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Abstract

Bacteriochlorophyll ¢ is one of the photosynthetic pigments present in the light-harvesting
complexes of green non-sulfur photosynthetic bacterium Chloroflexus aurantiacus. Inside the
cells, molecules of bacteriochlorophyll ¢ self-assemble into densely packed aggregates that exhibit
exceptional excitonic coupling among the individual pigments. Utilization of the unique properties
of these pigment aggregates in industrial applications requires understanding of their structure. To
this end, preparation of artificial aggregates constructed using chemically pure constituents is an
indispensable prerequisite for the determination of their structure. In this work, an efficient method
for bacteriochlorophyll ¢ extraction from Chloroflexus aurantiacus cells was developed. The
procedure requires additional step of extraction that enhances bacteriochlorophyll ¢ yields over the
less polar pigments. Next, rapid and cost effective pigment purification method of isocratic HPLC
was optimized yielding highly pure fraction of bacteriochlorophyll ¢. The method protocol allows
pigment separation in under 10 minutes utilizing Kinetex C18 chromatographic column washed
by a single solvent — methanol. The method validity and bacteriochlorophyll ¢ purity was
confirmed by LC-MS.
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1. Introduction
1.1. Photonic materials

The photonics are widely considered as instrumental in every aspect of human effort [1].
Photonic material also known as optical materials are a class of electromagnetic meta materials
interacting with light [2]. They together with the instruments are essential elements regarding
information processing, telecommunications, solar cells, chemical sensors, magneto-optic
memories, light emitting diodes, color imaging, video systems and other key utilizations [3]. The
scopes in the field of photonic materials is wide and accounts for the emerging synthetic bio-
photonic, polymer materials and extends furthermore to the subfields of the well-established glass
and semi-conductor materials [2]. Moreover, Advances of photonic materials resulted in prominent
achievements allowing regulation of light-matter interaction and flow of light through light
trapping in thin films for solar cell applications, also control of the photonic crystal processing,
understanding the various applications of nano-photonic light, controlling the flow of light optical
meta-materials [2, 3]. The materials are extremely diverse and are based on combination of science
of materials. Almost all materials in any form has been embedded in photonic and electronic
materials [3]. Furthermore, bio-inspired photonic materials are in fact artificial materials with
optical characteristics as inspiration of structures found in the living organisms [4,5]. The
structures of synthetic optical materials may constitute replicas of natural optical structure or may
be based on design principles which are adapted by nature to achieve the desired properties [4]. In
contrast, the other important aspect of synthetic photonic materials structures is that they can
exhibit electric and magnetic properties which are not found in natural materials [6]. The main
interest of photosynthetic materials is testing of bioinspired materials for feasibility in industrial
applications (e.g. organic photovoltaics).

1.2. Chlorophylls and bacteriochlorophylls

Chlorophylls and bacteriochlorophylls play essential role in light energy capturing and
photochemical energy conversion in processes of photosynthesis. Chlorophyll molecule comprises
of two different parts: a long hydrocarbon tail and a porphyrin head. The latter is simply defined
as four pyrrole rings with nitrogen coordinating magnesium ion in most Chls and BChls. except in
Acidiphilium rubrum which coordinates Zn ion [7]. One of the main distinctions among different
types of chlorophylls (Chls) and bacteriochlorophylls (BChls) that define specific spectral
properties, is the level of macrocycle unsaturation [8]. A completely unsaturated phyto-porphyrin
macrocycle in the c-type Chls of chromophyte algae has a typically strong absorption in the blue
spectral region (Soret or B-bands, € = 150,000) and just a moderate absorption in the zone ~620
nm (Qy-bands & = 20,000). The phytochlorin type is a 17,18-trans-dihydro-phytoporphyrin
represented by the Chl a, b, and d that are synthetized by the organisms performing oxygenic
photosynthesis whereas BChl c, d, and e are found in the green anoxygenic photosynthetic bacteria
(Fig. 1). In organic solvents, such pigments have absorption bands at approximately 440 and 660
nm of the same intensity (€ = 100,000) with an apparent gap in the green spectral zone. It is clear
that in a specific manner, the Chls general nomenclature has no relationship with their degree of
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unsaturation. It would not show their origin because the bacteriochlorophylls involve
phytochlorins and bacteriochlorins whereas cyanobacteria utilize a similar phytochlorin type Chls,
which the green plants have [9].

COOR;; R
Bacteriochlorin
Phy = /\)\/\/k/\)\/\/k Far = /\J\/\)\/\)\

Pigment R, R, R, Ry Ry Ry, Ry Rz Macrocycle
Chla C.H, CH, CjH, CH, H COOCH, Phy H Chiorin
Chib C,H, CHO CH, CH, H COOCH, Phy H Chiorin
Chid CHO CH; CH, CH, H COOCH, Phy H Chiorin
Phe a C.H, CH, CH, CH, H COOCH, Phy H Chiorin
BChic CHOH-CH, CH, CH, CH/CH, H H Far + others CH, Chiorin
BChid CHOH-CH; CH; CH; CHy/CH;, H H Far + others H Chiorin
BChle CHOH-CH, CH, CH, CH/CH, H H Far + others CH,  Bacteriochiorin
BChla CO-CH, CH, CH, CH, H COOCH, Phy H Bacteriochlorin
BChib CO-CH, CH, =CH-CH, CH, H COOCH, Phy H Bacteriochorin
BChig CO-CH, CHO =CH-CH, CH, H COOCH, Phy H Bacteriochlorin
BPhe a CO-CH, CH, CH, CH, H COOCH, Phy H Bacteriochlorin
Chi(ide) c, C,H, CH, CJH, CH, H COOCH, H*® H Porphyrin
Chi(ide) c, C;H, CH; CjH, CH, H COOCH, (L 2 Porphyrin
Chi(ide) c, C,H, COOCH, C,H, CH, H COOCH, H*®) H Porphyrin
[8-Vinyl)-PChlide a C.H, CH; CH, CH, H COOCH;, H* H Porphyrin

Figure 1. Bacterio chlorin-type Chls (single-bonds between C7/C8 & C-17/C-18 in left) and phyto-
porphyrin-type Chls (in the right).Numbering is based on [UPAC-IUB [9].

1.2.1. Bacteriochlorophyll ¢

BChl c is a photosynthetic pigment that is a crucial constituent of the light harvesting antennae
of green sulfur and non-sulfur photosynthetic bacteria (Fig. 2) [10]. The molecules of BChl ¢ self-
assemble into rod-shaped structures called chlorosomes recognized by the increased efficiency of
the energy transfer [11, 12]. Qy (0-0) transition of BChl ¢ emerges at 660—670 nm in the polar
solvents, in which the BChl ¢ is found as a monomer, whereas Qy (0—0) BChl c transition in
chlorosomes would be highly red-shifted to 740-750 nm [13, 14]. Absorption spectra of
chlorosomes are very similar to the spectra of the aggregated BChl ¢ generated in non-polar



solvents [13, 15]. In addition to the 740 nm aggregates, BChl ¢ generates multiple intermediate
aggregates, all of which show a distinct Qy (0-0) absorption maximum [15- 18]. For instance,
BChl 230 ¢ would form ‘680 nm aggregates’ and ‘710 nm aggregates’, whose Qy (0—0) transitions
are found around 680 nm and 710 nm, respectively, when dichloromethane (CH>Cp) titration
dissociates the 740 nm aggregates in hexane [10, 15]. Other studies used absorption [14], infrared
(IR) [19], circular dichroism (CD) [13, 19], resonance Raman, and 1H-nuclear magnetic resonance
(NMR) measurement to examine BChl ¢ aggregation. Stability of the 680 nm, 710 nm, and 740
nm aggregates is dependent both on the temperature and pigment concentration and on the chiral
structure at the 31-position and the solvent nature [20, 21]. Consequently, in the case of the
investigation of the equilibrium and aggregation structures, it is necessary to consider the effects
of stereochemistry and the solvent feature [19]. Green sulfur photosynthetic bacteria
(Chlorobiaceae) produce a remarkable abundance of BChl pigments which are primarily used as
light harvesting antennae. In the case of the green bacteria, two different BChls have been
identified designated as the BChls ¢ and d. Brockmann and co-workers have recently characterized
two new BChls [21]. BChl e was identified in Chlorobium phaeobacteroides while compound
closely related to BChl ¢ (compound If), was found in the green non sulfur filamentous bacterium
Chloroflexus (Cfl.) aurantiacus. The latter type differs from BChl ¢ only in the nature of the
esterifying alcohol. The major esterifying alcohol in the BChls ¢ and d is farnesol [21].

i
CHOH CHs
HsC CH,CH,
HsC
HaC CH,CHs
o)

i

COO\/Y\/Y\/Y

Figure 2. Molecular structure of the bacterio-chlorophyll ¢ (BChl c) [22].
1.2.2. Natural BChl ¢ aggregate - chlorosome

The green non-sulfur filamentous anoxygenic phototrophic bacterium Cfl. aurantiacus [23, 24]
harbors one of the most efficient light harvesting system known to science. The light harvesting
complex composed of self-assembled BChl c called chlorosome [25, 26] is bound to the inside of
the cytoplasmic membrane via a pigment-protein structure known as baseplate. This antenna
channels energy of the captured light to a chimeric photosystem with common features with the
green sulfur bacteria and purple photosynthetic bacteria. This B808-866 light harvesting core
complex [26] encloses the quinone type (or type-II) reaction center [27, 28] placed into the
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cytoplasmic membrane. The BChl a containing light harvesting complex B806-866 shows an
approximately 10-fold lower absorbance at 866 nm in comparison to the BChl ¢ containing
chlorosomes at 740 nm when the cells are grown under low light intensity and anaerobic conditions
[23, 25]. Therefore, chlorosomes contribute crucially to the capability of the green bacteria to
perform photosynthesis under very low light conditions [28-30]. It is widely accepted that
chlorosomes consist of BChl ¢, d, and e molecules (BChl f has been observed in the
Chlorobaculum limnaeumm mutants) [28, 31].

The pigments making up the chlorosome self-aggregate without involvement of the peptides in
a hydrophobic context containing a lipid monolayer [32, 33-35]. Chlorosomes also contain very
different proteins in comparison with other photosynthetic antennae. The most abundant CsmA
protein forms the baseplate pigment-binding protein, which acts as the energy mediator from BChl
¢ in chlorosome and BChl a in the integral light harvesting complexes [29, 36]. Spectroscopic,
microscopic and molecular modeling approaches were employed for investigation of
supramolecular nanostructures of chlorosomes [32] revealing rod and or lamellar nanostructures
of BChls [32, 37-38]. Natural aggregates of BChl ¢ (chlorosomes) were inspected by the freeze
fracture scanning electron microscopy in Cfl. aurantiacus ok-70-f1 and detected as the rods with a
5 nm diameter. One of the other studies demonstrated that chlorosomal BChls are the magnesium
complexes of 31-hydroxy 131-oxo chlorins. Numerous molecular variants were observed in the
Cfl. aurantiacus chlorosomes [32]. Such chlorosomes contain 8-ethyl-12-methyl- BChls ¢ having
different hydro-carbon chains at the 17-propionate residue: stearyl (C18), R17 = cetyl (C16),
phytyl (C20), oleyl (C18), and geranylgeranyl groups (C20). The above BChls c are an epimeric
mix at the chiral 31-position so that (31R)/(31S) ratio has been 2/1 in Cfl. aurantiacus. Hence,
BChls ¢ from Cfl. aurantiacus were known as R/S [E, M] BChl-c. The first R/S shows 31-stereo-
chemistry and the terms in brackets represent 12-methyl (M) and 8-ethyl (E) groups [19, 20, 30,
32]. Central BChl’s magnesium and peripheral 31-hydroxy and 131-oxo substituents are the
prerequisite for their self-aggregation in a chlorosome.

1.2.3. Chloroflexus aurantiacus

The cells of Cfl. aurantiacus were first observed in the Hakone district in an isolated hot spring
near Sokokura in Japan (Tab. I) [29]. The type strain Cfl. aurantiacus J-10-fl lives in a microbial
mat with cyanobacteria in a Yellowstone National Park. Its specific physiology demonstrates its
unique position in the evolution of photosynthesis [29] exhibiting growth as an anaerobic
phototroph, whereas it grows as an aerobic chemotroph in the dark. Cfl. aurantiacus utilizes
organic carbon sources such as lactate, acetate, butyrate, propionate produced by the related
cyanobacteria in the Chloroflexus/cyanobacterial mats of its natural habitat. Moreover, it can use
a 3-hydroxypropionate (3HOP) autotrophic carbon fixation cycle to assimilate COz [39- 40]. No
considerable differences in the cell dimension or shape in the cells grown phototrophically and
aerobically were shown [41]. However, other studies did not observe any differentiation of the
cytoplasmic membrane during the formation process of photosynthetic apparatus [42, 43].



Table I. Organism data on the Chloroflexus aurantiacus [29].

Organism name

Lineage

Oxygen requirement
Habitat
Motility

Temperature optimum
Cell shape
Cell arrangement
Gram staining
Phenotype

Energy source

Carbon assimilation

2. Goals

The aims of the work are:

1. Maintenance and growth of pure cultures of Chloroflexus aurantiacus on a medium scale

Organism Data

Chloroflexus aurantiacus

Bacteria; Chloroflexi, Chloroflexi, Chloroflexaceae,

Chloroflexales, Aurantiacus, Chloroflexus.
Facultative aerobe, anaerobe.
Fresh water, hot springs.
Motile

Thermophile (52-60°C)
Filaments
Filaments

Gram-negative
Green non-sulfur

Light (phototroph) and organic carbon sources
(chemotroph).

Photo-autotrophy, photo-heterotrophy, chemo-
heterotrophy.

for production of raw pigment material.
2. Optimization of high yield extraction of bacteriochlorophyll ¢ into organic solvents.

3. Optimization of efficient separation technique using HPLC and its implementation for
obtaining highly purified bacteriochlorophyll c.

4. Preparation of bacteriochlorophyll c aggregates.

5. Immobilization and imaging of bacteriochlorophyll ¢ aggregates using AFM.



3. Materials and Methods
3.1. Cell growth

The source of pigments for all experiments was a strain of a thermophilic filamentous green
non-sulfur bacterium Cfl. aurantiacus [23] that was isolated from a sample originally collected in
a hot spring in Rupite, Bulgaria [43]. Cells were grown in a half strength of liquid R2A medium
[44] (Tab. II) with full formulation of vitamins (Tab. III) and trace elements (Tab. IV) in 250 mL
glass bottles and on solidified /2 R2A medium solidified by 1.5% agar on petri dishes. Cell cultures
were grown in an incubator that kept constant temperature of 50°C. Agar plates were passaged on
the weekly basis in a sterile hood. The batch liquid cultures were transferred into flasks of a larger
volume every week. Fresh medium was always added in a sterile hood. Finally, the cell culture
was transferred into 1 L glass bottle. The cell cultures were illuminated by light emitting diode
(LED) illumination panel providing white light of 50 pmol photons m 2 s~!. Aeration was provided
by continued bubbling via sterile air and stirring using magnetic stirrer (<150 rpm). Fresh medium
was added frequently to compensate for nutrient consumption and water evaporation. After week
of growing the culture aerobically, the batch culture of CIf. aurantiacus was cultivated at 50 °C
anaerobically for another week to stimulate production of BChl c. Lowering the concentration of
oxygen inside the culture medium was achieved by bubbling by sterile nitrogen gas. The 1 L bottle
containing the cell culture was closed quickly with a screw cap afterwards, leaving minimal gas
phase above the culture medium.

Table II. R2A medium composition.

R2A Medium
Yeast extract 050 g
Proteose peptone 050¢g
Casamino acids 0.50 g
Glucose 0.50¢g
Soluble starch 0.50 g
Na-pyruvate 030¢g
K:HPO4 0.30¢g
MgSO4 x 7 H20 0.05¢g
Agar 15.00 g
Distilled water 1000.00 mL



Table III. Vitamin solution composition.

Vitamin solution
p-Aminobenzoate
Biotin
Nicotinic acid
Thiamine-HCI x 2 H20

Ca-pantothenate

Pyridoxamine

Vitamin B2
Distilled water

Table IV. Trace element solutions SL-4 and SL-6 composition.

Trace element sol. SL-4
EDTA
FeSO4 x 7 H20
Trace element sol. SL-6
Distilled water

Trace element sol. SL-6

ZnS0O4 x 7T H20
MnClz x 4 H20
H3BO3
CoCl2 x 6 H20
CuCl2 x 2 H20
NiCl2 x 6 H20
NaMoO4 x 2 H20
Distilled water

3.2. Pigment extraction

Anaerobically grown cells of Cfl. aurantiacus were aliquoted into 50 mL centrifugation tubes
and were harvested by centrifugation at 14000 rpm at 4°C for 10 minutes. The combined pellets
were homogenized by a glass piston homogenizer. Homogenized cells were transferred into a clean
tube containing glass beads and an extraction buffer composed of mixture of acetone: methanol:
50 mM Tris, pH 8 (7:2:1, v/v/v). Pigments were extracted by vortexing the homogenized pellet
with beads in the extraction buffer at room temperature in the dark for 15 minutes. The cells debris
containing unextracted pigments was separated from the supernatant containing the extracted
pigments by centrifugation. The resultant supernatant was passed though PVDF filter of 0.2 um
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1.00 mg
0.20 mg
2.00 mg
1.00 mg
0.50 mg
5.00 mg
2.00 mg
100.00 mL

0.50 g
020¢g
100.00 mL
900.00 mL

0.10 g
0.03¢g
030¢g
020 g
00lg
0.02¢g
0.03¢g
1000.00 mL



pore size using clean glass syringe. The pigment extract was vacuum dried in a rotary evaporator
and resuspended in a pure methanol. Aliquots of the pigment extract pipetted into 2 mL amber
vials were blown with sterile nitrogen to remove oxygen. Samples were then stored and at -20°C
until final processing.

3.2.1. BChl c aggregates preparation

The HPLC purified BChl c dried in stream of pure nitrogen gas was resuspended in small
volume of dichloromethane. Hexane was added to the solution by ratio (10:1) forming BChl ¢
aggregates for AFM imaging.

3.3. HPLC

High performance liquid chromatography or High-pressure liquid chromatography (HPLC) is
a method of column chromatography well suited for analyses and separation, identification, and
quantification of chemical mixtures (Fig. 3) [45]. A chromatographic column is used in HPLC to
hold a packaging substance (the stationary phase), while a pump moves a mobile phase(s) across
the column. The detector registers the analyzed molecules employing measurements of
absorbance, pH, conductivity or other means including light scattering. The time of a given analyte
eluting (exiting the column’s end) is called the retention time. The retention time varies according
to interaction established between the stationary phase, the molecules under examination, and the
solvent(s) that involve(s) miscible combination of water or organic solvents. Methanol and
acetonitrile are the most common solvents found in mobile phase formulations. A small volume
of an examined specimen is carried by the mobile phase. Variation of the mobile phase
compositions over the analyte separation is called gradient elution in contrast to the isocratic
elution by constant formulation of the mobile phase. The choice of the solvents, additives, and
gradients is dictated by the physicochemical properties of the stationary phase and analyte [46].

- _U_‘_ 1

‘l.ﬂ‘l:;l’; — —
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y A Y
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J
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Figure 3. Diagram of a HPLC: a. solvents (mobile phases), b. high pressure pump, c. mixer for the
homogenization of the mobile phases, d. sample loop, e. syringe with sample, f. injector valve, g. oven
with HPLC column, h. detector, i. data system (procedure & register), & j. the collection vial [47].



Normal-phase chromatography is used for separation of polar compound by both polar
stationary phase and a nonpolar mobile phase. Whereas, reversed-phase chromatography is
commonly used for separation of compound with hydrophobic moieties which lack a dominant
polar characteristic (regardless of polarity of the compound). In RP-HPLC, the stationary phase is
hydrophobic and the mobile phase is either polar or partially polar and is used with bonded phase
(hydrocarbon chain; C8, C18) on silica. The mobile phase is composed of two phase solvent
(aqueous and organic phases) and is higher in polarity than the stationary phase [48].

The high-performance liquid chromatography (HPLC) was used to separate the extracted
pigments using various reverse phase columns in HPLC Prominence system (Shimadzu) equipped
with manual injection valve, dual wavelength SPD-20A detector and a fraction collector. Four
reverse phase HPLC columns were used. First of the columns used was Kinetex C-8 (2.6um,
30%2.1mm, Phenomenex), the flow rate was 0.45 mL/min, the pressure was 18 MPa. The second
column used was Jupiter C-5 (Sum, 300 A, 170 sq. m/g, Phenomenex), the flow rate and the
pressure were 4 mL/min and 18 MPa respectively. Third column used was Luna C8 (3 um, 100 A,
440 sq. m/g, Phenomenex). The flow rate and the pressure were 3mL/min and 16 MPa respectively.
The injection volume was 10uL for C8-Kinetex and 20uL for C5-Jupiter and C8-Luna. All
samples were injected manually. Absorbance of the eluted peaks was graphically recorded at
wavelengths corresponding to the short wavelength absorption maxima of each pigment: at 438
and 671 nm for C-8, at 441 and 674 nm for column C-5 and at 440 nm and 672 nm for column C8-
luna. Mobile phases included two mixtures solvents. Solvent mixture A was composed of
methanol: 286mM ammonium acetate + water (70:30). Solvent B was methanol. All solvents were
of MS grade. A gradient of these solvent mixtures was used during the total run time of 35.01
minutes according to Table V.

Table V. Gradient of mobile phases.

Time %A %B
0.00 100.0 0.0
4.00 0.0 100.0
18.00 0.0 100.0
21.00 0.0 100.0
24.00 0.0 100.0
31.00 100.0 0.0
35.01 100.0 0.0

The final results were obtained with a Kinetex EVO C18 column (150%4.6 mm, 2.6 um, 100
A, Phenomenex). Twenty uL of analyte was eluted isocratically with 100% methanol at a rate of
I mL/min at pressure of 18MPa. BChl ¢ was monitored at 668 nm. Eluted fractions per 0.5 mL
were collected by a fraction collector.



3.4. Mass Spectrometry (MS)

Mass spectrometry is one of the vacuum techniques, which provides, separates, and detects the
mass ions (the ratio of mass to charge) from the intended molecules. It possesses several kinds of
configurations and platforms for diverse utilizations. Mass spectrometry is usually having an
interface with gas chromatography (electron ionization/chemical ionization source) and liquid
chromatography (electrospray or atmospheric pressure chemical ionization) for analyzing the
cellular elements (biomarkers) [49]. Liquid chromatography mass spectrometry (LC-MS) is one
of the analytical techniques utilized in recognizing the elements in chemical mixtures. In this
method, a chemical mix enters a liquid chromatograph in its simplest form, in which partial or
complete separation occurs in the respective component segments. Then, elution of such different
components can be observed from the liquid chromatograph in discrete sequence over time.
Afterwards, the liquid chromatograph effluent enters a mass spectrometer, in which the mass
spectra will be obtained from the separated components. At the end, the mass spectra achieved by
this method can be clarified for determining the molecular weights and molecular structures for
diverse components [50].

Purification of the pigment extract from Cfl. aurantiacus was performed using isocratic elution
(100% methanol) on Kinetex C18 column. Efficiency of this purification step was evaluated using
LC-PDA-APCI-MS/MS technique under identical chromatographic conditions including the
identical HPLC column. Extract sample was analyzed before and after the purification step.
Differences in obtained chromatograms (PDA detection), full scan MS spectra of precursor ions
in the peak of interest and full scan MS/MS spectra of product ions from target compound (BChl
c) were assessed qualitatively.

3.5. UV-VIS Spectroscopy

UV-VIS spectroscopy is one of the absorption spectroscopy techniques, which is suited for
analysis of a specimen containing species absorbing light in ultraviolet to visible range. The
absorption is a mere manifestation of the excitation of the chemical species from its ground state
to an excited one. The less energy is necessary for this transition, the higher is the numerical value
of the absorption wavelength [51].

Light passing a solution containing a colored substance is attenuated because the dye molecules
absorbed the photons. The Lambert Beer’s Law formulates the relation of the amount of the light
eliminated because of absorption and the concentrations of the absorbing materials. With given
incident light intensity /y, molar absorptivity coefficient ¢, molar concentration ¢ of the absorbing
material, and the path length the beam travels across the solution, changes in the light intensity
caused by the absorption are:

dl=1y-¢cdx
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The integration over the path length x, returns 7/l = e ~*“* a parameter known as Transmittance,
T. Nonetheless, the amounts of the light absorbed by a material in solution is most often
represented by Absorbance, A:

A=Log(lh/D=¢cx

The absorbance has thus a linear relationship to the molar absorptivity & with units of mol™! cm-
!, the sample path length in cm, x, and the compound concentration in the solution written in mol
L1, c. Actually, molar absorptivity ¢ is one of the measures of the amounts of the light absorbed
in each unit concentration. In fact, it is a constant for a specific material substance and the applied
wavelength.

The absorption spectra of samples obtained from high performance liquid chromatography were
measured by a UV-VIS spectrophotometer (Lambda 35, Perkin Elmer, USA). One hundred of pL
of sample were diluted in 500 uL. of methanol and the sample was placed into a quartz cuvette. A
fast scan was used in the range of 400-800 nm.

3.6. Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) represents the most popular scanning probe technique among
the local scanning probe microscopy (SPM). AFM has an ability to image a surface with atomic
resolution in the real time which provide the ground for studying atomic structure of the surface
and identify the location of separate point defects and absorbs. The fundamental principle of the
AFM relies on measurements of local attractive or repulsive forces acting between atomically
sharp tip and sample. These forces are monitored by a bending, or deflection, of the cantilever. A
majority of the AFMs employ a 4 quadrants photo-diode for registering the cantilever bending.
AFM is specifically suited for biological research since it is possible to image the samples under
physiological conditions. It is not necessary to stain or coat the sample that also does not need to
be conductive. Hence, high resolution imaging is attainable in a physiological buffer or medium
under wide range of temperatures. Additional to the 3D topography data, AFM measurement
provides information about mechanical features or adhesion [52]. AFM operating in non-contact
mode measures local forces deriving from the chemical bonds formation and breaking between the
outermost tip-apex atoms and surface atoms. During this measurement mode the AFM tip is
brought into oscillation at a short distance above the surface of the sample. An atomic-scale
contrast in the AFM images can be considered as a convolution of geometric characteristics of the
surface and a “chemical” contribution. The magnitude of the forces leading to an atom-resolved
non-contact AFM imaging are dependent on the tip-apex atoms affinity for interacting with certain
surface atoms. Current research envisions a high potential in the concurrent AFM/STM imaging
[53, 54].

Specialized imaging modes of AFM, such as the quantitative imaging (QI) mode reveal surface

topography of the sample under minimum load of force. The QI mode of AFM collects data along
force-distance curves at each pixel in a high-resolution image ensuring a control over the forces
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exerted between the tip and the sample’s surface. Such a multi-parametric mode generates force
curves with data of the surface stiffness, adhesion, and height at every high-resolution pixel. In
addition, lack of the lateral forces allows for imaging of soft biological and loosely bound samples
like bacterial aggregates.

AFM imaging of BChl ¢ aggregates was performed using NanoWizard 4 BioScience AFM
(Bruker Inc., USA) atop of IX73P2F inverted optical microscope (Olympus, Japan). The AFM
system was placed on Halcyonics i4LARGE active vibration isolation system (Accurion GmbH,
Germany) inside the custom-made acoustic enclosure. Standard scanner on a manual sample stage
were used. The sample was adsorbed over the freshly cleaved highly-ordered pyrolytic graphite
(HOPG). BChl c aggregates were imaged in air using Fastscan-B probe (Bruker Inc., USA) having
a spring constant of k = 1.15 N.m™' and resonant frequency of fo = 224.1 kHz. Imaging in a buffer
(Tris 50 mM, pH 7.8, 100 mM NaCl) was achieved using B cantilever of a SNL-10 probe (Bruker
Inc., USA) with the spring constant of k = 0.124 N.m™!' and resonant frequency fo = 4.87 kHz. All
imaging was performed at 23°C. Images of 256 x 256 um? (1x1 um?) were recorded with resolution
of 256 x 256 pixels® using Quantitative Imaging (QI) mode (1.5 um Z range, 41.7 pm/s tip
horizontal speed). Thermal noise, contact-based method of cantilever spring constant calibration
was performed using formalism of Hutter and Bechhoeffer [55].

4. Results
4.1. Growth of Chloroflexus aurantiacus cells

The cell cultures of Cfl. aurantiacus were maintained on agar (Fig. 4) in an incubator at 50°C
under low light intensity of 10-20 umol photons m 2 s~!. Orange, filamentous, irregular colonies
were observed on agar plates (Fig. 4). The cells scraped from the agar plate by sterile spatula was
inoculated into the liquid %2 R2A medium. Liquid cultures were grown in an incubator at 50°C at
light of 50 umol photons m 2 s™!. The brown filamentous cultures were observed in liquid medium.
Gentle aeration provided mixing of the culture along with the magnetic stirrer. The culture
appeared homogeneous and orange in color. Under anaerobic conditions, filaments usually
adhered to the side of the vessel nearest the light during the final stage of cell growth. Stirring with
the magnetic fish then became critical for even nutrient distribution in the batch culture that was
not mixed by air bubbling during the final phase of anaerobic growth.
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Figure 4. Cell culture of Chloroflexus auraniacus on agar plates.

4.2. Extraction of BChl ¢ from cells

Extraction of BChl ¢ from cells of Cfl. aurantiacus cells was performed by harvesting the cells
with centrifuge and homogenizing the pellets by glass piston homogenizer. For extracting
pigments from pelleted cells 7:2:1 (v/v/v) Acetone/Methanol/Tris solvent mixture was used. After
removing cell debris by centrifuging, the supernatant was filtered and transferred to rotary
evaporator to dry. Further, the pigment extract was resuspended into pure methanol and blew it
with nitrogen. Finally, the sample is ready for next approaches.

4.3. High Pressure Liquid Chromatography (HPLC) purification of BChl ¢ pigments

HPLC chromatogram of the pigment extract separation using C5-Jupiter column (0.4mL/min
flow, 18MPa pressure, 20ul of sample injected) is shown in Fig.5. There are two main elution
peaks appearing at retention times of 25 and 27 min (Fig. 5a). The second major peak was collected
and its absorption spectrum measured (Fig. 5b). A strong absorption peak dominated the spectrum
in the short wavelength region of VIS at 435. Two absorption peaks were detected at 669 and at
766 nm representing the Qy absorption band of BChl ¢ and BChl a, respectively. The ratio of the
absorbances of the red peaks of BChl ¢ and BChl a was 4.979.
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Figure 5. C5-Jupiter column pigment separation (a) chromatogram and (b) absorption spectrum (at 400-
900nm range) of the main BChl ¢ fraction (retention time 27min) captured by C5-Jupiter column.

Obtained results from column C8-Luna (flow of 3mL/min, pressure 16MPa and 20ul injection)
are shown in Fig. 6. There are two major peaks in chromatogram at 30 min and 32 min (Fig. 6a).
From the most intensive peak at 32min, absorption spectra were measured (Fig. 6b). Three peaks
were observed at 438 nm and 671 nm and 764 nm. The absorption ratio for BChl ¢ over BChl a at
671nm and 764 nm is 8.707.
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Figure 6. C8-Luna column pigment separation (a) chromatogram and (b) absorption spectrum (at 400-
900nm range) of the main BChl ¢ fraction (retention time 32 min) captured by C8-Luna column.

The separation using C8-Kinetex column is demonstrated in a chromatogram showing one
major peak present at 32.5min and a minor peak is present at about 31 min (Fig. 7a). The major
peak at 32.5min was collected and its absorption spectrum was taken. According to Figure 7b there
are three peaks at 436nm, 669 nm and 769 nm. The absorption ratio for BChl ¢ over BChl a at 669
nm and 769 nm is 8.133.
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Figure 7. C8-Kinetex column pigment separation (a) chromatogram and (b) absorption spectrum (at 400-
900nm range) of the main BChl ¢ fraction (retention time 32.5 min) captured by C8-Kinetex column.

The comparison of the pigment extract separation using the three HPLC columns (C5-Jupiter,
C8-Luna and C8-kinetex) is shown in Figure 8.
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Figure 8. Comparison of three different columns (a) Chromatograms (b) absorption spectrum (at 400-
900nm range). All spectra were normalized at maximum absorbance of BChl c.

4.4. Improved extraction of BChl ¢ from cells

An innovated extraction procedure of BChl ¢ from cells of Cfl. aurantiacus cells was devised.
First, the non-polar solvents from the cell pigment extract (Acetone/Methanol/Tris 7:2:1 (v/v/v)
solvent mixture) were removed by drying under vacuum in a rotary evaporator. Then, a more polar
solvent than the acetone containing solvent formulation was used to extract the pigments. We
chose LC-MS grade pure methanol to extract pigments from the dry pigment mixture. Methanol
preferentially extracted the BChl ¢ from the dry pigments leaving large fraction of BChl a behind,
along with some carotenoids as visible in Figure 9.
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The spectrum of the raw cell extract using Acetone/Methanol/Tris 7:2:1 (v/v/v) solvent mixture
(Fig. 9 orange trace) and 100% methanol (Fig. 9 blue trace) extracted pigments are shown in Figure
9. Significant peaks of the raw extract are present at 436 nm (representing Soret band of BChl ¢)
and 668.5 nm (representing BChl ¢ Qy band). A smaller peak is also present at 342.5 nm that
represents the Soret band of BChl a whereas the 768.5 nm peak corresponds to Qy of BChl a.
Larger absorption in the infrared region (700-900) of the primary cell extract shows that BChl a
was not extracted into methanol effectively.

Absorbance [a.u.]

300 400 500 600 700 800 900
wavelength [nm]

— Pure Methanol - A cetone/Methanol/Tris 7:2:1 (V/v/v)
Figure 9. UV-VIS Spectrum (at 400-900nm range) of pigments extracted from whole cells of

Chloroflexus aurantiacus using Acetone/Methanol/Tris 7:2:1 (v/v/v) solvent mixture and pure
methanol.

4.5. Final HPLC purification step

Chromatogram of the pigments extracted to methanol that were loaded on C18-Kinetex column
is shown in Figure 10. A single dominant peak appears at 9 min retention time, preceded by two
minor peaks at 6 min and 8.5 min (Fig. 10a). The major peak was collected and its absorption
spectrum was measured (Fig. 10b). The absorption spectrum of this fraction features two major
peaks at 436 and 668.5 nm. Additional peak can be seen at the shoulder of the major red peak at
620nm. The ratio of BChl ¢ over BChl a is 643.91.
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Figure 10. (a) chromatogram and (b) absorption spectrum (at 400-900nm range) captured from C18-
kinetex column.

4.6. LC-PDA-APCI-MS/MS analysis of BChl ¢ pigments

Firstly, two sets of chromatograms measured using PDA detector at 200, 300, 480 and 668 nm
(Fig. 11) were analyzed. Identification of the chromatographic peak at 3.9 min, which belongs to
the BChl ¢, was based on strong absorption at 668 nm and mass-to-charge ratio of its precursor
ion (841.6 m/z). Then, full scan MS spectra of precursor ions in the peak of interest were compared.
The MS spectrum of the extract before purification (Fig. 12) shows the signal of the BChl c, but
the signal is not dominant and lots of other interfering signals are present in significant intensities.
In contrast, MS spectrum of the extract after purification (Fig. 13) shows that the signal of the
BChl ¢ became the dominant signal of the MS spectrum. The increased concentration of the BChl
¢ and the decrease in the concentration of co-eluting interferons in the extract after purification
implies that our purification procedure was efficient. Finally, confirmation of the identity was
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performed by comparing of MS/MS spectra of precursor ion (Fig. 14 and 15). Both MS/MS spectra
show the same number of the same product ions, no product ion missing, pointing to the fact that
the mass 841.6 m/z from the sample before purification represents signal of the same compound
as the mass 841.6 m/z from the sample after purification. Different relative intensities of some
product ions are probably caused by different matrix effects during fragmentation process in the
course of measurement of MS/MS spectra.
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Figure 11. Chromatograms of the extract samples before purification (higher picture) and after
purification (lower picture) measured using PDA detector at 200 nm (UV_VIS 1), 300 nm (UV_VIS 2),
480 nm (UV_VIS_3) and 668 nm (UV_VIS_4).
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Figure 12. Full scan MS spectrum of precursor ions in the chromatographic peak of BChl c at retention
time 3.9 minutes - the extract sample before purification.
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4.7. AFM imaging of BChl ¢ aggregates

BChl ¢ aggregates immobilized on HOPG were imaged by AFM using QI mode. Figure 16
shows a topography of the aggregates imaged in air having an ellipsoidal shape with a length of
150 nm and a width of 100 nm. AFM imaging in buffer reveals that aggregates of BChl ¢ have
dimensions 50x120x%30, shape is rather round (show in Fig. 17) but sometimes polyhedral. Only
gross structural features were observed. No fine details that would lead to elucidation of the spatial
arrangement of the BChl ¢ molecules forming the aggregate were detectable.
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Figure 16. Aggregates on HOPG and zoomed in aggregates on HPOG, air.

Figure 17. zoomed in aggregates on HPOG, buffer.
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5. Discussion

The aim of this study was to optimize production and purification of the photosynthetic pigment
of light harvesting antennae of green sulfur and nonsulfur photosynthetic bacteria BChl c. The
pure pigment was utilized for production of BChl ¢ aggregates that were imaged in AFM. High
resolution imaging was attempted that would provide details of the spatial arrangement of the BChl
c molecules in the aggregates. To achieve the set goals, cells of Cfl. aurantiacus were grown in a
half strength of liquid R2A medium in medium scale batch cultures under anaerobic conditions
and under light. The results of pigment analysis of cells grown in anaerobic conditions illustrate
both BChl a and BChl ¢ content in the absorption spectra. Separation of BChl ¢ from the other
pigments present in the cells was optimized by screening two protocols for pigment extraction,
two protocols of reverse phase HPLC and four HPLC columns. The effectiveness of the final
purification protocol for BChl ¢ was confirmed by absorption spectroscopy and LC-MS.

To analyze the pigment composition, a mixture of the homogenized cells of Chlorofelexus
aurantiacus and acetone: methanol: 50 mM Tris, pH 8 (7:2:1, v/v/v) was vortexed and then
centrifuged. Afterwards, the cell debris containing unextracted pigments was separated from the
supernatant containing the extracted pigments. The extracts were filtered and dried. All
manipulations were done in the dark. Dried pigments were resuspended in 100% methanol. This
procedure was similar to Psencik J. et al [38] study.

To separate the photosynthetic pigments, the particulate packing columns (C18 and C8) in the
HPLC were mostly utilized [56- 58]. Moreover, to increase the quality of separation, the gradient
technique was applied. In some HPLC procedures acetone has been utilized as the mobile phase
[57, 59].

To distinguish the best method for separation and purification of BChl ¢ were compared the
performance of C5-Jupiter, C8-Luna and C8-Kinetex HPLC columns with gradient program. The
injection volume in C8-Kinetex column was a half amount of the one in C5-Jupiter using the same
protocol. This may be in part responsible for the obtained chromatograms show sharper and more
intense peaks in C8-Kinetex column (illustrated in Fig. 8). The intensity of the chromatographic
peaks eluted from C8-Luna are not considerably higher than the peaks recorded in C8-Kinetex
chromatograms despite the injection volume for C8-Luna was a double amount of the sample
loaded onto the C8-Kinetex column. The absorption spectrum of the collected fraction eluted from
the C8-Kinetex column showed the least amount of BChl a and carotenoid in comparison to two
other absorption spectra acquired using C5-Jupiter and C8-Luna columns. According to Figure 8,
the Fraction of C8-Luna showed the highest peak of carotenoid and the lowest peak of BChl a (Qy
band) whereas C5-jupiter shows the highest peak of BChl a (Qy band) and lower peak of
carotenoid.

In improved method of purification, first, the cell pigment extract was dried under vacuum in a

rotary evaporator to remove non-polar solvent. Then, a more polar solvent (LC-MS grade pure
methanol) than the acetone containing solvent formulation was used to extract the pigments. The
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BChl ¢ was extracted by methanol while large fraction of BChl a was removed. In another
procedure, hexane was used instead of methanol to extract carotenoids and BChl a. BChl ¢ would
stay on a side of the flask that could be then extracted by solvent that is less non-polar or one that
is almost polar [60].

The separation with the HPLC columns featuring stationary phase functionalized with short
hydrocarbon chains (C5, C8) resulted in only a partial success. C18-Kinetex columns with a more
hydrophobic chains have a more reasonable function in the separation of isomers or other
compounds with a similar structural and chemical properties [56]. These columns were shown to
provide many advantages in the separation of the hydrophobic pigments [56]. Here we employed
C18-Kinetex column (150x4.6 mm, 2.6 pm, 100 A, Phenomenex) in an isocratic elution with pure
methanol providing an acceptable procedure to purify BChl ¢ [61]. The chromatographic
separation using the C18-Kinetex column showed two major and numerous minor BChl ¢
fractions. The second major band containing higher BChl ¢ concentration exhibited absorption
spectrum with two maxima at 435 nm and 668.5 nm that are remarkably similar to the two maxima
at 434-435 nm and 669 nm obtained by Daniel C. Bruiie et al [15].

In this study, the substantially purified BChl ¢ from Cfl. aurantiacus was analyzed by LCMS
to confirm its high purity. The mass spectrum of the BChl ¢ fraction exhibited a dominant mass of
841.6 m/z for molecular ion, which is the same findings as 840 m/z in Brune et al. [15]. The
molecular weight predicted for stearyl-esterified, 4-ethyl-5-methyl substituted form of BChl c,
which according to Gloe and Risch predominates in Cfl. Aurantiacus (1978) is 841.5g/mol It has
been found that a majority of the Chloroflexi members did not methylate BChl ¢ [62]. Thus, the
greatest level of Qy absorbance of BChl ¢ aggregates in the chlorosome of the organism can
slightly be blue shifted with reference to C. tepidum and “Ca. Chloracidobacterium
thermophilum” [62].

6. Conclusion

In this work, green non sulfur photosynthetic bacterium Cfl. aurantiacus was grown in a semi-
continual, batch culture for production of BChls ¢ pigment. Conditions for the growth were
optimized yielding high yields of cells and BChl ¢ under anaerobic conditions in light at 50°C at
light of 50 pmol photons m 2 s~ !. An efficient method for pigment extraction from the harvested
cells was optimized for maximizing BChl ¢ yields over the more nonpolar pigments — BChl a and
carotenoids. This was achieved by two step extraction. The first step involved homogenization of
the cells and extraction into a solvent mixture of acetone: methanol: 50 mM Tris, pH 8 (7:2:1,
v/v/v). Second step involved drying the first extract and its subsequent extraction into a more polar
methanol. This final pigment extract was purified using reverse phase HPLC column Kinetex C18.
The BChl c¢ fraction was purified using isocratic elution by methanol. The optimal
chromatographic method is fast, efficient and uses only a single mobile phase that can be recycled
for less demanding tasks e.g. SDS gel de-staining. The purity of the BChl ¢ was confirmed by
absorption spectroscopy and validated by LCMS and MS/MS. The purified BChl ¢ was used in
production of BChl aggregates using the method of alkane facilitated aggregation. The aggregates
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formed by injecting of dichlormethane dissolved BChl ¢ into hexane were immobilized on HOPG
and imaged in AFM in air and also in aqueous solution. Unfortunately, the AFM imaging did not
reveal any substructural details of the aggregates.
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