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Abstract

Microorganims of the bovine rumen fluid biocatalyzed the reduction of nitro-compound substrates to yield
the respective amines. This enzymatic process, using ruminal contents, has rarely been reported in associa-
tion with the bioreduction of nitro groups. The biotransformation reactions catalyzed by this system were de-
pendent of both the electronic characteristics and the area/volume of the nitro-substrates confirming the
processes are enzymatic. The semi-preparative scale biotransformation went by in good yield showing the
rumen fluid may be employed in the synthesis of amines under very mild conditions and, moreover, it may
have application in the bioremediation of nitro-compounds.
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1. Introduction

Much work has been done to find effective ways of bio-
remediating of serious environmental nitro-substituted
contaminants, i.e. the explosives TNT, HMX, and RDX
[1-5]. Efforts have focused on a variety of living orga-
nisms and microbes containing ecosystems able to reduce
the nitro group to amine, hydroxylamine, or other inter-
mediates like nitroso and azoxy compounds [6,7]. On the
other hand, many chemicals and pharmaceuticals are or
require an amine intermediates and only relatively small
number of chemical routes have involve safety, scalabi-
lity and environmental acceptability for large-scale manu-
facturing [8-10]. In this sense, several biocatalytic pro-
cesses have been also described [7,11,12].

The digestive anatomy and physiology of cow and
other ruminants is markedly different to that of mono-
gastric animals such as man. The ruminants have three
additional compartments (rumen, reticulum and omasum)
before the true stomach (abomasum). These compart-
ments allow the microbial population to extract and the
host to absorb energy from fibrous plant material not
otherwise available to mammalian enzymes. Digestion of
food in the rumen occurs by a combination of microbial

Copyright © 2011 SciRes.

fermentation and physical breakdown during rumination
being the rumen a highly reductive anaerobic environ-
ment [13]. The products of fermentation are mainly the
acetate, propionate, butyrate, formate, ethanol, lactate,
succinate, ammonia, carbon dioxide and hydrogen gas
[14]. The total pool of hydrogen gas is produced during
microbial fermentation of feed, and is used as an energy
source by methanogenic archaea producing methane.
This pool is small and the dissolved H, concentration is
usually about 0.1 - 50 um, which is 0.014% to 6.8% of
its maximal solubility at 39°C and one atmosphere pre-
ssure. Efficient H, removal is postulated to increase the
rate of fermentation by eliminating the inhibitory effect
of H, on the microbial degradation of plant material.
Anaerobic microbial community in the rumen which
consists of many bacterial, archaeal, protozoal and fungal
species, could be able to biotransform xenobiotics to new
compound. Examples of xenobiotic transformations by
rumen microbes have been reported for toxicants in
forages such as pyrrolizine alkaloids, fumonisin, alflatoxin
[15-18], and nitropropionic acid, and TNT that were
converted to the corresponding amine and hydroxy-
lamine derivatives [4,19].

This study looked at the capacity of bovine ruminal
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microorganisms to biotransform nitro-compounds under
anaerobic conditions. The present paper describes the re-
ductive potential of cow rumen with respect to six nitro-
aromatic and two nitro-arenic substrates (Scheme 1) con-
taining different groups connected to the nitro-moiety in
order to establish the structural requirements for optimal
biotransformation. Apart from the noticeable electronic
effect of some of the substituent, electron-withdrawing
and electron-donor moieties (1-3 and 4-6, respectively),
we selected them for their ability to suffer potentially
other biotransformations, hydrolysis (-CO,Et), reduction
(-CO,Et, -COCHj,, -CH=CH), oxidation (-CH3), aldol
reaction (-COCHj;), and consequently to evidence whe-
ther the bovine rumen fluid is able to perform these pro-
cesses.

2. Materials and Methods
2.1. General Methods

Products of biotransformations were purified by chroma-
tography column (SiO,, 230 - 400 mesh; eluted with
mixtures of EtOAC:petroleum ether, 9:1; 8:2, and 1:1).
The purification and progresses of the biotransformations
were checked by TLC (silica gel 60 F254 layers, EtOAc:
petroleum ether, 1:1), visualised under UV light (A =254
nm), by exposing to iodine vapor, by spraying with p-
anisaldehyde/sulphuric acid reagent and heating at ca.
120°C, or by spraying with 2,4-dinitrophenylhydrazine/
sulphuric acid reagent. The identities of products were

| xNO2  cow rumen
Az anaerobic
R conditions R
R=-4-CO,Et, 1
-R= -4-COCH3 2
R=-3NO,, 3
‘R=-4-CHy 4
R=-4-OH, 5
R=-2-NH, 6
NO, cow rumen

X

conditions

NO, cow rumen

conditions

determined using their chromatographic characteristics
and "H NMR spectra by comparison with those of refe-
rence standards. "H NMR spectra were measured at 400
MHz using a Bruker DPX400 instrument with the
analyte dissolved in CDCls;.

2.2. Chemicals

The reagents, the nitro-compounds 1-6, and the amines
la-8a and 3b (Scheme 1) were obtained in analytical
grade from Sigma—Aldrich and Merck and were used
without further purification. The nitro-compounds 7 and
8 were prepared as previously [20].

2.3. Standard Procedure for Small Scale
Biotransformation Reactions

Microbial sources and collection: Rumen fluid was colle-
cted from a cannulated dairy cow (550 kg body weight),
fed a 70% forage and 30% concentrate diet at an intake
level of 3% of the body weight. The procedure was ap-
proved by the Bioethics Committee of Veterinary Fa-
culty (UdelaR). The collection of rumen fluid was per-
formed approximately 1 - 2 h after the beginning of the
main meal and filtered through two layers of cheese-
cloth into 1 L plastic prewarmed (39°C) vessel with no
remaining air space and under CO, atmosphere. The
vessels were sealed and transported to the laboratory
within 1 h. The ruminal fluid was maintained no more a
week at 4°C.

@/NHZ

-R=-4-CO,Et, la
-R=-4-COCH3 2a
-R=-3-NO,, 3a —> -R=3-NH, 3b
-R=-4-CH; ~ 4a
-R=-4-OH, 5a
-R=-2-NH, ~ 6a

NH,
7 anaerobic m 7a
NH,
8 anaerobic ©/\/ 8a

Scheme 1. Nitro-compounds 1-8 employed as substrates in biotransformation studies involving bovine rumen fluid and

expected generated products (1a-8a, and 3b).
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Culture conditions and sampling protocols: Transfor-
mation experiments were conducted under anaerobic
conditions in 10 mL vials containing 1 mL of the rumen
fluid and 4 mL of McDougall’s buffer [21]. The nitro-
compounds dissolved in methanol were added to a final
concentration of 200 mg/L. The vials were purged with
N, prior to being sealed with white rubber serum
stoppers and plastic crimp closures. The vials were

incubated at 39°C, protected from light, without agitation.

Samples were withdrawn from duplicate vials at the
appropriate time intervals (0.5, 1, 4, 6, and 24 h) and
analyzed immediately for nitro-compounds and meta-
bolic products. Samples were treated with methanol (500
pL/1 mL of rumen) and stirred during 30 min in order to
destroy the biological matrix. Then EtOAc (3 mL) and
saturated aqueous NaHCOj; solution (3 mL) were added
and the organic layer was evaporated in vacuo to be
analyzed by chromatography. Metabolite identification
was based on comparison of chromatographic behaviors.
Samples were analyzed immediately following collection
to minimize abiotic degradation of intermediates. Diffe-
rent controls were used to confirm the origin of the bio-
transformation: a) autoclaved opened-rumen fluid/Mc-
Dougall’s buffer mixture and nitro-compounds; b) y-irr-
adiated sealed-rumen fluid/McDougall’s buffer mixture
and nitro-compounds; c) continuous nitrogen-bubbled
rumen fluid/McDougall’s buffer mixture and nitro-com-
pounds; d) hydrogen saturated McDougall’s buffer and
nitro-compounds; €) McDougall’s buffer and nitro-com-
pounds; and f) rumen fluid/McDougall’s buffer mixture.

2.4. Procedure for the Scale-up
Biotransformation

Semi-preparative protocol was performed with nitro-
compound 2 (30 mg in 100 mL of ruminal fluid, 400 mL
of McDougall’s buffer, and 5 mL of MeOH) incubated
during 5 days in the same conditions that it is indicated
in Section 2.3. After the incubation time the bio-material
was treated as it is indicated in Section 2.3. The residue
from in vacuo evaporation was purified by chromato-
graphic column as it is indicated in Section 2.1., the
identity of the main product was confirmed by 'H NMR
spectrum.

2.5. Theoretical Calculations

The molecular structures of nitro-compounds, 1-8, and
the corresponding products of bioreduction, 1a-7a, were
subjected to complete geometry optimization, in gas
phase, using PC SPARTAN 04 package [22] as follows:
conformational search using MMFF conformer module,
after that from the most stable conformer fully optimi-
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zation by applying Hartree-Fock 6-31G*. Structural,
geometrical, electronic and hydrophobic descriptors were
extracted from the calculus.

3. Results and Discussion

Biotransformations of the nitro-compounds 1-8 (Scheme
1) were carried out using bovine rumen fluid obtained
from dairy cows. The processes were conducted either on
a small scale (1 mg of substrate solubilised in methanol
in 1 mL of ruminal fluid and 4 mL of McDougall’s
buffer, which is similar to the bicarbonate buffer from
the salivary glands of the ruminant [23]) or on a semi-
preparative scale (500 mL of ruminal fluid/McDougall’s
buffer, 30 mg of nitro-compound 2 solubilised in metha-
nol) and the mixtures were incubated without agitation
for 24 hours, in the small scale, or 5 days, in semi-prepa-
rative scale, at 39°C. Results of small scale bioreduction
are presented in Table 1. The small scale biotransfor-
mations were checked at different times (0.5, 1, 4, 6, and
24 h) being nitro-compound 1 biotransformed by ruminal
fluid to the corresponding amine (1a) since 0.5 h carry-
ing out a complete reduction at 1 h of incubation. The
same behavior was observed for the nitro-alkane 8 which
was completely biotransformed to the propylamine deri-
vative 8a and to a second product which was not struc-
turally identified. Nitro-compounds 2 and 3 were also
converted into the corresponding amines, 2a and 3a,
almost completely at 24 h of incubations. No formation
of amines were evidenced at short times of incubation for
substrates 2, and 4-7, however lower amounts of the re-
duction products were formed with substrates 4, and 5
after 24 h of incubation. No detectable amine-product
was observed with nitro-compound 6.

In order to confirm the biological origin of the reduc-
tion some experiments were performed using the 1 h-
most reactive nitro-compound, derivative 1 (Table 2).
The absence of reduction product, la, from the inac-
tivated rumen (control a) and from the chemical con-
ditions (control d, and control e) indicated that the trans-
formations involved biological systems. The presence of
traces of 1a, from 1, in control b (inactivated rumen fluid
by y-irradiated in sealed-vial and with the initial hy-
drogen atmosphere) and control ¢ (normal incubation but
with continuous nitrogen-bubbled flow) pointed to the
presence of hydrogen, from the ruminal microbial fer-
mentation, is also important for adequate biotransfor-
mation. The capability of ruminal fluid to promote others
biotransformations was analyzed checking the presence
of potential side products, 9-14. Scheme 2 summarizes
the undetected studied subproducts. Presence of carbonyl
compound 12 and 13 was analyzed due to this biotrans-
formation, 7 to 12 or 8 to 13, was previously described
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Table 1. Small scale biotransformations of nitro-compounds
by bovine rumen fluid.

Percentage of biotransformation (%)*
24 h of incubation

Nitro-compound
1 h of incubation

1 100° 100
2 0 40
3 90 100°
4 10
5 0
6 0¢
7 ns®
8 100 100

*The analyzed products were 1a-8a, and 3b. ® The same results were ob-
tained in absence of McDougall’s buffer. © 100 % of biotransformation to 3a,
amino-derivative 3b was not detected at any of the studied times. ¢ After 48
h of incubation product 6a was also not detected.  ns: not studied.

Table 2. Results of the biotransformations of nitro-com-
pound 1 to amine derivative 1la by incubation during 1 h in

different conditions.
CO.Et  different COEt
/©/ conditions /©/
O,N H,N
1 la

2
Conditions®

normal a  c¢b cc cd ce cf

presence of

. 100 %°  abs® traces traces abs abs abs
amine la

*For details see Materials and methods (section 2.3). "c: control. “See Table
1.% abs: absence.

NOT DETECTED

9
/@/R cow rumen | 2N
anaerobic CO,H
ON conditions /©/ 2
-R=-4-COEL, 1 ON 10
-R=-4-CHy 4

mNOZ
NO,
N cow rumen
- 11
anaerobic
conditions mo
L 12

NO2  cow rumen

S

oY

anaerobic
conditions 13
o o
Q)k cow rumen
anaerobic
OaN congitions OV NO,
2 14

Scheme 2. Undetected side processes.
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using whole cells of Peptostreptococcus productus U-1
[24]. Finally, during the biotransformation of nitro-com-
pound 2 some by product was detected which was not
structurally identified. However, according to the chro-
matographic behavior and the consumption during the
time it could be hypothesized this compound is the corre-
sponding hydroxylamino-intermediate.

The semi-preparative scale biotransformation of nitro-
compound 2 produced the corresponding amine product
2a in a 60 % of yield after chromatographic isolation.
The product was characterized by 'H NMR (see Supple-
mentary Material).

It was described that the bioreduction of the nitro-
aromatic substrate, by other organisms [25], is dependent
of the electronic characteristic of the rest of the aromatic-
substituents. Herein, it is in general true. For example the
nitro-compounds 1 and 3, substituted by electron-with-
drawing moieties, were reduced almost completely after
1 h of incubation with ruminal fluid, and nitro-com-
pounds 5, 6, and product 3a, substituted by electron-
donor moieties, remained inalterable after 24 h of incu-
bation. The electron-withdrawing substituents decrease
the electron deficiency of the nitro-aromatic ring and,
consequently, a lower redox potential is required to
reduce the nitro group. This effect was clearly visualized
in the LUMO maps of nitro-reactants and in the SHOMO
maps of the nitro-anion radical intermediates (Scheme
3(a)) where the best-bioreduced derivatives, i.e. 1, 2, and
8, posses similar maps of the lowest unoccupied mole-
cular orbitals. However, the acetyl-substituted derivative,
nitro-compound 2, was not biotransformed after 1 h of
incubation and only 40 % was converted into the amino-
derivative 2a after 24 h of bioreduction. In the semi-
preparative protocol it was necessary to incubate 5 days
to allow the complete transformation. In order to explain
the unexpected behavior of compound 2 we analyzed the
processes in theoretical terms trying to identify the rela-
tionship between structure and biotransformation results.
For this, molecular modeling studies were performed on
the nitro-compounds 1-6, 8, and 3a determining physico-
chemical descriptors potentially related to bioreduction
(see Supplementary Material). After that, relationships
between percentage of biotransformations at 24 h (PB),
dependent variable, and the different calculated descri-
ptors, independent variables, were analyzed. For nitro-
aromatic compounds, 1-6, and 3a, statistical significant
correlation was obtained when the energy difference,
products (amino-compounds)—reactive (nitro-compound)
(AE), was used as independent variable (Scheme 3(b)).
However, nitro-aliphatic 8 did not match in this corre-
lation. Consequently, multivariable regressions between
the PB and the physicochemical descriptors were studied.
When the complete compound-population was studied
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(a) d
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SHOMO
maps
<
148.4454
= 148.440 - i
(b) \L‘i, < Ty = 0.9341
<
148.435 |
148.430 | - ©
0 20 40 60 80 100
PB (%) PB (%) =—397 + 2.7 Vol + 3122
» ) q AEL
8 N (*) bioreductiorl N
R0 RO R™VH = 0.6401, 7, = 0.4961
nitro-anion F=44,p=0.08
1 radical PB (%) = 408 + 2.4 Area + 2810
AE1 AE1
2 =0.6619, 7., = 0.5267
AE F=49,p=0.07

©

Scheme 3. (a) Maps of the LUMO, for the nitro-reactant, and SHOMO, for the nitro-anion radical. (b) and (c) Relationships
between percentage of amino products at 24 h incubation (PAP) and studied physicochemical descriptors. (b) Relationship
from nitro-aromatic substrates (1-6, and 3a). (c) Relationship from studied nitro-compounds (1-6, 8, and 3a).

adequate correlations were found between PB and energy
difference between the nitro-anion radical intermediate
and the nitro-reactive (AEl), and area of the nitro-
compounds (= 0.6619, r., = 0.5267, Scheme 3(c)) or
between PB and AEIl, and volume of the nitro-com-
pounds (+* = 0.6401, rfd, = 0.4961, Scheme 3(c)). As
one expected, these correlations showed the relevance of
the energies of the processes in the appearance of the
amine products, and the area/volume of the nitro-com-
pounds showing that an enzymatic process could be
involved due to the size of the compounds play a role in
the amine production.

Copyright © 2011 SciRes.

4. Conclusions

Bovine rumen fluid has been shown to be efficient in the
biotransformation of a number of nitro-substrates, pro-
ducing amines in good concentrations. It is necessary to
point out that this study was performed using rumen fluid
from a cow with a pre-established nutritional regime,
conserving the fluid at a low temperature, during several
days. Consequently, the results could be modified if the
fluid was immediately used or if it was preserved under
physiological conditions [26]. Additionally, the type and
the management of the diet received by the fluid donors
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are factors that strongly influence rumen fluid microbiota
[27]. All these aspects should be considered for future
research.

The results suggest that ruminal fluid may offer some
application in the synthesis of amines, under very mild
conditions, and in the bioremediation of toxic nitro-
compounds involving safety, scalability and environmen-
tally friendly conditions.
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