3e Synthesis and
isolation as described above. Dark red solid. Yield 74% (150.5 mg). 1H-
NMR d 2.01 (s, 3H, H-10), 3.15 (d, J�18.4 Hz, 1H, H-2), 3.37 (m,
J�5.7 Hz, 2H, H-9�), 3.44 (d, J�18.4 Hz, 1H, H-2), 3.57 (t, J�5.6 Hz, 2H,
H-10�), 4.90 (d, J�4.7 Hz, 1H, H-6), 5.69 (dd, J�4.6, 8.9 Hz, 1H, H-7), 6.00
(d, J�6.5 Hz, 1H, H-13), 6.59 (d, J�10.2 Hz, 1H, H-4�), 6.71 (d, J�10.1 Hz,
1H, H-5�), 7.46 (m, 6H, H-2�, H-3�, H-4�, H-5�, H-6�, H-11), 9.79 (t, 1H, H-
8�), 13.29 (d, 1H, J�6.2 Hz, H-14). 13C-NMR d 19.93 (C-10), 30.35 (C-2),
42.10 (C-9�), 57.95 (C-6), 59.81 (C-7), 61.50 (C-10�), 63.15 (C-13), 101.42
(C-2�), 123.15 (C-4), 128.41 (C-2�, C-6�), 129.84 (C-4�), 130.09 (C-3�, C-
5�), 132.41 (C-3), 133.33 (C-4�), 138.36 (C-1�), 141.34 (C-5�), 153.39 (C-
1�), 161.46 (C-8), 165.01 (C-9), 170.12 (C7�), 171.96 (C-12), 184.60 (C-6�),
185.52 (C-3�). LC/MS m/z 543.1 ([M�H]�, 563.0 [M�Na]� API-ES pos.
mode).

3-Chloro-7-{2-[2-(2-hydroxyethylcarbamoyl)-3,6-dioxocyclohexa-1,4-
dienylamino]-2-phenyl-acetylamino}-8-oxo-1-thia-5-azabicyclo[4.2.0]-
oct-3-en-4-carboxylic Acid 3i Synthesis and isolation as described above.
Dark red solid. Yield 87% (73.7 mg). 1H-NMR d 3.36 (m, J�5.7 Hz, 2H, H-
9�), 3.38 (d, J�18.2 Hz, 1H, H-2), 3.57 (t, J�5.6 Hz, 2H, H-10�), 3.75 (d,
J�18.2 Hz, 1H, H-2), 4.99 (d, J�4.9 Hz, 1H, H-6), 5.72 (dd, J�4.8, 9.0 Hz,
1H, H-7), 5.94 (d, J�6.7 Hz, 1H, H-13), 6.56 (d, J�10.1 Hz, 1H, H-4�), 6.71
(d, J�10.1 Hz, 1H, H-5�), 7.42 (m, 5H, H-2�, H-3�, H-4�, H-5�, H-6�), 7.66
(d, J�8.9 Hz, 1H, H-11), 9.76 (t, 1H, H-8�), 13.25 (d, 1H, J�6.2 Hz, H-14).
13C-NMR d 31.27 (C-2), 42.11 (C-9�), 58.09 (C-6), 60.04 (C-7), 61.48 (C-
10�), 63.48 (C-13), 101.40 (C-2�), 124.60 (C-4), 128.41 (C-2�, C-6�), 129.13
(C-3), 129.84 (C-4�), 130.09 (C-3�, C-5�), 133.36 (C-4�), 138.69 (C-1�),
141.89 (C-5�), 153.55 (C-1�), 162.30 (C-8), 165.83 (C-9), 170.10 (C7�),
171.37 (C-12), 184.75 (C-6�), 185.51 (C-3�). LC/MS m/z 562.2 ([M�H]�,
584.1 [M�Na]� API-ES pos. mode).

3-Chloro-7-{2-[2-(2-hydroxyethylcarbamoyl)-3,6-dioxocyclohexa-1,4-
dienylamino]-2-phenyl-acetylamino}-8-oxo-5-azabicyclo[4.2.0]oct-3-ene-
4-carboxylic Acid 3m Synthesis and isolation as described above. Dark
red solid. Yield 77% (87.5 mg). 1H-NMR d 1.33 (m, 2H, H-1), 2.40 (m, 2H,
H-2), 3.37 (m, J�5.6 Hz, 2H, H-9�), 3.58 (t, J�5.5 Hz, 2H, H-10�), 3.74 (m,
J�5.0 Hz, 1H, H-6), 5.31 (m, J�5.0, 8.3 Hz, 1H, H-7), 5.90 (d, J�6.7 Hz,
1H, H-13), 6.55 (d, J�10.2 Hz, 1H, H-4�), 6.66 (d, J�10.2 Hz, 1H, H-5�),
7.41 (m, 5H, H-2�, H-3�, H-4�, H-5�, H-6�), 7.54 (d, J�7.9 Hz, 1H, H-11),
9.76 (t, 1H, H-8�), 13.23 (d, 1H, J�6.3 Hz, H-14). 13C-NMR d 22.19 (C-1),
31.70 (C-2), 42.12 (C-9�), 53.13 (C-6), 59.24 (C-7), 61.51 (C-10�), 63.62
(C-13), 101.65 (C-2�), 124.74 (C-4), 128.33 (C-2�, C-6�), 129.03 (C-3),
129.79 (C-4�), 130.07 (C-3�, C-5�), 133.34 (C-4�), 138.96 (C-1�), 141.92 (C-
5�), 153.47 (C-1�), 162.22 (C-8), 165.73 (C-9), 170.09 (C7�), 171.37 (C-12),
184.69 (C-6�), 185.49 (C-3�). LC/MS m/z 544.2 ([M�H]�, 566.1 [M�Na]�

API-ES pos. mode).
The data of all other biotransformation products are in supporting infor-

mation available via e-mail: annett.mikolasch@gmx.de.
Determination of Antibacterial Activity An agar diffusion method ac-

cording to BURKHARDT25) was used to determine antibacterial activity.
Sterile Mueller-Hinton II-Agar in Stacker petri dishes (Becton Dickinson
Microbiology systems, Cockeysville, U.S.A.) was inoculated with bacterial
cells (200 m l of bacterial cell suspension—15�107 cells—on 20 ml
medium). The following bacterial strains were used: Bacillus megaterium
SBUG 1152, Bacillus subtilis AWD 166, Staphylococcus aureus ATCC
6538, S. aureus Norddeutscher Epidemiestamm and Escherichia coli SBUG
1135. Besides these the agents were tested against the following multidrug
resistant strains isolated from patients: S. aureus 315, S. aureus 33490, S.
aureus 34289, S. aureus 36881, S. aureus 38418, S. aureus 39105, S. aureus
520, S. aureus 526, S. epidermidis 1068, S. epidermidis 1071, S. epidermidis
125, S. epidermidis 535, S. epidermidis 563, S. epidermidis 847, Enterococ-
cus faecalis 769, E. faecalis 945, Pseudomonas aeruginosa 396, P. aerugi-
nosa 595 and P. maltophilia 135. The test samples were applied in different
concentrations on sterile paper discs (Sensi-Disc, 6 mm diameter, Becton
Dickinson Microbiology systems). Test concentrations were selected accord-
ing to the concentration of the standard antibiotics (cefadroxil, cefalexin, ce-
faclor, and loracarbef) on the Sensi discs. Plates were kept for 3 h in a refrig-
erator to enable prediffusion of the substances into the agar and were then
incubated for 24 h at 37 °C. Average inhibition zone diameters were calcu-
lated from 3 replicates.

Cytotoxic Activity The cytotoxicity was determined by the neutral red
uptake assay26) using FL-cells, a human amniotic epithelial cell line. Only
living cells are able to manage the active uptake of neutral red. FL-cells were
cultivated in a 96 well microtiter plate (105 cells/ml Hepes modified Dul-
becco, Sigma, 150 m l/well) at 37 °C in a humidified 5% carbon dioxide
atmosphere. The Dulbecco’s Modified Eagle’s Medium (DMEM) was com-
pleted by L-glutamin (1%, Sigma), penicillin G/streptomycin (1%, Sigma)
and FCS (10%, Biocrom). After 24 h 50 m l of the test solution (test sub-
stance dissolved in 20 m l DMSO under stirring in an ultrasonic bath for
5 min and then diluted with 1 ml medium) or medium with equal amounts of
DMSO (control) were added. After a further incubation for 72 h cells were
washed three times with phosphate buffered saline solution (PBS). 100 m l
neutral red solution (Sigma, 0.3% in DMEM) was added per well. The cells
were then incubated for 3 h at 37 °C, followed by another three times wash-
ing with PBS. 100 m l of a solution of acetic acid (1%, v/v) and ethanol
(50%, v/v) in distilled water were added. After shaking for 15 min the opti-
cal density was measured at 492 nm with a Micro Screener LB 9260 (EG&G
Berthold, Bad Wildbad). The mean of three measurements for each concen-
tration was determined (n�3).

Animal Assays A “Staphylococcus-infected, immune suppressed
mouse” model was established for the examination of in vivo effectiveness
of in vitro selected drugs. In this model 8 weeks old female BALB/C mice
(3 mice/group/assay) were pre-treated with cyclophosphamide (250 mg/kg
intra peritoneal (i.p.) day-3 and 100 mg/kg i.p. day-1, Sigma) to suppress the
immune answer. Three days later they were infected with Staphylococcus
aureus ATCC 6538, i.p., in a lethal dose (1010—1012 colony forming units
(CFU)). The test agents were injected 30 min and 6 h after the infection with
Staphylococcus aureus ATCC 6538. The concentration of the test agents was
selected according to therapeutic used doses of ampicillin. The antibiotic ef-
fectiveness was recognised within the next 2—6 d.

Preliminary toxicity assays were done with one coupling product (3a)
using 8 weeks old female BALB/C mice. The compound was injected at a
dose of 2500 mg/kg i.p. Its influence was recognised by daily observation of
the mice within the next 20 d. In another set of experiments mice were
treated with compound 3a (50 mg/kg i.p. per injection) two times per day
over a period of 14 d.
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