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Abstract Culture supernatants of Rhodobacter sphaero-
ides OU5 grown in the presence of 2-aminobenzoate
gave an orange-red color-reaction with Salper’s reagent,
suggesting the presence of an indole derivative. This
production was light-dependent and inducible only with
2-aminobenzoate. Replacement of 2-aminobenzoate
with other 2-substituted benzoates did not result in the
formation of indole. Fumarate appeared to be the con-
jugating molecule with 2-aminobenzoate, resulting in the
formation of an indole derivative. The purified indole
derivative was orange-brown in color, with a yields
0.34 mM from 1 mM 2-aminobenzoate. Infrared anal-
ysis suggested an indole ester and 1H NMR analysis
indicated an indole carboxylate, esterified with a terpe-
noid alcohol. The indole ester has a mass of 441 with the
molecular formula C27H39NO4. The IUPAC name of
the compound is (3 E,5 E)-14-hydroxy-3,7,11-trimethyl-
3,5-tetradecadienyl 2-(hydroxymethyl)-1 H-indole-3-
carboxylate; and the common name given to this
compound is sphestrin.
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Introduction

Purple non-sulfur bacteria metabolize a few low-molec-
ular-weight aromatic hydrocarbons for growth under
phototrophic, anoxic [20] or microxic [19] conditions.

These include nitro, halogenated, carboxylated, phenyl
alkanoated, methoxylated and hydroxylated benzenes
and a few N-substituted heterocyclic aromatic hydro-
carbons [20]. Although most of these compounds sup-
port growth, as carbon and/or nitrogen source, a few are
simply photobiotransformed [20]; and indole photobio-
transformation by Rhodobacter sphaeroides OU5 is one
such transformation extensively studied by our group
[14–16].

On the one hand, indole degradation is of major
environmental concern because of pollution problems
[15] and on the other, these compounds are of industrial
(dyes), pharmaceutical (antioxidants) and agricultural
(phytohormones) importance [14]. Indole is a known
antimicrobial compound [7] and its effect (along with
other N-heterocyclic aromatic hydrocarbons) on a few
purple non-sulfur bacteria has been studied [17]. When
indole was used as sole source of carbon or nitrogen, its
degradation by Rba. sphaeroides OU5 resulted in the
formation of 2-aminobenzoate [15]. In contrast, indole
was biotransformed to various derivatives in the pres-
ence of other organic compounds (precursors) [14]. In
the presence of serine and other precursors, tryptophan
was the major product [14], while indole-3-acetate was
the product of tryptophan photobiodegradation [16].
Recent studies indicated the synthesis of indole itself
from 2-aminobenzoate by Rba. sphaeroides OU5, in a
light- and tricarboxylic acid cycle-dependent transfor-
mation [12]. In this paper, we report the photoproduc-
tion of a novel indole ester by Rba. sphaeroides OU5
from the precursor, 2-aminobenzoate.

Materials and methods

Organism and growth conditions

Rba. sphaeroides OU5 (ATCC 49885, DSM 7066) was
grown photoheterophically (anaerobic, with light at
2,400 lux) in fully filled (15·150 mm) screw-cap test
tubes, using Biebl and Pfennig’s [2] mineral medium with
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malate (22 mM) and ammonium chloride (7 mM) as
carbon and nitrogen sources, respectively at 30±2�C

Photobiotransformation studies

2-Aminobenzoate (1 mM) was added to the photohet-
erotrophic growth medium for transformation studies
using growing cultures. A logarithmic culture [optical
density at 660 nm (OD660)=0.3] was inoculated (20%
v/v) into 15·150 mm screw-cap test tubes, incubated at
30±2�C under illumination (2,400 lux) and harvested at
different time-intervals. Photobiotransformation studies
using cell suspensions were carried out as described
earlier [12].

Bulk cultivation and transformation studies

Each culture was grown in a 2-l reagent bottle contain-
ing 1,600 ml of photoheterotrophic medium with malate
(22 mM) and ammonium chloride (7 mM) as carbon/e�
donor and nitrogen source, respectively. A logarithmi-
cally growing culture (400 ml, 20% v/v, OD660=0.3)
was used as the inoculum and the culture was allowed to
grow for 48 h under phototrophic (2,400 lux) conditions
at 30±2�C. A stock (10 ml) of sterilized 2-aminoben-
zoate in ethanol (neutralized to pH 7) was added to the
culture (giving a final concentration of 1 mM) and after
48 h of incubation, the culture was harvested for anal-
ysis.

Isolation and purification of the indole compound

After incubation, the culture was centrifuged (16,000 g,
10 min) and the supernatant was used for the purifica-
tion of indole. Culture supernatant (2 l) was extracted
thrice with ethyl acetate; and the ethyl acetate extract
was completely dried in a rota-vaporator at 40�C and
resuspended in benzene. The benzene extract was loaded
onto an 18·600 mm column packed with silica (80–
120 mesh) and eluted with different organic solvents.
Elution was done first with benzene, followed by meth-
anol and finally with methanol:water (1:1 v/v). Two
compounds were separated during benzene elution (B1,
B2). Sample B1 gave a positive indole test with the in-
dole reagents and was used for identification after its
confirmation as a single spot on a thin-layer chromato-
graph (TLC), using three different solvents (benzene,
benzene:chloroform at 1:1 v/v, benzene:ethyl acetate at
8.5:1.5 v/v).

Assay

Growth was followed as an increase in OD660 [15]. Since
2-aminobenzoate interferes with the Ehrlich reagent
(60 mg para-diaminobenzaldehide in 10 ml of 3 N

H2SO4), Salper’s reagent (1 ml of 0.5 M FeCl3 in 50 ml
of 35% perchloricacid) was used for the routine analysis
of indole production [14]. Purified indole suspended in
deuterated chloroform (CDCl3) was used for 1H NMR,
using a Brucker AC200 analyzer at 200 MHz. UV
analysis of the sample suspended in ethyl acetate was
done in a Spectronic Genesis2 spectrophotometer.
Infrared (IR) analysis was done on a Shimadzu FT/IR
8300 and mass analysis was done using a VG 70-70H
mass analyzer. The following web sites were used for
interpretation of the structure: http://www.chem.
unipotsdam.de/tools, http://www.spectroscopy

Controls

The purity of the culture was routinely checked before
and after assay on nutrient agar plates. Cultureless
controls were used to check against any possible pho-
tochemical transformations. An ethanol control was
also run in parallel with all experiments. The purity of
the isolated compound was confirmed with more than
one solvent system on TLC plates. All results were
highly reproducible, were performed in duplicates and
were repeated at least twice.

Results and discussion

Nitrogen-substituted aromatic hydrocarbons like nitro-
benzene [18] and nitrophenols [3] support the growth of
the purple bacteria Rhodopseudomonas palustris and
Rba. capsulatus, respectively. Although purple bacteria
are not known to utilize 2-aminobenzoate for growth as
a source of nitrogen or carbon, its transformation into
an indole derivative has been reported [12]. The trans-
formation of 2-aminobenzoate to indole by Rba.
sphaeroides OU5 was a light-dependent process and such
transformation could not be observed under either aer-
obic or anaerobic dark conditions (data not shown). The
culture supernatant of Rba. sphaeroides OU5 grown
photoheterotrophically in the presence of 2-aminoben-
zoate gave an orange-red color with Salper’s or Ehrlich
reagent, confirming the presence of an indole derivative.
Both of these reagents give characteristic colors with
indoles [1]. Pure indole gives a cherry-red color with
Ehrlich reagent, due to the formation of a rose indole.
The formation of an orange-red color with the culture
supernatant of Rba. sphaeroides OU5 indicates the
presence of an indole derivative rather than indole itself.
Replacing 2-aminobenzoate with other 2-substituted
benzoates, viz. 2-hydroxybenzoate (salicylate), 2-carbo-
xybenzoate (pthalate), 2-nitrobenzene, 2-chlorobenzene,
did not yield an indole, suggesting substrate-specificity
for this indole synthesis. In addition, the presence of
these 2-substituted benzoates, along with 2-aminoben-
zoate, inhibited indole photoproduction, probably due
to competitive inhibition. Indole production was not
observed in the absence of 2-aminobenzoate either with
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or without carbon substrate, suggesting the inducible
nature of indole production by the precursor, rather
than due to carbon starvation as observed in Escherichia
coli [21]. In addition, indole production was always
associated with the disappearance of 2-aminobenzoate
in the medium, thus confirming the production of indole
through 2-aminobenzoate biotransformation. The pres-
ence of a few tricarboxylate cycle (TCA) intermediates
enhanced the yield of indole; and this was not inhibited
by fluoroacetate (Table 1). The inhibition of indole
photoproduction with fluoroacetate from acetate, dex-
trose and fructose supports the role of TCA cycle
intermediates in photobiotransformation. Among all the
TCA intermediates, fumarate was suggested as the
conjugating molecule, based on the molar yields [12]. In
the present study, cinnamate completely inhibited the

photoproduction of indole, while benzoate had no effect.
These results further confirm that fumarate is the con-
jugating molecule with 2-aminobenzoate, since cinna-
mate is an analogue of fumarate.

Figure 1 shows indole photoproduction by growing
cells of Rba. sphaeroides OU5. A lag period of 8 h for
indole production was observed with cell suspensions
[12]. In contrast, with growing cultures, indole produc-
tion could be detected only after a lag period of 36 h
(Fig. 1), which later stopped with the cessation of
growth. Indole photoproduction increased with
increasing concentrations of 2-aminobenzoate, reaching
an optimum at 0.7–1.0 mM (Fig. 2).

The benzene extract from the culture supernatant
yielded two compounds, B1 and B2. Sample B1 gave an
orange-red color with both the Salper’s and Ehrlich re-
agents, suggesting that the compound is an indole

Fig. 1 Photoproduction of indole from 2-aminobenzoate simulta-
neous with growth by Rba. sphaeroides OU5.White triangles Indole
photoproduction, white squares photoheterotrophic growth in the
presence of 2-aminobenzoate, black diamonds photoheterotrophic
growth in the absence of 2-aminobenzoate, umolesmicromoles. The
error bars represent data from four replicates

Table 1 Effect of organic substrates on the photoproduction of
indole by Rba. sphaeroides OU5. Results are averages from four
replicates using cell suspensions assayed after 48 h of anaerobic
incubation with light (2,400 lux). FAA Fluoroacetate, + indole
photoproduction promoted, � indole photoproduction inhibited

Substrate (0.1% w/v or v/v) Indole photoproduction (mM)

Without FAA With FAA

Control (without substrate) 0.1 0.1
Pyruvate 0.1 0.1
Acetate 0.1 0.0 (�)
a-Ketoglutarate 0.1 0.1
Succinate 0.3 (+) 0.3 (+)
Fumarate 0.4 (+) 0.4 (+)
Malate 0.4 (+) 0.4 (+)
Oxaloacetate 0.2 (+) 0.2 (+)
Fructose 0.1 0.0 (�)
Dextrose 0.1 0.0 (�)

Fig. 2 Effect of 2-aminobenzoate concentration on the photopro-
duction of indole by Rba. sphaeroides OU5. Results expressed are
for cell suspensions in the presence of different concentrations of
2-aminobenzoate and were assayed after 48 h. Error bars represent
data from four replicates

Fig. 3 IR spectral analysis of the purified compound
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derivative. The compound was found to be pure and had
RF values of 0.64, 0.63 and 0.7 with benzene, ben-
zene:chloroform (1:1 v/v) and benzene:ethyl acetate
(8.5:1.5 v/v), respectively. The UV absorption maxima of
the compound in ethyl acetate were 251, 275 and 320 nm,
indicating the basic indole nucleus, which has an
absorption around 275 nm [11]. IR analysis of the com-
pound (Fig. 3) confirmed the presence of an indole nu-
cleus with a peak (1/cm) at 3,417 corresponding to N–H
and another at 740 corresponding to the benzene ring.
Further, the compound had a very strong ester peak at
1,728. Strong peaks at 2,960–2,850 and medium peaks at
1,470–1,430 strongly suggested that there are –CH3 and

–CH2 groups. Strong peaks at 1,070, 1,276 and a weak
peak at 3,049 indicated the presence of hydroxyl groups.

Figure 4 shows the 1H NMR spectra of the isolated
compound in CDCl3. The basic skeleton of indole
matches the standard indole 1H NMR (Fig. 4, insert)
and that reported earlier [21]. Figure 5 shows the mass
fragmentation of the compound, with a molecular mass
of 441. The molecular formula of the compound is
C27H39NO4 and the molecular composition of C 73.44
and H 8.9 matches the elemental analysis: C 72.24 and
H 8.58. The IUPAC name of the compound is (3E,5E)-
14-hydroxy-3,7,11-trimethyl-3,5-tetradecadienyl 2-hy-
droxymethyl-1H-indole-3-carboxylate. We gave this
compound the common name of sphestrin (sphaeroides
este r indole). Sphestrin appears orange in benzene and
yellow in ethyl acetate; and the completely dried sample
is orange-brown. The compound has no prominent peak
in the visible region of its absorption spectrum. The
aliphatic moiety of the structure (Fig. 5) suggests that a
terpenoid is a conjugating molecule with the indole acid.
The change in the color is a typical feature of the
spheroidene (yellow-colored carotenoid) found in this
organism, which on oxidation forms spheroidenone
(yellow-red) [9]. Sphestrin appears to be an intermediate
formed due to the degradation of the terpenoid moiety
of an indole ester. The yield of sphestrin is 0.34 mM out
of the total indole yield of 0.7 mM from 1 mM of 2-
aminobenzoate consumed. The sphestrin yield is not in
stoichiometry with the consumed precursor because of
the other intermediates of the pathway, whose analysis is
in progress.

The present study demonstrates the ability of Rba.
sphaeroides OU5 to biotransform 2-aminobenzoate into
an indole ester in a light-dependent process. However,

Fig. 4
1H NMR analysis of the isolated compound in CDCl3.

Insert Standard indole 1H NMR spectra

Fig. 5 Mass spectral analysis of
the compound, showing the
final structure and molecular
composition
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since the indole identified in an earlier study [12] (2,3-
dihydroxyindole) and the present indole ester are dif-
ferent, it has to be investigated whether these are the
intermediates of a single pathway or the products of
independent pathways. For this, a further detailed study
using larger volumes of the culture and also looking for
the intermediates within the cell is warranted. The first
conjugating molecule with 2-aminobenzoate appears to
be fumarate. Fumarate is known to detoxify several
methylated benzenes [8], forming benzyl succinate,
which on beta-oxidation and further metabolism is
mineralized. Thus, the isolated indole ester may be a
product of such a process of detoxification where 2-
aminobenzoate conjugates with fumarate to form an
indole carboxylate (a hypothetical compound, requiring
evidence). This may further conjugate with a terpenoid
alcohol (probably spheroidene), resulting in the forma-
tion of an indole ester. These results also suggest that the
organism is trying to convert aromatic polar compounds
(2-aminobenzoate, hypothetical indole carboxylate) into
a more non-polar compound (sphestrin). As a result, the
compounds do not interfere with the cellular metabolic
activities and cause membrane toxicity, as do indoles [7].
This could be the reason why Rba. sphaeroides OU5 is
able to grow even in the presence of 2-aminobenzoate
(Fig. 1), while no growth occurs on indole [17]. Further
work is required to confirm the hypothetical intermedi-
ate, indole carboxylate, the complete esterifying alcohol
and the pathway leading to the formation of sphestrin.
This work also has an interesting biotechnological sig-
nificance, since indole esters are very useful and effective
in inhibiting cyclo-oxygenase-2 [13] and thus have an
application in cancer therapy. Since many indole esters
are synthesized only through chemical routes [10], the
present process can be an alternative for chemical syn-
thesis. So far, indole esters have been reported only from
plant systems [4, 5] and this is the first report of their
production by a microbial system, although microbially
produced indole carboxylates were reported earlier [6].
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