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Abstract

In this work, mutants of the thermophilic bacterium, Thermus sp. ATN1, capable to de-
grade long-chain n-alkanes at 70°C, have been constructed by classical mutagenesis.
Long-chain n-alkanes were converted constitutively by these mutants to long-chain alde-
hyde intermediates, mono- and dicarboxylic acids.

Additionally, the gene encoding an alcohol dehydrogenase, suspected to be involved in
the metabolism of long-chain n-alkanes in this strain, was disrupted by homologous re-
combination in an attempt to create mutants producing terminally di-hydroxylated com-
pounds. Only fatty acids were obtained. Over-oxidation of the alcohol products by the
alkane monooxygenase complex in this strain or the presence of another alcohol dehy-
drogenase are proposed as explanation for these results.

Nevertheless, the constructed mutants were capable to produce long-chain o,w-
dicarboxylic acids with up to 28 carbon atoms by bioconversion of the corresponding n-
alkanes and it is expected that saturated substrates with up to 32 carbon atoms can be
converted by these mutants. This is the first known report on bioconversion of aliphatic
hydrocarbons of chain lengths larger than 18 carbon atoms to mono and dicarboxylic ac-
ids with a thermophilic bacterium.

The broad range of long-chain diacid products obtained with these mutants could be
produced for new types of polymers, adhesives, lubricant additives, pharmaceuticals and
other novel applications. In addition, Thermus sp. ATN1 offers several advantages over
other microorganisms for the production of long-chain a,w-dicarboxylic acids. The strain is
non-pathogenic and its thermophilic nature provides unique characteristics for process
control to avoid culture contamination.

Finally, the production of a biosurfactant by this thermophilic strain and its characteriza-
tion are described. This biosurfactant showed advantages over commercial surfactants in
the characterization tests, especially at high temperatures. The use of this biosurfactant
as hydrocarbon bioavailability enhancer is demonstrated in the utilization of n-
hexadecane by a mesophilic strain.



Zusammenfassung

In dieser Arbeit wurden Mutanten des thermophilen, Alkan-abbauenden Bakteriums
Thermus sp. ATN1 durch klassische Mutagenese hergestellt. Langkettige n-Alkane wurden
durch diese Mutanten zu langkettigen Aldehydezwischenprodukten, Mono- und
Dicarbonsauren konstitutiv bei 70 °C umgesetzt. Zusatzlich wurde das Gen, das fir eine
Alkoholdehydrogenase kodiert, durch homolge Rekombination ausgeschaltet. Dieses En-
zym ist vermutlich am Abbau von langkettigen n-Alkanen in diesem Bakterienstamm be-
teiligt. Diese Mutanten sollten eigentlich a,w-di-hydroxylierte Verbindungen produzie-
ren, es wurden jedoch nur Fettsduren erhalten. Uberoxidation der Alkoholprodukte durch
den Alkanmonooxygenasekomplex in diesem Stamm oder das Vorhandensein einer wei-
teren Alkoholdehydrogenase werden als Erklarungen fiir diese Ergebnisse vorgeschlagen.

Dennoch waren die konstruierten Mutanten in der Lage, langkettige a,w-Dicarbonsaduren
mit bis 28 Kohlenstoffatomen durch Biokonversion der entsprechenden n-Alkane zu pro-
duzieren. Es wird erwartet, dass gesattigte Substrate mit bis 32 Kohlenstoffatomen durch
diese Mutanten umgesetzt werden konnen. Dieses ist der erste bekannte Bericht Uber
eine Biokonversion von aliphatischen Kohlenwasserstoffen mit mehr als 18 Kohlenstoff-
atomen zu den entsprechenden Mono- und Dicarbonsauren mit einem thermophilen
Bakterium.

Das breite Spektrum von langkettigen a,w-Dicarbonsdauren welche durch diese Mutanten
hergestellt werden kdnnen, kdnnte fiir neue Typen von Polymeren, von Klebstoffen, von
Schmierstoffadditiven, von Pharmazeutika und fir andere neue Anwendungen genutzt
werden. Aullerdem bietet Thermus sp. ATN1 einige Vorteile Gber anderen Mikroorga-
nismen fur die Produktion von langkettigen a,w-Dicarbonsduren. Der Stamm ist nicht
pathogen und seine thermophile Natur bietet einzigartige Vorteile fiir die Prozesskontrol-
le, da bei hohen Temperaturen die Kontaminationswahrscheinlichkeit sehr viel geringer
ist.

SchlieRRlich wurde die Produktion eines Biotensids durch diesen thermophile Stamm und
dessen Charakterisierung beschrieben. Dieses Biotensid zeigte Vorteile gegeniiber kom-
merziellen Tensiden, besonders bei hohen Temperaturen. Die positive Wirkung dieses
Biotensids zur Erhohung der Bioverfligbarkeit und Abbaubarkeit von Kohlenwasserstof-
fen, wurde am Beispiel des Abbaus von n-Hexadekan durch einen mesophilen Stamm
bewiesen.
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Chapter 1

1. Introduction

Throughout history, there have been many examples of processes designed to convert a given
raw material into numerous “refined” products while making efficient use of the resource (Lynd
et al., 2005). Petroleum refining and extraction of natural oils are regarded as essential processes
for modern society; the first being the most important source of primary energy and producing
the major percentage of today’s chemical industry feedstocks®, the latter being a fundamental
part of the food sector but also producing the most important renewable raw materials for the
oleo-chemical industry? (Metzger et al., 2006, 2009).

The chemical industry provides innumerable useful and valuable products. However, because of
its reliance on fossil resources, its environmentally unfriendly production processes, and the pro-
duction of toxic by-products, waste and products that are not readily recyclable or degradable
after their useful life, the industry has come under increasing pressure to make chemical produc-
tion more eco-friendly (Hatti-Kaul et al., 2007).

! World’s annual fossil resources consumption was about 9,800 million metric tons oil equiva- .
lent in 2009, with about 37% accounting for North America and the European Union demand,
proven oil reserves would meet 45 years of demand at current consumption rates, while
known supplies of natural gas would last for more than 60 years and coal for up to 120 years

(BP, 2010). In the U.S. the chemical industry consumes about 8% of the fossil energy demand

being half of that percentage used directly as feedstock (U.S. Department of Energy, 2007)
whereas in Europe consumption by the industry represents 11% of the fossil energy demand
(Metzger et al. 2006); both regions add about 330 million metric tons oil equivalent annual
consumption just for the chemical industry.

> Between 15 and 17 million metric tons of natural oils and fats are consumed annually by the
chemical industry, representing about 14% of the global natural oils production which is about
120 million metric tons (Metzger et al. 2006).



For the past two decades governments have increased efforts to promote the development of
chemical technologies that improve industry’s sustainability performance guided by the concept
of “green chemistry” based on principles like the use renewable feed stocks, selective catalysts
and alternative, non-toxic solvents; minimizing risks, waste generation, energy consumption and
design of safer and biodegradable chemicals (Anastas, P. and Warner, J., 1998).

Although the industry continues to explore and implement the use of renewable feed stocks to
address long-term sustainability, extensive capitals assets and decades of technological develop-
ment and manufacturing experience suggest that to completely supplant current processes will
be very difficult (Thomas et al., 2002).

Thus there is great interest not only in shifting the resource base for chemical production from
fossil to renewable derived raw materials, but also into continue upgrading and developing pro-
cesses that can contribute to improve the eco-efficiency of the chemical industry (as defined by
WBCSD, 2000).

Major improvements in productivity and energy efficiency have been made to chemical processes
during the past few decades and, to continue improving, it is probable that a biotechnological
approach will be adopted with several existing feed stocks (including still vast fossil resources)
and processes to extract higher values from feed stocks, process by-products and waste streams
(Thomas et al., 2002).



1.1 Chemicals through biotransformation

Industrial or white biotechnology provides tools for adapting and modifying the biological ma-
chinery of microorganisms and the utilization of substrates, processes and systems found in na-
ture to develop processes that are more eco-efficient and products that are more environment-
friendly, beyond performance that could normally be achieved using conventional chemical tech-
nologies (OECD, 2001).

Biocatalysis or biotransformation encompasses the use of biological systems to catalyze the con-
version of one compound to another. The catalyst part of the biological system can thereby con-
sist of whole cells, cellular extracts, or isolated enzyme(s). Biocatalytic processes are also denom-
inated bioconversions when the catalytic activity involves living organisms. Different from fer-
mentation processes, where there are several catalytic steps between the substrate and the
product, biotransformations involve only one or two steps and the chemical structures of the
substrate and the product resemble one another which is not necessarily the case for fermenta-
tions (Liese et al., 2006).

The application of biological systems has been significantly developed for the production of high-
value products like pharmaceuticals, food additives, commodity chemicals and fine chemicals
while meeting several green chemistry principles (Hatti-Kaul et al., 2007). Because of its demon-
strated potential, biotechnology increasingly attracts attention also for the production of indus-
trial chemicals. Table 1 shows some examples of biotransformation products in the metric ton
scale, mainly fine chemicals (Ghisalba et al., 2010).

Table 1.1 - Some examples of biotransformation products used in the metric ton scale (Ghisalba
et al., 2010).

Product Metric tons/Year

Acrylamide ~250 000
Aspartame 10 000
Nicotinamide 15 000
L-Carnitine >1000
L-DOPA >150
7-aminocephalosporanic acid (7-ACA ) 4000
(+)-6-aminopenicillanic acid (6-APA) 10 000
(S) Naproxen >1000
Lysine >1000 000
Glucose—Fructose syrup 12 000 000
Vitamin C >100 000
Citric acid 1000 000

The main technical parameters influencing the costs of a biocatalytic process (metric ton scale),
and therefore dictating its success, are productivity (as higher productivity is associated with low-
er capital costs), product concentration (which influences ease of product recovery and purifica-
tion), yield (which dictates the cost of raw materials and the amount of byproduct which needs to
be dealt with) and biocatalyst consumption. Successful product developments in the chemical



industry with biocatalysis involve on average a yield of 78%, a volumetric productivity of 15.5
g/L-h and a final product concentration of 108 g/L, figures that account for fine chemicals, where-
as in contrast, pharmaceuticals production are focused on time-to-market (Straathof et al.,
2002).

Table 1.2 - Efficiencies of biocatalytic processes for the production of fine chemicals* (Straathof et
al., 2002).

Target compound  Biocatalysts/enzymes Volumetric Final product % Yield
class used productivity (g/(L-h)) concentration (g/L)
Average Min  Max Total Average Min Max Total
number of number of
processes processes
Amino acids Decarboxylase, 54.6 27 130 5 102 11 330 14 82t

aspartase,
oxidoreductases,
amidases, lyase;
(enzyme and cell)t
Alcohols Lipase, oxidoreductase, 4.2 0.1 7.5 7 107 0.2 800 14 88
fumarase, kinase;
(enzyme and cell)

Carbohydrates Transferase, amylases, 3.0 3 3 1 237 50 350 4 90
aldolases; (enzyme)
B-Lactams Amidases, acylases, 18.5 185 185 1 87 7 200 9 94

oxidase, lipase,
peptidases; (enzyme)

Nucleotides Lactamase, deaminase; - - - ng® 65 30 100 2 a7t
(cell)
Acids Lipases, esterases, 1.7 1 2.4 4 108 2 228 7 g1t

amidases, hydroxylases,
oxygenase; (enzyme

and cell)
Epoxides Oxygenase; (cell) 1# 1 1 1 7* 7 7 1 90
Hydroxy aromatics Hydroxylases; (cell) 14 0.3 2.4 3 59 10 190 5 72
Amines Lipase, oxidoreductase; 12.8 128 128 1 80 20 200 4 43.5%
(enzyme and cell)
Amides Hydratase, 42.0 4 80 2 225 30 500 4 96 (44%)
oxidoreductases; (cell)
Total 15.5 0.1 130 25 108 0.2 800 64 78*

*Annual production is over 1 metric ton. TThe bioprocess is either based on whole cells (cell) or an isolated enzyme (enzyme) as
biocatalyst. *The average % yield is limited by the application of classical kinetic resolutions in (part of) the processes. °ng, not given
#Average for the production of a group of epoxide derivatives.

As well, it is expected that bulk chemicals including polymers may involve biotransformations
such as conversion of methane to methanol (Chevron Research & Technology and Maxygen) or
conversion of sugars to 3-hydroxypropionic acid (Cargill Inc. USA) or dehalogenation step in
DowDs alkene oxide process. Thus, the next generation of biocatalysis based processes will target
large volume chemicals and polymers and will compete directly with petroleum-based products
(Liese et al., 2006) and/or will continue to incorporate biological systems into industrial existing
processes or develop new ones with fossil based feed stocks; this is the case for the relatively
recent production of long-chain dicarboxylic acids (DCA’s) from aliphatic hydrocarbons (Cathay
Industrial Biotech Ltd. China) which can also utilize naturally derived fatty acids for DCA’s produc-
tion (Schorken & Kempers, 2009).



1.2 Two important industrial chemicals - Long-chain alcohols and long-
chain dicarboxylic acids

Long-chain terminal oxidized compounds like fatty alcohols and long-chain dicarboxylic acids
(LCDAs) are important industrial chemicals mainly used as intermediates for additives used in
valuable products like cosmetics, washing detergents, paints, coatings, lubricants and polymers.

These chemicals are industrially produced either from petro-chemical or renewable feed-stocks
by chemical processing. Biocatalysis based production of these chemicals from fossil feed-stocks
has typically remained at a research/exploratory stage. On the other hand, biotransformation of
natural oils has been successfully developed up to an industrial scale in recent years. However,
biotechnology is still a niche technology in the oleo-chemical industry and production of fatty
alcohols and LCDAs still relies on chemical transformation processes (Schorken et al., 2009).

1.2.1 Long-chain alcohols

1.2.1.1 Applications for long-chain alcohols

Long-chain or fatty alcohols (C12 and higher) are indispensable intermediates for the production
of surfactants, but are also employed as free alcohols in cosmetics and some other applications
(intermediates to amines and other chemicals). Surfactants account for 70 — 75 % of fatty alcohol
production (Brackmann & Hager, 2004). The hydroxyl group may undergo a large number of
chemical reactions making fatty alcohols versatile intermediates. Their amphiphilic character,
which results from the combination of a non-polar, lipophilic carbon chain with a polar, hydro-
philic hydroxyl group, confers surface activity upon these compounds (Presents et al., 2000).

Surfactants are used in a wide range of fields. By far, the most important field of application is the
washing and cleansing sector as well as textile treatment and cosmetics. These use more than 50
% of the total amount of surfactants. Surfactants are also used in the food sector, in crop protec-
tion, mining, and the production of paints, coatings, inks, and adhesives (Hill, 2007).

Global fatty alcohol production was predicted to be more than 2 million metric tons in 2010 with
a 3.8% increase in annual demand until 2020 (Colin A. Houston & Associates, 2006). Market value
was estimated to be about 3 billion SUS, with an approximate price of 1,500 SUS/metric ton
(Steen et al.,, 2010). Fatty alcohols manufacture is dominated by tropical-oil-based production
(oleochemical), but around 35 % (~700 k metric tons) are being still produced from petrochemical
feed stocks (Figure 1).

Oleochemical- and petrochemical-based surfactants have traded market dominance over the
years based on factors such as consumer preference, capacity availability, and especially increas-
ing crude oil price (McCoy, 2005).
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Figure 1.1 - Global fatty alcohol production. Sources: CESIO, 2001 (1990-2000); Colin A. Houston
& Associates, 2006 (2004-2010%*). * Predicted.

1.2.1.2 Industrial production processes

Fatty alcohols derived from natural fats and oils are normally produced by the hydrogenation of
the corresponding fatty acid methyl-esters. Most of the methanol is recovered in this process and
is recycled for use in the ester exchange step. Another route of manufacturing is the
hydrolyzation of fats and oils to the corresponding fatty acids followed by a subsequent
catalytical reduction to the alcohols.

A number of synthetic routes have been developed for producing detergent-range alcohols from
petroleum-derived raw materials. Ethylene, olefins, or n-paraffins are the basic chemical starting
materials and the Ziegler chemistry (ELPAL®, ALFOL®) and OXO process are the most important
routes (Figure 1.2).

In the Ziegler process ethylene is added to triethyl aluminum to build a mixture of high-
molecular-weight trialkyl aluminums known as the ethylene growth product. After the oxidation
with air the corresponding aluminum alkoxides are formed. The subsequent hydrolysis of these
alkoxides leads to a mixture of linear primary alcohols having the same number of carbon atoms
as the alkyl groups in the trialkyl aluminum growth product. Ziegler alcohols have even-numbered
carbon chain lengths just like natural oil-based alcohols.

The OXO reaction as applied to the synthesis of detergent-range alcohols is currently employed
commercially in a variety of modifications. Although each of these processes represents unique
technology, they all involve the reaction of olefins with synthesis gas (CO/H,) in the presence of
an OXO catalyst to yield higher alcohols. The major differences among the processes are the type
and source of the olefin, catalyst and process conditions. Most of the OXO plants in the world use
processes in which first the intermediate aldehydes are isolated, purified and then hydrogenated
in a second reactor. The Shell SHOP process with a cobalt type catalyst allows the



hydroformylation and hydrogenation of the intermediate aldehyde in the same reactor
(Brackmann & Hager, 2004).

OX0-alcohols, which contain 20-40% branching of the alkyl chain, consist of both even- and odd-
numbered carbon chain lengths. These alcohols also compete directly in some markets with natu-
ral oil-based alcohols (Brackmann & Hager, 2004). Balanced mixed surfactant systems based on
branched and linear alcohols are important for cleaning performance depending on application.
Branched alcohols are only industrially available from petrochemical processes.

Steam Cracking sl
Extraction Fractionation Cracking Processesto

Reforming Fatty Alcohols €O, +H,0
Syn Gas (CO )
Coal, Oil POXO‘
rocess
s Olefins Industrial
- T Chemicals
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Paraffins

Chemical
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Figure 1.2 - Commercial routes to obtain fatty alcohols from petrochemical and oleochemical feed
stocks.

A series of studies in the mid-1990s examined the production of surfactants from a life-cycle in-
ventory (LCl) point of view (Hirsinger et al., 1995a; Hirsinger et al., 1995b; Hirsinger, 1998;
Stalmans et al.,, 1995). The LCI work has resulted in calculations that compare the total energy
used and waste generation (and emitted to air, water, and soil) in the processing of surfactants
based on oleochemicals and petrochemicals. In general, there are environmental trade-offs for
both sources. For example, while oleochemical surfactants are derived from a renewable re-
source, they typically produce more air emissions and solid wastes. On the other hand, petro-
chemical surfactants consume more total energy, as the raw materials are produced from energy
resources. Whether the feedstock source is animal fat, plant oil, or crude oil, there are energy
requirements and environmental wastes that are a part of the feedstock and production stages of
turning raw materials into surfactants.

Reducing significantly energy consumption in the production of fatty alcohols from petrochemical
feed stocks would make these products more competitive in a market that in the last decade has
shifted production to oleo based alcohols. A higher variety of fatty alcohols (even and odd carbon
chain lengths, linear and branched, and di-alcohols) could be available for a wider range of appli-
cations overcoming inherent limitations of natural base products or those limitations imposed by
the use of costly petrochemical based alcohols.

For instance, long-chain linear or branched >C14 paraffins (up to 7% in some crude oil sources,
Espada et al.,, 2010) could be directly oxidized to alcohols by selective catalysis (e.g. biocatalysis)
reducing significantly energy consumption used to produce building blocks employed in synthesis
of petrochemical long-chain alcohols.



1.2.1.3 Long-chain alcohols through biocatalysis

There are no commercial production processes of fatty alcohols through biocatalysis. However,
research efforts have been made to investigate the possibility to produce these alcohols either
from natural oils and fats by enzymatic reduction of fatty acids or by the conversion of n-alkanes
to the corresponding fatty alcohols through terminal hydroxylation (see 1.3).

1.2.1.3.1 Long-chain alcohols by enzymatic reduction of fatty acids

Fatty acid biosynthesis is the preferred pathway to accumulate energy storage compounds in
many organisms. During biosynthesis, fatty acids are activated as thioesters with coenzyme A (i.e.
fatty acyl-CoAs) or acyl carrier protein (i.e. fatty acyl-ACPs). Fatty alcohols can be synthesized by
enzymes reducing these fatty acyl-thioester substrates. These enzymes are referred to as fatty
alcohol-forming fatty acyl-CoA reductases (FAR). Several of these enzymes such as that encoded
by acrl from Acinetobacter calcoaceticus BD413 have been described, but the best-studied fatty
alcohol-generating enzymes (FARs) are eukaryotic (Schirmer et al., 2009). Naturally, fatty alco-
hols produced by FARs are often incorporated as esters to waxes, cuticles and other structures,
serving as hydrophobic/protection barriers and typically non-esterified fatty alcohols are only
found in very limited amounts. Yields and productivities in the range of 1 g/L and 0,05 g/L-h of
fatty alcohols by this route have been found with recombinant microorganisms engineered to
express heterologous FAR enzymes (McDaniel et al., 2011; Steen et al., 2010; Schirmer et al.,
20009).

1.2.2 Long-chain dicarboxylic acids

Aliphatic a,w-dicarboxylic acids are organic chemicals that contain two carboxylic acid functional
groups with the formula of HOOC-R-COOH and where R is an alkyl or alkenyl chain. These com-
pounds are versatile chemical intermediates of different chain length and are used as raw materi-
als for the preparation of polymers (e.g. polyesters, polyamides and polyurethanes), perfumes,
adhesives and macrolide antibiotics (Huf et al., 2011).

1.2.2.1 Applications for long-chain dicarboxylic acids (LCDAs)

Long-chain dicarboxylic acids are here defined as diacids with more than 10 carbon atoms. These
are used in a wide variety of polymers and chemical applications, most commonly as the primary
monomer building block in high performance polyamides (nylons) used in automobiles or indus-
trial applications where exposure to chemicals or moisture is expected. Nylon engineering plastic
is the largest downstream application sector of long-chain dicarboxylic acids. Other current
downstream applications for LCDAs include polyamides, adhesives, fragrances, corrosion inhibi-
tors, lubricants and powder coatings (Cathay Biotech, 2011; CCR, 2011).

For instance, dodecanedioic acid (DC-12) currently competes with azelaic (DC-9) and sebacic (DC-
10) acids used to make aliphatic polyesters in large scale and which, in turn, are used in fibers,
films, casting resins, plasticizers, synthetic lubricants, and adhesives (e.g. hot melt adhesives).



Brassylic acid or tridecanedioic acid (DC- 13) is used in the manufacture of synthetic musk as well
as of nylon 13,13.

Table 1.3 - Applications for LCDAs (Modified from Cathay Biotech, 2011).

Application Category Product Application(s) LCDA Product(s)

Polyamide / Nylon PA612, PA614, electric cable DC-12, DC-14
sheaths, toothbrush fibers

Adhesives & Performance Coatings Co-polyamide adhesives, poly- DC-11, DC- 12, DC-13,
ester adhesives, paints DC-14

Coatings GMA Powder Coat Cross- Automobile wheels DC-12

Linkers

Anti-Corrosion Metal working fluids, industrial  DC-11, DC-12, PureMix

cooling systems

Synthetic Lubricants (Dibasic Esters) High performance automobiles DC-12

Personal Care—Synthetic Musk & Ke- Household cleaners, high quali- DC-11, DC-12, DC-13,
tone ty fragrances DC-15, DC-16

Pharmaceuticals Adjuvant DC-16

1.2.2.1.1 Application opportunities for LCDAs

Polymers prepared from higher LCDAs (>C10) possess improved properties, especially in the areas
of flexibility, chemical resistance and moisture resistance (Cathay Biotech, 2011).

Desired properties are also acquired by incorporation of LCDAs co-monomers into certain engi-
neering thermoplastic resins. These copolymer products retain the mechanical properties of the
homopolymer resins, such as high impact strength, while offering a lower melt viscosity than the
conventional resin. Lower melt viscosity helps to reduce the processor’s cycle time and increase
productivity because the molten plastic will flow into existing molds more quickly. Copolymers
with LCDAs (high-flow resins; as defined by Mobley, 1999) are also important to designers who
use plastics, because it means that thinner-walled and lighter weight parts can be made for appli-
cations such as laptop computers (Mobley, 1999).

The growth rate of the high-flow resin market is limited by the availability and cost of suitable
diacid co-monomers. The cost of the cheapest suitable LCDA available in bulk quantities is above
the average selling price of the conventional resins and high-flow resin must be sold at a premi-
um, which limits its market penetration. LCDAs produced through biotransformation, either as
individual chain lengths or as mixtures could potentially yield the same properties as chemically
synthesized diacids. Mobley (1999) estimated that, if biotechnology could provide a cheaper
source of diacid monomer for the high-flow resin, sales of the high-flow resin could rise dramati-
cally.

Other applications such as the use of octacosanedioic acid (DC-28) for tumor treatment and of
other LCDAs having a total number of carbon atoms divisible by four have been reported in the



patent literature (Rubin, 1999). The use of unsaturated LCDAs in cosmetic sun screen prepara-
tions (UV blocker) has also been reported in the patent literature (Samorski & Dierker, 2010).

Moreover, LCDAs can be converted by standard industrial processes to the respective diols and
diamines, thus offering opportunities for the production of established and also of new polyesters
and polyamides (completely from renewable feed stocks if natural fatty acids are used). Polyes-
ters derived from long-chain diacids and diols (> C18) seem to be most interesting, having proper-
ties similar to polyethene and being biodegradable (Metzger, 2009).

1.2.2.2 LCDAs at industrial production scale

The LCDA produced in the largest quantity is dodecanedioic acid (DC-12) with about 25,000 met-
ric tons in 2012 and below the almost 59,000 metric tons of high quality sebacic acid produced in
the same year (CMAI, 2010). DC-12 is becoming more competitive against DC-10 in some applica-
tions. China is the major producer of LCDAs. Up to the fourth quarter of 2010, the total capacity
to make long-chain dicarboxylic acids in China reached 53,500 metric tons/year and will further
expand (CCR, 2011).

DC-12 and DC-13 hold a majority proportion in LCDAs produced in China (via Biotransformation).
They are mainly exported to the international market. China's total output of LCDAs was around
10,000 tons in 2006, and with the startup of some production units, the output reached around
17,000 tons in 2009. The demand for LCDAs in the sectors such as engineering plastic, perfume
and high-grade hot melt adhesive has increased constantly in recent years. The rapid develop-
ment of downstream sectors in China and abroad will promote further development of the LCDAs
sector. China's output of long-chain dicarboxylic acids was expected to be about 19,000 tons in
2010 (~40 % of installed capacity), and will increase to 50,000 tons in 2015 (CCR, 2011).

= Dodecanedioic acid (DC-12)

Currently, the largest market for DC-12 is polyamide 6,12 where it is 66% of the polymer. Polyam-
ide 6,12 is made using DC-12 and hexamethylene diamine. The use of DC-12 in the polymer im-
proves the moisture and chemical resistance of the polymer and provides greater flexibility when
compared to polyamide 6,6 resins. It is used in a variety of automobile applications and in the
production of monofilaments for toothbrushes, paint brushes and cosmetic brushes. Companies
like DuPont, Evonik Industries AG, IFF, Arkema and Novo are important consumers.

Worldwide demand for high performance DC-12 is estimated to grow approximately 4.6% per
year from 2010 to 2015 to 32,213 metric tons. In 2010, the China market accounted for 27% of
the global market. The demand for DC-12 in the China market is estimated to grow at a com-
pound annual growth rate of 8.4% from 6,681 metric tons in 2010 to 10,004 metric tons in 2015
(Figure 1.3).

The global production base for DC-12 is limited to four principal producers: Invista, Cathay Bio-
tech, Evonik Industries AG and UBE. Invista, Evonik Industries AG and UBE primarily produce
LCDAs (DC-12) through chemical processes. In 2010 DC-12 installed capacity by these companies



was about 35,000 metric tons/year, with 12,000 metric tons capacity (34%) from Cathay Biotech
via biotransformation of n-dodecane (Cathay Biotech, 2011).
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Figure 1.3 - Global and Chinese DC-12 market development (Cathay Biotech & CMAI, 2010). E =
Estimated.

= Decanedioic acid (DC-10)

Decanedioic acid (DC-10) is also known as sebacic acid is used in several low volume applications
such as polyamides, plasticizers, hot melt adhesives, polyesters, lubricants and cosmetics. More
than 70% of global sebacic acid demand is for nylons 10,10 and 6,10 according to CMAI (2010).

In 2010, the global demand for high performance DC-10 was about 58,700 metric tons with more
than 90% produced in China, where the installed capacity reaches 125,000 metric tons/year.

Sebacic acid prices are highly dependent on castor oil prices (DC-10 is produced from chemical
treatment of ricinoleic acid obtained from castor oil). According to CMAI, castor oil market price
has risen almost 80% from 2006 to 2010 resulting in increased prices for sebacic acid. An increase
of the cost of polyamide 6,10 and 10,10 production makes other polyamides more cost competi-
tive. Polyamide 6,12, made with DC-12, has greater moisture and chemical resistant characteris-
tics and is typically preferred over polyamide 6,10, made with DC-10, at a comparable price. As a
result, bioprocess-based DC-12 is expected to become a preferred alternative to sebacic acid. In
the future higher LCDAs could also result attractive for high performance polyamide or polyester
applications (Cathay Biotech, 2011).

1.2.2.3 Industrial production processes of LCDAs

Most a,w-dicarboxylic acids are exclusively produced by chemical conversion processes that suf-
fer a number of disadvantages, including limitations in the range of products, use of multi-step
conversion processes, and generation of unwanted and hazardous by-products. While short-chain
diacids can be synthesized in high yields, costs of long-chain diacids production rise significantly



due to the generation of various by-products and are connected mostly to a costly purification
(Mobley, 1999; Metzger, 2009). Currently short and long-chain diacids are produced industrially
from non-renewable and renewable feed stocks. There are three process categories for producing
long-chain diacids: (1) cracking of vegetable oils, (2) organic synthesis and (3) biotransformation
of aliphatic hydrocarbons and fatty acids by certain yeast species (CCR, 2011).

1.2.2.3.1 Cracking of vegetable oils

Because of the limited raw materials choice, LCDAs producers can only produce tridecanedioic
acid (DC-13) and pentadecanedioic acid (DC-15) by cracking processes under harsh conditions and
the product purity is rather low. This approach is also used to produce shorter large volume
diacids.

Brassylic acid can be produced by ozonolysis of erucic acid (22:1 A13). Azealic acid (nonanedioic
acid) is produced industrially from oleic acid (C18:1A9) in the same way (about 20,000 metric
tons/year of oleic acid are reacted to azelaic acid). Both reactions generate nonanoic acid as by-
product.

Sebacic acid (DC-10) is produced by splitting of ricinoleic acid with caustic soda using a ratio of 2:1
at 250-275 °C.

Because ozone is very expensive and the industrial ozonolysis presents some difficulties, an alter-
native process is required. The direct catalytic cleavage with H,0, as oxidant was investigated
extensively. A catalytic process using peracetic acid and ruthenium catalysts or catalysts based on
H,0, and Mo, W, or Re was reported, yielding only 50-60% diacids. An efficient catalytic process
using oxygen from the air has not yet been developed (Metzger, 2009).

1.2.2.3.2 Organic Synthesis

The large-scale industrial production of LCDAs by organic synthesis process is affected because of
the limitations of complex production processes; currently it is limited to dodecanedioic acid,
which is the longest straight-chain diacid available from organic synthesis using butadiene as
starting material (Mobley, 1992; Cathay Biotech, 2011).

Cole-Hamilton reported quite recently on the methoxycarbonylation of unsaturated fatty esters
and acids to o,m-diesters with very high selectivity using palladium catalysts with bulky bis-
(ditertiarybutylphosphinomethyl) benzene (DTBPMB) as ligand. The double bond is isomerized to
the w-position, which is methoxycarbonylated. Most importantly, dimethyl nonadecanedioate
was obtained not only from oleic acid but also from linoleic (C18:2n-6) and linolenic acid (C18:3n-
6). Thus, all unsaturated C18 fatty acids in the fatty acid mixture were reacted to the same satu-
rated diacid (reviewed by Metzger, 2009).

Chemical production of long-chain DCA is also possible through olefin metathesis (scission and
regeneration of carbon - carbon double bonds, that allow olefin fragment redistribu-
tion/conjugation), but depending on the substrate used in the process it is also connected with



the occurrence of by-products. In principle any unsaturated fatty acids or unsaturated derivatives
thereof can be used for the metathesis reaction. Terminal single double bonds are preferred for
this reaction since otherwise product mixtures difficult to separate are obtained. Gaseous ethene
is obtained as by-product, which can be easily removed. Several linear diacids have been synthe-
sized by metathesis reaction of unsaturated fatty acids. For instance, dimethyl octadecanedioate
and dimethyl hexacosanedioate can be obtained by self-metathesis of methyl oleate and methyl
erucate after hydrogenation, respectively. Hydrogenation gives quantitatively the respective satu-
rated acids (Rybak & Meier, 2007).

The spectrum of diacids obtainable from unsaturated fatty acids was enlarged by combination of
the metathesis reaction with w-methoxycarbonylation in a one-pot reaction. For example, methyl
oleate was cross-metathesized with 2-butene using second-generation Hoveyda—Grubbs catalyst
giving methyl 9-undecenoate and 2-undecene. The unreacted 2-butene was then evaporated and,
without workup, the m-methoxycarbonylation was performed, giving very high conversion of
methyl 9-undecenoate and 2-undecene to dimethyl dodecanedioate and methyl dodecanoate,
respectively, after hydrogenation (Zhu et al., 2006).

A comprehensive summary of routes to obtain linear fatty a,w-dicarboxylic acids including the
above described has been presented by Metzger (2009).

It is important to remark that chemical conversion has not achieved selective m-oxidation of natu-
ral (e.g. unsaturated) fatty acids. Thus the synthesis of long-chain DCA via microbial production
and biotechnological transformation can provide a cost-efficient and greener process alternative
(Metzger, 2009).

1.2.2.3.3 Biotransformation of paraffins and fatty acids

Biotechnology offers an innovative way to overcome the limitations and disadvantages of the
chemical processes to produce LCDAs. Yeast biocatalysts are able to convert aliphatic hydrocar-
bons (long-chain alkanes) as well as long-chain fatty acids (from renewable agricultural products)
directly to long-chain diacids via w-oxidation. The biocatalyst can produce a variety of diacid
products and produces no hazardous by-products (Mobley, 1999).

A number of companies (in China) produce LCDAs via fermentation with genetically optimized
Candida tropicalis strains. The biotransformation process can currently produce a series of long-
chain dicarboxylic acids with 11 to 18 carbon atoms (DC11-DC18), this is carried out under mild
process conditions and can realize large-scale industrial production (CCR, 2011).

Nippon Mining Co. Laboratories in Japan first produced brassylic acid (DC-13) with the fermenta-
tion process in 1987. The capacity of the production unit was 200 metric tons/year and the prod-
ucts were used to produce musk-T perfume. The process was based on n-tridecane biotransfor-
mation by Candida sp. strains (Huf et al., 2011). Since 2001, the production unit has stopped pro-
duction. In the 1990s, Chinese producers also reached 600 metric tons/year capacity for DC-13
with the same approach, but it was also stopped (CCR, 2011) since brassylic acid can be produced
chemically from oxidative cleavage (by ozonolysis) of erucic acid, that can be obtained from rape-
seed oil (Metzger, 2009).



Cognis Inc. (Henkel Research Corporation, Sta. Rosa, California, USA) engineered C. tropicalis
strains and developed fermentation processes utilizing paraffins and long-chain fatty acids as
substrates for the production of LCDAs since the 1990s (Schérken & Kempers, 2009).

The Institute of Microbiology, Chinese Academy of Sciences developed a fermentation technology
to produce long-chain dicarboxylic acids and successfully realized the industrial production of
LCDAs with this technology in 2005 (CCR, 2011).

Cathay Industrial Biotech Co., Ltd. located in China is known as the world’s biggest microbial LCDA
manufacturer. Cathay was founded 1997 and established their pilot plant for microbial LCDAs
production from long-chain alkanes in Shanghai in 2001. In 2003 the production facility for LCDAs
in Shandong was completed and in 2007 the capacity was expanded to 15,000 metric tons/year.
Cathay can produce LCDAs based on both paraffins and renewable fatty acid feed stocks. Odd
numbered LCDA products by this route are petroleum based (Huf et al., 2011).

Interestingly, most producing companies are located in China. It is known that different compa-
nies as well as academia in Japan, USA and Germany have done a lot of research on strain and
process development for C. tropicalis for a high-yield production but did not achieve commerciali-
zation (see table 1.4 for some relevant studies). One reason for missing plants outside China, e.g.
Germany, might be the classification of C. tropicalis as pathogenic microorganism in Europe which
requires a high security standard for an industrial process. For the use of non-pathogenic micro-
organisms also strains like Y. lipolytica and S. cerevisiae have been studied and developed. How-
ever the high-yield LCDA concentrations and productivities obtained with C. tropicalis have not
been reached yet so that more research has to be done in this direction (Huf et al., 2011).

1.2.2.4 Competing production processes

The dodecanedioic acid process is a good example of competing production processes. In the
organic synthesis route, the basic starting material is butadiene. DC-12 is manufactured via Ti/Al
catalyzed cyclic trimerization of butadiene, followed by hydrogenation to cyclododecane, air oxi-
dation to a mixture of cyclododecanone and cyclododecanol, finally nitric acid oxidation renders
dodecanedioic acid (Figure 1.4). This process is based on petrochemical feed stocks. The multi-
step conversion process produces unwanted byproducts such as cyclooctadiene and vinyl cyclo-
hexene, which result in yield losses. The nitric acid oxidation step yields NOx, which is either re-
leased to the atmosphere or must be destroyed in a reduction furnace (Mobley, 1999).
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Figure 1.4 - Production of dodecanedioic acid from butadiene (Cathay Biotech, 2011).
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With a market price calculated approximately at $6/kg, dodecanedioic acid has a high price for a
bulk monomer. Butadiene based dodecanedioic acid has a production cost of about $4.4/kg (Ca-
thay Biotech, 2011).




The conversion of long-chain aliphatic hydrocarbons and long-chain fatty acids directly to long-
chain dicarboxylic acids by optimized C. tropicalis strains is performed at industrial scale. Current-
ly about 35% of the global DC-12 production is done by this route (in China). Dodecanedioic acid
based on a,w-oxidation of dodecane by C. tropicalis has a production cost of about $4.3/kg (as
calculated from the initial public offering filing for the NASDAQ stock exchange by Cathay Indus-
trial Biotech , 2011).

Diacids with carbon numbers greater than 12 are chemically difficult to synthesize. Long-chain
fatty acids are readily available from renewable agricultural and forest products such as soybean
oil, tallow, corn oil, or tall oil whereas long-chain hydrocarbons can be easily obtained from crude
refining opening a broad spectrum of substrates for the biotransformation route that would re-
sult in various LCDA products.

1.2.2.5 LCDAs through biotransformation - Process development

Several classes of microbial monooxygenases are able to convert alkanes into different types of
oxidized compounds. The terminal oxidation of carboxylic acids and linear alkanes into
dicarboxylic acids by yeast species possessing these enzymes has been widely examined (table
1.5) and also gained industrial relevance. The best production organism for dicarboxylic acids of
different chain length is Candida tropicalis.
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Monooxygenases of the P450 (CYP52) family catalyze the terminal hydroxylation of aliphatic
chains, and in cooperation with alcohol oxidases and aldehyde dehydrogenases the acid is formed
under consumption of molecular oxygen, m-oxidation of fatty acids leads to diacids via ®-hydroxy
fatty acids (figure 1.5). The first step in this oxidation pathway is generally accepted to be rate-
limiting. This step is mediated by the w-hydroxylase complex consisting of a cytochrome P450
monooxygenase and an associated NADPH-cytochrome P450 reductase.

Wild type C. tropicalis also efficiently metabolizes fatty acids and the dicarboxylic acid intermedi-
ates through the f-oxidation pathway, enabling the organism to grow on fatty acids or alkanes as
the sole carbon source.

Classical strain improvement techniques (e.g. chemical mutagenesis) have been used to develop
strains that are partially deficient in their ability to grow on diacids, fatty acids, or alkanes (table
1.5). While these strains show enhanced production of diacids, they also produce diacids that are
shorter by one or more pairs of carbon atoms than the alkane or fatty acid substrate and form
unsaturated or 3-hydroxy - dicarboxylic acid by-products due to residual activity of the
oxidation pathway. Partial metabolism of the substrate also results in costly yield losses (Mobley,
1999).

To overcome vyield losses, f~oxidation blocked mutants of C. tropicalis have been generated and
several genes of the oxidation pathway have been cloned to improve LCDAs production. The or-
ganism possesses at least ten different CYP52 genes with different substrate affinities. Over-
expression of the oxidation-relevant genes in C. tropicalis was shown to be a method for optimiz-
ing the organisms’ productivity (Picataggio et al., 1992). Alternatively the genetic manipulation of
the acetyl-CoA transportation pathway was proposed (Schérken & Kempers, 2009).

C. tropicalis accepts a broad range of substrates of different chain length, making it a versatile
tool for the production of the industrially relevant dicarboxylic acid including brassylic and
dodecanedioic, sebacic and azelaic acid and for the production of new dibasic acids, which cannot
be accessed chemically in a cost-efficient manner today. The organism is able to transform al-
kanes, free fatty acids and esters with similar productivities and recently the bio-oxidation of re-
sidual waste fatty acids from oil distillates was also described (Schorken & Kempers, 2009).

1.2.2.5.1 Biocatalyst improvement

Cognis Inc. (Henkel Corporation) used a unique approach to inactivate genes in C. tropicalis which
encode for acyl-CoA oxidase, enzyme involved in the first reaction in the S-oxidation pathway
(Figure 1.6). Because of the diploid nature of the organism and the existence of two isozymes,
four acyl-CoA oxidase genes were sequentially disrupted. With the acyl-CoA oxidase activity elim-
inated, the transformed strain showed nearly 100% efficiency of conversion of substrate to prod-
ucts with 100% retention of chain length. This strain was also shown to accept a variety of fatty
acid substrates, both saturated and unsaturated. While the f-oxidation pathway blocked strain
showed good productivity, the productivity was further enhanced by amplifying the cytochrome
P450 monooxygenase and the NADPH-cytochrome reductase genes encoding the rate-limiting w-
hydroxylase complex to enhance the w-oxidation pathway (Picataggio et al., 1992).
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Figure 1.6 - B-oxidation pathway in peroxisomes (microsomes) of yeasts. Blockage of the Acyl-
CoA-Oxidase(s) has been performed to in C. tropicalis to improve diacid strain productivity (Modi-
fied from Huf et al., 2011).

1.2.2.5.2 Bioprocess economics and optimization for successful development

With the batch bioprocess technology demonstrated in the 1990s and assuming the use of the
genetically modified C. tropicalis, estimations on process economics were made.

Raw materials costs are a large contributor to the overall cost. Their impact could be minimized
by use of low-cost fermentation medium components for growth and maintenance of the yeast
biocatalyst. Further opportunities for reduction of raw materials costs were identified in the use
of low-cost fatty acid substrates and in the reduction of the rates of use of antifoam and of the
base used for pH control.

The cost of fatty acid substrates is dependent on their source and composition. Pure fatty acid
substrates are generally priced higher than mixed fatty acids derived directly from plant or animal
sources, which are significantly cheaper.

Assuming that raw materials costs could be minimized, the preliminary economic analysis indicat-
ed that capital-related costs and utilities costs were the next most significant cost components.
This analysis also suggested that the most effective way to reduce conversion costs (figure 1.7)
was to increase the overall bioreactor productivity (diacid productivity in g/L-h).



Increases in bioreactor productivity reduce capital costs (since smaller bioreactors will do the
same job) and utility costs (since less bioreactor volume needs to be stirred and aerated for less
time).
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Figure 1.7 - After reducing raw materials costs, additional and significant cost reductions can be
realized by increasing bioreactor productivity (Mobley, 1999).

Bioreactor productivity can be increased by improving the specific productivity of the biocatalyst
and by optimizing the fermentation process conditions. Economically successful biological pro-
cesses for bulk chemicals share two characteristics: high product concentrations and high biore-
actor productivities. The diacid bioprocess with yeast already demonstrates high product concen-
trations. Further development must focus on increasing productivity.

In batch fermentations, the genetically modified C. tropicalis yielded high concentrations of diacid
(80-100 g/L, in the final broth) and peak bioreactor productivities of over 1 g/L-h with some sub-
strates for part of the conversion cycle (Mobley, 1999; Picataggio et al., 1992).

Cathay Biotech reported improved productivities, relative to their productivity in 2001 of 110% in
2004, 130% in 2009 and 230% in 2010 by means of development of high yield and temperature
tolerant strains and optimized proprietary fermentation techniques (medium, pH temperature,
aeration and agitation) allowing reduction of raw materials and energy costs (Cathay Biotech,
2011).

Improvements in cell disruption and purification technology to recover polymer-grade LCDAs
greatly contribute to improve bioprocess economics. Simultaneous demulsification and removal
of residual raw materials and cell mass from the LCDA production process dramatically shorten
the purification process. Solvent extraction is also required for the purification, improved solvents
allowing the use of lower extracting volumes is expected to significantly reduce energy use and
costs.



Table 1.4 - Some relevant studies on microbial production of long-chain dicarboxylic acids by terminal oxidation of long-chain n-alkanes.

Reference

1

Journal Year

European Journal of Applied 1982
Microbiology &

Biotechnology (1982) 14:254-
Applied Microbiology and 1986
Biotechnolgy, 24:168-- 174

US Patent Office 1989

Annals of the New York 1990
Academy of Sciences

Volume 613, Enzyme

Engineering 10 pages 697-701

Nature Biotechnology 10, 894 1992
- 898

Department of Microbial, 2005
Biochemical & Food

Biotechnology, Faculty of

Natural and Agricultural

Sciences, University of the

State Bloemfontein, South

Africa
Biotechnology Journal, 1, 2006

68-74

Author(s)

Zu-Hua Yi and Hans-Jiirgen Rehm

F. F. Hill, I. Venn, and K. L. Lukas

Stephen Picataggio, Kristine Deanda, L.
Dudley Eirich / Henkel Research
Corporation

M. Takagi, N. Uemura, K. Furuhashi

Stephen Picataggio, Tracy Rohrer, Kristine
Deanda, Dawn Lanning, Robert Reynolds,
Jonathan Mielenz & L. Dudley Eirich
(Microbial Technology Department, Cognis)

Newlande Van Rooyen

Zhuan Cao, Hong Gao, Ming Liu and Peng
Jiao

Title

Metabolic formation of dodecanedioic acid from n-dodecane by a
mutant of Candida tropicalis

Studies on the formation of long-chain dicarboxylic acids from pure n-
alkanes by a mutant of Candida tropicalis

Patent US5254466 - Site-specific modification of the Candida tropicalis
genome

Microbial Transformation Processes of Aliphatic Hydrocarbons

Metabolic Engineering of Candida Tropicalis for the Production of
Long—Chain Dicarboxylic Acids

Thesis : Biotransformation of alkanes, alkylbenzenes and their
derivatives by genetically engineered Yarrowia Lipolytica strains

Engineering the acetyl-CoA transportation system of Candida tropicalis
enhances the production of dicarboxylic acid



Reference Strain Mutation Substrates Substrate Product Productivity Yield Conversion Time Cultivation Cell Added Working Concentration

Tested (Best) o,m-diacid g/L-h (g/L ()] Type density substrate Volume in Broth (g/L)
medium) (70} (g) (8}
1 C. tropicalis Wild Type Cc12 Dodecane Dodecanedi 0.007 0.36 1.42% 48 Batch - 0.374 0.02 18.7
1230 oic acid
C. tropicalis Classical Mutagenesis - Not C12 Dodecane Dodecanedi 0.059 2.13 16.85% 36 Batch - 0.187 0.02 9.4
Mutant S76 growing in DCA's or Alkanes oic acid
C12 Dodecane Dodecanedi 0.065 3.13 12.38% 48 Batch - 0.374 0.02 18.7
oic acid
2 C. tropicalis Classical Mutagenesis Cl1-Ci6 Dodecane Dodecanedi 0.30 36 20.35% 120 Fed-Batch 19 775 6.5 7.15
Mutant 7/34 oic acid
Tetradecane Tetradecane 0.47 56 17.10% 120 Fed-Batch 19 773 6.5 7.14
dioic acid
Hexadecane Hexadecane 0.33 39 3.18% 120 Fed-Batch 38 770 6.5 7.11
dioic acid
3 C. tropicalis 3 Oxidation Pathway C12-Ci14 Dodecane Dodecanedi 0.54 125 80.00% 232  Fed-Batch - 116 5 4-60
Mutant H5343 Completely Blocked oic acid
Tridecane Brasylic acid 0.88 100 92.00% 114 Fed-Batch - 82 5 4-60
Tetradecane Tetradecane 0.63 101 96.00% 160 Fed-Batch - 81 5 4-60
dioic acid
4 C. tropicalis Classical Mutagenesis (4th C13 Tridecane Brasylicacid 1.17 140 >95% 120 Fed-Batch - - 20,000 -
Mutant M2030 generation)
5 C. tropicalis B Oxidation Pathway Partly C12-C16 Dodecane Dodecanedi 0.51 119 29.75% 234  Fed-Batch - 296 5 5-30
Mutant H43 Blocked saturated oic acid
C18-C22
unsat.
C. tropicalis B Oxidation Pathway Dodecane Dodecanedi 0.90 140 80.00% 156  Fed-Batch - 129 5 5-30
Mutant H5343 Completely Blocked oic acid
C. tropicalis B Oxidation Pathway Tridecane Brasylic acid 0.79 135 100.00% 170 Fed-Batch - 102 5 5-30

Mutant AR40  Completely Blocked /
Multiple Cytochrome-P450
monooxygenase (P450alk1)
and NADPH oxydoreductase
(CPR) genes, encode both
components of the ®-
hydroxylase complex

6 Y. Lipolitica B Oxidation Pathway Partly C11-C12 Dodecane Dodecanedi 0.10 13.8 34.07% 144  Fed-Batch 20 90 3 30.0
MTLY37 Blocked oic acid
7 C. tropicalis Classical Mutagenesis C13 Tridecane Brasylic acid 0.67 80 32.34% 120 Batch - 560 3 186.7
Mutant W10-1
C. tropicalis Inhibition of acetyl-CoA C13 Tridecane Brasylicacid 0.82 98 39.62% 120 Batch - 560 3 186.7
Mutant CZ-15 transportation systemin
W10-1



1.3 Bacterial long-chain alkane metabolism - Biocatalytic application for
the production of chemicals

Microbial biodegradation of pollutants has been a field of growing importance because of its po-
tential use in bioremediation but also in biocatalysis. The study of the fate of persistent organic
chemicals in the environment has revealed a large reservoir of enzymatic reactions with a large
potential in preparative organic synthesis, which has already been exploited on pilot and even on
industrial scale for some oxygenases (Meyer & Panke, 2008). Moreover, there is an increasing
interest of technology development for the production of commercially valuable chemicals from
less soluble hydrophobic substrates such as polyaromatics, fats, aliphatic hydrocarbons as well as
polymeric compounds by means of biocatalysis since existing but also new-valuable products for
different applications could be synthesized (Otto, 2001).

1.3.1 Alkanes

Alkanes or paraffins are saturated hydrocarbons, formed exclusively by carbon and hydrogen
atoms bonded exclusively by single bonds. They can be linear (n-alkanes) or branched (iso-
alkanes) and are virtually insoluble in water. Those having between one and four carbon atoms
(methane to butane) are gaseous at ambient temperature whereas larger molecules are liquid or
solid. Saturated hydrocarbons (including cycloalkanes) can constitute about 20-50% of crude oil,
depending on the source of the oil. In addition, alkanes (predominantly long-chain compounds)
are produced throughout the biosphere by living organisms (plants, algae and bacteria) as a
waste product, a structural element, a defense mechanism, or as a chemo attractant (van Beilen
et al., 2003). This probably explains why alkanes are present at low concentrations in most soil
and water environments (Rojo, 2009).

Alkanes are high-energy and inflammable compounds and as main components in fuels and oils
they are of outstanding value for modern life (Wentzel et al., 2007). Alkanes are non-polar mole-
cules that are chemically very inert (Labinger & Bercaw, 2002). Their metabolism by microorgan-
isms poses challenges related to their extremely low water solubility, their tendency to accumu-
late in cell membranes, and the energy needed to activate the molecule. For these reasons, their
release to the environment results in ecological problems. Despite these challenges, several mi-
croorganisms, both aerobic and anaerobic, can use diverse alkanes as carbon and energy source
(Wentzel et al., 2007).

1.3.2 Degradation of long-chain n-alkanes

Biodegradation of hydrocarbons by microorganisms receives considerable attention due to the
possibilities such processes can offer to remove pollutants from the environment and also to up-
grade of oil refinery products (Van Hamme et al., 2003).



Aerobic n-alkane degradation is a widespread phenomenon in nature, and several microbial
strains and enzymes involved in n-alkane degradation have been isolated and studied in detail
(Wentzel et al., 2007).

Degradation of higher paraffins by Aspergillus versicolor was first reported by Hopkins and
Chibnall in 1932. This fungal strain is able to grow on odd and even-numbered n-alkanes up to a
carbon chain length of C35 (Britton, 1984). Numerous mesophilic and extremophilic strains
(thermophiles and psychrophiles) capable of degrading hydrocarbons have been described and
novel strains continue to be discovered. A large number of microorganisms belonging to the phyla
of eubacteria, yeast, and fungi and also some algae capable of using long-chain n-alkanes as car-
bon and energy source are known (reviewed in van Beilen et al., 2003).

Significant amounts of hydrocarbon-degrading microorganisms can be found in typical soil, sand
or ocean sediment, and their numbers increase considerably in oil-polluted sites. Various alkane
degrading bacteria have a very versatile metabolism and most frequently alkanes are not the
preferred substrates for growth, these bacteria will rather utilize other compounds before turning
to alkanes (Harayama et al., 2004). On the other hand hydrocarbonoclastic bacterial species are
highly specialized in degrading hydrocarbons. They play a key role in the removal of hydrocarbons
from polluted environments (Yakimov et al., 1998; 2007). Particular attention has been paid to
Alcanivorax borkumensis, a marine bacterium that can assimilate linear and branched alkanes,
but which is unable to metabolize aromatic hydrocarbons, sugars, amino acids, fatty acids and
most other common carbon sources. Alcanivorax sp. are present in non-polluted sea waters in
low numbers, probably living at the expense of the alkanes that are continuously produced by
algae and other sea organisms and that are present at low but constant concentrations.
Alcanivorax sp. strains become predominant after a spill of crude oil and are believed to play an
important role in natural bioremediation of oil spills worldwide (Rojo, 2009).

Hydrocarbon degraders are also of particular interest for future biotechnological applications. For
instance, thermophilic long-chain n-alkane-degrading strains may provide the basis for genetic
engineering of strains for biocatalytic processes under extreme conditions. Since the first descrip-
tion of a thermophilic n-alkane degrading bacterium by Mateles et al. in 1967, alkane-degrading
bacterial strains have been isolated from several high-temperature habitats like oil reservoirs and
volcanic environments. Several of these are also capable of using long-chain n-alkanes of C18 and
longer like some Geobacillus and Thermus sp. (Wentzel et al., 2007).

1.3.2.1 Microbial uptake of long-chain n-alkanes as a carbon and energy source

Most substrates promoting microbial growth need to undergo cellular uptake or attachment to
become accessible by the cell’s catabolic machinery (Wentzel et al., 2007). The extreme low solu-
bility of long-chain n-alkanes in water hampers their uptake by microorganisms (Rojo, 2009). The
solubility of alkanes decreases dramatically as the molecular weight increases (Bell, 1972;
Eastcott et al.,, 1988) reducing their bioavailability (Otto, 2001), see table 1.5.

The hydrophobic nature of the bacterial cell surface is important for cell contact with hydropho-
bic substrates because the initial step in aliphatic and aromatic hydrocarbon degradation is often



mediated by oxidation reactions catalyzed by cell-membrane-associated oxygenases (Wentzel et
al., 2007).

The uptake mechanism may differ depending on the bacterial species considered, the molecular
weight of the alkane and the physico-chemical characteristics of the environment (Rojo, 2009).
Microorganisms may gain access to medium- and long-chain-length n-alkanes by either adhering
to hydrocarbon droplets or by a surfactant-facilitated process. Most alkane-degrading bacteria
secrete diverse surfactants that facilitate emulsification of the hydrocarbons (Ron & Rosenberg,
2002).

Table 1.5 - Solubilities of normal medium and long-chain alkanes corresponding aliphatic acids
and alcohols in water (Bell, 1972; *Eastcott et al., 1988).

No. of carbon Solubility of alkane . SO.IUbIIIty of . Solubility of alcohol
atoms in chain [mg/L] undissociated fatty acid [mol/L]
[mol/L]
5 38.5 2.40E-01 2.50E-01
6 9.5 6.80E-02 6.10E-02
7 2.93 1.30E-02 1.55E-02
8 0.66 2.20E-03 4.50E-03
10 0.052
12 0.0084 1.15E-05 2.30E-05
14 0.007 8.00E-07 1.46E-06
15 4.50E-07
16 0.000052* 1.20E-07 1.70E-07
18 1.10E-07

1.3.2.2 Bacterial aerobic n-alkane degradation pathways

Microorganisms have established effective strategies involving specialized enzyme systems and
metabolic pathways to access n-alkanes. In-depth characterization of genes and enzyme systems
involved in the utilization of long-chain n-alkanes has led to an improved understanding of micro-
bial long-chain n-alkane metabolism (Wentzel et al., 2007). Understanding aerobic degradation of
long-chain alkanes by bacteria is of utmost relevance for the present work.

The first step of alkane degradation by alkane-assimilating microorganisms involves selective hy-
droxylation of the alkane at the terminal or sub-terminal carbon (van Beilen et al., 2003).
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Figure 1.8 - Aerobic pathways for the degradation of long n-alkanes by terminal and subterminal
oxidation; AH, alkane hydroxylase; AD, alcohol dehydrogenase; ALD, aldehyde dehydrogenase;
ACS, acyl-CoA synthetase; w-H, w-hydroxylase; BVM, Baeyer-Villiger monooxygenase; E, esterase;
TCA, tricarboxylic acid cycle (Rojo, 2009).

The oxidation of a terminal methyl group yields a primary alcohol, which is further oxidized to the
corresponding aldehyde, and finally to a fatty acid (figure 1.8). In the microbial cell, the fatty acid
is activated by long fatty acyl CoA synthetase to form Acyl-CoA and further processed by [-
oxidation to generate acetyl-CoA yielding ATP during the process. In some cases, both ends of the
alkane molecule are oxidized through w-hydroxylation of fatty acids at the terminal methyl group,
rendering an -hydroxy fatty acid that is then converted into a dicarboxylic acid and further pro-
cessed (Rojo, 2009).

Subterminal oxidation of n-alkanes has also been reported. The product generated, a secondary
alcohol, is converted to the corresponding ketone (figure 1.8), and then oxidized by a Baeyer—
Villiger monooxygenase to produce an ester. The ester is hydrolyzed by an esterase, generating
an alcohol and a fatty acid. Both terminal and subterminal oxidation can coexist in some microor-
ganisms (Rojo, 2009).

Strains degrading medium-chain alkanes (C5—C11), or long-chain alkanes (> C12), frequently con-
tain integral membrane non-heme iron dependent monooxygenases related to the well-
characterized Pseudomonas putida GPol alkB alkane hydroxylase. alkB-type enzymes function in
complex with two electron transfer proteins, a binuclear iron rubredoxin, and a mononuclear iron
rubredoxin reductase channeling electrons from NADH to the active site of the alkane hydrox-
ylase (van Beilen et al., 2003). However, some bacteria contain enzymes that belong to a family of
soluble cytochrome P450 that hydroxylate C5—C11 alkanes. Finally, some strains assimilating al-
kanes of more than 18 carbon atoms contain alkane hydroxylases unrelated to the former ones



(reviewed in van Beilen et al., 2003; van Beilen & Funhoff, 2007). Multiple alkane hydroxylases,
exhibiting overlapping substrate ranges (including both alkB-type and cytochrome P450 en-
zymes), have been reported for many n-alkane degraders (Wentzel et al., 2007).

1.3.2.3 Regulation of bacterial n-alkane catabolic pathways

Inducible n-alkane utilization has been demonstrated for many n-alkane-oxidizing bacterial spe-
cies. The nature of the inducers and regulation mechanisms seem to be species-specific (Wentzel
et al., 2007).

In general, expression of the genes involved in the initial oxidation of alkanes is tightly controlled.
A specific regulator gene assures that the pathway genes are expressed only in the presence of
the appropriate alkanes. In addition, superimposed to this specific regulation there are several
mechanisms that modulate the induction of the pathway genes according to cell needs (Rojo,
2009).

Regulation has been studied in depth for Pseudomonas putida GPo1l described to utilize C5-C14 n-
alkanes (van Beilen et al., 1994). The strain harbors the OCT plasmid carrying the alkBFGHJKL
operon containing the genes for n-alkane utilization and a regulatory locus (alkR) containing the
alkS gene responsible for activation of the alkBFGHIKL operon expression (figure 1.9). The expres-
sion of the AIkS regulator is controlled by two promoters, which allow the protein to regulate its
own expression, positively and negatively. AlkS expression occurs from the o°-dependent PalkS1
promoter in absence of alkanes and mostly during the stationary phase. In the presence of al-
kanes the PalkS2 promoter becomes active whilst PalkS1 is repressed. Transcription from PalkS2
appears to be subject of catabolite repression by a mechanism that should allow both rapid in-
duction of the n-alkane utilization pathway, and a fast down regulation thereof when the n-
alkanes are consumed (reviewed in Wentzel et al., 2007).

For some of the known specific regulators there is evidence supporting that n-alkanes or n-
alkanols act as effectors. As alkanes are non-polar molecules that most likely accumulate in the
cytoplasmic membrane, while transcriptional regulators are normally cytoplasmic proteins, it may
be that these regulators have affinity for the inner side of the cytoplasmic membrane, where they
have easy access to the alkanes acting as effectors. After binding the alkane, the regulator should
move and find its binding site on the DNA to activate the degradation pathway (reviewed in Rojo,
2009).
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Figure 1.9 - Scheme of alkane degradation in Pseudomonas putida GPol (gram-negative bacteria),
showing the locations and functions of the alk operon gene products: alkB (alkane hydroxylase),
alkF and alkG (rubredoxins), alkH (aldehyde dehydrogenase), alk) (alcohol dehydrogenase), alkK
(acyl-CoA synthetase), alkL (outer membrane protein that may be involved in uptake), alkN (a
methyl-accepting transducer protein that may be involved in chemotaxis), alkT (rubredoxin
reductase). alkS is a regulator of the alkBFGHIJKL operon that controls its own expression and
(alkST genes) by means of the PalkS promoters (van Hamme et al., 2003; van Beilen et al., 1994,
2001).

The induction of the alkane-degradation genes can be modulated in several ways to accommo-
date it to the existing environmental or physiological conditions. Three examples are considered
by Rojo in his 2009 review on bacterial alkane degradation: differential regulation, product re-
pression and catabolite repression.

1.3.2.3.1 Differential regulation of multiple alkane hydroxylases

Some bacterial strains contain only one alkane hydroxylase, as it is the case for the well-
characterized alkane degrader P. putida GPol. However, many other strains have several alkane-
degradation systems, each one being active on alkanes of a certain chain-length or being ex-
pressed under specific physiological conditions. Differential regulation is directed by regulators
that respond to a particular range of effectors and/or physiological signals.

For example, Acinetobacter sp. strain M-1 contains two alkB related alkane hydroxylases, named
AlkMa and AlkMb, which are differentially regulated depending on the alkane present in the me-
dium. Expression of AlkMa, which is controlled by the AlkRa regulator, is induced by alkanes hav-
ing a very long-chain length (> C22), while that of AlkMb is induced by AlkRb in the presence of



C16-C22 alkanes (Tani et al., 2001). These hydroxylases share the constitutively expressed auxilia-
ry proteins rubredoxin and rubredoxin reductases, which are components of the AlkM hydrox-
ylase complex. Both of these proteins, in addition to alkane utilization, may be involved in other
redox reactions important for normal cell functioning (reviewed in Wentzel et al., 2007).

Hydrocarbonoclastic bacteria and some species having a versatile metabolism possess three or
more alkane oxidation systems. For example, A. borkumensis has two alkB like alkane hydroxylas-
es and three genes coding for cytochromes P450 believed to be involved in alkane oxidation (van
Beilen et al., 2004; Schneiker et al., 2006). Expression of all these alkane oxidation genes should
be differentially induced according to the substrate present under each circumstance, however
the regulators and/or the signals involved have not been thoroughly characterized (Rojo, 2009).

1.3.2.3.2 Product repression

In some cases the activation of the pathway genes is inhibited when the concentration of the
alkane degradation products increases over a certain threshold, a phenomenon called product
repression (Rojo, 2009). This regulatory mechanism may be a way to coordinate the generation of
fatty alcohols and fatty acids from alkanes with their further metabolism, because these com-
pounds tend to accumulate in the cell membrane, modifying its composition with deleterious
consequences to cell physiology (Chen et al., 1995; 1996).

1.3.2.3.3 Catabolite repression

Bacterial species that have a versatile metabolism usually possess global regulation systems that
assure assimilation of preferred carbon sources over other non-preferred substrates. Hydrocar-
bons are typically non-preferred growth substrates. The expression of alkane-degradation path-
ways is inhibited by the presence of many other carbon sources in several strains. The preferred
compounds and the mechanisms used to modulate the expression of catabolic pathways vary
depending on the bacterial species considered. Catabolite repression probably arises from a
number of global regulatory mechanisms directed to optimize carbon metabolism and energy
generation in response to different signals. It is not clear what these signals are, but they may be
related to the concentration of key metabolites or molecules in the cell that in turn depend on
the efficiency of the different catabolic pathways in terms of energy gain (Rojo, 2009).

One good example is the case of P. putida GPol, where activation of the promoters PalkB and
PalkS2 by alkS is negatively regulated when cells grow in a complete medium containing alkanes,
or in a minimal salts medium containing alkanes and other alternative carbon sources such as
amino acids, succinate or lactate (see figure 1.10). Compounds such as citrate, pyruvate or glyc-
erol, which are also metabolized, do not exert this inhibitory effect. Repression is particularly
strong during exponential growth in a complete medium, where amino acids are the carbon
source used, and rapidly fades away when cells enter into stationary phase (reviewed in Rojo,
2009).



1.3.3 Biotransformation of hydrocarbons: Long-chain alcohols by terminal hy-
droxylation of long-chain n-alkanes

Efficient routes for region and stereo-selective oxidation/hydroxylation of non-activated carbon
atoms are sought for production of higher value chemicals from hydrophobic substrates such as
petroleum hydrocarbons (Schmid et al., 2001). Synthetic catalysts are plagued by low selectivity
leading to over-oxidation and often require harsh reaction conditions (Meinhold et al., 2006).

The chemical functionalization of non-activated methyl groups of organic compounds is consid-
ered a crucial problem in organic synthesis. Even hydroxylation, one of the simpler functionaliza-
tion reactions, remains a difficult chemical task. Major problems arise from the activation of the
carbon atom, because of the use of strong oxidants not always compatible with the substrate,
and from the occurrence of side reactions that produce other oxidation products, such as alde-
hydes or carboxylic acids (Bosetti et al., 1992).

As previously introduced, the first step of alkane degradation by most alkane-assimilating micro-
organisms involves selective hydroxylation of the alkane at the terminal carbon. Biochemical and
genetic studies have focused on a limited number of enzymes that catalyze this reaction (van
Beilen et al., 2003). The best known is the alkane hydroxylase from Pseudomonas putida GPol
(Baptist et al., 1963), which has been studied in recombinant strains like Pseudomonas putida
PpS8141 (Bosetti et al.,, 1992) and E. coli GEC137 pGEc47A) for the production of alkanols (Grant
etal., 2011).

Typically only formation of mono alcohols no longer than 16 carbon atoms has been studied. But
formation of a,w-diols (di-alcohols) has been also reported (Fujii et al., 2006).

In the work by Bosetti et al. (1992), the alkane hydroxylation system of Pseudomonas putida
GPo1l was introduced into Pseudomonas putida PpS81 (alcA81). The resulting recombinant strain
PpS8141 was able to oxidize n-alkanes to the corresponding 1-alkanols but unable to utilize
alkanols, which were accumulated in the medium. PpS8141 was grown in two-liquid-phase biore-
actors, an upper alkane bulk organic phase (20% of the total volume) over the aqueous phase
containing the growth substrate citrate, octanoate, or pyruvate. The strain was able to grow well
in the presence of a bulk apolar phase (C7-C11) only when pyruvate was used as the growth sub-
strate. 1-alkanols production rates were found superior compared to the ones obtained with
Pseudomonas putida GPol. The highest production rates were obtained with n-octane and n-
nonane. More recently Feng et al., 2007 and Dong et al., 2012 reported the formation of 1-
hexadecanol from n-hexadecane with the purified long-chain alkane monooxygenase LadA from
Geobacillus thermodenitrificants NG80-2 expressed in E. coli but without figures about whole-cell
biotransformation.

Mathys et al. (1999) presented a process design and economic evaluation for the production of 1-
octanol from n-octane utilizing the recombinant Pseudomonas putida strain studied by Bosetti
(1992). Production costs were estimated between 6,000 and 10,000 SUS/metric ton assuming
the use of a strain/process with doubled biocatalytic activity compared to the figured used for the



study (Table 1.6, reference 2). These figures are far above current market prices for bulk fatty
alcohols, making the realization of such a production process unfeasible.

However, the scale of the higher alcohols market suggests that similar compounds, like longer
chain alcohols (>C16) or long-chain o, m-diols (which are not yet industrially available) could find a
place in the already vast variety of applications for fatty alcohols because new and interesting
properties could be introduced in products like additives for cosmetics, building blocks for new
polymers, dispersants in paints and lubricants, flow modifiers in coatings, chemical reducing
agents, etc. Research interest in this regard is demonstrated by recent publications.

Table 1.6 summarizes relevant publications for the microbial production of long-chain alkanols by
terminal hydroxylation of long-chain n-alkanes.



Table 1.6 - Some relevant studies on microbial production of long-chain alkanols by terminal hydroxylation of long-chain n-alkanes.

Reference Journal Year Author(s) Title
1 Enzyme and Microbial 1992 Aldo Bosetti, Jan B. van Beilen, Hans Production of primary aliphatic alcohols with a recombinant
Technology, 14, 702-708 Preusting, Roland G. Lageveen and Bernard Pseudomonas strain, encoding the alkane hydroxylase enzyme system
Witholt
2 Biotechnology and 1999 Renata G. Mathys, Andrew Schmid, Bernard Integrated Two-Liquid Phase Bioconversion and Product-Recovery
Bioengineering, 64(4), 459- Witholt Processes for the Oxidation of Alkanes: Process Design and Economic
477 Evaluation
3 Bioscience Biotechnology & 2006 Fujii, T., Narikawa, T., Sumisa, F., Arisawa, Production of a,w-alkanediols using Escherichia coli expressing a
Biochemistry, 70(6),1379-1385 A., Takeda, K. and Kato, J. Cytochrome P450 from Acinetobacter sp. OC4
4 Enzyme and Microbial 2011 Chris Grant, John M. Woodleyb, Frank Whole-cell bio-oxidation of n-dodecane using the alkane hydroxylase
Technology, 48, 480-486 Baganza system of P. putida GPol expressed in E. coli
Reference Strain Substrates Substrate Product  Productivity Yield (g/L) Conversion Time (h) Cultivation Cell Added Working Substrate in
Tested (Best) g/L-h medium Type density substrate Volume Broth (g/L)
volume only (/L) (4] (]
1 Pseudomonas putida C6-C12 Octane 1-Octanol 0.052 1.25 0.62% 24 Batch 2 70.30 0.40 175.8
PpS8141
2 Pseudomonas oleovorans- C6-C12 Octane 1-Octanol 0.742 17.80 72.00% 24 Fed-Batch 20 Only Calculated Data
Pseudomonas putida
Octane 1-Octanol 1.483 35.60 30.00% 24 Continuous 10
3 E.Coli BL21 Harboring C5-C14 Octane 1-Octanol 0.094 2.25 0.84% 24 Resting Cells 200 0.35 1.50E-03 2343
pDo1ABC
Octane a,mn- 0.011 0.26 0.09% 24 Resting Cells 200 0.35 1.50E-03 2343
alkanediol
Dodecane 1-Dodecanol 0.002 0.05 0.02% 24 Resting Cells 200 0.38 1.50E-03 250.0
Dodecane o,0- 0.000 0.00 0.00% 24 Resting Cells 200 0.38 1.50E-03 250.0
alkanediol
4 E. coli GEC137 pGEc47A) C6-C12 Dodecane 1-Dodecanol 0.008 0.40 0.24% 48 Batch 10.7 15.00 0.10 150.0
Dodecane Dodecanoic 0.085 4.08 2.31% 48 Batch 10.7 15.00 0.10 150.0
Acid
Octane 1-Octanol 0.034 0.82 0.51% 24 Batch 24 14.06 0.10 140.6
Octane  Octanoic Acid 0.022 0.62 0.35% 28 Batch 2.4 14.06 0.10 140.6

42



1.3.4 Biotransformation of hydrocarbons: LCDAs by a,»-oxidation of long-chain
n-alkanes

Research efforts to investigate the possibility to produce long-chain dicarboxylic acids by terminal
oxidation of n-alkanes with bacterial cells or enzymes have been limited. Most probably because
of the much higher yields, productivities and spectrum of LCDAs that can be obtained with some
yeast strains.

Formation of aliphatic dicarboxylic acids from hydrocarbons by bacteria was first described by
Kester & Foster in 1963 for the production of dicarboxylic acids from the C10-C14 alkanes by a
Corynebacterium sp. Strain 7E1C. With this strain, Broadway et al. (1993) reported n-dodecane
giving the highest yield of the corresponding dicarboxylic acid DC-12 (300 mg/L) and less DC-14
(45 mg/L) produced from n-tetradecane adding substrates at 2% v/v in the cultures during 120 h
of incubation at 30 °C. No dicarboxylic acids were detected from hexadecane with this strain.
Dahlstrom & Jaehning (1973) reported mutants derived from this Corynebacterium sp. strain
(Corynebacterium sp. ATCC 21744 to 21747) which produce dicarboxylic acids (DC-12) in in-
creased amounts (up to 23 g/L with molar conversions above 85%). The same range of
dicarboxylic acids was produced with these mutants compared to the wild-type strain (Broadway
et al., 1993).

As well, conversion of n-pentadecane to DC-15 is stimulated by organic solvent- and detergent-
treated Cryptococcus neoformans and Pseudomona aeruginosa and inhibited by elevated levels
of DC-15 (Chan et al., 1990). To avoid product inhibition the use of a continuous process with
immobilized Cryptococcus cells led to a significant increase in yield compared with the batch type
production of DC-15. Diacid production was continued once accumulated DC-15 was removed
from the conversion medium, and the yield of DC-15 reached approximately 7.2 g/L. The capabil-
ity of DC-15 production of C. neoformans was maintained at least 250 h (at 30 °C) by removing
DC-15 every 50-h period. The average productivity was estimated to around 0.028 g/L-h (Chan et
al., 1997).

1.4 Thermophilic bacteria and degradation of hydrocarbons

Extremophiles are organisms, which are able to survive extreme environmental conditions. These
microorganisms produce biocatalysts working under extreme conditions, comparable to those
prevailing in various industrial processes. Thermophiles (growing optimally at 45-80°C) and
hyperthermophiles (growing optimally above 80°C) are extremophiles of particular interest be-
cause they produce enzymes working at elevated temperatures (Madigan et al., 2004).

The knowledge about thermophilic degradation pathways is still limited and properties of many
of the involved enzymes are not known (Mdiiller et al., 1998). Considerable research is necessary
to exploit this interesting area for novel enzymes, which can lead to novel biotechnological pro-
cesses. Running biotechnological processes at elevated temperatures has many advantages, such



as decreased viscosity of the substrates and elevated diffusion coefficients, meaning higher reac-
tion rates (Otto, 2001).

In addition to their high thermostability, these microorganisms also promise to have greater tol-
erance to organic solvents and a longer useful life. The possibility of recovering volatile products
directly from a culture provides the opportunity to develop simplified bioprocesses (Sonnleitner
& Fiechter, 1983). In the same way non-volatile liquid products that solidify at lower tempera-
tures could be easily separated from the culture broths. Increased insensitivity of processes to
contaminations compared to those involving mesophiles is also attractive for process develop-
ment.

It is recognized that enzymes from thermophiles are more resistant to physical and chemical de-
naturation. Compared to similar mesophilic enzymes, the stability of thermophilic enzymes is
achieved by the difference of amino acids sequence. It appears that critical amino acid substitu-
tions at only a few locations in the enzyme allow it to fold in a way that is consistent with heat
stability. Heat stability is also enhanced by increasing the number of ionic bonds between alkaline
and acidic amino acids (Sonnleitner & Fiechter, 1983).

Oil pollution resulting from the spillage or leakage of crude oil and fuels in the environment can
be addressed with bioremediation. Temperature plays an important role in controlling the nature
and efficiency of microbial hydrocarbon degradation, which is of major significance for in situ
bioremediation (Leahy & Colwell 1990). Faster growth rates would be an advantage of using
thermophiles in bioremediation processes (Meintanis et al., 2006).

Thermophilic hydrocarbon degraders of Bacillus, Thermus, Thermococcus and Thermotoga spe-
cies occurring in natural high-temperature or sulfur-rich environments are of special significance
as they could be efficiently used for bioremediation of oil-polluted environments were relative
high temperatures can be encountered (Feitkenhauer et al, 2003; Shimura et al., 1999;
Meintanis et al., 2006).

Thermophiles growing on medium chain and long-chain alkanes constitute a great biotechnology
perspective and the number of characterized thermophiles with biodegradation potential has
increased during the last years (Feitkenhauer et al., 2003; Hao et al., 2004). Although there is still
much to explore about the main alkane hydroxylase systems of the thermophilic degradation
pathways, homologues of the Pseudomonas genes that allow hydrocarbon degradation found in
thermophilic bacteria have been related with high biodegradation rates at high temperatures
(Meintanis et al., 2006).

1.5 Biosurfactants

Surfactants are organic amphiphilic molecules that contain both hydrophobic and hydrophilic
moieties that partition preferentially at the interface between fluid phases with different degrees
of polarity and hydrogen bonding such as oil/water or air/water interfaces. This characteristic



allows them to form stable micellar structures and dissolve in aqueous solutions and localize at
surfaces. Surfactants are capable of reducing surface and interfacial tension and forming micro-
emulsions, e.g. hydrocarbons in water. Because of their excellent detergency, emulsifying, foam-
ing, and dispersing traits, surfactants are among the most versatile process chemicals (Desai &
Banat, 1997).

The growth of microorganisms on hydrocarbons is often accompanied by the emulsification of
the insoluble carbon source in the culture medium. In most cases, this has been attributed to the
production of extracellular emulsifying agents during the hydrocarbon fermentation (Rosenberg
et al., 1978), which are designated as biosurfactants. Biosurfactants are biological molecules,
which manifest properties similar to the well-known synthetic surfactant family (Sim et al., 1997).

Both chemically and biologically derived surfactants have the potential to increase the bioavaila-
bility of hydrophobic substrates (e.g. organic pollutants) by several mechanisms like emulsifica-
tion of non-aqueous phase liquids or enhancement of the apparent solubility of the hydrophobic
substances (Parales et al., 2008).

Surfactants have been reported to increase the uptake and assimilation of alkanes such as n-
hexadecane in liquid cultures, but their usefulness in soils and other situations is less evident. In
addition biosurfactants probably have other roles as well, such as facilitating cell motility on solid
surfaces, or the adhesion/detachment to surfaces or biofilms (Rojo, 2009).

Biosurfactants have a wide range of potential applications in cosmetic, food and beverage and
pharmaceutical industries or for treating oil spills or enhanced oil recovery. Advantages of
biosurfactants over conventional synthetic surfactants include biodegradability, low toxicity and
ease of production by fermentation as well as high selectivity and specific activity at extreme
temperatures, pH, and the ability to be synthesized from renewable feed stocks. Unfortunately,
low yields and productivities have limited their commercial realization (Desai & Banat, 1997,
Gartshore et al., 2000).

1.5.1 Types of bacterial biosurfactants

Unlike chemically synthesized surfactants, which are classified according to the nature of their
polar moiety (e.g. anionic, cationic, amphoteric), biosurfactants are categorized mainly by their
chemical composition and microbial origin. The biosurfactant-producing microbes are distributed
among a wide variety of genera and various microorganisms are known to produce specific kind
of biosurfactants (Desai & Banat, 1997; Rahman & Gakpe, 2008).

In general, biosurfactant structure includes a hydrophilic moiety consisting of amino acids or pep-
tides anions or cations, mono-, di-, or polysaccharides and a hydrophobic moiety consisting of
unsaturated or saturated fatty acids. The major groups of biologically produced surfactants in-
clude glycolipids, phospholipids, lipopeptides, lipoproteins and biopolymers (Desai & Banat,
1997).



Bacterial biosurfactants have also been classified according to molecular size (Rosenberg & Ron,
1999). Low molecular weight molecules that efficiently lower surface and interfacial tensions and
high molecular weight polymers that bind tightly to surfaces. The low molecular weight
biosurfactants are generally glycolipids in which carbohydrates are attached to a long-chain ali-
phatic acid or lipopeptides. Glycolipid bioemulsifiers, such as rhamnolipids, trehalose lipids and
sophorolipids, are disaccharides that are acylated with long-chain fatty acids or hydroxy fatty
acids (Ron & Rosenberg, 2002).

One of the best-studied classes of glycolipids are rhamnolipids, produced by several species of
Pseudomonas, which can consist of two molecules of rhamnose and two molecules of B-
hydroxydecanoic acid (ltoh et al., 1971; Para et al., 1989; Tahzibi et al., 2004). Glucose lipids pro-
duced by Alcanivorax borkumensis have also been described. These consist of an anionic glucose
lipid with a tetrameric oxyacyl side-chain (reviewed in Ron & Rosenberg, 2002).

The high molecular weight bacterial surfactants are produced by a large number of bacterial spe-
cies from different genera and are composed of polysaccharides, proteins, lipopolysaccharides,
lipoproteins or complex mixtures of these biopolymers. The high molecular weight surfactants
are less effective in reducing interfacial tension, but are efficient at coating the oil droplets and
preventing their coalescence. They are highly efficient emulsifiers that work at low concentra-
tions (0.01%—-0.001%), representing emulsifier-to-hydrocarbon ratios of 1:100-1:1000. These high
molecular weight bioemulsifiers exhibit considerable substrate specificity. For example, some
emulsify efficiently mixtures of aliphatic and aromatic (or cyclic alkane) hydrocarbons, but will
not emulsify pure aliphatic, aromatic or cyclic hydrocarbons. Others can also emulsify pure hy-
drocarbons but only of a high molecular weight. Among the best-studied biosurfactants are the
bioemulsans produced by different species of Acinetobacter. Bioemulsans are complexes of ani-
onic (hetero) polysaccharides and proteins whose surface activity results from the presence of
fatty acids that are attached to the polysaccharide backbone via O-ester and N-acyl linkages (Ron
& Rosenberg, 2002).

1.5.2 Physiology and production of bacterial biosurfactants
1.5.2.1 Physiological role of biosurfactants

Biosurfactants are produced by a variety of microbes, secreted either extracellularly or attached
to parts of cells, predominantly during growth on hydrophobic substrates (Desai & Banat, 1997).

The functioning mechanism of biosurfactants in microbial cells is not fully understood. There has
been speculation about their involvement in emulsification of water-insoluble substrates and
other mechanisms of bacterial hydrophobic substrate uptake. For instance, non-producing
biosurfactant mutants of P. aeruginosa KY-4025 and P. aeruginosa PG-201 showed poor growth
compared to the parent strains on n-paraffins and hexadecane, respectively, and addition of
rhamnolipids to the medium restored growth on these hydrocarbons (ltoh et al., 1972; Koch et
al., 1991). Direct contact of bacterial cells (Pseudomonas sp.) with hydrocarbon emulsified drop-
lets and their interaction have been recently described (Cameotra & Singh, 2009). In addition,



biosurfactants have been shown to be involved in cell adherence which imparts greater stability
under hostile environmental conditions and virulence, in cell desorption to find new habitats for
survival and in antagonistic effects towards other microbes in the environment (reviewed in De-
sai & Banat, 1997).

Bacteria attached and growing on an oil droplet become nutrient-starved once the group of hy-
drocarbons they can utilize is depleted. Cell-bound biosurfactants can cause the microbial cell
surface to become more or less hydrophobic, depending on its orientation suggesting that micro-
organisms can use their biosurfactants to regulate their cell-surface properties to attach or de-
tach from surfaces according to need. The detachment of bacteria from the depleted oil drop
enables them to move to other drops where they metabolize the specific group of utilizable hy-
drocarbons. Therefore, detachment of bacteria from oil drops results in more efficient oil degra-
dation since the hydrocarbons left would be available for other bacteria capable of utilizing those
(Ron & Rosenberg, 2002).

1.5.2.2 Cell growth and biosurfactant production

Biosurfactant production exhibits many variations among various systems and only a few general-
izations can be made. Production can be growth-associated and growth-limiting conditions relat-
ed (stationary phase), see figure 1.10.

For growth-associated biosurfactant production, parallel relationships exist between growth,
substrate utilization, and biosurfactant production. The production of rhamnolipids by some
Pseudomonas spp., glycoprotein AP-6 by P. fluorescens, surface-active agent by B. cereus |AF 346,
and biodispersan by Bacillus sp. strain IAF-343 are all examples of growth-associated
biosurfactant production. Production of cell-free emulsan by A. calcoaceticus RAG-1 has been
reported to be a mixed growth-associated and non-growth-associated type. Emulsan-like sub-
stance accumulates on the cell surfaces during the exponential phase of growth and is released
into the medium when protein synthesis decreases (reviewed by Desai & Banat, 1997).
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Figure 1.10 - Fermentation kinetics for biosurfactant production. (a) Growth-associated produc-
tion observed in Acinetobacter calcoaceticus. (B) Production under growth-limiting condition
(exhaustion of nitrogen) in the case of Pseudomonas spp. Modified from Desai & Banat, 1997.



Production under growth-limiting conditions is characterized by a sharp increase in the
biosurfactant level as a result of limitation of one or more medium components. A number of
investigators have demonstrated an overproduction of biosurfactants by Pseudomonas spp.
when the culture reaches the stationary phase of growth due to the limitation of nitrogen and
iron. Production of biosurfactants by several microorganisms has also been reported to follow
this pattern (Desai & Banat, 1997).

In several cases it was shown that emulsifier production is induced by molecular signals involved
in quorum sensing. This regulatory feature appears to be general, and probably applies to the
production of both low and high molecular weight emulsifiers, as in all cases emulsifier produc-
tion is concurrent with the increase in cell density and the onset of the stationary phase of
growth (Ron & Rosenberg, 2002).

In general, three mechanisms, namely, induction, repression, and nitrogen and multivalent ions,
operate in the regulation of biosurfactant production. The induction of biosurfactant synthesis by
addition of long-chain fatty acids, hydrocarbons or glycerides to the growth medium has been
described for various microorganisms (Desai & Banat, 1997).

Repression of biosurfactant production by Acinetobacter calcoaceticus and Arthrobacter
paraffineus on hydrocarbon substrates has been observed with organic acids and D-glucose, re-
spectively. Similarly, drastic reduction in the synthesis of rhamnolipids by P. aeruginosa and of
liposan by C. lipolytica upon the addition of D-glucose, acetate and tricarboxylic acids has been
noted.

Nitrogen- or metal ion-dependent regulation also played a prominent role in the synthesis of
biosurfactants. The synthesis of rhamnolipids in P. aeruginosa upon exhaustion of nitrogen and
commencement of the stationary phase of growth has been observed by several investigators.
Moreover, the addition of a nitrogen source caused an inhibition of rhamnolipid synthesis in rest-
ing cells of Pseudomonas sp. strain DSM-2874. The limitation of multivalent cations also causes
overproduction of biosurfactants. For instance, iron limitation stimulates biosurfactant produc-
tion in P. fluorescens and P. aeruginosa (reviewed in Desai & Banat, 1997).

1.5.3 Involvement of biosurfactants in oil bioremediation

There are at least two ways in which biosurfactants are involved in bioremediation: increasing
the surface area of hydrophobic water-insoluble substrates and increasing the bioavailability of
hydrophobic compounds (Ron & Rosenberg 2002).

1.5.3.1 Increasing the surface area of hydrophobic water insoluble substrates

For bacteria growing on hydrocarbons, the growth rate can be limited by the interfacial surface
area between water and oil. When the surface area becomes limiting, biomass increases arith-
metically rather than exponentially. The evidence that emulsification is a natural process brought
about by extracellular agents is indirect, and there are certain conceptual difficulties in under-



standing how emulsification can provide an (evolutionary) advantage for the microorganism pro-
ducing the emulsifier. Emulsification is a cell-density-dependent phenomenon, the greater the
number of cells, the higher the concentration of extracellular product. The concentration of cells
in an open system, such as an oil-polluted body of water, never reaches a high enough value to
effectively emulsify oil. Furthermore, any emulsified oil would disperse in the water body and
would not be more available to the emulsifier-producing strain than to competing microorgan-
isms. One way to reconcile the existing data with these theoretical considerations is to suggest
that the emulsifying agents do play a natural role in oil degradation, but not in producing macro-
scopic emulsions in the bulk liquid. If emulsion occurs at, or very close to, the cell surface and no
mixing occurs at the microscopic level, then each cluster of cells creates its own microenviron-
ment and no overall cell-density dependence would be expected (Ron & Rosenberg 2002).

1.5.3.2 Increasing the bioavailability of hydrophobic water-insoluble substrates

The low water solubility of many hydrocarbons, especially the polycyclic aromatic hydrocarbons
(PAHSs), is believed to limit their availability to microorganisms, which is a potential problem for
bioremediation of contaminated sites resulting in prolonged persistence of these compounds in
the environment. It has been assumed that surfactants would enhance the bioavailability of hy-
drophobic compounds. Several non-biological surfactants have been studied, and both negative
and positive effects of the surfactants on biodegradation were observed. For example, the addi-
tion of Tween 80 to two Sphingomonas strains increased the dissolution rate of solid-phase
phenanthrene and resulted in an overall increase in growth. By contrast, the same surfactant
inhibited the rate of fluoranthene mineralization by two strains of Mycobacterium, and no stimu-
lation was observed in other studies using several surfactants (reviewed in Ron & Rosenberg
2002). Biosurfactants are more effective than chemical surfactants in increasing the bioavailabil-
ity of hydrophobic compounds. The high molecular weight bioemulsifier Alasan was recently
shown to significantly increase the rate of biodegradation of several PAHs (Barkay et al., 1999).

Lower water solubility and high molecular weight of hydrophobic substrates also increase their
sorption to surfaces limiting bioavailability. When organic molecules are bound irreversibly to
surfaces, biodegradation is inhibited. Biosurfactants can enhance growth on bound substrates by
desorbing them from surfaces or by increasing their apparent water solubility. Surfactants that
lower interfacial tension dramatically are particularly effective in mobilizing bound hydrophobic
molecules and making them available for biodegradation. Low molecular weight biosurfactants
that have low critical micelle concentrations (CMCs) increase the apparent solubility of hydrocar-
bons by micellization (reviewed in Ron & Rosenberg 2002).

Much less is known on how polymeric biosurfactants increase apparent solubilities of hydropho-
bic compounds. Recently, it has been demonstrated that Alasan increases the apparent solubili-
ties of PAHs 5-20-fold and significantly increases their rate of biodegradation (Barkay et al.,
1999).



1.5.4 Utilizing biosurfactants and oil-degrading bacteria for bioremediation

Bioremediation involves the acceleration of natural biodegradative processes in contaminated
environments by improving the availability of materials (e.g. nutrients and oxygen), conditions
(e.g. pH and moisture content), and prevailing microorganisms. Thus, bioremediation usually
consists of the application of nitrogenous and phosphorous fertilizers, adjusting the pH and water
content (soils), if necessary, supplying air and often adding bacteria. The addition of emulsifiers
(including surfactants) is advantageous when bacterial growth is slow (e.g. at cold temperatures
or in the presence of high concentrations of pollutants) or when the pollutants consist of com-
pounds that are difficult to degrade, such as PAHs (Ron & Rosenberg 2002).

Bioemulsifiers can be applied as an additive to stimulate the bioremediation process (Barkay et
al., 1999; McKew et al., 2007; Aparna et al., 2011). However, with advanced genetic technologies
it is expected that the increase in bioemulsifier concentration during bioremediation will be
achieved by the addition of bacteria that overproduce bioemulsifiers. These bioemulsifiers pro-
ducing bacteria can also participate in oil degradation even if they cannot degrade hydrocarbons.
They can function in a bacterial consortium, supplying the emulsifier for other bacteria that carry
out the degradation process (Ron & Rosenberg, 2002).

Bacteria that cannot grow on particular hydrocarbons have previously been shown to impart an
important synergistic effect in the degradation of petroleum (Rambeloarisoa et al., 1984).
Alcanivorax borkumensis cannot degrade PAHs but produces a powerful extracellular glucose
lipid biosurfactant (Yakimov et al., 1998). PAHs degradation by Cycloclasticus sp. was enhanced
by bioaugmentation with A. borkumensis that may have increased bioavailability of PAHs by
means of its biosurfactant (McKew et al., 2007).

The bioemulsifier can also diffuse in the soil or can even be transferred to the other bacteria on
close contact, such as in biofilms. Recently, horizontal transfer of capsule polysaccharide has
been demonstrated in bacteria, resulting in bacteria coated with emulsifying polysaccharide cap-
sule produced by bacteria of another species. The effect of these phenomena on oil bioremedia-
tion remains to be further investigated. Optimization of the bioremediation process would in-
volve selecting the best oil-degrading microorganisms, the most suitable biosurfactant, the best
bioemulsifier producers and the most effective combination of these (Ron & Rosenberg 2002).

1.6 The scope of this study

The search for chemicals produced from hydrocarbon substrates has been objective of several
studies and much research work has been done with several mesophilic yeast and bacterial
strains (and their enzymes) to obtain chemicals from long-chain n-alkanes. Although in some
cases, e.g. Candida spp., challenges in regard to product yields and productivities have been
overcome, the limited range of products and pathogenicity of the involved strains continue to
limit process development.



In this context, this project aims to take advantage of the ability of a thermophilic strain to de-
grade hydrocarbons by producing intermediate metabolites from long-chain n-alkanes that could
have potential application in the industrial and/or fine chemicals sector. So far no studies with
thermophilic microorganisms have been reported for this purpose.

This work includes the construction of mutants of the thermophilic alkane degrading Thermus sp.
ATN1. These mutants are capable to oxidize one or both terminal methyl groups of long-chain n-
alkanes, producing the corresponding terminal a,w-oxidized products. These products had to be
identified and isolated.

Highlighting the possibility of producing existing and novel chemicals applying this biotechno-
logical approach to upgrade refined mineral oil products was the main objective of this investi-
gation.

In addition, it was important to describe factors influencing the biotransformation of long-chain
alkane by the constructed mutants, in order to understand possible optimization routes. For this
purpose it was necessary to develop product formation monitoring and quantification tech-
niques, including an approach to product separation.

Finally, it was an objective of this research to provide deeper insights into the alkane uptake and
utilization mechanisms by Thermus sp. ATN1, since the alkane oxidizing system in the wild-type
strain has been described only partly (Otto, 2001). This included the isolation and characteriza-
tion of a biosurfactant produced by this strain suspected to be involved in the alkane uptake pro-
cess. Additionally, possible application of this biosurfactant to enhance hydrocarbon bioavailabil-
ity for other microorganisms is also described.

1.6.1 Thermus sp. ATN1, a thermophile capable to degrade long-chain n-alkanes

Thermus sp. ATN1, strain subject of this study, is capable to utilize long-chain n-alkanes as carbon
and energy source. Similarly to Pseudomonas putida Gpol, terminal oxidation has been proposed
for the degradation of long-chain n-alkanes by this strain and its ability to oxidize alkanes of vari-
ous chain lengths was described (Otto, 2001). Thermus sp. ATN1 is a thermophilic strain obtained
from a compost heap in Hamburg, Germany. It was isolated and cultured at the Hamburg Univer-
sity of Technology, TUHH (Feitkenhauer, 1998). The thermostable alkane oxidizing system of this
strain was partly described: an alcohol dehydrogenase (TADH) encoding gene (AlkDH) suspected
to be involved in the long-chain alkane catabolic pathway in this strain was identified, cloned and
expressed in E. coli and the enzyme was purified and characterized (Otto, 2001, Hollrigl et al.,
2008).



1.6.2 Obtaining a,w-oxidized aliphatic products with the hydrocarbon degrada-
tion machinery from Thermus sp. ATN1

With basis on existing knowledge about the alkane oxidizing system in this strain, it was thought
that the construction of mutants ideally blocked in the second step of the proposed n-alkane
degradation pathway (figure 1.11) would result in long-chain a,w-oxidized compounds, as those
with alcohol groups at both ends (primary diols).

For this purpose, mutant construction through directed mutagenesis was executed by truncating
(gene disruption) the AIkDH gene with a kanamycin resistance gene (Moreno et al., 2003) by ho-
mologous recombination.
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Figure 1.11 - Long-chain alkane oxidation pathways in Thermus sp. ATN1.

Constitutive long-chain n-alkane utilization has not been described for this strain and its hydro-
carbon metabolic regulation mechanisms are unknown. Furthermore, evidence of involvement of
the known alcohol dehydrogenase (TADH) in the long-chain alkane metabolism is only indirect.
Because of this, also classical (random) mutagenesis combined with selective phenotype screen-
ing was performed on the wild-type strain as strategy to obtain mutants capable to produce long-
chain a,w-oxidized products.

1.6.2.1 Random and directed mutagenesis

Strain improvement through mutagenesis is an essential and important part of process develop-
ment for a biotechnological process. The overall goal is to reduce costs by developing strains with
increased productivity, ability to use cheaper or alternate substrates, or other unique and desira-
ble characteristics (Rowlands, 1984). For the purposed of this work, mutants of Thermus sp. ATN1
should be constructed by random and directed mutagenesis. It was assumed that both methods
could result in the desired strain phenotype.



Classically, mutants are generated by treating the test organism with chemical or physical agents
that modify DNA (mutagens). Random mutagenesis has been used reliably for many years for
titre improvement, first in penicillin production and then in a variety of other fermentations. It
still plays a central role in many industrial fermentation processes today (Rowlands, 1984; Prim-
rose & Twyman, 2006; Rowlands, 2011).

This method is applied on the basis that is not possible to predict which type of mutation is need-
ed to obtain the desired phenotype in a particular strain. Therefore, it is common to use several
types of mutagenic treatments during screening to yield a range of mutants as wide as possible.
As any gene in the organism can be mutated and the frequency with which mutants occur in the
gene of interest can be very low, selection strategies must be highly effective (Rowlands, 1984;
Primrose & Twyman, 2006).

The new phenotype of the desirable mutants must be expressed maximally under the screening
conditions used to facilitate effective screening. A number of factors can affect expression, and
hence the efficiency of screening. These factors include: expression delay e.g. some time is re-
quired for initial DNA damage to be fixed into a stable mutation by the appropriate DNA repair
pathway; modified regulatory mechanism e.g. can cause false positives or regulatory mutants as
the mutation occurs in the regulatory mechanism and not in the targeted protein or enzyme ac-
tivity; and impure culture as the effect of the desirable mutation in one cell will be diluted or
masked by the other cells.

Sub-culturing before screening will generally solve expression delay and impure culture issues.
This allows mixed cells to segregate to form pure colonies, enhances the viability of the mutants
after mutagenesis and provides time for expression pathways to be completed, so the mutant
phenotype can be fully expressed at the screening step (Rowlands, 1984).

Even when mutants with the desired phenotype are isolated (e.g. after selective shake flask
screens to eliminate false positives), there is no guarantee that the mutation has occurred in the
gene of interest. Prior the development of gene-cloning and sequencing techniques it was not
possible to determine the gene or where in the gene the mutation had occurred and whether it
arose by a single base change, an insertion of DNA, or a deletion. With current molecular biology
techniques it is possible to isolate and study single genes and mutagenesis has been also refined.
Instead of randomly mutagenizing many cells and then analyzing thousands of offspring to isolate
a desired mutant, it is now possible to modify specifically any given (known) gene. This technique
is generally referred as site-directed mutagenesis. The mutation can be a single base change (a
point mutation), deletion or insertion.

Gene activity can be increased and/or novel activity can be created (gain-of-function mutagene-
sis), e.g. by a point mutation. Site-directed mutagenesis has become a basic tool for protein engi-
neering. Engineered proteins may have only minor changes but it is not uncommon for entire
domains to be deleted or new domains added (Primrose & Twyman, 2006).

In a similar way, gene activity can be reduced or eliminated (loss-of-function mutation), e.g. by
replacement of the endogenous gene with engineered DNA containing long homologous regions



of the endogenous gene (known as gene targeting). The normal gene is replaced by homologous
recombination with the engineered gene-targeting vector. As effective recombination occurs at a
very low frequency, it is important to detect the few cells that have integrated the modified gene.
Gene targeting vectors are designed with this in mind. The simplest strategy is to include an anti-
biotic resistance gene on the vector, which interrupts the sequence homologous to the gene of
interest and thus makes the inserted gene non-functional. The introduced "selectable marker"
gene makes the cells that possess it resistant to antibiotics. This characteristic can be used to
eliminate cells that are not genetically modified (Joyner, 1999).

It must be considered that even when the desired directed mutation can be confirmed in the
gene of interest, mutants may not exhibit the desired phenotype due to expression regulation of
this gene under the screening conditions.

1.6.2.2 Enzyme vs. whole cell biocatalysis

Oxy-functionalization of hydrophobic substrates is difficult. Biologically it generally involves en-
zyme systems which often consist of multiple and membrane-bound components. This compli-
cates the handling of isolated enzymes and often results in unstable activities under process con-
ditions besides requiring expensive cofactors in stoichiometric amounts. Because of these facts,
the use of many isolated monooxygenases for industrial purposes on large scale is not feasible
(Julsing et al., 2008; Urlacher & Girhard, 2012).

Thus, whole-cell systems are typically used to guarantee continuous cofactor regeneration and
enzyme synthesis. Whole-cell biocatalysis can also be carried out in two-phase systems (e.g.
aqueous—organic solvent), which is advantageous because substrates and products are often
hydrocarbons and thus not water-soluble. However, other factors such as substrate uptake,
product transport, toxicity of substrates and products, insufficient cofactor supply, host physiolo-
gy (in the case recombinant strains) and strain stability have to be taken into account (Urlacher &
Girhard, 2012).

Finally, all necessary components have to be available at the right time, concentration, and loca-
tion in the cell for optimal reaction conditions. The biocatalyst can be a wild-type microorganism,
but in most cases optimization of the biocatalyst is necessary to improve activity and/or stability
(Julsing et al., 2008).

The need of cofactors, their regeneration and the sensitivity of multi-component systems favour
the selection of whole cell biotransformation as the method for this project.



Chapter 2

2. Materials and Methods

2.1 Abbreviations

MTBE tert-Butyl methyl ether

CH# Alkane of # carbon atoms

FAME Fatty Acid Methyl Ester

DCA Dicarboxylic Acid

DNA Deoxyribonucleic acid

dNTPs Desoxyribonucleotides

GC-MS Gas Chromatography coupled to Mass Spectrometry
E. Escherichia

Min Minutes

T Temperature




Fwd

Rev

NTG

bp

TADH

ADH

AlkDH

AlIkDH2

AlkDH3

KAT

AIKDH2-KAT

KAT-AIkDH3

AlkDH2-KAT-AIkDH3 / AIKDHtKAT

PCR

LDH

NADH/NAD

BSA

SDS

Forward Primer

Reverse Primer

N-methyl-N’-nitro-N-nitrosoguanidine

base pairs

Alcohol dehydrogenase from Thermus sp. ATN1

Alcohol dehydrogenase

Alcohol dehydrogenase encoding gene from Thermus sp.
ATN1

356 bp 5’ terminal flanking region of AlkDH

481 bp 3’ terminal flanking region of AlkDH

Kanamycin resistance encoding gene + PsIpA promoter

AlkDH2 (3’) ligated to KAT (5')

KAT (3’) ligated to AIkDH3 (5’)

Alcohol dehydrogenase KAT truncated gene

Polymerase chain reaction

Lactate Dehydrogenase

Reduced/Oxidized Nicotinamide-adenine dinucleotide

N,O-bis(trimethylsilyl)acetamide

Sodium Dodecyl Sulphate




DNSA Dinitrosalicylic acid

FTIR Fourier transform infrared spectroscopy

ATR Attenuated total reflectance

ICP Inductively coupled plasma mass spectroscopy
LCDA Long-chain dicarboxylic acid

2.2 Materials

2.2.1 Chemicals

Chemicals were purchased from Sigma-Aldrich (Schnelldorf, Germany), Merck (Darmstadt, Ger-
many) and Carl Roth GmbH (Karlsruhe, Germany).

2.2.2 Strains

All strains used in this study are listed in table 2.1.



Table 2.1 - Strains used in this study.

Strain

Thermus sp. ATN1

Characteristics

Thermus sp. wild type able to grow on (de-
grade) long-chain alkanes as sole carbon source.

Source
Isolated and cultured
from compost heap in
Hamburg (Feitkenhauer,
1998)

Thermus sp. ATN1 ran-
dom mutants: RMS2,
RMS5, RMS17 & RMS26

Mutants obtained by random (NTG) mutagene-
sis of Thermus sp. ATN1followed by selective

phenotype enrichment.

This study

Thermus sp. ATN1
AIkDHtKAT-RMS5 mu-
tants (DG)

Mutants obtained by disruption of an alcohol
dehydrogenase gene, AlkDH (TADH) gene
(GenBank: EU681191.1; Otto, 2001, Hollrigl et
al., 2008) in Thermus sp. ATN1-RMS5 mutant.

This study

E. coli DH5a

F- @80lacZAM15 A(lacZYA-argF) U169 recAl
endA1 hsdR17 (rk-, mk+) phoAsupE44 A-thi-1

gyrA96 relAl

Gibco®, Invitrogen™
(Hanahan, D., 1985)

Pseudomonas sp. Strain
273

A gram-negative, aerobic bacterium capable to
grow on C5 to C12 a,w-dichloroalkanes in the
presence of oxygen as the sole source of carbon
and energy as well as in non-halogenated ali-

phatic compounds

Isolated and cultured
from soil in Stuttgart
area (Wischnak, 1998)

2.2.3 Culture media

All glassware, culture media and buffer solutions were autoclaved at 121°C for 20 min and the pH

was adjusted according to the value needed using sterile NaOH 2M, unless otherwise specified.

Medium containing Gelrite was autoclaved for 30 min and poured at T>65°C. Media composition
is listed in tables 2.2 and 2.3.




Table 2.2 - Media used for culture and enrichment of Thermus sp. ATN1 and selected mutants.

Complex medium for Thermus sp. (DSMZ, No. 74)

Polypeptone 8.0¢g
Yeast Extract 40¢g
NacCl 10g

Add 1000 mL Millipore water and adjust pH to 6.5

For solid media the following were added:

Gelrite 80¢g
MgClz 1.0 g
Mineral salts medium for Thermus sp. (Feitkenhauer, 1998)

Media prepared from solutions autoclaved separately and mixed after cooling down:

MgCl, 6H,0 01lg
CaC|2 2H20 0.1 g
KCl 0.04¢g
in 250 mL Millipore Water

FeSO4 7H20

. - 0.1mg
in 50 mL Millipore Water

Na,HPO, 042¢g
NaH,PO,

. . 0.20g
in 680 mL Millipore Water

Trace Elements Solution (as described in DSMZ 141) 10 mL
Yeast Extract (in 10 mL Millipore water and sterilized through 0,45 um filter) 01g

Total volume 1000 mL, pH 6.5

For solid media the following were added:

Gelrite 80¢g
MgCl, 10g
Nitrilotriacetic acid 1.50¢g
MgS0O, 7H,0 3.00g
MnSQO,4 H,0 0.50g
NacCl 1.00g
FeSO, 7H,0 0.10g
CoS0O, 7H,0 0.18g
CaCl, 2H,0 0.10g
ZnS0O, 7H,0 0.18¢g
CuS0O, 5H,0 0.01g
KAI(SO,4); 12H,0 0.02g
H3BO; 0.01g
Na,Mo0Q, 2H,0 0.01g
NiCl, 6H,0 0.03g
Na,SeO; 5H,0 0.30 mg
Millipore Water 1000 mL

First dissolve nitrilotriacetic acid and adjust pH to 6.5 with KOH, then add minerals. Final pH 7.0
(with KOH). Store in the dark at 4 °C

59




Table 2.3 - Media for transformation and mutant enrichment in molecular cloning experiments.

TM medium (Hashimoto, 2001) — Transformation and enrichment of Thermus sp. ATN1

Tryptone 40¢g
Yeast Extract 20g
NacCl 10g

Add 1000 mL Millipore water and adjust pH to 7.5

TT medium (Hashimoto, 2001) — Transformation and enrichment of Thermus sp. ATN1

Tryptone 40¢g
Yeast Extract 20¢g
NacCl 10g
CaCl, to 0.4 mM
MgCl, to 0.4 mM

Add 1000 mL Millipore water and pH adjusted to 7.5

LB medium (Sambrook et al., 2001) — Transformation and enrichment of E. coli DH5a

Tryptone 10.0g
Yeast Extract 50¢g
NaCl 50g

Add 1000 mL Millipore water and pH adjusted to 7.0




2.2.4 Substrates and co-substrates (Carbon sources)

Alkanes liquid at room temperature (20 °C; C16 and lower chains) as well as co-substrates in solu-
tion were sterilized through a 0.45 um filter and added to the mineral salts medium to desired
concentration. Solid substrates (alkanes, alcohols and fatty acids) were either added as MTBE or
hexane solutions into sterile culture flaks, then solvent was left to evaporate under a sterile hood
or they were added as solids and sterilized by autoclaving.

As substrates, alkanes were added in concentrations ranging from 5 to 10 mM whereas alcohols
ranged from 2 to 5 mM. Only straight chain saturated compounds were used in this study. Car-
bon sources (co-substrates) were added to initial concentrations ranging from 5 to 15 mM for
batch cultivation or controlled at a concentration of about 10 mM during fed-batch cultivation.
Choice of substrate and co-substrate depended on type of cell culture experiment according to
table 2.4.

Table 2.4 - Cell culture experiments and substrate/co-substrate choice.

Cell Culture Ex- Mutant Screening Bioconversion Bioconversion for
periment and Selection Screening DCA production

Substrates - Alkanes (C8, C10, C11, C12, Alkanes (C16, C17,
C16, C18, C20), Alcohols C18, C20, C24 and
(C10, C12, C14, C16, C18) C28)

Co-substrates Alkane (C16), Alco-  Acetate, Citrate, Lactate and  Pyruvate and Acetate

(Carbon Source)  hols (C12, C16) and  Pyruvate Sodium Salts, Glyc-  Sodium Salts

Fatty Acid (C16) erol, Glucose and Fatty Acids

(C12, C16)

2.2.5 Buffers and solutions

Buffers were prepared from stock solutions as shown in table 2.5 (Sambrook et al., 2001). All
solutions were prepared with deionized water (Millipore, Germany).



Table 2.5 - Buffers and solutions.

Buffers and Solutions Application

Potassium Phosphate Buffer 10 and 20 mM, pH 7.6 Cell washing and re-suspension

Triethanolamine-HCI buffer
- Triethanolamine-HCI 250 mM,
pH adjusted to 7.5 with NaOH at 25°C
- EDTA-disodiumssalt 2.5 mM

Pyruvate Determination Assay

NADH buffer
- NADH-disodiumsalt 7 mM Pyruvate Determination Assay
- NaHCO3 120 mM

Tris-Acetate-EDTA buffer (TAE)

Stock solution 50X (1L), pH 8.0 Agarose gels and DNA

- Tris 242 g i
- Glacial acetic acid 57.1 mL Electrophoresis
- EDTA 500 mM solution 100 mL
Buffer B1
- Tris-HCI, pH 8.0 >0mM Genomic DNA Extraction
- EDTA, pH 8.0 50 mM
- Tween-20 0.5%
- Triton X-100 0.5%
Bujfer BZ‘ . Genomic DNA Extraction
- Guanidine HCI 3M
- Tween-20 20%

Denaturation solution
- 1.5 M NacCl, 0.5 M NaOH
Neutralization solution
- 1.5 M NaCl, 0.5 M Tris-HCI (pH 7.2), 1 mM EDTA
Blotting buffer: 20X SSC, pH 7.0
- 3 M NacCl, 0.3 M sodium citrate Southern Blotting, Hybridization and
100X Denhardt's solution Detection
- 2% (w/v) BSA + 2% (w/Vv) Ficoll™
- 2% (w/v) PVP (polyvinylpyrrolidone)
Pre-hybridization solution
- 6X SSC, 5X Denhardt's solution, 50% formamide,
0.5% SDS.
DNSA Reagent
- 1% 3,5-dinitrosalicylic acid and 30% Sodium Potas-  Carbohydrates determination
sium Tartrate in 0.4 M NaOH
Bradford Reagent
- 100 mg Coomassie Brilliant Blue G-250 in 50 ml 95%
ethanol + 100 ml 85% (w/v) phosphoric acid. Dilut-
ed to 1 L (after dye is dissolved). Filtered with
Whatman #1 paper before use.




2.2.6 Enzymes and molecular biology tools

2.2.6.1 Enzymes

= LDH 150 - L-Lactate Dehydrogenase 150 (evo-1.1.150, >2000 U/mL; >20 U/mg)
0 Source: E. coli recombinant, Evocatal, Disseldorf, Germany
= TADH (Hollrigl et al., 2008), thermostable alcohol dehydrogenase from Thermus sp. ATN1
(1 mg/mL stock solution)
0 Source: E. coli recombinant, Dr. Katja Biihler (Laboratory of Chemical Biotechnol-
ogy, Department of Biochemical and Chemical Engineering, TU Dortmund)
= All enzymes used in DNA manipulation were bought from Fermentas (St. Leon-Rot, Ger-
many)

2.2.6.2 Molecular biology tools
Molecular biology tools are summarized in tables 2.6 and 2.7

Table 2.6 - Plasmids and oligonucleotides.

Plasmids Characteristics Source

pUC-derived plasmid, containing sequences from

oKT1 Thermus thermophilus. Shuttle vector with a KAT  Biotools, (Moreno R.,

cassette under the control of a bifunctional pro- 2003)
moter
. r - . Fermentas (Yanisch-

pUC19 C.Ionlng vector; lacZa, Amp’ pUC origin of replica- Perron et al,, 1985)

tion

pUC19 derived plasmid containing the KAT trun-
pUC19- cated alcohol dehydrogenase gene from Thermus  This stud
AIKDHEKAT ycros & y

sp. ATN1

Characteristics &
Restriction Sites

356 bp 5’ terminal

Oligos (all were ordered from biomers.net GmbH)

5'-GAATTCATG CGCGCAGTGGTTTITG-3  Fwd AlKDH2 homologous region of
5—-GGATCCTGG AGATTG CCAAACATGG—-3" Rev AIkDH Fwd:EcoRlI
/Rev:BamHl)

481 bp 3’ terminal

5'— TCT AGA CCA GGT ATT GGG TGC GAG - 3’ Fwd AIKDH3 homologous region of

5'_ AAG CTT TCA CCC CCT GACAAC CAAA—3’  Rev AIkDH Fwd:Xbal
/Rev:HindIIl)

5'-GGA TCC CCC CGG GAG TAT AAC AGA AAC-3’ Fwd Promot- zfi :’ﬁe':i? :.:erZtT

5'-TCT AGA TTC AAA ATC GTA TGC GTT TTG AC—3’ Rev er +KAT P

Fwd: BamHI/Rev:Xbal




Table 2.7 - Molecular biology kits used for DNA manipulation, purification and detection.

Molecular Biology Tools Used to Acquired from
Ruler™ 1 Plus DNA
STl O AT DNA gel electrophoresis Fermentas
Ladder
GenelET™ PCR Purification Kit Purify the PCR products Fermentas
GeneJET™ Gel Extraction Kit Extract target size DNA from agarose gel Fermentas
Transformation kit To transform the plasmid to E. coli Fermentas

. ) To isolate the plasmid from E. coli strain
Nucleo-Spin Plasmid . Macherey-Nagel
to use for transformation

. . . To isolate genomic DNA from Thermus
Genomic DNA Purification Kit Fermentas

sp.

Biotin Decalabel DNA Labeling Kit  To carry out the southern hybridization " ;
ermentas
Biotin Chromogenic Detection Kit  experiments

2.3  Molecular biology methods (DNA manipulation)

2.3.1 DNA amplification (PCR), restriction digestion and ligation

PCR was performed with Tag or Pfu DNA polymerases. Ligation reactions were performed with T4
DNA Ligase. Several restriction enzymes were utilized in this study: EcoRl, BamHlI, Xbal, Hindlll,
AIwNI, Sacl and BsaBl. Unless otherwise indicated, all enzymes were used according manufactur-
er’'s recommended protocols. Please refer to details in section 2.4.2.

2.3.2 DNA electrophoresis, extraction and purification

Electrophoresis was performed with 0.8% agarose in TAE buffer gels (Sambrook et al., 2001). The
runs were performed at 75-80 Volt and gels were stained with Sybr Green® according to manu-
facturer’s recommendations.

Genomic DNA was extracted from Thermus sp. ATN1 and its mutants to be used as a template in
PCR screening experiments and to perform DNA hybridization procedures. Extraction was per-
formed either according to instructions provided with the Genomic DNA Purification Kit
(Fermentas) or by the below described method. The latter provided the highest genomic DNA
yields.



Genomic DNA extraction procedure:

= 5 mLof a Thermus sp. ATN1 DSMZ74 overnight culture were used for cells harvesting
by centrifugation at 4500 rpm for 20 min (4°C). The supernatant was discarded.

= The pellet was re-suspended in 500 pL buffer B1 (containing 22 pL of 10 mg/mL
RNase A).

= 30 pL Lysozyme (100 mg/mL) and 50 pL Proteinase K (20 mg/mL) were added to the
bacterial suspension and incubated at 37°C gently shaking for an hour.

= 200 plL of buffer B2 were added and the lysate was shaken in a vortex mixer for few
seconds. The lysate was then incubated during 30 min at 50°C in a water bath.

= 1 volume of phenol/chloroform/isoamyl alcohol (25:24:1) was added to the lysate
and shaken in a vortex mixer, followed by centrifugation during 20 min at 4500 rpm
(4°C) to separate the phases.

= The upper aqueous phase was transferred to a new falcon tube and 0.1 volume of 3M
sodium acetate solution, pH 4.8 and 0.7 volume of isopropanol were added

= DNA was collected by centrifugation for 20 min at 4500 rpm (4°C). The DNA pellet
was washed with 400 pL cold 70% ethanol and dried at room temperature.

= The DNA was dissolved in 50 pL sterile distilled water (Practical course on Environ-
mental Microbiology, TUHH, 2008).

PCR products used for ligation during AIkKDHtKAT construction were purified with the GeneJET™
PCR purification kit; GeneJET™ Gel Extraction Kit was used for purification of target DNA frag-
ments from agarose gels run in TAE buffer, both available from Fermentas. Plasmid DNA was
extracted and purified with a kit according to manufacturer instructions (NucleoSpin® Plasmid,
Macherey-Nagel).

2.4 Mutants construction and selection

2.4.1 Random mutagenesis

Thermus sp. ATN1 cells were treated with N-methyl-N’-nitro-nitroso-guanidine (MNNG or NTG)
for chemical mutagenesis. Survivors were selectively enriched by cultivation on media containing
penicillin and n-hexadecane as sole carbon source.

2.4.1.1 NTG treatment

A modification of the procedure described by Adelberg et al. (1965) was used. Cells were grown
overnight in 100 ml DSMZ 74 medium at 65 °C. 4 ml of this culture were used for cell harvesting
by centrifugation at 9000 rpm for 15 minutes. Cells were re-suspended in 1 ml 20 mM potassium
phosphate buffer pH 6.5 containing NTG in concentrations ranging from 0 to 160 pg/ml. These
preparations were incubated 40 minutes at 70°C and 350 rpm in a thermomixer. After cooling
down, cells were pelleted at 9000 rpm for 2 minutes and were washed 3 times with 1 ml 10 mM
potassium phosphate buffer containing 0.85 %w NaCl, then they were re-suspended in 1 ml 20



mM potassium phosphate buffer and finally dilutions were prepared and volumes of 50 ul were
spread on DSMZ74 Gelrite plates. Plates were incubated for 72 h at 65 °C. NTG concentrations
rendering survivor rates between 1 and 10 % were selected for mutagenesis in combination with
mutant selective enrichment.

2.4.1.2 Penicillin enrichment

On the basis that penicillin can kill only growing cells by inhibiting the cross-linking of peptidogly-
can polymers essential for the structural integrity of the cell wall, a mutant enrichment step with
Penicillin V followed the NTG treatment (Fitzgerald et al., 1975).

Conditions for the mutagenic treatment prior enrichment were similar to those reported for oth-
er type of mutations caused by NTG treatment in Thermus thermophilus, studied by Kobashi et al.
(1999). Cells treated with 20 and 40 pg/mL NTG were enriched over one, two or three penicillin
enrichment cycles, plated and selected for a preliminary phenotype screening procedure.

Mutants were incubated in minimal medium with n-hexadecane as sole carbon source and peni-
cillin concentrations of 250 U/mL and 2500 U/mL were tested (values in literature ranged from
100 up to 4000 U/mL for this type of treatment). Time of treatment for one enrichment cycle
corresponded to 12 h (1 generation time of the wild type strain in n-eicosane, as reported by
Otto, 2001). Optimally penicillin was added at a concentration of 250 U/mL for the treatment,
but only after a pre-enrichment starvation time of 6 to 8 h (to permit cessation of growth of the
desired mutants, Herdman et al., 1980). Enrichment was stopped by ice chilling followed by cen-
trifugation, cell washing and re-suspension in complex medium (DSMZ74). After 3 h of incuba-
tion, dilutions were prepared and spread on DSMZ74 Gelrite plates. Repeated penicillin enrich-
ment steps before plating were executed to improve mutant yield.

2.4.1.3 Random mutants screening

The approach to screen for disruption of the long-chain alkane metabolic pathway in the random
mutants included 2 stages:

2.4.1.3.1 Plate screening

Transferring complex-media-growing colonies to mineral medium plates supplemented with
long-chain n-alkanes and intermediate expected metabolites (fatty alcohol and fatty acids) as
single carbon sources.

Mutants on DSMZ74 Gelrite plates were replicated on mineral medium plates with 1.13 g/L n-
hexadecane or n-octadecane as sole carbon source (5 mM equivalent). Replicas on 0.37 g/L 1-
dodecanol (2mM) and 1.28 g/L hexadecanoic acid (5 mM) were also tested. Incubation was at 65
°C for 6 to 8 days. As Thermus sp. ATN1 colonies grow flat and almost colorless on mineral medi-
um, a colony staining method using 0.1% Coomassie Brilliant Blue R stain was used.



The staining solution was poured on the plate and left for 45 seconds, then the solution was
poured off followed by a rinsing step with (4:5:1) water/methanol/acetic acid during 1 minute.
After pouring the rinsing solution off the plates were inverted on a paper towel to dry them. Af-
ter colony staining, it was possible to differentiate mutants still growing on the n-alkanes from
those showing no apparent growth, the later were further studied.

It was assumed that cells growing on the long-chain n-alkane had no mutations that could lead to
terminal oxidized products. The same assumption was made for colonies not growing in the al-
kane but able to grow on fatty alcohols, since for this case mutation(s) would have occurred at
the first step of the metabolic pathway (possibly a damaged monooxygenase system). In contrast
cells able to grow in the fatty acid (fatty acid auxotrophs) but not able to grow on the alkane nor
on the alcohol were considered as positive mutants and with potential to produce interesting
intermediates (table 2.8).

Table 2.8 - Possible disruptions of the long-chain n-alkanes metabolic pathway of Thermus sp.
ATN1 that could be detected with the proposed phenotype screening approach. Only mutant
types 3 and 4 (not selectable with the screening strategy) are interesting for further study within
the scope of this thesis.
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2.4.1.3.2 Liquid culture screening

A subsequent screening procedure for mutants selected from plate screening was performed in
liguid mineral medium containing the same substrates and concentrations as used in solid media
plates. Experiments were carried out in 15 mL Falcon tubes containing 5 mL medium incubated at
70°C and 120 rpm. Incubation for each set of cultures ran for several days. Mutants showing
growth in liquid mineral media with n-hexadecane as sole carbon source were discarded as pos-
sible candidates for n-alkane bioconversion.



2.4.2 Directed mutagenesis - Gene disruption by homologous recombination

Targeted gene disruption was performed similarly as described by Hashimoto et al. (2001) and
Fujiwara et al. (2006). Homologous recombination with a thermostable kanamycin-resistant
marker (Moreno et al., 2003) flanked by homologous regions of the gene AlkDH encoding the
known Thermus sp. ATN1 alcohol dehydrogenase TADH (Hollrigl et al., 2008) was used for gene
knock out. TADH is suspected to be involved in the long-chain n-alkanes metabolism. Directed
mutagenesis was performed in the wild-type and with selected mutant strains obtained by ran-
dom mutagenesis.

2.4.2.1 Construction of truncated AlkDH gene
Figure 2.1 presents the scheme of the three types of DNA constructs that were used for the

transformation of the wild type strain and selected mutants in order to obtain AlkDH disrupted
mutants.

Multiple Cloning Site AlkDH2-KAT-AlkDH3
&GCZ e .
356bp 563 bp . - —
1044 bp
AIKDH
AlkDH2 AIKDH3 l‘
962 bp AlwNI

PslpA + KAT L ‘
— S— 1o — - mr

pUC19-AlkDHtKAT '
AlkDH2-KAT-AlkDH3

a) b) c)

Figure 2.1 - Preparation of recombinant DNA constructs for disruption of the TADH encoding
gene (AIKDH) in Thermus sp. ATN1: (a) Amplification of AIkDH2, AIkDH3 and KAT followed by
sticky end ligation to obtain AlkDH2-KAT-AIkDH3; (b) Sticky end ligation of ligation of AlkDH2-KAT-
AlkDH3 into the multiple cloning site of the plasmid cloning vector pUC19 to obtain plasmid
pUC19-AlkDHtKAT; (c) Digestion of plasmid pUC19-AlkDHtKAT for linearized plasmid transfor-
mation experiments (Hashimoto, 2001).



Construction of the truncated alcohol dehydrogenase gene was the first step in this process.
Truncated AIkDH (AlkDH2-KAT-AIkDH3 or AIkDHtKAT) was prepared by sticky end ligation of a
kanamycin resistance encoding gene + promoter (KAT cassette) with flanking regions of the
known Thermus sp. ATN1 alcohol dehydrogenase (TADH) encoding gene (AIkDH).

Amplification of AIkDH flanking regions and KAT was performed with Tag polymerase and primers
listed in table 2.5 at concentrations of 50 fM, 1.5 mM MgCl, and 0.2 mM dNTPs. Table 2.9 pre-
sents data for the PCR mix and thermocycler program. Higher primer concentrations resulted in
unspecific PCR products.

Table 2.9 - PCR mix and thermocycler program for amplification of AlkDH flanking regions and
KAT.

PCR e O er P 0grd
0, pone 0 c O e atlo © © -' =i e
10X Tag polymerase Buffer 5 1X 3 95 1
25 mM MgClI2 2.5 1.25 mM 1 95
2 mM dNTPs 5 0.2 mM 1 54 5
Taq Polymerase (5 U/uL) 0.25 0.025U 2 72
Nuclease free water 34.25 - 1 95
Forward primer (2.5 pmol/pL) 1 50 fM 1 55 15
Reverse primer (2.5 pmol/uL ) 1 50 fM 2 72
Template (~1 nmol/uL) 1 20 pM 1 95
Total Volume 50 1 57 20
2 72
15 72 1
oo 8 1

AlkDH2, AIkDH3 and KAT PCR products were purified and dephosphorylated with FastAP™
Thermosensitive Alkaline Phosphatase (Fermentas) prior to restriction digestion (sticky-ends
preparation). Dephosphorylation was performed to avoid self-ligation due to compatible sticky
ends or blunt ligation.

The digestion reactions for both AIkDH flanking regions and KAT PCR products were performed
overnight at 37°C. Reaction mixtures were prepared according to table 2.10. Restriction enzymes
were thermally inactivated at 80°C for 20 min to stop the digestion.




Table 2.10 - Digestion mixtures preparation to produce sticky-end AlkDH flanking regions and KAT
DNA fragments.

AlIkDH2 AIkDH3

30 uL(0.028 15 pL(0.063 15 pL(0.063
ug/uL) ug/uL) ug/uL)
5 puL 5 puL 5 puL
10X BamHI buffer 10X Tango 10X Tango buffer
buffer
1.5 pL BamHiI 1.5 uL Xbal 1.5 uL BamHiI
Enzyme
1.5 L Xbal
Nuclease free water 13.5 uL 28.5 pL 27 pL

The two homologous regions of alcohol dehydrogenase gene, AIkDH2 and AlkDH3, were ligated
to the KAT gene with T4 DNA ligase according to manufacturer’s protocol. The double ligation
reaction was performed overnight at 22°C. T4 DNA ligase enzyme was inactivated at 65°C for 10
min to stop the reaction. Reaction mix is described in table 2.11.

Table 2.11 - Double ligation reaction mix to produce truncated AlkDH.

Component Volume [pL]

AIkDH2 (0.017 pg/uL) 10
AIkDH3 (0.019 pg/uL) 10
KAT (0.019 pg/ulL) 10
10X T4 DNA ligase buffer 4
T4 DNA ligase (5 U/uL) 0.5
Nuclease free water 5.5

In order to check for the correct ligation product a PCR reaction was performed using the ligated
sample as template with three different sets of primers: (a) AIkDH2 forward and AIkDH3 reverse,
(b) AIkDH2 forward and KAT reverse and (c) KAT forward, AIkDH3 reverse.

2.4.2.2 Polymerase incomplete complementary sequence extension

As double ligation after double digestion of the KAT gene (at once or stepwise) presented several
challenges and many DNA manipulation steps, it was found easier to hybridize single strand se-
qguences of AIkDH2-KAT and KAT-AIkDH3 at the KAT region and to complete the other sequence
which is left unfilled at regions of AIkDH2 and AIkDH3 using dNTPs by Pfu polymerase. No primers
were used in this reaction. The KAT complementary templates used for this reaction were
AlkDH2-KAT and KAT-AlkDH3 amplified, extracted and purified from gel from previous step. Reac-
tion mixture and thermocycler program for this reaction is presented in table 2.12. The product
from this polymerase reaction was used as template for the amplification of whole AIkDHtKAT
construct.




Table 2.12 - Polymerase incomplete complementary sequence extension mix and thermocycler
program for construction of AIkDH2-KAT-AlkDH3.

PCR Mix Thermocycler Program
Component VCE:TLTE Concentration ;rr::?ne] 'I;ir:]ep;rca]- Cycles
10X Pfu polymerase Buffer 5 1X 3 95 1
25 mM MgS0O4 2.5 1.25 mM 1 95
2 mM dNTPs 5 0.2 mM 1 60 45
Pfu DNA Polymerase (2.5 U/uL) 0.5 0.025U 2 72
Nuclease free water 7 - 15 72 1
AIKDH2-KAT (10 ng/uL) 15 3 ng/uL oo 8 1
KAT-AIkDH3 (10 ng/uL) 15 3 ng/uL
Total Volume 50

2.4.2.3 Construction of plasmid pUC19-AlkDHtKAT

The 1.8 kb construct containing the kanamycin resistance gene was subcloned into the plasmid
cloning vector pUC19. Plasmid and construct were digested with the restriction enzymes EcoRI
and Hindlll. To prevent recircularization, a dephosphorylation step on the linearized pUC19 vec-
tor was performed. The construct was then ligated (sticky-end) in an overnight incubation at 22°C
with T4 DNA ligase.

Self-ligation will occur if the ends of the prepared vector are compatible or blunt and 5’-
phosphorylated, as the enzyme used to ligate the DNA molecules requires a 5’-phosphate group
on one of the DNA substrates to work. Dephosphorylation of the linearized vector DNA, prior to
ligation to the insert fragment, decreases the background of the recircularized vector, whereas a
DNA insert containing phosphorylated 5° termini can be ligated into the vector. Alkaline phospha-
tases are commonly used in cloning experiments to dephosphorylate the 5” ends of vector DNA.

The product(s) of the ligation reaction was transformed into E. coli DH5a competent cells with a
transformation kit (Fermentas). Positive transformants were selectively picked up by blue white
screening.

White colonies were transferred to liquid LB medium containing 30 pg/mL kanamycin.
Transformants growing under this condition have incorporated the plasmid pUC19-AlkDHtKAT
encoding for kanamycin resistance. Positive transformants were further tested using PCR to con-
firm the presence of truncated gene construct (in pUC19). The strains containing a KAT truncated
AlkDH gene were sub-cultured overnight in LB medium. Cells were then harvested by centrifuga-
tion. The plasmid was isolated and quantified from agarose gel electrophoresis. This plasmid was
used for transformation experiments to Thermus sp. ATN1 and its selected mutants.



2.4.2.4 Transformation of Thermus sp. ATN1 wild-type and mutant strains

An overnight culture of each strain grown in TM medium was diluted 1:20 with TT medium and
shaken at 70°C for 2h (~1x10® cells/mL). This subculture (400 pL) was mixed with a 50 uL DNA
solution (see figure 2.1). The mixture was shaken at 70°C for 2h and then spread on plates con-
taining 100, 200, 300 pg/mL of kanamycin. The plates were incubated at 70°C for 48h (Hashimo-
to, 2001).

The colonies, which were grown on kanamycin, were selected and were further grown on liquid
complex medium containing 100 pg/mL kanamycin. Control colony PCR for AIkDH and KAT ampli-
fication was done with these strains in combination with phenotype screening (see 2.4.2.6).

2.4.2.5 Transformation efficiency into Thermus sp. ATN1

Transformation efficiency with the three types of DNA constructs built for gene disruption (figure
2.1) was studied by transforming Thermus sp. ATN1-RMS5 mutant strain (obtained from chemical
mutagenesis). The pUC19-AlkDHtKAT plasmid was linearized by digesting it with the restriction
enzyme AlwNI. Various amounts of the AIkDHtKAT construct (0.384, 0.768, 1.152, 1.536 and 1.92
ug of DNA) were used for transformation. For experiments with the circular and linear forms of
the pUC19-AlktKAT plasmid, concentrations of 12.5, 25, 50, 75 and 100 ng of DNA were used. 50
uL of transformation mixtures were spread on DSMZ74 Gelrite plates containing 200 pg/mL kan-
amycin. Colonies, which appeared to be isolated and well grown, were considered as positive
transformants.

2.4.2.6 Phenotype screening of kanamycin resistant mutants
2.4.2.6.1 Pararosaniline test — Detection of aldehydes

It was expected that mutant strains with a truncated alcohol dehydrogenase gene (in this case
AIkDHtKAT) will not produce a fatty aldehyde from a fatty alcohol substrate. This was the basis
for the phenotypic screening of mutants. The procedure was slightly modified from the work of
Conway et al. (1987). Mixtures of pararosaniline and bisulfite are often referred to as Schiff rea-
gent and have been widely used to detect aldehydes. 2 mg of pararosaniline and 20 uL of a sodi-
um bisulfite solution (~40 %) were dissolved in 500 pL 95% ethanol, 50-100 pL of this solution
were spread on grown mineral media plates containing a long-chain n-alkane or a fatty alcohol
and 20 mM sodium pyruvate (as carbon source) after colonies had been grown for 72h at 65 °C.
Plates were incubated for another 24-36 h at 55°C. Strains still containing an alcohol dehydro-
genase appeared intensely red. Medium or slight coloration was regarded as background colora-
tion.

2.4.2.6.2 TADH activity assay

Another approach to test AIkDH disruption was to test TADH activity (see 2.7.1) in crude extract
prepared from cultures of kanamycin resistant mutants.



2.4.2.7 Southern blotting, hybridizing and detection

Incorporation of the kanamycin resistance encoding gene into the Thermus sp. ATN1 genome at
the position of the AIkDH gene was tested by southern blotting. This technique combines trans-
fer of electrophoresis-separated DNA fragments to a filter membrane and subsequent fragment
detection by probe hybridization. For the Southern blot, alkaline transfer from agarose gel to a
positive charged nylon membrane (SensiBlot™ Plus Nylon Membrane) was performed as de-
scribed by Sambrook et al., 2001. Non-radioactive biotinylated probes were used for hybridiza-
tion and detection (Leary et al., 1983), this was performed with Biotin Decalabel™ DNA labeling
kit and Biotin chromogenic detection kit available from Fermentas (See appendix for detailed
procedure).

Overnight cultures of wild type and mutant strains were used for genomic DNA extraction. Ex-
tracted DNA was digested overnight with Sacl or with BsaBl according to protocol recommenda-
tions. The agarose gels used for blotting were prepared with 0.8% agarose in TAE-buffer.

2.5 Bioconversion screening experiments - Cell cultures

Thermus sp. ATN1 and selected mutants were cultured in mineral medium containing long-chain
n-alkanes and a co-substrate as carbon and energy source to screen for alkane bioconversion
products. Experiments were performed varying the substrate and co-substrate (see 2.2.4). Exper-
iments were carried out under limited oxygen conditions in (1) sealed serum vials and (2) screw
cap shaking flasks.

2.5.1 Cell cultures in sealed serum vials

Mineral medium supplemented with a co-substrate (5-10 mM) was inoculated with 5% v/v of an
overnight complex medium culture of the corresponding strain (either wild-type or selected mu-
tant strains). 5 mL of this culture were then transferred under clean bench conditions to 30 mL
sterile serum vials containing 10-25 umol of substrate each, depending on the experiment (2 to 5
mM equivalent in 5 mL volume as described in section 2.2.4). Vials were sealed and incubated at
70°C and 150 rpm.

To monitor cell growth and substrate and co-substrate (only for sodium pyruvate) consumption,
vials were taken out of incubation at 12 or 24 hours intervals. Cell density was determined by
counting cells under the microscope. Substrate concentration and product formation was deter-
mined from solvent extraction of each vial followed by GC-MS detection (see 2.8.). Co-substrate
concentration was determined enzymatically (see 2.9).



2.5.2 Cell cultures in screw cap shaking flasks

Experiments were conducted in 1 L screw cap Erlenmeyer flasks containing 500 mL of mineral
medium. Incubation ran at 70°C and 150 rpm for at least 60 hours. The medium was supplemented
with a co-substrate to initial concentrations ranging from 5 to 15 mM for batch cultivation. Fed-
batch cultivation was carried out with sodium pyruvate as carbon and energy source at a con-
trolled concentration of about 10 mM, adjusted each 12 or 24 hours. Alkanes were added to
initial concentrations from 5 to 10 mM (see 2.2.4).

5 mL samples were taken from the culture broth every 12-24 hours and analyzed for cell density,
pyruvate concentration and alkane conversion. Alkane concentration was determined from sol-
vent extraction of samples taken immediately after vigorous shaking of flasks followed by GC-MS
analysis. 3 samples were taken per sampling point, except for the initial sample. Initial sample
was prepared from 5 mL fresh mineral medium (containing a co-substrate) and the exact amount
of alkane to the desired concentration was added just before solvent extraction.

2.5.2.1 Measuring cell density

Cell density in the broth culture was analyzed by cell counting under the microscope in a
Neubauer chamber. A droplet of culture sample taken with an inoculation loop was placed in the
chamber for counting. Samples from complex media were counted directly from the broth cul-
ture whereas samples from mineral media (containing a hydrophobic substrate) required 5 min-
utes in an ultrasonic bath before counting.

Neubauer chamber dimensions: 0.02 mm depth, 1/400 mm?’ small square area, 16 small squares/big
square. Volume per big square is 0.0008 mm?>. Cell counts were performed from 2 to 3 big squares. Average
counts were multiplied by 1.25x10E6 to obtain number of cells present in 1 mL culture.

2.5.2.2 Calculation of generation time

During exponential growth by binary fission, the generation time is the time interval required for
the cells (or population) to divide. It can be calculated from:
t
G =

3.3 log%

where,

G = the generation time [h]

t = the time interval [h]

B = number of bacteria at the beginning of a time interval
b = number of bacteria at the end of the time interval



2.6 Bioconversion experiments - Cell cultures

Experiments were carried under limited oxygen conditions (2.5.2) and under aerobic conditions in
loose cap shaking flasks.

2.6.1 Cell cultures in loose cap shaking flasks

These experiments were conducted in 2 L loose cap Erlenmeyer flasks containing 1000 mL of
mineral medium. Loose cap flasks shall provide better gas exchange and avoid oxygen starvation
in the broth culture. Cells were incubated at 70°C and 120 rpm for at least 36 hours. Fed-batch
cultivation was carried out with sodium pyruvate as carbon and energy source at a controlled
concentration of about 10 mM, adjusted each 12 or 24 hours. Alkanes were added to initial con-
centrations from 5 to 10 mM (see 2.2.4).

Like in screw cap shaking flask cultivation, 5 mL samples were taken from the broth culture every
12-24 hours and analyzed for cell density, pyruvate concentration and alkane conversion.

2.6.2 lIsolation and enrichment of products (Dicarboxylic acids)

Remaining substrate (alkanes) and products were isolated by processing the culture broth as
follows:

1. Centrifugation of warm culture at 6000 rpm during 20 minutes while cooling down to 4 °C
to separate cells and insoluble remaining substrates and products.

2. Floating material was removed by filtration with Whatman filter paper at 4°C or decanta-
tion.

3. Acidification of free-cell broth with concentrated HCI down to pH 2, followed by 24 h in-
cubation at room temperature to further separate de-saponified carboxylic acids, dis-
persed alkanes and biosurfactant.

4. Solvent extraction 1:1 with MTBE in a separating funnel followed by 2 washing steps with
half volume MTBE.

5. Mono and dicarboxylic acids were isolated free from solvent extracts or as methyl esters
from hydrolysis and esterification of removed floating solids:

a. Free acids were isolated from the organic phase by solvent evaporation followed
by chromatographic separation in a preparative column packed with silica gel
60A (pre- treated 2X with 1:1 Ethanol-HCl 0.05 M overnight at 60 °C, washed and
dried overnight at 80°C). Elution done with 5x 10 mL fractions of n-heptane and
10x 10 mL fractions of MTBE

b. Esterified acids (in biosurfactant and/or insoluble material isolated from the cell-
free broth) were isolated as methyl esters by treating isolated solids with 2%
methanolic sulphuric acid followed by solvent extraction, concentration and
chromatographic separation.



2.7 Biochemical methods

2.7.1 Alcohol dehydrogenase activity test

Alcohol dehydrogenase activity was determined by measuring fatty alcohol conversion through
GC-MS analysis in crude extract samples with 1-alkanols and NAD. The method was based on a
spectrophotometric method previously reported by Otto (2001) and Hollrigl et al. (2008) in which
consumption or formation of NADH was monitored at 340 nm and 60°C

400 pL crude extract (prepared from a 20 % weight wet cell suspension, 2.7.1.1) were mixed with
100 pL of NAD 50 mM in an 2 mL Eppendorf tube containing 2 umol of substrate (C14 and C16
alkanols). Samples were incubated at 65 °C in a thermomixer. After incubation samples were
extracted with 500 uL MTBE. The solvent extract was derivatized by silylation with BSA and ana-
lyzed by GC-MS (see 2.8). Substrate consumption (and product formation) was monitored at dif-
ferent incubation times.

Similar experiments were conducted with 20% w/v resting cell suspensions including alkanes as
substrates.

2.7.1.1 Preparation of crude extract

Cells were harvested from broth cultures by centrifugation at 6000 rpm (~15 °C) and washed 3X
by re-suspension/centrifugation in 20 mM potassium phosphate buffer (20% w/v cell paste). Cell
paste was stored at -80°C.

For crude extract preparation cells were thawed 20% w/v in 20 mM phosphate buffer supple-
mented with 1 mM DTT and FeSO,. The cells were disrupted by ultrasonication keeping tempera-
ture below 6°C, kept in an ice —NaCl bath. Sonication parameters were High Gain, 70% Power,
Cycle 5x10%, 20 x 1.5 min with a Bandelin SONOPLUS HD (70-200W) equipment. The extract was
centrifuged at 9000 rpm for 20 minutes at 4°C. The supernatant was used immediately for alco-
hol dehydrogenase activity experiments.

2.7.2 Pyruvate determination assay

Unlike the wild type strain, selected mutant strains were not able to grow on alkanes as sole car-
bon source. Sodium pyruvate was the co-substrate of choice (see 3.8 results). Pyruvate acts as
the carbon and energy source for growth of the mutants of Thermus sp. ATN1. Determination of
pyruvate concentration in the culture broth was performed not only to monitor consumption but
also to adjust its concentration (fed-batch cultivation) during alkane bioconversion experiments.
It is expected that if the concentration of pyruvate is exhausted or if it is in excess, the bioconver-
sion of alkanes would be reduced.



Pyruvate concentration was determined enzymatically by the decrease in absorbance at 340 nm
due to the oxidation of NADH by a lactate dehydrogenase (LDH). LDH in the presence of NADH
converts pyruvic acid (pyruvate) into D-lactic acid and NAD".

0 ]
OH L-LDH
+ NADH + H* —— \l)l\DH + NAD*
O OH
Pyruvate (S)-Lactate

Figure 2.2 - Pyruvate reduction by LDH. The amount of NAD" formed in the above reaction is
stoichiometric to the amount of pyruvic acid (Bucher et al., 1963).

Culture samples were analysed in reaction mixtures prepared according table 2.13.

Table 2.13 - Reaction mixture for pyruvate determination assay.

Component Volume [pL]

Triethanolamine-HCl buffer 750
NADH buffer 25
Sample to be measured 25
Lactate dehydrogenase 5

Absorbance at 340 nm was measured at 0 min and after 8 min. The difference in absorbance of
the blank was subtracted from the difference in absorbance of each sample. Pyruvate concentra-
tion was calculated from a standard calibration curve obtained for a pyruvate concentrations
showing linearity up to a concentration of 5 mM. Samples with higher pyruvate concentrations
were diluted with water. The blank was prepared using 25 uL of distilled water instead of sample.

2.7.3 Aldehyde detection assay

According to table 2.8, it could have been possible to obtain mutants that possess a damaged
aldehyde dehydrogenase in the long-chain n-alkanes metabolic pathway. To elucidate possible
aldehyde bioconversion products from n-alkanes a qualitative and semi-quantitative assay was
performed with the Purpald® reagent on samples taken during cultivation of selected mutants in
bioconversion screening experiments (qualitative) and with crude extract and resting cell suspen-
sions (semi-quantitative) using C14 and C16 alkanols as test substrates.

The assay was a modification of the method described by Small et al. (1990) and is based on the
reaction of 4-Amino-3-hydrazino-5-mercapto-1,2,4-triazole; 4-Amino-5-hydrazino-4H-1,2,4-
triazole-3-thiol (Purpald®) with aldehydes that progresses (after oxidation) to the formation of
purple colored adducts (Figure 2.3).
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Figure 2.3 - Reaction of Purpald® with aldehydes to give a purple colored adduct.

A 2g/L stock solution of Purpald® in aqueous or methanolic 0.1 N KOH was used for the assay
(depending on sample nature). Blank was prepared with 200 uL the Purpald solution and 800 pL
of water or isopropyl alcohol in 2 mL Eppendorf tubes. Samples were measured as follows:

For crude extract samples, 200 uL MTBE extracts from TADH activity tests were mixed with 200
uL of the methanolic Purpald® solution and 600 uL of isopropyl alcohol. Eppendorf tubes were
left open (to facilitate oxidation by air) at room temperature for 2 hours and absorbance was
measured at 540 nm.

For broth culture samples and resting cell preparations (400 pl of 20% w/v cells in 20 mM phos-
phate buffer with 2 umol substrate), 200 pL aliquots taken after incubation were mixed with 200
pL of the agueous Purpald® solution and 600 L of water. Eppendorf tubes were left open (to
facilitate oxidation by air) at room temperature for 2 hours and absorbance was measured at 540
nm.

2.7.4 Protein concentration (Bradford)

Protein concentration was determined by the method of Bradford (Bradford, 1976). Solution was
prepared according to table 2.5. Protein standards for the calibration curve were prepared with
bovine serum albumin (BSA).

For the test, 20 uL of each sample were mixed with 50 pL of NaOH 1 M and 1 mL of the Bradford
reagent in a 2 mL Eppendorf tube. 20 mM phosphate buffer was used in the control sample.
After vortexing, preparations were incubated at room temperature for 25 to 30 minutes. Absorb-
ance was measured at 590 nm.

2.8 GC-MS Analysis

2.8.1 Sample preparation

Alkane consumption/conversion and product formation was monitored from 5 mL of samples
taken from broth cultures at 12 or 24 h intervals. Samples were acidified to pH <2 with concen-
trated HCI (10 pl for 5 ml samples) and extracted with 2.5 mL solvent (MTBE), 40 uL (120 g/L) of 1,



12-dichloro-dodecane were added as an internal standard. In order to extract the alkane com-
pletely, the possible amphiphilic products and the internal standard from the culture samples and
eventually trapped in/behind the cell membrane, partial cell disruption of cells by ultrasonication
in a cold water bath was carried out for 30 min. Ice was added to keep the temperature below 6
°C. The equipment used was Bandelin SONOREX RK106S.

After ultrasonication, separation of solvent and aqueous phases was induced by centrifugation at
6000 rpm for 20 min. Solvent extracts were used for GC-MS analysis.

2.8.2 Sample derivatization for GC-MS analysis

GC-MS analysis required derivatization of alkane bioconversion products and reference substanc-
es as they were expected to have acidic protons. Two methods were used depending on sample
nature and purpose of the analysis.

2.8.2.1 Trimethylsilylester preparation

Trimethylsilyl derivatives are common in gas chromatography to increase volatility and stability of
organic compounds containing active hydrogen atoms as is the case of products expected from
the terminal oxidation from long-chain n-alkanes. Derivatization products from fatty alcohols and
carboxylic acids were detected as trimethyl silyl ethers, esters or as silylation artifacts thereof.
Trimethyl silyl derivatives were prepared employing N,O-bis(trimethylsilyl) acetamide (BSA) as
silylating agent (Little et al., 1999) under the following conditions:

= Solvent extracts were derivatized with BSA; pyridine was used to catalyze the reaction.
Alkanols, fatty acids (up to C20) and glycerol esters were detected after this
derivatization procedure. The sample was prepared by adding 85 uL of pyridine and 15 pL
of BSA to 200 pL of solvent phase from sample extraction and incubated at 65°C for 30
min. 250 pL of the silylated sample were transferred to micro-vials for GC-MS analysis.
The method was applied with reference substances up to 5 umol in 200 ul (25 mM).
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Figure 2.4 - N,O-bis(trimethylsilyl) acetamide (BSA) derivatization reaction.



2.8.2.2 Methylester preparation

Fatty acid and di-acid methyl esters were obtained either by methanolic boron trifluoride or
methanolic sulphuric acid derivatization (as described by Christine et al., 1993) according to the
following procedures:

= Solid substances isolated from the broth cultures were analyzed as methyl esters pre-
pared with methanolic boron trifluoride (BF3 14% in Methanol) or 2% v/v methanolic sul-
phuric acid. 10 mg of solid products were re-suspended/dissolved in 800 pl of the
derivatizing reagent and incubated for at least 1 h at 80 °C. After ice cooling samples
were extracted with 800 pl of n-heptane. 250 ul of the upper phase were transferred to
micro-vials for GC-MS analysis. For quantitative purposes, reference substances (e.g.
octadecanoic acid) were first dissolved in 1:1 methanol: acetone, methyl esters were ob-
tained mixing 200 pul of the corresponding dilution and 600 pl of methanolic boron triflu-
oride, followed by incubation and extraction. The method was applied up to 4 umol of
octadecanoic acid in 200 pul solvent (20 mM).

= Solvent extracts were treated to obtain methyl esters fatty acids and dicarboxylic acids,
which were not detected by silylation because of the high molecular weight. Fatty acids
and DCA’s were detected after this derivatization procedure. 100 uL of solvent extract
were mixed with 700 ul of the derivatizing reagent and incubated for at least 1 h at 80 °C.
After cooling, samples were extracted with 800 ul of n-heptane, followed by GC-MS anal-
ysis.



2.8.3 GC-MS methods

GC-MS equipment and operation parameters are listed in table 2.14. It was necessary to adjust
oven programs and solvent delay times depending on nature and molecular weight of analytes.

Table 2.14 - GC-MS Equipment and methods.

Equipment: Agilent 5975C Series (7890A GC/5975VL MSD)

Capillary column HP-5MS 5% Phenyl Methyl Siloxane (325 °C: 30 m x 250
pm x 0.25 pum) - Agilent Technologies.

Column: Helium was used as carrier gas; flow was set at 0.6 mL/min. Back pressure
varied with starting oven temperature (20.5 kPa /70 °C and 34.9 /120 °C).

Heater was on at 290 °C, sample injection volume was 1 uL on split mode
Injector: with a 50:1 ratio. Solvent delay was set depending on sample nature, 2.5
min for methyl esters and 4.0 min for BSA derivatives.

Detector: EM Voltage was set at 1306 eV.

For compounds <C12 - 70°C to 290°C with a 15°C/min heating up rate. 290
°C for 20 min.

Oven pro-

grams: For compounds >C12 - 120 °C to 305 °C with a 15°C/min heating up rate.
305 °C for 15 min.

2.9 Biosurfactant from Thermus sp. ATN1: Production, isolation and
characterization

2.9.1 Monitoring of biosurfactant production

Production of surfactants in the culture medium during cultivation of the wild type and selected
mutants in mineral medium for n-alkane bioconversion was monitored by the MBAS method
(modified from Longwell et al., 1955) but it was also possible to detect the effect of biosurfactant
concentration increase due to n-alkane emulsification observed by infrared analysis.

2.9.1.1 Methylene blue method for active substance (MBAS)

The purpose of the MBAS assay is to determine the presence of surfactants in the culture me-
dium. 1 mL samples from the broth culture were vigorously shaken 30 seconds with 5 uL methyl-
ene blue 0.5% in alkaline solution, 1 mL of chloroform was added to the sample. The mixture was
left for 20 min to extract the methylene blue anionic surfactant ion pair into the chloroform layer.
The tube was centrifuged at 5000 rpm for 2 min. After the extraction with chloroform, the ab-




sorbance of the chloroform phase was measured at 625 nm against a reference of pure grade
chloroform.

2.9.1.2 Monitoring of n-alkanes emulsification in Thermus sp. ATN1-RMS5 cultures by
infra-red technology

Broth culture samples taken at 12 h intervals during bioconversion of n-octadecane (1,3 g/L) by
mutant strain RMS5 in screw cap shaking flaks were measured off-line with a ReactlR™ 45m
equipment (Mettler Toledo). The equipment is capable to measure with FTIR technology in aque-
ous matrixes. Cells were removed by centrifugation at 6000 rpm for 20 minutes prior measure-
ment. Cell free supernatant samples were warmed to approximately 50 °C by incubation in a wa-
ter bath, then, they were vigorously shaken in a vortex mixer for 1 minute and measured.

The evaluation of spectra was done with Spectrum Express (Perkin Elmer) as follows: spectra of
samples from a control culture in mineral medium with 10 mM sodium pyruvate as carbon source
(without n-alkane) were subtracted from spectra taken from the test culture.

2.9.2 Isolation of biosurfactant

The biosurfactant was isolated from broth cultures of selected mutant strains. The surfactant was
part of the insoluble material floating between the aqueous and organic phases in the separating
funnel during product recovery processing by solvent extraction (with MTBE) of acidified broth
cultures. This insoluble material was drained after the aqueous phase, washed 2X with MTBE and
used for some characterization experiments of “crude” biosurfactant (Cirigliano & Carman, 1984).

Alternatively, biosurfactant was also obtained by concentrating 400 mL of a cell-free broth in
rotary evaporator from which n-alkanes and floating solids were removed by filtration with
Whatman filter paper at 4°C. The concentrate (approximately 30 mL) was lyophilized and the
brownish yellow left over material was dissolved in 10 mL warm ethanol and stored at 4°C. A
white material precipitated after 24-36h. The tube was centrifuged at 4°C, supernatant was re-
moved and the precipitate was washed 2X with isopropyl alcohol. Finally the material was lyophi-
lized to remove traces of liquid and the dry powder was weighed and stored at 4°C. This material
was used for characterization experiments of the “pure” biosurfactant.

2.9.3 Characterization: Emulsification activity and stability

The emulsification activity and emulsion stability of the biosurfactant was measured by a modi-
fied method reported by Cirigliano & Carman (1984, 1985). Commercial surfactants SDS and Tri-
ton X-100 were measured for comparison. 1 mL broth culture samples or 1 mL of 1g/L surfactant
preparations were diluted with distilled water to a final volume of 4 mL, and the solution was
mixed with 1 mL of n-hexadecane. The mixture was vigorously shaken in a vortex mixer for 2 min
and then allowed to settle for 10 min before measuring absorbance at 540 nm (turbidity). The
initial absorbance corresponded to the emulsification activity.



The emulsification stability was measured based on the emulsification activity. The emulsified
solutions were allowed to stand for 10 min at room temperature. Absorbance readings were
taken every 5 min during 60 min. The log of the absorbance was plotted versus time, and the
slope was calculated to express the emulsion stability.

2.9.4 Apparent n-alkane solubility (due to biosurfactant)

Thermus sp. ATN1-RMS5 was cultured in mineral medium supplemented with 1.3 g/L n-
octadecane and 10 mM sodium pyruvate. 400 mL of broth culture that reached the stationary
phase, from which cells were removed by centrifugation, were filtrated through Whatman filter
paper at 4°C and subsequently evaporated to a 50 mL volume. The concentrated permeate was
extracted with equal volume of MTBE and was analyzed for octadecane by GC-MS analysis. It
was assumed that the alkane concentration in the clear agueous phase was due to biosurfactant
in a micro-emulsion form.

2.9.5 Increasing hydrocarbon bioavailability with Thermus sp. ATN1 biosurfac-
tant

The potential of the biosurfactant produced by Thermus sp. ATN1 to increase hydrocarbon
bioavailability was tested with a mesophilic strain previously reported of being capable to de-
grade n-alkanes. Pseudomonas sp. Strain 273 (Wischnak et al., 1998) was cultured in mineral
media containing 1.13 g/L n-hexadecane (5 mM equivalent) as sole carbon source (control) and
was compared to cultures containing 1.13 g/L n-hexadecane + 1 g/L biosurfactant and to cul-
tures with 1.13 g/L n-hexadecane + 1g/L SDS.

Mineral medium (with and without surfactants) was inoculated with 5% volume of an overnight
complex medium culture of Pseudomonas sp. Strain 273. 5 mL of this culture were then trans-
ferred under clean bench conditions to 30 mL sterile serum vials containing 25 umol of n-
hexadecane. Vials were sealed and incubated at 37°C and 150 rpm.

To monitor cell growth and n-hexadecane consumption, vials were taken out of incubation at 24
hours intervals. Cells density was determined by cell counting under the microscope. Alkane
consumption was determined from solvent extraction of each vial followed by GC-MS detection
(see 2.8.).

2.9.6 Biosurfactant composition analysis

The biosurfactant was analysed for the nature of its hydrophilic and hydrophobic moieties. A few
milligrams of the purified material where used for the analysis. 1 mg/mL solutions were used to
test the nature of the hydrophilic moiety by Bradford (2.7.4) and the DNSA assay. The hydropho-
bic moiety was analysed by methyl esterification and GC-MS analysis (2.8.2.2).



FTIR-ATR analysis was performed with Spectrum 100 equipment (Perkin Elmer) and additionally
elemental analysis by inductively coupled plasma mass spectroscopy (ICP) was ordered for the

solid biosurfactant.
2.9.6.1 Dinitrosalicylic acid assay (DNSA)

Reducing sugars were measured to determine the nature of the hydrophilic moiety of the biosur-
factant. For this purpose the dinitrosalicylic acid (DNSA) assay was used (Miller, 1959). Equal
volumes of sample preparations (~1 mg/mL) and DNSA reagent (500 pL) were mixed and incu-
bated for 10 minutes in boiling water. Samples were cooled to room temperature and diluted 1:4
with water and the absorbance was measured at 570 nm. Rhamnose was used as reference for
the calibration curve (0.05-1 mg/mL).




Chapter 3

3. Results

Thermus sp. ATN1 was subject to chemical and directed mutagenesis in order to obtain mutant
strain(s) capable to convert long-chain n-alkanes to terminal oxidized products. Mutagenesis re-
sults, growth characteristics of the constructed mutants and alkane bioconversion capabilities of
the constructed mutants are presented in this chapter.

3.1 Growth characteristics of Thermus sp. ATN1

A previous study reported some problems of contamination in cultures of Thermus sp. ATN1 with
Bacillus species (Otto, 2001). Once the purity of the wild-type strain was confirmed (colonies kept
color, morphology and growth profile for several generations), Thermus sp. ATN1 was cultured on
complex and mineral media to observe its growth characteristics.
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Figure 3.1 - Growth of Thermus sp. ATN1 in DSMZ complex medium No. 74; experiment in 250
mL shaking flask w/screw cap at 70°C and 150 rpm.



Growth of the wild-type strain on complex media (figure 3.1) was similar to that observed previ-
ously by Otto (2001) with a generation time of about 2.7 h during the exponential phase.

Biotransformation of long-chain n-alkanes with Thermus sp. ATN1 mutants would require an ad-
ditional carbon source (co-substrate) for respiration and growth, as alkane substrates shall be
only partly metabolized. Therefore, growth in mineral media was studied to evaluate whether n-
alkane metabolism was possible in the presence of other carbon sources.

For co-substrate selection, growth characteristics were observed for wild-type and selected ran-
dom mutant strains of Thermus sp. ATN1 on mineral media containing 0.01% yeast extract and
several carbon sources; qualitative results are listed in table 3.1.

The tested sodium salts were the most suitable carbon sources for growth on mineral medium

together with the fatty acids. Further bioconversion screening experiments were performed with
selected mutants growing on these co-substrates and in the presence of n-alkanes (See 3.5).

Table 3.1 - Preliminary co-substrate screening results for long-chain n-alkanes biotransformation

with selected mutants of Thermus sp. ATN1.

Sodium Salts Growth  Alcohols and Fatty Acids = Growth Others Growth
Acetate ++ Dodecanol + Glucose +
Citrate +++ Glycerol +
Lactate ++ Dodecanoic Acid ++
Pyruvate +++ Hexadecanoic Acid +++

+ Limited Growth ++ Medium Growth +++ Good Growth




Figure 3.2 shows growth of the wild-type strain on mineral medium with sodium citrate and n-
hexadecane. Alkane consumption is limited as long as other carbon source is available. This indi-
cates an inducible and regulated n-alkane metabolism.
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Figure 3.2 - Growth of Thermus sp. ATN1 in mineral medium supplemented with 2 carbon
sources: 20 mM sodium citrate and 1.13 g/L n-hexadecane. Two exponential phases were ob-
served. Limited alkane depletion before second exponential phase indicates an inducible alkane
metabolism. Experiment performed in sealed serum vials.

Two exponential phases are observed in this growth curve, the first corresponding to growth on
sodium citrate, followed by a plateau of nearly 200 hours before entering the second exponential
phase, during which a considerable decrease in alkane concentration was observed. As previously
observed by Otto (2001), growth in sealed serum vials required longer incubation times possibly
due to oxygen limitation and/or low mass transfer rates caused by poor gas-liquid mixing in this
type of flasks. Generation time was calculated to 3.4 h during the first exponential phase and to
about 85 h for the second one.

When the wild-type strain was cultured on n-alkanes only, doubling times were found similar to
those previously reported by Otto, as an example a doubling time of 8.3 h was calculated for the
growth curve of Thermus sp. ATN1 on n-hexadecane presented in figure 3.4. Growth curves simi-
lar to figure 3.2 were observed for the wild-type strain growing also in other alkane/co-substrate
combinations like n-hexadecane/sodium pyruvate or even in n-dodecane/dodecanoic acid.

This confirmed that the Thermus sp. ATN1 grows on different substrates in the presence of long-
chain n-alkanes, and starts to metabolize the long-chain n-alkanes only after the other available
preferred substrates were consumed. This fact suggested that directed mutagenesis planned by
disruption of the known alcohol dehydrogenase gene in the wild-type strain would result in mu-
tants without the ability to produce terminal oxidized products, since the so mutated strain



would not activate the n-alkanes degradation pathway while growing in other substrate and once
this pathway is activated there would be no carbon source for growth and NAD regeneration.

Nevertheless, it was possible to generate random mutants that metabolized long-chain n-alkanes
while growing on other carbon/energy sources. Probably, the genes involved in the regulation of
the n-alkanes metabolic pathway of Thermus sp. ATN1 were damaged in these mutants. Under
this assumption, directed mutagenesis (alcohol dehydrogenase gene disruption) was chosen as a
tool for random mutant improvement looking for the production of long-chain terminal mono
and di-oxidized products like diols or dicarboxylic acids.

3.2 Random mutagenesis and mutant screening

Random mutants were obtained by N-methyl-N’-nitro-nitroso-guanidine (MNNG or NTG) treat-
ment and antibiotic enrichment techniques. A NTG concentration of 40 pg/mL and other condi-
tions for the mutagenic treatment were the same as reported for other type of mutations caused
by NTG treatment in Thermus thermophilus, studied by Kobashi et al. (1999). This NTG concentra-
tion resulted in a survival rate of 3.5% when compared to treatment without NTG. In order to
maximize the proportion of mutants within survivor cells, survival was targeted for rates ranging
around 10%. Survival rates obtained as function of NTG concentration are presented in figure 3.3

(a).

Cells treated with 20 and 40 pug/mL were enriched over one, two or three penicillin enrichment
cycles, plated and selected for a preliminary phenotype screening procedure (see 2.4.1.2 Penicil-
lin enrichment).

The criteria to consider a mutant colony as one of those with the desired phenotype were that
upon colony transfer to screening plates the mutant strain lost the ability to grow on plates with
mineral medium containing n-alkanes and alkanols as sole carbon source, while it could still grow
on complex media master plates and on mineral medium supplemented with fatty acids as sole
carbon source.

After 5-6 days of incubation at 65 °C, cultivation on mineral medium plates resulted in small, flat
and colorless colonies difficult to distinguish from the solid medium surface. Therefore mutant
selection could be only done by applying a colony staining procedure. However color contrast
and residual growth made it extremely difficult to differentiate between small colonies and non-
growing mutants, with a high risk of finding false negative colonies (taking them for non-desired
mutants, when they were not really growing), see figure 3.3 (b).
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Figure 3.3 - (a) Survival rates of Thermus sp. ATN1 vs. NTG concentration during chemical muta-
genesis treatment. (b) Selected colonies after 20-40 ug/mL NTG treatment and penicillin enrich-
ment screened on mineral medium plates with n-hexadecane as sole carbon source, growing
colonies identified after coomassie blue colony staining were discarded as possible suitable mu-
tants. Spots marked “x” corresponded to colonies on the master plate that did not grow on this
plates.

1,300 Colonies were selected for screening, 69% after 1 cycle, 27% after 2 cycles and around 4%
after 3 cycles of penicillin enrichment. Colonies showing the desired phenotype represented
0.33% (3 out of 897 mutants) of colonies selected after the 1st penicillin enrichment cycle, 2.85%
(10 mutants out of 351) of colonies selected after the 2nd cycle and 27% (14 out of 52 mutants)
of those selected after the third enrichment cycle.

A total of 27 colonies were selected based on the phenotype screening on solid media plates and
colony staining, representing a total yield of about 2%. All these mutants were fatty acid
auxotrophs when growing on mineral media plates with n-alkanes as sole carbon source, but this
was not the case during a subsequent screening procedure performed in liquid mineral medium
containing the same substrates used in solid media plates.

Finally only 4 colonies were positive to the phenotype screening procedure, resulting in 3.1 mu-
tants per 10° survivors (when growing in n-alkanes as sole carbon source). The 4 mutants proved
to be stable over at least 5 cultivation cycles and their potential to accumulate metabolites from
n-alkanes degradation was studied. The remaining 23 mutants were either revertants and could
again grow on n-alkanes as sole carbon source on subsequent cultivation cycles (in liquid media)
or simply did not survive multiple cycles due to instability.

A comparison of growth curves of the 4 selected mutants with the wild-type strain during cultiva-
tion on 1.13 g/L n-hexadecane as sole carbon source is shown in figure 3.4. Cell counts for the
wild-type strain were about 8 times higher than those of the selected mutants which only
showed limited growth. This is possibly due to the 0.01 % yeast extract present in the medium.
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Figure 3.4 - Growth of Thermus sp. ATN1 and selected mutants RMS2, RMS5 and RMS17 in liquid
mineral medium supplemented with 1.13 g/L n-hexadecane in sealed serum vials. Mutants lost

the ability to grow on alkanes under this cultivation conditions (limited oxygen).

3.5E408 - 2.5E408 -
a) B e b)
.OE+08 - -
HOE08 /’0 2.0E+08 - S bt -0
.7 /
— 2.5E+08 L = K
] - £ ’
£ - B ’
= 2.0E+08 % 3 13E08 /
8 1.5E408 2 g:
S L5E+08 - / 2 1.0£408 -
i » g i g----& g
S LOE+08 - ! ] / D 4--
§ o /g-8----8----8-----. g-4O % 5.0E+07 g8
& 5.0E407 ° 835,0
0.0E+00 Egd : : : 0.0E+00 . . ‘
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Cultivation Time [h] cu'ﬁg'at'°" T|mle (] o
-& Wild-type strain -3 RMS2 ~¢ Wild-type strain -3 RM
2.5E408 - _
c) -0 Figure 3.5 - Growth of Thermus sp. ATN1
2.0E+08 - - B-d vs. mutant strain RMS2 in mineral me-
7 @’/ dium supplemented with (a) 1.13 g/L n-
ELSHOS | i hexadecane; (b) 0.37 g/L 1-dodecanol;
Q 4 -’
%10&08 | Q’/ o (c) 1.28 g/L hexadecanoic acid. Experi-
g O’l ment in 15 mL Falcon tubes containing 5
o 2 ’ . . o
I = P o mL medium incubated at 70°C and 120
: 308 |
> rom. Mutant strain RMS2 could have
0.0E+00 T T . .
0 50 100 150 200 250 300 the long-chain n-alkane metabolic
Cultivation Time [h] pathway blocked.

-& Wild-type strain - 3 RMS2

Selected mutants showed little or no growth in mineral medium supplemented with either n-

hexadecane or 1-dodecanol as sole carbon source when compared to the wild-type strain. How-

ever they were able to grow on hexadecanoic acid as can be seen in figure 3.5 (c) for the case of



the mutant strain RMS2. This suggests that mutations preventing oxidation of long-chain n-
alkanes or 1-alkanols to the corresponding fatty acids have occurred; making the selected mutant
strains suitable candidates for further screening.

3.3 Growth characteristics of selected random mutants and co-
metabolism of long-chain n-alkanes

The ability of the selected mutants to co-metabolize long-chain n-alkanes while growing on other
carbon sources was studied with co-substrates listed in table 3.1. When growing on sodium cit-
rate and sodium pyruvate observed growth levels reached the highest cell densities.

Figure 3.6 presents growth curves for the 4 selected mutants in comparison to that of the
Thermus sp. ATN1 growing in sodium citrate in the presence of n-hexadecane in sealed serum
vials (limited oxygen). In this experiment, generally longer generation times were observed for all
mutants compared to the wild-type strain. In addition the wild-type strain reached cell densities
twice as high as those of the mutants while growing in the first carbon source (first exponential
phase) and even higher cell densities when starting to metabolize the alkane (as previously
shown in figure 3.2).
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Figure 3.6 - Growth of Thermus sp. ATN1 and mutants RMS2, RMS5, RMS17 and RMS26 in miner-
al medium supplemented with 2 carbon sources: 20 mM sodium citrate and 1.13 g/L n-
hexadecane. Experiments carried out in sealed serum vials.

The growth curve from mutant RMS5 resulted most interesting, with a generation time of about
4.7 h during the first exponential phase (compared to 3.4 h of the wild-type strain) and apparent-
ly second growing phase starting after 150 h of cultivation with a calculated generation time of
180 h (like the second exponential phase of the wild-type strain with a generation time of about
86 h). This suggests the possibility of mutant RMS5 being able to partly metabolize the alkane
present in the medium and to accumulate metabolites during this stage.



Mutants were also cultured on sodium pyruvate in the presence of n-hexadecane. Both, pyruvate
concentration and alkane concentration were monitored during these experiments and both
were found to decrease at different rates but simultaneously. The highest alkane depletion rates
were those observed for mutant RMS5. This lead to the conclusion that in this mutant strain the
regulatory mechanism preventing co-metabolism observed with the wild-type strain has been
altered. Figure 3.7 shows the growth curve for mutant RMS5 growing in sodium citrate and sodi-
um pyruvate while degrading n-hexadecane.
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Figure 3.7 - (a) Growth of random mutant strain RMS5 in mineral medium supplemented with 2
carbon sources: 20 mM sodium citrate and 1.13 g/L n-hexadecane. (b) Growth of random mutant
strain RMS5 in mineral medium supplemented with 2 carbon sources: 10 mM sodium pyruvate
and 1.13 g/L n-hexadecane (*equivalent to 5 mM n-hexadecane in the culture volume). Experi-

ments carried out in sealed serum vials.



As citrate or pyruvate concentration decreased during these experiments, it was assumed that
the decreasing alkane concentration was the result of conversion by this mutant. Growth curves
and cell densities of cultures containing only the co-substrate were comparable to those contain-
ing the co-substrate and the alkane during experiments in shaking flasks. Results of one of these
experiments are shown in figure 3.8.

Further work was concentrated in analyzing possible conversion products or accumulated me-
tabolites. These are discussed in section 3.5.
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Figure 3.8 - Growth of random mutant strain RMS5 in mineral medium supplemented with 10
mM sodium pyruvate (fed-batch, adjusted to 10 mM each 12h until ~36 h) with (+Hx) and with-
out (-Hx) n-hexadecane (1.13 g/L). Experiments carried out in 1 L screw cap shaking flasks.

3.4 Directed mutagenesis and mutant screening

Directed mutagenesis was performed to improve mutants obtained by chemical mutagenesis,
which showed co-metabolism of alkanes while growing on other carbon sources. Co-metabolism
would allow the mutant strain(s) to grow in a co-substrate while alkanes could be converted to
long-chain terminal mono- and di-oxidized products like diols or dicarboxylic acids if the alkane
metabolic pathway could be blocked. Mutagenesis was done by gene disruption of the AlkDH
gene by homologous recombination with a KAT truncated AlkDH construct.

3.4.1 Construction of truncated AlkDH gene

Mutants generated by directed mutagenesis were constructed by gene disruption. Preparation of
the truncated alcohol dehydrogenase gene was the first step in this process. Truncated AlkDH
(AIkDHtKAT) was constructed by sticky end ligation of a kanamycin resistance encoding gene +



promoter (KAT cassette) with flanking regions of the known Thermus sp. ATN1 alcohol dehydro-
genase (TADH) encoding gene (AIkDH). The gel in figure 3.9 (a) shows genes, flanking regions and
truncated AIkDH. All gels presented in this section included a lane with the GeneRule 100 Plus
DNA Ladder (SM0321, Fermentas).
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Figure 3.9 - Construction of KAT truncated AlkDH gene.
(a) Truncated alcohol dehydrogenase gene construc-
1 2 3 4 tion scheme.

<)

(b) Truncated alcohol dehydrogenase gene (AlkDH2-
KAT-AIkDH3, 1.8 kb, lane 5) and its individual regions.
TADH encoding gene (AIkDH, 1044 bp, lane 1), AIkDH2
region (356 bp, lane 2), AIkDH3 region (481 bp, lane 4),
KAT cassette + PslpA promoter (962 bp, lane 3) and

3 e BamHI/Xbal digestion of the truncated AIkDH gene
L : 2000bp (lane 6).
— === 1000bp
g (c) Templates used for incomplete complementary
—— == 500bp sequence extension and the truncated alcohol dehy-
:. drogenase gene: Lane 1- AIkDH2-KAT, 2- KAT-AIkDH3,

3- AIkDHtKAT, 4- digestion of truncated AlkDH.

The construction of truncated AlkDH by double digestion of KAT followed by double ligation of
the AIkDH flanking regions resulted only in incomplete ligation products, by this method KAT was
either ligated to one or the other flanking regions from AIkDH. As both AlIkDH2-KAT and KAT-
AlkDH3 were obtained from this step, the whole construct was better obtained by incomplete
complementary sequence extension followed by PCR, avoiding extra DNA manipulation steps

needed during a less successful sequential ligation. These DNA constructs are shown in the figure
3.9 (b).



3.4.2 Sub-cloning of truncated AlIkDH into pUC19

Truncated AlkDH was purified and prepared for transformation experiments and also ligated into
the cloning vector pUC19 to transform it into Thermus sp. ATN1 (wild and RSMS5) as circular and
linearized vector. The pUC19 vector is 2686 bp size, out of which 40 bp were removed by diges-
tion with EcoRI and Hindlll and replaced with the 1761 bp long AIkDHtKAT in this region.

The AlkDH2-KAT-AIkDH3 construct was digested with EcoRI and Hindlll and ligated into the multi-
ple cloning sites region of the lacZ operon of pUC19 followed by transformation of the resulting
pUC19-AlkDHtKAT plasmid into E. coli DH5a competent cells. Positive clones were selected by
Blue White screening, followed by 100 pg/mL kanamycin growth screening.

A total of 14 white colonies were selected, 8 of them were able to grow on kanamycin/ampicillin
supplemented LB medium. Clones were grown for plasmid isolation and insert PCR check using
primers to amplify AIkDH. Out of the 8 clones selected, 2 clones confirmed the presence of an
insert large enough as to include the originally chosen AlkDH flanking regions together with the
KAT cassette; however the size of this insert was only about 1500 bp (lane 6 in figure 3.10).

—
2000bp . u “
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Figure 3.10 - Amplified PCR products (Lanes 1-6) of insert in various E. coli DH5a transformants
selected by Blue White screening. Lane 6 PCR product size is of about 1500 bp.

The largest insert found in the selected E. coli transformants was about 300 bp shorter than the
AIkDHtKAT construct; it was assumed that some deletion(s) in the construct sequence had oc-
curred. The E. coli transformant in lane 6 of figure 3.10 was selected for further testing and for
plasmid isolation for its transformation into Thermus sp. ATN1. Different combinations of primers
used to amplify AIkDH and KAT regions were used to cross check and to identify the position of
missing sequences in the insert of this strain. Figure 3.11 shows PCR results for this experiment.
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Figure 3.11 - (a) Amplified PCR products of insert in selected E. coli transformants with different
primers sets. Lane 1 - complete amplified insert, 2 — no product for AlkDH2, 3 — amplified region
AIkDH3, 4 — no product for KAT, 5 amplified AlkDH2-KAT and 6 - no product for KAT-AIkDH3; (b)
BamHI/Xbal double digestion of the 1500 bp insert in selected E. coli transformant (Lane 2); Lane
1 - PCR product of whole insert in plasmid isolated from E. coli transformant.

The gel in figure 3.11 (a) shows the results of amplification of the insert from the selected E. coli
strain with various sets of primers. The insert of about 1500 bp (Lane 1) contains an AIkDH3 re-
gion close to 500 bp (lane 3), as the original size is 481 bp it was assumed that this region re-
mained intact. It was not possible to amplify either of AIkDH2 region (lane 2) or KAT (lane 4) but
the amplification of the construct AIkDH2-KAT (lane 5) gave a product of about 1000 bp, 300 bp
shorter than expected.

In addition, the insert amplified from the isolated plasmid from E. coli transformant was digested
with BamHI and Xbal. The restriction enzyme Xbal did not work proving that the recognition site
for this enzyme is missing probably due to deletion of some nucleotides at the ligation region
between AIkDH2 and KAT, figure 3.11 (b). This confirmed a deletion of about 300 bp the ligation
region between AIkDH2 and KAT.

Assuming that a homologous region of AIkDH was still present in the AlkDH2 fragment present in
the pUC19-AlkDHtKAT plasmid insert, the plasmid was considered suitable for further transfor-
mation/gene disruption experiments.

3.4.3 Transformation experiments

Transformation into Thermus sp. ATN1 wild-type and mutant RMS5 strains was performed with
AIkDHtKAT as well as with the circular and linearized forms of the pUC19-AlkDHtKAT plasmid (as
described by Hashimoto et al., 2001). The plasmid isolated from E. coli kanamycin resistant clones

contained an insert of about 1500 bp.




Transformation efficiencies were compared for the 3 transformation options (Number of kana-
mycin resistant transformants as a function of amount of DNA used for the transformation). Re-
sults are presented in figures 3.12 (a) and (b). The number of kanamycin resistant mutants in-
creased linearly with increasing amounts of DNA used. Transformation with pUC19-AlkDHtKAT
gave overall higher transformation efficiencies than with the AIkDH2-KAT-AlIkDH3 construct (table
3.2).
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Figure 3.12 - Number of kanamycin resistant colonies formed by transformation into Thermus sp.
ANT1 mutant strain RMS5 vs. amount of transformed DNA; (a) AIkDH2-KAT-AIkDH3 transfor-
mation results, (b) pUC19-AlkDHtKAT transformation results (circular and linearized).

Table 3.2 - Calculated number of kanamycin resistant colonies per pg of DNA in transformation
efficiency experiments.

Number of colonies

DNA Construct type per ug of DNA
Alcohol dehydrogenase KAT truncated gene 81
Linearized pUC19-tAIkDH 700
Circular pUC19-tAlIkDH 740

Transformation efficiency was studied in the RMS5 mutant strain. It was assumed that altered
regulatory mechanisms in this mutant would allow the bioconversion of n-alkanes to 1-alkanols
and eventually to o,w-diols once the AlkDH was disrupted, whilst the strain could grow on an
alternative carbon source.

The number of kanamycin resistant colonies was considered sufficient when transforming with
the AlkDH2-KAT-AIKDH3 construct. As well, the probability of incorporating the KAT cassette in-
cluding the PslpA promoter and intact AlkDH flanking regions (no deletions expected in this con-
struct) was assumed higher if this construct was used for transformation. Thus, further screening
experiments were predominantly concentrated on mutants obtained from transformation with
this construct.



42 kanamycin resistant mutants (DG mutants) were selected from transformation of the RMS5
mutant strain for further screening experiments. 4 kanamycin resistant mutants obtained from
the transformation of the wild-type strain were also tested.

3.4.4 Gene disruption tests

Kanamycin resistance could not be used alone as the marker of successful recombination in this
case. To confirm that the AIkDH gene was disrupted as targeted, genotype of several kanamycin-
resistant clones was analyzed by PCR and Southern hybridization. Additionally phenotype analysis

based on TADH activity assays and aldehyde detection techniques were also utilized.

3.4.4.1 PCR amplification of AlkDH and the KAT cassette

1000 bp

Figure 3.13 - PCR result on AlkDH amplification from genomic DNA extracted from mutants (ob-
tained by gene disruption) capable to grow on complex media containing 100 pg/mL kanamycin.
Lanes 1-4 correspond to mutants DG11, DG20, DG27 and DG29 respectively; Lane 5 - Thermus sp.
ATN1 wild-type strain, Lane 6 - Mutant strain RMS5.

PCR screening was performed using genomic DNA extracted from several kanamycin resistant
mutants as a template, as control, PCR amplification was also performed with genomic DNA from
the wild and RMS5 strains. No products were obtained from amplification neither with AlkDH
primers nor with KAT primers in most cases, though strains acquired kanamycin resistance; ex-
cept for few of the tested mutants, as mutant DG27, lane 3 in figure 3.13. Most probably recom-
bination resulted in deleted (disruption) or modified DNA sequences not matching any longer
with the primers used, controls gave a PCR product in every reaction (figure 3.13, lanes 5 and 6).
Several DG mutants giving negative for AIkDH amplification were screened for bioconversion (see
3.5.2).



3.4.4.2 Southern blotting

Figure 3.14 (a) shows hybridization results of the AIkDH biotin labeled probe. Hybridization was
positive with PCR amplified AlkDH acting as control in the first lane followed by biotin-AlkDH posi-
tive hybridization with digested DNA from the RMS5 mutant. Except for mutant DG27 all DG kan-
amycin resistant mutants gave a negative result. Mutant strain DG27 gave a positive hybridiza-
tion result indicating that the strain could have incorporated kanamycin resistance at a different
genome position or still preserve an AlkDH fragment long enough to appear as a false positive

result. AIkDH PCR with genomic DNA from this strain gave also a positive result (figure 3.13).
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Figure 3.14 - Southern blotting results with BsaBl (Bsell) digestea‘gendmi'c DNA from selected
gene disrupted mutants hybridized with biotin labeled probes of (a) AlkDH, mutants positively
hybridized RMS5 and DG27; (b) KAT, mutants positively hybridized DG11, DG20 and DG27.

Figure 3.14 (b) shows hybridization results with the KAT biotin labeled probe. PCR amplified KAT
acting as a control gave a positive result in the first lane. RMS5 in lane 2 did not hybridize as the
strain is not kanamycin resistant. Mutants DG11, DG20 and DG29 were positive to KAT hybridiza-
tion. It must be notice that although mutants DG21, DG27 and DG37 were negative in this test,
these strains were able to grow on 100 ug/mL kanamycin. These negative hybridization results
could have originated from low genomic DNA concentration from the extraction step or from
insufficient DNA digestion resulting in a DNA concentration not suitable for hybridization. In addi-
tion hybridization could not have been detected because of the strong background color ob-
served during this procedure.

The results of this experiment suggested that mutants DG11, DG20 and DG29 acquired the kan-
amycin resistance gene whilst the alcohol dehydrogenase gene has been disrupted.

3.4.5 Activity assay for alcohol dehydrogenase (TADH) from Thermus sp. ATN1

Activity assays for the alcohol dehydrogenase from Thermus sp. ATN1 (TADH) had been reported
by Otto (2001) and Hollrigl (2008). TADH activity was determined by measuring alcohol conver-
sion through GC-MS analysis in crude extract samples added with 1-alkanols and NAD (previously
reported spectrophotometrically by following consumption or formation of NADH at 340 nm and
60°C).



The experiment was designed to demonstrate the effective knock-out of AIkDH in mutants ob-
tained by gene disruption. Crude extract was prepared from a 20 % weight wet cell suspension
from mutants RMS5 and DG11 treated by sonication and centrifugation (see 2.4.1.) TADH activity
was analyzed according to 2.4.5, substrate consumption and product formation were monitored
at different incubation times (figure 3.15).
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Figure 3.15 - GC-MS monitored alcohol dehydrogenase activity with alkanols in crude extract
prepared from mutants RMS5 and DG11: (a) TADH activity with 1-octanol and formation of
octanoic acid; (b) Alcohol dehydrogenase activity with 1-hexadecanol, hexadecanoic acid for-
mation was not quantified. Activity was determined measuring substrate conversion during the
first 30 min of incubation and is defined as umol of alcohol oxidized per minute. Specific activity
was calculated dividing by the amount of protein (Bradford) in the crude extract. Activity values
of crude extracts are presented in table 3.3.
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Table 3.3 - Specific TADH activity values of RMS5 and DG11 mutants’ crude extracts with 1-
alkanols.

Protein Concen- Crude Ex- Specific TADH Activity [U/mg]
Mutant  tration [mg/mL] tract Vol-  1-octanol 1-hexadecanol
ume [mL]
RMS5 3.80 0.4 0.0135 0.0105
DG11 3.36 04 0.0013 0.0093

Reaction mix at each incubation time contained 400 pL of crude extract, 2 pmol of the substrate
and 100 pL NAD 50 mM (5 umol). After incubation samples were extracted with 500 uL MTBE;
solvent extract was derivatized by silylation with BSA and analyzed by GC-MS.

Results showed a significantly lower specific alcohol dehydrogenase activity with 1-octanol for
the mutant DG11 when compared to mutant RMS5. Specific activities with 1-hexadecanol were
found comparable. This suggests that, if AlkDH was disrupted in mutant DG11, TADH is not the
only dehydrogenase involved in the long-chain n-alkanes metabolism in Thermus sp. ATN1. Activi-
ty of recombinant TADH has been previously reported with alkanols up to 10 carbon atoms
(Hollrigl et al., 2008). TADH activity from crude extract of Thermus sp. ATN1 cultures was report-
ed to be low with 1-tetradecanol and was not detected with 1-hexadecanol (Otto, 2001). These
results indicate that TADH is most probably not the enzyme involved in dehydrogenation of linear
alcohols longer than 14 carbon atoms.
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Figure 3.16 - Recombinant TADH activity with 1-octanol and 1-hexadecanol. TADH concentration
was adjusted at 10 pg/mL in 20 mM potassium phosphate buffer, reaction mix contained 400 pL
TADH solution, 2 pmol substrate and 100 uL NAD 50 mM (5 pmol). After incubation samples
were extracted with 500 uL MTBE; MTBE extract was derivatized by silylation with BSA and ana-
lyzed by GC-MS.

To corroborate TADH activity characteristics, the purified recombinant enzyme (Hollrigl et al.,
2008) was also studied. 1 mg/mL TADH stock solution was kindly provided by Dr. Katja Blhler
(Laboratory of Chemical Biotechnology, Department of Biochemical and Chemical Engineering,
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TU Dortmund). Activity results obtained under conditions comparable to those for crude extract
activity experiments are presented in figure 3.16.

Specific activity (U/mg) of TADH in this test was 8.97 U/mg with 1-octanol being converted to
octanoic acid and only 0.87 U/mg with 1-hexadecanol.

Calculated specific activity with 1-octanol was higher than previously reported by Otto but com-
parable to that reported by Hollrigl in 2008. TADH activity was found considerably lower with 1-
hexadecanol.

3.4.6 Aldehyde detection with pararosaniline on mineral medium plates

Thermus sp. ATN1 random mutants (RMS5) were suspected to produce aldehyde intermediates
from n-alkane conversion (see 3.5.1.1). It was assumed that blocking AIkDH in the RMS5 strain
would result in the production of alcohol intermediates (figure 3.17 b). For screening purposes,
gene disrupted mutants were plated on mineral medium supplemented with sodium pyruvate
and 1-hexadecanol. After 48 h incubation, pararosaniline solution was added and plates were
further incubated (Conway et al., 1987; see 2.4.2.6.1). Colonies appearing red would be produc-
ing aldehydes. The test did not discriminate between AlkDH blocked and unblocked mutants. All
colonies appeared red (figure 3.17 a) possibly due to high incubation temperatures causing false
positives or reaction of pararosaniline with other metabolites.

a) b)  CH, _CH,0H CHO _COOH
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Figure 3.17 - (a) Mutants grown and incubated with pararosaniline; (b) Alkane metabolism with
disrupted alcohol dehydrogenase would not produce aldehyde or carboxylic acid metabolites.
Gene disrupted mutants were plated on mineral medium containing 20 mm sodium pyruvate and
5 mM equivalent 1-hexadecanol, incubation (staining) with pararosaniline followed after a 72 h
incubation period.
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3.5 Screening for long-chain n-alkanes bioconversion products

3.5.1 Random mutants

3.5.1.1 Experiments in sealed serum vials (limited oxygen)

Selected random mutants were able to grow on co-substrates whilst n-hexadecane concentration
was also decreasing. During the screening phase in sealed serum vials it was possible to monitor
alkane consumption by GC-MS analysis. Additionally, after sample derivatization (silylation), it
was also possible to observe development of other peaks in the GC-MS chromatograms.

For semi-quantitative analysis a reference substance was added in the same concentration in all
samples and peak signals could be normalized based on peak intensity of this internal standard.
Thus increase or decrease in alkane and other substances concentration could be monitored.
Except for the peak intensity corresponding to the alkane, other peaks showed no clear correla-
tion to incubation time. However co-substrate and its concentration showed some influence on
peak developments. Generally speaking, lower molecular weight co-substrates and lower concen-
trations resulted in these other peaks appearing earlier during the incubation. Figure 3.18 shows
normalized signals for n-hexadecane conversion during cultivation of mutant strain RMS17 grow-
ing on 10 mM sodium citrate.

2.5E+08 - 1.2
1
2.0E+08 I;I O <O /’0 —_
v g & 2
- SO\ , =
2 K . , 08 ®
’ \ it c
S 1.5E+08 v \ & - D
3 ‘ &
KA /// <>’I D D 0.6 §
Z )/ Q
€ 10E+08 - / A et
P @
E A / JAN A 0.4 N
i ‘ g
o /s A E
5.0E+07 - &3 0.2 2
& b ¢ @ >
0.0E+00 & & : 0
0 50 100 150 200

Cultivation Time [h]

-&-Cell Density [cells/mL] O n-hexadecane + Peak B ¢ Peak C Peak D A PeakE
Figure 3.18 - Growth of random mutant strain RMS17 in mineral medium supplemented with 10

mM sodium citrate and 1.13 g/L n-hexadecane. Experiments were carried out in sealed serum
vials.
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B 8.91 Hexadecanoic acid, trimethylsilyl ester
C 10.68 Octadecanoic acid, trimehtylsilyl ester
D 13.55 Hexadecanoic acid, 2,3-bis[(trimethylsilyl)oxy]propyl ester
E 14.97 Octadecanoic acid, 2,3-bis[(trimethylsilyl)oxy]propyl ester
R 6.13 1,10 — Dichlorododecane

Figure 3.19 - Peaks detected from the silylated sample extracted from a sealed vial at 168 h incu-
bation during cultivation of mutant strain RMS17 growing on 10 mM sodium citrate and n-
hexadecane. 1,10-dichlorodecane was used as internal standard (peak R) for n-hexadecane (peak
A) bioconversion screening. Peak identities were determined by library match and later con-
firmed vs. reference substances.

Peaks for mono or di-alcohols were not detected and it was assumed these metabolites were not
accumulated under the cultivation conditions. Neither peak retention times nor mass spectra
were comparable to reference substances like 1-hexadecanol or 1,16-hexadecanediol.

Some organic compounds with active hydrogen atoms form additional unexpected derivatives or
by-products (artifacts) by the derivatization process used to analyze the samples (as those pro-
posed by Little, 2003). Because of this, it was theorized that silylation artifacts of aldehyde func-
tionalized aliphatic chains or artifacts of fatty acids could have been formed. Although screening
procedures and techniques to detect aldehydes gave positive qualitative results (these are dis-
cussed in section 3.5.3) no one of the peaks appearing in these experiments could be confirmed
as an aldehyde functionalized compound.

A GC-MS chromatogram corresponding to the 168 h sample extracted from a sealed vial from
experiment presented in figure 3.18 is shown in figure 3.19. Peak identities were matched to the
NITS mass spectral library (2008) and later corroborated by comparison against solutions of ref-
erence compounds analyzed by GC-MS.

3.5.1.2 Experiments in screw cap shaking flaks (limited oxygen)

Mutant strain RMS5 showed the highest n-alkane depletion in sealed serum vials. This strain was
cultured in shaking flask experiments in order to produce enough cells to conduct resting cells
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and crude extract experiments to determine possible n-alkane conversion metabolites. During
this phase it was observed that floating solids were formed while the strain grew in mineral me-
dium with n-hexadecane and sodium pyruvate as carbon source. This material was well dispersed
in the whole culture volume when flasks were shaken.

The floating solids together with part of the unconsumed alkane were separated from the broth
by filtration in the cold (T<4°C). This floating matter was observed in cultures with all long-chain
n-alkanes tested and not present when the mutant strain was grown only in sodium pyruvate or
other carbon sources tested. Figure 3.20 shows cultures of one of these experiments with three
alkanes and a retentate separated from one of these cultures.
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Figure 3.20 - (a) Floating matter observed in cultures of mutant strain RMS5 growing in mineral
medium supplemented with sodium pyruvate and long-chain n-alkanes; (1) control culture with
sodium pyruvate only (fed-batch, adjusted to around 8 mM each 12h until 48 h), (2) 2,26 g/L n-
hexadecane, (3) 2,6 g/L n-octadecane, (4) 3,1 g/L n-eicosane. (b) Retentate obtained after filtra-
tion in cold (culture 4). Experiments were conducted in 1 L screw cap shaking flaks (62 hours).

As previously presented in section 3.3, cell densities during the experiment shown in figure 3.20
were very similar or even lower with alkane compared to the control culture without it during
sodium pyruvate fed-batch cultivation (Figure 3.21). It was assumed that n-alkanes were not con-
sumed but converted and that conversion products were part in the floating solids. Samples (5
mL) from cultures in screw caps shaking flasks (limited oxygen) were taken immediately after
vigorous shaking. Decreasing alkane concentration could be determined from solvent extracts of
samples from these cultures taken at indicated incubation times (Figure 3.22).

The floating matter (or part of it) remained insoluble during solvent extraction of the samples.
Solvent extracts of these samples were analyzed by GC-MS after derivatization. GC-
chromatograms and mass spectra showed a profile very similar to the one observed during
sealed serum vials experiments (Figure 3.24 a). Characterization results of the floating solids are
presented in section 3.6.
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Figure 3.21 - Growth of random mutant strain RMS5 in mineral medium supplemented with 8
mM sodium pyruvate (fed-batch, adjusted to 8 mM each 12h until 48 h) and with 5 mM n-
hexadecane (Hx), n-octadecane (Oct), n-eicosane (Eic) and without alkane (Ctrl). Experiments
were performed in 1 L screw cap shaking flasks (limited oxygen) during 62 h. Sodium pyruvate
concentration was determined enzymatically (see 2.7.2).
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Figure 3.22 - Growth of random mutant strain RMS5 in mineral medium supplemented with 10
mM sodium pyruvate (fed-batch, adjusted to 10 mM each 12h until ~36 h) with (+Hx) and with-
out (-Hx) n-hexadecane (1.13 g/L, 5 mM ). Alkane concentration determined from solvent ex-
tracts of 5 mL samples taken immediately after vigorous shaking of flasks; n-hexadecane was
added at times 10 h and again at 62 h of incubation. Experiments were conducted in 1 L screw
cap shaking flasks.
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3.5.1.3 Experiments in loose cap shaking flasks

Shaking flasks with loose caps were used for larger culture volumes (1 L). As with the screw cap
flasks, objective was to produce larger cell quantities for resting cells and crude extract experi-
ments but especially larger quantities of the floating solids for characterization purposes. Similar
to previous shaking flask experiments a fed-batch approach for the co-substrate was applied.

In these experiments, the solids previously observed were also present but as the incubation
progressed (generally after 48 h), a complete separation from the liquid phase was no longer
visible minutes after stopping agitation. Furthermore, small floating beads appeared after 24-36
h incubation which were clearly separated from the liquid phase or the previously observed float-
ing solids. Figure 3.23 shows a loose cap shaking flask culture (a) and a bead separated from the

culture broth (b).
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Figure 3.23 - (a) Culture of mutant strain RMS5 growing in mineral medium supplemented with
sodium pyruvate and n-eicosane at 12 h of incubation. (b) A bead separated from this culture
after 60 h incubation (observed in co-substrate fed-batch experiments only). Experiment was
conducted in a 2 L loose cap shaking flask during 60 hours.

Samples taken during incubation were also solvent extracted and analyzed by GC-MS. A similar
peak profile to those previously observed was found in the GC-MS chromatograms at early stages
of the experiment (generally until 24 h). However, as the experiment progressed and the de-
scribed beads appeared, chromatograms showed additional peaks. As in the case of sealed serum
vials or screw caps shaking flasks, no correlation was found between peak intensities and incuba-
tion times, except for the decreasing alkane concentration.

Figure 3.24 (b) shows a chromatogram observed for the conversion of n-octadecane in a loose

cap shaking flask after 48 h of incubation and it is compared to the chromatogram observed in a
screw cap shaking flask after about 60 h of incubation (Figure 3.24 a).
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B 9.38 Hexadecanoic acid, trimethylsilyl ester

11.13 Octadecanoic acid, trimethylsilyl ester
D1 13.70 2-Monopalmitin, trimethylsilyl ester
D2 14.04 Hexadecanoic acid, 2,3-bis[(trimethylsilyl)oxy]propyl ester
F 14.80 Octadecanedioic acid, bis(trimethylsilyl) ester
E1l 15.50 2-Monostearin trimethylsilyl ether
E2 15.90 Octadecanoic acid, 2,3-bis[(trimethylsilyl)oxy]propyl ester

Figure 3.24 - Peaks detected from the silylated solvent extracts from samples taken during culti-
vation of mutant strain RMS5 growing in mineral medium supplemented with 10 mM sodium
pyruvate and n-octadecane: (a) After 60 h incubation in 1 L screw cap shaking flask; (b) after 48 h
incubation in 2 L loose cap shaking flask; (c) peak identities determined by library match and later
confirmed with reference substances. Peaks D3, E3 and E4 could not be identified.

Peak F in figure 3.24 (b) corresponded to 1,18-octadecanedioic acid, a bioconversion product of
n-octadecane. This showed the ability of this mutant to produce a,w-oxidized molecules from
long-chain n-alkane. Further studies were performed with the strain to evaluate the bioconver-
sion influencing factors and potential for the production of long-chain di-carboxylic acids. This is
discussed in section 3.7.

Higher cell densities were observed in loose cap shaking flaks. In figure 3.25(a) growth curves of

the wild-type strain, mutant RMS5 and a comparison to growth of this mutant in a screw cap flask
are presented.
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Figure 3.25 - (a) Growth of Thermus sp. ATN1 wild-type strain and mutant RMS5 in mineral medi-
um supplemented with 10 mM sodium pyruvate (fed-batch, adjusted to 10 mM each 12 h until
36 h) and 1.27 g/L (5mM) n-octadecane. Experiments were conducted in 2 L loose cap shaking
flasks during 72 hours. Growth curve of mutant RMS5 growing on sodium pyruvate and n-
octadecane in screw cap shaking flask (from figure 3.21) is also shown for comparison. (b) Cell
morphology observed during growth of the wild-type strain in the different growth phases: (l.)
Rods - first exponential phase; (II.) Small coccobacillus — plateau; (Ill.) Coccobacillus — second ex-
ponential phase.

The growth curve of the wild-type strain in figure 3.25 (a), as in the case of sealed serum vials
experiments, presented 2 defined exponential phases. Generation times were calculated to be
2.3 h for the first 12 h growth phase and about 23 h for the second phase observed after 48 h of
incubation. The mutant strain RMS5 reached cell densities comparable to that of the wild-type
strain after 36 h of incubation but the growth curve showed a flatter and longer exponential
phase with a generation time calculated to about 9 h, 33% shorter than the generation time cal-
culated for this mutant (13.5 h) when cultured in screw cap shaking flasks (limited oxygen) under
comparable conditions, where the RMS5 mutant reached only half of the cell density observed
with loose cap shaking flasks. It was assumed that increased oxygen availability enabled by im-
proved gas exchange (because of the loose caps) was responsible for these changes.
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Cell morphology development for the mutant RMS5 during bioconversion experiments was simi-
lar to that shown by the wild-type strain, except that for the mutant strain the change in mor-
phology did not occur in two defined exponential phases and small coccobacillus were observed
as early as 12 h after incubation (Figure 3.25 b). The wild-type strain and its mutants did not
show this morphology change when cultured in complex media. Interestingly mutant RMS5
showed some filamentation in complex media, which might be an indication of unregulated ex-
pression of the alkane hydroxylase complex. A similar phenomenon was observed with the physi-
ology of P. putida Gpol and P. putida GPol2 alk recombinants after induction of expression of
the alkBFGHIKL genes on glucose as a carbon source (Chen et al., 1996). It has been suggested
that overproduction of the alkB hydroxylase, which is a membrane protein, may be responsible
for the observed phenotype (Wentzel et al., 2007).

3.5.2 Mutants obtained by gene disruption

AlkDH gene disrupted mutants incubated in loose cap shaking flasks reached lower cell densities
compared to those of the wild-type strain and mutant RMS5 under similar cultivation conditions.
This was not the case when screw cap shaking flasks were used during co-substrate fed-batch
cultivation in the presence of n-alkanes. Figure 3.26 presents both cases for mutant DG11. The
first case (a) can be explained by the mutation(s) that limit n-alkane metabolism in the mutant
strain(s) and the favorable conditions for the wild-type strain to quickly consume the co-substrate
followed by further growth on the alkane. The second case (b) results from a limited growth un-
der restricted aeration which maintained co-substrate concentration sufficiently high to delay
alkane metabolism in the wild-type strain whereas unregulated alkane metabolism continues in
the mutant despite limited oxygen and the blocked AlIkDH. Although cell densities were higher,
observed wet cell weights were lower compared to the wild-type strain cultures.
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Figure 3.26 - (a) Growth of Thermus sp. ATN1 wild-type strain, mutants RMS5 and mutant DG11
in mineral medium supplemented with 10 mM sodium pyruvate (fed-batch, adjusted to 10 mM
each 12 h until 36 h) and 1.27 g/L (5mM) n-octadecane. Experiments were conducted in 2 L loose
cap shaking flasks for 72 hours.
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Figure 3.26 - (b) Growth of Thermus sp. ATN1 wild-type strain and mutant DG11 in mineral medi-
um supplemented with 10 mM sodium pyruvate (fed-batch, adjusted to 10 mM each 12 h until
48 h) and 1.41 g/L n-eicosane. Experiments were conducted in 1 L screw cap shaking flasks for
168 hours.

The growth behavior of DG mutants, in the presence of n-alkanes, implies that TADH might not
be the only enzyme capable to oxidize alkanols in this strain (see 3.4.5).

Cultures of mutants obtained by gene disruption showed also formation of beads (figure 3.23)
and some material floating in the culture in physical appearance similar to the one found with
random mutants under similar cultivation conditions. However, this material was found different
in composition when compared to the composition observed with random mutants. Characteri-
zation results are shown in section 3.6. Samples from cultures of these mutants were also ana-
lyzed by GC-MS. A chromatogram of a sample taken at 60 h from a culture of mutant DG11
(growth curve in figure 3.26 - a) is presented in figure 3.27. Peaks similar to those for random
mutants in limited oxygen cultures were found. Peak intensities for alkanes and glycerol mono
esters appeared much higher compared to random mutant cultures and in general significantly
lower alkane consumption levels were observed.
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Figure 3.27 - Peaks detected from the silylated solvent extracts from samples taken during culti-
vation of gene disrupted mutant strain DG11 growing on 10 mM sodium pyruvate and n-
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octadecane supplemented mineral medium (1 L) after 60 h incubation in 2 L loose cap shaking
flask. Peak identities are the same as shown in figure 3.24.

3.5.3 Aldehyde detection in crude extract and resting cell experiments

These experiments were performed to elucidate bioconversion products from n-alkanes by ran-
dom mutants without the possible influence of metabolites interfering during normal cell growth.
It was expected to find aldehyde intermediates, since a qualitative test performed with the
Purpald® reagent (see 2.6.1) on samples taken during RMSS5 cultivation gave positive for colori-
metric aldehyde detection.

A 20 % weight wet cell suspension from mutant RMS5 was used directly (resting cells) or cells
were disrupted by sonication and centrifugation to prepare crude extract (see 2.4.1.). Substrate
consumption and possible product formation were monitored at different incubation times. C14
and C16 n-alkanols were used for testing.

Decreasing alcohol concentration was monitored by GC-MS analysis of solvent extracts from
crude extract incubation experiments (figure 3.28 a). Neither aldehyde metabolites nor carboxylic
acid formation was observed in the corresponding GC-MS chromatograms.
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Figure 3.28 - (a) ADH activity with C14 and C16 alkanols in crude extract prepared from RMS5
mutant cultures. Alkanol consumption was determined by GC-MS analysis of solvent extracts
(2:1) from crude extract experiments.
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Figure 3.28 - (b) Absorbance at 550 nm after Purpald® reaction in resting cell suspensions incu-
bated with alkanols. The Purpald® reaction was prepared from supernatant obtained of centri-
fuged resting cell suspensions after incubation. Experiments were carried out with 400 pL crude
extract/resting cell suspension and 100 pL of NAD 50 mM in 2 mL Eppendorf tubes containing 2
pmol of alkanol. Samples were incubated at 70 °C and 500 rpm in a thermo mixer.

Increasing absorbance at 550 nm was observed in the resting cell preparations with alkanols
treated with the Purpald® reagent (figure 3.28 b). This indicated the presence of aldehydes, but
they were not detected in sample solvent extracts analyzed by GC-MS. This could have been
caused by inadequate sample derivatization for the employed GC-MS method.

3.6 Characterization of alkane bioconversion products (strain RMS5)

Several peaks were identified in GC-MS chromatograms that represent interesting alkane biocon-
version products or metabolites by Thermus sp. ATN1 mutants. Mono and dicarboxylic acids as
well as glycerol mono esters of fatty acids were detected free and/or bound to floating matter
produced by cultures of mutant strain RMS5. Most interesting are a,w-long-chain dicarboxylic
acids since they fit with the objectives of this work and from these type of compounds carbon
chains larger than 16 carbon atoms are not commercially available.

3.6.1 Free mono- carboxylic acids and glycerol esters

Solvent extracts from samples taken in all experiments in mineral media with n-alkanes showed
peaks for free fatty acids and glycerol mono esters (as described in figure 3.19). These peaks
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were not observed when the strains (wild-type and mutants) were growing in the absence of n-
alkanes.

Free fatty acids detected corresponded to the alkanes used in the experiments. For instance,
eicosanoic acid was detected in the samples when eicosane was used. However this was not the
case for hexadecanoic and octadecanoic acid, these were present in all samples; although higher
peak intensities were observed for these acids when either n-hexadecane (see figure 3.19) or n-
octadecane were used (see figures 3.24 b and 3.27).

Glycerol mono esters of hexadecanoic and octadecanoic acids were found in all samples (with
higher peak intensities for the octanoic acid mono esters of glycerol). It was demonstrated that
these glycerol mono esters (and therefore some hexadecanoic and octadecanoic acid that could
be trans-esterified during sample derivatization) are part of a surfactant-type substance that
Thermus sp. ATN1 (and its mutants) produces when growing in the presence of long-chain n-
alkanes. This biosurfactant was observed as an oily layer spread on the wall of incubation flasks
or as a milky halo around colonies on mineral media plates. Section 3.7 describes observations
and characterization results of this biosurfactant.

3.6.2 Floating solids composition (Retentate composition)

The floating solids observed in the experiments conducted in loose cap shaking flasks were iso-
lated by filtration together with not converted alkane. Alkanes were separated by solvent extrac-
tion/washing. Remaining solids were hydrolyzed and solvent extracts of acidic solutions were
derivatized (as trimethyl silyl or methyl esters) and analyzed by GC-MS. Mono and dicarboxylic
acids were identified as part of these solids (see figure 3.30). Composition of the solids was car-
bon chain length dependent as shown in figure 3.29.
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Figure 3.29 - Composition in % weight of mono and dicarboxylic acids in the floating matter iso-
lated from loose cap shaking flask cultures of mutant RMS5 growing on mineral media with sodi-
um pyruvate and n-alkanes.
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Figure 3.30 - Chromatograms of solvent extracts containing methyl esters of mono and
dicarboxylic acids obtained from treatment of solids isolated from RMS5 mutant cultures growing
on sodium pyruvate and different long-chain n-alkanes. Samples were prepared from few milli-
grams of solids (5-10) treated with 2% v/v methanolic sulphuric acid. Solids were re-suspended in
800 pl of the derivatizing reagent and incubated for 1 h at 80 °C. After ice cooling samples were
extracted with 800 ul of n-heptane. 250 pl of the upper phase were transferred to micro-vials for
GC-MS analysis. Mass spectra for mono and dicarboxylic methyl esters are shown in figure 3.32
(a) and (b) respectively.
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Figure 3.31 - Correlation of n-alkane, mono and dicarboxylic acids carbon chain length with reten-
tion times during GC-MS analysis.

Linearity in the correlation between carbon chain length and retention times (figure 3.31) as well
as similar m/z patterns (figure 3.32) of observed peaks confirmed product identity for those sub-
stances whose reference was not available either physically at the laboratory or in the NIST mass
spectra library.
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Figure 3.32 - (a) Mass spectra for mono carboxylic methyl esters obtained from treatment of sol-
ids isolated from RMS5 mutant cultures growing on sodium pyruvate and different long-chain n-
alkanes.
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Figure 3.32 - (b) Mass spectra for dicarboxylic methyl esters obtained from treatment of solids
isolated from RMS5 mutant cultures growing on sodium pyruvate and different long-chain n-
alkanes.
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3.6.3 Beads composition

Beads from approximately 1 to 5 mm diameter were formed during cultivation of random and
gene disrupted mutants in loose cap shaking flasks when sodium pyruvate (fed-batch) was used
as co-substrate in the presence of n-alkanes. These beads were ground, extracted and washed
with MTBE over a filter to remove insoluble matter. Around 85 % weight of the material was sol-
uble in MTBE. GC-MS analysis of the MTBE extract derivatized by silylation showed the same
peaks as found in samples taken during cultivation in limited oxygen conditions but with a much
higher proportion of fatty acid monoesters of glycerol (previously described in figure 3.24) in
relation to alkane and free acids. Approximate composition of beads isolated from an RMS5 cul-
ture with sodium pyruvate and n-octadecane is presented in figure 3.33 (a).

During filtration, it was noticed that crystals were formed at the edges of the filter once solvent
started to evaporate. A chromatogram of a silylated sample of these crystals (figure 3.33 b)
showed that they consisted almost entirely of fatty monoesters of glycerol. It was assumed that
the beads were formed because of high production of these substances during cultivation (asso-
ciated to high production of biosurfactant, see 3.7).
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Figure 3.33 - (a) Composition of beads isolated from an RMS5 culture with sodium pyruvate and
n-octadecane. Beads were ground and dissolved in MTBE prior derivatization (silylation) and ana-
lyzed by GC-MS. (b) Insoluble material in the beads (~ 15%) was separated by filtration; crystals
formed at the edge of the filter were analyzed separately by GC-MS after silylation. Crystals were
mostly fatty acid monoesters of glycerol.
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3.6.4 Alkane bioconversion products by kanamycin resistant mutants

The GC chromatogram presented in figure 3.27 shows peaks that were common for all screened
mutants obtained by gene disruption. No fatty alcohols or diols, nor DCA’s were detected in any
form (e.g. bound to floating solids) from bioconversion experiments with these strains. For free
mono-carboxylic acids others than C16 and C18, only traces were observed in some chromato-
grams when substrates like n-eicosane were tested.

3.7 Surfactant production by Thermus sp. ATN1 and its mutants

An oily and soapy film spreading on the wall of incubation flasks was observed during growth on
n-alkanes in mineral media with Thermus sp. ATN1 and its mutants. In addition, a milky halo ap-
peared around colonies growing on n-alkanes on mineral media plates. As previously proposed by
Otto (2001), it was assumed that, as reported for other hydrocarbon degrading bacteria,
Thermus sp. ATN1 produces surfactant(s) to facilitate uptake of long-chain n-alkanes. Production
of surface-active substances was monitored by the Methylene Blue method for Active Substanc-
es, MBAS.

Figure 3.34 shows MBAS absorbance at 625 nm vs. cell growth of the wild-type, RMS5 and DG11
mutant strains. Higher absorbance values were measured for samples taken from mutant cul-
tures compared to those taken from wild-type strain cultures. It was concluded that the mutant
strains showed higher surfactant production levels, possibly as a result of regulatory alterations
of the alkane metabolism.
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Figure 3.34 - Methylene Blue method for Active Substances (MBAS) absorbance results at 625 nm
vs. cell growth for the wild-type, RMS5 and DG11 mutant strains of Thermus sp. ATN1. Strains
were grown in mineral medium supplemented with sodium pyruvate and n-eicosane in screw cap
shaking flasks (see figure 3.26 b).
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3.7.1 Biosurfactant characterization

Biosurfactant was isolated and purified from processing 400 mL of cell-free culture broth ob-
tained from a culture of mutant strain DG11 that resulted in 325 mg of crude lyophilized material
(refer to 2.9.2). In contrast, only about 130 mg of crude surfactant were obtained from solvent
extraction of 500 mL of cell-free broth from mutant strain RM5. Less than 30 mg were obtained
under similar conditions with the wild-type strain.

For characterization experiments material isolated from the strain DG11 culture was used. The
material appeared similar to the one obtained from the wild-type strain culture in FT-IR (ATR)
comparison. IR spectra are shown in figure 3.42.

Characterization was performed in comparison to commercial surfactants (SDS and Triton X-100).
Figures 3.35 shows MBAS absorbance of reference SDS solutions compared with those obtained
from equal weight concentrations of the partly purified biosurfactant. Lower values were ob-
served for the material obtained from Thermus sp. ATN1 mutant cultures suggesting that this
material, if pure, has a higher molecular weight than SDS.
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Figure 3.35 - MBAS absorbance at 625 nm of solutions from Thermus sp. ATN1 surfactant com-
pared to equal concentrated solutions of SDS (weight). Lower absorbance values for the new
surfactant suggest a higher molecular weight compared to SDS.

Figures 3.36 to 3.38 show characterization results according to Cirigliano and Carman (1984,
1985) using n-hexadecane to test emulsification activity and stability of the biosurfactant pro-
duced by Thermus sp. ATN1 in comparison to other known surfactants at different temperatures.
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Figure 3.36 - (a) Emulsification activity with n-hexadecane (initial absorbance at 540 nm) at 20 °C
for 1 g/L solutions of commercial surfactants and biosurfactant produced by Thermus sp. ATN1.
(b) Emulsification stability curves at 20 °C for 1 g/L solutions of commercial surfactants and
biosurfactant produced by Thermus sp. ATN1 with n-hexadecane.
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Figure 3.37 - (a) Emulsification activity with n-hexadecane (initial absorbance at 540 nm) at 50 °C
for 1 g/L solutions of commercial surfactants and biosurfactant produced by Thermus sp. ATN1.
(b) Emulsification stability curves at 50 °C for 1 g/L solutions of commercial surfactants and
biosurfactant produced by Thermus sp. ATN1 with n-hexadecane.

The emulsification activity between commercially available surfactants (SDS, Triton X-100) and
the biosurfactant produced by the mutant strains of Thermus sp. ATN1 were compared. Values
were found higher for the purified biosurfactant at both tested temperatures (20 and 50 °C).
However it was observed, that the crude biosurfactant showed less emulsification activity than
SDS and Triton X-100 at 20°C, whereas it was higher at 50 °C. The purified biosurfactant showed a
significantly higher emulsification activity at 50 °C compared with the commercial surfactants. A
slightly lower emulsification activity at 70°C for the pure biosurfactant suggests that maximum is
at 50 °C or between these two temperatures. Emulsification stability under tested conditions was
found best at 50 °C for the pure biosurfactant, although it was slightly less stable than SDS at this
temperature. At 20 °C the biosurfactant exhibited poor emulsification stability.
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Figure 3.38 - (a) Emulsification activity with n-hexadecane (initial absorbance at 540 nm) at dif-
ferent temperatures for 1 g/L solution of biosurfactant produced by Thermus sp. ATN1. (b) Emul-
sification stability curves at different temperatures for the biosurfactant (purified) produced by
Thermus sp. ATN1 with n-hexadecane.

3.7.2 Emulsification of n-alkanes due to biosurfactant

Cells were removed by centrifugation of broth culture samples taken at 12 h intervals during bio-
conversion of n-octadecane by the mutant strain RMS5 in screw cap shaking flaks for FT-IR off-
line measurements (with the ReactlR™ 45m equipment). Spectra of samples from a control cul-
ture without the alkane were subtracted from spectra taken from the test culture. Figure 3.39
presents overlapped spectra resulting from the calculation. It was observed that peaks typical for
aliphatic saturated hydrocarbons at ~ 1470 and ~1380 cm™ (1470 — 1430/1380 — 1370 Methyl C-H
asymmetric/symmetric bend) increase with the cultivation time (whereas alkane is being con-
sumed). It was assumed that the increase in peak intensity was caused by increasing emulsifica-
tion of the alkane in the culture broth (increase in its apparent concentration). This can be attrib-
uted to the effect of a surfactant facilitating the build-up of an emulsion.

The effect of biosurfactant on alkane emulsification was also observed in the experiment to de-
termine the apparent n-octadecane concentration in a culture broth where Thermus sp. ATN1-
RMS5 had reached the stationary phase (see 2.9.4). After cells were removed and solids were
filtrated at 4°C (including remaining solidified alkane), it was determined that permeate still con-
tained 0.0039 g/L n-octadecane (originally added at 1.3 g/L). Reported solubility or accommoda-
tion of n-octadecane in water is in the order of 2.1 X 10° g/L. It was assumed that the apparent
solubility of this alkane in water was increased 1900-fold due to the presence of biosurfactant
facilitating the build-up of a stable micro-emulsion.
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Figure 3.39 - Off-line FT-IR monitoring during cultivation of mutant strain RMS5 in mineral medi-
um supplemented with 1.3 g/L n-octadecane and 10 mM sodium pyruvate. Peak intensities at
~1470 and ~1380 cm™ (bands typical for saturated aliphatic hydrocarbons) indicate an increase
on apparent alkane concentration in the culture broth with cultivation time. This was attributed
to the effect of increasing biosurfactant concentration with cell density throughout the experi-
ment (as observed during MBAS monitoring of the same culture).
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3.7.3 Increasing long-chain n-alkane bioavailability for Pseudomonas sp. Strain
273 with the biosurfactant produced by Thermus sp. ATN1

As described in 2.9.5, Pseudomonas sp. Strain 273 was cultured in mineral media with n-
hexadecane as sole carbon source and compared to cultures containing 1 g/L of the biosurfactant
produced by Thermus sp. ATN1 and 1g/L SDS. Alkane concentration and cell density was moni-
tored during these experiments and the results are presented in figure 3.40.
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Figure 3.40 - Cell density and alkane concentration in cultures of Pseudomonas sp. strain 273 in
mineral medium containing n-hexadecane as sole carbon source in comparison to cultures were
1/g L surfactants were added to increase alkane bioavailability. Experiments were carried out in
sealed serum vials.

Wischnak et al. (1998) reported that the strain 273 is able to metabolize n-hexadecane. It can be
observed that without surfactant growth is rather limited and alkane concentration is depleted
slowly. The addition of SDS accelerates n-alkane depletion but also contributes to cell growth.
Dodecanoic acid was found in the chromatograms during GC-MS analysis performed to deter-
mine alkane concentration in cultures containing SDS, implying that Pseudomonas sp. Strain 273
is metabolizing not only the alkane but also SDS. The addition of the Thermus sp. ATN1 biosurfac-
tant had a stronger effect on alkane degradation compared to that of SDS. Lower cell densities
with the biosurfactant also indicate that SDS contributed to cell growth in the form of carbon
source. It cannot be excluded that the biosurfactant also contributed as a carbon source, but if it
did, this was at a lower level compared to SDS.
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3.7.4 Biosurfactant composition analysis

The biosurfactant material isolated from mutant strain cultures was analyzed to determine the
nature of its hydrophilic and hydrophobic moieties. A positive result in the DNSA assay indicated
that reducing sugars are part of the hydrophilic moiety, whereas preparation of trimethylsilyl and
methyl esters revealed the presence of glycerol esters of hexadecanoic and octadecanoic acid.
Although the substance(s) could be classified as glycosyl acylglycerol(s) it was not possible to
determine whether these are the only building blocks in the molecule(s). Figure 3.41 presents GC-
MS chromatograms for the analysis performed to determine the hydrophobic moieties.
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Figure 3.41 - GC-MS Chromatograms of biosurfactant samples obtained from mutant strains
DG11 and RMS5. 1 mg aliquots were used for preparation of methyl esters and trimethylsilyl es-
ters to determine hydrophobic moieties: (a) Trimethylsilyl derivatives of purified biosurfactant
obtained from cultivation of mutant DG11; peak G corresponds to the trimethylsilyl derivative of
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glycerol, peaks H and | were not identified, peaks B,C, D,,E, identities were listed in figure 3.24.,
(b) Fatty acid methyl esters from processing DG11 mutant biosurfactant, (c) Trimethylsilyl deriva-
tives of crude biosurfactant obtained from cultivation of mutant RMS5; peak K corresponds to
tris-(trimethylsilyl) phosphate.

Calibration curves were prepared with fatty acid methyl monoesters (C16 and C18) to quantify
the only peaks detected during methyl ester preparation from biosurfactant samples (figure 3.41-
b). It was calculated that approximately 45% mass of the biosurfactant(s) material isolated from a
DG11 mutant culture corresponds to glycerol esters as monoesters (peaks D2 and E2 in figure
3.41-a).

DNSA assay absorbance measurement against a calibration curve prepared with rhamnose re-
sulted in a calculated value of about 40% mass of reducing sugars in the purified material. Sugars
and acylglycerols added up about 85% total mass of this material.

Peaks H and | in figure 3.41(a) detected for the purified biosurfactant produced by the DG11 mu-
tant were not identified in the material isolated from the RMS5 mutant 3.41(c). Also peak G in
the chromatogram of the RMS5 mutant material appeared as a doublet (a second peak, K) not
present in biosurfactant from mutant DG11. It must be noticed that biosurfactant from RMS5
mutant was obtained as a consequence of the solvent extraction procedure to recover n-alkanes
and products (see 2.9.2) and was considered not pure. This crude material also contained about
37% reducing sugars and 40% acylglycerols. Phosphorous (<10 % w) was also found during ele-
mental analysis of the crude material.

Additionally crude and pure biosurfactant were compared by FT-IR (ATR) analysis. Figure 3.42(a)
presents the spectra comparison. Generally speaking materials appeared quite similar and it was
assumed that the differences found were due to the crude material. The crude material was also
compared to floating solids (see 3.6.2) appearing in the culture during alkane bioconversion by
mutant RMS5, figure 3.42(b). Some pattern similarities were found in the region from 1700 to
1350 cm™. It is theorized that alkane bioconversion products by RMS5 mutant strain do react
with material present in the crude biosurfactant (or with the biosurfactant) resulting in the float-
ing solids observed during the experiments with this mutant strain for alkane bioconversion.
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Figure 3.42 - FT-IR (ATR) comparisons of (a) crude biosurfactant isolated from a RMS5 mutant
culture (green) and purified biosurfactant isolated from a DG11 mutant culture (blue); (b) crude
biosurfactant (RMS5) and floating solids produced during bioconversion of n-octadecane (red)
and n-eicosane (blue) removed from the culture by filtration in cold or decantation followed by

solvent wash.
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3.8 Bioconversion of long-chain n-alkanes by mutant strain RMS5

In order to understand culture conditions to maximize bioconversion, the influence of several
factors on cell growth and alkane conversion results was studied.

As suggested in section 3.3 alkanes were not only converted but co-metabolized by mutant strain
RMS5 (while growing in e.g. sodium pyruvate). This effect was particularly marked under aerobic
conditions. How much alkane was used for cell growth or accumulated as conversion products
(mono and dicarboxylic acids) was influenced by co-substrate choice, alkane chain length, alkane
concentration and aeration.

Effect of substrate hydrocarbon chain length and its concentration on cell growth is shown in
figures 3.43 and 3.44 respectively.
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Figure 3.43 - Effect of hydrocarbon chain length on cell growth for mutant RMS5. Higher cell den-
sities were obtained with longer n- alkanes at similar concentrations. Experiments were per-
formed in loose cap shaking flasks; n-octadecane and n-eicosane were added at 10 mM whereas
only 5 mM n-tetracosane and n-octacosane 5 mM were used.

In figure 3.44 it is illustrated that depletion of alkane (consumed + converted) was also depend-
ent on the initial alkane amount and on cell density, both influencing n-alkane conversion.
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Figure 3.44 - Effect of n-alkane concentration on growth of mutant RMS5. Experiments were car-
ried out in loose cap shaking flasks containing three different n-hexadecane concentrations. In-
cubation was run for 48 h with 5 and 10 mM n-hexadecane and for 60 h in the 15 mM experi-
ment. Sodium pyruvate was used as co-substrate at equal dosages.
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Figure 3.45 - Co-substrate effect on n-eicosane conversion. Experiments were performed in loose
cap shaking flasks with the indicated co-substrate concentration (no fed-batch) and 10 mM n-
eicosane (2.82 g/L). Incubation was run at 70 °C and 120 rpm for 48 h. Conversions were calculat-
ed from GC-MS analysis of solvent extracts from cell free culture broth and floating solids hydro-
lyzed in acidic methanol (products detected as methyl esters).
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Influence of co-substrate, n-alkane chain length and aeration (oxygen) on conversion, yield and
productivities of mono and dicarboxylic acids are presented in figure 3.45 to 3.48. According to
the results presented in figure 3.45, sodium pyruvate was chosen as the preferred co-substrate
for bioconversion of long-chain n-alkanes to mono and dicarboxylic acids. a,w-Dicarboxylic acids
were also detected when sodium acetate was used as co-substrate but lower conversions where
observed. No dicarboxylic acids were detected when sodium citrate or sodium lactate were used
as co-substrates despite the formation of floating solids from whose hydrolysis only mono car-
boxylic acids were obtained.
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Figure 3.46 - Effect of n-alkane chain length on conversion under limited oxygen conditions. Ex-
periments were carried out in screw cap shaking flasks with 10 mM alkane. Figures for C16* cor-
respond to re-calculation from subtraction of n-hexadecanoic acid measured in culture of n-
eicosane, assuming this was not a product of n-hexadecane conversion. For n-hexadecane and n-
heptadecane conversion no diacids were detected.

Long-chain n-alkane conversion and uptake was dependent on hydrocarbon chain length.
Whether in limited oxygen (screw caps) or aerobic (loose caps) experiments, alkane consumption
(metabolized + only converted in %w) decreased with increasing hydrocarbon chain length (see
figure 3.46) but also decreased with increasing initial alkane concentration (as in figure 3.44).

Figures 3.47 and 3.48 illustrate that the most influencing factor on n-alkane bioconversion by the

RMS5 mutant was aeration. When experiments were performed in loose cap shaking flasks, aer-
obic conditions resulted in higher cell densities enabling higher alkane consumptions but also
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accumulation of mono and dicarboxylic acids. However, initial n-alkane concentration and co-
substrate selection also influenced strongly conversion, yields and productivities.
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Figure 3.47 - Effect of aeration on conversion (acid and diacid products) of n-hexadecane, n-
octadecane and n-eicosane. Experiments correspond to figures 3.46 and 3.49 in section 3.9.
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Figure 3.48 - Effect of aeration on total alkane consumption (converted + metabolized) for n-
hexadecane, n-octadecane and n-eicosane. Data correspond to figures 3.46 and 3.49 except for
the case of n-octadecane provided with active aeration, where air was supplied to the broth in a
5 L Schott bottle at 70 °C and 120 rpm during 36 h. Conversion could not be quantitatively deter-
mined and only traces of octadecanoic acid were detected. It is assumed most of the n-
octadecane was metabolized in this case.
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It must be noticed that most of the presented results correspond to single experiments, except
for those presented for the limited oxygen conditions for n-hexadecane, n-octadecane and n-
eicosane which were averaged results of two experiments which produced very similar results.

Figures for n-alkane consumption (not conversion) might be the result of combined consumption
and evaporation in the aerobic cases and especially in the case were air was supplemented to the
2 L culture with n-octadecane. Otto (2001) found this effect when culturing the wild-type strain
on n-eicosane in an aerated fermenter, although the real extent of evaporation was not quantifi-
able. For the experiments presented here a non-inoculated 500 mL shaking flask (with loose cap)
containing 200 mL mineral medium with 2.82 g/L n-eicosane resulted in a concentration of 2.78
g/L n-eicosane after correction for volume evaporation after 36h of incubation (determined by
solvent extraction of the whole end volume and GC-MS analysis). Since the difference to the ini-
tial concentration is not significant, it was assumed that evaporation with loose cap shaking flasks
was not critical. This was not evaluated for lower molecular weight n-alkanes.

3.9 Production of long-chain a,w-dicarboxylic acids by mutant strain
RMS5

a,w-Dicarboxylic acids are valuable monomers for production of polyesters, polyamides, and
polyurethanes (Metzger, 2009). Long-chain a,w-diacids are interesting building blocks because
they can provide greater flexibility and strength than short-chain diacids due to their ability to
bend, which minimizes breakage and reduces the number of links in a polymer. Thus, these
compounds are attractive for the production of high performance polymers like polyam-
ides/nylon. a,w-dicarboxylic acids are also used in other applications where longer chain a,w-
diacids offer new possibilities for the manufacture of fragrances, cosmetics, powder coatings,
corrosion inhibitors, lubricants additives, adhesives and also pharmaceuticals (Cathay Biotech,
2007).

As described in section 1.2.2, production of long-chain a,w-diacids have been reported from sev-
eral yeast strains (wild-type and mutant strain) using either fatty acids or aliphatic hydrocarbons
as substrates. However the carbon chain length of these diacids is determined by substrates,
which are liquid at yeast cultivation temperatures and reported diacids have been limited to
chain lengths of C22 when produced from non-saturated substrates (olefins) and of C16 from
saturated hydrocarbons. Authors have suggested the possibility to convert up to C22 saturated
hydrocarbons using yeast, but this has not been reported (Schérken & Kempers, 2009).

By constructing and using mutants from Thermus sp. ATN1 it has been possible to demonstrate
the production of long-chain a,w-diacids up to a chain length of 28 carbon atoms by bioconver-
sion of the corresponding aliphatic hydrocarbons. This is the first time that the bioconversion of
aliphatic hydrocarbons of chain lengths larger than 16 carbon atoms with thermophilic bacteria
to mono and dicarboxylic acids is reported. These results match with the objectives described
within the scope of this project.
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Figure 3.49 summarizes the results of experiments under aerobic conditions for the cultivation of
mutant strain RMS5 growing in mineral media supplemented with sodium pyruvate in the pres-
ence of several long-chain n-alkanes.
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Figure 3.49 - Effect of n-alkane chain length on conversion, yield and productivity of fatty acids
and LCDAs under aerobic conditions. Experiments were carried out in 2 L shaking flasks with
loose caps containing 1 L of mineral media with 10 mM equivalent alkane for C16 to C20 and 5
mM for C24 and C28. Sodium pyruvate was used as co-substrate (fed-batch at 10 mM until 24 h).
Incubation was run at 70 °C and 120 rpm during 36 h. Conversions were calculated from GC-MS
analysis of solvent extracts from cell free culture broth and floating solids hydrolyzed in acidic
methanol (products detected as methyl esters).

Under the given experimental conditions it was possible to reach an alkane conversion efficiency
of almost 22% for n-tetracosane (C24) to tetracosanoic acid and of almost 4% for n-eicosane
(C20) to eicosanedioic acid.

As described in section 3.8, total alkane consumption decreased with increasing carbon chain
length of the substrates and alkane conversion to mono and dicarboxylic acids tended to in-
crease. This was not the case for bioconversion of n-octacosane, possibly because of its extreme-
ly limited water solubility or because its melting point (~65°C) was too close to the cultivation
temperature.
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Chapter 4

4. Discussion

4.1 Growth characteristics and inducible long-chain n-alkanes metabo-
lism of Thermus sp. ATN1

Growth characteristics of Thermus sp. ATN1 in complex and mineral media with n-alkanes (C10 to
C20) as sole carbon source were found similar to those previously reported by Otto (2001). In
addition, the strain was able to grow quite well also on larger n-alkanes such as n-tetracosane
(C24) and n-octacosane (C28).

New insights into the degradation of long-chain n-alkanes by this strain have resulted from study-
ing growth in mineral media supplemented with two carbon sources: n-alkanes and a co-
substrate. Under limited oxygen cultivation conditions, doubling times for the wild-type strain
were significantly longer during the n-alkane utilization phase when compared to growth in min-
eral media supplemented only with n-alkanes. For instance, a doubling time of 85 h was observed
during n-hexadecane utilization when 20 mM sodium citrate was initially added to the medium
compared to 8.3 h when only n-hexadecane was used. This difference was particularly observable
in sealed serum vials experiments, suggesting that oxygen starvation occurred during growth on
the co-substrate and prior alkane utilization, resulting in a slower alkane uptake, which started
only after the co-substrate was practically depleted.

These observations suggested that the alkane metabolism is not constitutive in the wild-type
strain. Other carbon sources, like citrate or pyruvate, which are intermediates of the central car-
bon metabolism, were preferred as carbon sources over long-chain n-alkanes. The hydrocarbons
are only metabolized if no other carbon source is available; indicating that alkane utilization by
Thermus sp. ATN1 is inducible and regulated. Except for hydrocarbonoclastic bacteria, all other
reported alkane degrading bacteria also exhibit an inducible alkane metabolism that obeys dif-
ferent regulatory mechanisms, almost particular to each species (Wentzel et al., 2007; Harayama
et al., 2004; Yakimov et al., 1998; 2007).
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4.2 Mutants Construction

The construction of Thermus sp. ATN1 mutants with blocked expression of the AIkDH gene en-
coding the alcohol dehydrogenase (TADH) was proposed as a route to obtain long-chain com-
pounds with alcohol groups at both ends of long-chain n-alkanes. The enzyme is suspected to be
responsible for the second step in the alkane degradation pathway in this strain. These mutants
should grow on a co-substrate as carbon and energy source while performing the alkane hydrox-
ylation reaction by the still unknown alkane monooxygenase complex. Mutant construction was
proposed with two different strategies, either by targeted gene disruption (a directed mutagene-
sis approach) or by classical random mutagenesis followed by selective screening techniques.

Having identified an inducible alkane metabolism in this strain, it was concluded that directed
mutagenesis by disruption of AIkDH in the wild-type strain results in mutants without the ability
to produce terminal oxidized products, because the alkane degradation pathway is not active
while the strain grows on another substrate and once this catabolic pathway can be activated
there is no other carbon source left for growth and NADH regeneration, required for the hydrox-
ylation reaction.

Because the mechanisms and genes involved in the regulation of alkane degradation are still un-
known for this species, it would have been necessary to elucidate them in order to perform the
necessary targeted mutations (e.g. deletions) in the wild-type strain for the purpose of alkane
bioconversion. In this case classical mutagenesis is a more attractive route to obtain mutants with
the desired phenotype, given that an effective screening could be applied (see 3.2). Nevertheless,
gene disruption remained an alternative for improvement of mutants obtained by random muta-
genesis since the targeted mutant phenotype could not guarantee the pathway disruption re-
quired to obtain diol products (see table 2.8).

Several studies that have aimed to obtain terminal oxidized products from aliphatic hydrocarbons
utilizing microorganisms have also relied on classical mutagenesis, particularly in the case of
LDCA’s. For instance mutants of Candida sp. obtained by this technique successfully increased
yield and productivity of dicarboxylic acids from alkanes such as brassylic acid (DC13) from n-
tridecane (Takagi et al., 1990; Cao et al., 2006; see table 1.4). This approach reached commercial
ton scale production in the 1990’s (Huf et al., 2011). Another example is described in the patent
document by Dahlstrom & Jaehning (1973) where mutants derived from Corynebacterium sp.
strain 7E1C produced dicarboxylic acids (DC-12) in increased amounts compared to the wild-type
strain (see 1.3.4).

4.2.1 Mutants obtained by classical random mutagenesis

Mutants exhibiting the desired phenotype were obtained (type 3, table 2.8). Selected mutant
strains RMS2, RMS5, RMS17 and RMS26 could not grow on long-chain n-alkanes or in fatty alco-
hols as sole carbon source but on fatty acids, indicating that a mutation(s) preventing alkane utili-
zation but not fatty acid utilization had occurred.
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The alkane bioconversion screening tests carried out in sealed serum vials for these mutants indi-
cated that at least with mutant strain RMS5 in contrast to the wild-type strain alkane depletion
occurred simultaneously to co-substrate consumption (see 3.3). This suggests a constitutive ex-
pression of the alkane monooxygenase in this mutant. Some alkane depletion was also observed
with mutant strain RMS17 in these tests. This suggested that the alkane degradation regulatory
mechanisms have been altered in these mutants and that alkane bioconversion whilst growing on
a second carbon source is possible. However, none of the desired alkane bioconversion products
was detected by GC-MS for any of these mutants during this screening phase.

The only exception was the detection of C16 and C18 monocarboxylic acids matching the length
of the alkanes used as substrates (C16 or C18), but these could not be fully explained as biocon-
version products. Both monoacids (C16 or C18) where detected when only one of the corre-
sponding alkanes was used as substrate and they were also detected, though at lower concentra-
tions, in experiments with mutants RMS2 and RMS26 where alkane depletion was much lower
under the screening conditions. These monoacids form also part of a biosurfactant that Thermus
sp. ATN1 produces whilst growing on hydrocarbons and this biosurfactant is overproduced by the
selected mutants (see 4.6).

Due to low alkane consumption, it was concluded that strains RMS2, RMS17 and RMS26 have
suffered mutations that do not allow alkane bioconversion (e.g. damaged monooxygenase sys-
tem or membrane transport mechanisms) or they simply kept a regulatory mechanism prevent-
ing simultaneous alkane and co-substrate utilization. Only mutant strain RMS5 was further stud-
ied.

4.2.2 Mutants obtained by gene disruption

It was not possible to detect formation of alcohols or diols by GC-MS analysis during the screen-
ing bioconversion experiments with the mutant strain RMS5. However, alkane depletion was
observed during growth and similar cell densities where reached in the bioconversion and in con-
trol cultures without alkane, both containing an alternative carbon source (see figure 3.8). As the
corresponding carboxylic acids were detected in culture broths from this strain, it was concluded
that the long-chain alcohol dehydrogenase involved in alkane degradation was still active and
alkanes could be further oxidized. Thus gene disruption of the known alcohol dehydrogenase
gene (AlkDH) was performed in this mutant strain.

4.2.2.1 Gene disruption — AIKDHtKAT construction and transformation

Several challenges were faced in the construction of the truncated alcohol dehydrogenase DNA
fragment (AIkDHtKAT) used for gene disruption. A double ligation of the AIkDH fragments in a
linker ligation approach did not result in the expected product but in the AlkDH flanking regions
ligated individually to the KAT gene. Possibly tertiary structural tension prevented the double
ligation reaction. The AlkDH2-KAT and KAT-AIkDH3 products were amplified by PCR, purified and
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successfully used as templates for an incomplete polymerase sequence extension reaction that
generated the AIkDHtKAT construct used for the gene knock out.

In the work by Hashimoto et al. (2001) to disrupt the trp E gene in Thermus thermophilus, the
DNA construct for the disruption was generated by inserting the target gene into a plasmid, from
which after sub-cloning a fragment was excised to introduce a non-commercial kanamycin re-
sistant marker, all favored by restriction sites in the trp E gene, convenient for a straight forward
construction. With similar transformation results the DNA construct was generated using two-
step PCR with homologous regions amplified directly from the strain genome using primers in-
cluding a 20 bp common sequence to the kanamycin resistant marker that by overlapping with
this gene allowed obtaining a complete construct from a subsequent PCR reaction.

Unfortunately, the restriction sites present in AIkDH were not suitable as to get flanking regions
with sizes proposed by Hashimoto to target similar transformation efficiencies, and whenever a
restriction site resulted in one flanking region, multiple or inexistent restriction sites made the
other flanking region either to short or extremely long with the risk of still having and active
AlIkDH after recombination. Therefore, the construction of AIkDHtKAT was based on amplifying
defined flanking regions by PCR as adopted by Fujiwara et al. (2006) but in a linker type ligation of
these AIKDH flanking regions to the kanamycin resistance marker followed by incomplete com-
plementary sequence extension that resulted in the targeted construct without the need of very
long primers as those used by Hashimoto in their two-step PCR approach.

Transformation of AIKDHtKAT into the mutant RMS5 and the wild-type strain was performed with
the construct as obtained, but also with the construct integrated into a plasmid. As reported by
Hashimoto (2001), the transformation resulted in significantly higher number of kanamycin re-
sistant clones when performed with the pUC19-AIkDHtKAT plasmid compared to using the
AIkDHtKAT construct alone. The non-homologous regions in the plasmid might prevent DNA from
being degraded by exonucleases in Thermus sp. ATN1 cells, enabling higher transfor-
mation/recombination efficiencies.

Interestingly, the sub-cloning of AIkDHtKAT (1.8 kb) into the cloning vector pUC19 resulted in an
insert of only about 1.5 kb in the pUC19-AlkDHtKAT plasmid extracted from selected E. coli
clones showing both, kanamycin and ampicillin resistance. The deleted region in the construct
corresponds to the PslpA promoter integrated at the start of the KAT cassette used as reporter
gene. It was not possible to amplify by PCR the KAT-AIkDH3 region of the construct from the
plasmid isolated from the selected clones. A product from amplifying AIkDH2-KAT was obtained
though. Several theories could explain this deletion: (a) The secondary structure within the
AlkDH2-KAT portion of the insert might contain a hairpin loop section that was deleted after sub-
sequent plasmid replication during clone cultivation caused by polymerase slippage and deleting
bases on the KAT primers region (Viguera et al., 2001); (b) the insert is unstable in E. coli DH5a as
it may have been a substrate for recombinases (exonucleases) other than recA, which is not pre-
sent in this strain; (c) over-expression of the KAT cassette might be toxic for this strain and it re-
sponded by deleting a portion of the insert including the PslpA promoter.
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4.2.2.2 Verification of genotype and phenotype of AIkDHtKAT-RMS5 mutants

Disruption of the AlkDH gene was successful (see 3.4). It was possible to observe kanamycin re-
sistance in the RMS5 transformants (DG mutants) from which was not possible to amplify the
AlkDH gene by PCR or, unlike the kanamycin resistance encoding gene (KAT), to detect this gene
by southern blot hybridization. This indicated the KAT gene has been incorporated by homolo-
gous recombination affecting the chromosomal region that originally contained the AlkDH gene.
It was however not possible to amplify the KAT cassette from genomic DNA extracted from these
mutants with the primers originally used for PCR reactions during preparation of the AIkKDHtKAT
construct. It was assumed that a similar deletion to the one observed in the pUC19-AlkDHtKAT
plasmid had occurred.

Kanamycin resistance indicated the KAT gene remained constitutively expressed in the selected
mutants, either under the influence of the PsIpA promoter or the AIkDH gene promoter. The later
would be an indication that TADH is constitutively expressed in Thermus sp. ATN1 which is also
the case for other long-chain alcohol dehydrogenases reported for strains able to degrade hydro-
carbons such as A. calcoaceticus (Fox et al., 1992) and P. putida (Gunt et al., 1975).

The kanamycin resistant DG mutants were tested for aldehyde metabolites on mineral medium
plates containing sodium pyruvate and 1-hexadecanol with the pararosaniline detection method
(Conway et al., 1987). Red coloration developed with all the screened mutants, indicating alcohol
dehydrogenase activity. This phenotype contradicted the genotype screening results. This alde-
hyde detection method was most probably not discriminating for AIkDH gene disruption in this
case. Kato et al., 2001 reported that a high incubation temperature might result in an abiotic
reaction causing background interference and false positive results. Subsequent TADH activity
assay results (modified from Otto, 2001 and Hollrigl et al., 2008) with crude extract from these
mutants confirmed that TADH activity has decreased significantly (see 4.3).

4.3 Alkane dehydrogenase activity in Thermus sp. ATN1 mutants

Alcohol dehydrogenase activity in crude extract was tested for selected DG mutant cultures with
1-octanol as substrate, which was previously reported to be a suitable substrate for TADH
(Hollrigl et al., 2008). Test results showed significantly higher specific activity for the mutant
strain RMS5 (1.35x102 U/mg protein) compared to the tested transformant DG11 (1.30x10°
U/mg protein), indicating the AIkDH gene has been knocked out.

Again, and with the activity of TADH suppressed, it was not possible to detect formation of alco-
hols or diols during bioconversion screening experiments with the selected DG mutants. Moreo-
ver, long-chain alcohol dehydrogenase activity towards longer alkanols like 1-hexadecanol in
crude extract experiments remained practically at the same specific level for the RMS5 mutant
strain and the positive kanamycin transformants tested at around 1.0x10 U/mg (see 3.4.5).

Interestingly, Otto (2001) reported TADH activity towards long-chain 1-alkanols (C14 and C16) as
quite low or undetectable. Hollrigl et al. (2008) reported TADH activities decreasing with alkane
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chain increase for linear alcohols from 1-propanol (153%) up to 1-octanol (57%) in relation to that
observed with cyclohexanol (100%). Activity results for recombinant/purified TADH reported in
this work showed at least a 10 times higher specific activity of the enzyme with 1-octanol com-
pared to 1-hexadecanol (8.97 vs. 0.87 U/mg).

These observations point to the conclusion that if TADH is involved in the degradation of long-
chain n-alkanes in Thermus sp. ATN1, it is not the only enzyme capable to oxidize alcohols pro-
duced by this strain when growing on hydrocarbons. It is proposed the strain might possess an-
other ADH showing specificity for long-chain 1-alkanols.

Existence of more than one alcohol dehydrogenase involved in alkane degradation has been re-
ported for other species. Van Beilen et al. (1992) described the inducible ADH encoded by the
alk) gene contained in OCT-plasmid in P. putida Gpol (oleovorans) as necessary for growth on
alkanes only for mutants of the strain that lost constitutive chromosomal ADH activity, encoded
in the alcA locus, confirming ADH redundancy previously described by Gunt et al. (1975). Fox et
al. reported (1992) multiple alcohol dehydrogenase activities for A. calcoaceticus strain HOI-N. In
this case the best characterized enzyme was an NADP+ dependent ADH that showed specific
activity with long-chain substrates. Interestingly this dehydrogenase together with another also
NADP+ dependent but more unstable ADH (not characterized) was accountable for about 90% of
activity with 1-decanol as substrate whereas another NAD+ dependent ADH (not fully character-
ized) accounted for 10% of the activity in crude extract experiments prepared from cells grown
on n-hexadecane. More recently Feng et al. (2007) reported the up-regulation of three putative
ADH’s in G. thermodenitrificans NG80-2 isolated from a deep-subsurface oil reservoir, when cells
were grown on n-hexadecane, indicating expression of these ADH’s is linked to alkane degrada-
tion.

The existence of another long-chain alcohol dehydrogenase in Thermus sp. ATN1 has not been
confirmed.

4.4 Alkane bioconversion products by mutant strain RMS5

4.4.1 Fatty aldehydes (further oxidized to carboxylic acids)

As described in 3.5.3 aldehyde formation was qualitatively detected with the Purpald® reagent
during growth of mutant RMS5 in alkane bioconversion experiments. Moreover, crude extract
and resting cells experiments with 1-alkanols as substrates indicated ADH activity and formation
of fatty aldehydes. These compounds were not detected by GC-MS and could not be isolated
from culture broths. Certainly they were further oxidized under the experimental conditions (e.g.
high temperature) either by the strain or abiotically.
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Only fatty acids and esterified long-chain dicarboxylic acids (LDCAs) were identified and isolated
from alkane bioconversion experiments with the mutant RMS5 (see 3.6). In contrast, LDCA’s were
not detected and fatty acids were found only at very low concentrations in bioconversion exper-
iments with DG mutants.

This difference can be explained if involvement of TADH is considered in a preferred alkane up-
take/degradation mechanism in the wild-type strain and assuming this pathway is defective at or
before the aldehyde dehydrogenase step in the mutant RMS5 (e.g. product release by the mem-
brane-bound TADH or transport into the cytoplasm). This results in the production of fatty alde-
hydes that can be further oxidized or that react with other cell products, like the biosurfactant
produced by the strain and/or cell membrane components released outside the cell. Possibly
LDCA’s were formed because the terminal methyl group of the fatty aldehydes or fatty acids pro-
duced can also be exposed to the activity of alkane monooxygenase in Thermus sp. ATN1 at
membrane level, implying this enzyme is a membrane-bound protein like the integral di-iron w-
hydroxylase alkB from P. putida Gpol (van Beilen et al., 1994). This is also in line with the detec-
tion and isolation of mono and dicarboxylic acids from the cell-free floating material isolated
from cultures of mutant RMS5 (see 3.6.2). On the other hand, AIkDH is not expressed in DG mu-
tants and alkane degradation may occur via an ADH in the cytoplasm other than TADH (see 4.3)
and subsequent f-oxidation, preventing formation of LDCA’s and accumulation of fatty acids.

Assuming that similarly to the alk) ADH expressed by P. putida Gpol (van Beilen et al., 1992),
TADH is a membrane bound enzyme and its activity on larger substrates depends on its mem-
brane binding, this explains why TADH did not show activity towards long-chain alcohols as iso-
lated protein or in crude extract experiments.

One observation, which is in contradiction to the proposed alternative ADH is the fact that DG
mutants are not able to grow on long-chain n-alkanes as sole carbon source. It could be argued
that the degradation mechanism involving the proposed alternative ADH progresses at much
lower rates compared to the route involving TADH. This would be supported by the lower alkane
consumption levels observed with DG mutants compared to the wild-type strain and in contrast
to the RMS5 mutant (figure 4.1). However, if similar alkane monooxygenase expression levels
were obtained with RMS5 and DG mutants under comparable cultivation conditions, the step
limiting conversion in the later would be the ADH step and it should result in the accumulation of
alcohol intermediates, which was not the case. To reconcile this observation, it could be theo-
rized that product repression limits the monooxygenase activity in Thermus sp. ATN1, thus accu-
mulation of alkanols is not possible (see 1.3.2.3.2). Nevertheless the evidence for an alternative
ADH is limited (except for the low activity from TADH with long-chain alcohols).
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Figure 4.1 - Alkane consumption by the wild-type strain and DG11 mutant (AIkDH blocked) in
relation to wet weight of harvested cells from experiments in mineral media with n-eicosane and
sodium pyruvate as co-substrate for NADH regeneration.

4.4.2 Carboxylic acids by substrate over-oxidation

The absence of fatty alcohol products with the constructed mutants can be also and better ex-
plained if the alkane hydroxylase in Thermus sp. ATN1 is capable to over-oxidize alkanes to car-
boxylic acids. Over-oxidation is a known issue with monooxygenases. Several of them catalyze
multiple oxidations of hydrocarbon substrates, which is a problem if a specific alcohol is the de-
sired product. Such multiple oxidation activities may be due to a low (regio) specificity of the
oxygenase resulting in oxidation at multiple sites or in over-oxidation of an alcohol product to the
corresponding aldehyde, ketone, or acid. The later can occur if the primary product, the alcohol,
can also bind as a substrate or is not released from the active site. Thus this mechanism cannot
prevent over-oxidation (van Beilen et al., 2003; Bihler & Schmid, 2004).

Some reports exist on over-oxidation of alkane substrates by monooxygenases. Scheller et al.
(1998) reported the conversion of n-hexadecane to 1,16-hexadecanedioic acid catalyzed by the
alkane monooxygenase system of the alkane degrader Candida maltose reconstituted from re-
combinant cytochrome P450 52A3 and the corresponding NADPH-cytochrome P450 reductase
and without the action of an alcohol oxidase. Shet et al. (1996) reported oxidation of dodecanoic
acid to the corresponding diacid with a purified recombinant fusion protein containing P450 4A1
and NADPH-P450 reductase.

Bacterial non-heme di-iron enzymes have also been reported to catalyze multiple oxidations and
to over-oxidize alkane substrates. The alkane w-hydroxylase from P. putida GPol was reported to
catalyze the oxidation of terminal alkanols to alkanals (May & Katopodis, 1986). More recently,
Grant et al. (2011) have reported the heterologous expression of this enzyme in E. coli performed
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to increase total hydroxylase activity and yield of 1-dodecanol from n-dodecane, but the results
indicated high over-oxidation of the alcohol and the acid was obtained in an 11:1 ratio to the
preferred product, despite the fact that no alcohol dehydrogenase was involved in the biotrans-
formation.

As in the case of many other monooxygenases it can be assumed that the alkane hydroxylase in
Thermus sp. ATN1 has also the ability to oxidize its substrates further, especially if their interac-
tion with the active site is sufficiently long and sufficient NADH is available for the reactions.

How does over-oxidation occur with the selected mutants in this work? Having lost the ability to
grow in alkanes as sole carbon source, but being capable to convert and consume the alkanes in
the presence of a co-substrate, these mutants must not have an active NADH regeneration
mechanism when no other carbon source is present, as NADH required for the first step of the
alkane catabolic pathway. The dehydrogenase step in this pathway (see figure 1.11) is defective
(as could be for the RM5 strain) or is already blocked (as in DG11 strain). However, the catabo-
lism of other substrates, through other pathways, makes NADH available for further oxidation
reactions resulting in carboxylic acids (figure 4.2) that can be further catabolized by the (-
oxidation pathway. This provides a solid explanation to the conversion and consumption of al-
kanes observed with mutant RMS5.
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Figure 4.2 - Over-oxidation mechanism of n-alkanes by alkane monooxygenases provided suffi-
cient reducing cofactor is available: (a) as proposed for Thermus sp. ATN1 mutants; (b) for a solu-
ble Cytochrome P450 oxygenase (modified from Scheller et al.,1998).

It is not strange that these monooxygenases can introduce more than one oxygen atom at the
same methyl group if the conditions are provided. After all, hydrogen atoms bound to the carbon
carrying already the hydroxyl function are expected to be more reactive than those at neighbor-
ing methylene or other methyl groups.
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4.4.3 Outlook for long-chain alkanols and a,® - diols with Thermus sp. ATN1

It can be concluded that over-oxidation by the alkane hydroxylase complex has resulted in the
formation of carboxylic acids, therefore, production of alkanols or diols with mutants of Thermus
sp. ATN1 is not possible by simply disrupting ADH encoding gene(s) or by classical random muta-
genesis in this strain.

It is remarkable that bacterial production of alkanols and a,®-diols from n-alkanes has been only
reported with recombinant monooxygenases. The hosts that have been employed harbor either
the alkane hydroxylase system from Pseudomonas putida Gpol (Bosetti et al., 1992; Grant et al.,
2011), the Cytochrome P450 monooxygenase complex from Acinetobacter sp. OC4 (Fujii et al.,
2006) and recently the long-chain alkane monooxygenase LadA from Geobacillus
thermodenitrificants NG80-2 (Feng et al., 2007; Dong et al., 2012). With this approach expression
of the alkane hydroxylase system is not repressed whilst the host grows on an alternative carbon
source as no regulatory mechanism exists. Thus the effort needed to manipulate regulatory
mechanisms is eliminated. Further oxidation and catabolism of the alcohol intermediates by the
parent strain has been somehow prevented, since the necessary ADH’s are not expressed (Bosetti
et al., 1992). In addition, over-expression of the monooxygenases has resulted in higher yield of
the alcohol products, but particularly relevant is the fact that over-oxidation of the alcohol prod-
uct to the carboxylic acid seems unavoidable and it is increased at higher expression levels as in
the work reported by Grant et al., 2011.

It is unclear how effective the recombinant approach is compared to block the through-
conversion of the desired intermediate by mutagenesis of the wild-type strain for the purpose of
obtaining long-chain alcohols. No other reports are available that describe the blockage of a long-
chain ADH with the purpose of this thesis. However it has been discussed (A. Schmid, R. Miiller,
2012) that other research groups have tried to obtain alcohol intermediates also by disrupting
ADH'’s with little success, most probably for the same or similar reasons why it has not been pos-
sible to obtain them with Thermus sp. ATN1 mutants.

Still, if at the expense of over-oxidation, application of Thermus sp. ATN1 or its enzymes (or other
alkane degraders) would be contemplated an alternative to obtain alcohols or diols, some as-
pects need to be addressed.

It should be considered that heterologous expression, especially in the case of membrane-bound
enzymes, may lead to lower turnover numbers (k) of the recombinant enzyme compared to the
native form, requiring higher expression levels in the host strain to obtain comparable specific
whole-cell activity like that in the wild-type strain. Duetz et al., 2001 suggested this may be due
to different membrane properties of the artificial host. As an example, Staijen et al., 2000 report-
ed the heterologous expression of the alkane hydroxylase complex from P. putida Gpol in E. coli
W3110 at a maximal specific activity of 30 U/g dry w, which was practically identical to the specif-
ic activity of the wild-type strain despite the fact that the expression level of the enzyme was six
fold higher in the recombinant host.
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On the other hand, heterologous expression of the monooxygenase may be the only viable op-
tion if the wild-type strain does not grow well on minimal media, is a suspected or known patho-
gen, or can’t be engineered either to avoid product consumption (van Beilen et al., 2003) or to
avoid repression of the hydroxylation step by one or more regulatory mechanisms. In addition,
alkanols may be toxic for the cells when accumulated. For instance, an inhibitory effect of oxi-
dized n-alkane derivatives on the expression of alkane hydroxylase alkM in Acinetobacter baylyi
ADP1 has been noticed (Wentzel et al., 2007) and antibacterial activities of long-chain alcohols
have been studied extensively (Togashi et al., 2007; Kabelitz et al., 2003; Kubo et al., 1995; Kato
et al., 1980).

Moreover, other challenges like strain sensitivity to hydrocarbons or toxicity of products
(alkanols) can be addressed with more suitable hosts, e.g. tolerant to hydrocarbons solvents
(Heipieper et al., 2007).

Thus, recombinant expression of the alkane monooxygenase from Thermus sp. ATN1 or increased
expression of this enzyme in ADH blocked mutants derived from the wild-type strain (self-
cloning) could be alternatives to observe formation of long-chain mono and di-alcohols, but pre-
dominantly carboxylic acids. It is possible though that the alkane activation with this thermophilic
monooxygenase at higher expression levels does not allow at all the production of alcohols from
hydrocarbons unless the monooxygenase is engineered, but even then, enzyme turnover could
be seriously compromised.

Further work to explore further possibilities with this strain or its mutants must involve the iden-
tification, sequencing and sub-cloning of the genes encoding the alkane hydroxylase function to
promote its over-expression either in Thermus sp. ATN1, as done with C. tropicalis (Picataggio et
al., 1992) or in an heterologous host, together with the blockage of further catabolic steps to
prevent product consumption, e.g. f~oxidation if LCDAs are to be obtained.

4.5 Production of LCDAs by mutant strain RMS5

As described (3.5 and 4.4), long-chain alkanes were converted by mutant RMS5 to the corre-
sponding mono and dicarboxylic acids, possibly via aldehyde unspecific oxidation and/or over-
oxidation. As introduced in 1.2.2, LCDAs are important industrial chemicals and this study has
revealed that Thermus sp. ATN1 could be an alternative to produce higher LCDAs through bio-
transformation.

In this work the production of long-chain a,w-diacids up to a chain length of 28 carbon atoms by
bioconversion of the corresponding aliphatic hydrocarbons has been demonstrated. This is the
first time that the bioconversion of aliphatic hydrocarbons of chain lengths with more than 16
carbon atoms with bacteria to mono and dicarboxylic acids is reported.

Figure 4.3 compares the results obtained with the mutant strain RMS5 for the biotransformation
of alkanes to LCDAs under aerobic conditions as presented in section 3.9 with other microbial
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studies referenced in table 1.4 and in section 1.3.4. From the latter only the reference by
Picataggio et al. (1992), utilizing C. tropicalis, is known to have reached industrial scale produc-
tion in China in a process operated by Cathay Industrial Biotech and developed by Cognis
(Schorken & Kempers, 2009).

It is clear that results for production of larger LCDAs in shaking flask experiments with the mu-
tants constructed during this work do not compete with the figures reported for DC14 production
developed by Cognis. Nevertheless, several observations indicate that there is great potential for
Thermus sp. ATN1 for production of LCDAs at levels that could compete with the C. Tropicalis
based process to obtain the DC16 diacid and possibly lower diacids (DC12-DC15) as well as to
broaden the spectra of commercially available LCDAs:

= Under aerobic conditions, the alkane consumption figures for the RMS5 mutant compared to
cumulated acid products indicate that the later were also consumed during the bioconver-
sion experiments via f-oxidation. For instance, n-octadecane consumption in shaking flask
experiments reached 59% of the added substrate, whereas recovered mono and diacid prod-
ucts indicated a molar conversion of about 10.3% (see figure 3.49). In another example, con-
sumption of n-octadecane reached 86% in only 36 h in an experiment where active aeration
was provided (see figure 3.48). It is assumed that if the f~oxidation pathway is completely
blocked in this mutant, molar conversions close to 100% can be obtained with longer incuba-
tion times and active aeration as in the case of C. tropicalis mutant H5343 where incubations
were run for up to 160 h to obtain DC14 (reference 3 in table 1.4).

= |t has been demonstrated that Thermus sp. ATN1 is suitable for strain engineering as it is
capable to transform and recombine exogenous DNA. It should be possible to introduce mul-
tiple copies of the alkane hydroxylase complex encoding gene(s) to increase its expression
level and the specific cell activity for long-chain alkanes, leading to increased LCDA specific
productivities as in the case of C. tropicalis mutant AR40 (reference 5 in table 1.4). In addi-
tion, integration of an antibiotic resistance into the strain would provide unique characteris-
tics for process control.

= Hill et al. (1986) described for C. Tropicalis mutant 7/34 that alkane conversion was observed
increasing with decreasing substrate carbon chain length (reference 2 in table 1.4). Similarly
alkane consumption with RMS5 was higher with shorter alkanes. With both strains, conver-
sion efficiency and specific productivity were on a similar level with n-hexadecane as sub-
strate, despite quite different total yield and productivity figures. It would be expected that
with the mutations proposed above, Thermus sp. ATN1 would reach much higher conversions
and productivities with n-hexadecane and shorter substrates, which may exceed what is
achievable with the best engineered C. tropicalis AR40 reported by Picataggio et al. (1992).

=  Commercial LCDA production is performed with engineered C. tropicalis only in China. This
microorganism is classified as pathogenic in Europe and other countries (Huf et al,, 2011).
Utilization of this microorganism would require a high security standard for an industrial pro-
cess, making it difficult to establish and not competitive. Thermus sp. ATN1 does not suffer
from this drawback.
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Process development for this thermophilic strain would offer some advantages (see 1.4) in-
cluding less sensitivity to contamination at high process temperature, shorter incubation
times due to higher reaction rates and simpler downstream processing as unconverted sub-
strate can be easily separated at lower temperatures and as products are not soluble in wa-
ter.

The range of possible LCDA products from saturated hydrocarbons with this thermophile is
much wider than that possible with mesophilic microorganisms. Solid hydrocarbons are not
easily accessible to the microbial cells for uptake and catabolism and therefore not suitable
for a biotransformation process. With C. tropicalis the substrate carbon chain length with
paraffins is limited to 18 carbon atoms, since the melting point of n-octadecane is around 30
°C and its solubility is already quite low at the cultivation temperature of 32 °C. With cultiva-
tion temperatures close to 70 °C the carbon chain length can be of up to 32 carbon atoms as
n-dotriacontane has a melting point at 69 °C. In addition, also larger non-natural long-chain
mono-carboxylic acids could result as a valuable product.

Availability of larger LCDAs would open new possibilities for existing and novel applications
including new types of polymers (e.g. nylons), among others (see 1.2.2.1). This would incen-
tivize research efforts to develop this novel process for the production of larger LCDAs.

Long-chain mono and dicarboxylic acid production with an engineered Thermus sp. ATN1
mutant would not be limited to bioconversion of mineral oil or natural gas derived products,
but also suitable to upgrade natural oil derived fatty acids (see figure 4.3). Having a process at
high temperature would also be advantageous if the carboxylic acids are to be further con-
verted by standard industrial processes to the respective alcohols or amines as such process-
es run normally at high temperatures.

147



i f 8z 5 o
mWMw M.T mm
g8 £ :
§z3_ A
228 H I
A Tzg % 2 3
§ 8k e
Ty &8
. _PIEEIRy
mu@@mm 3m
s s s s 3 =8
m m — L=} =] =

Figure 4.3 - LDCA production figures for bioconversion of long-chain n-alkanes with other microorganisms in comparison to figures obtained with mutant

RMSS.
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One limitation for process development with Thermus sp. ATN1 is the substrate concentration in
the culture broth. Experiments in loose cap shaking flasks showed that higher alkanes and lower
concentrations are preferred as both have less impact on cell growth which favors higher molar
conversion for each particular substrate (see figures 3.43 and 3.44). However even the highest
alkane concentration tested in this study remains a limitation and impacts greatly bioprocess
economics (see 1.2.2.5.2) as it results in a low product concentrations as seen in figure 4.2.

The toxic effect of hydrocarbons as a second liquid phase was also reported for the production of
1-octanol from n-octane with P. oleovorans by Schmid et al. (1998) and octanoic acid from n-
octane with a recombinant E. coli strain by Favre-Bulle et al. (1993) and several related studies. As
proposed by Bihler & Schmid (2004), substrate toxicity can be addressed by controlled substrate
addition and by in-situ product removal such as: solid phase extraction, two-liquid phase concept
or membrane-mediated product extraction. For solid phase extraction, immobilization via ad-
sorption onto polymeric matrices such as ion-exchange or hydrophobic resins has been demon-
strated for a large variety of compounds including antibiotics and fine chemicals (Bihler &
Schmid, 2004). Immobilized cells have been investigated for continuous production of DC-15 with
Cryptococcus neoformans where the diacid could be continuously removed from the culture
broth and yield could be significantly increased (see 1.3.4). Thus several alternatives exist to ex-
plore the possibilities to use Thermus sp. ATN1 for the production of valuable LCDAs from renew-
able and mineral oil & gas resources (figure 4.4).
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Figure 4.4 - Biotechnological approach to produce a,w-oxidized chemicals from long-chain n-
alkanes and natural derived fatty acids.
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4.6 Biosurfactant production by Thermus sp. ATN1 and its mutants

Biosurfactant production is a common feature in alkane degrading bacteria and many species
have been reported to produce surfactants while growing on hydrocarbons (Ron & Rosenberg
2002). Thermus sp. ATN1 and its mutants also produced surface active substances during cultiva-
tion in mineral media with n-alkanes (see 3.7.1). Production levels were monitored with the
MBAS method. The oily and soapy film observed during these experiments was not present in
control cultures without alkanes and the corresponding MBAS absorbance values were below the
lowest levels observed in bioconversion cultures. Therefore and as observed by Otto (2001), it is
proposed that the surfactant production is associated with hydrocarbon metabolism in this strain.

Production levels of biosurfactant by the wild-type strain were found the highest in the late sta-
tionary phase. A similar behavior was observed with the tested mutants but at higher levels and
particularly distinctive was the high production levels by the AIkDH blocked mutant DG11 (see
figure 3.34). Overproduction of biosurfactants during the stationary phase has been described
for various Pseudomonas spp. (Desai & Banat, 1997) and overproduction by mutants of P.
aeruginosa generated by random mutagenesis have been also reported (Tahzibi et al., 2004).
Several authors have highlighted the possibility to utilize bacteria overproducing biosurfactants to
take advantages of these compounds over chemical surfactants (see 1.5), including bioremedia-
tion applications (Ron & Rosenberg, 2002).

An indirect indication of biosurfactant production was observed during off-line infrared meas-
urements of culture broth samples (see figure 3.39). These measurements showed that, as the
incubation progresses, alkane dispersion appears to improve in the media, since the intensity of
bands at 1470, 1380 cm™ increased. These bands are typical for aliphatic hydrocarbons and this
behavior would indicate an increase in their apparent solubility in the bioconversion medium that
can be explained by the effect of the biosurfactant. This observation also hints to substrate speci-
ficity, a feature of several high molecular weight bioemulsifiers (Ron and Rosenberg, 2002).

4.6.1 Biosurfactant composition and physiological role

In comparison to SDS, a larger molecular size for this new biosurfactant was expected. Lower
MBAS absorbance readings were obtained for the purified biosurfactant solutions with equal
weight concentrations of SDS indicating a higher molecular weight than that of SDS.

The materials isolated as biosurfactant from bioconversion cultures was partly characterized.
Sugars and acylglycerols where found as building blocks in this substance(s) in the crude and puri-
fied material. In crude material, phosphate was found by GC-MS analysis. The presence of phos-
phorous was confirmed by elemental analysis. The purified biosurfactant(s) can be classified as
glycolipid(s), but the crude material also contained phosphate esters from these or similar glyco-
lipids. The presence of these type compounds in Thermus sp. ATN1 could be expected. Yang et al.
(2004; 2006) and other authors have studied glycolipids and phosphoglycolipids from Thermus
spp. and other thermophilic bacteria and suggested that their structure, composition and abun-
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dance in the cell membrane is related to their biological role in ensuring the thermal stability of
the cellular membrane in these microorganisms.

It has not been determined if the biosurfactant(s) from Thermus sp. ATN1 form originally part of
the cell membrane. However it can be theorized that at least the phosphoglycolipids found in the
crude material could have originated from an unstable cell membrane as a result of the interac-
tion with a non-polar phase like the alkanes in the medium. Since the crude material, where
phosphates were also detected, was obtained from a single solvent extraction step and floating
material between the solvent and aqueous phases during the extraction was also collected with
the solvent fraction.

Interestingly, the crude material was only obtained as such from mutant RMS5 bioconversion
cultures and not from the AIkDH gene disrupted mutant DG11 from which the purified form was
obtained. FTIR comparison of both materials showed some differences (figure 3.42-a) that can be
possibly explained by the presence of the phosphorylated glycolipids. On the other hand, FTIR
material comparison of floating solids (3.6.2) vs. the crude biosurfactant (figure 3.42-b) showed
some similarities. It is proposed that partly oxidized alkane molecules (e.g. aldehydes) could have
reacted with cell membrane components like complex phosphoglycolipds resulting in the unsta-
ble membrane and the floating solids and the phosphated compounds detected in crude
biosurfactant observed only in the RMS5 bioconversion cultures.

In the case of the glycolipids isolated as pure biosurfactant, it is also possible that they are over-
produced by the strain to maintain membrane stability or reconstitute it while growing on hydro-
carbons. At the same time these compounds could contribute to the strain survival as they can
facilitate hydrocarbons uptake (see 4.6.3). This could also explain why higher production levels
where observed during the stationary phase, because membrane disruption of dying cells may
contribute to the surface active substances determined by the MBAS method.

4.6.2 Biosurfactant characterization

As reported in section 3.7.1, characterization of this biosurfactant was performed with methods
modified from Cirigliano and Carman (1984, 1985) and in comparison to commercial surfactants.
It was surprising that compared to SDS and Triton X-100 the purified biosurfactant from Thermus
sp. showed higher emulsification activities at both tested temperatures while the emulsion stabil-
ity with n-hexadecane showed the poorest behavior at 20 °C and just comparable to SDS at 50 °C.

Both, high emulsification activities towards n-hexadecane and poor emulsification stability at 20
°C can be well explained from the chemical composition of the isolated biosurfactant. It is ex-
pected that the acyl hydrophobic moieties provide high specificity of this biosurfactant for ali-
phatic hydrocarbons resulting in higher emulsification activities compared to the other tested
surfactants. Poor emulsification stability can be explained by agglomeration that can be predicted
for higher hydrocarbons at lower temperatures resulting from Van der Waals forces in the inter-
actions between n-hexadecane and/or biosurfactant molecules.
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4.6.3 Increasing hydrocarbon bioavailability by addition of the biosurfactant
from Thermus sp. ATN1

Results in section 3.7.3 clearly illustrate the effect of the biosurfactant from Thermus sp. ATN1
and SDS on increased hydrocarbon bioavailability for the growth of Pseudomonas sp. strain 273.
Significant n-hexadecane degradation and cell growth were observed at early incubation stages
for the cultures where either the biosurfactant or SDS were added.

Growth rate was higher in the medium with the alkane dispersed by SDS, but alkane degradation
rate was lower than that for the culture to which the purified biosurfactant had been added as
dispersant. The detection of dodecanoic acid by GC-MS analysis of samples obtained from the
SDS containing culture supported the explanation that the bacteria also used SDS as carbon
source.

Surfactants can enhance bioavailability, and if biodegradable, they may serve as a primary sub-
strate for a pollutant that can be then co-metabolized, as it appeared to be the case for the SDS
containing culture. In this sense, biodegradability of the surfactant may result in limited biodeg-
radation of the hydrocarbons if the surfactant is preferentially degraded or if as a result essential
nutrients are depleted. In addition, rapid degradation of the biosurfactant will reduce its bioavail-
ability-enhancing effects (Parales et al., 2008; Volkering et al., 1998)

It is unclear if the biosurfactant from Thermus sp. ATN1 also served as carbon source for Pseudo-
monas sp. strain 273, but the differences with the SDS containing culture in alkane degradation
and cell growth rates suggest that if this was the case, it was not a preferred substrate.

In the work by McKew et al. (2007), addition of a biosurfactant or nutrients produced no effect in
hydrocarbon degradation experiments at early stages of cell growth. However greater degrada-
tion at early stages was observed in experiments where both nutrients and biosurfactant were
supplemented suggesting that not only nutrients are a limiting factor, but that degradation is co-
limited by hydrocarbon bioavailability. In the nutrient-only experiments by McKew et al. (2007)
degradation of n-alkanes increased after several days to levels similar to experiments amended
with both nutrients and bioemulsifier, possibly because the degrading bacterial community pro-
duced their own surfactants resulting in increased hydrocarbon bioavailability.

In our case, the control culture containing only the alkane as carbon source exhibited little deple-
tion at the end of the incubation and showed limited cell growth. It is known that this strain can
also grow on n-alkanes as sole carbon source (Wischnak et al., 1998) but in this experiment al-
kane limited bioavailability combined with oxygen limitation (sealed flasks) could have delayed
alkane uptake.

By increasing hydrocarbon bioavailability by addition of either the biosurfactant or SDS, the lag
phase of microbial growth was shortened and alkane degradation accelerated. This demonstrates
that the biosurfactant produced by Thermus sp. ATN1 could be used as a bioavailability enhancer
for hydrocarbon biodegradation applications involving also mesophilic microorganisms.
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5. Summary

Selective and efficient oxidation/hydroxylation of hydrophobic substrates such as mineral oil hy-
drocarbons remain an attractive route for production of high value chemicals. Long-chain alcohols
and dicarboxylic acids (LCDAs) are important industrial chemicals mainly used as intermediates
for additives applied in valuable products like cosmetics, washing detergents, paints, coatings,
lubricants and polymers. These chemicals are industrially produced either from petro-chemical or
renewable feed-stocks generally by chemical processing and only a reduced range of products is
available. Biocatalysis based production of these chemicals has mainly remained at a re-
search/exploratory stage.

A limited number of biocatalysts oxidizing long-chain n-alkanes have been studied. Typically, hy-
droxylation reactions have been studied only for the formation of mono-alcohols whereas termi-
nal oxidation has involved formation of mono and dicarboxylic acids from aliphatic hydrocarbons
with up to 18 carbon atoms.

In an attempt to produce o,w-hydroxylated/oxidized compounds from long-chain n-alkanes, mu-
tants of the thermophilic bacterium, Thermus sp. ATN1, capable to degrade these compounds at
70°C by terminal oxidation, have been constructed by classical random mutagenesis. Selected
mutants were not capable of growing on alkanes as sole carbon source. To determine whether
these mutants contained a disrupted alkane catabolic pathway, they were screened for alkane
bioconversion metabolites in mineral media supplemented with an alternative carbon source. In
contrast to the wild-type strain, these mutants converted alkanes constitutively. It was possible to
detect aldehyde intermediates and to isolate long-chain mono and dicarboxylic acids from the
bioconversion broths.

In addition, the gene AlkDH encoding the alcohol dehydrogenase (TADH) suspected to be involved
in the long-chain alkane’s metabolism in this strain was truncated with a kanamycin resistance
gene by homologous recombination in the random mutants. Significantly reduced TADH activity
was observed with 1-octanol in the crude extract obtained from these AIkDH gene truncated mu-
tants (AIkDHtKAT, DG11 strain) in comparison to crude extract activity from the random mutants
(RMSS5 strain), indicating that AIkDH was effectively disrupted. However, a,w-hydroxylated prod-
ucts were not obtained and further oxidation of 1-hexadecanol was still observed in the crude
extract from AIkDHtKAT mutants. Either over-oxidation of the alcohol products by the alkane
monooxygenase complex in this strain or the presence of another alcohol dehydrogenase could
be responsible for these results. Substrate over-oxidation is proposed as the best explanation for
the observed results. Over-oxidation is a known issue in the application of monooxygenases and,
in the case of the mutants constructed in this study, it indicates that complete terminal oxidation
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reactions are favored over hydroxylation reactions making the production of alcohol products by
the described approach practically impossible.

On the other hand, the constructed mutants from Thermus sp. ATN1 are capable to produce a,w-
oxydized products from long-chain n-alkanes. In this work the production of long-chain a,w-
diacids (LCDAs) with a carbon chain length of up to 28 carbon atoms by bioconversion of the cor-
responding aliphatic hydrocarbons has been demonstrated. Saturated substrates with up to 32
carbon atoms or more can be converted by these mutants. This is the first known report on bio-
conversion of aliphatic hydrocarbons of chain lengths larger than 18 carbon atoms to mono and
dicarboxylic acids with a thermophilic bacterium.

The broad range of LCDA products obtained with these mutants could be produced for new types
of polymers, adhesives, lubricant additives, pharmaceuticals and other novel applications.

LCDAs have been obtained under aerobic conditions in shaking flask experiments with conversion
and productivity levels interesting for further study. An indication of optimal culturing conditions
to maximize growth/substrate conversion in terms of aeration, co-substrates and working con-
centrations is provided by this work. Analytical methods have also been developed or adapted to
monitor the bioconversion as well as the production of a biosurfactant that Thermus sp. ATN1
produces when growing on hydrocarbons.

As basis for further development work, it has been also demonstrated that the strain can be en-
gineered as it can naturally transform and incorporate exogenous DNA. Thus, LCDAs productivity
could be enhanced by blocking the B-oxidation pathway and introducing multiple copies of the
putative long-chain alkane monooxygenase complex in the wild-type strain or in the mutants
constructed in this study, as it has been done with Candida sp. for the production of LCDAs. Hy-
drolysis products from natural fats and oils could also be used as substrates.

In addition, Thermus sp. ATN1 offers several advantages over other microorganisms for the pro-
duction of LCDAs. The strain is non-pathogenic and its thermophilic nature provides unique char-
acteristics for process control to avoid culture contamination. The integration of an antibiotic
resistance into the strain has been also demonstrated.

Finally, the production of a biosurfactant by this thermophilic strain and its mutants as well as the
isolation and characterization of the biosurfactant are described. This biosurfactant showed ad-
vantages over commercial surfactants like SDS and Triton X-100 in the characterization tests, es-
pecially at high temperatures. The use of this biosurfactant as hydrocarbon bioavailability en-
hancer was demonstrated in the utilization of n-hexadecane by a mesophilic strain.
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