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Abstract

Nicotine has a profound influence on the carotenoid metabolism in halophilic Archaea of the class Halobacteria. In a study
of Halobacterium salinarum, Haloarcula marismortui and Halorubrum sodomense, using different analytical techniques to
monitor the production of different carotenoids as a function of the presence of nicotine, we showed that the formation of
a-bacterioruberin was inhibited in all. In Hbt. salinarum, addition of nicotine led to a significant change in the color of the
culture due to the accumulation of lycopene, in addition to the formation of bisanhydrobacterioruberin which does not differ
in color from a-bacterioruberin. Very little or no lycopene was formed in Har. marismortui and in Hrr. sodomense; instead
bisanhydrobacterioruberin was the only major carotenoid found in nicotine-amended cultures. The findings are discussed
in the framework of the recently elucidated biochemical pathway for the formation of the different carotenoid pigments

encountered in the Halobacteria.
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Introduction

Archaea of the class Halobacteria are generally colored
pink—red due to Cs, carotenoids, especially bacterioruberin
and its mono-, bis- and trisanhydro derivatives (Straub
1987). Their structures were elucidated in the early 1970s
(Kelly et al. 1970; Kushwaha et al. 1975). Small amounts
of other carotenoid compounds are often present, including
lycopene, the precursor for the biosynthesis of Cs, bacteri-
oruberins and of C, carotenoids, notably p-carotene that
yields the retinal moiety of the light-driven proton pump

Communicated by G. Antranikian.

P< Aharon Oren
aharon.oren@mail.huji.ac.il

Department of Plant and Environmental Sciences, Alexander
Silberman Institute of Life Sciences, The Hebrew University
of Jerusalem, Edmond J. Safra Campus, 9190401 Jerusalem,
Israel

Department of Genetics, Alexander Silberman Institute
of Life Sciences, The Hebrew University of Jerusalem,
Edmond J. Safra Campus, 9190401 Jerusalem, Israel

Institute of Geochemistry, Mineralogy and Mineral
Resources, Charles University, Albertov 6, 12843 Prague,
Czech Republic

bacteriorhodopsin and other retinal proteins. No consistent
correlation was found between the amount of Cs, and C,,
carotenoids, suggesting that the biosynthetic pathways are
independent (Kushwaha et al. 1974). Minor Cs,-carotenoids
have also been detected, including bacterioruberin deriva-
tives with an epoxy group or a peroxide end group (Rgn-
nekleiv et al. 1995). Haloferax volcanii contained bac-
terioruberin (82%), monoanhydrobacterioruberin (7%),
bisanhydrobacterioruberin (3%), and minor compounds
including 2-isopentenyl-3,4-dehydrorhodopin (C,s) (1%)
and lycopene (C,g) (0.3%) (Rgnnekleiv and Liaaen-Jensen
1995). Haloarcula japonica had 68.1% bacterioruberin,
22.5% monoanhydrobacterioruberin, 9.3% bisanhydro-
bacterioruberin, < 0.1% isopentenyldehydrorhodopin, and
traces of lycopene and phytoene (Yatsunami et al. 2014).
No less than 30 carotenoids, including 7 geometric iso-
mers for bacterioruberin, monoanhydrobacterioruberin and
bisanhydroruberin, were identified in Haloterrigena turk-
menica (Squillaci et al. 2017). Occasionally high contents
of ketocarotenoids were reported in members of the group:
“Haloferax alexandrinus” was claimed to accumulate can-
thaxanthin in amounts up to 34% of the total carotenoids
(Asker and Ohta 1999, 2002). 3-Hydroxy-echinenone (11%)
and trans-astaxanthin (24%) were found in Hbt. salinarum
by Calo et al. (1995), who detected these pigments also in
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Har. hispanica and in Hfx. mediterranei. However, the ana-
lytical techniques used were not described in detail, and the
findings need further confirmation.

Carotenoids have different functions in the Halobacte-
ria. Growth of a colorless mutant of Hbt. salinarum was
inhibited by strong light (Dundas and Larsen 1962, 1963).
A colorless mutant also showed much lower resistance to
UV, hydrogen peroxide, and DNA strand-breaks induced by
ionizing radiation (Shahmohammadi et al. 1998). Antioxi-
dant activity of bacterioruberins of Har. japonica was much
higher than that of an equivalent amount of -carotene (Yat-
sunami et al. 2014). Antioxidant activity was also reported
for the pigments of Htg. turkmenica (Squillaci et al. 2017)
and other members of the class (Hou et al. 2017). Bacteri-
oruberins may also have a structural function: they reinforce
the cell membrane (Lazrak et al. 1988) and they can be asso-
ciated with retinal proteins (Yoshimura and Kouyama 2008).

A number of applications are being considered for the
pigments of the Halobacteria (Rodrigo-Bafios et al. 2015),
including use as coloring agents, antioxidants and anti-
cancer compounds, with Halobacterium, Haloferax, and
Halorubrum spp. as proposed production strains (de la Vega
et al. 2016; Sikkandar et al. 2013). Optimization of the culti-
vation of Hfx. mediterranei for pigment production has been
reported (Chen et al. 2015; Fang et al. 2010).

Analytical methods used for the study of Halobacteria
carotenoids included thin-layer chromatography in the early
studies (Kelly et al. 1970; Kushwaha et al. 1975) and HPLC
in more recent years (Oren and Rodriguez-Valera 2001;
Squillaci et al. 2017). Resonance Raman spectroscopy was
introduced in such studies about 10 years ago (Marshall
et al. 2007; Fendrihan et al. 2009; Jehli¢ka and Oren 2013;
Jehlicka et al. 2013, 2014a, b; Camacho-Coérdova et al.
2014). However, the ability of Raman spectroscopy to dis-
criminate between structurally slightly differing bacterioru-
berins is limited (Jehli¢ka et al. 2014a, b; Harris et al. 2015).

To elucidate the carotenoid biosynthesis pathway in the
Halobacteria, a cell-free system was developed for Hbt.
salinarum in the 1970s; it converted isopentenyl diphos-
phate to trans-phytoene to lycopene via trans-phytofluene,
{-carotene, and neurosporene (Kushwaha et al. 1976). Anal-
ysis of the intermediates accumulating in mutants of Har.
Jjaponica enabled elucidation of the complete pathway from
lycopene to bacterioruberin (Yang et al. 2015) (Fig. 1).

Another approach that has contributed to the study of
the biosynthesis of carotenoids of Halobacteria is the use
of nicotine as a specific inhibitor. The effect of nicotine
was earlier explored in studies on Mycobacterium, Flavo-
bacterium and purple nonsulfur bacteria, where nicotine
led to accumulation of lycopene and inhibition of cyclic
carotenoids formation (Howes and Batra 1970; McDer-
mott et al. 1973a, b). Nicotine at concentrations between
1 and 9 mM inhibited formation of bacterioruberin and
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monoanhydrobacterioruberin as well as of B-carotene in
Hbt. salinarum and in Halococcus sp. and led to accu-
mulation of lycopene and to a lesser extent of bisanhyd-
robacterioruberin (Kushwaha and Kates 1976). Labelling
studies with ['*C]mevalonate showed that 3 mM nicotine
inhibited incorporation of mevalonate into bacterioru-
berin and monoanhydrobacterioruberin in Hbt. salinarum,
while labeling of lycopene and bisanhydrobacterioruberin
increased. Following transfer to nicotine-free medium, the
labeling of bacterioruberin and monoanhydrobacterioru-
berin increased at the expense of lycopene and bisanhyd-
robacterioruberin. It was concluded that nicotine inhibits
the hydration steps that convert bisanhydrobacterioruberin
into monoanhydrobacterioruberin and finally into bacte-
rioruberin, and that lycopene is the precursor for the Cy,
carotenoids (Kushwaha and Kates 1979a, b), supporting
the earlier hypothesis that bacterioruberin is formed by
addition of two isoprene units to a C,, skeleton with iso-
propylidene end groups, followed by introduction of four
hydroxyl groups (Kelly et al. 1970). Hydroxyl groups at C,
and C,’ are introduced first by an enzyme system insensi-
tive to nicotine, the remaining hydroxyls being later intro-
duced by a nicotine-sensitive enzyme system.

As no further studies about the effects of nicotine on
the carotenoid content of halophilic Archaea have been
reported since the 1970, we examined its effect on Hbt.
salinarum and on other members of the class Halobacteria
in which such inhibitor studies were not earlier performed.

Materials and methods
Organisms

Halobacterium salinarum strain R1 (DSM 671) was grown
in medium containing (g L™'): NaCl, 250; MgCl,-6H,0,
5.0; KC1, 5.0; NH,Cl, 5.0 and yeast extract, 10.0, pH 7.0.
The medium for Halorubrum sodomense (ATCC 337557)
contained: NaCl, 125; MgCl,-6H,0, 160, K,SO,, 5.0;
CaCl,-2H,0, 0.1; yeast extract, 1.0, casamino acids,
1.0, and soluble starch, 2.0; pH 7.0. Haloarcula maris-
mortui ATCC 43049T was grown in medium containing
NaCl, 206; MgSO,-7H,0, 36; KCl, 0.37; CaCl,-2H,0,
0.5; MnCl,, 0.013, and yeast extract, 5.0. Cultures were
grown in 100 ml portions in 250 ml Erlenmeyer flasks or
in 500 ml portions in 1 I flasks with shaking (120 rpm)
at 35 °C in the light (45 pmol quanta m~2 s™!) in a New
Brunswick Innova incubator. Nicotine (Sigma) was added
at concentrations of 1 or 5 mM as indicated. At the end of
the exponential growth phase cultures were harvested by
centrifugation (8000xg for 20 min at 4 °C).
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Fig. 1 The biosynthesis of bacterioruberins and other carotenoid pig-
ments in halophilic Archaea, as based on the studies on Har. japonica
by Yang et al. (2015), indicating the inhibitory effect of nicotine on

Cellular pigment absorption spectra

Carotenoids were extracted from cell pellets with metha-
nol-acetone (1:1 by volume), the extracts were cleared
by centrifugation, and the absorption spectra were meas-
ured against the solvent in a Cary 300 Bio UV-Visible
spectrophotometer.

Analysis of carotenoids by HPLC

Pigments were extracted by grinding cell pellets with mor-
tar and pestle in acetone: dichloromethane (1:1 by volume).
Cell debris was discarded by centrifugation and the extracts
were dried under a stream of N,. The carotenoids were dis-
solved in acetone and saponified by adding an equal volume
of 60% KOH: ethanol (1:10) and incubating overnight at
4 °C. For extraction of carotenoids, an equal volume of die-
thyl ether and 10% volume of 12% NaCl were added to the
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different stages in the process leading to the accumulation of mainly
bisanhydrobacterioruberin in Hrr. sodomense and Har. marismortui,
with lycopene as a major product in Hbt. salinarum

saponification solution. The carotenoids were extracted fol-
lowing vortexing and separation of the hydrophobic fraction.
The solvent was dried under a stream of N, and the residue
was dissolved in 100% acetone. Pigments were analyzed by
HPLC as previously described, using a Waters 996 photodi-
ode array detector (Ronen et al. 1999; Neuman et al. 2014).
Carotenoids were identified by their characteristic absorp-
tion spectra and distinctive retention times. Quantitation was
performed by integrating the peak areas of the HPLC results
using Millennium chromatography software (Waters).

Raman spectroscopy analysis

Micro-Raman analyses of cell material dried by lyophi-
lization were performed on a multichannel Renishaw In
ViaReflex spectrometer coupled with a Peltier-cooled CCD
detector. Excitation was provided by a 514.5 nm Ar laser
(power ~ 10 mW). To improve signal-to-noise ratios, Raman
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signals from 30 to 60 scans were accumulated, each of 20-s
exposure. Spectra were recorded at a resolution of 2 cm™!
between 800 and 2000 cm™!. Ten spectra were recorded at
different points in the sample. Benzonitrile, silicon and dia-
mond were used for spectral wavenumber calibration. Raman
spectra were exported into the Galactic *.SPC format. Spec-
tra were compared using GRAMS AI (V. 8.0, Thermo Elec-
tron Corp., Waltham, MA, USA). Raman spectra were not
subjected to any data manipulation or processing techniques.

Results and discussion

The effect of nicotine on the pigmentation
of different species of halophilic Archaea

When grown in the presence of nicotine (1 or 5 mM), cul-
tures of Hbt. salinarum R1 were yellow—orange, as com-
pared to the bright red color of cells grown without the
inhibitor. At the higher nicotine concentration, growth was
reduced. Microscopic examination did not show any changes
in cell morphology between cells grown in the absence
and in the presence of nicotine. Growth in the presence of
nicotine did not lead to any visible color change of Hrr.
sodomense and Har. marismortui cultures; however, growth
rates were reduced, in the case of Har. marismortui already
noticeable when added at a concentration of 1 mM.

The absorption spectra of cell extracts in methanol-ace-
tone 1:1 are shown in Fig. 2. When grown without nicotine,
all three species show the characteristic absorption spec-
trum of a-bacterioruberin with a major absorption peak

at 496 nm, a second maximum at 530 nm and a shoulder
around 470 nm. When Hbt. salinarum was grown in the
presence of nicotine, the 530 nm peak nearly disappeared,
the 496 nm peak shifted to ~ 500 nm, and a prominent maxi-
mum appeared at 472-474 nm. The pigment spectrum of
Har. marismortui grown in the presence of 1 mM nicotine
was no different from that of the control without inhibitor.
When grown with 5 mM nicotine the relative size of the
530 nm peak was somewhat reduced and the major 496 nm
peak shifted to ~ 500 nm. No prominent differences were
observed in the absorption spectra of extracts of Hrr. sodo-
mense grown without and with 1 or 5 mM nicotine.

HPLC analysis (Figs. 3, 4) showed prominent differ-
ences between the types of carotenoids produced in the
presence and in the absence of nicotine in all three spe-
cies, also in cases where the absorption spectra as shown
in Fig. 2 were not significantly different. In all three organ-
isms, addition of nicotine led to the disappearance of the
major peak of a-bacterioruberin. Lycopene appeared as a
major product only in Hbt. salinarum, confirming the find-
ings of Kushwaha and Kates (1976, 1979a, b). However,
only little lycopene was found in pigment extracts of Har.
marismortui incubated with the higher concentration of
nicotine, and none was detected in Hrr. sodomense at any
nicotine concentration. The pigment accumulating instead
of a-bacterioruberin could be identified on the basis of its
elution time and its absorption spectrum as bisanhydrobac-
terioruberin (Fig. 4, Table 1). We, thus, confirm that nicotine
inhibits the hydration steps that convert bisanhydrobacteri-
oruberin into monoanhydrobacterioruberin and finally into
bacterioruberin, and that lycopene is the precursor for the

Fig.2 Absorption spectra of Halobacterium Haloarcula Halorubrum
methanol-acetone extracts of salinarum marismortui sodomense
cells of Hbt. salinarum, Har. )
; ; 0.3
marismortui and Hrr. sodo-
mense grown with and without 0.2 4 Y . NO_
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Fig.3 HPLC (chromatogram of pigment extracts of Hbt. salinarum,
Har. marismortui and Hrr. sodomense grown with and without nico-
tine. The absorbance is given in relative units, based on the maximum
absorbance—wavelength of each fraction. The fractions can tentatively
be identified as (1) apocarotenoid (likely retinal); (2) an unidentified
bacterioruberin derivative; (3) a-bacterioruberin; (4) monoanhydro-
bacterioruberin; (5) bisanhydrobacterioruberin; (6) lycopene

Cs, carotenoids, as reported in studies with a strain of Hbz.
salinarum (Kushwaha and Kates 1979a, b). However, the
ratio in which lycopene and bisanhydrobacterioruberin are
formed differs greatly in different members of the Halobac-
teria. This explains the lack or very small extent of color
change in cultures of Hrr. sodomense and Har. marismortui
when grown in the presence of nicotine (Fig. 2). The absorp-
tion spectrum of bisanhydrobacterioruberin differs very little
from that of a-bacterioruberin, but the absorption peaks of
lycopene are blue-shifted by more than 20 nm (Fig. 4).
Another inhibitor known to interfere with the production
of normal carotenoids and cause accumulation of probable
biosynthetic intermediates is diphenylamine (McDermott
et al. 1973b). It was earlier reported that diphenylamine at
concentrations as low as 30 pM inhibits growth of Hbt. sali-
narum (Kushwaha and Kates 1979b). We found that 50 pM

diphenylamine also completely inhibited growth of Har.
marismortui and Hrr. sodomense. This inhibitor is, thus,
not suitable for studies on carotenoid biosynthesis in the
Halobacteria.

The results of the resonance Raman spectroscopy assays
are summarized in Fig. 5 and in Table 2. Bacterioru-
berin and derivatives have characteristic Raman bands at
1505/1508 cm™! [W(C=C)], 1151/1154 cm™" [(1(C-C)], and
1000/1003 cm™! [8(C=CH)] (Marshall et al. 2007; Fend-
rihan et al. 2009; Jehlicka and Oren 2013; Jehlicka et al.
2013; Camacho-Coérdova et al. 2014). The wavenumber
positions of both v; and v, bands depend on the length of
the conjugated chain (Merlin 1985; Withnall et al. 2003).
In the case of all microorganisms grown in the absence of
nicotine, Raman spectra show the dominant bacterioruberin
with possible traces of its derivatives. The v, band obtained
for the nicotine-treated sample of Hbt. salinarum is slightly
shifted to 1512 cm™!. This can be attributed to the pres-
ence of a longer polyene chain carotenoid such as lycopene
with eleven C=C conjugated bonds (de Oliveira et al. 2010).
However, the less intense, complex broad band contains also
a component with roughly the same wavelength as observed
in the untreated sample (1506 cm™'), confirming the possible
presence of a bacterioruberin derivative. No significant dif-
ferences were observed in the carotenoid Raman spectra of
Har. marismortui and Hrr. sodomense as a result of the pres-
ence of nicotine, consistent with low amounts of lycopene, if
at all, detected in these samples using HPLC; any other pos-
sible qualitative changes in the types of carotenoids present
were not reflected in the Raman spectra recorded. Raman
spectroscopy is not sufficiently sensitive to differentiate, e.g.,
between a-bacterioruberin and bisanhydrobacterioruberin,
compounds that do not differ in the length of the conjugated
chain. Overall, the ability of Raman spectroscopy to dis-
criminate between structurally slightly differing carotenoid
pigments is limited (Jehlicka et al. 2014a, b; Harris et al.
2015).

The scheme presented in Fig. 1, based on the biosynthetic
pathway of carotenoid pigments in the Halobacteria as elu-
cidated for Har. japonica (Yang et al. 2015), explains the
observations presented. The enzymatic step that is strongly
affected by nicotine in all three organisms examined is the
conversion of bisanhydrobacterioruberin into monoanhyd-
robacterioruberin, the direct precursor of a-bacterioruberin.
Therefore, addition of nicotine leads to the accumulation of
bisanhydrobacterioruberin. A second reaction that is sensi-
tive to nicotine to a different extent in the organisms tested
is the elongation of lycopene (C,;) to a C,5 intermediate
(dihydroisopentyldehydrorhodopin). Thus, lycopene accu-
mulates in Hbt. salinarum, as observed already in the 1970s
(Kushwaha and Kates 1976, 1979a, b). But this effect was
absent or nearly absent in the other two species included in
our study.
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Fig.4 Spectra of HPLC peaks
indicated in Fig. 3 as recorded
during elutions in acetonitrile—
H,O/ethylacetate gradients.
Tentative assignments of the
peaks: (1) apocarotenoid (likely
retinal); (2) a bacterioruberin;
(3) a-bacterioruberin; (4) mono-
anhydrobacterioruberin; (5)
bisanhydrobacterioruberin; (6)
lycopene; (7): unidentified
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Table 1 Absorption maxima of selected carotenoid peaks detected in the HPLC elutions by an acetonitrile—H,O/ethylacetate gradient (Ronen
et al. 1999; Neuman et al. 2014) and the carotenoids purified from the peaks and redissolved in acetone

Peak Tentative identification Absorption maxima monitored by the HPLC Purified
detector fraction in
acetone
3 a-Bacterioruberin 317.9, 388.4, 497.5, 530.4 495.1, 530.0
4 Monoanhydrobacterioruberin 317.9, 387.2, 495.3, 530.4 490.0, 530.0
5 Bisanhydrobacterioruberin 319.1, 383.4, 495.1, 528.0 490.0, 530.0
6 ? 317.9, 388.4,497.5, 530.4 490.0, 530.0

Fig.5 Raman spectra of lyo-
philized cells of Hbt. salinarum
grown without (a) and in the
presence of 5 mM nicotine

(b). The spectra contain the
characteristic bands of carot-
enoids: the v, band located

at around 1506 cm™! (C=C
in-phase stretching vibrations),
the v, band at 1152 cm™! (C-C
stretching vibrations) and the
feature of medium intensity at
1000/1003 cm™! (%) (attributed
to the in-plane rocking modes
of the CH; groups attached
coupled with C—C bonds to the
polyene chain)
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Table 2 Positions of the main carotenoids Raman bands (cm™') in
lyophilized samples of Hbt. salinarum, Har. marismortui and Hrr.
sodomense

Sample Nicotine  v,(C=C) 1,(C-C) d(C=CH)
Hbt. salinarum - 1506 1152 1000
Hbt. salinarum 5 mM 1506/1512 1153 1001
Har. marismortui ~ — 1506 1152 1001
Har. marismortui 5 mM 1509 1155 1002
Hrr. sodomense - 1506 1152 1001
Hrr. sodomense 5 mM 1508 1153 1001
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