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Abstract

The successful extraction and isolation of the blyded tetraether lipid
calditoglycerocaldarchaeol (GDNT) fro®ulfolobus metallicus, a key thermophilic
bioleaching archaeon, is described. The archaeahdss was recovered directly
from a thermophilic (6&) bioleaching tank reactor used to extract nidkein a
pentlandite mineral concentrate. The initial Sekkxtraction method employed was
scaled to a bench-scale extraction procedure $eitabthe preparation of gram-scale
guantities of GDNT. The GDNT so obtained was aradyby 1D- and 2D-NMR
techniques, providing the first completdC and 2-D NMR data-set for GDNT,
including that for the intact underivatised caltlitwiety. The study demonstrates the
feasibility of recovering high-quality GDNT from déhmophilic archaeal-mediated
bioleaching reactors. The recovery of these limtigelatively low cost, as a by-
product from bioleaching reactors used in the msefaocessing industry, has
important implications for future tetraether li@dailability and costs.

1. Introduction

The membranes of Archaea are unique in that theycanstructed from tetraether
lipids instead of the ester lipids found in the nbeames of Bacteria and Eucarya (De
Rosa et al., 1977a). The backbone of these tegaéfids takes one of two forms,
either caldarchaeol or glycerol dialkyl glycerofrgether (GDGT), with symmetrical
headgroups or calditoglycerocaldarchaeol, also kn@s glycerol dialkyl nonitol
tetraether (GDNT), with unsymmetrical headgroupbo&zi et al., 2002; Kanichay et
al., 2003 and Benvegnu et al., 2004). The alkgich connecting the headgroups
may contain up to four cyclopentane rings per atihin (Gliozzi et al., 2002). The
role of these lipids in the archaeal cell membrianeritical in protecting the cell and
the neutral pH cytoplasm from the solution enviremtnof its natural habitat, with its
extreme acidity and metals concentration, whileaing stable at high temperatures
and facilitating the interaction with membrane-a&ssted enzymes. The unique
properties of tetraether lipids include: mono-lagetf-assembly (Strobl et al., 1985
and Dote et al., 1990), hydrophobicity, impermaghil ultra-low electrical
conductivity, optical transparency and stabilitydan autoclave, ultra-violet and
gamma radiation conditions (Bakowsky et al., 20@tracted lipids can also be
functionalized in order to facilitate covalent bargito surfaces (Frant et al., 2006)
with subsequent formation of surface coatings. Th&ue properties of tetraether
lipids have led to a wide variety of applicatiomeluding drug delivery liposomes
(Bagatolli et al., 2000; Bernina Biosystems Gmbl02 and Sprott et al., 2003),
boundary lubricants (United States Of America Na®$92), biomedical nano-
coatings (Kermamed Medizintechnik GmbH et al., 2082d S-layer supported lipid
bilayers (Wetzer et al., 1997).

Despite the unique properties of tetraether lip@sd their eminent suitability in
various biomaterial applications, commercial impétation of technology



applications has been limited. The main reasonth@ limitation has been the
prohibitively high cost of such lipids (i.e. excésgl US$ 5000 per gram) derived
from cultured archaeal biomass, and the compleritysynthesizing chemical
analogues (Benvegnu et al.,, 2004). Lipid yieldsmrarchaeal biomass are low,
resulting in high final product costs when archdaalmass is cultured for the sole
purpose of lipid production.

The use of thermophilic Archaea in agitated tangldaiching reactors is a well-
established hydrometallurgical technology (Battyd aRorke, 2006). @folobus
metallicus, and related species, dominate the archaea papulati such reactors
(Norris et al., 2000). The archaea act as catalgsise oxidation of iron and sulphur
resulting in the dissolution or beneficiation oétmetal of interest, typically copper,
cobalt, nickel or gold (Rawlings et al., 2003). oRBiaching reactors used for this
purpose are large (i.e. 1300)nand produce archaeal biomass in the order offiens
day. Harvesting of this archaeal biomass can bdilyeachieved by relatively simple
centrifugation methods, without negatively impagtion the mineral extraction
efficiency or operation of the reactors. The aintha$ investigation was to determine
whether high-quality tetraether lipids, suitable @se in the technology applications
discussed above, could be recovered from the bierhasvested directly from a
continuous culture bioleaching tank reactor.

2. Experimental procedures
2.1. Preparation of biomass

A 200 L agitated continuous culture tank reactos waerated for a period of six
weeks. A mineral concentrate slurry was pumped itte® reactor at a solids
concentration of 15% (w/w). The mineral concemtratontained 22% (w/w)
pentlandite, (Fe,NgBs. The particle size distribution of the minerahcentrate was
30 — 80um. The air flow sparged into the reactor was saimginted with both
oxygen (85 % v/v) and carbon dioxide (1% v/v). Thesolved oxygen concentration
was maintained in the range 1-4 mg. [The hydraulic residence time was 48 hours,
the pH 1.5, and the redox potential 700 mV (AgAg/Cl in 3M KCI). Phosphate and
ammonia were supplemented to maintain a concemtrasf 10 and 50 mg t
respectively in solution. Other nutrients wereivkt from impurities associated with
the mineral concentrated and were not added tardhetors. The suspended cells
concentration was approximately °16ells mL*. Although non-aseptic conditions
were used, the microbial population in the steatitesreactor comprised >90%
Sulfolobus metallicus, reflecting the selective growth conditions impbsey the
reactor operating conditions. The reactor effluerintaining both mineral and
biomass suspended solids, was subjected to twe-sewfrifugation. Mineral solids
were removed during centrifugation at 500 g for futes, while the archaeal
biomass was recovered at 2000 g for 5 minutes 8harples centrifuge. Freeze-
drying of the archaeal biomass was carried out a8 h period in a Virtis Genesis
freeze-dryer.

2.2. Laboratory-scale lipid extraction



2.2.1. Ashing

Extractions were carried out on freeze-dried bisnasterial obtained as described
above. In order to ascertain accurately the lipeldyfrom each extraction, it was
necessary to determine the amount of biomass praésesach batch of the solid
starting material, defined as the total mass ofb@aaceous material present.
Percentage biomass was determined by accuratelyghingi a sample of
approximately 2 g of freeze-dried material and rgluvernight in a furnace at 650°C
to remove all biomass present. The same samplesuljgcted a second time to
overnight heating at 650°C to ensure that a cohstaass had been reached.
Carbonaceous material is volatilised at this tempee and all that remains after
ashing is inorganic matter. In this way the peragatbiomass, from which lipid could
be extracted, was determined. ICP analysis wa®eeid on the non-carbonaceous
material remaining after ashing.

2.2.2. Extraction

The initial procedure followed was based on thatscdeed for Sulfolobus
acidocaldarius (Lo et al., 1989), in which first a neutral anehan acidic Soxhlet
extraction is carried out on freeze-dried matefiiis Soxhlet extraction was found to
be suitable for use with freeze-dried material naggn mass from 5-70 g and is
illustrated here for a 25 g sample. Freeze-driederisd (25 g) was extracted
overnight in a Soxhlet apparatus with CEt@lleOH (1:1) (300 ml) and the extraction
solution (I) was put aside. The solid material vitzen stirred for 2 h in 280 ml of a
mixture of CHC}: MeOH: 5% trichloroacetic acid (TCA) (1:2:0.8). dlslurry was
centrifuged and the supernatant added to the atigixtract (). The solid precipitate
was washed with 100 ml of the acid extraction medused above. This washing was
also added to the original extract (I). Chlorofof@®0 ml), methanol (150 ml) and
water (300 ml) were added to extract solution htake a final solution of CHEI
MeOH: HO of roughly 8:4:3. The two phases were mixed amobgated into the
upper phase (Il) and the lower phase (lll). Theangghase (ll) was extracted with an
equal volume (800 ml) of CHgI This chloroform layer (IV) was set aside for
evaporation. The lower phase from the original sz (l11) was washed with an
equal volume (1000 ml) of a CHEMeOH: HO (3:48:47) mixture. The lower phase
here (V) was washed with the upper phase (Il) ftbenoriginal separation. The lower
phase after this final wash was added to the cfdarolayer previously set aside (1V)
and this was evaporated.

A number of variations on this general extractioacedure were tested with respect
to ease of extraction and final lipid yield: wetspaiinstead of freeze-dried material
was extracted directly using the Soxhlet methocclesd above; neutralisation of
wet paste in order to lyse cells was carried owdrgo lyophilisation and extraction
(the pH of the wet paste was adjusted to 7 with 28%OH prior to drying) and
finally a separate work-up of the acidic and ndwxéractions was carried out.

2.2.3. Hydrolysis



To the material obtained after evaporation was dad&dml of 1 M methanolic HCI
(3.41 ml 32% HCI in 30 ml MeOH) and this was heatedrnight at reflux (75°C).
The pH was adjusted to pH 14 with 8M KOH, afteridd of water (20 ml). This
was heated at 80°C for 1 h. The pH was adjustédvitth conc. HCI and CHGI(60
ml) was added. The chloroform layer was separateldttzen washed with 60 ml of a
CHClz: MeOH: HO (3:48:47) mixture. The chloroform layer was seped, dried
over MgSQ and evaporated.

2.3. Development of a bench-scale lipid extracporcess

Soxhlet extractions were found to be suitable fimoants of freeze-dried starting
material of up to approximately 70 g, but for largenounts these extractions were
found to be impractical. Thus, a method was deeoghat would be suitable for
amounts upwards of 500 g of starting material.

2.3.1. Extraction and hydrolysis
2.3.1.1. Combined neutral-acid extraction

Freeze-dried biomass (25 g) was transferred toLaBlichi rotary evaporator flask
and to this was added 400 ml of a CEQeOH: 5% TCA mixture (1:2:1). This
mixture was rotated on the rotary evaporator abapheric pressure for 2 hours at a
gentle reflux temperature of 8D. The mixture was then cooled to’€5and filtered.
The filter cake was transferred back to the 1 LiBiikesk to which was added a fresh
mixture of solvent with the same composition asobef This procedure was
continued for 3 more cycles. In total, 4 extracsiovere conducted. At the end of the
fourth cycle the filtrates were combined and sejearanto two layers on standing.
The upper layer was a green colour, probably duthéopresence of nickel salts
liberated during the bioleaching process, wherkaddwer layer was a clear, brown
colour. A white/yellow precipitate was noticeahlethe interface, probably denatured
protein material. The upper layer was extractetth &i mixture of MeOH: LD (1:1,
800 ml). The combined chloroform extracts werdiltsl under vacuum to leave a
dark brown oily residue.

1M Methanolic hydrochloric acid (100 ml) was addedthe residue and this was
heated at 8T for 16 hours. The reaction mixture was then edab 28C and water
(100 ml) added. The pH of the resultant mixtures\adjusted to 14 using 8M KOH.
The mixture was then subjected to base hydrolys&¥aC for 1 hour. The mixture
was then cooled to 26 and adjusted to pH 3 with 32% HCI. The resultantture
was extracted with CHEI3 x 200ml). The chloroform extract was separatetbd
with magnesium sulphate and distilled under vactmgield a brown lipid residue.

2.3.1.2. Neutral followed by acidic extraction

Freeze-dried biomass (100g) was transferred th agbmax’ reactor and to this was
added 1 L of a CHGI MeOH mixture (4:1). The mixture was stirred fbhours at
300 rpm and 6CC. The mixture was then cooled to°@0and filtered. The slightly
wet filter cake was transferred back to the reaatat fresh solvent added with the
same composition as before. The extraction wasramd as per the first extraction.
The process was repeated once more resulting atahdf three neutral extractions.



After the third extraction, the filter cake wasriséerred back to the reactor and
extracted with 800 ml of a CHEIMeOH: 5% TCA mixture (1:2:1) for 2 hours at
60°C and 300 rpm. The mixture was then cooled taC3and filtered. The neutral
extracts were combined to give a mixture of CEGleOH (2400: 600 ml). To this
was added MeOH: ¥D (600:900 ml) to make a final mixture of 8:4:3 ©HCl:
MeOH: HO. The lower chloroform layer was drained and thppar layer was
extracted with chloroform (1000 ml). Chloroform:® (600: 100 ml) was added to
the acidic filtrate to make a final mixture of 8%f CHCE: MeOH: H,O. The lower
chloroform layer was drained and the upper phaseextiacted with chloroform (800
ml). All the chloroform layers (from both neutrahd acid extracts) were combined
and distilled under vacuum at%®Dto yield a dark brown residue.

The above residue was hydrolysed with 1M methand(@i for 16 hours at 8.
The mixture was then cooled to°25and water (100 ml) added. The pH was then
adjusted to 12 with 8M KOH. This mixture was hylgsed for 1 hour at 8€. The

pH was then adjusted to 3 with 32% HCI. Chlorofomethanol (270: 30 ml) was
then added to make a final mixture of 8:4:3 of C¥@®NeOH: HO. The lower
chloroform phase was drained and the upper phasexteacted with chloroform (3 x
300 ml). The chloroform was distilled under vacuatrbCC to yield a crude lipid
residue.

2.3.1.3. Bench-scale extraction, neutral followed by aceitraction

The process described above (2.3.1.2) was scaledifnes. The extraction of 500 g
of freeze-dried biomass was carried out in a 15icH8 GR15 reactor and the solvent
make-up, separations and extractions were carrigdiro a Blichi CR26 reactor.
Distillation of chloroform was carried out in a 2Qrotary evaporator. Hydrolysis of
extracted material was carried out as describedqusly.

2.4. Isolation

In each case the material obtained from hydrolpdighe total lipid extract was
subjected to gravity silica gel column chromatogsaprhe eluents used were CHCI
followed by CHC}: diethyl ether (8:2) and finally CHEIMeOH (8:2) (after Lo et
al., 1989). To illustrate: for an 8 g hydrolysaterple (from extraction of 500 g solid
material), a mass of 300 g silica gel 60 (0.0630.hm) was used and fractions were
eluted with 1.5 L of each eluent. Thin-layer chreoggaphy (TLC) on silica gel 60
Fss4 plates, using phosphomolybdate reagent (Stahl, )198® compound
visualization, was used to monitor elution of fians. *H-NMR (200 MHz, Varian)
and*C-NMR (50 or 100 MHz, Varian) spectroscopy was ugeitientify the eluted
fractions, where possible. Final purification oé thydrolysed polar lipid (GDNT) was
performed using silica gel flash chromatographythvelution using CHGlI MeOH
(9:1). To illustrate, for a 2.7 g crude hydrolydettaether lipid sample, 250 g silica
gel 60 (0.040-0.063 mm) was used and approximdt&yl of solvent was required
for samgle elution. Lipid material obtained was lgpad by mass spectrometry and
'H and™C-NMR spectroscopy.

2.5.  Analysis methods



High resolution electrospray mass spectrometryatmurate mass determination was
performed on a Waters APl Q-TOF Ultima instrumepemting in ES+ ionisation
mode. Chemical ionisation mass spectrometry wafimeed on a Micromass VG-
70SEQ, operating at 1000 kV. All proton NMR speatrere run on a Varian Gemini
2000 NMR spectrometer at 200 MHZC NMR spectra were run on a Varian Unity
Plus NMR spectrometer at 100 MHz or on a Varian (Be2000 NMR spectrometer
at 50 MHz. The COSY, HMQC and HMBC experiments wene on a Varian Unity
Plus where”C is observed at 100 MHz and proton at 400 MHz. (Sasnwere made
ll,lp in CDCk and chloroform peaks referenced at 77.00 ppnt*@rnd 7.26 ppm for
H.

3. Results and Discussion
3.1. Laboratory-scale extraction and hydrolysis

Results of all laboratory-scale extractions perfednare summarized in Table 1. For
all the extractions the crude lipid yield as a patage of biomass was 0.4-0.5%.
Direct extraction of wet paste gave similar resyfdjudged by TLC) to that of
freeze-dried material but the amount of wet pasteaetable at one time was very low
compared to what was possible on dried materidhércase where neutralization was
performed prior to extraction, results were complravith those obtained without
neutralization so there did not appear to be anyamidge associated with this
approach. Separation of the work-up for acidic ameutral extractions was
problematic in that the neutral extraction resuliedn emulsion that could only be
broken using centrifugation. Apart from this, theparate neutral extraction gave a
yield comparable to the best acid-base combinedetidn. Results from analysis of
the residue obtained after ashing showed this materbe composed predominantly
of Fe and Ni, a result consistent with the condgimside the bioleaching reactor.

3.2 Development of a bench-scale process

The laboratory-scale procedure for the extractibdrg biomass requires the use of a
Soxhlet extraction. While this type of extractiah suitable for small amounts of
solids it is not scalable if larger amounts of mateneed to be extracted.

Furthermore, it is a lengthy procedure and theaex#d material is kept at the boiling
point of the solvent for this entire period. Ifetlextracted material is not stable,
decomposition could be accelerated. The extragtioness itself may not be efficient
since it is a static procedure and channels mafpitmeed in the solid, which means
that some portions of the solid may not be exposedhe solvent. Therefore,

alternative procedures were investigated for theae®on of biomass that would be
suitable for scale-up. The crude tetraether lipeddywas used as an indication of the
effectiveness of the various procedures. The tesfilthese experiments are given in
Table 2.

In the first extraction procedure (extraction Aiprbass was extracted using a rotary
evaporator in reflux mode. In this procedure tleefe-dried biomass was rotated at
150 rpm while being in intimate contact with warolvent. The neutral and acidic
extractions were combined and carried out as orieoperation. The crude lipid
yield was 0.5%, comparable to that obtained udimegSoxhlet apparatus (0.4-0.5%).



During the downstream processing (DSP) of the etdrait was found that a
significant amount of gelatinous material was eoted and this made filtration and
separation of the phases difficult. Furthermoréimate scale-up of this process
would be limited by rotary evaporator size.

In the second procedure (extraction B), the extvaavas carried out at gentle reflux
in a 2 L LabmaX reactor fitted with an anchor stirrer, recommended slurry
reactions. The biomass was first extracted with GHKZeOH (80: 20%, ~azeotropic
mixture, 3 times) followed by one acidic extractioifhe chloroform extracts from
both treatments were combined and subsequent lygeoland purifications were
carried out on the combined residues. The ovsfield was 0.5%, once again
comparable to the Soxhlet extraction. The DSPhef neutral extracts improved
significantly since the solvent extracts filterexbiéy and phase separations were quick
and clear, without emulsion formation. However, thedic extraction produced
significant amounts of gelatinous material, makf§P difficult and slow.

The LabmaX procedure above was scaled and carried out in aBifthi GR15
reactor, using 500 g of dry biomass. The agitatothis reactor is a paddle-type
stirrer and stirring is very efficient, even fously reactions. The crude lipid yield
was 0.7%, representing an improvement over theiquewrotocols used. As with
the previous reaction, the DSP of the neutral eidravas significantly better than for
the acidic extract. Thus, bench-scale extract@im&DNT proved to be at least as
good as, or better than laboratory-scale procedures

3.3.  Lipid purification

The first fractions eluted from gravity silica cola chromatography with chloroform
contained material with #1-NMR spectrum closely resembling that of the tetiar
lipid fractions but with a significantly higher ggral ratio of alkyl protons to protons
attached to oxygen-carrying carbons and OH pro{80sl) than expected for the
hydrolysed tetraether lipids GDNT or GDGT. Thisclian most likely contained free
alkyl chains, either extracted from the biomaseesulting from cleavage of tetraether
lipid material during extraction and hydrolysis.luon with CHCE: diethyl ether
yielded the less polar hydrolysed lipid fractionDGT), identified usingdH and**C-
NMR spectroscopy (Figure 1) and Cl mass spectrgmEtation with CHC}: MeOH
gave a fraction containing some of the less paiaid [(GDGT) as well as the
hydrolysed polar lipid fraction (GDNT), identifiedising *H and *C-NMR
spectroscopy and high resolution electrospray nspsstrometry. This dark brown
fraction containing both tetraether lipids as wek small amounts of other
contaminants is what is referred to as the cruttadther lipid fraction (Tables 1 and
2). Thin layer chromatography of this fraction diica gel plates (silica gel 60.:6)
shows that most of the material is GDNT (around Y0#th an R= 0.28 in CHC{:
MeOH (9:1); GDGT is also present, with an R0.96 in CHC§: MeOH (9:1).
Results from chromatography show that the amou@DRNT extracted is roughly 5-
10 times higher than that of GDGT. De Rosa et H.7{a) report isolation of two
hydrolysed tetraether lipids from thermoacidophttiacteria with characteristic;R
values on TLC plates in CHEIMeOH (9:1) of 0.95 and 0.35, which correlateshwit
our findings. These were identified as glycerolldibglycerol tetraether (GDGT) and
glycerol dialkyl nonitol tetraether (GDNT), respieety. Lo et al. (1989) report ansR
value of 0.45 for GDNT in CH@I MeOH (9:1), prior to final purification.



The crude tetraether lipid fraction was furtherifsed by flash chromatography on
silica gel [elution CHGI MeOH (9:1)] to give purified GDNT, one spot on Cland
with *H and "®*C-NMR spectra matching the GDNT structure (Figuje Plash
chromatography removes much of the dark colour h&f ¢trude tetraether lipid
fraction, the coloured material elutes first froime tcolumn, followed by GDNT,
resulting in a purified honey-coloured GDNT (Fig8k This method of purification
is considerably simpler than that described by tale (1989), where initial silica
column chromatography is followed by three différgoreparative thin layer
chromatography steps and then by acetone preajpitaDur method involves initial
purification by gravity silica column chromatogrgpfollowed by one, or at most
two, purifications by flash silica chromatograploygive pure GDNT. In addition, our
method is readily scalable, giving rise to gramsuyitees of GDNT.

The best yield of crude tetraether lipid (0.7% lolasa biomass) was obtained from
the extraction of biomass on a 500 g scale (extracZ), see Table 2. This batch also
gave the best yield of purified GDNT, 0.37% basadmmass. Thus from 500 g of
freeze-dried starting material, with a biomass eonhbf 78% was obtained 2.7 g of
crude lipid and 1.44 g pure GDNT.

3.4 Analysis of lipids
3.4.1. Mass spectrometry

High resolution electrospray mass spectrometry hid purified GDNT fraction
showed the presence of three compounds. The comslitinder which the mass
spectrometry was performed led to the base peakg besible as Na-adducts, with
the M+1 ion as well as the K-adducts being seeguféi 4, above). The isotopes of
the first compound interfered with the accurate srdetermination of the second and
third compounds in the sample and thus isotope Hiogavas used to assist in the
assignment of formulae for the second and third pmmds (Figure 4, below). The
first three panels in this figure (Figure 4, belastpw the individual isotope models
for the three different compounds and the fourthgbéan this figure shows how these
combine to give a pattern that corresponds to peetsum actually observed (Figure
4, above). The three compounds appear to be prasémé GDNT fraction in very
similar concentrations, as estimated by the isofogiterns (Figure 4, below). The
first compound gave a base peak with an accurass wfal478.297 (Figure 5), with
the calculated value forggH;74011Na being 1478.295. The accurate mass of the M+1
ion was 1456.314 (Figure 5), with the calculatedu@afor GyHi740:; being
1456.313. This gives a compound with the formugie;4011 which corresponds to a
GDNT structure containing 4 cyclopentane rings (fveo chain), shown in Figure 6.
The second and third compounds differed by mass$s usfi two and four and
correspond to the formulag ;76011 (three cyclopentane rings) ang.817¢011 (two
cyclopentane rings), respectivelgolated GDNT most often occurs as a mixture of
closely related compounds differing only in the fuemof cyclopentane rings present
in the alkyl chains, the exact number of cyclisasiobeing dependent on the
temperature at which the organism grows. The mostof the cyclisations shown in
Figure 6 are based on compounds reported by De &adg1983), as well as on the
NMR data. The structure of the calditol moiety fsern Sugai et al. (1995), who
synthesised all possible isomers of calditol teedatne the correct stereochemistry.



Low resolution chemical ionization mass spectrognetas performed on GDGT as it
has a lower molecular mass than GDNT, for whick thchnique was unsuccessful.
The M’ peak (in the region of 1290) was observed andhieagation of the molecule

was observed as the loss of isoprene units frorpahent compound.

3.4.2 'Hand“*C-NMR spectroscopy

'H-NMR spectra of the two hydrolysed tetraetherdgpiGDGT and GDNT are very
similar and show predominantly signals appearintgvéen 0.7 and 1.9 ppm, which
correspond to alkyl chain protons and signals agppgdetween 3 and 4 ppm, which
correspond to protons on carbon atoms attachedtlgir® oxygen or OH protons.

The ratio of the integral for the alkyl protonstibe@ integral for the protons on oxygen-
bearing carbon atoms and OH protons was found toské&ul in determining which

lipid was present. The less polar lipid (GDGT) gaveatio of around 10:1, while a
lower ratio of approximately 5:1 was observed fa polar lipid (GDNT).

3C-.NMR analysis of purified GDNT at 100 MHz, gaveethequisite number of
signals (16) for the C-O region between 55 and 9 ,psee Table 3 and Figure 7.
This is the region of the spectrum where signaslteng from the headgroups appear.
From the DEPT spectrum (Figure 8) 15 proton-beacadons were observed (9 x
CH, and 6 x CH), leaving one quaternary carbon. DeaRusl Gambacorta (1988)
observed only 8 signals in the C-O region for GDNThey assigned these 8 and
indicated that a ninth carbon gave an overlappiggas. They did not observe any
carbon signals for the calditol portion of the nmlle, but gave no explanation for
their absence. De Rosa et al. (1980) were only ableobserve*C signals
corresponding to the calditol carbons as the fallgtylated derivative of GDNT, but
these signals were assigned to the incorrect opaimaonitol structure. The correct
calditol structure was determined by Sugai et &B96) and they reporteifc
chemical shifts for the free calditol moiety, cledvfrom GDNT, but made
assignments only for the acetylated calditol. Tolmowledge, this is the first report
of all 16 expected signals of underivatised GDNThgeobserved in the C-O region.
Our assignments for signals in the C-O region dgivaaGDNT (Table 3) are made
based on heteronuclear multiple quantum cohergAb®)C, showing carbon-proton
correlations for directly attached protons, Fig@g heteronuclear multiple bond
connectivity (HMBC, showing 2-3 bond carbon-protmorrelations, Figure 10) and
distortionless enhancement by polarisation trandEPT, distinguishing between
carbons carrying one, two or three protons, Figgireexperiments, together with
chemical shift calculations. Comparisons have dsen made with some of the
original assignments of De Rosa et @988). These authors found that wherever
cyclisation occurred at C-3 of the alkyl chain (8tay from either end), thEC signal
for the first carbon of that chain shifted to vauegher by 1.1-1.2 ppm, compared to
where cyclisation occurred at C-7 (as depictedigufe 6) or where no cyclisation
occurred. Our results for carbons designateg f andg (Figure 6) are in agreement
with those of De Rosa et al. for alkyl chains hgvito cyclisation at position C-3, but
with possible cyclisation at C-7 or no cyclisatidfiass spectrometry results indicate
that cyclisations are present in our compounds twd they must be placed at
position C-7, as depicted in Figure 6. The pres@fayclisation is also confirmed by
carbon shifts present in the alkyl region, furtdescussed below. Thus, for carbons
designatedh-g (Table 3 and Figure 6) our results confirm thos&aimed by De Rosa



et al. (1988) but they were unable to obtain ardiscsignal for carboh and were
unable to find any signals corresponding to cargmsOur assignments for carbons
[-n are in agreement with results obtained on soméhstin derivatives of calditol
prepared by Bleriot et al. (2002), who establistied absolute configuration of
calditol from Sulfolobus. A COSY experiment was also performed but did protve
to be particularly useful because of overlappingnals that result from the large
number of protons present in the molecule and thallsarea of the spectrum over
which the signals appear.

Interestingly, our first3C NMR spectrum of GDNT, acquired from a slightlysde
pure sample, showed only 8 signals in the C-O rediacreasing the relaxation delay
time from d=0 s to d=10 s caused peaks corresponding to the caldit@tgnto start
emerging from the baseline of the spectrum. It appéhat in our slightly less pure
sample of GDNT, something present in the sample dedaying the relaxation of
these carbon atoms, possibly chelation of metals thie oxygen-rich calditol. When
the sample was further purified by flash chromadpby, the calditol peaks emerged
without the relaxation delay time having to be athd and these peaks were fully
visible at d=0 s. Fine splitting of three peaks in the C-O oagdf the®*C spectrum
was observed at 100 MHz that wasn't observed ailB@. This splitting is possibly
the result of the purified GDNT being present aswanber of closely related
compounds, differing only in the number of cyclofer rings in the alkyl chains.

The region of the GDNTC spectrum between 15 and 45 ppm is shown in Figjlire
This region contains signals from the alkyl chastsetching between the two
headgroups. Assignments are shown on the speckiguré 11) for the methine and
methyl carbon signals. One of the three GDNT comgsuhas been chosen for
illustrative purposes but obviously the principlso apply to the other two GDNT
components. Our results are largely in agreemettt thbse obtained by De Rosa et
al. (1977b) on spectra of the isolated alkyl chalreg they obtained by cleavage of
the tetraethers with HI. Slight differences migktdxpected, particularly towards the
chain ends, as our spectra originate from intacNGDQvhile theirs are from alkyl
groups cleaved from their headgroups. One notaliferehce is the shift of the
carbons at positiom, where our signals are observed at around 29 pyrie De
Rosa et al. report a shift of 34 ppm. The signalddappm are diagnostic for the
presence of cyclisations in the chain and origirffeden carbons designatdd The
other methine carbon of the cyclopentane ring apgpaa 39 ppmsd). The methyl
carbons immediately adjacent to the cyclopentamgsrgive signals around 17 ppm
(designateds), while the methine carbons attached to these ytsetiive shifts of 38
ppm @). In contrast to this, those methyl carbons notnadiately adjacent to
cyclopentane rings give signals at around 19 ppesi¢gthatedy), with the attached
methine carbon signals appearing at around 33 ppthdse in the centre of the chain
(w) or 29 ppm for those near the chain termimi Certain of the Ckisignals that are
discrete may be assigned, for example shifts oetght methylene carbons that are
bordered on each side by other methylene groupsaapgt 24 and 25 ppm, but as
might be expected from a large molecule such as GBdhtaining long alkyl chains,
there are a large number of overlapping,Gkgnals, particularly around 36-37 ppm,
which makes individual assignments of these signalpossible at 100 MHz.
However, the™C spectrum in this alkyl region (15-45 ppm) is acif simpler than
might be expected from a compound containing 7®aas giving signals in this
region and this can be explained by the fact thatttvo alkyl chains in GDNT are at



least pseudo-symmetrical, a lack of total symméiteyng a result of the different
headgroups: glycerol and calditol.

3C-NMR analysis of GDGT gave the expected signalhénregion between 55 and
90 ppm (Figure 12) where signals resulting from hleadgroups are found. The two
headgroups (glycerol moieties) in GDGT are equiviabnd as such, only 5 signals
are present in this region as a result of the symyneé this compound.

4, Conclusion

The bench scale extraction and isolation of hightpuGDNT, harvested from
bioleaching reactors, has successfully been dematedtin this study. The isolation
procedure described to obtain pure GDNT is sigaiftty simpler than previously
described methods. In addition, previously reportezthods have not been scalable
and were performed at milligram scale only. Thentdg of the isolated material has
been confirmed by mass spectrometry and NMR. Afleexed signals in the C-O
region of the’>C NMR spectrum of native GDNT have been observedHe first
time. This study paves the way for scale-up ofdkiaction and purification process
to be used in tandem with industrial scale hydrathegical bioleaching reactors.
The large-scale and low incremental cost of bionmassesting is likely to create the
commercial possibility of producing a high-qual@DNT lipid at a substantially
reduced cost. Such lipids, reliably produced ifatreely large quantities, could
stimulate the wide variety of tetraether lipid apations based upon their unique
properties. In turn, a market demand for theseddiptould provide a substantial
additional revenue stream and thus influence thenpetitive advantage of
thermophilic tank bioleaching technology.
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Tables

Table 1. Yieldsfrom labor atory-scale extr actions

Extraction Mass extracted/g Percentage Crude Crude tetraether
biomass tetraether lipid vyield/ (%
lipid™ yield | biomass)
/mg
Freez«-driec 25 71 74 0.4
Freez«-driec 1C 71 37 0.t
Wet past 16 22 Not dont ~0.2
Neutralized 6 71 18 0.4
prior to
extraction
Neutral 7C 74 24% 0.t
extraction only|

"mostly GDNT with some GDGT
*estimated from thin layer chromatography

Table 2. Yields from scale-up extractions performed

Extractior | Mass Percentag | Crude Crude Purified
extracted/g biomass | tetraether | tetraether GDNT vyield/

lipid lipid yield/ (% biomass)
yield/mg (% biomass)

A. 25 74 88 0.5 0.29

Combined

neutral-

acid

extraction

B. Neutral| 100 78 420 0.5 0.22

followed

by acidic

extraction




C. Scal-
up of
neutral
followed
by acidic
extraction

50C 78

270C

0.7 0.37

Table 3. Assignment of the ®C NMR signalsin the C-O region of GDNT

Atom °C shift/ppm
a 62.98 (1)
b 78.44 (d)
cand | 71.10, 71.07 (t) and 71.62
dand ( 68.59 (1) and 68.82, 68.86
eand f 70.05 (t) and 70.14 (t)
i 77.84 (d)
j 70.54, 70.59 (1)
K 90.86 (d)
K 81.24 (d
m 75.03 (d
n 76.15 (d
0 80.46 (s)
D 63.04 (D
* after Blériot et al., 2002
Figures
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Figure 1. *H NMR (left) and *C NMR (right) spectra of GDGT
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Figure 2. 'H NMR (left) and *C NMR (right) spectra of GDNT
Figure 3. Crude (Ieft) and purified (right) GDNT.
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Figure 4. Electr ospray mass spectrometry resultsfor GDNT (above), showing
isotope models of the three compounds present (top three panels, below) and how
they combineto give a pattern (fourth panel, below) that correspondsto the
observed mass spectrum (above).
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Figure 5. Accurate mass data for GDNT with the top panel showing the M+1 ion
and the lower panel showing M+NaCl for CgoH174011
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Figure 6. Backbone structure for GDNT (Cg,H174011) from Sulfolobus metallicus
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Figure 7. Expanded C-O region of the **C NMR spectrum of GDNT
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Figure 8. DEPT experiment showing peak multiplicities
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Figure 9. HMQC spectrum of the C-O region of GDNT
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Figure 10. HMBC spectrum of GDNT
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Figure 12. Expanded C-O region of the ®*C NMR spectrum of GDGT



