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Sixty-one strains of alkane-oxidizing bacteria were tested for their ability to oxidize N-(2-hexylamino-4-
phenylimidazol-1-yl)-acetamide to imidazol-2-yl amino acids applicable for pharmaceutical purposes. After
growth with r-alkane, 15 strains formed different imidazol-2-yl amino acids identified by chemical structure
analysis (mass and nuclear magnetic resonance spectrometry). High yields of imidazol-2-yl amino acids were
produced by the strains Gordonia rubropertincta SBUG 105, Gordonia terrae SBUG 253, Nocardia asteroides
SBUG 175, Rhodococcus erythropolis SBUG 251, and Rhodococcus erythropolis SBUG 254. Biotransformation
occurred via oxidation of the alkyl side chain and produced 1-acetylamino-4-phenylimidazol-2-yl-6-aminohex-
anoic acid and the butanoic acid derivative. In addition, the acetylamino group of these products and of the
substrate was transformed to an amino group. The product pattern as well as the transformation pathway of
N-(2-hexylamino-4-phenylimidazol-1-yl)-acetamide differed in the various strains used.

Substitued imidazoles have been extensively used in medi-
cine and agriculture. The recognition early in the last century
that histamine, 2-(4-imidazolyl)ethylamine, acts as a messen-
ger molecule in cell-to-cell communication (3, 10, 11) led to
the development and use of antihistamine drugs, defined as
H,, H,, and H; receptor antagonists with structures related to
histamine (4, 46). Burimamid and cimetidin were described as
selective H, receptor antagonists (4, 5), and phenoxyalkyl imi-
dazoles have been developed as potent H; receptor antagonists
(19). Some substituted imidazoles have antifungal activities
(14, 15, 39, 44, 49, 53, 54), while various 1-substituted imida-
zoles have anticonvulsant properties (9, 21, 22, 24-26, 38, 43,
44). Furthermore, the biologically active angiotensin II recep-
tor antagonists have an imidazole moiety (1). Apart from N-
benzylimidazoles (8), eprosartan (36), and related compounds
(6, 32), imidazolylalkylamino acids are also potent angiotensin
II receptor antagonists (28).

Because of the manifold biological activities of imidazole
derivatives, we investigated whether novel imidazol-2-yl amino
acids, applicable for pharmaceutical purposes, might be syn-
thesized from N-(2-alkylamino-4-phenylimidazol-1-yl)-acet-
amides by using microbial biotransformation reactions. Al-
kane-oxidizing bacteria should be able to oxidize the terminal
methyl group of the alkylamino substituent of the N-(2-alkyl-
amino-4-phenylimidazol-1-yl)-acetamides to yield the desired
imidazol-2-yl amino acids, because the most common pathway
of oxidation of alkyl chains is the monoterminal oxidation via
an alcohol and an aldehyde intermediate (37, 41) to the cor-
responding carboxylic acid. Such microbial transformation has
also been found for alkyl substituents of aromatics and het-
eroaromatics such as phenyl alkanes (51), alkyl benzene sul-
fonates (55), 2,5-alkyl thiophenes (17), or 6-alkyl-2-pyrones
(40) and offers an attractive route for organic synthesis to
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produce novel aromatic and heteroaromatic substituted ali-
phatic acids.

The aim of this study was (i) to investigate whether the
alkane-oxidizing ability of bacteria can be used for the synthe-
sis of imidazol-2-yl amino acids from an alkylated parent com-
pound, (ii) to select the most efficient strains and to charac-
terize the product pattern, and (iii) to adapt the incubation
conditions for high product yields.

MATERIALS AND METHODS

Chemicals. N-(2-Hexylamino-4-phenylimidazol-1-yl)-acetamide was synthe-
sized from 2-amino-5-methyl-3-phenacyl-1,3,4-oxadiazolium bromide and hexyl-
amine according to procedures published in the literature (27).

1-Amino-2-hexylamino-4-phenylimidazole was synthesized from N-(2-hexyl-
amino-4-phenylimidazol-1-yl)-acetamide. N-(2-Hexylamino-4-phenylimidazol-1-yl)-
acetamide (0.50 g) was treated with 2 ml of 48% solution of HBr. After addition
of water, the precipitate was filtered off and recrystallized from ethanol to yield
a yellow-brown substance; the yield was 0.30 g (70%).

Organisms and growth conditions. For the experiments, 61 strains of n-
alkane-utilizing bacteria were used. Some bacteria were obtained from the strain
collection. Most of the strains were isolated from hydrocarbon-contaminated
soils in the north of Germany by enrichment cultivation performed in 500-ml
flasks containing 100 ml of mineral salts medium (5 g of NH,H,PO,, 2.5 g of
K,HPO,, 0.5 g of MgSO, - 7TH,0, 0.5 g of NaCl, 0.46 g of K,SO,, 0.07 g of CaCl,,
2 mg of FeCl; - 6H,0, 0.5 mg of H;BO3, 0.1 mg of CuSO, - SH,0, 0.1 mg of KI,
0.4 mg of MnSO, - 5H,0, 0.4 mg of ZnSO, + 7H,0, 0.2 mg of Na,MoO,, and 0.1
mg of CoClj per liter of deionized water) and 1% hexadecane as the only source
of carbon and energy. After appropriate times (3 to 7 days) of shaking cultures
at 30°C and 180 rpm, 5 ml was transferred to 90 ml of fresh medium and
incubated under the same conditions. Identical transfers were performed two
more times. Afterwards, microorganisms were obtained by plating 0.1 ml of the
cultures on nutrient broth plates. Pure cultures were maintained on nutrient
broth slants and deposited at the strain collection of the Department of Biology
of the University of Greifswald (SBUG).

The efficient strains belong to the genera Gordonia, Nocardia, and Rhodococ-
cus, and isolates were analyzed by morphological and physiological testing,
mainly by methods of Groth et al. (23). Further identification to the species level
by using physiological characteristics (Table 1) was performed by the methods of
Tsukamura (48), Goodfellow (20), and Holt et al. (29).

For more detailed studies, we used Gordonia rubropertincta SBUG 105 (iso-
lated strain), Gordonia terrae SBUG 253 (isolated strain), Nocardia asteroides
SBUG 175 (ATCC 19247), Rhodococcus erythropolis SBUG 251, and R. eryth-
ropolis SBUG 254 (ATCC 4277).
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TABLE 1. Differentiating characteristics of strains identified

Results for”:

Characteristic G. rubropertincta G. terrae SBUG
SBUG 105 253

Color of colonies Red Red
Morphology Rod-shaped Rod-shaped
Growth on sole carbon source

D-Galactose (1.0%) + +

Mesoinositol (1.0%) - +

Sorbitol (0.5%) + +

L-Rhamnose (1.0%) - +

Citric acid (Na salt, 0.1%) + +

Butan-2,3-diol (1.0%) - +

Propan-1-ol (0.1%) - +

L-Serine (0.1%) - +

D-Alanine (0.1%) - -

L-Alanine (0.1%) - +

Mycolic acid One, long chain  One, long chain

Fatty acid composition S,UT S,UT
Major menaquinone MK-9 (H,) MK-9 (H,)
16:1 fatty acid present + +
¢ +, positive; —, negative; S, saturated; U, monounsaturated; T, tuberculo-

stearic acid.

Biotransformation experiments. For incubation experiments, bacteria grown
on agar plates with n-alkanes were used. The agar medium contained mineral
salts medium (31, 45), trace element solution (18), and agar-agar (18 g liter").
The agar plates were supplemented with gases of n-alkanes (Cy, to C,,) (mostly
n-tetradecane) evaporated from a sterile filter sheet in the plate cover (33) as
carbon source for 2 to 7 days at 30°C to allow growth of cells. In case of use of
n-alkanes with shorter chain lengths (C4 to Cy), the inoculated plates were put in
a larger glass with evaporating n-alkane (closed by a lid) according to method F
10 of Kreisel and Schauer (33).

Bacterial biomass from five agar plates was transferred to 500-ml flasks with
100 ml of sterilized mineral salts medium supplemented with trace elements (see
above), and N-(2-hexylamino-4-phenylimidazol-1-yl)-acetamide (0.1 g liter™!)
was added. For controls we used (i) cells in mineral salts medium without the
compound that was to be transformed and (ii) N-(2-hexylamino-4-phenylimida-
zol-1-yl)-acetamide in mineral salts medium without cells. After incubation for 3
days at 30°C and 220 rpm on a rotary shaker, formation of metabolites was
followed by analyzing 0.1 ml of the culture supernatant by high-performance
liquid chromatography (HPLC). For kinetic studies the formation of metabolites
was analyzed by HPLC from time to time during the course of the incubation
period.

To avoid a decrease of inducable alkane hydroxylase during the biotransfor-
mation experiments and to increase the product yields, alkane-oxidizing enzymes
were partially induced again during incubation with N-(2-hexylamino-4-phenyl
imidazol-1-yl)-acetamide by supplementation with gaseous n-alkane from a res-
ervoir inside the incubation flask. For this purpose the incubation flasks with cells
of N. asteroides SBUG 175 were supplemented one time with n-tetradecane (5 ml
in the reservoir) and with cells of G. rubropertincta SBUG 105, G. terrae SBUG
253, and R. erythropolis SBUG 251 two times with n-octane (2 ml in the reservoir)
to maintain alkane vapor phases in the flasks.

All experiments described were carried out in duplicate. The deviation was no
more than 5%.

Chemical analysis, isolation, and identification of products. For the detection
and quantification of metabolites in the aqueous supernatant, culture samples
were centrifuged (6,000 X g for 5 min) to remove cells and were analyzed by an
HPLC system (1050 M; Hewlett-Packard, Bad Homburg, Germany) equipped
with a quaternary pump system, an HP 1040 M series I diode array detector, and
an HP HPLC Chemstation. The separation was carried out on an end-capped,
5-um, LiChroCart 125-4 RP 18 column (Merck, Darmstadt, Germany). The
initial solvent composition was 20% methanol-80% phosphate buffer (20 mM),
pH 4.8, reaching 100% methanol within 14 min at a flow rate of 1 ml min~".

For isolation of products, the cells were removed from the incubation medium
by centrifugation at 6,000 X g for 5 min at the end of the biotransformation
experiments. An RP 18 silicagel solid-phase extraction column (polypropylene, 3
ml; and 200 mg of absorbent material; Baker, Gross-Gerau, Germany) was
charged with 10 ml of cell-free culture media. The substrate and several products
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TABLE 2. Bacterial isolates and transformation products formed
during incubation with N-(2-hexylamino-4-phenylimidazol-1-yl)-
acetamide (10 mg) after growth with n-tetradecane

Result for product®:

Strain
B C D E
Acinetobacter calcoaceticus ~— ++ 0 0 0 0
SBUG 39
G. rubropertincta SBUG + 0 0 0 ++
105
G. terrae SBUG 253 ++ + 0 0 ++
Mycobacterium phlei +++ 0 0 0 +++
SBUG 119
Mycobacterium vaccae ++ 0 0 0 +++
SBUG 109
N. asteroides SBUG 175 0 +++ 0 +++  +++
Nocardia opaca SBUG ++ 0 0 0 0
177
R. erythropolis SBUG 251 ++ 0 0 0 0
R. erythropolis SBUG 254 ++ 0 0 0 0
Rhodococcus sp. strain + 0 0 0 0
SBUG 82
Strain SBUG 108 ++ 0 0 0 0
Strain SBUG 143 ++ 0 0 0 0
Strain SBUG 303 + 0 0 0 0
Strain SBUG 304 + 0 0 0 0
Strain SBUG 259 ++ + + 0 +++

“ Amount of metabolites accumulated in 100-ml culture medium is shown. 0,
not detectable; +, 10 to 100 pg; ++, 100 to 400 wg; and +++, >400 pg.

were eluted together with 1 ml of methanol. The separation of products from the
methanolic fraction obtained by solid-phase extraction was performed on an
HPLC module system (Merck) equipped with a model L 6200 A Intelligent
Pump, a Rheodyne 7161 injection valve with a 100-pl loop, and a model L 4250
absorbance detector operating at 220 nm. High purity of products was achieved
on an end-capped, 5-um, LiChroCart 125-4 RP 18 column (Merck) at a flow rate
of 1 ml min~"'. For sufficient separation, the solvent system, consisting of meth-
anol (eluent A) and ammonium acetate buffer (20 mM, pH 4.8) (eluent B), was
started in a ratio of 20% A and 80% B and reached 70% A and 30% B within
12.5 min, and then it was changed to 100% A within 30 s and held constant for
another 5 min.

Analysis of purified products by mass spectrometry was carried out by electron
impact analysis at 70 eV with sample introduction via a direct insertion probe on
an M-40 mass spectrometer (AMD Intectra).

The nuclear magnetic resonance (NMR) spectra were recorded on a Bruker
(Karlsruhe, Germany) ARX 300 instrument at 300 MHz in (CD3),SO. Tetra-
methylsilane was used as an internal standard.

RESULTS

Oxidation of N-(2-hexylamino-4-phenylimidazol-1-yl)-acet-
amide. We compared 61 alkane-oxidizing bacterial strains
regarding their potential for the oxidation of alkylamino imi-
dazoles. None of the strains tested used N-(2-hexylamino-4-
phenylimidazol-1-yl)-acetamide that was added to mineral
salts medium as the only source for carbon and energy, and no
oxidation products were detectable. However, 15 strains trans-
formed the substrate to one to four different products after
growth on n-tetradecane (Table 2).

Because of the short amino alkyl side chain in the parent
compound (C) and the high water insolubility of tetradecane,
a variety of shorter n-alkanes (C,4 to C,,) were used in further
experiments as growth substrates for the selected strains in
order to get better induction and higher product yields.

A higher product level was found only for some strains, such
as R. erythropolis SBUG 251 (up to 10-fold), R. erythropolis
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SBUG 254 (up to 10-fold), and G. terrae (up to twofold). The
highest yield of products was recovered after growth and in-
duction of oxidizing enzymes with n-octane. The strain G.
rubropertincta SBUG 105 transformed N-(2-hexylamino-4-phe-
nylimidazol-1-yl)-acetamide not only in greater amounts (up to
sevenfold) but also produced more metabolites (four instead
of two) after growth with octane than with tetradecane.

Induction with alkanes ranging from hexane to dodecane
had no positive influence on the transformation of N-(2-hex-
ylamino-4-phenylimidazol-1-yl)-acetamide by the other strains
listed in Table 2. In most cases the strains tested showed
limited growth on the shorter-chain n-alkanes.

Detection of products by HPLC. Transformation of N-(2-
hexylamino-4-phenylimidazol-1-yl)-acetamide was demon-
strated by metabolites, which were detected by HPLC analysis
of the cell-free supernatant.

Most strains accumulated only one oxidation product, des-
ignated product A, which had a retention time of 7.2 min.

The elution profiles of other strains, including G. rubroper-
tincta SBUG 105, G. terrae SBUG 253, and N. asteroides SBUG
175, showed more than one oxidation product. These products
were designated B to E and differ clearly in their HPLC re-
tention times (Fig. 1).

Identification of products A to E. (i) Product A. The short
HPLC retention time of product A (7.2 min) suggested that
this compound is more hydrophilic than the parent compound,
which would be expected for the formation of an imidazol-2-yl
amino acid derivative. Product A was separated by HPLC from
the cell-free culture medium of the strain R. erythropolis SBUG
251 and was characterized by mass spectrometry and NMR
analysis. The mass spectral data showed a molecular ion peak
at m/z 330. The peak at m/z 272 resulted from the loss of the
acetylamino group (CH;CONH) from the molecular ion. Fur-
ther fragment ions at m/z 257 (M—CO,/—C,H,/—H), 229
(M—CH;CONH,/—CO,/+2H), 228 (M—CO,/—2xC,H,/—H),
187 (M—CH;CONH,/—CO,/—C;Hy/+2H), 186 (M—CO,/
—2xC,H,/—H/—COCH,/+H), 173 (M—CH;CONH,/—CO,/
—C,Hg/+2H), 159 (M—CH;CONH,/—CO,/—C;H,/—C,H,/
+2H), 104 (C,Hs—CH=CH,), 103 (C,Hs—C=N), 77
(CeHs), and 43 (COCH,) correspond with a structure contain-
ing one carboxyl function, one acetylamino group, an n-pentyl
chain, and a phenyl ring, indicating that the structure of prod-
uct A is acetylamino-phenylimidazolyl-aminohexanoic acid.

Comparison of proton-proton spin systems and couplings of
the 'H NMR spectrum and the '*C NMR data of the product
A with those of the substrate showed structural similarities
(Tables 3 and 4). All resonance signals of product A were
identical with those of the substrate with two exceptions: the
spectra failed in the signals for the methyl group of the sub-
strate but contained signals specific for a carboxyl group, and
the signals of the neighboring group changed. The absence of
the aliphatic methyl protons (showing a triplet at & = 0.87
ppm) in the "H NMR spectrum of the product and the absence
of the carbon signal of the methyl group indicated the trans-
formation of this group. The carbon signal at the low field
value of 8 = 174.5 ppm in the >C NMR spectrum of the
product demonstrates the presence of a carbonyl structure not
detectable in the substrate spectrum. The lower field value of
3 = 2.2 ppm of one methylene group in the 'H NMR spectrum
of the product was in accordance with that of a neighboring
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carboxyl group and together with the remaining resonance
signals confirmed the structure of 1-acetylamino-4-phenylim-
idazol-2-yl-6-aminohexanoic acid for product A.

(ii) Product B. Product B was formed by cells of G. rubroper-
tincta SBUG 105 and N. asteroides SBUG 175. The mass spec-
trum of this compound showed a molecular ion peak at m/z
260. The main fragment ions at m/z 217 (M—CO,/+H), 204
(M—-CO,/-CH,/+4H), 203 (M—CO,/—NH,/+4H), 189
(M—CO,/—C,H,/+H), 175 (M—CO,/—C;H¢/+H), 173
(M—CO,/-NH5/—C,H,/+2H), 160 (M—CO,/—C,H,/—HCN
/-H), 158 (M—CO,/—C;Hs/—NH3/+H), 142 (M—-CO,
/—C3H4/—2xNH;/+2xH), 104 (C,Hs—CH=CH,), 103
(CcHs—C=N), and 77 (C4Hs) correspond with a structure
containing one carboxyl function, a primary amino group, an
n-propyl chain, and a phenyl residue. In comparison with the
mass data of the substrate (data not shown) and product A, no
fragment ions indicating the acetylamino and the pentyl group
were detectable in the mass spectrum of product B.

The three aromatic resonance signals in the '"H NMR spec-
trum (8 = 7.62, 7.3, and 6.9 ppm) of product B were identical
with those of the substrate and product A (Table 3). Addition-
ally, the proton of the imidazol ring gave the same signal in all
three compounds, indicating identical structural elements
characteristic for the phenyl and imidazol ring. Three signals in
the "H NMR spectrum of product B (a multiplet, a triplet, and
a multiplet at § = 3.31, 2.28, and 1.83 ppm) confirmed the
existence of six aliphatic protons corresponding to three meth-
ylene groups in contrast to five methylene groups in the sub-
strate and product A. The missing signal of the acetyl group,
the new signal at 5.5 ppm (singlet) belonging to a primary
amino group, and the downfield shift of the proton signal of
the secondary amino group of the alkylamino chain all indicate
the loss of the acetyl group. Thus, an oxidation of the methyl
group of the alkylamino chain, a loss of two methylene groups,
and a loss of the acetyl group result in the structure of 1-amino-
4-phenylimidazol-2-yl-4-aminobutanoic acid for product B.

(iii) Product C. Product C was separated by HPLC from the
cell-free culture medium of the species G. rubropertincta
SBUG 105 only. Mass spectral analysis revealed a molecular
weight of 302. The difference of 42 in comparison with the
molecular weight of product B (M™ 260) is consistent with an
intact acetylamino group in this molecule. Besides the molec-
ular ion peak at m/z 302 (M*, C,sH,sN,O;), the mass spec-
trum contains the characteristic fragment ions m/z 285
(M—OH), 256 (M—HCOOH), 244 (M—CH;CONH,/+H),
229 (M—CO,/—C,H,/—H), 199 (M—CH;CONH,/—CO,), 172
(M—CH;CONH,/—CO,/-C,H,/+H), 158 (M—CH;CONH,/
-CO,/-C;Hy/+H), 104 (C,Hs—CH=CH,), 103
(CcHs—C=N), 77 (C4Hs), and 43 (COCHsy).

The structure of product C was also analyzed by NMR (Ta-
bles 3 and 4). In accordance with the structures of the substrate
and products A and B, the spectra of product C show three
aromatic resonance signals in the "H NMR (8 = 7.64, 7.29, and
7.11 ppm) and four in the ">*C NMR (3 = 134.9, 128.2, 125.6,
and 123.7 ppm). Furthermore, the signal of the proton of the
imidazol ring was registered. In contrast to that of product B,
the signal pattern of the oxidized propylamino chain of product
C remains unchanged apart from the upfield shift of the proton
signal of the secondary amino group that confirmed the intact
acetylamino group. The singlet at 1.97 ppm in the '"H NMR
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FIG. 1. HPLC elution profiles of the aqueous culture supernatant after incubation of G. rubropertincta SBUG 105 (a) and N. asteroides SBUG
175 (b) with N-(2-hexylamino-4-phenylimidazol-1-yl)-acetamide (0.1 g liter™'; 72 h) and UV absorption spectra of products A through E. AU,

absorbance units.

spectrum and the corresponding signal at 20.8 ppm in the *C
NMR spectrum are the expected signals of an acetyl group, as
in product A and in the substrate, showing that product C is
1-acetylamino-4-phenylimidazol-2-yl-4-aminobutanoic acid.

(iv) Product D. Product D resulted from the transformation
of N-(2-hexylamino-4-phenylimidazol-1-yl)-acetamide by N.
asteroides SBUG 175 (Fig. 1b). In comparison with products A
through C, product D has an HPLC retention value and a UV
spectrum, suggesting that this compound could be an imidazol-
2-yl amino acid.

The mass spectrum showed a molecular ion peak at m/z 288
(M*, C;sH,,N,O,). The peak at m/z 229 (M-CO,/-CH,/+H)
resulted from the loss of the carboxyl and methylene group from
the molecular ion. Further main fragment ions at m/z 214
(M—-CO,/—CH,/—NH,/+3H), 186 (M—CO,/—CH,/—C;H,),
172 (M—CO,/—CH,/—NH,/—C;H4/+3H), 159 (M—CO,/
—CH,/—C3Hy/—HCN), 158 (M—CO,/—CH,/—NH,/—2xC,H,/
+3H), 104 (C,Hs—CH=CH,), 103 (C;Hs—C=N), and 77
(CeHs) correspond with a structure containing one carboxyl
function, a primary amino group, an n-pentyl chain, and a
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TABLE 3. '"H NMR data of the substrate N-(2-hexylamino-4-phenylimidazol-1-yl)-acetamide and the products A, B, C, and E

Data for:
Substrate Product A Product B Product C Product E Proton assignment”
d(ppm)  V(Hz) 8 (ppm)  V(Hz)  d(ppm) U (Hz  d(ppm) Y (Hz) 8 (ppm)  J(Hz)
10.65 10.66 10.69 s, 1H, NH, NH—COCH;
7.65 7.8 7.65 8.2 7.62 8.2 7.64 7.8 7.70 7.8 d, 2H, H,, C,Hs
7.30 7.8,7.2 7.29 8.2,7.3 7.3 82,73 7.29 78,73 7.46 7.8,7.3 dd, 2H, H,,, CiHs
7.13 72 7.11 7.3 6.9 7.3 7.11 7.3 7.36 7.3 t, 1H, H,, C¢Hs
7.08 7.07 7.1 7.09 7.49 s, 1H, CH, imidazol
55 6.01 s, 2H, NH,
5.83 5.7 5.84 5.8 7.88 5.98 5.8 7.85 6.1 t, 1H, NH, NH—CH,
3.21 3.21 3.31 3.24 3.38 m, 2H, CH,, CH,—NH
222 7.3 2.28 8.2 2.29 7.4 t, 2H, CH,, CH,—COOH
1.97 1.97 1.97 s, 3H, CH;
1.83 1.8 m, 2H, CH,,
NH—CH,—CH,—CH,COOH
1.54 1.59 m, 2H, CH,, CH,—CH;
1.29 15,13 1.31 m, 6H, 3xCH,
0.87 6.6 0.88 6.7 t, 3H, CH;, CH;(CH,)sNH

“Underlining reflects assignment of the single NMR signal.

phenyl residue, suggesting the structure 1-amino-4-phenylimi-
dazol-2-yl-6-aminohexanoic acid for product D.

Compound D was an intermediate that accumulated for only
a short period during the transformation of N-(2-hexylamino-
4-phenylimidazol-1-yl)-acetamide (see kinetic data). There-
fore, the amount of product D was not sufficient for NMR
analysis.

(v) Product E. In contrast to products A to D, product E
showed an HPLC retention value very similar to that of N-(2-
hexylamino-4-phenylimidazol-1-yl)-acetamide, indicating few
changes in the hydrophobic parts of the parent compound. The
mass spectrum of product E, formed by G. rubropertincta
SBUG 105, N. asteroides SBUG 175, and four other strains,
showed a molecular ion peak at m/z 258, which was consistent
with the calculated molecular mass of 1-amino-2-hexylamino-
4-phenylimidazole. Therefore, this compound was chemically
synthesized from N-(2-hexylamino-4-phenylimidazol-1-yl)-
acetamide according to the method described in Materials and
Methods. The spectroscopic data of the biotransformation

product E were identical with those of the synthesized 1-ami-
no-2-hexylamino-4-phenylimidazole. Mass data are as follows:
mj/z 258 (molecular mass, M*, C,sH,,N,), 243 (M—CH,), 242
(M-CH,), 228 (M—C,Hy), 172 (M—C,H,/—2xC,H,), 159
(M—-3xC,H,/—NH,/+2H), 158 (M—3xC,H,/—NH,/+H), 104
(C¢Hs—CH=CH,), 103 (C;Hs—C=N), 77 (C;Hs); '"H NMR
and '*C NMR (Tables 3 and 4).

Kinetics of the transformation of N-(2-hexylamino-4-phen-
ylimidazol-1-yl)-acetamide. n-Tetradecane-grown cells of N.
asteroides SBUG 175 transformed N-(2-hexylamino-4-pheny-
limidazol-1-yl)-acetamide completely within 48 h. The main
product, which formed rapidly, was 1-amino-2-hexylamino-4-
phenylimidazole, demonstrating an active deacetylation system
in cells of N. asteroides SBUG 175 (Fig. 2a). The deacetylated
imidazol-2-yl-aminohexanoic acids accumulated at a low rate.
The amount of this imidazol-2-yl-amino acid decreased with
accumulation of the 1-amino-4-phenylimidazol-2-yl-4-ami-
nobutanoic acid. At the end of incubation, 1-amino-2-hex-
ylamino-4-phenylimidazole was still present in high quantity.

TABLE 4. >C NMR data of the substrate N-(2-hexylamino-4-phenylimidazol-1-yl)-acetamide and the products A, B, C, and E

Substrate 8 (ppm) Product A & (ppm) Product C 8 (ppm)

Product E & (ppm) Proton assignment?

174.5 174.5
168.9 168.8 168.8
149.6 149.4 149.3
135.2 135.0 134.9
133.6 132.1 133.3
128.4 128.2 128.2
125.7 125.5 125.6
123.9 123.7 123.7
112.0 111.9 111.9
42.7 42.3 41.8
33.6 31.2
31.3,29.5,26.3,22.3
29.0,25.9,24.3
24.8
21.0 20.8 20.8
14.2

C=0, COOH
C=0, NH—COCH,

147.1 C2, imidazol
128.1 Cl1, CcHs
123.5 C4, imidazol
128.7 Co, CsHs
127.5 C,, CeHs
124.7 C..» CsHs
115.3 C5, imidazol
42.5 CH,, NH—CH,(CH,),COOH

CH,, CH,—COOH

(CH,),, CH;(CH,),CH,NH

(CH,);, NH—CH,(CH,),CH,—COOH
CH,, NH—CH,—CH,—CH,—COOH
CH,, CH,—CONH

CH,, CH,(CH,);NH

30.8,28.9, 25.6, 22.1

13.8

“ Underlining reflects assingment of the single NMR signal.
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FIG. 2. Kinetics of the transformation of N-(2-hexylamino-4-phe-
nylimidazol-1-yl)-acetamide (0.1%) by N. asteroides SBUG 175 as de-
termined by HPLC. (a) Incubation with n-tetradecane-grown cells; (b)
incubation with n-tetradecane-grown cells and continuous induction by
n-tetradecane. X, N-(2-hexylamino-4-phenylimidazol-1-yl)-acetamide;
¢, l-amino-2-hexylamino-4-phenylimidazole; O, 1-amino-4-phen-
ylimidazol-2-yl-6-aminohexanoic acid; and [J, 1-amino-4-phenylimida-
zol-2-yl-4-aminobutanoic acid.

The yield of the 1-amino-4-phenylimidazol-2-yl-aminoalkanoic
acids was between 3 and 5%.

To increase the amount of the desired aminoalkanoic acid
derivatives, we chose a continuous induction of alkane-oxidiz-
ing enzymes by n-tetradecane during the biotransformation
process. The deacetylation of the parent compound remained
the first step of transformation (Fig. 2b). However, the result-
ing product 1l-amino-2-hexylamino-4-phenylimidazole was
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transformed to the desired 1-amino-4-phenylimidazol-2-yl-
aminoalkanoic acids continuously. The production of the ami-
nohexanoic acid derivative was enhanced fivefold within 180 h,
after which it was increasingly metabolized and the amount of
1-amino-4-phenylimidazol-2-yl-4-aminobutanoic  acid  in-
creased continuously during the incubation period. At the end
(after 450 h), it was harvested as the only product (yield, 70%).

This kinetic study of the transformation of N-(2-hexylamino-
4-phenylimidazol-1-yl)-acetamide by N. asteroides SBUG 175
showed clearly that the first product formed, 1-amino-2-hex-
ylamino-4-phenylimidazole (product E, reaction step 1, Fig. 4),
is converted to l-amino-4-phenylimidazol-2-yl-6-aminohex-
anoic acid (product D, reaction step 2), which can be fur-
ther transformed to 1-amino-4-phenylimidazol-2-yl-4-ami-
nobutanoic acid (product B, reaction step 3).

G. terrae SBUG 253 grown with n-octane oxidized the
N-(2-hexylamino-4-phenylimidazol-1-yl)-acetamide to the 1-
acetylamino-4-phenylimidazol-2-yl-6-aminohexanoic acid from
the beginning of incubation (Fig. 3a). The formation rate de-
creased after about 12 h, perhaps due to a decrease of active
alkane-oxidizing enzymes in the cells. The imidazole-2-yl-4-
aminobutanoic acid derivative formation occurred only weakly
and started after 40 h together with the deacetylation of the
substrate to produce 1-amino-2-hexylamino-4-phenylimida-
zole. The yield of the 4-phenylimidazol-2-yl-aminoalkanoic ac-
ids was not higher than 5%. To increase the yield of 4-phen-
ylimidazol-2-yl-aminoalkanoic acids, octane was supplemented
as cosubstrate during the biotransformation process in two
steps (Fig. 3b).

Alkane supplementation of incubation assays led to growth
of cells followed by a decrease in pH and an increase of dis-
solved substrate, which is more water soluble at low pH. Be-
cause of this and because of an increase of alkane hydroxylase
during the incubation period, higher concentrations of both
substrate and products were detected by HPLC analysis. How-
ever, every addition of n-octane led to a drastic increase of the
concentration of the oxidation product 1-acetylamino-4-phe-
nylimidazol-2-yl-6-aminohexanoic acid, indicating an active
monooxygenase system involved in the oxidation of the alky-
lamino group. The second addition of n-octane, necessary be-
cause of the rapid evaporation of octane, caused a strong enrich-
ment of the 1-amino-4-phenylimidazol-2-yl-4-aminobutanoic
acid, too. In this way high yields of the 4-phenylimidazol-2-yl-
aminoalkanoic acids (1-acetylamino-4-phenylimidazol-2-yl-6-
aminohexanoic acid, 50%; and 1-amino-4-phenylimidazol-2-yl-4-
aminobutanoic acid, 30%) could be achieved.

The amount of the deacetylated product 1-amino-2-hex-
ylamino-4-phenylimidazole was more or less independent from
the supplementation with n-octane and decreased at the end of
incubation. The deacetylated terminal oxidized product 1-ami-
no-4-phenylimidazol-2-yl-6-aminohexanoic acid was detected
as an intermediate in low concentration over a period of 70 h.

The kinetic data demonstrate that N-(2-hexylamino-4-phe-
nylimidazol-1-yl)-acetamide was transformed via two different
pathways by G. terrae SBUG 253 (Fig. 4). One pathway starts
with the oxidation of the hexylamino group (reaction step 4,
Fig. 4), followed by a deacetylation of the product (reaction
step 5, Fig. 4). The initial reaction of the second pathway is the
deacetylation of the substrate (reaction step 1, Fig. 4), and the
resulting 1-amino-2-hexylamino-4-phenylimidazole is oxidized
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FIG. 3. Kinetics of the transformation of N-(2-hexylamino-4-phe-
nylimidazol-1-yl)-acetamide (0.1%) by G. terrae SBUG 253 as determined
by HPLC. (a) Incubation with n-octane-grown cells; (b) incubation with
n-octane-grown cells and addition of n-octane in two steps.X, N-(2-hexy-
lamino-4-phenylimidazol-1-yl)-acetamide; 4, 1-amino-2-hexylamino-4-
phenylimidazole; @, 1-acetylamino-4-phenylimidazol-2-yl-6-aminohex-
anoic acid; O, 1-amino-4-phenylimidazol-2-yl-6-aminohexanoic acid; and
0, 1-amino-4-phenylimidazol-2-yl-4-aminobutanoic acid.

(reaction step 2, Fig. 4). In both cases 1-amino-4-phenylimida-
zol-2-yl-6-aminohexanoic acid (product D) is produced and is
converted to 1-amino-4-phenylimidazol-2-yl-6-aminobutanoic
acid (product B, reaction step 3).

Transformation of N-(2-hexylamino-4-phenylimidazol-1-yl)-
acetamide by n-octane-grown cells of R. erythropolis SBUG 251
revealed the accumulation of 1-acetylamino-4-phenylimidazol-
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2-yl-6-aminohexanoic acid as a single product (data not
shown). This product was enriched within the first 15 h (yield,
15%) and did not further increase thereafter, although the
substrate was detectable in large amounts. Addition of an
inducing n-alkane to the incubation mixtures did not lead to
any increase of product yield.

Cells of G. rubropertincta SBUG 105 grown with n-octane
transformed  N-(2-hexylamino-4-phenylimidazol-1-yl)-acet-
amide via two pathways similar to that shown for G. terrae (Fig.
4). However, transformation occurred faster and all products
and intermediates (also 1-acetylamino-4-phenylimidazol-2-yl-
4-aminobutanoic acid) were formed within less than 20 h. The
low yield of the imidazol-2-yl amino acids of around 4% could
not be increased by addition of n-octane as described for G.
terrae.

The highest yields (50 to 70%) of the desired imidazol-2-yl
amino acids were obtained from the strains G. terrae SBUG
253 and N. asteroides SBUG 175 by continuous induction of
alkane-oxidizing enzymes during incubation with N-(2-hexyl-
amino-4-phenylimidazol-1-yl)-acetamide.

DISCUSSION

Fifteen of 61 tested strains of alkane-oxidizing bacteria
transformed N-(2-hexylamino-4-phenylimidazol-1-yl)-acetamides
to imidazol-2-yl amino acids after growth on n-alkane. High yields
of imidazol-2-yl amino acids were obtained from the transforma-
tion of N-(2-hexylamino-4-phenylimidazol-1-yl)-acetamide by the
strains G. rubropertincta SBUG 105, G. terrae SBUG 253, N.
asteroides SBUG 175, R. erythropolis SBUG 251, and R. erythropo-
lis SBUG 254. Species of the genera Nocardia (30, 34, 50) and
Rhodococcus (2, 42, 50, 56) are well known for their ability to
degrade aliphatic hydrocarbons, especially shorter-chain alkanes
to carboxylic acids and further oxidation products. Malachowsky
et al. (35) described isolates of Rhodococcus, which utilized n-
alkanes ranging in chain length from propane to hexadecane as a
carbon and energy source. Probably this is the reason for better
oxidation of the hexyl group of N-(2-hexylamino-4-phenylimid-
azol-1-yl)-acetamide by species of Gordonia, Nocardia, and
Rhodococcus than by other alkane-oxidizing bacteria.

Only alkane-induced cells could oxidize the substrate N-(2-
hexylamino-4-phenylimidazol-1-yl)-acetamide to the imidazol-
2-yl amino acids. The capacity to oxidize short-chain alkyl
substituents has already been shown for other bacteria of this
group. For instance, strains of Rhodococcus, after growth on
n-alkanes, are able to oxidize substituted phenoxypropane
to phenoxy propanoic acids (47). Most strains selected
transformed the N-(2-hexylamino-4-phenylimidazol-1-yl)-
acetamide better to the imidazol-2-yl amino acids after
growth on shorter-chain n-alkanes (C,, Cg) than after
growth on n-tetradecane. The induction with shorter-chain
n-alkanes is more effective than with longer-chain n-alkanes,
because the shorter alkanes, despite leading to lower growth
rates, induce unadapted cells much better (52). The yields of
imidazol-2-yl amino acids were further increased by n-al-
kane supplementation during the biotransformation of N-
(2-hexylamino-4-phenylimidazol-1-yl)-acetamide. This re-
sult can be caused by various reasons. On the one hand, the
n-alkanes induce alkane hydroxylase, which is necessary for
oxidation of the hexyl group of N-(2-hexylamino-4-pheny-
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reaction step 1
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INHZ
| /Nl\
/[ /
Ph N E/\/\/\

1-amino-2-hexylamino-4-phenylimidazole
(product E)

l reaction step 2

NH,

1-amino-4-phenylimidazol-2-yl-6-amino-
hexanoic acid (product D)

l reaction step 3

INHZ
Y
ph” NZ E/A\V/A\coon

1-amino-4-phenylimidazol-2-yl-4-amino-
butanoic acid (product B)

reaction step 5

/' 2
N
[ -
Ph N4l\u’”\v/”\v/”\c00H

N-(2-hexylamino-4-phenylimidazol-1-yl)-acetamide

reaction step 4

_NHAc
N

|
Ph Nél\ﬁ/A\V/A\V/A\COOH

1-acetylamino-4-phenylimidazol-2-yl-6-
aminohexanoic acid (product A)

\ reaction step 6

NHAc

Ph N

reaction step 7 /FN
=
)\ﬁ/\/\COOH

1-acetylamino-4-phenylimidazol-2-yl-4-amino-
butanoic acid (product C)

FIG. 4. Products detected during biotransformation of N-(2-hexylamino-4-phenylimidazol-1-yl)-acetamide by G. rubropertincta SBUG 105, G.
terrae SBUG 253, N. asteroides SBUG 175, and R. erythropolis SBUG 251 and SBUG 254. For G. rubropertincta SBUG 105, there was one
biotransformation pathway via reaction steps 4, 6, and 7 to produce end product B and a second biotransformation pathway via reaction steps 1
through 3 to produce end product B; for G. ferrae SBUG 253, there was one biotransformation pathway via reaction steps 4, 5, and 3 to produce
end product B and a second biotransformation pathway via reaction steps 1 through 3 to produce end product B; for N. asteroides SBUG 175, there
was one biotransformation pathway via reaction steps 1, 2, and 3 to produce end product B; and for R. erythropolis SBUG 251 and SBUG 254, there
was one biotransformation pathway via the reaction step 4 to produce end product A.

limidazol-1-yl)-acetamide, during the whole incubation pe-
riod. However, the hydroxylase seems to be quickly inacti-
vated by biotransformation without alkanes. On the other
hand, the terminal oxidation of the hexyl group of N-(2-
hexylamino-4-phenylimidazol-1-yl)-acetamide is an energy-
consuming process, and the bacteria take the necessary en-
ergy from the cometabolism with n-alkane. The alkyl chains
in phenylalkanes or alkylcyclohexanes with lesser chain
length (C, to C,) were also oxidized cometabolically by a
Nocardia species with n-alkanes only (12). In contrast to
these results, phenylalkanes with greater chain lengths (C,
to C,5) were transformed by nocardiae at the alkyl chain and
served as inductor and as a source of carbon and energy
without the necessity of an additional alkane induction (12,
51).

Many other alkane-utilizing bacteria can grow on alkanes of
greater chain length (= C,,) only. Nevertheless, most can also
oxidize alkanes of lesser chain length (C, to C,;) after growth
with alkanes of >C,,. The hydrophilic aminoimidazol unit at

the alkyl chain of N-(2-hexylamino-4-phenylimidazol-1-yl)-ac-
etamide increases the hydrophilic properties of the whole mol-
ecule and may be also a steric hindrance of the alkyl configu-
ration to enzyme activation and may in this way increase the
problems of many strains during the oxidation of the hexyl
chain of this molecule.

The occurrence of 1-(acetyl)amino-4-phenylimidazol-2-yl-6-
aminohexanoic acid in all bacterial cultures, which trans-
formed  N-(2-hexylamino-4-phenylimidazol-1-yl)-acetamide,
and the fact that only alkane-induced cells could oxidize the
substrate point to active monooxygenase systems involved not
only in alkane oxidation but also in the oxidation of alkyl
substituents of more hydrophilic molecules. The initial step of
oxidation of alkanes in the investigated gram-positive bacteria
is catalyzed by a cytochrome P450 monooxygenase (7, 47).
Obviously, the hexylamino group of N-(2-hexylamino-4-phen-
ylimidazol-1-yl)-acetamide was oxidized via an alcohol and al-
dehyde intermediate to the corresponding carboxylic acid.

Both the transformation pathway and the product pattern of
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N-(2-hexylamino-4-phenylimidazol-1-yl)-acetamide differed in
the various strains. R. erythropolis SBUG 251 and R. erythropo-
lis SBUG 254 oxidized the terminal methyl group of the hex-
ylamino substituent to a carboxylic group (reaction step 4, Fig.
4). The resulting 1-amino-4-phenylimidazol-2-yl-6-aminohex-
anoic acid was the only product of the transformation and
seemed to be a dead-end product. Although the oxidation of
phenyl alkanes to phenyl acetic acid was described for rhodo-
cocci (34), R. erythropolis SBUG 251 and SBUG 254 were not
able to metabolize the 1-amino-4-phenylimidazol-2-yl-6-ami-
nohexanoic acid intermediate further by B-oxidation.

G. rubropertincta SBUG 105, G. terrae SBUG 253, and N.
asteroides SBUG 175 transformed N-(2-hexylamino-4-phen-
ylimidazol-1-yl)-acetamide via different intermediates to
1-amino-4-phenylimidazol-2-yl-4-aminobutanoic acid (product
B).

There exist several examples for the oxidation of alkyl resi-
dues in more hydrophilic compounds than n-alkanes, e.g., the
oxidation of alkyl groups of phenyl alkanes (12, 16, 51), alkyl
benzene sulfonates (55), 2,5-alkyl thiophenes (17), and 6-alkyl-
2-pyrones (40). The transformation of decyl- and hexadecyltri-
ammonium bromides was described by Dean-Raymond and
Alexander (13) and the degradation of long-chain n-alkylcy-
clohexanes by Dutta and Harayama (16). All these compounds
were oxidized to the corresponding carboxylic acids, which
undergo a shortening of the chain by B-oxidation (mostly to C,
or C;). 1-Amino-4-phenylimidazol-2-yl-4-aminobutanoic acid
also represents such a product arising from B-oxidation of
1-amino-4-phenylimidazol-2-yl-6-aminohexanoic acid (reac-
tion step 3, Fig. 4), though further B-oxidation to the level of
an acetic acid derivative was not detected. Webley et al. (51)
reported the rapid conversion of 2-phenylpropionic acid (oxi-
dation product of phenyl alkanes) via cinnamic to benzoic acid
by two strains of Nocardia and the failure of such a chain
shortening with 2-a-naphthylpropionic acid (oxidation product
of 2-a-naphthyl alkanes). The lack of B-oxidation was attrib-
uted by these authors (51) to an electronic or steric effect of the
larger nucleus of 2-a-naphthylpropionic acid. In the same way,
the heteroaromatic ring of 1-(acetyl)amino-4-phenylimidazol-
2-yl aminoalkanoic acids seems to prevent the undesirable
biodegradation of the products formed.

This hindrance of further oxidation and therefore the selec-
tive production of definite imidazol-2-yl amino acids by bacte-
rial strains represent a considerable advantage for applications
in organic synthesis. The transformation of N-(2-hexylamino-
4-phenylimidazol-1-yl)-acetamide by bacteria provides an at-
tractive and practicable route to imidazol-2-yl amino acids. As
reported here, R. erythropolis SBUG 251 produces only
1-acetylamino-4-phenylimidazol-2-yl-6-aminohexanoic  acid,
while N. asteroides SBUG 175 produces only 1-amino-4-phe-
nylimidazol-2-yl-4-aminobutanoic acid. The pharmaceutical
activity of these derivatives will be investigated in further stud-
ies.
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