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Preface

Vitamins, provitamins and related compounds belong to the few chemicals that
evoke a positive appeal to most people; even for a layman, the term vitamin
sounds synonymous to vitality, health, physical and mental strength, fitness, well-
being and so on. Indeed, each one of us needs his/her daily intake of vitamins,
which should normally be provided by a balanced and varied diet. However,
even today, this is not always the case. Current food habits or preferences, food
availabilities, as well as food processing, cooking or preservation methodologies
and technologies do not always assure a sufficient balanced natural daily vitamin
supply to a healthy individual, let alone to a sick or stressed human being. Today,
modern society is seldom confronted with the notorious avitaminoses of the
past in the Western World, but they do still occur frequently in overpopulated,
war-ridden, poverty-or famine-struck regions in many parts of the World.
Apart from their in vivo nutritional-physiological roles as essential growth
factors and coenzymes for human beings, animals, plants and microorganisms,
vitamins and related compounds are increasingly being introduced as food and
as feed additives, as medical—therapeutical agents, as health-promoting aids,
and also as technical aids, for example, as antioxidants or biopigments. Today,
an impressive number of processed foods, feeds, cosmetics, pharmaceutical and
chemical formulations contain extra vitamins or vitamin-related compounds,
and single and multivitamin preparations are commonly taken or prescribed.
These considerations point towards an extra need for vitamin supply, other than
those provided from microbial, plant and animal food sources. Most added
vitamins and related compounds are indeed now industrially prepared via
chemical synthesis, extraction technologies and/or biotechnological routes, such
as fermentation and/or biocatalysis. This volume focusses on the use of industrial
biotechnological principles and bioprocesses for the production of vitamins and
related compounds such as biopigments and antioxidants.

Industrial biotechnology encompasses the exploitation of the genetic and
biochemical machinery of useful microorganisms (bacteria, fungi, yeasts and
microalgae) and of higher cells for the synthesis of bulk and fine chemicals
(including vitamins and related factors), pharmaceuticals, enzymes, biomaterials
and energy, using renewable resources rather than fossil ones. Two main types
of microbiology-based enabling technologies are involved: fermentation-based
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technologies and enzyme-based technologies. Fermentation technology relates
to the directed and controlled mass production of microbial or higher cells,
their enzymes and/or their metabolites. Enzyme technology or biocatalysis deals
with the use of microbial or higher cells for their enzyme systems (produced
via fermentation processes) to catalyse desirable chemical chiral reactions. Both
technologies were initially often rescued only when chemical processes failed to
be successful or were uneconomical. Nowadays, they are often the first-choice
technologies for several reasons: they are based on renewable resources, deliver
simple as well as very complex molecules directly in a desirable chiral form and
in an economically favourable way, and they are considered in the society as
clean, sustainable and re-usable technologies. Industrial microbiology has its
foundations based on knowledge of basic sciences and of technologies as well.
It has always been a cornerstone of ‘microbial biotechnology’, even before this
name was coined. Indeed, the discipline has attracted the interest of scientists
and bioengineers for decades, but new developments in science, in technology, in
industry and in society have made it an even more fascinating and indispensable
field of research and application. Scientific breakthroughs in high-throughput
screening methodologies, in molecular genetics of industrial microbial strains,
in systems (micro)biology, in directed evolution, metabolic engineering and
modelling, but equally in enzyme and cell engineering, in novel culture tech-
niques, rapid sampling and sensor methodologies, in bioreactor design and in
downstream processing, all have contributed to the growing interest and use
and impact of industrial microbiology and biotechnology in the industry. The
design-based engineering of industrial microbial strains is still hampered by
incomplete knowledge of cell biochemistry, metabolic regulation and cell biology.
Advances in systems biology technologies and in synthetic (micro)biology can
now also contribute to fill this gap. Equally, microbial enzymes are increasingly
being used in industry and are further optimised as to their characteristics for
practical use in large-scale biocatalytic reactions; basic and applied studies of
enzyme and protein engineering and of enzyme technology are essential here.
Protein engineering of microbial enzymes is now an important tool to overcome
the limitations of natural enzymes as useful biocatalysts; combination of directed
evolution and rational protein design using computational tools has become
significant to create even novel enzymes, expanding their application potential
in industry. The asymmetric biocatalysis with microbial enzymes and cells has
now achieved high efficiency, enantioselectivity and yield, such that — for a wide
variety of chiral products, including vitamins, biopigments, antioxidants and
related compounds — biocatalysis has become a preferred production alternative
in organic synthesis and in the chemical industry for fine as well as bulk chemicals.

All the aforementioned developments have justified the timely publishing of
a comprehensive book on industrial biotechnology of current vitamin produc-
tion, biopigments, antioxidants and related compounds. Eighteen comprehensive
chapters, all written by renown experts, focus on all aspects, from historical to the
latest developments in both fields, fermentation science and enzyme technology,
as applied to (pro)vitamins, biopigments, antioxidants and related compounds.
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So far, such information is scattered widely in the scientific literature; for some
compounds, only secrecy and sparse data are available. Some well-known vitamin
compounds that are produced currently only chemically are deliberately not cov-
ered in this biotech-focussed volume, including B, B¢, B,, D, E and K. For some
of these molecules, biotechnological processes are being developed, although,
indeed, not competitive as yet with chemical synthesis. Other published volumes
cover only one or a few specific vitamin compounds or deal mainly with chemical
synthesis, nutritional, biochemical, pharmaceutical or medical aspects.

This volume also aims at demonstrating the broad potential of industrial micro-
biology and biotechnology to produce these chemically quite complex molecules
and its impact on society; it may awake the mind of the researchers — also in other
fields of science and technology — to speed up the introduction of these clean
biotechnologies in the industry and their products in society!

The help of several colleagues and friends in suggesting potential authors
for difficult-to-get chapters has been invaluable to assemble a comprehensive
volume. We want to mention especially Dr. Hans-Peter Hohmann, DSM Nutri-
tional Products, Basel, Switzerland; Em. Prof. Yoshiki Tani, Faculty of Agriculture,
Kyoto University, Japan; Dr. Hideo Kawabe and Dr. Hideharu Anazawa, Japan
Bioindustry Association, Japan and Prof. K. Matsushita, Yamaguchi Univer-
sity, Japan; and Em. Prof. Colin Ratledge, Department of Biological Sciences,
University of Hull, UK.

The positive interaction with all the contributing authors is highly appreciated
as well. The editors are very much indebted to the staff of Wiley-VCH, Verlag
GmbH & Co, Weinheim, Germany, especially to Dr. Reinhold Weber, Dr. Andreas
Sendtko and Mrs. Lesley Fenske, who were extremely helpful at the different stages
from the conception to the birth of this book! Most gratitude goes to our respec-
tive wives, Mireille and Ines, who could only have withstood our mental absence,
strengthened with multivitamin preparations, although our sole vitamin shot was
their encouraging and moral support during this biotechnological enterprise!

Belgium Erick J. Vandamme
Spain José L. Revuelta
2016
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Vitamins, Biopigments, Antioxidants and Related
Compounds: A Historical, Physiological and
(Bio)technological Perspective

Erick J. Vandamme and José L. Revuelta

1.1
Historical Aspects of the Search for Vitamins

In hindsight, the history of organic compounds that are now called vitamins can
be traced back to the ancient Egyptians; they experienced that feeding animal liver
to a person would help cure night blindness, an illness now known to be caused by
vitamin A deficiency. About 400 BC, the Greek physician — and father of Western
medicine — Hippocrates of Kos (460 to 370 BC) reported via his ‘Corpus Hippo-
craticum’ that eating liver could cure the same vision problem. Indeed, the value of
eating certain foods to maintain health was thus recognised long before vitamins
were ever identified (Bender, 2003).

In the thirteenth century, the Crusaders frequently suffered from scurvy, now
known to be caused by a lack of vitamin C in their food (Carpenter, 2012). Scurvy
was a particular deadly disease in which the tissue collagen is not properly formed,
causing poor wound healing, bleeding of the gums, severe pain and, finally, death.
It had also long since been a well-known disease, appearing towards mid-winter in
Northern European countries. Much later, in the sixteenth century, the therapeu-
tic effects of lemon juice against scurvy (then named scorbut) became gradually
known during long sea and ocean discovery voyages. The disease name, scorbut,
seems to be derived from the Old Nordic ‘skyr-bjugr’, meaning ‘sour milk-abscess’,
believed to be caused by continuous use of sour milk or ‘skyr” as main food on long
sea journeys; the Medieval Latin term was scorbutus, later known as Sceurbuyck in
French, Scheurbuyck in Dutch and scorbuicke in English and then as scorbut, but it
is now known as scurvy. The chemical name of vitamin C, L-ascorbic acid, is actu-
ally derived from these old names (Davies, Austin and Partridge, 1991). Scurvy had
caused the loss of most ship crew members on Vasco da Gama’s journey rounding
the Cape of Good Hope in 1499 and those of Ferdinand Magellan during his first
circumnavigation of our globe during 1519-1522. The Scottish physician James
Lind, a pioneer in naval hygiene, studied this disease in 1747 and described, in
1753, in his book ‘A treatise of the scurvy’, the beneficial effect of eating fresh veg-
etables and citrus fruits in preventing it. He recommended that the British Royal
Navy use lemons and limes to avoid scurvy; this led to the nickname ‘limeys’ for

Industrial Biotechnology of Vitamins, Biopigments, and Antioxidants, First Edition.
Edited by Erick J. Vandamme and José L. Revuelta.
© 2016 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2016 by Wiley-VCH Verlag GmbH & Co. KGaA.
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British sailors at that time. However, these findings were not widely practiced even
by the Royal Navy’s Arctic expeditions in the nineteenth century, where it was
believed that scurvy could be prevented by practising good hygiene and exercise,
rather than by a diet of fresh food. (Ant)Arctic expeditions thus continued to be
plagued by scurvy and other deficiency diseases further into the twentieth cen-
tury. The prevailing medical theory was that scurvy was caused by tainted canned
foods!

For another nutritional deficiency disease (vitamin B, or niacin deficiency)
already described for its dermatological effects in 1735 by Gaspar Casal in Spain,
the Italian medical doctor Francesco Frapoli used the name pellagra (pelle = skin;
agra = rough), referring to a rough skin appearance. Pellagra was common in peo-
ple who obtained most of their food energy from maize, notably in the Americas,
but also in Africa and China. Its emergence also depended on neglecting the once
common practice of the ‘nixtamalisation’ process — a special method of milling
the whole dried corn kernel — making niacin, bound as niacytin, nutritionally
available in the kernel.

In the nineteenth century, in Japan, the Hikan child diseases (keratomalacia or
necrosis of the cornea and xerophthalmia or eye dryness) were successfully treated
by including cod liver oil, eel fat or chicken liver, as a source of vitamin A, in
the diet. It was also found that cod liver oil and also direct sunlight had a cur-
ing effect on rickets (vitamin D deficiency), a disease already well described by
the English physician Daniel Whistler in 1645 and based on earlier observations
of his colleague Francis Glisson. During the late eighteenth and early nineteenth
centuries, the use of food deprivation studies, especially with mice and rats, but
also with humans, allowed scientists gradually to isolate and identify a number of
vitamins. Lipids from fish oil were successfully used to cure rickets in rats, and
the fat-soluble nutrient was named ‘antirachitic A or vitamin A’; this first vitamin
‘bioactivity’ ever isolated, which cured rickets, is now named vitamin D.

In 1881, the Russian surgeon Nikolai Lunin, while studying the effects of scurvy
at the University of Tartu (now Estonia), compared the effects of feeding mice
with milk versus an artificial mixture of then known milk constituents (proteins,
fats, carbohydrates and salts); the mice that received only the individual milk
constituents died, while those fed milk developed normally. He concluded that
‘a natural food such as milk must therefore contain small quantities of unknown
substances essential for life’.

In the Far East, when hulled rice was replaced by dehulled or polished white
rice as the staple food of the middle class, a sharp increase in the occurrence
of beriberi, a Sinhalese term meaning ‘serious weakness’ (due to lack of vitamin
B,), was observed, and it became an endemic disease. In 1884, Takaki Kanehiro,
a British trained medical doctor of the Imperial Japanese Navy, observed that
beriberi was endemic among the low-ranking crew, just eating rice, but not among
officers who also consumed a Western-style diet. He experimented with using
crews of two battleships: one was fed only white rice, and the other received a diet
of meat, fish, barley, rice and beans. The group that ate only white rice reported
161 crew members with beriberi and 25 deaths, while the other group had only 14
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cases of beriberi and no deaths. This convinced the Japanese Navy that the white
rice diet was the cause of beriberi.

In 1897, the Dutch physician Christiaan Eijkman, working in what is now
Indonesia, further observed that poultry fed with polished rice developed
polyneuritis, a disease similar to human beriberi. This disease could also be
prevented and cured by feeding rice and the silver fleece of the rice kernel; his
co-worker, Gerrit Grijns hypothesised that beriberi was caused by a ‘protecting
factor’ (later known as vitamin B;) that was obviously lacking in dehulled rice. In
1898, the English biochemist Frederick G. Hopkins postulated that some foods
contain ‘accessory factors’, in addition to proteins, carbohydrates, fats and nucleic
acids that are necessary for the healthy functioning of the human body. Later,
Hopkins and Eijkman were awarded the Nobel Prize for Physiology/Medicine in
1929 for their research on vitamins. Around 1910, F.G. Hopkins in the United
Kingdom and T.B. Osborne and L.B. Mendel in the United States initiated
research on modern vitamins with animal models and substantiated a theory,
stating that diseases, such as night blindness, scurvy, pellagra, rickets, beriberi,
hypocobalaminemia and paraesthesia, were the result of a lack of certain essential
food components in the diet. We know now that all these aforementioned
diseases are the result of nutritional vitamin deficiencies, that is, vitamin A,
vitamin C, vitamin B, or niacin, vitamin D, vitamin B, or thiamine, vitamin B,
and vitamin B, deficiencies (Rosenfeld, 1997).

1.2
Vitamins: What's in a Name

The first vitamin complex was isolated in 1910 by the Japanese scientist Umetaro
Suzuki, who succeeded in extracting a water-soluble complex of micronutrients
from rice bran that prevented beriberi and named it ‘aberic acid’. He published
his discovery as an article in a Japanese scientific journal that, however, in a more
accessible German translation failed to mention that it was a novel nutrient, thus
gaining little attention! In 1912, the Polish biochemist Casimir Funk isolated the
same beriberi-preventing complex of micronutrients from rice bran, displaying
chemical properties of an amine; this led him in 1912 to coin the name ‘vitamine’
for this type of ‘vital amine’ compounds (Piro et al., 2010). Funk also found in aque-
ous extracts of brewer’s yeast a growth-promoting additive for the diet of young
rats; it was called vitamin B complex. This vitamin B complex was, in the coming
decades, to be resolved into its component vitamins: B;, B,, B;, B;, B4, B,, By and
B,,. The name ‘vitamine’ soon became synonymous with Hopkins’ ‘accessory fac-
tors’, and by the time it was shown that not all vitamins are amines, this word was
already in general use. In 1920, Jack Cecil Drummond proposed that the final ‘¢’
be dropped to de-emphasise the ‘amine’ reference, as more researchers began to
realise that not all vitamins have an amine moiety.

In 1913, American nutritional biochemists Elmer V. McCollum and M. Davis
demonstrated a lipo-soluble factor A in butter fat and egg yolk, and in 1915, a
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Table 1.1 Discovery years of vitamins and their original source.

Discovery year Vitamin Used food source

1910 B, (Thiamine) Rice bran, yeast

1913 A (Retinol) Cod liver oil

1920 D, (Calciferol) Cod liver oil

1920 B, (Riboflavin) Meat, dairy, eggs

1922 E (Tocoferol) Wheat germ oil, unrefined vegetable oils
1926 B, (Cobalamin) Liver, animal products, eggs
1928 C (Ascorbic acid) Citrus

1928 F (Essential fatty acids) Plant oils

1929 K, (Phylloquinone) Leaf vegetables

1930 F (Essential fatty acid) Plant oils

1931 B, (Pantothenic acid) Meat, whole grains

1931 B, (Biotin) Meat, dairy products, eggs
1934 B, (Pyridoxine) Meat, dairy products

1936 B, (Niacin) Meat, grains

1941 B, (Folic acid) Leafy vegetables

1957 Q,o (Ubiquinone) Beef heart tissue

water-soluble factor B was found in wheat germ. It was Drummond who, in 1920,
named the fat-soluble factor vitamin A; the water-soluble anti-beriberi factor was
named vitamin B; the water-soluble anti-scorbut factor was first isolated in 1928
and named hexuronic acid, now vitamin C. In 1925, the fat-soluble anti-rickets
factor was named vitamin D. After the 1920s, discovery and isolation of several
other vitamins followed relatively quickly (see Table 1.1), and their structures,
nutritional and chemical properties and chemical synthesis were studied in great
detail in the following two decades.

In 1930, the Swiss chemist Paul Karrer elucidated the structure of beta-
carotene, the main precursor of vitamin A and identified other carotenoids as
pigments. Karrer and the British chemist Norman Haworth also made signif-
icant contributions to the chemistry of flavins, leading to the identification of
riboflavin, for which they received the Nobel Prize in Chemistry in 1937. In
1931, the Hungarian physiologist Albert Szent-Gyorgyi and a fellow researcher,
Joseph Svirbely, suspected that ‘hexuronic acid’ was actually vitamin C; they
gave a sample to Charles Glen King, who proved its anti-scorbutic activity in
his long-established guinea-pig scorbutic assay. In 1937, Szent-Gyorgyi received
the Nobel Prize in Physiology/Medicine. In 1943, American biochemist Edward
Albert Doisy and Danish biochemist Hendrik Dam were awarded the Nobel Prize
in Physiology/Medicine for their discovery of vitamin K and for the elucidation of
its chemical structure. In 1967, American George Wald became a Nobel laureate
for his discovery that vitamin A participated directly in the physiological and
chemical processes in the visual cycle.

Vitamin nomenclature was initially based on the use of letter symbols alphabet-
ically arranged according to the time of discovery; soon it appeared that one-letter
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named vitamins were multiple complexes, and this led to the addition of an index
to the original letters (B, B,, ... ). Often, when the function of the vitamin became
known, an appropriate letter symbol was chosen, that is, vitamin K, with K being
the first letter of the German word ‘Koagulation’; other names reflected deficien-
cies, that is, aneurin (B;, now thiamine) for anti-polyneuritis vitamin; vitamin PP
(B, or niacin) stood for ‘pellagra-preventing’ vitamin. Reasons that the list of vita-
mins skips certain letters of the alphabet are given as follows: certain compounds
were discarded as false leads, were reclassified over time or were renamed because
of being part of a complex. Letter names or trivial names are generally more in use
than the IUPAC names. The division into fat-soluble and water-soluble vitamins
as introduced about 100 years ago by McCollum and Davis is still universally in
use today (Eggersdorfer et al., 2012).

Another term that is often encountered in vitamin nomenclature is ‘vitamer’: by
definition, a vitamer of a particular vitamin refers to any of a number of chemical
compounds, generally having a similar molecular structure, each of which shows
varying vitamin activity in a vitamin-deficient biological system (Table 1.2). As an
example, vitamin A refers to at least six vitamer chemical structures, each display-
ing slightly differing properties: four of these are found naturally in plant foods and
are carotenoids; the retinol and retinal forms occur in animal-based foods, and
these are several times (up to six times) as effective in humans as the carotenoid
forms; for example, the carotenoid forms of vitamin A cannot be absorbed by cats
and ferrets and therefore display no vitamin A activity in them.

Table 1.2 List of vitamins by generic descriptor, with some of their vitamers including
active forms.

Vitamin generic ~ Vitamer chemical name(s) or chemical class of
descriptorname  compounds

Vitamin A Retinol, retinal and four carotenoids: the carotenes alpha-carotene, beta-
carotene, gamma- carotene; and the xanthophyll, beta-cryptoxanthin

Vitamin B Thiamine, thiamine pyrophosphate (TPP)

Vitamin B,, Cyanocobalamin, hydroxycobalamin, methylcobalamin,
adenosylcobalamin

Vitamin B, Riboflavin, flavin mononucleotide (FMN), flavin adenine dinucleotide
(FAD)

Vitamin B, Niacin (nicotinic acid), niacinamide

Vitamin By Pantothenic acid, panthenol, pantetheine

Vitamin Bg Pyridoxine, pyridoxamine, pyridoxal, pyridoxal 5-phosphate

Vitamin By Folic acid, folinic acid, 5-methyltetrahydrofolate

Vitamin C Ascorbic acid, Dehydroascorbic Acid, calcium ascorbate, sodium
ascorbate, other salts of ascorbic acid

Vitamin D Calcitriol, ergocalciferol (D,), cholecalciferol (D)

Vitamin E Tocopherols (alpha, beta, gamma and delta-tocopherol), tocotrienols
(alpha-, beta-, gamma-, delta-tocotrienols)

Vitamin F Linoleic acid and alpha-linolenic acid

Vitamin K Phylloquinone (K, ), menaquinones (K,), menadiones (K;)
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1.3
Physiological Functions of Vitamins and Related Compounds

From a chemical point of view, vitamins are a very heterogeneous and diverse
group of organic compounds, yet they can be considered as a particular single
group of molecules. A vitamin is an organic chemical, an essential vital nutrient
that an organism requires in limited amounts, one that the organism cannot syn-
thesise on its own in sufficient quantities and that normally must be obtained
through the diet. This implicates that the term ‘vitamin’ is conditional upon a
particular organism and the food habits and situation. Vitamin C is a vitamin for
humans, but not for most other animal organisms (except primates, guinea pigs,
bats, some birds and fishes) nor for plants or microbes. Vitamin supplementation
is important for the treatment of certain health conditions and for malnutrition
as indicated earlier (Bender, 2003).

There are other essential nutrients such as dietary minerals and essential amino
acids that are usually not considered as vitamins by convention. However, over the
past decades, novel vitamin-like compounds have been discovered and studied
in every detail and are now being considered as real vitamins; some are already
commercialised. They include the essential fatty acids (EFAs), also called vitamin F
or polyunsaturated fatty acids (PUFAs), the coenzyme ubiquinone (vitamin Q)
and several quinoprotein factors such as pyrroloquinoline quinone (PQQ). Other
molecules are still considered as growth factors and include inositol, glutathione,
L-carnitine, carnosine, gamma-aminobutyric acid (GABA) and flavonoids. They
perform diverse essential physiological functions or behave as antioxidants.

Most vitamins have to be provided via daily food/feed intake, but certain vita-
mins can be formed partially or indirectly within the body. Examples are:

¢ compounds — often called provitamins — with no apparent or low vitamin activ-
ity that can be converted into a vitamin within the body:
— provitamin A or beta-carotene (in vegetables and fruits) converted into
vitamin A
— the amino acid tryptophan (in protein-rich food) converted into vitamin B,
(niacin)
— provitamin B, (panthenol) converted into vitamin B, (pantothenic acid)
— provitamin D, or ergosterol (in yeasts, fungi, plants) converted into vitamin
D, (ergocalciferol)
— provitamin Dy or 7-dehydrocholesterol (in our skin) converted into vitamin
D (cholecalciferol).
¢ other vitamins that are formed by the intestinal microbiota (Guarner and
Malagelada, 2003; Le Blanc et al., 2013), that is,
— vitamin K, (menaquinone)
— some B vitamins (B, or thiamin, B, or riboflavin, B, or biotin B, or cobal-
amin)
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It is also well known that most fermented foods and drinks are enriched in their
vitamin content derived from the beneficial microorganisms involved in their pro-
duction by fermentation (Farnworth, 2003).

Vitamins have a catalytic role in the body, in enabling optimal biosynthesis,
conversion and degradation of macromolecules, such as nucleic acids, proteins,
lipids and carbohydrates or their building blocks. The physiological/biochemical
function of most water-soluble vitamins is now well known: they are part of coen-
zymes, involved in enzymatic group transfer and thus responsible for specific bio-
chemical reactions to occur (Padh, 2009). A survey is summarised in Table 1.3; see
also Table 1.5.

The physiological functions of fat-soluble vitamins and water-soluble vitamin
C are more varied and complex. Some examples are given in Table 1.4; see also
Table 1.5.

Much debate exists about the positive effects of high doses of water-soluble
vitamins on human and animal physiology; on the other hand, several hypervi-
taminoses of fat-soluble vitamins are well known. Compounds that specifically
counteract the functioning of vitamins are known as antivitamins or vitamin
antagonists; their negative action can be based on degradation of the vitamins
or on the complexation of the vitamins into a non-resorbable complex, that
is, avidin (in raw egg white) with biotin. Dicoumarin excludes vitamin K from
the prothrombin synthesis system, and amethopterin is an antagonist of folic
acid. Antivitamins present in our daily food are usually destroyed during food
processing and cooking.

Table 1.3 Water-soluble vitamins and their corresponding coenzymes.

Vitamin Coenzyme Group transfer

B, (Thiamine) Thiamine pyrophosphate (TPP)  C,-aldehyde, decarboxylation

B, (Riboflavin) Flavin adenine mononucleotide ~Hydrogen
(EMN)
Flavin adenine dinucleotide Hydrogen
(FAD)
B, (Niacin) Nicotinamide adenine Hydrogen
dinucleotide (NAD+)
Nicotinamide adenine Hydrogen
dinucleotide phosphate
(NADP+)
B; (Pantothenic acid) =~ Coenzyme A Acyl
B, (Pyridoxine) Pyridoxalphosphate Amino, decarboxylation
B, (Biotin) Biocytin Carboxyl
B, (Folic acid) Tetrahydrofolic acid Formyl

B, (Cyanocobalamin)

B,, coenzyme

Carboxyl, H-X rearrangements

7
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Table 1.4 Physiological functions of vitamin C and fat-soluble vitamins.

Vitamin Important physiological functions

Vitamin C Cosubstrate of monooxygenases; role in redox reactions; hydroxylation of
amino acids; hormone synthesis; iron absorption

Vitamin A Active form (11-cis-retinol) is part of rhodopsin, the light-sensitive molecule
in the eye; biosynthesis of proteoglycans; epithelial cell formation;
immunostimulation

Vitamin Dy Active form (1,25-dihydroxycholecalciferol) regulates Ca and P metabolism;
bone and teeth formation; prevention of osteoporosis

Vitamin E Antioxidant towards unsaturated compounds; protects membrane integrity

Vitamin F Long-chain polyunsaturated fatty acids form prostaglandins, thromboxanes
and related compounds having physiological effect in the body such as being
anti-inflammatory, preventing platelet aggregation

Vitamin K;  Formation of y-carboxyglutamate residues in osteocalcin; bone formation

1.4
Technical Functions of Vitamins and Related Compounds

In addition to their nutritional, physiological and medical importance, vitamins
and related compounds have also found large-scale technical applications, for
example, as antioxidants (D-isoascorbic acid as the Cs-epimer of vitamin C, glu-
tathione, vitamin E), as acidulants (vitamin C) and as biopigments (carotenoids,
riboflavin) in the food, feed, cosmetic, chemical, nutraceutical and pharmaceu-
tical sectors. There is a special need for natural pigments of (micro)biological
origin to replace synthetic pigments and colourants; certain carotenoids (beta-
carotene, lycopene, astaxanthin) and Monascus pigments have already been used
in this respect (Vandamme, 2002, 2011; Patakova, 2013). Details about technical
applications of vitamins, pigments, antioxidants and other related molecules are
discussed in the corresponding chapters in this volume.

1.5
Production and Application of Vitamins and Related Factors

The staple food of humans, including cereals, rice, potato, vegetables, fruits,
fish, meat, milk and eggs, forms the basic source of vitamins and related growth
factors. Adequate nutrition should thus supply this daily need of vitamins. This
need, however, increases with an unbalanced diet, physical exercise, pregnancy,
lactation, active growth, re convalescence, drug abuse, stress, air pollution and so
on. Pathological situations, such as intestinal malresorption, stressed intestinal
microbiota, liver/gall diseases, treatment with drugs, antibiotics or hormones and
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Table 1.5 Survey of the vitamins with main food sources, deficiency diseases, Recom-
mended Dietary Allowance (RDA) and overdose diseases.

Vitamin A

Food sources: *retinol (in animal-derived food): liver, meat, butter, margarines, fatty fish,
milk and derived products, cheese, egg yolk

*Provitamin A carotenoids (in plant-derived food): leafy vegetables, spinach, carrots, yellow
and orange fruits

Deficiency diseases: night blindness, hyperkeratosis, keratomalacia, dry and scaly skin,
brittle hair

Recommended dietary daily allowances (RDA): 350—750 pg (as retinol)

Overdose: >7500 pg retinol/day; fatigue, liver intoxication

Vitamin D

Food sources: *cholecalciferol (D): formed in our skin + UV in sunlight; also from
animal-derived food: butter, margarines, fatty fish (herring, eel, salmon, mackerel), milk,
cheese, egg yolk

*Ergocalciferol (D,): yeast, wheat germ oil, cabbage, citrus fruits

Deficiency diseases: rickets, osteomalacia, osteoporosis

RDA: 10-15pg

Overdose: >50 pg/day; hypercalcemia

Vitamin E

Food sources: plant oils rich in vitamin F, nuts, seeds, vegetables, fruits, bread, grains,
cereals

Deficiency diseases: heamolytic anaemia, neurological disorders

RDA: 1-10 mg/day per gram

Overdose: >1 g/day

Vitamin F (EFAs)

Food sources : fish, especially oily fish (sardines, herring, salmon, etc.), egg yolks
Deficiency diseases: absence of long-chain PUFAs in neonatal children has adverse effects
on brain and eye development. Therefore, they are now added to infant formula in over 70
countries

RDA: 1-2% of total daily calorie intake

Overdose: no known effects if consumed in humans at up to 7 g/day; also safe up to 30 g/kg
body weight when fed to rats

Vitamin K

Food sources: *vitamin K; (phylloquinone): green leafy vegetables, fruits, milk, meat, egg
yolk, cereals

*Vitamin K, (menaquinone): via gut microbiota

Deficiency diseases: impaired blood coagulation; haemorrhage

RDA: 10-35 pg/day

Overdose: not known

Vitamin B, (thiamine)

Food sources: bread, cereals, potatoes, vegetables, pork meat, milk products, eggs
Functions: synthesis of nucleic acids; essential in carbohydrate and energy metabolism;
nerve impulse functioning

Deficiency diseases: beriberi; Wernicke—Korsakoff syndrome; depression; memory loss;
neurological disorders; heart damage

RDA: 0.3-1 mg/day

Overdose: not known

(continued overleaf)
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Table 1.5 (Continued)

Vitamin B, (riboflavin)

Food sources: milk and other dairy products (to be stored in the dark), meat (liver),
vegetables, fruits, bread, cereals

Functions: essential role in metabolism of carbohydrates, proteins, lipids; promotes
conversion of tryptophan into niacin; conversion of vitamin B and vitamin B, into active
forms; mobilisation of iron

Deficiency diseases: glossitis; inflammation of skin, mucous membranes, seborrhoeic
dermatitis, vision problems, secondary iron deficiency due to intestinal malabsorption,
impairs B, and B, activation

RDA: 0.4—1.6 mg/day

Overdose: not known

Vitamin B, (niacin)

Food sources: meat (liver), fish, whole meal bread, vegetables, potatoes, yeast, nuts
Functions: essential role in energy metabolism; involved in numerous enzymatic reactions
(synthesis of fatty acids and cholesterol); DNA repair and stress responses

Deficiency diseases: pellagra, via diet mainly based on maize

RDA: 8—18 mg/day; expressed as niacin equivalents, NE: 1 NE = 1 mg nicotinic acid or
nicotinamide and = 60 mg food source tryptophan (B, is involved in this conversion)
Overdose: >500 mg nicotinic acid per day; liver and eye damage; blood vessel dilatation

Vitamin B, (pantothenic acid)

Food sources: meat, eggs, whole grain cereals, vegetables, pulses, fruits, milk products
Functions: role in carbohydrate and fatty acid metabolism; synthesis of cholesterol and fatty
acids; formation of red blood cells, formation of sex and stress-related hormones
Deficiency diseases: burning feeling in extremities, depression, irritability, vomiting,
stomach pains

RDA: 2—12 mg/day

Overdose: diarrhoea, increase the risk of bleeding

Vitamin B¢ (pyridoxine)

Food sources: meat (chicken, beef liver, pork and veal), eggs, bread, grain products,
potatoes, pulses, vegetables, milk and products, cheese

Functions: important role in energy metabolism, in polyunsaturated fatty acids,
phospholipids and amino acid metabolism; production of hormones, red blood cells and
cells of the immune system; controls (along with vitamin B,, and vitamin By) homocysteine
levels in the blood; improves conversion of tryptophan into niacin and into serotonin
Deficiency diseases: anaemia, depression and nervous system disorders; impairment of the
immune system; inflammation of skin and mucosa

RDA: 0.4—1.7 mg/day

Overdose: >50 mg/day; irreversible neuropathy of limbs

Vitamin B, (biotin)

Food sources: yeast, kidney, eggs, liver, milk and milk products, nuts, pindas

Functions: role in energy metabolism and formation of fatty acids; maintaining healthy skin
and hair

Deficiency diseases: seldom; anaemia; depression; cracking in the corners of the mouth,
swollen and painful tongue; dry eyes; loss of appetite; fatigue; insomnia

RDA : 10-100 pg/day; also formed by intestinal microbiota

Overdose: not known
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Table 1.5 (Continued)

Vitamin By (folic acid)

Food sources: whole grain products, bread, cereals, green vegetables, fruits, milk and dairy
products

Functions: red blood cell formation; involved in metabolism of histidine, glycine,
methionine, DNA and RNA synthesis in the presence of B¢ or B;,; maintenance of cells;
development of the brain and spinal marrow in foetus

Deficiency diseases: macrocytic anaemia; birth defects (spina bifida, harelip, cleft palate);
growth retardation; increased homocysteine levels in the blood

RDA: 50—-400 pg/day; prevents spina bifida (neural tube defects) in babies

Overdose : overdose can mask B, deficiency

Vitamin B, (cyanocobalamin)

Food sources: meat and other animal products (milk and dairy, cheese, eggs); not present in
plant-derived food

Functions: formation of red blood cells; nerve system functioning; controls, together with
vitamin B, and vitamin By, homocysteine levels in the blood; production of nucleic acids
Deficiencies: pernicious anaemia; neurological disorders; memory loss; deficiency risk also
caused by stomach surgery (insufficient secretion of ‘intrinsic factor’, IF) or intestinal
diseases (Crohn’s disease); heart disease

RDA: 0.5-2.0 pg/day; uptake depends on level of IF, secreted by parietal stomach gland cells
Overdose: >200 pg/day

Vitamin C (ascorbic acid)

Food sources: many fruits (citrus, kiwi, raspberry, strawberry, guava, mango), vegetables
(Brussels sprouts, cabbage, paprika, potatoes)

Functions: formation of collagen; metabolism of sugars, proteins and lipids; muscle and
brain metabolism; bone formation; hormone synthesis; iron uptake from food; immune
defence; antioxidant

Deficiencies: scurvy; fatigue; retarded wound healing; dry and splitting hair; inflammation
of the gums; decreased ability to ward off infection

RDA: 35-110 mg/day

Overdose: extremely high doses (>2-5 g/day) increase the risk of kidney stones; diarrhoea
and gastrointestinal disturbances

enzyme deficiencies, can also lead towards vitamin shortages despite sufficient
intake. Malnourishment in many underdeveloped countries but equally wrong
food habits in developed countries also ask for direct nutritional and medical
remediation, combined with daily diet adjustment. Vitamin-enriched and medi-
cated feed are used worldwide to procure healthy livestock. Overdose of vitamins,
especially fat-soluble ones, but also some water-soluble ones (high doses of C,
B,, Bs, By, By), can lead to hypervitaminoses and diseases. Table 1.5 presents a
survey of vitamins with main food sources, deficiency diseases, recommended
dietary daily allowance (RDA) and overdose diseases.

Concentrates or extracts derived from these vitamin-rich natural staple food
products (of plant, animal or microbial origin), however, find relatively little use
in the food, feed, pharmaceutical or cosmetic sector. Some of the reasons are:

11
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« the level of vitamins in the natural plant/animal source is usually relatively low
and fluctuates drastically (i.e. exceptions are PUFAs in plant oils and fish oils,
vitamin D in fish oils).

« their organoleptic presentation and shelf life are often not optimal.

« vitamins are labile molecules during the process of harvest, preservation, stor-
age or preparation of foodstuffs and are generally sensitive to pH, heat (B,, B,
Be, By, C, E), light (B,, B¢, By, Byy, C, D), oxygen (By, C, D, F); water-soluble
vitamins are easily lost by aqueous extraction or other manipulations of these
natural food-vitamin sources.

These drawbacks have led to the industrial manufacturing of most vitamins
and related factors. Currently, several vitamins are produced chemically (A, Ds,
E, K and B,, B;, B¢, B, By), although microbiological/biotechnological methods
exist or are being developed, though not economically profitable as yet (Demain,
2000, 2007; Laudert and Hohmann, 2011). Others are produced (exclusively) by
microbial fermentation with bacteria and/or fungi (C, D,, B,, B;,, EFAs). Some are
produced by a combination of chemical steps and microbial/enzymatic steps (B,
B;, C) (Vandamme, 1989, 1992; Eggersdorfer et al., 1996; De Baets, Vandedrinck
and Vandamme, 2000; Shimizu, 2008; Laudert and Hohmann, 2011). Some are
produced via microalgal culture in ponds or fermenter vessels (beta-carotene,
PUFAs) (Cadoret, Garnier and Saint-Jean, 2012; Borowitzka, 2013).

The detailed biosynthetic pathways (and their metabolic regulation and
controls) used by those microorganisms have been almost fully elucidated for
most vitamins and similar compounds but only over the past two decades,
mainly by studying model microbial strains and/or producer microorganisms,
such as bacteria (Escherichia coli, Serratia, Bacillus, Lactobacillus, Pseu-
domonas, Gluconobacter, Sinorhizobium, Agrobacterium, Propionibacterium,
Rhodobacter, Arthrospira), yeasts (Saccharomyces, Candida, Xanthophyl-
lomyces, Yarrowia), fungi (Blakeslea, Ashbya, Mortierella, Mucor, Monascus),
as well as green microalgae (Dunaliella, Euglena, Haematococcus), marine
non-photosynthetic dinoflagellates (Crypthecodinium) and marine non-
photosynthetic thraustochytrid—microalgae (Schizochytrium) (Laudert and
Hohmann, 2011; Borowitzka, 2013; Ledesma-Amaro et al., 2013; Bellou et al.,
2014). For some of the vitamins and related factors, microbial overproduction
still remains a challenge. In the future, the advent of synthetic biology will allow
for the complete construction of tailor-made microbial vitamin producer strains
(Wang, Chen and Quinn, 2012).

This volume focuses especially on the biotechnological aspects of vitamins
and related compounds — on biosynthesis and on their production processes.
Apart from obtaining these vitamins and related compounds via a natural
process — which is what microbial fermentation, biocatalysis and algal culture are
all about, fermentation-based or enzymatic biocatalytic processes furthermore
yield the desired enantiomeric compound, and they can be redirected via genetic
and biotechnological modification of the involved bacteria, yeast and fungi or
microalgae into high-yielding production systems. Especially, the advancement
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of genetic engineering techniques and the introduction of metabolic engineering
have recently allowed high-yielding microbial strains that are suitable for indus-
trial production of vitamins and related compounds to be constructed, and this
has led to their wider application.

A broad range of applications now exists for these vitamin preparations (and
similarly for related factors) in the food, feed, cosmetic, technical and pharma-
ceutical sectors:

* Revitamination: restoring the original vitamin level of a foodstuff.

 Standardisation: addition of vitamins to compensate for natural fluctuations.

o Vitamin enrichment: further addition of vitamins to a level higher than the orig-
inal one.

¢ Vitamination: addition of vitamins to products lacking them.

 Technical additive: beta-carotene as pigment, vitamins C and E as antioxidants,
riboflavin as yellow pigment.

* Medical applications: to alleviate hypo- or even avitaminoses.

1.6
Outlook

Vitamins and related compounds belong to those few chemicals with a strong pos-
itive appeal to most people worldwide. How they were discovered and how they
are produced are not very well known nor understood by most people, layman as
well as even academics, as long as they are widely available!

This volume hopes to contribute this understanding, not only to scientists,
microbiologists, biochemists, nutritionists and medical people, but also to
process biochemists and industrial biotechnologists already involved in — or
attracted to — the production enigmas and application potential of vitamins,
biopigments, antioxidants and related molecules.

Even today, vitamins remain to be seen as fascinating yet still elusive molecules!
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2
Industrial Production of Vitamin B, by Microbial Fermentation

José L. Revuelta, Rodrigo Ledesma-Amaro, and Alberto Jiménez

2.1
Introduction and Historical Outline

Vitamin B, (riboflavin) is an essential component of the human and animal diet,
since it is the precursor of the flavocoenzymes flavin mononucleotide (FMN) and
flavin adenine dinucleotide (FAD), which are mostly involved in redox reactions.
Riboflavin FMN and FAD are also referred to as flavins. Flavin cofactors (FMN
and FAD) participate in the metabolism of carbohydrates, fats, ketone bodies and
proteins. Additionally, riboflavin is closely related to the metabolism of other vita-
mins such as B;, B¢ and A, glutathione recycling and homocysteine metabolism.
Since humans and animals lack the capacity to synthesise riboflavin, it must be
obtained through the diet. Thus, riboflavin is industrially produced and commer-
cialised both for animal feeding and as a food additive (Ledesma-Amaro et al.,
2013).

Riboflavin was initially discovered in 1879 as lactoflavin, a yellow pigment
obtained from milk. In 1932, Warburg and Christian purified a yellow enzyme
from aqueous yeast extracts that could be fractioned into two enzymatically
inactive components: a protein and a yellow dye (Warburg and Christian, 1932).
Soon after, Paul Karrer and Richard Kuhn independently elucidated the molecular
structure of the yellow prosthetic group, which was called riboflavin (Karrer,
Schopp and Benz, 1935; Kuhn and Weygand, 1934). These findings were awarded
with the Nobel Prizes in chemistry for Karrer and Kuhn in 1937 and 1938,
respectively.

2.2
Occurrence in Natural/Food Sources

The main natural sources of riboflavin are milk, dairy products, eggs and lean
meat. Green leafy vegetables, fish, legumes, cereals and nuts are also important
sources of the vitamin. Since vitamin B, is light-sensitive, it is important that these
food sources are stored in dark environments (Powers, 2003).

Industrial Biotechnology of Vitamins, Biopigments, and Antioxidants, First Edition.
Edited by Erick J. Vandamme and José L. Revuelta.
© 2016 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2016 by Wiley-VCH Verlag GmbH & Co. KGaA.
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The Recommended Daily Allowance (RDA) of this vitamin varies with age and
gender and is between 0.3 and 0.4 mg/day for infants, between 0.5 and 0.9 mg/day
for children, 1.3 mg/day for adult males and 1.1 mg/day for adult females.
The RDA for women during pregnancy and lactation is increased to 1.4 and
1.6 mg/day, respectively (Eldridge, 2004; Powers, 2003). Riboflavin deficiencies
in humans (ariboflavinosis) often occur in association with multiple nutrient
deficits, and they are associated with increased risk of cardiovascular diseases
and impairment in iron metabolism (anaemia). Ariboflavinosis can also result
in developmental abnormalities and growth retardation. In contrast, because
riboflavin is a water-soluble vitamin, excess uptake is easily eliminated through
the urine. Some diseases such as cancer, cardiac disease and diabetes mellitus can
exacerbate riboflavin deficiency, and, therefore, higher intakes of riboflavin are
recommended for these risk groups (Eldridge, 2004; Institute of Medicine (US)
Standing Committee on the Scientific Evaluation of Dietary Reference Intakes
and its Panel on Folate, 1998; Powers, 2003).

23
Chemical and Physical Properties; Technical Functions

Riboflavin crystallises as yellow—orange needles with poor solubility in water
(5—15 mg dissolves in 100 ml of water). In general, riboflavin is thermostable and
its melting point is 290 °C. It is highly sensitive to light, and it is incompatible
with strong oxidising agents, reducing agents, bases, calcium and metallic salts
(Eggersdorfer et al., 2000).

Flavins (riboflavin, FMN and FAD) are all derivatives of the dimethyl isoallox-
azine skeleton (7,8-dimethyl-10-(2,3,4,5-tetrahydroxypentyl)benzo[g]pteridine-
2,4(3H,10H)-dione), with a substitution in the position 10, which in the case
of riboflavin is a D-ribityl group (Figure 2.1). In nature, riboflavin occurs as a
free vitamin, as 5’-phosphate (FMN) and as 5’-adenosine diphosphate (FAD)
(Figure 2.1). In acidic solutions, flavin nucleotides are hydrolysed to free riboflavin
(Merrill et al., 1981; Rivlin, 1975, 2007).

Riboflavin and other flavins show a characteristic yellow—green fluorescence
under UV light at 535 and 565nm in a pH range of 3—8. Neutral aqueous
solutions of riboflavin exhibit absorption peaks at 220, 265, 372 and 445 nm. The
irradiation of flavins with visible light leads to their decomposition, producing
either lumiflavin (7,8,10-trimethyl isoalloxazine) or lumichrome (7,8-dimethyl
isoalloxazine) in alkaline or neutral acid solutions, respectively. Riboflavin can
form metal chelates when it binds to heavy metals (e.g. Fe, Mo, Cu, Ag, Cd, Nij,
Zn, Co) (Merrill et al., 1981; Rivlin, 2007).

24
Assay Methods and Units

Light absorbance and fluorescence are usually employed for the detection and
quantification of riboflavin and other flavins. When different flavins are to be
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and the two coenzymes derived from of an adenosine monophosphate group
riboflavin, FMN and FAD. FMN is formed from derived from a second molecule of adeno-
riboflavin by the addition of a phosphate sine triphosphate.

group derived from adenosine triphosphate.

separated from a mixture, the method of choice is high-performance liquid
chromatography (HPLC) with fluorescence detection (Vinas et al., 2004; Zando-
meneghi, Carbonaro and Zandomeneghi, 2007). Other techniques have also been
used successfully to assay flavins such as thin-layer or ion exchange chromatogra-
phy, electrophoresis and extraction by 2-phenylethanol (Abbas and Sibirny, 2011;
Gliszczynska and Koziolowa, 1998).

25
Biological Role of Flavins and Flavoproteins

The biological role of riboflavin is mostly connected with the function of the FMN
and FAD coenzymes and of the covalently bound flavins. Both FMN and FAD are
cofactors of the so-called flavoproteins or flavoenzymes, which are estimated to
be 3%, on average, of the gene products in eukaryotic genomes (De Colibus and
Mattevi, 2006; Gudipati et al., 2014; Lienhart, Gudipati and Macheroux, 2013).
The isoalloxazine tricyclic ring system of flavins is able to undergo redox
reactions through the oxido-reduction of the nitrogen atoms. Hence, the isoallox-
azine system can exist in three different redox states: the fully oxidised quinone
state, the one-electron reduced state (semiquinone state) and the two-electron
reduced state (hydroquinone state) (De Colibus and Mattevi, 2006; Massey, 2000).
Accordingly, flavins are very versatile electron transfer molecules that are able
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to transfer both one and two electrons. They can, therefore, participate in redox
reactions as one- or two-electron mediators, while most of the redox cofactors
can transfer exclusively either one or two electrons. The high versatility of flavins
for participating in many different biochemical functions has contributed to
the ubiquity of flavoenzymes in most biological systems (Massey, 2000; Miura,
2001).

Flavoenzymes can be classified into five different classes according to the redox
reaction that they catalyse (i) transhydrogenase, where two-electron equivalents
are transferred, along with the corresponding hydrogen ions, from one substrate
to another; (ii) dehydrogenase—oxidase, where two-electron equivalents are
transferred from an organic substrate to the flavin, where molecular oxygen is the
oxidising substrate, being reduced to H,O,; (iii) dehydrogenase—monooxygenase,
where the flavin is reduced by a reduced pyridine nucleotide and where, on oxida-
tion, with O, in the presence of a cosubstrate, one atom of oxygen is inserted into
the cosubstrate, while the other is reduced to H,O; (iv) dehydrogenase—electron
transferase, where the flavin is reduced by two-electron transfer from a reduced
substrate and then reoxidised in sequential single electron transfers to acceptors,
such as cytochromes and iron —sulfur proteins and (v) electron transferase, where
the flavin is reduced and reoxidised in one-electron steps (Abbas and Sibirny,
2011; Mattevi, 2006; Miura, 2001; Webb, 1989).

Additionally, a few flavoproteins that are not oxidoreductases catalyse reactions
with no net redox change. Some of these flavoenzymes use the redox power of
flavin directly in catalysis with either two-electron chemistry (N-methylglutamate
synthase and 5-hydroxyvaleryl-CoA dehydratase) or free-radical chemistry (cho-
rismate synthase, DNA photolyase, (6—4) photolyase and 4-hydroxybutyryl-CoA
dehydratase) (Bornemann, 2002).

Flavins are also involved in light-sensing processes. There are three major
classes of flavin photosensors: light—oxygen—voltage (LOV) domains, blue-light
sensor using FAD (BLUF) proteins and cryptochromes (CRYs). FMN is the
absorbing chromophore of the blue-light-sensing photoreceptors, which com-
prise LOV domains and are involved in phototropism and chloroplast movement,
among other functions (Briggs and Christie, 2002; Conrad, Manahan and Crane,
2014). In contrast, FAD is the cofactor of CRYs and BLUF proteins that also
participate in sensory transduction and other related processes such as circadian
timekeeping (Conrad, Manahan and Crane, 2014; Gomelsky and Klug, 2002;
Krishnan et al., 2001; Lin et al., 1995; Linden, 2002).

Flavins also play a role in bioluminescence, since some fluorescent proteins
(mostly lumazine proteins) use riboflavin, FMN or the riboflavin biosynthetic
precursor 6,7-dimethyl-8-ribityllumazine (DRL) as prosthetic groups (Chatwell
et al., 2008). In addition, the luminescence operons of some bacteria also contain
genes involved in the synthesis of riboflavin (Dunlap, 2014).

Another biological function of FMN is to participate as a substrate in the
biosynthesis of vitamin B, (cobalamins). The 5,6-dimethylbenzimidazole moiety
of vitamin B,, is formed from FMN in aerobic and some aerotolerant bacteria
(Eggersdorfer et al., 2000; Lingens et al., 1992).
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Although most of the biological functions of flavins can be attributed to both
FMN and FAD as coenzymes, free flavins secreted from cells can also play impor-
tant roles in some biological systems. For example, riboflavin plays a role in iron
intake through Fe*™ reduction in several species such as Helicobacter pylori and
Campylobacter jejuni (Crossley et al., 2007; Worst et al., 1998). Flavins are also
required for avian embryonic development, being transported through the blood-
stream and stored within the avian egg by a specific riboflavin-binding protein
(White, 1987).

2.6
Biotechnological Synthesis of Riboflavin

2.6.1
Riboflavin-Producing Microorganisms

Most microorganisms are able to synthesise riboflavin, but there are only a few
that are able to produce high amounts of this vitamin, typically more than 10 mg/1
(Demain, 1972, 2007). These microorganisms are referred to as flavinogenic
microorganisms, and they can be classified into three groups according to their
capacities of riboflavin production: weak overproducers (able to produce around
10 mg/l), medium or moderate overproducers (with riboflavin yields up to
600 mg/l) and highly flavinogenic overproducers (producing more than 10 g/l)
(Demain, 1972).

There are flavinogenic bacteria as well as flavinogenic yeast and fungi. Among
bacteria, Clostridium acetobutylicum, Shewanella oneidensis and some species
of Mycobacterium and Corynebacterium are the highest natural overproducers
(Coursolle et al., 2010; Crossley et al., 2007; Hickey, 1945; Worst et al., 1998).
Bacillus subtilis is not a flavinogenic microorganism; however, B. subtilis indus-
trial strains that are overproducers of riboflavin have been isolated and are cur-
rently used for the biotechnological production of riboflavin (Perkins et al., 1999;
Stahmann, Revuelta and Seulberger, 2000).

The flavinogenic eukaryotes belong to different families of yeast and fungi,
although several species of the genus Candida and Pichia have been described
as being flavinogenic. Candida famata, currently known as Candida flareri, is
one of the most flavinogenic yeasts capable of riboflavin overproduction during
iron starvation (Dmytruk and Sibirny, 2012; Stahmann, Revuelta and Seulberger,
2000). Also, the yeasts Candida (Pichia) guilliermondii, C. ghoshii, C. parapsilosis,
Debaryomyces subglobosus, Sarcoscypha occidentalis, Torulopsis candida and the
filamentous fungi Aspergillus niger are flavinogenic (Abbas and Sibirny, 2011;
Demain, 1972).

High-riboflavin overproducers also include two yeast-like molds, Eremothe-
cium ashbyii and Ashbya gossypii, which synthesise riboflavin in concentrations
greater than 20 g/l (Demain, 2007). A riboflavin overproducer such as A. gossypii
produces 40 000 times more vitamin than it needs for its own growth. E. ashbyii
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and A. gossypii are filamentous hemiascomycetes that belong to the Saccha-
romycetaceae family. E. ashbyii was first identified as a natural producer of
riboflavin in 1935 (Guilliermond, Fontaine and Raffy, 1935), but its genetic
instability hinders its use in industrial applications. In contrast, A. gossypii,
which was originally isolated from cotton plants as the pathogen agent causing
stigmatomycosis, shows a more homogeneous production of riboflavin due to
high genetic stability (Stahmann, Revuelta and Seulberger, 2000; Wickerham,
Flickinger and Johnston, 1946). Throughout this book chapter, we mainly focus on
the industrially exploited vitamin-B,-producer microorganisms A. gossypii and
B. subtilis, although some aspects of flavin nucleotides and riboflavin production
by C. flareri are also reviewed.

2.6.2
Biosynthesis of Riboflavin

The discovery by MacLaren (1952) that the production of riboflavin can be
increased by the addition of purine derivatives to the culture medium of
E. ashbyii suggested a connection between purine and riboflavin. Further studies
subsequently described that the pyrimidine moiety of riboflavin is biosynthetically
related to guanine nucleotides (Bacher and Lingens, 1969; Bacher and Mailander,
1973). Soon after, guanosine triphosphate (GTP) was identified as the committed
precursor of riboflavin, supplying the pyrimidine ring and the nitrogen atoms of
the pyrazine ring, as well as the ribityl side chain of the vitamin (Foor and Brown,
1975; Mailander and Bacher, 1976). Early work on the riboflavin biosynthetic
pathway has been reviewed comprehensibly elsewhere (Bacher et al., 2000).

The biosynthesis of one riboflavin molecule requires one molecule of GTP
and two molecules of ribulose-5-phosphate as substrates. Hence, riboflavin
biosynthesis comprises a two-branched pathway with two main precursors: GTP
and ribulose-5-phosphate (Figure 2.2). The two branches converge in the reaction
catalysed by the product of the gene RIB4 (DRL synthase) (Garcia-Ramirez,
Santos and Revuelta, 1995). Seven enzymes are involved in riboflavin biosyn-
thesis from the aforementioned precursors, constituting the so-called riboflavin
pathway (Figure 2.2).

The first step in riboflavin biosynthesis is catalysed by the enzyme GTP cyclohy-
drolase Il (EC 3.5.4.25), which is different from GTP cyclohydrolase I (EC 3.5.4.16),
an enzyme that participates in the biosynthesis of folic acid. GTP cyclohydro-
lase II was first isolated from cell extracts of Escherichia coli (Foor and Brown,
1975). The enzyme catalyses both the release of C-8 of the imidazole ring of GTP
as formate and the release of pyrophosphate from the phosphoribosyl side chain.
The product of the GTP cyclohydrolase II is 2,5-diamino-6-ribosylamino-4-(3H)-
pyrimidinone-5’-phosphate. GTP cyclohydrolase II from E. coli is encoded by the
gene ribA, whereas the yeast genes coding for GTP cyclohydrolase II are desig-
nated RIBI (Buitrago et al., 1993; Richter et al., 1993). Plants and other bacte-
ria, such as B. subtilis, comprise bifunctional proteins with the activities of GTP
cyclohydrolase II and 3,4-dihydroxy-2-butanone 4-phosphate (DHBP) synthase
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that catalyse the initial steps of both branches of the riboflavin pathway (Hiimbelin
et al., 1999; Singh et al., 2013).

The product of GTP cyclohydrolase II must be reduced and deaminated in a
series of two reactions consisting of the hydrolytic cleavage of the amino group at
position 2 of the heterocyclic ring and the reduction of the ribosyl side chain to
ribityl (Figure 2.2). In bacteria and plants, the deamination reaction occurs prior
to the reduction of the ribosyl group (Richter et al., 1997; Roje, 2007). In contrast,
in yeast and fungi, the activity of an NADPH-dependent reductase encoded by the
RIB7 gene in Saccharomyces cerevisiae precedes the subsequent deamination of
the pyrimidine ring, which is controlled by the RIB2 gene in S. cerevisiae (Buitrago
etal.,1993; Chen et al., 2013; Lv, Sun and Liu, 2013; Revuelta, Buitrago and Santos,
1995).

The product of the first three steps of the riboflavin pathway (5-amino-
6-ribitylamino-2,4-(1H,3H)-pyrimidinedione-5'-phosphate) cannot serve as
substrate for DRL synthase (Harzer et al., 1978). Accordingly, the compound
must be dephosphorylated prior to further conversion (Figure 2.2); however, both
the mechanisms of dephosphorylation and phosphatase that catalyse the reaction
remain to be elucidated (Haase et al., 2014).

As mentioned earlier, the riboflavin pathway comprises two branches that
converge to form the pteridine compound DRL in a reaction catalysed by the
DRL synthase (also known as lumazine synthase) (Figure 2.2). The conversion
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of the pyrimidine ring into two condensed-ring pteridines requires the joining
of a 4-carbon compound (Volk and Bacher, 1990). Hence, one of the substrates
of the DRL synthase reaction is the dephosphorylated 5-amino-6-ribitylamino-
2,4(1H,3H)-pyrimidinedione (ArP) from the GTP branch. The other substrate for
the DRL synthase comes from the ribulose-5-phosphate branch of the pathway,
where the 4-carbon precursor is converted to DHBP by the product of the gene
RIB3 in S. cerevisiae (Garcia-Ramirez, Santos and Revuelta, 1995; Revuelta,
Buitrago and Santos, 1995; Volk and Bacher, 1990). Then, both ArP and DHBP
are conjugated by DRL synthase (encoded by the RIB4 gene in S. cerevisiae) to
produce DRL (Garcia-Ramirez, Santos and Revuelta, 1995). The DHBP synthase
of E. coli is a homodimer of 46 kDa encoded by the ribB gene (Richter et al., 1999).
However, in B. subtilis and plants, the DHBP synthase is part of a bifunctional
protein, also containing GTP cyclohydrolase II activity. The DHBP synthase
domain is located at the N-terminal part of the protein, whereas the GTP
cyclohydrolase II domain occupies the C-terminal end of the protein (Hiumbelin
etal., 1999).

The last step in the riboflavin pathway consists in the dismutation of DRL,
which is catalysed by the enzyme riboflavin synthase. The second product of
the dismutation is ArP, which is in turn the substrate of DRL synthase and is
recycled in the biosynthetic pathway. In S. cerevisiae, the riboflavin synthase is a
25-kDa homotrimer that is encoded by the RIBS gene (Santos, Garcia-Ramirez
and Revuelta, 1995). The riboflavin synthases from eubacteria and plants are
also homotrimers (Fischer et al., 2005; Liao et al., 2001; Ritsert et al., 1995). In
contrast, riboflavin synthases from archaea are homopentamers (Ramsperger
et al., 2006).

Stoichiometrically, the biosynthesis of riboflavin requires 1 equiv. of GTP and
2 equiv. of ribulose-5-phosphate. Hence, of the 17 carbon atoms in the riboflavin
molecule, 13 are derived from the pentose phosphate pathway (Bacher et al.,
2000).

Although riboflavin biosynthesis occurs only in plants, fungi and prokary-
otes, the transformation of riboflavin into FMN or FAD can be achieved in all
organisms. Most eubacteria comprise bifunctional riboflavin kinase/FAD syn-
thetases that catalyse the formation of both FMN and FAD (Mack, van Loon and
Hohmann, 1998; Manstein and Pai, 1986). In contrast, monofunctional riboflavin
kinases are found in archaea, fungi, plants and animals (Clarebout, Villers and
Leclercq, 2001; Karthikeyan et al., 2003; Mashhadi et al., 2008; Santos, Jiménez
and Revuelta, 2000). In these organisms, monofunctional FAD synthetases are
also found (McCormick et al., 1997; Wu et al., 1995).

The six genes encoding the riboflavin biosynthetic enzymes in A. gossypii
(AgRIBI, AgRIB2, AgRIB3, AgRIB4, AgRIB5 and AgRIB7) are structurally similar
to those of the yeast S. cerevisiae and are scattered throughout chromosomes IV,
V and VII (Revuelta, Buitrago and Santos, 1995).

In B. subtilis, the four genes encoding the catalytic enzymes for riboflavin
synthesis (ribGBAH) are clustered in an operon (the rib operon), which contains
an additional open reading frame (ribT) of unknown function. The untranslated
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leader region (designated ribO) was originally proposed to be the operator region.
Although some mutations leading to riboflavin overproduction mapped into the
ribO locus (Kil et al., 1992), the identification of the gene that should code for the
repressor protein was unsuccessful. Mutations in two trans-acting genes, ribC
and ribR, which provoke riboflavin oversynthesis, were also identified (Mack, van
Loon and Hohmann, 1998; Solovieva et al., 1999). However, ribC and ribR encode
bifunctional riboflavin kinase/FAD synthetase and monofunctional riboflavin
kinase, respectively, which are not ribO-binding repressors but control rib operon
expression by producing FMN and/or FAD. Analysis of the leader region of the
rib operon reveals the presence of a riboswitch sequence that could fold into a
characteristic and evolutionarily well-conserved RNA structure known as RFN
element (Mironov et al., 2002).

2.6.3
Regulation of the Biosynthesis of Riboflavin

Riboflavin biosynthesis is mainly regulated at enzymatic level; however, transcrip-
tional regulation has also been described. Among the effectors of the regulation
of riboflavin biosynthesis that have been identified are flavins, nucleotides, iron
ions and other metals such as cobalt, chromium, magnesium and zinc (Abbas
and Sibirny, 2011; Fischer and Bacher, 2005). Some of the enzyme activities are
modulated by their end products; in the flavinogenic yeast P. guilliermondii, GTP
cyclohydrolase II is inhibited allosterically by FAD (Shavlovsky et al., 1980), while
DRL synthase is inhibited by riboflavin but not FAD (Abbas and Sibirny, 2011;
Logvinenko et al., 1973).

Flavins do not exert a repression on the transcription of the RIB genes in yeast
and fungi. In contrast, iron starvation has been documented to be important for
riboflavin overproduction in most flavinogenic yeasts and also in some bacteria
and plants (Coursolle et al., 2010; Crossley et al., 2007; Tanner, Vojnovich and
Vanlanen, 1945; Vorwieger et al., 2007). A role of riboflavin as an electron donor
for iron reduction has been suggested (Abbas and Sibirny, 2011), but the exact
mechanisms of riboflavin overproduction in response to iron-restrictive condi-
tions are still unknown. Iron deficiency triggers the transcriptional activation
of most genes of the riboflavin pathway in some flavinogenic yeasts (Abbas and
Sibirny, 2011; Boretsky et al., 2005; Wang et al., 2008). In this regard, mutations
in the SEF1 gene, which codes for a transcription factor in C. flareri, have been
linked to iron metabolism and riboflavin overproduction (Abbas and Sibirny,
2011).

One of the most important mechanisms of transcriptional regulation of the
biosynthesis of riboflavin in bacteria is the riboswitch mechanism, such as the RFN
element in B. subtilis. The riboflavin operon (rib operon) of B. subtilis contains a
leader region that can fold into a conserved structure called the RFN element,
which is involved in the mechanism of transcriptional termination (Gelfand et al.,
1999; Winkler, Cohen-Chalamish and Breaker, 2002). FMN can bind directly to
the REN element, thus leading to the formation of a terminator hairpin, which
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attenuates transcription. RFN elements have been found in the leader regions of
genes involved in either the biosynthesis or the transport of riboflavin in many
bacteria (Vitreschak et al., 2002). Riboswitches are able to sense cellular metabo-
lites directly and are involved in the transcriptional regulation of several vitamins
and coenzymes in bacteria (Abbas and Sibirny, 2011; Bobrovskyy and Vanderpool,
2013). Riboswitches are also involved in the regulation of translation initiation.
For example, the rib genes of E. coli are scattered throughout the chromosome,
and they contain 5'-UTR regions that probably participate at the translation level,
although the mechanisms involved remain unknown (Barrick and Breaker, 2007;
Vitreschak et al., 2002).

In E. ashbyii and A. gossypii, riboflavin overproduction occurs during the late
stationary phase when vegetative growth has mainly ceased and both sporulation
and lysis occur (Mateos et al., 2006; Schlosser et al., 2007; Stahmann, Revuelta
and Seulberger, 2000). Riboflavin production resembles the production kinetics
of secondary metabolites in these flavinogenic fungi. Accordingly, riboflavin over-
production in the filamentous fungi E. ashbyii and A. gossypii has been called pseu-
dosecondary biosynthesis (Cerletti et al., 1965). The physiological role of riboflavin
overproduction in the late stationary phase in these fungi has been discussed in
terms of its protective role against UV light and also as a mechanism involved in
spore spreading by insects (Abbas and Sibirny, 2011; Stahmann et al., 2001). The
detoxification of an excess of purines cannot be excluded (Jiménez et al., 2005;
Jiménez, Santos and Revuelta, 2008). Nonetheless, the precise role of the natural
overproduction of riboflavin in these fungi is unknown.

In A. gossypii, riboflavin biosynthesis is tightly regulated at both enzymatic and
transcriptional levels, as previously described for the purine pathway, which pro-
vides the immediate precursor GTP (Jiménez et al., 2005; Jiménez, Santos and
Revuelta, 2008; Mateos et al., 2006; Revuelta, Buitrago and Santos, 1995). In this
regard, several reports have shown a relationship between the transcriptional reg-
ulation of RIB genes and an increase in riboflavin biosynthesis in several organisms
(Karos et al., 2004; Marx, Mattanovich and Sauer, 2008). Also, the transcriptional
regulation of metabolic flux changes occurring during the riboflavin production
phase has been confirmed with a genome-scale metabolic reconstruction. Inter-
estingly, most RIB genes were predicted to be up-regulated during the riboflavin
production phase in A. gossypii (Ledesma-Amaro et al., 2014a).

2.7
Strain Development: Genetic Modifications, Molecular Genetics and Metabolic
Engineering

As mentioned earlier, A. gossypii is currently used for the industrial production of
riboflavin. The capability of A. gossypii to overproduce riboflavin was first reported
in 1946 (Wickerham, Flickinger and Johnston, 1946). The wild-type strain of this
filamentous fungus, originally discovered as a severe but today negligible cotton
pathogen, produces up to 2 mg/g of riboflavin of its cell dry weight, possibly as
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part of a natural mechanism involved in the protection of its spores against UV
radiation (Stahmann et al., 2001). In contrast to C. famata, A. gossypii and E. ash-
byii do not show iron-responsive repression of riboflavin oversynthesis. Moreover,
unlike E. ashbyii, A. gossypii is genetically stable and the production of riboflavin
is fairly homogeneous. Thus, A. gossypii shows better characteristics than other
flavinogenic microorganisms as a cell factory for the biotechnological production
of riboflavin.

In A. gossypii, improvement of strains for riboflavin productivity has been
achieved by applying methods of classic mutagenesis and selection and, more
recently, by modern strategies of metabolic engineering. Random, chemical
and radiation mutagenesis is a rapid and efficient approach in the initial steps
of strain development for metabolite production. However, this strategy soon
reaches a limit and no further improvements can be achieved after several
rounds of mutagenesis and selection, which is probably due to the accumulation
of detrimental mutations in addition to the beneficial ones. Thus, gene-target
metabolic engineering is the strategy to follow for further strain development.

The pioneer isolation and molecular characterisation of the genes involved in
riboflavin biosynthesis (RIB genes) in the yeast S. cerevisiae allowed the isolation
by functional complementation of the six corresponding homologous RIB genes
of A. gossypii (Garcia-Ramirez, Santos and Revuelta, 1995; Revuelta, Buitrago and
Santos, 1995; Revuelta et al., 1994; Santos, Garcia-Ramirez and Revuelta, 1995).
This achievement, together with the development of an efficient electrotransfor-
mation method by our group, the recycling of selectable markers and the isolation
of appropriate promoters for A. gossypii, paved the way for the application of
metabolic engineering techniques in riboflavin production in this fungus (Forster
et al., 1999; Ledesma-Amaro et al., 2014b; Santos et al., 2004).

Rational metabolic design has focused on different processes, which a priori
seem relevant for riboflavin production. Since GTP is one of the committed
precursors for riboflavin biosynthesis, the de novo purine biosynthetic pathway
has attracted considerable attention. Purine biosynthesis is a tightly regulated
pathway at the transcriptional and metabolic levels (Figure 2.3). Two enzymes,
PRPP amidotransferase (encoded in A. gossypii by AgADE4), which transforms
phosphoribosyl pyrophosphate (PRPP) to phosphoribosylamine (PRA), and
PRPP synthetase (encoded by AgPRS1, AgPRS2,4, AgPRS3 and AgPRSS5), which
catalyses the formation of PRPP, are subjected to feedback inhibition by their end
products and are major control steps of the pathway. Accordingly, strains over-
expressing inhibition-resistant forms of PRPP amidotransferase (AgADE4VXW)
or PRPP synthetase (AgPRS2,4"Q and AgPRS3"Q) were constructed and showed
10-fold and 2-fold increases, respectively, in riboflavin production (Jiménez
et al., 2005; Jiménez, Santos and Revuelta, 2008). Insertional mutagenesis has
been also developed for A. gossypii, and its use has permitted the isolation of
several mutants with improved production yields (Santos et al., 2004). One of
these mutants proved to be affected in a transcription factor (BAS1) reported
to control the purine biosynthetic pathway transcriptionally in S. cerevisiae. By
mimicking the insertional mutant, the construction of a strain expressing a BAS1

27



28| 2 Industrial Production of Vitamin B, by Microbial Fermentation

Fatty acids Riboflavin
A
‘ . | N
... X PeroXiSOmen Ao chondria peroxisome|
1 B-oxidation : @,
e pr Riboflavin | ™
v
Acetyl-CoA
T T » Asp
Isocitrate Thr  Ser Riboflavin
Glyoxylate aLyr v /'sHmz 4
cycle IcL1 Gy L
Malate 5 ! Riboflavin !
: BAS1/BAS2 i S
‘W Glyoxylate STIBAS ! synthesis !
MLS1 "ARB A
oo - ' Pentose |
| Gluconeogeness ; > phosphate { ~» AIUE-P = synthesis [~~> GTP |
N : AN
Figure 2.3 Modified genes to increase transcription factors; PRS, phosphoribosyl
riboflavin production in A. gossypii. ICL1, isoc- pyrophosphate synthetases; ADE4, phospho-
itrate lyase; MLST, malate synthase; GLY1, ribosyl pyrophosphate amidotransferase; RIB,
threonine aldolase; SHM2, serine hydrox- genes of the Rib pathway; and VMAT, vacuo-

ymethyltransferase; BASTnBAS2, Myb-related  lar ATPase.

truncated factor lacking the regulatory domain led to a deregulated, constitutive
transcription of the genes involved in the purine biosynthetic pathway and a
10-fold enhanced riboflavin overproduction (Mateos et al., 2006).

Glycine, which also participates in the biosynthesis of purines, stimulates
riboflavin production in A. gossypii, and several examples illustrate how increas-
ing the levels of intracellular glycine can enhance riboflavin production. In an
effort to improve the supply of the purine precursor glycine, the AgGLYI gene,
which encodes the glycine biosynthetic enzyme threonine aldolase, was over-
expressed under the control of the strong Pp,; promoter, resulting in a strong
enhancement of riboflavin production in the engineered strain (Monschau, Sahm
and Stahmann, 1998). Similarly, the disruption of the AgSHM?2 gene, encoding
one of two isoenzymes of serine hydroxymethyltransferase, also increased the
glycine supply by decreasing its conversion into serine and, accordingly, increased
the production of riboflavin (Schlupen et al., 2003). Heterologous expression of
the alanine:glyoxylate aminotransferase encoding gene (AGX1I) from S. cerevisiae
was also used to enlarge the pool of glycine precursor (Kato and Park, 2006).

Since oils are the preferred carbon source for riboflavin fermentation in
A. gossypii, an efficient glyoxylate cycle is required for acetyl-CoA to be converted
into the carbohydrate precursors needed for riboflavin biosynthesis (Stahmann,
Revuelta and Seulberger, 2000). Improvement of riboflavin production was
achieved by the isolation of mutants resistant to itaconate, an inhibitor of the
key isocitrate lyase enzyme that exerts the main control of the glyoxylate shunt
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(Schmidt, Stahmann and Sahm, 1996). Introduction of an additional copy of
the ICL1 gene, encoding isocitrate lyase, enhanced riboflavin production in a
medium containing soybean oil (Boeddecker et al., 1997; Maeting et al., 1999).
Overexpression of the second enzyme of the glyoxylate pathway, malate synthase,
was also performed in an attempt to improve the efficiency of oil consumption
and riboflavin production (Sugimoto et al., 2009).

Attention has also been paid to the riboflavin transport processes. In A. gossypii,
a hitherto unidentified high-activity efflux carrier capable of maintaining a con-
centration gradient of at least 2 orders of magnitude over several hours exports
riboflavin out of the cell. Riboflavin is also stored in the vacuolar compartment,
leading to product retention and thereby reducing the excretion yields and
requiring the disruption of cells to obtain the full amount of the product (Forster,
Revuelta and Kramer, 2001). Knock-out of the AgVMA I gene, encoding vacuolar
ATPase, which energises active riboflavin transport from the cytoplasm to the
vacuole, resulted in complete excretion of riboflavin synthesised into medium
and high total riboflavin production (Forster et al., 1999).

Recent approaches guided by computational metabolic modelling have led to
the overexpression of RIB genes (Ledesma-Amaro et al., 2014a). Although RIB1
and RIB3 were the major limiting steps in riboflavin production, the strain over-
expressing all the RIB genes showed the highest production yield (Althofer and
Revuelta, 2003; Ledesma-Amaro et al. 2015).

It has been reported that A. gossypii industrial riboflavin producers accumulate
more than 15 g/l of riboflavin (Bigelis, 1989). However, these data do not consider
the improvements achieved by recent metabolic engineering approaches, and
current industrial producer strains could surely accumulate much higher titres.

B. subtilis is also a good candidate to develop a bacterial process for riboflavin
production by fermentation. Several useful features of B. subtilis include its
classification as a GRAS (generally regarded as safe) microorganism, the deep
knowledge on its physiology and recombinant DNA technology and its capability
to produce large amounts of the riboflavin precursors inosine and guanosine
(20—40g/1) (Shiio, 1989), which could subsequently be converted metabolically
into riboflavin, making B. subtilis a good candidate for developing a bacterial
process of riboflavin production by fermentation.

The first riboflavin production strain of B. subtilis (VNIIGenetika 304/pMX45,
Russian Institute for Genetics and Selection of Industrial Microorganisms,
Moscow) obtained by genetic engineering methods consists of a host strain
(VNIIGenetika 304) deregulated in the purine and the riboflavin biosynthetic
pathway that harbours a plasmid (pMX45) containing the entire rib operon
from a ribO mutant strain. This strain produced 4.5g/l riboflavin after 25h
fermentation but was genetically unstable due to the presence of repeated
chromosomal and episomal copies of the rib operon (Zhdanov and Stepanov,
1984). Genetically stable riboflavin production strains were obtained using
integrative vector constructs. In its chromosome, the riboflavin production strain
GM41/pMX4557 harbours a deregulated Bacillus amyloliquefaciens rib operon
and the plasmid pMX45. Under small-scale fed-batch fermentation conditions,
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the strain accumulated 21g/l riboflavin. The optimal copy number dose of
deregulated rib operon sequences integrated into the chromosome of B. subtilis
host strains for highest riboflavin production has recently been estimated at
seven to eight copies (Hohmann and Stahmann, 2010).

Riboflavin production strains constructed by precise genetic engineering
approaches have only been possible after the sequencing of the B. subtilis rib
operon. Gene amplification and replacement of wild-type promoters and regula-
tory regions by a strong constitutive promoter from the Bacillus bacteriophage
SPO1 have resulted in a strain with remarkably improved riboflavin productivity.
The engineered strain contains multiple copies of a modified B. subtilis rib
operon integrated at two different sites in the host chromosome. The modified
rib operons are expressed constitutively from strong SPOI phage promoters
located at the 5’ end and in an internal region of the operon. The host strain
also contains purine analogue-resistant mutations (azaguanine-, decoyinine-
and psicofuranine-resistant mutations) known to deregulate the purine path-
way and a riboflavin analogue-resistant mutation (roseoflavin-resistant) in
ribC that deregulates the riboflavin biosynthetic pathway (Perkins et al,
1999).

Further attempts to increase riboflavin production suggested that the
bifunctional cyclohydrolase II-DHBP synthase protein encoded by ribA is the
rate-limiting enzyme in the industrial riboflavin-producing strain. The introduc-
tion of an additional single copy of ribA under the control of the constitutive,
medium-strength vegl promoter into the sacB locus of the riboflavin production
strain led to 25% improvements in riboflavin titres and yields (Hiumbelin et al.,
1999).

A detailed analysis of the rib leader sequence as a regulatory and mRNA sta-
bilising element has recently allowed the construction of a new class of riboflavin
production strains with a single copy of a precisely deregulated rib operon and
(Lehmann et al., 2011).

GTP and ribulose-5-phosphate are the two committed precursors for riboflavin
biosynthesis, which are required ata 1 : 2 stoichiometric ratio. Hence, a sufficiently
high intracellular concentration of ribulose-5-phosphate is needed to ensure a suf-
ficient precursor supply for riboflavin oversynthesis. B. subtilis mutants defective
in transketolase, a key enzyme in the pentose phosphate pathway, show high intra-
cellular C; carbon sugar pools at levels that lead to the excretion of excess ribose
into the fermentation broth, and an improved riboflavin was described in one tk¢
(transketolase) mutant (Gershanovich et al., 2000; Wulf and Vandamme, 1997).
Although transketolase knock-out mutations negatively affect riboflavin forma-
tion, tkt mutations, which impair but do not completely inactivate transketolases,
showed increased riboflavin yield in riboflavin producer strains. For example, a B.
subtilis strain expressing the R357 A transketolase mutant showed a 43% riboflavin
yield increase in glucose-limited fed-batch fermentation runs (Lehmann et al.,
2008).

Several efforts to redirect the central metabolic flux towards the riboflavin
building blocks have been made, including expression modification of glycolysis,
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TCA cycle or pentose phosphate pathway enzymes. With the exception of the
transketolase modification described earlier, these attempts resulted in very
limited success (Hohmann and Stahmann, 2010). This lack of success might be
explained by the presence of an unusually rigid metabolic network in B. subtilis
as revealed by comprehensive ‘fluxome’ analyses of a large number of B. subtilis
knock-out mutants (Fischer and Sauer, 2005).

2.8
Fermentation Process

Initial studies to develop a fermentation process to produce riboflavin were begun
around 1940 and are now well established (Perlman, 1979; Wickerham, Flickinger
and Johnston, 1946). The fermentative production of riboflavin is carried out in
submerged culture, and yield is strongly influenced by different factors such as
the microbial strain, carbon source, minerals and pH. Inoculum preparation, the
fermentation medium and the optimisation of fermentation conditions are key
aspects of the A. gossypii fermentation process. The generally accepted inocula-
tion procedure is based on the use of low-concentration (2—10% v/v) inoculum
broths containing young, undifferentiated mycelium devoid of spores and sporif-
erous sacs.

Although the initial studies found that A. gossypii shows a healthy growth pat-
tern in a medium containing glucose, corn steep liquor and animal stick liquor
or meat scraps, the stimulatory effect on riboflavin production of peptones, lipids
and accessory factors present in corn steep liquor was soon recognised (Perlman,
1979). Several amino acids and vitamins such as methionine, glycine, inositol,
biotin and thiamine have been found to enhance growth and riboflavin produc-
tion. Aerobic submerged fermentation of A. gossypii with a nutrient medium con-
taining plant oil as the major carbon source, which yields more than 15g/1, is
currently the preferred method (Bigelis, 1989). Industrial waste materials such as
activated bleaching earth (containing oil discharged from oil refinery factories)
and agroindustrial by-products such as grape must, beet molasses, peanut seed
cake and whey have also been assayed for the production of riboflavin, but with
limited success (Kalingan and Liao, 2002; Ming, Lara Pizarro and Park, 2003; Park
and Ming, 2004). Fermentation conditions have been extensively studied to deter-
mine the optimum pH, aeration, temperature and substrate concentration (Kutsal
and Ozbas, 1989). The optimum temperature range for the A. gossypii fermenta-
tion is 27-30 °C, and it requires an airflow rate of at least 0.25 vvm, an initial pH of
6.5 and an initial carbon concentration of 50 g/1. Fermentations are run for about
120-140 h when yield usually peaks.

The fermentation process developed for the industrial production of riboflavin
by B. subtilis strains is generally based on the common method of carbon-source-
limited fed-batch. After an initial growth phase at its maximal growth rate, with
unlimited carbon source to reach a high cell density, the bioreactor is fed with con-
trolled limiting amounts of carbon source to restrict the microbial growth rate to
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the rate of substrate supply. Riboflavin is synthesised and excreted into the cul-
ture broth at low growth rates under the strictly glucose-limited conditions of
the feeding phase. The Bacillus-based fed-batch process for commercial riboflavin
production could be optimised using model-predictive control based on artificial
neural networks (Hohmann and Stahmann, 2010).

A single-step fermentative riboflavin production process was also developed
for a B. subtilis recombinant strain, which effectively produces riboflavin directly
from glucose in fed-batch operation. The process is based on fuzzy control sys-
tem featuring the identification of culture phases by fuzzy logic and was applied
to large-scale vitamin B, production (Horiuchi and Hiraga, 1999).

29
Downstream Processing

Riboflavin can be recovered at different purification grades (Kutsal and Ozbas,
1989). Since riboflavin is rather insoluble at neutral pH in aqueous solutions,
the vitamin accumulates in the fermentation broth as needle-shaped crystals,
facilitating the purification steps. Riboflavin crystals are recovered from the broth
by centrifugation after inactivation of the microorganism by pasteurisation to
ensure that no viable cells or spores of the fungus are present in the final product.
This heating step also induces cell autolysis and helps to recover a significant part
of the product, which is stored inside the vacuoles of the cells. After heating, the
cell mass is separated from the fermentation broth by differential centrifugation,
allowing the separation of cells and riboflavin crystals because of differences
in their size and sedimentation behaviour. Riboflavin is then recovered from
cell-free broth by evaporation and vacuum drying (Faust et al., 1991; Kurth,
1992).

For some applications, additional purification steps can be accomplished in
order to remove lipids with ether, or salt and glycogen, or by fractionate precipi-
tation with alcohol or acetone. Other methods described for riboflavin recovery
are based on bacteriological reduction of the fermentation broth, which produces
a reddish-brown product (Hickey, 1946). Alternative chemical precipitation
methods have been proposed, such as the use of sodium dithionite, stannous and
chromium chlorides (Kutsal and Ozbas, 1989). Thereafter, the crude precipitate
can be readily converted to crystalline riboflavin using a hot polar solvent such
as isopropyl alcohol. These needle-like crystals can be separated by filtration or
centrifugation. Additionally, riboflavin can be purified by absorption methods
such as the use of Fuller’s earth in acid solution (Kutsal and Ozbas, 1989).

Downstream process in B. subtilis consists of pasteurisation of the complete
fermentation broth containing riboflavin crystals and biomass, followed by differ-
ential centrifugation to harvest and partially purify the crystals. After a washing
step with hot mineral acid to remove impurities, a feed quality product (>96%
purity) that does not contain any recombinant DNA can be obtained (Bretzel et al.,
1999).
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2.10
Chemical Synthesis

Even though most of the riboflavin produced currently comes from microbial fer-
mentation, the chemical process for the synthesis of this vitamin was established
many years ago. Both Kuhn and Weygand (1934) and Karrer, Schépp and Benz
(1935) independently developed a method consisting of the reductive condensa-
tion of D-ribose with 3,4-xylidine (Goldberg and Williams, 1991). The p-ribose
moiety can be produced chemically from either D-arabinose or glucose. b-ribose
can also be obtained by microbial fermentation using Bacillus species, and this led
to the semi-synthetic method to produce riboflavin, which was exploited indus-
trially for many years (Ernst, Leininger and Paust, 1989; Wolf et al., 1982).

2.11
Application and Economics

Riboflavin production at industrial scale by microbial fermentation has proved to
be both cost-effective and environmentally friendly in comparison with conven-
tional chemical synthesis: carbon dioxide emissions and use of non-renewable
resources are reduced by 80% each and water emissions by 66%. Currently,
therefore, riboflavin is mainly produced biotechnologically by engineered
strains of A. gossypii and B. subtilis (Stahmann, Revuelta and Seulberger, 2000).
Previously, E. asbhyii and C. famata were also used in riboflavin production,
but both processes were discontinued due to the emergence of instabilities.
Major worldwide producers are Aventis, BASF, Daicel, DSM, Hubei Guangji
Pharmaceuticals, Kyowa, Mitsui, Roche, Shanghai Desano Vitamins Co. and
Takeda (Abbas and Sibirny, 2011). More than 4/5 of total riboflavin is used as
an additive for animal feeding, while the remaining 1/5 is used both for medical
applications (vitamin) and as yellow colourant E-101 for beverages. The total
riboflavin market in 2012 was around 9000 t, and the final price was about $15/kg
for the feed-grade product and $35-50/kg for the food-grade product (Kato and
Park, 2012). FMN is synthesised chemically and has 30% of impurities (Nielsen,
Rauschenbach and Bacher, 1983), and this form is preferred for pharmaceutical
applications since it is more soluble than riboflavin; FAD is used in medicine, and
it is also produced biotechnologically (Shimizu, 2008).
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3
Vitamin B3, Niacin
Tek Chand Bhalla and Savitri

3.1
Introduction

Vitamins are organic nutrients which perform specific and vital functions in var-
ious systems of the human body and are essential for maintaining optimal health
(Bellows and Moore, 2012). These are classified as micronutrients and are present
in food in minute quantities as compared to macronutrients (protein, carbohy-
drates and fat). The human body requires these nutrients to maintain normal
metabolism, growth and good health. Most vitamins are not synthesised in the
body or produced in insufficient amounts to meet our needs. They, therefore, have
to be obtained mainly through the food we eat.

The two different types of vitamins are fat-soluble vitamins and water-soluble
vitamins. Fat-soluble vitamins are vitamin A, D, E and K, which dissolve in fat
before they are absorbed in the bloodstream to carry out their functions. Excess of
these vitamins are stored in the liver and are not required every day in the diet. In
contrast, water-soluble vitamins dissolve in water and are not stored in the body.
Since they are eliminated in urine, we need a continuous daily supply of these in
our food. The water-soluble vitamins include the vitamin B-complex group and
vitamin C (Bellows and Moore, 2012).

Niacin (also known as nicotinic acid) and niacinamide (nicotinamide) are
forms of vitamin B (Figure 3.1). Niacin is an organic compound with the formula
C¢H;NO, and is one of the 20—80 essential human nutrients (Sharma, 2009). The
term niacin is used for pyridine-3-carboxylic acid (nicotinic acid) and derivatives
that exhibit the biological activity of nicotinic acid. It may refer either specifically
to nicotinic acid or to the total amount of nicotinic acid and nicotinamide in the
diet (Food and Nutrition Board, 1998).

Nicotinic acid and nicotinamide are vitamins of the vitamin-B group exhibiting
equivalent vitamin activity. Both are precursors in the synthesis of the pyridine
coenzymes NAD (nicotinamide adenine dinucleotide) and NADP (nicotinamide
adenine dinucleotide phosphate) involved in numerous cell metabolic reac-
tions. The major function is the removal of hydrogen from certain substrates
and the transfer of hydrogen to another coenzyme. Reactions in which NAD

Industrial Biotechnology of Vitamins, Biopigments, and Antioxidants, First Edition.
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N N Figure 3.1 Chemical structure of nicotinic acid and
Nicotinic acid Nicotinamide nicotinamide.

and NADP are involved include the metabolism of carbohydrates, lipids and
proteins.

Vitamin B, is required for cell respiration and helps in the release of energy
and metabolism of carbohydrates, fats and proteins, proper circulation, mainte-
nance of healthy skin, functioning of the nervous system and normal secretion
of bile and stomach fluids. It is used in treatment of pellagra (it is a vitamin B,
deficiency disease characterised by dermatitis, diarrhoea and mental disturbance),
schizophrenia and other mental disorders and as a memory enhancer. Nicotinic
acid administered in drug dosage improves the blood cholesterol profile and thus
used in treatment of cardiovascular diseases.

3.2
History

Niacin has been known to organic chemists since 1867, long before its impor-
tance as an essential nutrient was recognised. The history of niacin and repercus-
sions of its deficiency have been reported by many authors (Harris, 1919; McCol-
lum, 1957; Darby, McNutt and Todhunter, 1975; Hankes, 1984; Loosli, 1991). As
early as 1911-1913, Funk had isolated it from yeast and rice polishing in the
course of an attempt to identify the water-soluble anti-beriberi vitamin. The inter-
est in niacin for some time was subsequently lost as it was ineffective in curing
pigeons of beriberi. Although Funk found that niacin did not cure beriberi, cures
were more rapid when it was administered in conjunction with the concentrates
containing the anti-beriberi vitamin (thiamin). Warburg and co-workers, for the
first time, demonstrated a biochemical function of nicotinic acid when they iso-
lated it from an enzyme in 1935 and showed that it is part of the hydrogen trans-
port system. Before the discovery of its pellagra-preventing property, it was one
of the products obtained during oxidation of nicotine. In 1867, Huber prepared
nicotinic acid through potassium-dichromate-based oxidation of nicotine, and
subsequently, many workers isolated this compound from various natural prod-
ucts. In 1894 and 1912, nicotinic acid from rice bran and yeast was isolated by
Suzuki and Funk, respectively (van Eys, 1991). Following discovery that a crude
extract of liver was effective in curing pellagra, and therefore was a source of the
preventive factor, Elvehjem et al. (1937) isolated nicotinamide from the liver as
the factor that would cure black tongue in dogs. Reports on the dramatic thera-
peutic effects of niacin in human pellagra quickly followed from several clinics. In
1945, Krehl and co-workers found that tryptophan was as active as niacin in the
treatment of pellagra. Heidelberger reported that tryptophan is a precursor in the
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synthesis of nicotinic acid in animals and, through meticulous experimentation,
demonstrated that the L-[1*C] tryptophan was converted to *C-labelled nicotinic
acid in the rat. The conversion of tryptophan to niacin explained why foods rich
in animal protein (e.g. milk) prevent and cure pellagra.
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Occurrence in Nature/Food Sources

Free nicotinic acid and nicotinamide are present in nature in only small amounts.
Nicotinic acid is mainly bound to the macromolecules in plants, while nicoti-
namide is usually a component of NADP in the animal world. Nicotinic acid can
be formed in humans from the metabolism of dietary tryptophan, and so, it is not
necessary to be present in food, provided that adequate tryptophan is available in
the foods being consumed.

Niacin is widely distributed in foods of both plant and animal origin (Table 3.1).
Large quantities of niacin are found in brewer’s yeast and meat. Animal and fish
by-products, distillers grains and yeast, various distillation and fermentation
broth and certain oil meals are good sources of vitamin B;. Niacin is present
in uncooked foods mainly as the pyridine nucleotides NAD and NADP, but
enzymatic hydrolysis of the coenzymes can occur during the course of food
preparation. Most organisms use the essential amino acid tryptophan and syn-
thesise niacin from it. However, since there is a preferential use of tryptophan for
protein synthesis before, it becomes available for conversion to niacin (Kodicek

Table 3.1 Niacin in food and feedstuffs (milligram per kilograme on dry mass basis).

Alfalfa hay, sun cured 42 Molasses, sugarcane 49
Alfalfa leaves, sun cured 53 Oat, grain 16
Barley, grain 94 Pea seeds 36
Bean, navy (seed) 28 Peanut meal, solvent extracted 188
Blood meal 34 Potato 37
Brewers’ grains 47 Rice, bran 330
Buttermilk (cattle) 9 Rice, grain 39
Chicken broilers (whole) 230 Rice, polished 17
Citrus pulp 23 Rye, grain 21
Clover hay, ladino (sun cured) 11 Sorghum, grain 43
Copra meal (coconut) 28 Soybean meal, solvent extracted 31
Corn, gluten meal 55 Soybean seed 24
Corn, yellow grain 28 Spleen, cattle 25
Cottonseed meal, solvent extracted 48 Timothy hay, sun-cured 29
Fish meal, anchovy 89 Wheat, bran 268
Fish meal, menhaden 60 Wheat, grain 64
Fish, sardine 81 Whey 11
Linseed meal, solvent extracted 37 Yeast, brewer’s 482
Liver, cattle 269 Yeast, torula 525

Adapted from McDowell (2000).
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et al., 1974). It seems unlikely that tryptophan conversion greatly contributes to
the niacin supply as majority of the feedstuffs have low tryptophan content.
Important sources of preformed niacin include beef, pork, wheat flour, maize
(corn) flour, eggs and cow’s milk. Human milk contains a higher concentration of
niacin than cow’s milk. In the United Kingdom, there is mandatory fortification
of flour with nicotinic acid at a level of not less than 1.6 mg/100 g flour for sup-
plementation purposes. Vitamin B, is found in various animal and plant tissues
including yeast, meat, fish, milk, eggs, green vegetables, beans and cereal grains.

34
Chemical and Physical Properties

3.4.1
Chemical Properties

Chemically, niacin (C4H;O,N) is one of the simplest vitamins. The two forms of
niacin — nicotinic acid and nicotinamide — correspond to 3-pyridinecarboxylic
acid and its amide. Niacin (vitamin Bj) is the generic term for nicotinic acid
(pyridine-3-carboxylic acid) and nicotinamide (nicotinic acid amide) and the
coenzyme forms of the vitamin. Nicotinamide is the active form, which functions
as a constituent of two coenzymes, namely NAD and NADP. These coenzymes, in
their reduced states (NADH/NADPH), are the principal forms of niacin that exist
in animal tissues. Synonyms include nicacid, nicangin, niconacid, nicotinipca,
nicyl, PP (pellagra-preventive) factor, pellagra-preventive vitamin, anti-pellagra
vitamin, pyridine-B-carboxylic acid, 3-pyridinecarboxylic acid, akotin, nicobid,
nico-400 and nicotinex (Informatics, 1974). Nicotinic acid readily forms salts with
metals such as aluminium, calcium, copper and sodium. When in acid solution,
niacin readily forms quaternary ammonium compounds, such as nicotinic acid
hydrochloride, which is soluble in water. When in a basic solution, nicotinic acid
readily forms carboxylic acid salts.

342
Physical Properties

Both nicotinic acid and nicotinamide are white, odourless, crystalline solids sol-
uble in water and alcohol. They are highly resistant to heat, air, light and alkaline
conditions and thus are stable in foods. However, they will undergo decarboxy-
lation at a high temperature when in an alkaline medium. The molecular weight
of nicotinamide is 122.14 g/mol and that of nicotinic acid is 123.12 g/mol. Niacin
is also stable in the presence of the usual oxidising agents. The melting point of
nicotinamide and nicotinic acid is 129 and 236 °C, respectively, and the boiling
point of nicotinamide is 150160 °C. Nicotinic acid sublimes at high tempera-
ture. Nicotinamide is soluble in water, ether and glycerin; however, nicotinic acid
is soluble in water with a solubility of 16.7 g/1. Both the compounds are insoluble in
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Table 3.2 Chemical and physical properties of nicotinamide.

Chemical Colourless needles or white crystalline Lewis (1993)
description powder; odourless with a bitter taste

Molecular weight 122.14 Lewis (1993)
Octanol/water log-0.37 Unilever (1998)
partition coefficient

Empirical formula CeHgN, O Informatics (1974)
Density 1.40 Lewis (1993)
Solubility Soluble in water, ether and glycerin Lewis (1993)
Melting point 129°C Lewis (1993)
Boiling range 150°-160° National Toxicology

Program (N'TP) (2000)

Elmore and Cosmetic Ingredient Review Expert Panel (2005).

Table 3.3 Chemical and physical properties of nicotinic acid.

Chemical Colourless needles or white Lewis (1993)
description crystalline powder with a slight
odour
Molecular weight 123.12 Lewis (1993)
Octanol/water 0.63 Bronaugh and Stewart (1985)
partition coefficient
Water solubility 16.7 g/1 Bronaugh and Stewart (1985)
Octanol solubility 10.5g/1 Bronaugh and Stewart (1985)
Empirical formula C¢H;NO, Informatics (1974)
Density 1.473 Lewis (1993)
Solubility Soluble in water and alcohol, Lewis (1993)
insoluble in most lipid solvents
Melting point 236°C Lewis (1993)
Boiling range Sublimes National Toxicology Program

(N'TP) (2000)

Elmore and Cosmetic Ingredient Review Expert Panel (2005).

lipid solvents. The chemical and physical properties of nicotinamide and nicotinic
acid are given in Tables 3.2 and 3.3.
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Vitamin B, Deficiency Disease (Pellagra)

Vitamin B, deficiency causes a condition called pellagra (Italian ‘pelle agra’;
‘rough skin’), which is characterised by photosensitive dermatitis, diarrhoea,
dementia and death (Karthikeyan and Thappa, 2002). The most common
symptoms of niacin deficiency are changes in the skin and mucosa of the mouth,
stomach and intestinal tract and the nervous system. The changes in the skin
are among the most characteristic in human beings. Other signs and symptoms
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include dizziness, vomiting, constipation or diarrhoea and inflammation of the
tongue and gastric mucosa. The neurological symptoms can include fatigue,
sleeplessness, depression, memory loss and visual impairment.

This disease was demonstrated as a dietary deficiency disease by Goldberger in
1913. In the beginning of the twentieth century, Elvehjem and co-workers identi-
fied nicotinamide isolated from liver extract as PP factor (Sharma, 2009). People
with poor diet, alcoholism and some types of slow-growing tumours called carci-
noid tumours might be at risk for niacin deficiency.

It was thought in the beginning that the clinical manifestations of pellagra
arise from the deficient NAD" and NADP* levels in maintaining energy for
cellular functions (Hendricks, 1991). However, understanding of these multiple
symptoms has progressed with the finding of NAD* as a substrate for poly
(ADP-ribose) polymerases (PARPs) (Chambon, Weill and Mandel, 1963). PARP
has been recognised to play multitude roles in DNA damage responses, includ-
ing DNA repair, maintenance of genomic stability, transcriptional regulation,
signalling pathways involving apoptosis, telomere functions and other multiple
cellular functions (Oliver, Menissier-de Murcia and De Murcia, 1999).

3.6
Methods Used for Determination of Vitamin B,

3.6.1
Microbiological Methods

The most sensitive method for the determination of niacin and related com-
pounds is microbiological. Lactobacillus plantarum responds to both forms of
the vitamin, whereas Leuconostoc mesenteroides measures only nicotinic acid.
Niacin must be freed from bound forms before assay. Since niacin is very stable
to strong acids, it can be released by acid hydrolysis.

3.6.2
Chemical Methods

Chemical methods of analysis are less sensitive than microbiological procedures
and generally require more extensive extraction methods. The cyanogen bromide
method of analysis is based on the reaction of pyridine derivatives with cyanogen
bromide to form a coloured compound which can be measured quantitatively.
The active coenzyme forms of niacin (NAD and NADP) can be determined by
an enzyme-cycling colorimetric procedure (Nisselbaum and Green, 1969) or
high-performance liquid chromatography (Stocchi et al., 1987). Niacinamide and
niacin have also been analysed by infrared and ultraviolet spectroscopy (Commit-
tee of Revision of the United States Pharmacopeial Convention (USP), Inc, 1995).
Gas-liquid chromatography was utilised after converting niacin and niacinamide
into ethylnicotinate and N-ethylnicotinamide (Prosser and Sheppard, 1968).
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Bioassay procedures for niacin present two major difficulties, that is, (i) trypto-
phan in the diet is converted into niacin in the tissues and (ii) niacin is synthesised
by intestinal bacteria to varying degrees. Chicks, puppies and weanling rats have
been used for biological niacin assay.

3.7
Synthesis

Vitamin B, differs from the other vitamins of B-complex group in that an
essential amino acid, tryptophan, serves as its precursor. Humans can synthesise
nicotinamide cofactors from tryptophan. However, the process is somewhat
inefficient; synthesis of 1 mg of niacin requires 60 mg of tryptophan. Niacin
deficiency, therefore, is usually the result of a diet deficient in both niacin and
tryptophan. However, some diets contain tryptophan or niacin in a biologically
unavailable form. In corn, the niacin is poorly absorbed unless the corn is treated
with alkali prior to ingestion.

3.7.1
Chemical Process Used for Nicotinic Acid Production

3-Picoline (3-methyl pyridine) is used as an ideal starting material for the
production of nicotinic acid or nicotinamide. In 3-picoline, the methyl group
can be selectively and readily oxidised to the carboxyl derivative with few
side products. The present chemical industries utilise 3-picoline, 2-methyl-5-
ethylpyridine and 3-cyanopyridine for the synthesis of nicotinic acid through
chemical routes. 2-Methyl-5-ethyl-pyridine (MEP) is used as a starting material
for the high-temperature and high-pressure liquid-phase oxidation with nitric
acid, but it is not a good option (Chuck, 2005). 2-Methyl-5-ethylpyridine is
synthesised from ethane/acetaldehyde and ammonia under high tempera-
ture and pressure. 3-Methylpyridine (3-picoline) is obtained as a by-product
(20—40%) during the synthesis of pyridine from acetaldehyde, formaldehyde and
ammonia. The chemical route used in the synthesis of these materials (3-picoline,
2-mentyl-5-ehtylpyridine and 3-cyanopyridine) is depicted in Figure 3.2.

H,C=CH, 3C—CHO HC—CHO  H,C= CHCHO NC— CH—CHZ—CHQ CN

+ +
NH, HCHO NH3
\ / NH;
C2H5 \
AT ET o
Hs N

2-Methyl-5-ethylpyridine 3-Methylpyridine 3-Cyanopyridine

Figure 3.2 Chemical synthesis of starting materials required for nicotinic acid manufacture.
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CH,CH CO,
| N >CHy Jf\/(COOH /A (\/(COOH
HiC N HNOs oo N N
2-Methyl-5-ethylpyridine 2,5-Dicaboxypyridine Nicotinic acid

Figure 3.3 Synthesis of nicotinic acid from 2-methyl-5-ethylpyridine.

[\/(CONHQ
|
N/

3H,0
CH 2 CN \
\ 3 ~ Nicotinamide
O . NH3 1 -502 _A»O
= =
N N
A
3-Methylpyridine 3-Cyanopyridine < (\/( COOH
N/

Nicotinic acid

Figure 3.4 Ammoxidation of 3-picoline and hydrolysis of cyanopyridine to niacinamide and
nicotinic acid.

Most of the nicotinic acid is manufactured by liquid-phase oxidation of
2-methyl-5-ethylpyridine. The dialkyl pyridine is subjected to oxidation with
nitric acid followed by selective decarboxylation of the carboxyl group at the
2-position (Figure 3.3) (Weissermel and Arpe, 1997).

In an alternative process, 3-picoline is first converted into 3-cyanopyridine
by gas-phase ammoxidation followed by hydrolysis either to nicotinamide or to
nicotinic acid as shown in Figure 3.4. Vanadium oxide is the key catalyst used
in the ammoxidation process. The catalyst is supported over oxides of silicon,
aluminium, titanium and zirconium (Offermanns et al., 1984).

The production of nicotinamide or nicotinic acid through ammoxidation reac-
tion has received greater attention in the past two decades, both in the industry
(Lukas, Neher and Arntz, 1996; Saito et al., 1989; Dicosimo, Burrington and Gras-
selli, 1991) and in academic institutions (Luecke et al., 1987; Suvorov et al., 1991;
Manohar and Reddy, 1998; Narayana et al., 2002).

The oxidation of 3-picoline with stoichiometric or excess quantities of oxidising
agents, such as permanganate, nitric acid or chromic acid, has severe environ-
mental implications. Thus, a direct method of nicotinic acid production through
gas-phase oxidation of 3-picoline in air has been developed (Chuck and Zacher,
1999). The reaction scheme for this direct gas-phase oxidation of 3-picoline is
shown in Figure 3.5.

This process faces considerable difficulties in obtaining a selective and efficient
reaction in gas phase. Also, nicotinic acid is less stable than 3-cyanopyridine
and decarboxylates at the temperatures normally encountered in the gas-phase
reaction. In addition, nicotinic acid desublimes at temperatures below 200 °C
and thus can create plugging difficulties in the equipment. Picoline can also be
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CH, CHO COOH
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z p z
N N

N Oy
C:
3-Methylpyridine Pyridine-3-carboxaldehyde Nicotinic acid a’bo*y/ N
)
Total %or, |
oxidation N P
NHz + CO, + H,O Pyridine

Figure 3.5 Reactions in the gas-phase oxidation of picoline to nicotinic acid.

selectively oxidised with air in the liquid phase to produce niacin (Asamidori,
Hashiba and Takigawa, 1994). A combination of catalysts such as cobalt and
manganese acetate and/or bromide is usually used in an acetic acid medium, and
the air oxidation takes place under elevated temperatures and pressures. Through
this method, 32% conversion of picoline and 19% of nicotinic acid are obtained
(Hatanaka and Tanaka, 1993). 3-Cyanopyridine is also hydrolysed to nicotinic
acid by refluxing with Ba(OH), for 8—10h. 3-Methylpyridine can be directly
converted to nicotinic acid, with an yield of 57%, by heating to 200 °C and at
21 atm pressure in the presence of acetic acid as catalyst (Mathew et al., 1988).

Electrochemical oxidation of alkylpyridine to nicotinic acid has also been devel-
oped at laboratory scale. Chemical selectivity (80%) and electrical efficiency (up to
90%) have been achieved during oxidation of 3-picoline using lead cells (Toomey,
1984, 1991).

3.7.2
Biosynthesis

The liver can synthesise niacin from the essential amino acid tryptophan, requir-
ing 60 mg of tryptophan to produce 1 mg of niacin. The five-membered aromatic
heterocycle of tryptophan is cleaved and rearranged with the alpha amino group
of tryptophan into the six-membered aromatic heterocycle of niacin. Riboflavin,
vitamin B, and iron are required in some of the reactions involved in the conver-
sion of tryptophan to NAD. The pathway involved in the synthesis of nicotinic acid
and NAD is shown in Figure 3.6.

3.7.21

Biological Processes Used for Nicotinic Acid Production

An alternative to chemical processes is to use biological systems (fermentative
route) or their enzymes (enzymatic route) for organic synthesis.

Fermentative Routes for Production of Niacin A fermentative method for the prepa-
ration of nicotinic acid has been developed in which Escherichia coli was grown
in culture medium to produce quinolinic acid, which was further decarboxylated
to produce nicotinic acid (Kim et al., 2014). The formation of B vitamins (nico-
tinic acid and nicotinamide, thiamine, vitamin By and vitamin B;,) during the
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Tryptophan

3-Hydroxyanthranilic acid

3-Hydroxyanthranillate
oxidase

a-amino-f-carbosymuconic Non enzymatic

e-semialdehyde Quinolinic acid

PRPP
Picolinate decarboxylase o
Quinolinate
transphosphoribosylase
COz COp + PP phosp Y
Deamido-NAD Nicotinate mononucleotide
pyrophosphorylase pyrophosphorylase
co Deamido-NAD &—————— Nicotinic acid mononucleotide &—————————— Nicotinic acid
2 7 \ (NMIN) N\
Acetyl-CoA
PPi ATP PPi  PRPP +ATP
Nicotinamide
Glutamine + ATP deamidase
NAD synthetase
Glutamate + AMP + PPi J
NMN adenylyltrasferase NMN pyrophosphorylase
NAD (_\ NMN (_\ Nicotinamide
PPi ATP PPi  PRPP +ATP

Figure 3.6 Pathways of nicotinic acid and NAD synthesis. (Modified from Greenbaum and
Pinder, 1968.) (NMN): Nicotinic acid mononucleotide, NMN: Nicotinamide mononucleotide,
PRPP: 5-phosphoribosyl 1-pyrophosphate, PPi: Pyrophosphates.

soaking of soybeans by bacteria isolated from tempeh was investigated (Denter
and Bisping, 1994). Nicotinic acid and nicotinamide were produced by the species
of Lactobacillus and Citrobacter freundii (Survase, Bajaj and Singhal, 2006).

A fermentative method of NAD synthesis was developed in which a large
amount of NAD accumulated with AMP, ADP and ATP in the culture broth
when Brevibacterium ammoniagenes ATCC 6872 was incubated in the medium
containing adenine and nicotinic acid or nicotinamide. A large amount of
nicotinic acid mononucleotide with a small amount of NAD accumulated when
nicotinic acid or nicotinamide was singly added. NAD was isolated from the
culture broth by ion-exchange chromatography and identified by paper chro-
matography, ultraviolet and infrared spectra, analyses of ribose and phosphate
and reduction by alcohol dehydrogenase from yeast (Nakayama et al., 1968).

Biocatalytic Routes for Production of Niacin The application of enzymes to organic
chemical processing has attracted increasing attention of academia and industry
for the past several decades. Microbial nitrilases or nitrile hydratases and
amidases have been reported to hydrolyse 3-cyanopyridine to nicotinic acid or
3-cyanopyridine is hydrated to nicotinamide (Mathew et al., 1988; Vaughan,
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Figure 3.7 Biocatalytic route for synthesis of nicotinamide and nicotinic acid.

Knowles and Cheetham, 1989; Sharma et al., 2006; Sharma, Sharma and Bhalla,
2010; Prasad et al., 2007; Cantarella et al., 2008). Enzymes are operated under mild
conditions suitable for the synthesis of labile organic molecules and are efficient
in terms of specificity. Compared to chemical methods, enzymatic conversion of
3-cyanopyridine is an advantageous alternative for the production of nicotinic
acid and nicotinamide. Enzyme-catalysed conversion of 3-cyanopyridine to
nicotinic acid is shown in Figure 3.7.

Asano et al. (1982) proposed an enzymatic production process for acrylamide
involving nitrile hydratase as a catalyst. Mathew et al. (1988) attempted the
microbial conversion of 3-cyanopyridine to nicotinic acid by using resting
Rhodococcus rhodochrous J1 cells containing high benzonitrilase activity.
Vaughan, Knowles and Cheetham (1989) developed column reactor using
calcium-alginate-immobilised cells of Nocardia rhodochrous 11100-21 for the
synthesis of nicotinic acid. A total of 96 g of nicotinic acid was formed through
this reactor in 150h. A thermostable nitrilase produced by Bacillus pallidus
Dac521 catalysed the direct hydrolysis of 3-cyanopyridine to nicotinic acid
without detectable formation of nicotinamide. Under optimised conditions, 100%
of the 3-cyanopyridine substrate could be converted to nicotinic acid at a conver-
sion rate of 76 nmol/min/mg dry cell mass (Almatawah and Cowan, 1999). One
extremely valuable advantage of conducting biotechnological processes at higher
temperatures is minimising the risk of contamination by common mesophiles.

Kaplan et al. (2006) also performed biotransformation of 3-cyanopyridine into
nicotinic acid by fungal nitrilases. Prasad et al. (2007) used free cells of Rhodococ-
cus sp. NDB 1165 in a fed-batch reaction, and a total of 1.6 M nicotinic acid was
formed in 11h at a rate of 72 mM nicotinic acid g/dcw/h. Nitto (Yamada and
Nagasawa, 1989; To and Fujita, 1991) developed a biocatalytic process of selective
hydrolysis of 3-cyanopyridine to niacinamide. BASF (Ress-Loeschke, Hauer and
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Table 3.4 Microorganisms used as source of enzymes or whole cell biocatalysts for synthe-
sis of nicotinic acid.

Microorganism Biocatalyst References
Arthrobacter sp. Free cells Asano et al. (1982)
Aspergillus niger K10 Purified biocatalyst Kaplan et al. (2006)
Bacillus pallidus Dac521 Calcium alginate Almatawah and Cowan (1999)
immobilised biocatalyst
Nocardia globerulla NHB-2  Free cells Sharma et al. (2006)
Nocardia rhodochrous Calcium alginate Vaughan, Knowles and
LL100-21 immobilised biocatalyst Cheetham (1989)
Rhodococcus sp. NDB 1165 Free cells Prasad et al. (2007)
Rhodococcus rhodochrous J1 ~ Free cells Mathew et al. (1988)
Saccharomyces cerevisiae Yeast cells Ahmad and Moat (1966)

Mattes, 2001) and Lonza (Robins and Nagasawa, 1999) produced nicotinamide at
industrial scale using biocatalytic route. This technology has also been patented
for niacinamide production in China (Heveling et al., 1997). The enzymatic pro-
duction of nicotinic acid becomes the most efficient alternative. A list of microor-
ganisms reported for the synthesis of nicotinic acid is given in Table 3.4.

3.8
Downstream Processing of Nicotinic Acid

The fermentation technology for the production of organic acids in particular
has been known for more than a century, and these have been produced in the
form of aqueous solutions. These bioconversions and recovery from fermen-
tation broth are severely inhibited by the products (Kumar and Babu, 2009).
Several separation methods such as liquid extraction, ultrafiltration, reverse
osmosis, electrodialysis, direct distillation, liquid surfactant membrane extrac-
tion, anion exchange, precipitation and adsorption have been used for the
recovery of carboxylic acids from fermentation broth. Spray drying, crystalli-
sation and thermal decomposition of ammonium nicotinate have been used
for nicotinic acid separation. Degussa (Moeller, Friedrich and Winkler, 1987)
developed a crystallisation process to obtain large nicotinic acid crystals. This
involves the total hydrolysis of 3-cyanopyridine with a strong base. Lonza (Chuck
and Zacher, 1999) and Nippon Soda (Hayakawa and Hatayama, 2002) utilised the
conversion of ammonium nicotinate at elevated temperatures. Transformation
of concentrated solution of ammonium nicotinate to pure nicotinic acid has been
carried out by spray drying, which also ensures a free flow of materials (Chuck
and Zacher, 2002). The nicotinic acid can be freed from residual ammonium
nicotinate by a thermal post-treatment in a fluidised bed or under reduced
pressure. Boreskova (Andrushkevich et al, 1998) developed a process which
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incorporates the desublimation of nicotinic acid out of the gas stream. All these
separation techniques have several limitations requiring high energy and material
consumption (Kumar and Babu, 2009).

3.9
Reactive Extraction

Reactive extraction is also used for the separation of nicotinic acid, which
increases separation by solvent extraction and represents a link between chem-
ical and physical phenomena. This method allows the production and recovery
of fermentation products in one continuous step and reduces the recovery costs.
The mechanism of the biosynthetic product separation by reactive extraction
depends upon the extraction system used. The extraction can be achieved by
means of a chemical reaction between the solute and the extractant (Kumar and
Babu, 2009).

3.10
Physiological Role of Vitamin B, (Niacin)

Niacin exerts its major physiological effects through its role in the enzyme system
for cell respiration. Niacin and niacinamide are required for the proper function
of fats and sugars in the body and to maintain cellular health. At high doses,
niacin and niacinamide can have different effects such as lowering of cholesterol,
improvement in the levels of desired triglycerides in the blood and fibrinolytic
effects. Still higher doses (50 mg or more) can cause side effects, most commonly
‘niacin flush’, which is a burning, tingling sensation in the face and chest, and red
or flushed skin.

3.10.1
Coenzyme in Metabolic Reactions

Niacin is required by the human body for the formation of coenzymes NAD
and NADP which has pellagra preventive/curative, vasodilating and antilipi-
demic properties (National Toxicology Program (NTP), 2000) and function
in dehydrogenase—reductase systems requiring transfer of a hydride ion
(McCormick, 1996, 1997). These coenzymes act as intermediate in most of the
H* transfers in metabolism, including metabolism of carbohydrates, fatty acids
and amino acids. Niacin has important roles as part of oxidation/reduction
reaction involving energy metabolism, amino acid metabolism and detoxi-
fication reactions for drugs and other substances. NAD is also required for
non-redox adenosine diphosphate—ribose transfer reactions involved in DNA
repair (Berger, 1985) and calcium mobilisation. NAD functions in intracellular
respiration and with enzymes involved in the oxidation of fuel substrates such as
glyceraldehyde-3-phosphate, lactate, alcohol, 3-hydroxybutyrate and pyruvate.
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NADP functions in reductive biosynthesis such as fatty acid and steroid synthesis
and in the oxidation of glucose-6-phosphate to ribose-5-phosphate in the pentose
phosphate pathway. NAD is primarily involved in catabolic reactions where it
accepts electrons during the breakdown of molecules for energy. In contrast,
NADPH (the reduced form of NADP) is primarily involved in biosynthetic
reactions where it donates electrons required for synthesising new molecules. In
most cells, NAD levels are much higher than NADH levels, while NADPH levels
are much higher than those of NADP.

Important metabolic reactions catalysed by NAD and NADP are summarised
as follows:

1) Carbohydrate metabolism:

a. Glycolysis: NAD serves as an electron acceptor in glycolysis. When NAD
accepts electrons, it also acquires a proton (H*) and is converted into
NADH. NADH is a reduced electron carrier. The overall process of
glycolysis can be summarised in the following reaction:

Glucose + 2 NAD* + 2 ADP + 2 P; == 2 Pyruvate + 2 NADH + 2 H* + 2 ATP + 2 H,O

If glycolysis were to continue indefinitely, all of the NAD* would be used up
and glycolysis would stop. To allow glycolysis to continue, organisms must
be able to oxidise NADH back to NAD*. NADH then becomes oxidised in
the first step of electron transport by mitochondrial complex I or NADH
dehydrogenase. NADH contains flavin mononucleotide (FMN) as a bound
prosthetic group, which is responsible for catalysing the following reaction.

NADH + H* + FMN =) NAD* FMNH,

ATP is produced in this oxidation reaction by the enzymes of the respira-
tory chain.

b. Krebs cycle: The Krebs cycle is the central metabolic pathway in all aer-
obic organisms. The cycle is a series of eight reactions that occur in the
mitochondrion. These reactions take two carbon molecules (acetate) and
completely oxidise them to carbon dioxide. The cycle is summarised in the
following chemical equation:

acetyl CoA + 3 NAD + FAD + ADP + HPO,2 —> 2 CO,+ CoA + 3 NADH*
+ FADH*+ ATP

One example of the role of NAD as coenzyme in the Krebs cycle is oxidative
decarboxylation of pyruvate to acetyl-CoA catalysed by a three-enzyme
complex known as pyruvate dehydrogenase.

NAD* NADH+ H*

Pyruvate =) Acety}-C0A

Pyruvate dehydrogenase
(E1+E2+E3)



3.10 Physiological Role of Vitamin By (Niacin) | 55

2) Lipid metabolism: NADP carries reducing power for fatty acid biosynthesis
and oxidation. Some examples of oxidation—reduction reactions occurring
during fatty acid oxidation and synthesis are given as follows:

a. Oxidation of 1-3-hydroxyacyl CoA to 3-ketoacyl-CoA by NAD* and
enzyme hydroxyacyl-CoA dehydrogenase. This converts the hydroxyl
group into a keto group.

NAD* NADH+ H*

L-3-Hydroxyacyl CoA e=———————=====p 3-Ketoacyl-CoA
Hydroxyacyl-CoA dehydrogenase

b. Reduction of crotonyl-ACP to butyryl-ACP catalysed by enoyl-ACP
reductase and NADPH during fatty acid synthesis.

NADH+ H* NAD*

Crotonyl-ACP+ NADPH +H* ¥D Butyryl-ACP

Enoyl-ACP reductase

3) Protein metabolism: High level of ammonium ion (NH,*) produced as
a result of biological nitrogen fixation is toxic to the cells, which must be
eliminated by incorporating it into various organic forms. Reactions leading
to three compounds, namely, glutamic acid, glutamine and carbamoyl
phosphate, play key role in assimilating ammonium ion. The two amino
acids (glutamic acid, glutamine) further participate in the synthesis of other
amino acids and nitrogen-containing compounds. In plants and bacteria,
ammonia is used in the synthesis of glutamic acid through a coupled reaction
catalysed by glutamine synthetase and glutamic acid synthase in the presence
of NADPH as shown in the following reaction.

o-ketoglutarate + NH;* +NADPH +H* +ATP === Glutamic acid + NADP* + ADP + Pi

4) Photosynthesis: In photosynthetic organisms, NADPH is produced by
ferredoxin-NADP* reductase in the last step of the electron chain of the light
reactions of photosynthesis. It is used as reducing power for the biosynthetic
reactions in the Calvin cycle to assimilate carbon dioxide. In this pathway,
the free energy of cleavage of ~P bonds of ATP and the reducing power of
NADPH are used to fix and reduce CO, to form carbohydrate.

5) Rhodopsin synthesis: Rhodopsin, also known as visual purple is a light-
sensitive receptor protein present in the photoreceptor cells of the retina.
They are extremely sensitive to light, enabling vision in low-light conditions.
Rhodopsin synthesis is an irreversible reaction in which NAD* and NADH
take part. A list of enzymes that require NADT/NADP™ and their functions
is given in Table 3.5.
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Table 3.5 Enzymes that require NAD and NADP as coenzyme.

Enzyme Function

Enzymes that use Alcohol dehydrogenase Metabolizes alcohol

NAD*/NADH

Enzymes that use
NADP*/NADPH

Glyceraldehyde phosphate
dehydrogenase

Lactate dehydrogenase
Pyruvate dehydrogenase

a-Keto-glutarate
dehydrogenase, isocitrate
dehydrogenase, malate
dehydrogenase

NADH dehydrogenase

Hydroxy-acyl-SCoA
dehydrogenase

Glucose 6-phosphate
dehydrogenase
p-Ketoacyl-ACP reductase
p-enoyl-ACP reductase
Chloroplast glyceraldehyde
phosphate dehydrogenase

Catalyses important step in glycolysis

Catalyses reactions in muscle and liver cells
Catalyses reactions connecting glycolysis to
the Krebs cycle

Catalyses reactions in the Krebs cycle,
aerobic metabolism

Catalyses oxidative phosphorylation
reactions
Important in fat catabolism

Catalyses reactions in the pentose
phosphate pathway
Catalyses reactions in fatty acid synthesis

Catalyses reactions in the Calvin cycle,
glucose synthesis

Adapted from Metzler (1977).

3.10.2
Therapeutic Molecule

Nicotinic acid and nicotinamide find their applications in formulation of drugs
for control/treatment of pellagra in pharmacologic doses (1-5 g/day), hyperc-
holesterolemia and hypertriglyceridemia (McCormack and Keating, 2005), car-
diovascular diseases, for formation of coenzyme (such as NAD and NADP), for
treatment of cancer, diabetes, arthritis and for detoxification (Kirschmann and
Kirschmann, 1996). The most commonly cited use of vitamin B, (niacin/nicotinic
acid and niacinamide/nicotinamide) is for the treatment of pellagra.

The recommended dietary intake of niacin is 14—16 mg/day (Food and Nutri-
tion Board, 1998). Currently, niacin therapy as a replacement or in combination
with the existing cholesterol-reducing prescription drugs is under evaluation by
various drug regulatory authorities around the world.

3.10.2.1

Treatment of Pellagra

Pellagra is a disease caused by a cellular deficiency of the nicotinamide coenzymes
due to inadequate dietary supply of tryptophan and vitamin B, characterised by
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2
N C—NH

| G,
NO, Figure 3.8 Nicorandil.

three Ds, that is, diarrhoea, dermatitis and dementia. Although it is not usually
fatal, yet when the three Ds are present, death can occur. The adult intake of
vitamin B, necessary to prevent pellagra is around 20 mg/day. The body can
manufacture approximately 1 mg of niacin equivalents from 60 mg of tryptophan
obtained mostly from dietary protein.

3.10.2.2
Treatment of Cardiovascular Diseases
Numerous clinical trials have demonstrated that niacin reduces the risk of coro-
nary artery disease and is the most potent lipid-regulating agent for increasing
levels of HDLC (high-density lipoprotein cholesterol) (Ganji et al., 2006). Niacin
is considered as a very effective and inexpensive agent for improving health out-
comes in persons with elevated lipid levels at risk for heart disease (Keenan et al.,
1991; Morgan, Capuzzi and Guyton, 1998; Vogt et al., 2006). Nicotinic acid is a
precursor for the synthesis of nicorandil, a cardiovascular drug (Figure 3.8).
Antihyperlipidemic effect and inhibition of cholesterol synthesis discussed next
are mainly responsible for reduction in cardiovascular diseases in persons taking
niacin.

3.10.2.3

Antihyperlipidemic Effect

Niacin/nicotinic acid at an intake of 1000 mg or higher is an effective antihyper-
lipidemic agent. It is particularly effective in lowering the blood concentrations of
low-density lipoprotein (LDL) and very low density lipoprotein (VLDL) choles-
terol and in increasing the concentration of HDLC. The beneficial effects of nico-
tinic acid in the treatment of hyperlipidemia are attributed to four interrelated
effects on lipid and lipoprotein metabolism such as (i) inhibition of lipolysis in
adipose tissue; (ii) inhibition of the synthesis and secretion of VLDL by the liver;
(iii) lowering of serum levels of lipoprotein(a), a variant form of LDL; and (iv) an
increase in serum levels of HDL (DiPalma and Thayer, 1991). Intakes at quantities
of 1 g or more, however, not only provide pharmacological benefits but also carry
significant risk of adverse effect, thus requiring medical supervision and monitor-
ing (Hathcock, 2004).

3.10.24

Treatment of Hypercholesterolemia

A number of studies in animals as well as in hyperlipidemic patients have
indicated that nicotinic acid inhibits endogenous synthesis of cholesterol (Hotz,
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1983). Plasma levels of squalene, an intermediate in the cholesterol biosynthesis,
have been reported to be decreased in response to niacin intake (Kudchodkar
et al., 1978). Thus, at least a part of the antihyperlipidemic action of nicotinic
acid appears to arise from inhibition of endogenous cholesterol biosynthesis.
Niacinamide may be used in clinical treatment of hypercholesteremia, and niacin
may be used in the prevention of pellegra and treatment of certain psychological
disorders. Both ingredients are readily absorbed from the skin, blood and the
intestines and widely distribute throughout the body (Elmore and Cosmetic
Ingredient Review Expert Panel, 2005).

3.10.2.5

Diabetes

It has long been known that there are several compounds, which may produce
acute insulin deficiency causing diabetes, by destructing f3-cells of the pancreas in
experimental animals. A consistent finding has been that this experimental dam-
age is closely related to a sharp decrease in intracellular NAD levels. The active
coenzyme forms of niacinamide (NAD, NADP) are essential for normal carbo-
hydrate, lipid and protein metabolism. Pharmacological doses of niacinamide are
therefore studied for their potential benefit in the prevention and treatment of
diabetes (Vague et al., 1989; Kolb and Burkart, 1999; Shah et al., 2013).

3.10.2.6

Fibrinolysis

Parenteral doses of nicotinic acid cause a significant fibrinolytic effect; however,
oral dose of nicotinic acid does not cause fibrinolysis. The fibrinolytic effect only
occurs with the first dose, and subsequent/continuous intravenous infusions are
inactive. However, clinically effective fibrinolytic agents such as tissue plasmino-
gen activator, streptokinase and urokinase limit its use in fibrinolysis (DiPalma,
1988).

3.10.2.7

Treatment of Neurodegenerative Disorders

People who consume higher amounts of niacin from food and multivitamin
sources seem to have a lower risk of getting Alzheimer’s disease than people who
consume less niacin.

Niacin is also used for treating schizophrenia, anxiety, depression and chronic
alcoholism (Ban, 1971), hallucinations due to drugs, age-related loss of thinking
skills, chronic brain syndrome, motion sickness and oedema. Some people use
niacin or niacinamide for treating acne, leprosy, attention deficit hyperactivity
disorder (ADHD), memory loss, arthritis, preventing premenstrual headache,
improving digestion, protecting against toxins and pollutants, reducing the effects
of aging, lowering blood pressure, improving circulation, promoting relaxation
and preventing cataracts.



3.12  Toxicity of Niacin

3.11
Safety of Niacin

Niacin and niacinamide are likely safe for most people when taken orally and are
authorised for use in food. A common minor side effect of niacin is a flushing
reaction causing burning, itching and redness of the face, arms and chest, as well
as headaches. Usually, this reaction goes away as the body gets used to the medi-
cation. Other minor side effects of niacin and niacinamide are intestinal gas, upset
stomach, dizziness, pain in the mouth and so on. Niacin when taken over 3 g/day
results in serious side effects including liver problems, gout, ulcers of the diges-
tive tract, loss of vision, high blood sugar and irregular heartbeat (European Food
Safety Authority (EFSA), 2009, 2012).

3.12
Toxicity of Niacin

Although therapeutically useful in lowering serum cholesterol, administration of
chronic high oral doses of nicotinic acid has been associated with hepatotoxicity
as well as dermatologic manifestations most typically skin flushing and itching. An
upper limit (UL) of 35 mg/day is proposed by the US Food and Nutrition Board
(1998).

3.12.1
Hepatotoxicity

Niacin has been associated with abnormal liver tests and causes significant liver
toxicity. This has only been seen with slow release formulation of niacin and vir-
tually never with immediate or extended release of niacin. Severe and potentially
life-threatening hepatotoxicity has been observed in patients taking 3—9 g niacin
per day for periods of months or years for the treatment of hypercholesterolaemia.
Several cases show liver dysfunction and fulminant hepatitis and may even pro-
ceed to encephalopathy requiring liver transplantation (Scientific Committee on
Food, 2002).

3.12.2
Vasodilation/Niacin Flush

High intakes of niacin produce a vasodilative effect known as the niacin flush.
The vasodilatation is associated with an unpleasant sensation of intense warmth
and itching that commonly starts in the face and neck and can proceed down
through the body. The visible skin flush lasts only about 1—2 min, but vasodilation
can be measured even in the lower limbs for about 30 min. Some individuals may
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experience a rash, hypotension and/or dizziness (Capuzzi et al., 2000). Flushing
is initiated via prostaglandin D,-mediated vasodilatation of small subcutaneous
blood vessels. The flush reaction disappears after weeks of continued daily nico-
tinic acid therapy.

3.12.3
Glucose Intolerance

Nicotinic acid (3 g/day) has been reported to impair glucose tolerance in otherwise
healthy individuals treated for hypercholesterolaemia (Scientific Committee on
Food, 2002).

3.13
Derivatives of Niacin

Apart from nicotinic acid and nicotinamide, niacin is also available in other
derivative forms, for example, inositol hexanicotinate, which exhibit the bio-
logical activity of nicotinamide (Food and Nutrition Board, 1998). Inositol
hexaniacinate (IHN) is the hexanicotinic acid ester of meso-inositol. This
compound consists of six molecules of nicotinic acid (niacin) with an inositol
molecule in the centre (Figure 3.9). It is described as ‘no flush niacin’. These
derivatives may be converted into nicotinic acid or may contain nicotinic acid,
nicotinamide or their releasable moieties. Whether these compounds should be
referred to as niacin depends on their biological effects, the rates of uptake and
metabolism and the release of the chemical components that produce biological
effects similar to the other forms of niacin.

In 2009, the European Food Safety Authority (EFSA) Scientific Panel on Food
Additives and Nutrient Sources Added to Food concluded that nicotinate from
IHN is a bioavailable source of niacin (European Food Safety Authority (EFSA),
2009). IHN, similarly to extended-release nicotinic acid, has been investigated for
potential beneficial effects on serum lipids while minimising the flushing effect

Z>N Figure 3.9 Chemical structure of inositol hexaniaci-
| nate (European Food Safety Authority (EFSA), 2009).
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(Norris, 2006). The mechanisms of action of IHN are believed to be the same as
those for niacin.

3.14
Application in Cosmetics, Food and Feed

Niacin and niacinamide have their application in cosmetics primarily as hair and
skin conditioning agents. Niacinamide is used in around 30 cosmetic formulations
including shampoos, hair tonics, skin moisturizers and cleansing formulations in
the concentration range staring from as low as 0.0001% in night creams to a high
of 3% in body and hand creams, lotions, powders and sprays. Nicotinic acid is
also used as additives in food and animal feed and considered GRAS (Generally
Recognized as Safe). Nicotinamide derived from nicotinic acid is also used as a
brightener in electroplating baths and stabiliser for pigmentation in cured meat
(Arum, 1998).

3.15
Future Prospects

Vitamin B, (nicotinic acid/nicotinamide) is considered to be the major B vita-
min required for a healthy life. This vitamin has great potential to be used in
the treatment of pellagra and cardiovascular diseases, as lipid-modifying drug,
in the treatment of diabetes, which has resulted in an increased interest in the
pharmacological properties of this drug. The clinical use of nicotinic acid, how-
ever, has been limited by unpleasant side effects, primarily the flushing problem.
So, research is needed to better understand the mechanisms of physiological ben-
efits of this vitamin and to minimise the adverse effects when used for pharmaco-
logical purposes. The growing demand of nicotinic acid further draws attention to
intensify the production of nicotinic acid via fermentative or biocatalytic route in
order to reduce the risks posed by chemical processes to the environment. Further,
the rapid growth in the field of nanotechnology can be utilised for development
of new and efficient delivery systems for vitamin B; which will improve the phar-
macological profile of this molecule without any side effect.
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4
Pantothenic Acid

Jesus Gonzalez-Lopez, Luis Aliaga, Alejandro Gonzalez-Martinez, and Maria V. Martinez-Toledo

4.1
Introduction and Historical Outline

Pantothenic acid (also known as pantothenate or vitamin B, see Figure 4.1) is a
water-soluble B-complex vitamin (Rucker and Bauerly, 2007) that was discovered
in 1931 by chemist Roger J. Williams during his studies of the vitamin B complex
(Williams, 1939). Williams observed that an acidic substance was capable of
stimulating the growth of strains of the yeast Saccharomyces cerevisiae. In 1933,
he named the substance pantothenic acid from the Greek word panthos, meaning
‘from all sides’, because of its widespread presence in food. Pantothenic acid was
isolated and extracted from a sheep liver by Williams and colleagues in 1939
as an impure substance (about 40% pure). The initial isolation produced 3 g of
pantothenic acid from 250kg of sheep liver (Lanska, 2012). In 1939, a partial
synthesis of pantothenic acid was carried out by Williams in Oregon and Conrad
A. Elvehjem in Wisconsin, independently (Williams, 1939). Finally, the synthe-
sis of pantothenic acid was performed in 1940 by American biochemist Karl
Folkers and colleagues at Merck and Company in Rahway, NJ. The structure of
pantothenic acid was determined by stepwise degradation and synthesis (Lanska,
2012).

Pantothenic acid is pantoic acid linked to p-alanine through an amide bond
(Leonardi et al., 2005). Pantothenic acid is of biologic importance because of its
incorporation into coenzyme A (CoA) (Figure 4.2) and acyl carrier protein (ACP),
on which acetylation and acylation, respectively, and other interactions depend.
CoA is an indispensable cofactor in all living organisms, where it functions in over
70 enzymatic pathways, including fatty acid oxidation, carbohydrate metabolism,
pyruvate degradation, amino acid catabolism, haem synthesis, acetylcholine syn-
thesis and phase II detoxification acetylation. On the other hand, ACP is an essen-
tial component of the fatty acid synthase (FAS) complex required for fatty acid
elongation.

CoA (also known as CoASH) itself is a complex and highly polar molecule,
consisting of adenosine 3’,5'-diphosphate linked to 4’ phosphopantethenic acid
(vitamin B:) and thence to p” mercaptoethylamine, which is directly involved in
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Figure 4.1 Chemical structure of pantothenic acid.
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Figure 4.2 Chemical structure of coenzyme A (CoA).

acyl transfer reactions. The adenosine 3/,5'-diphosphate moiety functions as a
recognition site, increasing the affinity of CoA binding to enzymes. While acyl-
dephospho-CoAs lacking the 3’-phosphate group on the ribose moiety have been
detected in tissues, their function is unknown.

Not only is CoA intimately associated with most reactions of fatty acids, but it
is also a key molecule in the catabolism of carbohydrates via the citric acid cycle
in which acetyl-CoA is a major end product. The genes encoding the enzymes
for CoA biosynthesis have been identified, and the structures of many proteins
in the pathway have been determined. Although there are substantial sequence
differences between prokaryotes and eukaryotes, CoA is assembled in five steps
from pantothenic acid in essentially the same way in both groups. However,
pantothenic acid per se can only be synthesised by microorganisms and plants
and must be acquired largely from the diet by animals. In animals, the process
is believed to occur entirely in the cytosol of cells and the first and rate-limiting
step involves the enzyme pantothenate kinase, several isoforms of which are
known.

It is interesting that the 4’-phosphopantetheine moiety, linked via its phosphate
group to the hydroxyl group of serine, is the active component in another impor-
tant molecule in lipid metabolism, ACP. This is a small (8.8 kDa) but ubiquitous
and highly conserved carrier of acyl groups during the synthesis of fatty acids. In
yeast and mammals, it forms a separate region within a multifunctional FAS com-
plex, but in bacteria and plastids, it remains as a small monomeric protein, though
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closely associated with the other elements of the FAS. The phosphopantetheine
moiety in effect provides a long flexible chain, which permits the intermediates
to remain covalently linked to the synthases in an energy-rich linkage with access
to spatially distinct enzyme active sites in a manner that resembles an assembly
line. However, the final step in fatty acid synthesis in many types of organism is
the transfer of the fatty acyl group from ACP to CoA.

Intracellular free fatty acids arising from de novo synthesis or from the diet
must be activated by a fatty acyl-CoA synthetase before they can be utilised for
the synthesis of triacylglycerols, wax esters, long-chain aldehydes and alcohols or
complex lipids or for the covalent modification of proteins by myristoylation or
palmitoylation. In addition, the fatty acyl-CoA synthetases are essential to many
aspects of intermediary metabolism.

Acyl-CoA synthetases activate fatty acids through a process that is energy-
dependent and requires ATP (adenosine triphosphate) and CoA. It is a two-stage
process, requiring magnesium ions in the first step, which involves the for-
mation of an acyl-AMP intermediate. ATP is consumed and AMP (adenosine
monophosphate) and pyrophosphate are produced.

ATP + fattyacid - Acyl”AMP + PPi

Acyl”AMP + CoA — Acyl”CoA + AM

At least five families of acyl-CoA synthetases are known in humans (Lopez Mar-
tinez, Tsuchiya and Gout, 2014) with specificities for fatty acids in groups with
different chain lengths. The enzymes are distinguished by two highly conserved
sequence elements, that is, an ATP/AMP-binding motif, which is common to
enzymes that form an adenylated intermediate, and a fatty-acid-binding motif.
Multiple isoforms of these enzymes are known to be present in animals and other
life forms, and 6 have been identified in the yeast genome while there are atleast 26
in the human genome, for example. They are generally believed to be membrane-
bound, and each isoform appears to be at a unique subcellular location, where
it may contribute acyl-CoA to different metabolic pools or where it can partici-
pate in the transport of fatty acyl moieties across membranes. For example, there
is appreciable sequence homology between the very long chain acyl-CoA syn-
thetases and certain fatty acid transport proteins in animals, and the significance
of this is under active investigation. Acetyl-CoA derived via the citric acid cycle
or from acetate via a CoA synthetase is of course the primary precursor for FASs.
In addition, short-chain acyl-CoAs, including free CoA, acetyl-CoA and malonyl-
CoA, are well-known regulators of metabolic flux, with the ratio of acetyl-CoA to
free CoA tightly regulating glycolysis and fatty acid oxidation. As well as its role in
fatty acid synthesis, malonyl-CoA decreases fatty acid oxidation by inhibiting the
transport of acyl-CoA into mitochondria. In addition to their role in lipid biosyn-
thesis and catabolism, CoA esters have been shown to regulate the activities of a
variety of enzymes, including that of acetyl-CoA carboxylase, an essential enzyme
in fatty acid biosynthesis. Many genes and enzymes are regulated by deacylation
and acylation via various short-chain acyl-CoAs, such as acetyl and succinyl-CoA.
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Long-chain acyl-CoA esters also bind to certain hormone receptors and have a
signalling function. Many of the effects observed for free fatty acids in nuclear
signalling may also be attributable to acyl-CoA esters.

Many bacterial species, both Gram-negative and Gram-positive, synthesise
long-chain acyl-CoA esters for lipid synthesis, and this enables them to make
efficient use of exogenous fatty acids. However, other bacterial species do not
make use of CoA in this way but instead utilise newly synthesised acyl groups
linked via the thiol bond to the ACP. Some species, including Escherichia coli, use
both acyl-CoA esters and acyl ACPs for de novo synthesis of phosphatidic acid.
Many other bacterial species activate fatty acids in a very different way, that is, as
the fatty acyl phosphates.

CoA esters are required for a number of processes in addition to esterification.
During fasting or starvation, intracellular long-chain fatty acids mobilised from
adipose tissue reserves are catabolised as fuel by the mitochondrial f-oxidation
pathway, and they must first be converted into CoA esters prior to synthesis of car-
nitine derivatives for translocation into the mitochondrion. Medium-chain fatty
acids can enter mitochondria without carnitine transport, but they still must be
activated before p-oxidation can occur.

Similarly, peroxisomes in animal cells have a distinct fatty acid p-oxidation sys-
tem with a separate set of enzymes, including as many as three acyl-CoA oxidases.
Acyl-CoA oxidase 1 catalyses the f-oxidation of straight-chain acyl-CoAs, while
acyl-CoA oxidase 2 is involved in the oxidation of the side chain of bile acid pre-
cursors, and acyl-CoA oxidase 3 catalyses the oxidation of methyl-branched-chain
CoA esters. Activation is also needed for a-oxidation in tissues. In addition, most
other biological reactions of fatty acids, including chain elongation and desatura-
tion (plants are an exception), require their activation. As they have both polar and
hydrophobic molecular components, CoA esters of long-chain fatty acids have
strong detergent-like physical properties and have the potential to be disruptive
towards cells.

The intracellular concentration of free acyl-CoA esters is tightly controlled by
feedback inhibition of the acyl-CoA synthetase and is buffered by specific acyl-
CoA-binding proteins in the cytoplasm, which in effect reduce the concentration
of free acyl-CoA by up to 104-fold. Mitochondrial acyl-CoA concentrations are
10-fold higher than in the cytoplasm. At high concentrations, acyl-CoA is a non-
specific inhibitor of innumerable enzyme systems, and it must be removed from
cells in part of their acyl-carnitine derivatives.

Only the dextrorotatory (D) isomer of D-pantothenic acid possesses biologic
activity (Kelly, 2011). The reactive component of both CoA and ACP is not the
pantothenic acid molecule but rather the sulthydryl (SH) group donated from
cysteine (Kelly, 2011). Pantethine is the stable disulfate form of pantetheine, the
metabolic substrate that constitutes the active part of CoA and ACP (Anonymous,
2010). Thus, the disulfide form of pantothenic acid — pantethine — is considered
the most active form of vitamin B, because it contains the SH group needed for
biological activity in CoA and ACP (Anonymous, 2010; Kelly, 2011). Because
D-pantothenic acid is relatively unstable, the more stable calcium pantothenate is
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the form of vitamin B, usually found in dietary supplements and used for study
purposes (Kelly, 2011).

4.2
Occurrence in Natural Food Sources and Requirements

Animals and some microbes lack the capacity to synthesise pantothenate and are
totally dependent on the uptake of exogenous pantothenic acid. However, most
bacteria, such as E. coli and Azotobacter chroococcum, plants and fungi synthesise
pantothenic acid and so, pantothenate is found virtually everywhere in biology
(Leonardi et al., 2005; Lopez Martinez, Tsuchiya and Gout, 2014). Pantothenic
acid is found both free and conjugate in virtually all plant and animal cells
(Institute of Medicine, 1998). However, data on the pantothenic acid content of
food is very limited. Chicken, beef, potatoes, oats, tomato products, liver, kidney,
peanuts, almonds, yeast, egg yolk, broccoli, cheese, lobster and whole grains are
reported to be major sources of pantothenic acid (Institute of Medicine, 1998;
Kelly, 2011). Royal bee jelly and the ovaries of tuna and cod have very high levels
of pantothenic acid (Institute of Medicine, 1998). Other meats, vegetables, milk
and fruits also contain moderate amounts of pantothenic acid. Processing and
refining of grains produce a loss of pantothenic acid content (Lopez Martinez,
Tsuchiya and Gout, 2014). Ordinary cooking does not cause excessive losses of
pantothenic acid (Lopez Martinez, Tsuchiya and Gout, 2014). However, freezing
and canning of vegetables, fish, meat and dairy products have been shown to
decrease the pantothenic acid content of foods (Lopez Martinez, Tsuchiya and
Gout, 2014).

The Food and Nutrition Board of the U.S. Institute of Medicine regularly
updates dietary guidelines that define the quantity of each micronutrient that is
‘adequate to meet the known nutrient needs of practically all healthy persons’.
This Recommended Dietary Allowance (RDA) was revised between 1998 and
2001 (Lopez Martinez, Tsuchiya and Gout, 2014). As was stated in this revision,
due to lack of suitable data, an Estimated Average Requirement and, thus, the
RDA for pantothenic acid in humans of any age, cannot be established. The
available information on pantothenic acid can only be used to support Adequate
Intake (AI), the amount needed to prevent a state of deficiency in the vitamin.
The usual pantothenic acid intake is 4—7 mg/day, as reported in small groups
of adolescents and adults of various ages (Lopez Martinez, Tsuchiya and Gout,
2014). There is no evidence suggesting that this range of intake is inadequate.
Thus, the approximate midpoint — 5 mg/day — is set as the Al for adults. The Als
in other age groups have usually been calculated by extrapolating from adult
values (Table 4.1).

Except during pregnancy and lactation, there is no basis for determining a
separate recommendation based on gender, so the Als for men and women
are the same. Curiously, a study reported that pantothenic acid levels in blood
and urine were significantly lower in females using oral contraceptives (nine
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Table 4.1 Adequate Intake of pantothenic acid
in humans according to life stage groups.

Stage group Adequate intake (mg/day)
Infants

0-6 months 1.7
7—-12 months 1.8
Children

1-3 years 2.0
4.—8 years 3.0
9—-13 years 4.0
Adolescents

14—18 years 5.0
Adults

19-70+ years 5.0
Pregnancy

(Any age) 6.0
Lactation

(Any age) 7.0

Modified from Dietary Reference Intakes: Vitamins (U.S. Food
and Nutrition Board, released 12 June 2000)

women) as compared with four females who were not (Lewis and King, 1980).
Some studies have shown that certain subsets of the population might consume
insufficient pantothenate in their diets (Kelly, 2011; Kolahdooz, Spearing and
Sharma, 2013). However, it is possible that intestinal microbiota contribute to
the overall vitamin B, status in humans (Kelly, 2011). Intestinal bacteria would
produce enough pantothenate to ward off signs of a deficiency state in humans.
However, the contribution of bacterial synthesis to body pantothenic acid levels
or faecal losses in humans has not been quantified.

Whole blood and urine concentrations of pantothenate are indicators of status
(Institute of Medicine, 1998). Although it is theoretically possible that erythro-
cyte concentrations are a more accurate representation of status than whole-blood
concentrations because of the contribution of serum pantothenic acid to the lat-
ter, no clear advantage of using erythrocyte values has been shown (Institute of
Medicine, 1998). Plasma or serum levels are not thought to be accurate for mea-
suring pantothenate status.

As a consequence of the ubiquitous nature of pantothenic acid, a naturally
occurring vitamin deficiency in humans either has not occurred or has not
been recognised (Leonardi et al., 2005). Presumably even in very poor diets,
other vitamin deficiencies are limiting factors before pantothenic acid deficiency
causes definite trouble (Kelly, 2011). Actually, our knowledge about pantothenic
acid deficiency in humans comes from some studies on the burning-feet syn-
drome, a disorder considered a natural state of deficiency (Bibile et al., 1957;
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Gopalan, 1946), and investigations on inducing pantothenate deficiency in
healthy volunteers fed with a diet devoid of pantothenic acid along with the
administration of vitamin antagonists (Bean et al., 1955; Hodges et al., 1959).

In the Spanish Civil War and among malnourished prisoners held by the
Japanese in the South Pacific during World War II, common complaints were
numbness and burning pain in the feet (Lanska, 2012). Patients were reported to
improve after adding rice polishings and yeast to their diet, although they were
not cured completely. This finding suggests that a deficiency of some vitamin
B-complex factor was responsible for the disease (Gopalan, 1946; Lanska, 2012).
The underlying nutritional disorder was variously attributed to a deficiency in
pantothenic acid, riboflavin, nicotinic acid, thiamine or some combinations of
these. Pantothenic acid deficiency is now often considered responsible for these
symptoms on the basis of the report by Gopalan (1946), in which the symptoms
were remedied with calcium pantothenate supplementation, but not when other
B-complex vitamins were given. However, a later controlled trial carried out on
56 patients from a rural area of Sri Lanka did not support these findings (Bibile
et al., 1957).

In the mid-to-late 1950s, internists William Bean and Robert Hodges and their
colleagues at the University of lowa induced an experimental pantothenic acid
deficiency in men through the administration of a vitamin antagonist in combi-
nation with a pantothenic-acid-deficient diet (Hodges et al., 1959). These studies
were undertaken on a few healthy volunteers. After taking the drug omega-methyl
pantothenic acid (a pantothenate kinase inhibitor), along with a partly synthetic
diet deficient in pantothenate, serious clinical symptoms appeared within a few
weeks. The triad of fatigue (including apathy and malaise), headaches and weak-
ness was the most consistent finding. Other symptoms included emotional lability,
impaired motor coordination, paraesthesia, burning sensations in the hands and
feet, muscle cramps and gastrointestinal disturbance such as nausea, vomiting
and abdominal cramps. Some subjects had tachycardia, orthostatic hypotension
and fluctuations in arterial blood pressure. In some individuals, upper respiratory
infections were common, in others, they were not. One subject who had many
infections had a decrease in gamma globulins, but in other subjects, they were
normal. Other lab abnormalities included a reduction of urinary 17-ketosteroids, a
loss of the eosinopenic response to ACTH (adrenocorticotropic hormone), abnor-
mal glucose tolerance and increased sensitivity to insulin (Hodges, Ohlson and
Bean, 1958). Secretion of gastric hydrochloric and pepsin was reduced in these
subjects (Thornton, Bean and Hodges, 1955). Unfortunately, these studies were
performed on a small number of individuals and also with a considerable varia-
tion in clinical manifestations among them. Moreover, the clinical symptoms were
non-specific, and some artefacts were introduced in the experiment due to the
nature of the experimental plan. For example, subjects were isolated in a ward
during the experiment and fed by gastric tube, and these conditions may explain
some of the emotional alterations that the individuals suffered. In addition, one
cannot rule out that some of these symptoms were not adverse side effects of the
administered drug. Finally, prompt and complete recovery did not always follow
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Figure 4.3 Chemical structure of calcium hopantenate.

pantothenic acid administration. Improvement of the paraesthesia and muscle
weakness usually followed the administration of the vitamin, but fatigue and some
degree of irritability persisted.

Calcium hopantenate has a structural formula (Figure 4.3) similar to that
of pantothenic acid and is obtained by substituting the p-alanine moiety of
pantothenic acid for y-aminobutyric acid (GABA). So, it has a GABA-ergic effect
on the central nervous system. Since 1978, this drug has been available only
in Japan for the treatment of diminished reactivity in organic brain diseases in
children and adults. This compound is also a pantothenic acid antagonist, with
potency three times higher than that of -methyl pantothenic acid (Noda et al.,
1988).

Between 1983 and 1985, 11 Japanese children, aged between 9 months and 10
years, suffered from Reye-like syndrome during calcium hopantenate therapy and
7 of them died (Noda et al., 1988). The duration of the administration of hopan-
tenate was varied, ranging from 15 days to 15 months, and the dosage from 0.5
to 3 g/day. Noda et al. (1988) have reported three additional senile patients who
developed fatal Reye-like syndrome coincident with the treatment of hopantenate
for 120—124 days, at a dose of 33 —58 mg/kg/day. Serum levels of pantothenic acid
were measured in one patient and low levels were found. On the basis of these
data, the authors speculated with the possibility that the pathogenesis of the Reye-
like syndrome could be due to pantothenic acid deficiency produced by calcium
hopantenate.

Finally, Leonardi et al. (2005), in their excellent and exhaustive review article on
CoA, pointed out that extremely low CoA resulting from pantothenate deficiency,
in either animals models or humans, is associated with hypoglycaemia, increased
sensitivity to insulin, elevated serum triglycerides and hepatic steatosis (consistent
with an inability to degrade fatty acids).

4.3
Physiological Role as Vitamin or as Coenzyme

Pantothenic acid is used in CoA and ACP, which carry and transfer acetyl and
acyl groups, respectively (Shimizu et al., 2001). In vivo effects of pantothenic acid
are generally thought to be a result of its incorporation into these molecules.
CoA is an essential cofactor in fatty acid oxidation, lipid elongation and fatty acid
synthesis. It is involved in the production of many secondary metabolites such
as polyisoprenoid-containing compounds (e.g. dolichol, ubiquinone (CoQ10),
squalene and cholesterol), steroid molecules (e.g. steroid hormones, vitamin D
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and bile acids), acetylated compounds (e.g. acetylated derivatives of amino sugars
(e.g. N-acetylglucosamine), acetylated neurotransmitters (e.g. N-acetylserotonin,
acetylcholine) and prostaglandins and prostaglandin-like compounds.

Biosynthesis of phospholipids as well as plasmalogen, sphingenin and ceramide
requires CoA. Directly or indirectly, CoA is related to the breakdown of the
carbon skeleton of most of the amino acids. The breakdown of the pyrimidine
bases, cytosine, uracil and thymine is also dependent on CoA. ACP is involved
in fatty acid, polyketide and lysine synthesis and also in nonribosomal peptide
synthetases.

To evaluate, the main roles of B; as a vitamin are basically linked to many
different biochemical processes that utilise CoA as a substrate and cosubstrate,
specifically given that the bulk of 4-phosphopantotheine incorporated into ACP
also derives from transfer reactions that need CoA as a substrate. The following
descriptions (Table 4.2) underscore how B; vitamin as a component of CoA and
ACP can be considered as essential to virtually all aspects of cell metabolism.

According to Srivastava and Bernhard (1987), different intermediates obtained
from the transfer reactions catalysed by CoA and 4/-phosphopantetheine in ACP
can be considered as ‘high-energy’ substances. Consequently, for most reactions
involving CoA or ACP, no additional energy is required for transfer of the acetyl
or acyl group. CoA is also important for the balance between carbohydrate and fat
metabolisms. Carbohydrate metabolism needs some CoA for the citric acid cycle
to continue, and fat metabolism needs a larger amount of CoA for breaking down
fatty acid chains during $-oxidation (Leonardi et al., 2005). Finally, acetyl-CoA is
also involved in Claisen condensations, which is the basis for the biosynthesis of
several molecules, such as fatty acids, polyketides, phenols, terpenes and steroids.

CoA is also mainly involved in a broad spectrum of acyl and acetyl transfer reac-
tions and processes implicated in primarily oxidative metabolism and catabolism

Table 4.2 Main functions of CoA (coenzyme A) and ACP (acyl carrier protein) in cell
metabolism.

Function Metabolic significance
Carbohydrate-related citric acid cycle transfer Oxidative metabolism

reactions

Acetylation of sugars (e.g. N-acetylglucosamine) Production of carbohydrates
Phospholipid biosynthesis Cell membrane formation

Isoprenoid biosynthesis Cholesterol and bile salt synthesis
Steroid biosynthesis Steroid hormone synthesis

Fatty acid elongation Ability to switch membrane fluidity
Acyl fatty acid and triacylglyceride biosynthesis ~ Energy source

Protein acetylation Altered protein conformation; activation

of hormones, enzymes and
transcriptional regulation
Protein acylation (e.g. myristic and palmitic acid Compartmentalisation and phenyl moiety
and phenyl moiety additions) additions activation of hormones and
transcription cofactor
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reactions. However, ACP is mainly related with synthetic processes. Thus, it has
been suggested that adenosyl moiety of CoA represents an excellent site for tight
binding to CoA-requiring enzymes, while allowing the 4’-phosphopantetheine
portion to serve as a flexible arm to transfer substances from one catalytic centre
to another (Tahiliani and Beinlich, 1991; Leonardi et al., 2005). In the same way,
when B; (as 4'-phosphopantetheine) in ACP is used in transfer reactions, it also
functions as a flexible arm that allows for an orderly and systematic presentation
of thiol ester derivatives to each of the active centres of the FAS (also denominated
as FAS complex).

Lysine residues are also a target for acetylations (Yang, 2004). Lysine acetyla-
tions also occur post-translationally, although in this case, the lysine acetylation
that occurs on internal lysine residues is balanced by the action of a large number
of deacetylases which are nicotinamide adenine dinucleotide (NAD)-dependent.
In the same way, non-histone proteins and transcription fractions that are
reversibly acetylated have been associated in protein—protein interactions and
have been shown to facilitate specific binding of regulatory proteins. Moreover,
such chemical modifications can affect and produce some changes in protein
structures.

Acetylation of protein facilitated by CoA can be produced as a post-translational
modification. In this case, protein acylation can occur by covalent attachment of
lipid groups to modify the polarity and strengthen the association of an acylated
protein with cell membranes, both intracellularly and extracellularly. Actually, one
of the best identified acylation pathways is that involving S-acyl linkages to pro-
teins. In this context, many signalling proteins, such as receptors, G-proteins,
protein tyrosine kinases and other cell-membrane ‘scaffolding’ molecules, are nor-
mally acylated.

In general terms, it has been reported that the addition of an acetyl group into an
amino acid can drastically alter its chemical properties. The same is true for other
biomolecules such as biogenic amines, carbohydrates, complex lipids and hor-
mones, xenobiotics and drugs (Rose and Hodgson, 2004). It can be established that
acetylation is critical to cell - cell surface and cell surface protein—protein interac-
tions, for instance, antigenic sites and determinants, and it could be suggested that
acetylation is the most common mechanism of protein modification. More specif-
ically, acetylations are produced by a wide range of acyltransferases that transfer
acetyl groups from acetyl-CoA to amino groups. As a consequence of this covalent
modification into proteins, the enzymatic activities or other biological properties
can be altered.

Amino-terminal acetylations occur co-translationally and post-translationally,
as indicated earlier. Proteins containing serine and alanine termini are the most
usually acetylated, although other amino acids such as methionine and glycine
can be also acetylated. This type of acetylation is frequently irreversible and
occurs right away after the initiation of translation. The biological significance
of this chemical modification varies from one protein to another. Thus, while in
some proteins, the acetylation is essential for its biological functions, in others,
the acetylation is not required at all.
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4.4
Chemical and Physical Properties

The p-isomer of pantothenic acid (Figure 4.1) is the only naturally occurring
vitamin that has biological activity. Pantothenol (Figure 4.4) also has biological
activity, which is a chemical synthetic compound, because it can be oxidised
to pantothenic acid. Pantothenic acid, which has a molecular weight of 219.2,
is composed by pantoic acid (butyric acid) linked to an amino acid (f-alanine)
through a peptide bound. The free form of pantothenic acid and its sodium salts
is too unstable and hygroscopic for commercial application. Therefore, the form
for human supplements and therapeutic use is normally calcium D-pantothenate,
which has a molecular weight of 474.5. The United States Pharmacopeial Con-
vention (USP) standard is D-(+)-pantothenic acid. Other commercial forms
include sodium and calcium salts and the alcohol pantothenol (Chonan et al.,
2014).

Pantothenic acid is yellow, viscous, oily and readily soluble in water, alcohol and
dioxane but is rarely soluble in diethyl ether and acetone. It is insoluble in ben-
zene and chloroform (De Leenheer, Lambert and van Bocxlaer, 2000). Calcium
pantothenic acid is a colour- and odour-free microcrystalline powder and has a
bitter taste. Pantothenic acid is highly hygroscopic, while calcium pantothenate is
moderately hygroscopic and melts at 195—-196 °C. The solubility of calcium salts is
40 g/100 ml in water and is slightly soluble in ethyl acetate and insoluble in diethyl
ether. The pKa value of the calcium salt is 4.4 (dissociation of the carboxyl group).
A 5% solution of the calcium salt has a pH of 7.2 - 8.0 (Eitenmiller, Lin and Landen,
2008). Pantothenic acid and other isomer compounds do not have a chromophore.
Itisanacid and has a marked tendency to absorb water from the air. Under alkaline
hydrolysis, it breaks down into B-alanine and pantoic acid. The latter readily forms
a lactone, D-(—)-pantolactone, in acid solution or on heating. Acid hydrolysis of
pantothenic acid gives p-alanine and pantolactone.

The structure of pantothenic acid contains a single asymmetric centre, so that
it is optically active; only the natural b-(—)-isomer has vitamin activity (Salunke
and Vijayan, 1984). The calcium salt of pantothenic acid, which can be obtained
as needle crystals from methanol, is moderately hygroscopic and is rather more
stable to heat, air and light than the free acid is. It is soluble in water and glycerol
and slightly soluble in alcohol and acetone. A review by Wagner and Folkers (1964)
summarised early studies on the chemistry of pantothenic acid.

The naturally occurring derivatives of pantothenic acid (Table 4.3) can be
grouped into three types on the basis of their chemical structures: simple
pantothenate derivatives, pantetheine derivatives in which cysteamine (or its
analogues) attaches by an amide linkage, and CoA derivatives in which the
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Table 4.3 Pantothenic acid and its naturally occurring derivatives (Shimizu and Kataoka,

1999).

D-Pantothenic acid
C9H17NO5 MW: 219.23

Calcium D-pantothenate
C16H32CaN2010 MW: 476.53

Sodium D-pantothenate
C9H16NaNO5 MW: 241.21

4/ -Phosphopantothenic acid
(Ba salt)
C9H16NO8P MW: 313.27

Pantothenoyl-L-cysteine (Ba
salt)
C12H22N206S MW: 322.38

4 -Phosphopantothenoyl-L-
cysteine (Ba salt)
C12H23N204PS MW: 416.42

Pantetheine
C11H22N204S MW: 278.37

Pantetheine
C22H42N405S2 MW: 554.72

4 -Phosphopantetheine (Ba
salt)
C11H23N207PS MW: 358.35

Dephospho-coenzyme A (Li
salt)

C21H35N7012P2S MW:
687.56

Coenzyme A

C21H36N7016P3S MW:
767.55

Unstable, viscous oil. Extremely hydroscopic, easily
decomposed by acids, bases and heat. Soluble in water,
ethyl acetate, dioxane, glacial acetic acid; moderately
soluble in ether, amyl alcohol; insoluble in benzene,
chloroform. Solutions are stable between pH 5 and 7

White needles. Moderately hygroscopic. Soluble in water,
glycerol; slightly soluble in alcohol, acetone; insoluble in
ether, benzene, chloroform. Decomposed by bases.
Solutions are stable between pH 5 and 7

White, hygroscopic crystals. Decomposed by acids and
bases. Solutions are stable between pH 5 and 7. For
solubility, see D-calcium pantothenate

Soluble in water; insoluble in ethanol. Unstable to bases.
Free acid is unstable

Soluble in water, methanol; moderately soluble in ethanol;
insoluble in ether. Unstable to acids and bases

Soluble in water; slightly soluble in alcohol. Unstable to
acids and bases. Easily oxidised in air

Syrup or glass. Soluble in water; slightly soluble in alcohol;
insoluble in ether, benzene, chloroform, ethyl acetate.
Unstable to acids and bases. Easily oxidised in air

Disulfide form of pantetheine. Glassy, colourless to light
yellow substance. Unstable to acids

Soluble in water; slightly soluble in ethanol; insoluble in
ether. Unstable to acids and bases. Easily oxidised in air

Soluble in water, methanol; insoluble in acetone. Unstable
to acids and bases

Soluble in water; insoluble in ethanol, ether, acetone.
Decomposed to pantetheine-2’,4/-cyclic phosphate and
3/,5’-ADP in 1 N NaOH (100°, 2 min). Decomposed to
pantetheine-4’-phosphate and adenine in 1 N HCI (100°,
5min). Easily oxidised in air
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pantetheine is adenosylylated. Pantothenyl alcohol, an alcohol analogue of
pantothenic acid, is also a pharmaceutically important unnatural derivative.

The stability of pantothenic acid and calcium pantothenate is highly pH-
dependent and moderately stable under light and atmospheric oxygen, if
protected from moisture. Pantothenic acid is most stable at pH 4.0—5.0, while the
calcium pantothenate is stable at pH 5.0—7.0. Therefore, because of greater stabil-
ity under near-neutral conditions, calcium pantothenate, as opposed to the free
pantothenic acid, is more often utilised in fortified foods and for pharmaceutical
use. Although calcium pantothenate is more stable, it is easily degraded during
autoclaving or under similar conditions. For example, when vegetables are cooked
in water, the pantothenate salt is lost to a large extent (Ball, 2006; Eitenmiller,
Lin and Landen, 2008). In aqueous solutions with pH values under 5.0 or above
7.0, calcium pantothenate becomes thermally labile and will undergo hydrolytic
cleavage to produce pantoic acid, its salts and p-alanine. When compared with
other B vitamins, pantothenic acid is more stable at higher pH values (Ball,
2006).

In plant or animal foods, pantothenic acid is present as both free and bound
forms, but most of them are present in the bound form in food, because of CoA
and ACP. Pantothenic acid is the most stable form in food storage; however, it
is potentially leached 15—-50% from cooked meats and 37-78% from blanched
vegetables (Combs, 2008). In the processing industry, pantothenic acid may be
destroyed through freezing, canning and refining processes (Whitney and Rolfes,
2011).

The bioavailability of pantothenic acid in foods and feedstuffs has not been fully
investigated. It was reported that the bioavailability of pantothenic acid ranged
from 40% to 61%, with a mean of 50%, based on urinary excretion from male sub-
jects and tested by microbiological assay. In previous research for the study of
bioavailability of pantothenic acid in five different types of foods, that is, wheat,
coarse wholemeal bread, steamed potatoes, boiled pork and boiled beef, which
were fortified with minerals, fat-soluble vitamins, enriched soybean oil and amino
acids, the results showed that 65—81% of pantothenic acid was digestible in stud-
ied animals (e.g. pig), and indicated that the feed did not yield significantly dif-
ferent levels in the pigs. The bioavailability of pantothenic acid decreased in the
following order: wheat diet > pork diet > potato diet > beef diet, and the coarse
wholemeal bread diet only reached 28% (Combs, 2008).

4.5
Assay Methods

The traditional analytical methods and the current official methods for the
determination of water-soluble vitamins are based on spectroscopic, chemical,
enzymatic and microbiological assays. However, some of these methods are
usually tedious and time-consuming, because various indispensable steps for
sample preparation are required to remove the interfering chemicals. Regardless
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of the shortcomings of the aforementioned methods, both non-bioavailability
and bioavailability measurements often give overestimated amounts of vitamins
and lead to inaccurate assessment results (Bird and Thompson, 1967; Rychlik and
Roth-Maier, 2005).

In the past decade, investigators in food laboratories have shown great interest
in development of simultaneous determination methods for water-soluble
vitamins. As a result, many techniques, including capillary electrophoresis (CE),
UV-Vis spectrophotometry, fluorimetry, chemiluminescence, atomic absorption,
micellar electrokinetic chromatography, micellar liquid chromatography, thin-
layer chromatography (TLC), high-performance liquid chromatography (HPLC),
gas chromatography (GC) and high-performance liquid chromatography/mass
spectrometry (LC/MS), have been investigated and reported (Rychlik and Roth-
Maier, 2005; Wang et al., 2004). Among them, one of the most common methods
for vitamin determination is HPLC (Havlikové et al., 2006; Wang et al., 2004),
because improved quality and properties of stationary phases and chromato-
graphic equipment have enabled significant improvement in chemical separation
(resolution) and signal detection (sensitivity). Although many HPLC methods
are still not officially approved as standard methods by the Association of Official
Analytical Chemists (AOAC) because of different column conditions, the HPLC
technique can obviously provide many benefits for determining vitamins in vari-
ous products. For example, it is fast, sensitive, accurate, precise and can minimise
required solvent and sample quantities. As a result, it is better than traditional
methods (Tsuda, Matsumoto and Ishimi, 2011). In this sense, simultaneous deter-
minations of water-soluble vitamins, including B, have been developed with an
HPLC system installed with a ZORBAX Eclipse XDB-C18 (250 mm X 4.6 mm,
5 pum particle size, Aglient Technologies, Inc., Loveland, CO, USA) with a guard
column (12.5 mm X 4.6 mm, 5 pm particle size). According to the results, LC-MS
is the best methodology for simultaneous determination of soluble vitamins in
light of its analytical accuracy, precision, sensitivity and versatility.

Many methods actually used in the determination of pantothenic acids in all
kind of samples including foods are microbiological bioassay. In this sense, many
different bioassay methods can be found in the scientific literature both at a lab-
oratory scale and industrial scale. From this point of view, test microorganisms
normally used for the microbiological assay of pantothenic acid are auxotrophic
bacteria or yeast such as Lactobacillus plantarum ATCC 8014, Lactobacillus casei
(ATCC 7469) and Saccharomyces uvarum (ATCC 9080; Saccharomyces carlsber-
gensis).

L. plantarum is suitable for determining unconjugated pantothenate in many
different samples. It should be noted that pantetheine, when simultaneously
present in a molar ratio to pantothenate of more than 0.5, yields positive errors
in the determination. S. uvarum also shows almost specific growth response to
free pantothenate, but B-alanine stimulates its growth. Hence, an assay procedure
employing this organism is also the one chosen for determining the pantothenic
acid that occurs in natural products together with other pantothenate forms. L.
casei responds not only to pantothenate but also to several conjugated forms
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of pantothenate. Lactobacillus helveticus (ATCC 12046) and Lactobacillus
bulgaricus B, have been recommended for the determination of pantetheine (or
pantethine) because both these organisms require more than 100 times as much
pantothenic acid as pantethine to produce the same response.

The enzymatic assay method using pantothenase has been reported (Airas,
1986), but the enzyme is not commercially available, and therefore, the method-
ology is not fully standardised for all sample types. In the same way, chemical and
physical methods have also been assayed. These are often used in determining
pantothenic acid in pharmaceutical products but are not suitable for the deter-
mination of natural samples because of their low sensitivity. Consequently, most
of the standardised methods for the quantification of pantothenic acid consider
the utilisation of bioassays as the most standardised method for the detection
and quantification of this soluble vitamin in natural sources. However, more
experimental research in this analytical field must be developed in the future.

4.6
Chemical and Biotechnological Synthesis

At present, commercial production of pantothenate depends basically on chem-
ical synthesis. The conventional chemical process involves reactions yielding
racemic pantolactone from isobutyraldehyde, formaldehyde and cyanide; optical
resolution of the racemic pantolactone to b-(—)-pantolactone with quinine, quini-
dine, cinchonidine, brucine and so on; and condensation of D-(—)-pantolactone
with B-alanine. This is followed by isolation of the calcium salt and drying to
obtain the final product. A problem associated with this chemical process, apart
from the use of poisonous cyanide, is the troublesome resolution of the racemic
pantolactone and the racemisation of the remaining L-(—)-isomer. Therefore,
most of the recent studies in this area have concentrated on the development of
an efficient method to produce p-(—)-pantolactone.

Enzymatic resolution (Figure 4.5) of racemic pantolactone can be carried out by
specific fungal lactonohydrolases. Shimizu et al. (2001) reported that many fungal
strains belonging to the genera Fusarium, Gibberella and Cylindrocarpon stere-
ospecifically hydrolyse D-(—)-pantolactone to b-(—)pantoic acid (Kataota et al.,
1999). If racemic pantolactone is used as a substrate for the hydrolysis reaction by
the microbial lactonohydrolase, only the D-(—)-pantolactone might be converted
to D-(—)-pantoate and the L-(—)-enantiomer might remain intact. Consequently,
the racemic mixture could be resolved into D-(—)-pantoate and L-(—)-
pantolactone. After the removal of L-(—)-pantolactone from the reaction
mixture by solvent extraction and so on, the remaining D-(—)-pantoate could be
easily converted to b-(—)-pantolactone by heating in an acidic environment. The
reverse reaction, that is, lactonisation of b-(—)-pantoate, might also be possible
for the resolution. In this case, D-(—)-pantoate in a racemic mixture of pantoate
is specifically lactonised into D-(—)-pantolactone. When Fusarium oxysporum
mycelia are incubated in 700 g/l aqueous solution of racemic pantolactone for 24 h
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Figure 4.5 Comparison of enzymatic and chemical resolution processes for pL-PL (Shimizu
et al.,, 2001).

at 30 °C with automatic pH control (pH 6.8—-7.2), about 90% of the D-(—)-isomer
can be hydrolysed. The resultant D-(—)-pantoic acid in the reaction mixture shows
a high optical purity (96%), and the coexisting L-(—)-isomer remained without any
modification.

Practical hydrolysis of the D-(—)-isomer in a racemic mixture can be performed
using immobilised mycelia of E oxysporum as the catalyst. A stable catalyst with
high hydrolytic activity can be prepared by entrapping the fungal mycelia in cal-
cium alginate gels. When the immobilised mycelia are incubated in a reaction
mixture containing 350 g/l racemic pantolactone for 21 h at 30 °C under auto-
matic pH control (pH 6.8-7.2), 90—95% of the D-(—)-isomer is hydrolysed (opti-
cal purity, 90-97%). After the reaction is repeated 180 times (i.e. for 180 days),
the immobilised mycelia retain more than 90% of their initial biological activity.
The enzymatic process allows several tedious steps that are necessary in chemi-
cal resolution to be skipped and is highly advantageous for practical and indus-
trial purposes. The production methods for CoA roughly fall into chemical and
microbial categories. However, the chemical methods, which have been reviewed
by Shimizu et al. (2001), can be considered too complex to be practical. There-
fore, commercial production is carried out by different microbiological methods.
Extraction of CoA from yeast cells has been performed since the early 1950s.
Cells of baker’s or brewer’s yeasts, which are relatively rich in CoA, have usually
been used as the CoA source. Later, an efficient enzymatic method using Bre-
vibacterium ammoniagenes cells as the catalyst was developed, showing excellent
results at real scale.

A successful enzymatic method using the biosynthetic route of CoA from
pantothenic acid, L-cysteine and ATP has been reported in B. ammoniagenes
(Jackowski, 1996). This microorganism has all five enzymes necessary for the
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biosynthesis of CoA in high activities. These three substrates, when added to
a reaction mixture containing the bacterial cells, are converted to CoA with a
satisfactory yield (2-3 g/l). Additionally, B. ammoniagenes can accumulate CoA
directly in the culture medium on addition of: pantothenic acid, L-cysteine and
AMP; adenosine or adenine in the presence of a surfactant, cetylpyridinium
chloride and high levels of glucose (usually 10%); K,HPO4; and MgSO,. Thus,
under optimal conditions, the amount produced can be approximately 5.5g/l.
Most CoA in the medium is produced in the disulfide form because of the
vigorous shaking during the reaction. After treatment of the culture filtrate with
Duolite S-30, charcoal and Dowex 1, a significant reduction of the disulfide is
detected and a very pure thiol form can be obtained. However, the biosynthesis
of CoA in B. ammoniagenes is controlled mainly by the feedback inhibition of
pantothenate kinase by CoA, and consequently, it can be concluded that this is a
major problem for industrial production, because the overproduced CoA itself
stops the biosynthesis.

To improve the biosynthesis of CoA, the mechanism for regulation of biosyn-
thesis has been investigated (Jackowski, 1996). Thus, it has been concluded that
the biosynthesis is controlled mainly by the feedback inhibition of pantothenate
kinase by CoA. Obviously, this is the main problem in practical production,
because the overproduced CoA itself stops the biosynthesis. However, two meth-
ods to abolish this feedback inhibition have been developed. A synthetic scheme
has been investigated in which the reaction is initiated by the condensation
of 4/-phosphopantothenic acid and L-cysteine or the transadenosylylation of
4/-phosphopantetheine, because these routes do not involve phosphorylation of
pantothenic acid or pantetheine by pantothenate kinase. Replacement of the enzy-
matic phosphorylation of pantothenate or pantetheine with chemical phosphory-
lation followed by the enzymatic reaction increased the yield of CoA 10- to 20-fold.
Yields from 4/-phosphopantothenic acid and 4’-phosphopantetheine are 33 g/1
and 115 g/], respectively (Shimizu and Kataoka, 1999). This method is applicable
to CoA production under ATP-generating conditions. 4’-phosphopantothenic
acid (25g/l), L-cysteine (15g/l) and AMP (33 g/l), when added to the culture
broth of B. ammoniagenes, are converted to CoA with a yield of 23 g/1.

Another way to improve the yield is to use microbial mutants derepressed for
the feedback inhibition or those showing elevated pantothenate kinase activity.
For example, a mutant of B. ammoniagenes that is resistant to oxypantetheine
(the corresponding oxygen analogue of pantetheine) has been found to have
a high activity of pantothenate kinase. Under ATP-generating conditions, the
yields of CoA from pantothenic acid (3.6 g/l), L-cysteine (1.8 g/l) and AMP (6 g/1)
or from pantetheine (5 g/lI) and AMP (6 g/1) are 9.3 or 11.5 g/1, respectively. These
values are about threefold higher than those obtained with the wild-type strains,
and 70—100% of the added AMP was converted to CoA. 4’-phosphopantetheine
together with other intermediates in CoA biosynthesis can be effectively syn-
thesised by using microorganisms such as B. ammoniagenes cells as the catalyst
and by modifying the reaction conditions. The amounts of these intermediates
obtained by this method are summarised in Table 4.4.
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Table 4.4 Production of the intermediates in CoA (coenzyme A) biosynthesis by Brevibac-
terium ammoniagenes (Shimizu and Kataoka, 1999).

Product Substrate Dried Culture  Immobilised
cells broth cells
Productivity enzyme source (mg/ml)
4/ -Phosphopantothenic acid ~ Pantothenic acid ATP 3-4 — 1.5-2.5
4/-Phosphopantothenic acid ~ Pantothenic acid AMP 4-5 —
4/ -Phosphopantotheine 4/-Phosphopantothenic CTP 3-4 — 1.8
acid and L-cysteine
4/-Phosphopantotheine 4/-Pantothenic acid ITP and CTP 2-3 — 0.3
and L-cysteine
4/-Phosphopantotheine Pantothenic acid and GMP and CMP — 3-4 —
L-cysteine
4/ -Phosphopantotheine Pantetheine ITP 2-3 — 0.9
4/ -Phosphopantotheine Pantetheine GMP — 4-5 —
3'-Dephospho-coenzyme A Pantothenic acid and ATP 1-2 — —
L-cysteine

Pantothenic acid is produced all over the world in amounts of several thou-
sand tons per year. It is used, inter alia, in human medicine, in the pharmaceutical
industry and in the foodstuff industry. A high proportion of the pantothenic acid
produced is used for feeding economically useful animals such as poultry and pigs.
The demand for this material is increasing every year. In view of the increasing
demand for p-pantothenic acid, there remains a need for new methods for pro-
ducing this material.

Pantothenic acid can be prepared by chemical synthesis or biotechnically by
the fermentation of specific microorganisms in selected nutrient media. In the
case of chemical synthesis, DL-pantolactone is an important precursor. This com-
pound is prepared in a multi-step process from formaldehyde, isobutyl aldehyde
and cyanide, the racemic mixture is resolved in a subsequent process step, bD-
pantolactone is condensed with B-alanine and D-pantothenic acid is obtained in
this way. The typical commercial form is the calcium salt of b-pantothenic acid.
The calcium salt of the racemic mixture D,L-pantothenic acid is also commonly
available.

The advantage of fermentative preparation by microorganisms (Shimizu et al.,
2001) is the direct formation of the desired stereoisomeric form that is the
D-pantothenic acid form, which contains no L-pantothenic acid. In this context,
various species of bacteria, such as E. coli, Arthrobacter ureafaciens, Corynebac-
terium erythrogenes, B. ammoniagenes, Azospirillum sp. Azotobacter vinelandii
and also yeasts such as Debaryomyces castellii, can produce D-pantothenic acid in
a nutrient growth medium which contains glucose, b,L-pantoic acid and B-alanine.
Furthermore, in the case of E. coli, the formation of b-pantothenic acid is increased
by the amplification of pantothenic acid biosynthesis genes from E. coli which are
contained in the plasmids pFV3 and pFV5, in a nutrient medium which contains
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glucose, DL-pantoic acid and p-alanine. However, the production of vitamin B, is
directly affected not only by the selected strain but also by the culture conditions
such as temperature, growth medium, oxygen concentration and incubation time.

Different examples of microorganisms used for the production of vitamin B; can
be found in the literature. Thus, U.S. Patent no. 5518906 describes mutants derived
from E. coli strain IF03547, such as FV5714, FV525, FV814, FV521, FV221,
FV6051 and FV5069, which carry resistance to various antimetabolites such as
salicylic acid, a-ketobutyric acid, p-hydroxyaspartic acid, O-methylthreonine and
a-ketoisovaleric acid. They produce pantoic acid in a nutrient medium which
contains glucose, and D-pantothenic acid in a glucose- and p-alanine-containing
nutrient medium. Furthermore, in EP-A 0 590 857 and U.S. Patent no. 5518906, it
is stated that the production of b-pantoic acid is improved in a glucose-containing
nutrient media and the production of D-pantothenic acid is improved in a nutri-
ent medium which contains glucose and p-alanine after amplification, in the
aforementioned strains, of the pantothenic acid biosynthesis genes panB, panC
and panD, which should be present in the plasmid pFV3 1. Furthermore, WO
97/10340 reports on the beneficial effect of enhancing the ilvGM operon on the
production of D-pantothenic acid. Finally, EP-A-1001027 reports on the effect of
enhancing the panE gene on the formation of b-pantothenic acid.

According to known procedures, D-pantothenic acid or the corresponding salt
can be isolated from the fermentation broth and purified and then used in purified
form or the entire D-pantothenic-acid-containing broth and used in particular as
a foodstuff additive (Hiser et al., 2005). However, a method for the fermentative
preparation of D-pantothenic acid and/or its salts or feedstuff additives containing
these by the fermentation of microorganisms from microorganisms of the Enter-
obacteriaceae family, in particular those which already produce p-pantothenic
acid, wherein at least one of the nucleotide sequence(s) coding for the genes gcvT,
gcvH and gevP is enhanced in the microorganisms, in particular is overexpressed.
In general terms, it could be proposed that fermentation technologies provide an
alternative to chemical processes in the production of pantothenic acid. Different
methods such as media optimisation, mutation and screening, genetic engineer-
ing and biocatalyst conservation must be used for improvement of the production
of vitamin B.

Most plants and microorganisms accomplish biosynthesis of pantothenic acid
by enzymatically combining pantoic acid with p-alanine. Mammals and some
microbes lack the enzyme for this synthetic step, so are unable to synthesise
pantothenic acid and need to obtain it from the external environment. Three
routes to P-alanine have been described. Several microorganisms have been
reported to form fB-alanine by a-decarboxylation of L-aspartic acid. Confirmatory
evidence for this conversion was provided by Willamson and Brown (1979),
who purified (to apparent homogeneity), from extracts of E. coli, an enzyme
that catalyses the a-decarboxylation of L-aspartic acid to yield pB-alanine and
CO,. Willamson and Brown (1979) also reported that the enzyme is missing
in a mutant of E. coli that requires either B-alanine or pantothenate as a nutri-
tional factor, but is present in the wild-type strain and in a revertant strain of
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the mutant. It has also been suggested, on the basis of the observation that
mutants of Salmonella typhimurium lacking the ability to degrade uracil require
N-carbamoyl-p-alanine, f-alanine or pantothenate, as a nutritional factor, that
pB-alanine is produced by decarboxylation of N-carbamoyl-p-alanine formed from
uracil (West et al., 1985). B-alanine may also be produced by transamination of
malonyl semialdehyde produced from propionic acid, because enzyme activity
catalysing this conversion has been detected in several microorganisms. However,
there have been no further studies concerning this reaction.

The route to pantoic acid from pyruvate has been elucidated mainly in E. coli
and Neurospora crassa (Shimizu et al., 2001). Two enzymes catalysing the conver-
sion of pyruvate to a-ketoisovalerate in this route are shared by the route for the
biosynthesis of the branched chain amino acids. In E. coli, two enzyme activities
have been detected for the conversion of a-ketoisovalerate to ketopantoic acid:
one is dependent on tetrahydrofolate and the other is not. The physiological
significance of tetrahydrofolate-independent activity seems to be questionable
because of its high Km values for formaldehyde and a-ketoisovalerate. As a
mutant lacking tetrahydrofolate-dependent activity requires pantothenate for
growth, although the same amount of tetrahydrofolate-independent activity is
found in the same mutant, concrete evidence is provided to support the theory
that the tetrahydrofolate-dependent enzyme is responsible for the ketopantoate
needed for the biosynthesis of pantothenate. The tetrahydrofolate-dependent
enzyme (i.e. ketopantoate hydroxymethyltransferase) has been purified and
characterised in some detail. The observation that pantoate, pantothenate and
CoA are all allosteric inhibitors of this enzyme also supports this conclusion.

The reduction of ketopantoic acid to b-pantoic acid is catalysed by an NADPH-
dependent enzyme, ketopantoic acid reductase. This enzyme has been studied in
S. cerevisiae and E. coli. The same reduction is also catalysed by a-acetohydroxy
acid isomeroreductase, which is the enzyme responsible for the transformation of
a-acetolactate to a-ketoisovalerate (Primerano and Burns, 1983). Later, Shimizu
et al. (2001) isolated ketopantoic acid reductase in a crystalline form from Pseu-
domonas maltophilia and characterised it in some detail. They also demonstrated
that this reductase is the enzyme for b-pantoic acid formation, necessary for the
biosynthesis of pantothenic acid, because mutants lacking this enzyme require
either D-pantoic acid or pantothenate for growth and the revertants regain this
activity.

The biosynthesis of CoA from pantothenic acid is an essential and universal
pathway in prokaryotes and also in eukaryotes, which requires cysteine and
ATP (Figures 4.6 and 4.7). CoA is generated from pantothenate through a
series of five synthetic reactions (Jackowski, 1996). In the synthetic pathway
of CoA, pantothenate is first phosphorylated to 4’-phosphopantothenate by
the enzyme pantothenate kinase (CoaA). This step is considered the most
important control step in the biosynthesis of pantothenate-dependent enzymes,
and it is subjected to feedback regulation by CoA itself or its thioester deriva-
tives. The next step is a condensation reaction with cysteine at the expense
of ATP (or CTP in bacteria) yielding 4’-phosphopantothenoylcysteine, which
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Figure 4.7 The CoA biosynthetic pathway and its key players in bacteria and mammals. ATP,
adenosine triphosphate; ADP, adenosine diphosphate; CO,, carbon dioxide; PPi, pyrophos-
phate (Lopez Martinez, Tsuchiya and Gout, 2014).

is decarboxylated to form 4/-phosphopantetheine. These two reactions are
catalysed by the 4/-phosphopantothenoylcysteine synthase (CoaB) and 4/-
phosphopantothenoylcysteine decarboxylase (CoaC) domains of a bifunctional
enzyme in prokaryotes (CoaBC) and by two distinct proteins in eukaryotes
(PPCS and PPCDC). 4’-phosphopantetheine is subsequently converted to
dephospho-CoA by phosphopantetheine adenyltransferase (CoaD), a second
rate-limiting reaction in the pathway. Afterwards, dephospho-CoA is phospho-
rylated by dephospho-CoA kinase (CoaE) at the 3’-OH of the ribose to form
CoA. The CoaD and CoaE activities are associated with two separate enzymes in
prokaryotes and plants, but fused in a bifunctional enzyme, also termed the CoA
synthase (COASY), in mammals.

In bacteria, the nomenclature for the biosynthetic enzymes is CoaA, CoaBC
(bifunctional enzyme), CoaD and CoaE for each of the steps presented in
Figure 4.7. In mammals, the corresponding biosynthetic enzymes are PanK, PPCS,
PPCDC and COASY, encompassing phosphopantetheine adenyltransferase and
dephospho-CoA kinase as a unique enzyme.

CoA accounts for a large proportion of cellular pantothenic acid, although
ACP also contains the pantothenic acid molecule. The synthesis of ACP is not yet
completely elucidated. CoA catabolism occurs as the reverse of the biosynthetic
pathway except that 4’-phosphopantetheine is converted to pantetheine followed
by conversion to pantothenic acid by the pantetheinase enzyme (Lopez Martinez,
Tsuchiya and Gout, 2014). In the metabolic pathway, CoA is dephosphory-
lated at the 3’ position of ribose to form dephospho-CoA. Dephospho-CoA is
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then degraded to 4’-phosphopantetheine and 5-AMP. Dephosphorylation of
4/-phosphopantetheine forms pantetheine. In the final step in the metabolic
pathway, pantetheine is hydrolysed into pantothenic acid and cysteamine by the
enzyme pantetheinase (also called vanin). Pantothenic acid generated during the
CoA degradation is recycled for another biosynthesis of CoA or can be excreted
intact in urine.

The allosteric inhibition of ketopantoic acid hydroxymethyltransferase of E. coli
by p-pantoic acid, pantothenic acid or CoA may be involved as a control mech-
anism in pantothenate biosynthesis. On the other hand, such inhibition is not
observed in the case of ketopantoic acid reductase of 2. maltophilia (Shimizu et al.,
2001).

In the pathway to CoA from pantothenate, the involvement of the feedback inhi-
bition of pantothenate kinase by CoA and 4’-phosphopantetheine as a control
mechanism in the biosynthesis has been demonstrated (Vallari and Jackowski,
1988). Because this inhibition has generally been observed regardless of species
and the other four steps following this reaction are not significantly inhibited by
CoA or 4’-phosphopantetheine, this may be one of the most important mech-
anisms in the control of cellular levels of CoA. No other mechanism, such as
repression, has been observed in either pantothenate or CoA biosynthesis.

Pantetheinase, which specifically degrades pantetheine to pantothenic acid and
cysteamine, may also be an important enzyme because CoA can be degraded
to pantetheine enzymatically and pantetheine can be reused as a precursor of
CoA after phosphorylation by pantothenate kinase. Cellular CoA levels may be
affected by competition between pantetheinase and pantothenate kinase towards
their substrate, pantetheine.

The spectrum of products that can be synthesised by biotechnological processes
seems endless, provided that the corresponding metabolic genes are available.
However, in order to produce commodity biochemicals with competitive costs,
and thus expand the industrial scope and societal impact of biotechnology, the
economics of biotechnological processes need to be further improved to com-
pete with the apparent cost achieved by conventional chemical synthesis. As a
result, there is still a need to optimise the efficiency of microbial technology, even if
these improvements offer only marginal cost-effectiveness, as the impacts of small
incremental improvements are greatly amplified by large production scales. In this
context, pantothenate can be synthesised by a wide range of bacteria, fungi and
microalgae. Thus, a ‘first generation’ of microorganisms developed directly from
wild-type strains has been applied to the industrial production of this vitamin.
However, most amino-acid-producing bacterial strains currently used have been
constructed by random mutagenesis. A significant disadvantage of this approach
is the possibility that the random distribution of mutations in regions not directly
related to amino acid biosynthesis can cause unwanted changes in physiology
and growth retardation. Moreover, although various large-scale analytical tech-
niques such as transcriptome and proteome analysis are now available, it is diffi-
cult to apply these techniques to the randomly mutated industrial strains for fur-
ther strain improvement because of unknown mutations in their genome. Rational
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metabolic engineering by specifically targeted modifications can overcome this
disadvantage. The recent development of omic technology, combined with com-
putational analysis, now provides a new avenue for strain improvement by pro-
viding new information extracted from a large number of data, which is termed
‘systems biotechnology’. Thus, a ‘second generation’ derived from a pantothenate
producer by rational design to assess its potential to synthesise and accumulate
the vitamin pantothenate by batch cultivation has recently been developed, as is
the case of biotechnological approaches using recombinant E. coli strains (Song
and Jackowski, 1992).

Pantothenate biosynthesis and production have also been investigated in Gram-
positive soil bacteria such as Corynebacterium glutamicum, which is widely used
for large-scale fermentative production of amino acids, such as L-glutamate and
L-lysine (Huser et al., 2005). In C. glutamicum ATCC 13032 (Figure 4.8), four
enzymes are involved in the biosynthesis of pantothenate from the precursors
ketoisovalerate and aspartate. The first reaction in the biosynthesis of pantothen-
ate is catalysed by the panB-encoded ketopantoate hydroxymethyltransferase
that converts ketoisovalerate (a precursor of valine and leucine biosynthesis) into
ketopantoate using 5,10-methylenetetrahydrofolate as a cofactor. Subsequently,
ketopantoate is reduced to pantoate by ketopantoate reductase activity. In C.
glutamicum, the ketopantoate reductase activity is encoded solely by the ilvC
gene, which is also involved in the common pathway for the synthesis of the
branched-chain amino acids isoleucine and valine and encodes acetohydroxy
acid isomeroreductase. Aspartate is converted into p-alanine by the product of
the panD gene encoding aspartate-a-decarboxylase. The biosynthetic pathway is
completed by the ATP-consuming condensation of -alanine with pantoate.

L-Threonine L-Aspartate
ilvA | TDH panD | ADC
Ketobutyrate Pyruvate B-Alanine
Pyruvate
panC
ilvBN AHAS ilvBN S D-Pantothenate
coaA | PK
Acetohydroxybutyrate Acetolactate Pantoate
4’-phosphopantothenate
ilvC AHAIR ilvC ilvC T AHAIR
Dihydroxymethylvalerate =~ Dihydroxyisovalerate Ketopantoate
ilvf\ DHAD //v/x pan%(PHMT Coenzyme A
. leuA .
Ketomethylvalerate Ketoisovalerate Wlsopropylmalate» Ketoisocaproate
ilvE BCAT ilvE ilvE | BCAT
L-Isoleucine L-Valine L-Leucine

Figure 4.8 Biosynthesis pathway of pantothenic acid in Corynebacterium glutamicum ATCC
13032 (Huser et al., 2005).
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C. glutamicum is a promising microorganism for the examination of pantothen-
ate overproduction since not only the molecular physiology of amino acid biosyn-
thesis in general but also the accumulation of valine has been analysed in detail.
The biosynthesis of valine involves many enzymes required for the production
of pantothenate (Figure 4.8), and the enzymatic activities and their regulation
have been studied extensively in a valine-producing C. glutamicum strain. Fur-
thermore, a ‘first-generation’ pantothenate producer was developed directly from
the wild-type strain C. glutamicum ATCC 13032 (Hiser et al., 2005). Two impor-
tant genetic features for obtaining substantial pantothenate accumulation by C.
glutamicum were a chromosomal deletion of the ilvA gene, encoding threonine
dehydratase and combined overexpression of the ilvBNCD and panBC genes on
two compatible plasmids. Using this type of production strain, up to 1 g/I of pan-
tothenate accumulated in the culture supernatant.

Analysis of different production strains suggested that increased availability of
ketoisovalerate is mandatory for enhanced pantothenate synthesis by C. glutam-
icum. The successful use of ilvBNCD overexpression to obtain pantothenate pro-
duction is due to increased ketoisovalerate availability, since only then does panBC
overexpression result in substantial accumulation of pantothenate. Carbon flux
analysis of a ‘first-generation’ production strain of C. glutamicum during batch
cultivation with p-alanine supplementation revealed that the flux towards valine
was 10-fold higher than that directed to pantothenate, indicating that significant
improvements of strain design could be obtained only if the carbon flux at the
ketoisovalerate branch point of the pathway was modulated efficiently (Chassag-
nole et al., 2003).

C. glutamicum is an industrial organism with a long history of use for the
production of various fine chemicals. The advent of molecular biology enabled a
new wave of development in which this industrial know-how was leveraged, not
only to improve the performance of the existing lysine and threonine production
processes, but also to enable the production of other amino acids and vitamins
such as pantothenic acid. The utilisation of recombinant DNA techniques,
combined with metabolic and carbon flux analyses (Chassagnole et al., 2003),
facilitated the identification of metabolic bottlenecks and their bypassing by
expressing or repressing the corresponding genes to develop further improved
industrial amino-acid production processes. The intrinsic characteristics of this
food-grade microbial workhorse include its lack of pathogenicity and its lack of
spore-forming ability, both of which are desirable traits, as well as its high growth
rate, its relatively limited growth requirements, the ability of several strains not
to undergo autolysis under conditions of repressed cell division, the absence
of native extracellular protease secretion that makes corynebacteria suitable
hosts for protein expression and the relative stability of the corynebacterial
genome itself. These intrinsic attributes, combined with an up-to-date set of
genetic engineering tools, make this organism ideal for the development of
robust industrial processes that are increasingly competitive in comparison
with E. coli, Bacillus subtilis or yeast-based processes. As a result, corynebac-
terial fermentations have become increasingly relevant to a wide range of
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industrial sectors, including food, feed, cosmetic, pharmaceutical and chemical
companies.

Although systems biology approaches have only recently been established for
various microorganisms, impressive progress has been made, especially with
respect to fundamental insight into principles of metabolic regulation. Current
and future efforts focus on the integration of quantitative data from genomics,
transcriptomics, proteomics, metabolomics and flux analysis to build and
evaluate metabolic and regulatory models of vitamin producers. Eventually, the
potential of these approaches for the rational improvement of microbial strains
for amino acid production and, more broadly, for white biotechnology will fully be
harnessed. Moreover, this strategy not only successfully improved pantothenate
production via genetically modified microbial strains but also revealed new
constraints in attaining high productivity. However, after successful fermentation
or enzyme reactions, desired products must be separated and purified. This final
step is commonly known as downstream processing or bioseparation, which can
account for up to 60% of the total production costs, excluding the cost of the
purchased raw materials.

4.7
Application and Economics

The current world capacity of calcium pantothenate production and its demand
are presumed to be about 4000 and 3600—-4000 t/year, respectively. It is mainly
used as an additive to animal feed (about 3000 t/year) and as a pharmaceutical
product (about 600 t/year). Pantothenyl alcohol is used as a source of pantothen-
ate activity for pharmaceutical vitamin products. Pantothenyl alcohol itself has
no pantothenate activity; in fact, it is a competitive growth inhibitor of several
pantothenate-requiring lactic acid bacteria. However, it has been demonstrated
to be quantitatively converted to pantothenic acid in the animal body and to be
equivalent to pantothenic acid in humans.

Pantethine, the disulfide of pantetheine and CoA are also used as pharmaceu-
tical products in several countries. They have been suggested to be effective in
reducing cholesterol levels, curing fatty liver and treating related diseases.

Some sulfonate derivatives of pantetheine or CoA (Bifidus factors), such as 4/-
phosphopantetheine-S sulfonate, which were originally isolated from carrot roots
have been shown to be growth factors of Bifidobacterium (Kolahdooz, Spearing
and Sharma, 2013). Addition of the Bifidus factors to dried milk for infants has
been suggested to be useful in improving the quality of the milk. A carbapenem
antibiotic, OA-6129A produced by Streptomyces sp. OA-6129, may be an interest-
ing example suggesting a new use of the vitamin as a building block for its synthesis
(Bibile et al., 1957).

Several clinical trials have been undertaken on humans using pantothenic acid
supplementation and its derivatives in various medical fields, such as hyper-
lipidaemia, obesity, acne vulgaris, alopecia, hepatitis A, lupus erythematosus,
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osteoarthritis, rheumatoid arthritis and wound healing (Horvath and Vécsei,
2009). Unfortunately, firm conclusions regarding therapeutic effectiveness cannot
be drawn from many of these studies, given the nonrandomised design, statistical
biases, confounding variables and small sample size of participating patients.
Moreover, specific cysteamine treatment has dramatically changed the course
of cystinosis (Horvath and Vécsei, 2009). Furthermore, recent research on CoA
metabolic enzymes has led to the discovery of uniquely non-metabolic roles for
both enzymes and their metabolites, opening a broad field of investigation (Nitto
and Onodera, 2013).

The effects of pantethine on the treatment of hyperlipoproteinaemia have been
investigated in numerous studies. Pantethine is a dimer of pantothenic acid linked
by a disulfide cystamine. McRae (2005) has reviewed 28 clinical trials from the
literature on this topic, which provided a pooled population of 646 hyperlipi-
daemic patients. All but six of these investigations were conducted in Italy. Only
4 of the 28 published studies used a randomised double-blind study design, and
only one of these was controlled with a placebo. Oral supplementation of pan-
tethine resulted in a tendency towards normalisation of lipid values during a study
period of 4 months. Only one study of these 28 clinical trials showed results in 9
and 12 months. Administration of pantethine resulted in a progressive decrease
in total cholesterol, triglycerides and low-density lipoprotein cholesterol, along
with an increase in high-density lipoprotein cholesterol, as is shown in Table 4.5.
The doses of pantethine used ranged from 300 and 600 mg twice daily. The most
common dosage administration was 300 mg three times a day. The mechanism of
action of pantethine in normalising parameters associated with dyslipidaemia is
unknown, although one can assume to be secondary to increased levels of intra-
cellular pantothenate coenzymes. However, two recent papers have not confirmed
these data in North American people (Evans et al., 2014; Rumberger et al., 2011).
Thus, future randomised, double-blind and placebo-controlled trials with longer
intervention are needed to clarify the possible therapeutic effect of pantethine on
lipids, because some methodological shortcomings and narrow regional popula-
tion involved in these investigations.

Table 4.5 Percentage mean change from baseline for serum lipids at months 1-4 (Yang
et al., 2014).

First month Second month Third month Fourth month

Total serum cholesterol (%)

18.7 111.6 112.6 115.1
Low-density lipoprotein cholesterol (%)

16.1 17.8 110.7 18.4
Triglycerides (%)

114.2 115.8 123.7 132.9

1: Increase and |: Decrease.
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A reduction in very low-density lipoprotein cholesterol and apolipoprotein A
has also been reported in patients treated with pantethine. However, no studies
have investigated whether pantothenic acid has lipid-lowering effects. Extrinsic
factors, such as the plasma lipids, play a major role in the regulation of the platelet
lipid pattern (Horvath and Vécsei, 2009). The platelet membrane lipids modulate
certain important platelet functions, such as platelet aggregation and thrombox-
ane A, synthesis. Therefore, a number of investigations have been performed on
the effects of pantethine treatment on the platelet function. It has been shown
that oral treatment with pantethine leads to significant decreases in total choles-
terol and total phospholipids not only in plasma, but also in platelets, without any
change in their ratio. The effects of pantethine on the membrane platelet com-
position may influence the fluidity of the cell membranes (Anonymous, 2010).
Therefore, it has been suggested that pantethine supplementation might prevent
atherogenesis in humans through its effect on serum lipid profile and platelet
aggregability.

The most common serious complication of Plasmodium falciparum infection
in man is cerebral malaria, with a case fatality rate of 20—50%. The pathogenesis
of cerebral malaria is currently viewed in relation to the process of sequestra-
tion of parasitised erythrocytes in the cerebral microvasculature (Fairhurst and
Wellems, 2010). Among other pathogenic mechanisms, the process is accompa-
nied by platelet and endothelial cell activation. An investigation has shown that
mice infected with Plasmodium berghei did not develop the cerebral syndrome
when pantethine was administered (Penet et al., 2008). The protection was associ-
ated with down-regulation of platelet responsiveness and impairment of endothe-
lial cell activation. In this experiment, parasite development was unaffected by
pantethine, as those infected mice that escaped from cerebral malaria died of
high parasitaemia. Unfortunately, neither this nor any other experimental malaria
model provides a reliable representation of human cerebral malaria.

For now, therapy of cystinosis relies on the aminothiol cysteamine (Bertholet-
Thomas et al., 2014). Cystinosis is a rare autosomal recessive disorder with an
estimated incidence of 1 case per 100 000—200000 live births. It is caused by
mutations in the CTNS gene, mapped to chromosome 17p13, which encodes
cystinosin, a lysosomal cystine transporter (Wilmer, Emma and Levtchenko,
2010). Defects in this transporter lead to the accumulation of intralysosomal
cystine crystals and widespread cellular destruction. The predominant patholog-
ical finding in cystinosis is the presence of cystine crystals in almost all cells and
tissues, including the conjunctivae, corneas, liver, spleen, lymph nodes, kidneys,
thyroid, intestines, rectal mucosa, muscle, brain, macrophages and bone marrow.
The disease is manifested as a multisystem disorder that affects the kidneys
(Fanconi syndrome, renal failure), eyes, muscles, central nervous system, lungs
and various endocrine organs; however, kidney involvement remains the earliest
and foremost clinical characteristic of the disorder.

The mainstay of cystinosis therapy is oral cysteamine bitartrate (trade name
Cystagon®, Mylan Pharma, USA), an aminothiol that can lower intracellular
cystine content by 95% (Ghal, Thoene and Schneider, 2002). Cysteamine is
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administered in four divided doses; however, newly long-acting enteric-coated
formulations are available (called RP103) from Raptor Pharmaceutical Corp.
(USA), which can be administered twice a day. The mechanism of intralysosomal
cystine depletion involves entry of cysteamine into the lysosomal compartment
through a specific transporter, a disulfide reaction with cystine, resulting in
the equimolar generation of a cysteine—cysteamine molecule and a molecule
of cysteine. Both compounds can exit lysosomes via ‘system ¢’ transporters,
bypassing the defective cystinosin pathway. In well-treated children, cysteamine
has proven efficacy in delaying renal glomerular deterioration, enhancing growth
and preventing hypothyroidism. Corneal cystine crystals do not dissolve with
oral cysteamine therapy but do respond to the administration of cysteamine eye
drops (Besouw et al., 2013). The U.S. Food and Drug Administration (FDA) has
approved a formulation for this purpose.

Approximately 14% of patients are unable to tolerate cysteamine therapy
because of nausea and vomiting (Besouw et al., 2013). Intracellular cysteamine is
produced by the action of the enzyme pantetheinase on pantetheine. Pantethine,
the disulfide dimer of pantetheine, was proven in the treatment of four cystinotic
children. Pantethine is non-toxic and more palatable than cysteamine. The
authors concluded that pantethine had less efficacy than cysteamine in depleting
leukocytes from cystine, and therefore, it should only be considered in cases of
cysteamine intolerance (Wittwer et al., 1985).

An open-label study including 100 patients with acne to be treated with high
doses of pantothenic acid (10 g/day in four divided doses) for 8 weeks or longer
showed that the disease was usually controlled by 8 weeks in cases of moderate
severity. A recent paper has indicated that the administration of a pantothenic-
acid-based dietary supplement in healthy adults with facial acne lesions reduced
total facial lesions after 12 weeks of supplementation with 2.2 g/day of pantothenic
acid (Yang et al., 2014). Also, 100 obese patients of Chinese descent treated with
pantothenic acid (10 g/day in four divided doses) along with a calorie restricted
diet noted an average weight loss of 1.2 kg/week and no side effects were observed
(Kelly, 2011).

By the early 1960s, the effects of intramuscular daily injection of calcium-
D-pantothenate into patients with rheumatoid arthritis had been tested
(Baron-Wright and Elliott, 1963). The authors reported temporary alleviation of
symptoms and no uniform success. Also, the efficacy of panthenol for paediatric
post-tonsillectomy pain and wound healing has been evaluated (Wittwer et al.,
1985). Panthenol (synonyms: p-panthenol or dexpanthenol) is a stable alcoholic
analogue of pantothenic acid. Post-operative administration of panthenol signif-
icantly accelerated the wound healing process and reduced tonsillectomy-related
complaints, independent of the surgical technique used. Unfortunately, the
mechanism(s) of action of panthenol for these effects remains elusive.

The effect of oral supplementation of 1.5 g/day each of D-pantothenic acid and
L-cysteine on exercise performance was examined in eight healthy male volun-
teers aged 22.9 + 1.4 years (Wall et al., 2012). The conclusion of this study was
that ‘acute feeding with pantothenate and cysteine does not alter muscle CoA
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content and consequently does not affect muscle fuel metabolism or performance
during exercise in humans’. Recently, cysteamine has been used in the treatment
of non-alcoholic fatty liver disease in children with promising results (Besouw
et al., 2013). Moreover, some experimental and clinical data support the useful-
ness of cysteamine in the treatment of patients with Huntington’s disease. Thus, a
randomised, controlled, double-blind multicentre Phases II-III trial using RP103
cysteamine formulation is currently underway. In addition, some animal stud-
ies have suggested that cysteamine might also be beneficial in the treatment of
Parkinson’s disease, as well as in certain neuropsychiatric disturbances, such as
schizophrenia and major depressive disorders.

Finally, during the past few decades, the inhibition of the metabolism of CoA
is being extensively investigated in relationship to its potential antimicrobial
effect. A breakthrough discovery was the molecular cloning of genes encoding
CoA biosynthetic pathway enzymes, in particular pantothenate kinases. These
enzymes have been divided into four groups based on their amino acid sequences:
prokaryotic type I, II and III CoaAs and eukaryotic PanK (Leonardi et al., 2005).
Type I and III CoaAs are widely distributed among bacteria while the type Il CoaA
is limited to Staphylococci. The requirement for CoA in numerous metabolic
bacterial processes and the diversity among the structure of pantothenate
kinase in bacteria and mammals have made these enzymes an attractive drug
target for the development of novel antimicrobial agents. Pantothenamides,
amides derived from pantothenic acid, are substrates of the key rate-limiting
enzyme pantothenate kinase (CoaA). N-pentylpantothenamide (N5-Pan) and
N-heptylpantothenamide (N7-Pan) are the prototypes of pantothenamides
and are active in vitro against Gram-negative and Gram-positive bacteria
(Choudhry et al., 2003), although only Gram-positive bacteria are sensitive to
pantothenamide in pharmaceutically realistic concentrations. In addition, they
have also been shown to possess activity against fungi and malaria parasites. It was
thought that the mechanism of action of pantothenamides was the formation of
CoA analogues that lead to the transfer of an inactive 4’-phoshopantothenamide
moiety to ACP, which is the first step in the bacterial type II route of fatty
acid synthesis (Jansen et al., 2013). However, the precise mechanism by which
pantothenamides act to inhibit bacterial viability is not yet completely resolved,
because pantothenate supplementation does not revert this effect.

Another compound, the antibiotic CJ-15801, was discovered by Sugie et al.
at Pfizer Laboratories in 2001, from the fermenting cultures of a Seimatospo-
rium sp. fungus (Van der Westhuyzen et al., 2012). Structural analysis showed
the compound to resemble pantothenic acid, with the notable exception of
a trans-substituted double bound in the fB-alanine moiety. CJ-15801, similar
to pantothenamides, selectively inhibits the growth of Staphylococcus aureus
and the intraerythrocytic growth stage of the malaria parasite P falciparum.
The basis for CJ-15801’s unique antimicrobial specificity may also be based
on the type specificity of its pantothenate kinases, both of which have been
characterised as atypical type II enzymes. Van der Westhuyzen et al. (2012)
have demonstrated that CJ-15801 acts as an antimetabolite by using the first
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enzyme of the CoA biosynthesis to enter the pathway, after which it inhibits the
second CoA biosynthesis enzyme, phosphopantothenoylcysteine synthase, by
forming a tight-binding inhibitor in situ. This mode of action is reminiscent of
the sulfonamide antibiotics, which block folic acid biosynthesis using a similar
strategy.

Pantothenol is an alcoholic analogue of the pantothenic acid, which is widely
used in health-care and cosmetic industries, as discussed next. Pantothenol has
been reported to reduce the activities of type I and II CoaAs, with a more potent
effect being observed on the type II CoaA than on the type I CoaA. In contrast,
the type III CoaA is not inhibited by pantothenol (Chonan et al., 2014). Thus,
pantothenol has been shown to markedly inhibit the phosphorylation activity
of pantothenate kinases in vitro of E. coli and Staphylococci. The growth of
Mycobacterium tuberculosis is also inhibited by pantothenol (Kumar, Chhibber
and Surolia, 2007). At the same time, Sabila, Ferru and Kirk (2005) showed that
pantothenol inhibited the in vitro growth of P, falciparum. The authors speculated
that the mechanism might involve competition with pantothenate, which could
be attributed to inhibition of the parasite’s pantothenate kinase. Therefore, the
antimicrobial properties of the inhibitors of the metabolism of the CoA are an
exciting field of research.

Tolerable Upper Intake Level (UL) is the maximum level of daily nutrient intake
that is likely to pose no adverse health risks. The UL represents total intake from
food, water and supplements. There is not sufficient scientific evidence on which
to base a UL for pantothenic acid. Evidence available from clinical studies using
high doses of pantothenic acid indicates that intake considerably in excess of 5 mg
does not represent a health risk for the general population (Kelly, 2011). The exist-
ing clinical studies on pantothenic acid were not designed to monitor and assess
side effects, so information of adverse effects in humans is limited. The most com-
monly reported side effect is mild transient gastrointestinal disturbance such as
nausea, heartburn and diarrhoea (McRae, 2005). Adverse effects typically do not
occur until doses exceed 1g daily. In doses of 10 g/day, diarrhoea is reported to
occur. There has been one case report of eosinophilic pleuropericardial effusion
in a patient taking 300 mg/day of pantothenic acid in combination with 10 g/day
of biotin for 2 months. The condition resolved after the vitamins were stopped
(Debourdeau et al., 2001).

Panthenol, the alcoholic analogue of pantothenic acid, is widely used in a variety
of cosmetics and topical medical, over-the-counter and photoprotective prod-
ucts. Because of its moisturising and conditioning properties, it is mainly used in
hair preparations, but is also added to other products. Allergic contact dermatitis
caused by panthenol is considered to be rare, but has been occasionally reported
following the use of medications, moisturisers and sunscreens (Fernandes et al.,
2012).

Pantothenic acid has an FDA Use-in-Pregnancy category A rating for doses
at or below Al What this means is that ‘well-controlled studies have failed to
demonstrate a risk to the foetus in the first trimester of pregnancy (and there is no
evidence of risk in later trimester)’ for doses at or below this level. Higher doses of
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pantothenic acid have a pregnancy category C rating (Besouw et al., 2013). Cys-
teamine is also classified as a pregnancy category C drug. That is to say that ‘animal
reproduction studies have shown an adverse effect on the foetus and there are no
adequate and well controlled studies in humans, but potential benefits may war-
rant use of the drug in pregnant women despite potential risks’.

Pantothenic acid is a naturally occurring physiological compound which offers
potential effective therapeutic actions on diverse clinical conditions. The proper
role of pantothenic acid in the therapeutic armamentarium is still challenging to
answer properly. In light of the potential therapeutic benefits of pantothenic acid
and its derivatives and the lack of adverse reactions to it, there is a need to address
the issue of treatment with this compound. In our opinion, pantothenic acid (and

its derivatives) deserves much more attention than it has received until now.
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Folate: Relevance of Chemical and Microbial Production

Maddalena Rossi, Stefano Raimondi, Luca Costantino, and Alberto Amatretti

5.1
Introduction

Folate is the term encompassing the different natural forms of the water-soluble
B, vitamin and folic acid (FA), the synthetic oxidised form used in supplements.
Humans depend on an adequate and constant intake of this essential nutrition
component, which is a central cofactor of many metabolic reactions, required
for biosynthetic and cellular processes, such as DNA, RNA and protein synthe-
sis (Bailey and Caudill, 2012). At present, FA is industrially produced through
chemical synthesis while, unlike other vitamins, microbial production of folate on
industrial scale is not exploited. The sole application of microorganisms for folate
production seems to be limited to the fortification of fermented dairy foods and
to folate-producing probiotics.

This chapter provides an overview on biochemical and physiological role of this
vitamin, natural occurrence and bioavailability, chemical synthesis for industrial
production and applications of folate-producing lactic acid bacteria (LAB) and
bifidobacteria.

5.2
Folates: Chemical Properties and Occurrence in Food

FA, or pteroyl-L-glutamate, is the synthetic form of the B, water-soluble vita-
min (Figure 5.1). It consists of a pteridine ring bound to p-aminobenzoic acid
and a glutamic acid moiety. It is not biologically active itself, but it is activated
to tetrahydrofolate (THF) through two reduction reactions catalysed by dihydro-
folate reductase (DHFR, EC 1.5.1.3) (Figure 5.1).

Dietary folates are reduced and usually linked to a polyglutamic chain,
resulting in a tetrahydropteroyl heterocycle bound to a poly-L-glutamic acid
side chain. The major ones are 5-methyltetrahydrofolate (5-MeTHF) and
10-formyltetrahydrofolate (10-formylTHF), in their polyglutamated forms
(Figure 5.1). Reduction to THF generates a second chiral centre at C, of the
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5.3 Biosynthesis

pteridine nucleus. Enzymatic reduction is stereoselective, yielding only the (6S)
isomer, and all the biologically active naturally occurring folates are derivatives of
the reduced form THE.

THE derivatives are cofactors of many enzymes that catalyse the transfer of one-
carbon unit, with a highly compartmentalised metabolism between cytoplasm,
mitochondria and nucleus (Tibbetts and Appling, 2010). The reactions involve the
N; and N, atoms (Figure 5.1) that bind an additional carbon (methyl, formyl,
methylene or formimino group), derived from the catabolism of serine, glycine
and histidine. Other intermediates occurring during folate interconversions that
do not participate directly as C,; group donors are 5-formiminoTHF, which is then
converted to 5,10-methenyl THE, which in turn yields 10-formylTHF (Figure 5.1).

Folate occurs in a wide variety of foods, including vegetables (especially dark
green leafy vegetables), fruits and fruit juices, nuts, beans, peas and other legumes,
milk and dairy products, whole grains, poultry and meat, eggs, seafood. Spinach,
liver, yeast, asparagus and Brussels sprouts are among the foods with the highest
levels of folate (Jdgerstad and Jastrebova 2012; USDA 2015).

Humans are unable to synthesise folate and depend on an adequate and constant
intake. The U.S. Food and Drug Administration recommends an intake of 400 pg
as daily folate equivalents (DFE) from natural foods, FA fortified foods and FA
supplements, while 240 pg of DFE is advised by the European Union (EFSA Panel,
2014). A higher intake of folates and FA, up to 1 mg/day, is optimal for the pre-
pregnant, pregnant and lactating women.

In order to meet micronutrient needs of the population, several countries intro-
duced FA fortification (US FDA, 1996a). FA is more oxidised and more stable than
natural folates, then it has been used for decades in fortification and nutritional
supplements (Dwyer et al., 2014). The U.S. FDA in 1996 authorised FA fortification
of cereal grain products, which became mandatory in 1998 (US FDA, 1996b). This
strategy is considered a major success of nutritional discoveries (Jagerstad, 2012),
albeit European countries do not follow this way, since the scientific community
is still debating on folate exerting a protective effect on cancer or increasing risk
of malignancies (EFSA, 2009, EFSA, 2013).

5.3
Biosynthesis

Both prokaryotic and eukaryotic cells require reduced folate cofactors in a variety
of biosynthetic processes. Albeit cellular requirement for folates is universal,
animals cannot synthesise folates and assimilate them with the diet, while plants,
fungi, certain protozoa and several archaea and bacteria can synthesise folates
de novo, through the same general biosynthetic pathway with some modifi-
cations (White, 1988; Bermingham and Derrick, 2002; Hanson and Gregory,
2002; Levin et al., 2004; De Crécy-Lagard et al., 2007; Rossi, Amaretti and
Raimondi, 2011).

105



106

5 Folate: Relevance of Chemical and Microbial Production

Folate consists of a pterin moiety, originating from 6-hydroxymethyl-7,8-
dihydropterin pyrophosphate (DHPP), bound to para-aminobenzoic acid (pABA,
vitamin B,,). pABA is produced de novo by plants and bacteria (Figure 5.2).

In the shikimate pathway, erythrose 4-phosphate and phosphoenolpyruvate
are transformed into chorismate, a branching point towards the biosynthesis
of aromatic aminoacids and pABA. Chorismate is converted into 4-amino-4-
deoxychorismate via aminodeoxychorismate synthase (EC 2.6.1.85), then pyru-
vate is cleaved by 4-amino-4-deoxychorismate lyase (EC 4.1.3.38) to give pABA.

The biosynthesis of DHPP proceeds via the conversion of guanosine triphos-
phate (GTP) in four consecutive reactions. GTP cyclohydrolase I (EC 3.5.4.16)
carries out an extensive transformation of GTP, through Amadori rearrangement,
resulting in the pterin ring structure. Following dephosphorylation, the pterin is
transformed by aldolase and pyrophosphokinase into activated pyrophosphory-
lated DHPP.

Dihydropteroate synthase (EC 2.5.1.15) catalyses the formation of a C-N bond
joining DHPP to pABA, yielding dihydropteroate (DHP). DHP is glutamylated
by dihydrofolate synthase (EC 6.3.2.12) into dihydrofolate (DHF), which in
turn is reduced by DHFR (EC 1.5.1.3) to the biologically active cofactor THEF.
THE-polyglutamate was generated by folylpolyglutamate synthase (EC 6.3.2.17),
adding multiple glutamate moieties. Polyglutamylation may occur also before the
reduction step, catalysed by DHF synthase or, in many bacteria, by a bifunctional
enzyme which is responsible for both EC 6.3.2.12 and EC 6.3.2.17 activities (Levin
et al., 2004).

54
Physiological Role

Folate is essential for cell division and cell maintenance, acting as a coenzyme
in the transfer and processing of one-carbon unit. In the mitochondria, it is
involved in the catabolism of serine and glycine, generating formate, which
in turn is utilised in the cytoplasm for the re-methylation of homocysteine to
methionine and for the synthesis of nucleotides (Bailey and Caudill, 2012). In
particular, folate plays an important role in thymidine synthesis, de novo synthesis
of purines and repair of DNA (Liu and Ward, 2010; Nazki, Sameer and Ganaie,
2014). 5,10-MethyleneTHEF is a cofactor in the reaction generating the thymidine
monophosphate (Figure 5.3a), while 10-formylTHF provides one-carbon unit to
synthetise the purine nucleotides adenine and guanine (Figure 5.3b).

5-MeTHF transfers methyl groups to homocysteine, producing methionine,
which in turn participates in the synthesis of S-adenosylmethionine (SAM,
Figure 5.3c), the universal donor of methyl groups in several methylation
reactions of DNA, RNA and proteins (Blom and Smulders, 2011). Conversion
of homocysteine into the powerful metabolite SAM requires as cofactors not
only folates, but also B;, (cobalamin) and B, (pyridoxine). Folate deficiency can
determine an insufficient availability of methyl groups, affecting methylation
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5.5 Bioavailability and Dietary Supplements

efficiency and increasing the level of homocysteine. Hyperhomocysteinaemia
exerts direct toxic effects on both the vascular and nervous systems, being
responsible of several cardiovascular and neurologic disorders (Liu et al., 2014;
Ansari et al., 2014; Litynski et al., 2002).

Altered folate metabolism affects DNA synthesis, methylation, stability
and integrity and can have a pivotal role in malignancies development (Liu
and Ward, 2010; Duthie et al., 2002). Folate deficiency reduces the division
rate of all cells in the body, resulting, firstly, in megaloblastic anaemia. Low
folate status, often affected by polymorphisms in the genes involved in its
metabolism, is associated with increased risk of cancer of the colorectum,
oropharynx, oesophagus, stomach, pancreas, lungs, cervix, ovary and breast
and of neuroblastoma and leukaemia (Nazki, Sameer and Ganaie, 2014).
In particular, low folate status may induce hypomethylation of DNA, pro-
moting cancer on the proliferating cells of the colon-rectal mucosa that
supports rapid and continuous renewal of the epithelium. However, while
epidemiological studies suggest that dietary folate confers modest protection
against colon—rectum cancer, high doses of FA used in intervention trials
exerted adverse consequences, particularly in the case of an existing adenoma
(Williams, 2012).

Summing up, folate deficiency is associated with leuco- and thrombocytopenia,
cardiovascular disease, neurologic disorders, depression and cognitive impair-
ment, embryonic defects (Blom and Smulders, 2011). Among the latter, neural
tube defects can affect the brain (anencephaly) and the spine (spina bifida) during
the first month of pregnancy. Folate prevents the majority of neural tube defects
if consumed before and during early pregnancy (Imbard, Benoist and Blom,
2013). In order to reduce the risk of neural tube defect in pregnant women, the
U.S. FDA introduced cereal grain products fortified with FA (US FDA, 1996b),
a practice currently followed by over 60 countries (Jagerstad, 2012).

55
Bioavailability and Dietary Supplements

Dietary folates, most in the form of polyglutamates, need to be hydrolysed
to monoglutamates to be transported. The glutamate carboxypeptidase II,
anchored to the intestinal apical brush border, catalyses this reaction (Chandler
et al., 1991). Being hydrophilic anionic molecules that do not cross biological
membranes by diffusion, they require specialised membrane transport systems
for accumulation into mammalian cells and tissues. Monoglutamylated folates
and FA are absorbed in the duodenum and upper part of the jejunum by the
high-affinity proton-coupled folate receptor PCFT. Absorption also exploits other
genetically and functionally distinct transporters, such as the folate receptors,
the family of organic anion transporters and the reduced folate carrier, which is
ubiquitously expressed (Qiu et al., 2006). During transit through the intestinal
mucosa, both natural folates and FA are converted to 5-MeTHE, which is the
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main circulating form of folate and can be transported into the cell with carrier-
or receptor-mediated transport (Blom et al., 2006).

FA and dietary folates differ in terms of both stability and bioavailability. FA
is more oxidised and more stable than natural folates, which are vulnerable to a
variable degree of degradation by cooking processes (Hawkes and Villota, 1989;
Jagerstad and Jastrebova, 2013). 5-MeTHFE, the major dietary folate and the most
common form in body fluids, is moderately stable, while THF occurs in foods in
minor amount and is the least stable folate.

The bioavailability of dietary folate depends on several factors, such as the
food matrix, the efficiency of intestinal deconjugation of polyglutamic folates,
the loss of certain unstable folates during digestion and the presence of dietary
constituents that enhance its stability during digestion or prevent the attack of
glutamate carboxypeptidase II. Food folate is less bioavailable than FA (~80%),
taking into account that the bioavailability of FA is nearly 100% when it is
consumed without food, whereas it decreases to approximately 85% when
taken during a meal (Gregory, 2001; Winkels et al., 2007). Therefore, FA is used
for dietary supplements and food fortification due to the higher stability and
bioavailability with respect to food folates (Dwyer et al., 2014).

All the biological functions of the provitamin FA are dependent on the reduction
to THF and other reduced derivatives. The activation of FA depends on the activity
of DHFR. The physiological function of this enzyme is the reduction of DHF, gen-
erated during thymidylate synthesis, to THF (Figure 5.3a), but it also performs the
reduction of synthetic FA to DHF and is necessary for FA to enter into one-carbon
metabolism. However, FA is a poor substrate for DHFR, and relevant variability
of enzyme activity occurs among individuals, underlying the importance of the
administration of reduced cofactors with respect to the unnatural precursor FA
(Bailey and Ayling, 2009).

Folate supplements, other than FA, are also available in the form of cofactors.
Particularly, among the derivatives of the reduced form of FA, the diastereoisomer
(6S)-5-MeTHF is commercially available as a medical food for the treatment of
folate deficiency (Deplin) and depression symptoms (Shelton et al., 2013). More-
over, the (6S5)-5-MeTHF calcium (Metafolin) and glucosamine salt (Quatrefolic)
are available as a commercial preparation, with a bioavailability similar to FA at
equimolar doses (EFSA Panel, 2014).

5.6
Chemical and Chemoenzymatic Synthesis of Folic Acid and Derivatives

FA is produced industrially by chemical synthesis due to the low yields of fermen-
tative processes (Miyata and Yonehara, 1999). Synthesis can be performed from
2,4,5-triamino-6-hydroxypyrimidine (1, Figure 5.4), a three-carbon compound of
variable structure (2.1-2.3) and N-(p-aminobenzoyl)-L-glutamic acid (3). The
reaction takes place in water-based solvent mixture, in the presence of sodium
sulfite as reducing agent. Among the three-carbon compounds, 2-hydroxy
malondialdehyde (2.1) was firstly used (Angier et al., 1948), followed by a
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Eguchi et al. (1990) and Jones et al. (2012) disclosed the chemoenzymatic
process for the stereoselective reduction of dihydrofolic acid (5, Figure 5.5) to
(6S)-THF (6.1) with DHEFR in the presence of NADP*/NADPH, glucose and
glucose dehydrogenase (GluDH). The availability of 6.1 allowed the production
of the diastereoisomerically pure compounds, avoiding the pitfalls of previously
reported processes, namely the purification by fractional crystallisation of the
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diastereoisomeric mixture that originates from the chemical reduction of FA,
by chromatographic separation of diastereomers or by stereoselective reduction
(Rees et al., 1986). (6S)-5-MeTHF (7) was then produced according to Jones
et al. (2012). The intermediate 6.1 can also be used to produce 5-formylTHF (9)
(Eguchi et al., 1990). Due to intrinsic instability of (6S)THF, it was converted into
5,10-methylidene derivative (8), then into calcium (6S)-5-formylTHF (9).
Chemical methods for the synthesis of (6S5)-5-MeTHF (7, Figure 5.6) and (65)-
5-formylTHF (9) have also been reported, based on the separation of the (6R,S)
diastereoisomeric mixtures. During the classical synthesis, the intermediate
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(6R,S)-THF (6.2) was obtained (Temple et al., 1979). This compound is formy-
lated and processed to obtain 7 and 9, according to the procedures a and b
(Vecchi, 1994). Moreover, Felder, Ripa and Distaso (1998) reported the synthesis
of 9 starting from 6.2 through several steps (c, d and e) or directly (c and f) in the
presence of a diamine such as piperazine.

5.7
Intestinal Microbiota, Probiotics and Vitamins

The human colon is colonised by up to 10!! microorganisms per gram of intestinal
content, mostly represented by anaerobic bacteria. However, colonic microbiota
also includes viruses (bacteriophages), archaea, yeasts and other eukaryotes.
The dominating bacteria belong to Firmicutes and Bacteroidetes, followed by
Actinobacteria and Proteobacteria (Eckburg et al., 2005). Analysis of rRNA gene
sequences indicates that over 1000 bacterial species can be found within the
colonic microbial community. The gut microbiota benefits the host playing a
pivotal role in nutrient digestion and energy recovery. Colonic bacteria produce
enzymes that the host lacks, including those involved in breakdown of complex
molecules, such as plant polysaccharides. The fermentation of the dietary com-
ponents that escape digestion and absorption in the upper intestinal tract and
of endogenous products (e.g. mucin) results in the production of organic acids
(e.g. acetic, lactic, propionic and butyric acids), branched-chain fatty acids (e.g.
isobutyric, isovaleric and 2-methylbutyric acids), H,, CO,, ammonia, amines and
several other end-products (Louis, Hold and Flint, 2014). These fermentation
products affect the gut environment and the host health, acting as energy sources,
regulators of gene expression and cell differentiation and anti-inflammatory
agents. They influence host—microbe interactions involved in the resistance
to pathogens, gut development and epithelial homeostasis (O’Keefe, 2008;
Russell et al., 2013).

The microbiota also represents an important source of vitamins, which can-
not be synthetised by the host. In fact, the colon microbiome contains a number
of COGs (Clustered Orthologous Groups) involved in the synthesis of several
essential vitamins (Gill et al., 2006). Intestinal bacteria can produce vitamin K
and several B group vitamins, such as biotin, cobalamin, folates, nicotinic acid,
pantothenic acid, pyridoxine, riboflavin and thiamine. Unlike dietary vitamins,
which are mainly absorbed in the proximal part of the small intestine, the uptake
of microbial vitamins predominantly occurs in the colon through colonocytes,
which are able to absorb biotin, thiamin, folates, riboflavin, pantothenic acid and
menaquinones (Said and Mohammed, 2006; LeBlanc et al., 2013). Vitamins from
intestinal bacteria can contribute to the systemic vitamin levels and especially to
the homeostasis of the vitamins in the localised epithelial cells (Ichihashi et al.,
1992; Said and Mohammed, 2006).

The colonic microbiota produces folate in the monoglutamylated form, which
is absorbed at the highest rate (Zhao, Matherly and Goldman, 2009; Kim et al.,
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2004; Aufreiter et al., 2009). Several studies assessed the contribution of intesti-
nal bacteria to the folate intake of animal host and demonstrated that intestinally
synthesised folate is absorbed by the host (Kim et al., 2004; Asrar and O’Connor,
2005; Sepehr et al., 2003; Zimmerman, 1990; Pompei et al., 2007b). The rate of
absorption in the colon is lower than that in the small intestine, but the tran-
sit time in the distal portion of the gastrointestinal tract is longer than in the
small intestine. Furthermore, the supply of folates by the colonic microbiota is
expected to be constant and continuous, whereas their availability in the upper
tract is discontinuous and mostly affected by food intake. Microbial production
of folates in the colon provides the host with the reduced form of the vitamin,
encompassing the pitfall synthetic provitamin FA, which requires activation by
DHER.

Bifidobacteria and LABs are natural colonisers of the gut, strictly gaining
energy through the fermentation of carbohydrates. Commensal bifidobacteria
and LABs exert a number of beneficial health effects through a variety of
different mechanisms and are increasingly being used in functional foods and
pharmaceutical products. As a consequence, they are generally regarded as
probiotics, namely ‘live microorganisms which when administered in adequate
amounts confer a health benefit on the host’ (FAO and WHO, 2006). The use
of probiotics originated decades ago and is continuing to increase, contextually
with the scientific understanding of the role of microbiota and of these specific
microbial groups in health promotion.

The function of the probiotic bacteria comprises the reduction of potential
pathogenic bacteria and/or harmful metabolites in the intestine, the normalisa-
tion of gastrointestinal functions and the production of bioactive or otherwise
regulatory metabolites, including vitamins (Rossi and Amaretti, 2010; Williams,
2010). In this perspective, the use of folate-producing probiotic strains may
represent a natural and efficient alternative to food fortification with chemically
synthetised folate or provision of natural folates at colonic level.

5.8
Folate Production by Lactic acid Bacteria

LABs are a group of low G+C Gram-positive bacteria, classified within the phylum
of the Firmicutes and the Clostridium—Bacillus subdivision. They are included
in the order of Lactobacillales, comprising the families of Enterococcaceae,
Lactobacillaceae and Streptococcaceae. They include a few hundred recognised
species that present a wide phylogenetic, ecological and functional diversity.
Common traits of LABs include being invariably anaerobic/microaerophilic,
aciduric/acidophilic non-sporulating bacteria. They are saccharolytic and gain
energy through the lactic fermentation of carbohydrates. Particularly, they are
classified as obligate homofermentative (giving mainly lactic acid), obligate
heterofermentative (giving mainly lactic acid, acetic acid and CO,) or facultative
heterofermentative (Makarova and Koonin, 2007).
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LABs colonise different habitats: plants and plant-derived matrices, fermented
foods (such as dairy products, meats and fermented dough, milk and vegetables)
and diverse niches within the body of humans and animals. LABs of food ori-
gin, belonging to Lactobacillus, Lactococcus and Streptococcus thermophilus, are
exploited in the production of fermented products and are increasingly utilised for
the production of healthy functional foods. Furthermore, several species of Lac-
tobacillus occur as human gut commensals and exert positive effects on the host’s
health status. Among them, the strains exhibiting specific beneficial properties
relevant to human health are attracting considerable attention as probiotics. The
species of Lactobacillus with the greatest relevance for the manufacturing of pro-
biotics and functional foods are L. acidophilus, L. casei, L. paracasei, L. plantarum,
L. reuteri and L. salivarius (de Vrese and Schrezenmeir, 2008).

Folate-fortified dairy products with improved nutritional value have potentially
relevant applications. Similarly, strains from the human gastrointestinal tract
could find application as folate-producing probiotics. With this perspective,
lactobacilli and other LABs have been investigated as possible folate producers
(LeBlanc et al., 2007; Rao et al., 1984; Sybesma et al., 2003b; Santos et al., 2008).

Lactococcus lactis and S. thermophilus, utilised in the manufacture of fermented
dairy products, possess all the genes for de novo folate (Table 5.1) synthesis; thus,
they accumulate the vitamin within the cells and excrete it into the medium. For
these microorganisms, the extent of vitamin production, the partitioning between
accumulation and excretion and the form in which the vitamin occurs (e.g. the
number of glutamate residues and the association to formyl or methenyl groups)
depend on the strain and, in some cases, are influenced by culture conditions, such
as pH, growth rate and pABA concentration.

On the other hand, Lactobacillus species are generally unable to produce folate
de novo and need vitamin supplement to grow. In particular, lactobacilli are gen-
erally unable to synthetise pABA due to the lack of the enzymes for chorismate
conversion into pABA (Table 5.1). L. acidophilus, L. brevis, L. casei, L. gasseri, L.
johnsonii, L. rhamnosus and L. salivarius also lack the genes of DHPP biosynthetic
pathway and the gene encoding dihydropteroate synthase (EC 2.5.1.15), which
condensates DHPP and pABA. However, these species possess the genes for DHP
transformation into DHF, THF and THEF-polyglutamate. Thus, they are expected
to be auxotrophic for folates or DHP and incapable of folate production even in
presence of pABA supplementation.

L. plantarum, L. sakei, L. delbrueckii, L. reuteri, L. helveticus and L. fermentum
harbour a folate biosynthetic cluster that includes the gene encoding dihy-
dropteroate synthase and all the genes for the biosynthesis of DHPP, with the
exception of alkaline phosphatase (EC 3.1.3.1). Most lactobacilli harbour a number
of genes encoding putative Nudix phosphohydrolases, but only L. sakei, L. helveti-
cus and L. delbrueckii have, within the fol cluster, a homologue of the L. lactis gene
encoding the Nudix enzyme performing dephosphorylation of dihydroneopterin
triphosphate into the monophosphate (EC 3.6.1.-) (Klaus et al., 2005). On the
other hand, the fol cluster of L. fermentum L. plantarum and L. reuteri contains the
gene of a putative non-Nudix purine nucleoside triphosphate pyrophosphatase,
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likely responsible for the hydrolysis of dihydroneopterin triphosphate. Thus, L.
plantarum, L. sakei, and L. delbrueckii, L. reuteri, L. helveticus and L. fermentum
can synthesise DHPP but are expected to necessitate pABA to produce folates. L.
reuteri deserves a specific discussion. In fact, the genome sequences of 10 strains
isolated from the intestine of three different mammals, including human, were
subjected to multilocus sequence analysis and classified into six clades, which
reflected adaptation to different hosts (Oh et al., 2010). Interestingly, the two
clades of human origin behaved differently with respect to folate production,
even if the organisation of the fol genes is similar in both clades and comparable
with the described Lactobacillus species. One of the human clades produced
folate in the presence of pABA while the other did not (Spinler et al., 2014).

Based on these evidences, the utilisation of Lactobacillus species as folate-
producing probiotics seems to be excluded, since they are generally folate
auxotrophs or produce the vitamin only in the presence of pABA. Similarly,
lactobacilli are expected to reduce the folate levels of the fermented product
(Crittenden, Martinez and Playne, 2003; Reddy, Shahani and Kulkarni, 1976;
Kneifel et al., 1992; Hoppner and Lampi, 1990), and they also seem unsuitable
as bacterial starters for folate fortification. However, folate production and utili-
sation are complementary in mixed cultures of S. thermophilus and lactobacilli.
Thus, proper selection of starters can result in increased folate levels in yoghurt
and fermented milk, even though the folate levels remain relatively low in terms
of recommended daily intake (Crittenden, Martinez and Playne, 2003).

Metabolic engineering was successfully utilised to increase folate production
by L. lactis and to transform L. gasseri into a folate-producer cloning and overex-
pressing fol genes from L. lactis (Sybesma et al., 2003a,c; Wegkamp et al., 2004).
Despite this approach being efficacious in improving the level of folates and in
modulating the length of the polyglutamyl tail, at present, engineered microbes
are not generally accepted by legislation for the use as probiotics or as starters for
folate enrichment of fermented foods.

5.9
Folate Production by Bifidobacteria

Bifidobacterium is a genus of high G+C Gram-positive bacteria within the phy-
lum of Actinobacteria. They are saccharolytic obligate anaerobes whose primary
habitat is the gastrointestinal tract of animals, being among the first gut colonis-
ers, and represent up to 8% of the total anaerobes in the gastrointestinal tract of
adults. Among 42 species recognised so far, the most represented in the gastroin-
testinal tract of human adults or infants are Bifidobacterium pseudocatenulatum,
B. catenulatum, B. adolescentis, B. longum, B. infantis, B. breve, B. angulatum and
B. dentium (Mattarelli et al., 2014; Biavati and Mattarelli, 2006). Bifidobacteria
are one of the most important health-promoting groups of the colonic microbiota
and are largely used as probiotics. Many commensal strains exert a number of
beneficial effects through different mechanisms, such as immunostimulation,
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anticarcinogenic activity, pathogen growth inhibition, vitamin and amino acid
production, reduction of the conversion of primary bile salts to secondary bile
salts, bioconversion of a number of dietary compounds into bioactive healthy
molecules.

Examination of Bifidobacterium spp. genomes shows that complete shikimate
pathway is present in strains sequenced so far, which are all expected to produce
chorismate (LeBlanc et al, 2013). Even though all the available bifidobacte-
rial genomes harbour a gene encoding the aminodeoxychorismate synthase
(EC 2.6.1.85), only B. adolescentis and B. dentium possess the 4-amino-4-
deoxychorismate lyase (EC 4.1.3.38) and should accomplish de novo biosynthesis
of pABA. Conversely, B. animalis subsp. lactis lacks the gene encoding dihy-
dropteroate synthase (EC 2.5.1.15) and all the genes for the biosynthesis of DHPP;
thus, it should behave as auxotrophic for folates or DHP and remain incapable of
folate production even in the presence of pABA supplementation (Table 5.1).

With the exception of B. animalis subsp. lactis and B. animalis subsp. animalis,
bifidobacteria harbour a cluster of fol genes encoding dihydropteroate synthase
(EC 2.5.1.15) and other enzymes for the biosynthesis of DHPP and for con-
densation to pABA. Unlike lactobacilli, the fol cluster of bifidobacteria encodes
for neither pyrophosphohydrolase (EC 3.6.1.-) nor alkaline phosphatase (EC
3.1.3.1). Several putative Nudix pyrophosphatases and alkaline phosphatase are
widespread in all the sequenced genomes of bifidobacteria, but it is not possible
to argue whether they are involved in folate biosynthesis, because their function
has not been investigated so far. As a whole, B. adolescentis, B. dentium and
B. longum could accomplish the dephosphorylation of dihydroneopterin through
an enzyme that is so far unidentified or an enzyme-independent chemical process
and synthesise DHPP. Furthermore, it is conceivable that B. adolescentis and
B. dentium are capable of de novo folate production, while B. longum needs to be
provided with pABA, and B. animalis requires folates.

With the aim to screen them for folate production, bifidobacteria were cul-
tured in folate-free, low-folate or complex media in several studies (Lin and Young,
2000; Crittenden, Martinez and Playne, 2003; Pompei et al., 2007a; Strozzi and
Mogna, 2008). Many strains were described to produce folate, and information
about intracellular and secreted levels vitamins was reported. For instance, Pom-
pei et al. (2007a) screened 76 bifidobacteria in a folate-free semisynthetic medium
and observed that most of the strains were incapable of growth, while 17 of them
belonging to 9 different species (B. adolescentis, B. breve, B. pseudocatenulatum,
B. animalis, B. bifidum, B. catenulatum, B. dentium, B. infantis and B. longum)
synthetised the vitamin in the folate-free medium. The level of folate production
was not related to the extent of the growth and was not a characteristic of the
species but seemed to be a trait of the single strains. Folate was mostly extracel-
lular, with intracellular accumulation never exceeding the 38% of total vitamin.
Strains belonging to B. adolescentis and B. pseudocatenulatum yielded the highest
folate production, with the extracellular concentration reaching up to 82 ng/ml.
Deguchi, Morishita and Mutai (1985) screened 24 strains of B. bifidum, B. infan-
tis, B. breve, B. longum and B. adolescentis in a low-folate semisynthetic medium,
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obtaining significant differences in vitamin production among these species, since
all the strains of B. bifidum and B. infantis were classified as high folate producers,
while the strains of B. breve, B. longum and B. adolescentis gave significantly lower
yield. In a complex medium such as reconstituted skim milk, the highest folate
production was achieved by strains of B. breve and B. infantis or B. longum (Lin
and Young, 2000).

The discrepancies among these studies, which failed to identify the same
species as high producers, may be due to both strain-to-strain differences and
diverse experimental designs (Pompei et al., 2007a; Lin and Young, 2000; Deguchi,
Morishita and Mutai, 1985). For instance, when folate-free medium was used, the
cultures were passaged seven times in this medium to exhaust the vitamin before
evaluating growth and net folate production (Pompei et al., 2007a). It is also
conceivable that several strains were taxonomically classified when the number
of species was lower and need reclassification based on molecular phylogenetic
analyses. Furthermore, it was shown that folate content in bifidobacteria is very
dynamic and is particularly dependent on medium composition. In fact, intracel-
lular folate reached up to 4000 pg/100 g of biomass if bifidobacteria were cultured
in folate-containing complex medium but could increase above 9000 pug/100 g
of biomass if autotrophs were cultured in folate-free medium (D’Aimmo et al.,
2012).

In the perspective to develop a probiotic based on folate-producing strains, it
is important that vitamin biosynthesis is not affected by the environmental con-
ditions occurring in the colon, and particularly by the level of exogenous vitamin,
whose concentration range can be rather large depending by the dietary intake,
absorption and excretion from the urine, skin and bile (Birn, 2006). Among the
aforementioned strains, two B. adolescentis and one B. pseudocatenulatum were
selected since they did not exhibit any feedback regulation of folate production,
due to the presence of exogenous vitamin in the range between 0 and 50 ng/ml~!
(Pompei et al., 2007a). Furthermore, neither pH nor the carbon source affected
folate biosynthesis. These selected strains were administered to Wistar rats with
induced folate deficiency, in order to investigate their effectiveness to improve
folate status (Pompei et al., 2007b). Lyophilised bifidobacteria were used alone or
were added to bifidogenic fructans in a synbiotic formulation. At the end of the
treatment, mean serum folate concentration in rats consuming both the probiotic
and the synbiotic diet was significantly higher than in control. However, the simul-
taneous consumption of probiotics and prebiotic carbohydrates further increased
the level of the probiotic strains in the intestine and resulted in the highest level
of serum folate, confirming that the availability of a preferred indigestible car-
bon source is advantageous to the growth and the metabolic activity of probiotic
bacteria.

These same strains of B. adolescentis and B. pseudocatenulatum, when given to
23 healthy volunteers in a pilot human study, significantly increased folate concen-
tration in the faeces of the subjects (Strozzi and Mogna, 2008). These results cor-
roborate the assumption that the increase of folate levels was markedly due to the
effective growth of the folate-producing bifidobacteria. In this case, the levels of
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commensal bifidobacteria in the large intestine correlated with the vitamin avail-
ability, suggesting that bifidobacteria are capable of producing folate in the gut and
that the folate synthesised in the large intestine can be absorbed and utilised by the
host. In agreement with these results, in folate-depleted rats, the administration
of diets containing bifidogenic ingredients (e.g. human milk solids or prebiotics)
increased the folate concentration in the ceacum, colon, plasma and colonic tissue
(Krause, Forsberg and O’Connor, 1996; Thoma, Green and Ferguson, 2003). These
results support evidence that folate-producing probiotic strains may represent
an endogenous source of vitamin preventing its deficiency in the colon. Localised
folate production in the large intestine may provide the proliferating enterocytes
with this essential vitamin with potential effects in reducing colonic carcinogen-
esis (Choi and Mason, 2002). Therefore, the trophic effects on colonocytes of
folate-producing strains deserve to be evaluated. Moreover, the supply of folate
by bifidobacteria may also contribute to lower hyperhomocysteinaemia, since the
administration of folate-producing B. longum exerted beneficial effects on the
homocysteine levels of hemodialysis patients (Taki, Takayama and Niwa, 2005).

Besides their exploitation as an endogenous source of vitamin, folate-producing
bifidobacteria may also be used to fortify fermented dairy products, as milk is
a poor source of folate. This concept was tested in a particular study, where
seven strains of Bifidobacterium were evaluated for their capacity to enhance
the folate concentration of reconstituted skim milk, resulting in a strain of
B. breve being selected as the most promising (Crittenden, Martinez and Playne,
2003). Moreover, mixed-culture fermentations of reconstituted skim milk were
successfully carried out using folate-producing strains of Bifidobacterium in
conjunction with strains of S. thermophilus and/or Lactobacillus delbrueckii
subsp. bulgaricus from conventional yoghurt, demonstrating that it is possible to
increase folate levels in fermented milk products through appropriate selection
of bacterial strains.

5.9.1
Conclusions

Various green plants and some microorganisms produce folate. However, vitamin
supplements and food fortification utilise chemically synthetised FA or reduced
derivatives. Numerous studies have shown that LAB such as L. lactis and S. ther-
mophilus can produce folate de novo, but biotechnological production of folate
has never been competitive with chemical synthesis, even though metabolic engi-
neering of LAB may be promising.

Appropriate combination of selected LAB strains can be successfully used to
enrich fermented foods in this vitamin, as demonstrated for dairy products. The
use of folate-producing Bifidobacterium strains can be regarded as a specific use
of probiotics. Human and animal trials proved that the administration of folate-
producing bifidobacteria positively affected the plasmatic folate level, indicating
that the vitamin is produced in vivo by the probiotic strains and absorbed.
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6
Vitamin B,, - Physiology, Production and Application

Janice Marie Sych, Christophe Lacroix, and Marc J.A. Stevens

6.1
Introduction and Historical Outline

Cobalamin or B, is an important group of water-soluble compounds belonging
to the cobalt corrinoid family. The main active naturally occurring derivatives are
adenosylcobalamin (AdoB;,), methylcobalamin (MeB,,) and hydroxycobalamin
(OHB,,); cyanocobalamin is an important chemically transformed form with high
stability. In this review, the term vitamin B,, refers to cyanocobalamin (CNB,,),
as in standard terminology, whereas B,, (and cobalamin) alone refers generically
to all forms of the vitamin; when required, specific names are given for other B,
forms.

Vitamin B, research has a rich history of over 150 years (Castle, 1980; Okuda,
1999; Chanarin, 2000). Its discovery was driven by the need to treat a mysterious
and life-threatening disease known today as pernicious anaemia, described by
Addisson (1855). Over the years, a variety of symptoms were reported, such as sore
mouth, numbness in the fingers and hands, large red blood cells, abnormalities
of the stomach lining, reduced or absence of acid production in gastric juice and
demyelinating spinal cord. In the early 1900s, an effective treatment was found,
that is, the ingestion of an extrinsic factor present in the liver (and meat) whose
action is dependent on the presence of an intrinsic factor (IF) secreted by the stom-
ach. The search to isolate and purify the extrinsic factor, identified as B,,, led to
isolation of the reddish, needle-like crystals of CNB,, in 1948 (Lester-Smith, 1948;
Rickes et al., 1948). Eight years later, Dorothy Hodgkin determined the structure
of vitamin B;, (CNB,,); the structures AdoB,;, and MeB,, were confirmed several
years later (Hodgkin et al., 1956; Barker, Weissbach and Smyth, 1958; Lenhert and
Hodgkin, 1961). The important role of microorganisms as the primary source of
B,, also began to emerge in 1948. Using a microbiological assay with Lactobacillus
lactis B,, (Shorb, 1947, 1948), significant quantities of B,, were found in different
fermented media from cultures of Streptomyces sp., Mycobacterium smegmatis,
Lactobacillus arabinosus and Bacillus subtilis (Darken, 1953). Another B,, source
identified was manure and faeces (Spalla et al., 1989), and increasingly, it became
clear that bacteria were the original source of B, in nature. The biochemical
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pathway for B, was first determined in Pseudomonas denitrificans in 1993
(reviewed in (Martens et al., 2002)). B,, is industrially produced by a biotechno-
logical process which has seen many developments over the years, such as medium
optimisation, selection and improvement of strains, as reviewed in this chapter.

Today, the market of B, is consolidated within a limited number of compa-
nies, most located in China. Currently, industrial vitamin B;, production uses
strains of P. denitrificans and Propionibacterium freudenreichii to a lesser extent.
Industrial strains have been selected for their rapid growth and high productivity
and are eventually genetically engineered to enhance vitamin production levels.
This chapter provides an overview of B, chemistry and physical properties, its
occurrence in natural sources and quantification of B;,, mainly in foods. A sum-
mary of key nutritional aspects of B;, in humans is also given, that is, absorption
and uptake, metabolic cofactor functions and the current context of B,, deficien-
cies and their detection, with references to detailed reviews. The final part of the
chapter presents the current state of B,, production by Propionibacterium and
Pseudomonas, including genetic engineering of producing strains, downstream
processing (DSP) of fermentation products, B;, purification and future directions
for industrial B, production.

6.2
Occurrence in Food and Other Natural Sources

Vitamin B, is synthesised only by certain bacteria; therefore, it is found primarily
in animal foods, originating from B,,-producing microbiota of ruminant animals
or ingestion of B,,-fortified animal feed (Burgess, Smid and van Sinderen, 2009;
Watanabe et al., 2014). In foods of animal origin, the main naturally occurring
B,, derivatives are AdoB,,, OHB,, and MeB,,, whereas CNB,, is the chemically
derived form used in vitamin supplements and fortified foods. Highest levels of
B,, are found in the liver and kidney, estimated at >23 pg/100 g and >13 pg/100 g,
respectively (Souci, Fachmann and Kraut, 2008). Other good sources are shellfish,
fish, muscle meats, fish and eggs (ranging from 9 to 2pug/100g, respectively).
Despite its lower levels (0.3—0.4 pg/100 g) milk is an important B,, source, as it
is highly consumed by many populations and also a major component of infant
nutrition. Foods fermented by B,,-producing microorganisms contain higher B,,
levels as in Swiss-type cheeses (3 pg/100 g, (Souci, Fachmann and Kraut, 2008))
or fermented fish (Watanabe et al., 2014), prevalent in Japan and other areas of
Asia. In nutrient data bases, B;, levels may be overestimated (5—30%) as they
are based on the microbiological assay which erroneously includes B,,-analogues
(Ball, 2006). Indeed, lower levels of active B,, were recently reported for certain
edible shellfish and also meat products analysed by improved methods able to
characterise different B,, forms (Guggisberg, Risse and Hadorn, 2012; Watanabe
etal., 2013).

Increasingly present on the market are vitamin B,,-fortified foods such as cere-
als, yoghurt, juices and other beverages with levels of CNB,, typically ranging



6.3 Physiological Role as a Vitamin or Coenzyme

from 0.2 to 2 pg B,,/100 g of product (Zeuschner et al., 2013). These represent
an important source of By, for the general population, especially for vegans and
the elderly.

Algal supplements are increasingly marketed as alternative B,, sources for veg-
etarians. The majority of these supplements are derived from Spirulina sp., which
are, in fact, cyanobacteria. These organisms produce B, analogue which lacks bio-
logical activity and may even block vitamin B;, metabolism (discussed in Herbert,
1988; Stupperich and Nexo, 1991). Recent studies based on physiological tests
in rats suggested that edible algae (Porphyra sp., Korean purple laver) may be a
potential source of active B;, (Miyamoto et al., 2009; Watanabe et al., 2014).

One fundamental nutritional effect of the gut microbiota is the production
of vitamins for the host. Early studies emphasised the requirement of increased
dietary B,, for the health of germ-free animals (Wostmann, 1981). However,
the vitamin contribution of the human gut microbiota is considered insufficient
for humans because it is largely taken up by other members of the microbiome
(Degnan et al., 2014).

Consequently, By, is an essential nutrient with recommended levels of B, for
adults ranging from 2.0 to 3.0 pg recommended daily allowance (RDA) in most
countries. To date, no adverse effects have been reported for high intake levels;
therefore, no upper limit exists for B;, (Flynn et al., 2003).

6.3
Physiological Role as a Vitamin or Coenzyme

6.3.1
Absorption and Transport

In humans, the uptake of B;, from food and its absorption and transport to
cells constitute a complex but very efficient pathway, most of which has now
been well described. The pathway involves three key proteins, i.e. haptocorrin
(HC), intrinsic factor (IF) and transcobalamin (TC), mediated by several complex
receptors (Green and Miller, 2014; Quadros, 2010; Said and Nexo, 2012; Nielsen
et al., 2012) (Figure 6.2). In the stomach, after the release of B;, from food
proteins, HC binds not only to vitamin B, but also to B;, analogues. In the
upper part of the intestine, pancreatic proteases degrade HC, allowing B, to
combine with the IF. The IF binds specifically to active forms of B,,, providing
an important first screening to limit the entry of B;, analogues, derived from
food sources or degraded B,, in the body. At the apical brush border of the distal
ileum, the complex IF-B,, is recognised and taken up by the receptor cubam,
involving cubilin and amnionless protein (He et al., 2005; Said and Nexo, 2012).
After degradation of IF within the intestinal cell, released B, is transported
by TC to cells throughout the body. The larger portion of By, (approximately
80%) remains bound to HC in circulation, as reserves. Transport protein TC
also binds only to active B;,. Consequently, both IF and TC have a filtering
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role, to prevent B;, analogues from entry and intracellular access, respectively.
The occurrence and role of B;, analogues detected in the body, as well as their
possible interference with the reactions catalysed by B,,-dependent enzymes,
remain unclear (Toporok, 1960; Stupperich and Nexo, 1991). However, they lack
vitamin activity in humans since they cannot be converted into B,, coenzymes.

After release from TC, all active forms of B;, are processed in the cytosol
into the coenzyme forms, 5-deoxyadenosylcobalamin (AdoB,;,) or methyl-
cobalamin (MeB,;,) and directed to their respective B,,-dependent enzymes,
L-methylmalonyl-CoA mutase (MCM) and methionine synthase (MS), according
to physiological needs (Banerjee, Gherasim and Padovani, 2009; Froese and
Gravel, 2010; Quadros, 2010). The processing tasks include the removal of the
3-axial ligand; a series of conversion reactions; and stepwise reduction of the
cobalt in B;, (from trivalent to monovalent), following complex mechanisms
which are still under study (Figure 6.2) (Banerjee, Gherasim and Padovani, 2009;
Froese and Gravel, 2010; Quadros, 2010).

The active absorption of By, is restricted to about 1-1.5 pg/day, limited to the
capacity of the IF-B,, receptor (Seetharam and Yammani, 2003). This low absorp-
tion is compensated by appreciable quantities of B;, stored in the body, mainly in
the liver and kidney (about 5 mg), by enterohepatic recirculation (about 1 pg/day),
and also limited losses from the body (1 pg/day, (Allen, 2010; Nielsen et al., 2012;
Said and Nexo, 2012)). Depending on B, body reserves, a 5—10-year delay may
occur between the onset of insufficient dietary intake and clinical symptoms of
B,, deficiencies, which complicates their diagnostics (Zeuschner et al., 2013).

Uptake of a small portion of B, may also proceed by passive absorption through
the gastrointestinal tract and possibly through oral and nasal membranes (Green
and Miller, 2014).

6.3.2
Metabolic Functions

In humans, the main metabolic function of By, is its cofactor role for two enzymes,
that is, methionine synthase (MS) and MCM, in the cytoplasm and mitochondria,
respectively. The reactions catalysed by these enzymes proceed by complex
mechanisms (Krautler, 2005; Krdutler, 2012) and affect the functioning of other
key metabolic pathways in the body, mainly the folate and methylation cycles.
In the cytoplasm, MeB,, acts as cofactor for MS in the folate-dependent methy-
lation of homocysteine which regenerates methionine, allowing the synthesis of
S-adenosylmethionine (Figure 6.2). This links B, to many essential methylations
in the body required for the synthesis of myelin, phospholipids, proteins and
neurotransmitters. In the absence of MeB,,, these reactions are impaired and
a wide range of neurological consequences may develop. In folate metabolism,
MeB,, is essential for the conversion of 5-methyltetrahydrofolate (5-methyl THF)
into tetrahydrofolate (THF), ensuring the availability of folate derivatives required
for synthesis of purines and pyrimidines. Therefore, untreated B, deficiency
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leads to impaired DNA synthesis and the development of megaloblastic anaemia,
the major haematological symptom shared by both B,, and folate deficiencies.

In the mitochondria, AdoB,, acts as cofactor for MCM, which catalyses the
reversible isomerisation of L-methylmalonyl-CoA to succinyl-CoA (Takahashi-
Iniguez et al., 2012). This reaction is an intermediate step in the catabolism of
ketogenic amino acids, odd-chain fatty acids and cholesterol. Absence of AdoB,,
results in an accumulation of methylmalonic acid or may lead to methylmalonic
aciduria; both are associated with impaired myelination and cognitive functioning
(Moore and Warren, 2012).

Depending on severity and duration, the main symptoms of B,, deficiencies are
impaired neurological, haematological (Green and Miller, 2014; Allen, 2010) and
cognitive functions (Moore and Warren, 2012). If left untreated, these disorders
may cause irreversible damage and be life-threatening.

6.3.3
Main Causes and Prevalence of Deficiencies

Impaired absorption (malabsorption) and low dietary intake of B,, are the two
main causes of B,, deficiencies but have different origins (Herrmann and Obeid,
2012; Zeuschner et al.,, 2013; Green and Miller, 2014). Classical pernicious
anaemia (PA) is a severe and irreversible form of malabsorption resulting
from impaired synthesis of the IF, following an autoimmune reaction. As the
IF-B,, absorption pathway is no longer available, treatment of these deficiencies
requires regular and life-long intramuscular injections of CNB,, or OHB,,. Some
advantages, such as improved retention, have been reported for OHB,, (Green
and Miller, 2014).

Especially prevalent among the elderly is malabsorption caused by decreased
stomach acidity (chronic or atrophic gastritis) and reduced levels of proteases,
both preventing the release of B;, from food, as discussed in the literature (Andres
et al., 2004; Allen, 2010; Green and Miller, 2014). This type of B;, deficiency is
typically treated with oral administration of CNB,, or OHB,, since unbound B,,
can be absorbed to some degree. Many other factors may also interfere with B,,
absorption, such as gastrectomy (partial or complete) or gastric bypass surgery; or
certain drugs and other medical treatments which cause damage to the stomach or
intestine (Green and Miller, 2014). Low intake of B;, is another major cause of B,
deficiencies, associated with inadequate diets or restriction of animal products.
This is especially prevalent in developing countries; for example, in Latin Amer-
ica, an estimated 40% of the population may be affected (Allen, 2009). In developed
countries, growing popularity for various forms of vegetarianism may contribute
to inadequate B,, status. Indeed, the long-term effects of marginal B,, deficien-
cies within the general population are a concern, but especially for pregnant and
lactating women, whose offspring may be at risk (Rush, Katre and Yajnik, 2014).

A variety of in-born errors associated with the B;, pathway may occur, affect-
ing the absorption and assimilation, plasma transport or intracellular metabolism
of B,, (Froese and Gravel, 2010; Nielsen et al., 2012; Green and Miller, 2014) and
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leading to B,, deficiencies during infancy and childhood, often with very serious
complications. To date, eight different defects of intracellular B, metabolism have
been identified and their corresponding genes were also characterised (Froese and
Gravel, 2010). Study of these defects has led to major advances in understanding.
Somewhat more prevalent are B,, deficiencies caused by single-nucleotide poly-
morphisms, occurring at any age and leading to a wide range of detrimental effects
(Green and Miller, 2014).

6.3.4
Diagnosis of Deficiencies

The diagnosis of B;, deficiencies is complex and typically involves the assessment
of cobalamin levels in serum (or plasma) and of one or more functional biomarkers
in serum or urine (Carmel, 2011). Direct measurement of total serum B, is still
commonly used to detect B;, deficiency (cut-off <200 pg/ml), despite limitations
of sensitivity and specificity (Herrmann and Obeid, 2012). Alternatively, serum
holotranscobalamin (holoTC) may offer several advantages as a direct indicator,
as it reflects quantities of active B, transported by TC from intestinal cells into
body tissues (Selhub et al., 2008; Herrmann and Obeid, 2012; Green and Miller,
2014). The use of functional biomarkers such as methylmalonic acid (in urine or
serum) or plasma total homocysteine leads to improved sensitivity, allowing the
detection of marginal (or sub-clinical) B, deficiencies. These deficiencies are chal-
lenging as they may occur without haematological or neurological clinical symp-
toms and may be highly prevalent in the general population, which raises concern
about their possible long-term effects. Due to inherent weaknesses of each existing
indicator, no golden standard exists in B;, diagnostics (Carmel, 2011). To detect
B,, malabsorption, the Schilling test was used for several decades and required
ingestion and subsequent determinations of radioactively labelled B,,, but is no
longer used (Allen, 2010). A promising qualitative absorption test was recently
introduced, that is, the C-CobaSorb test, based on quantification of holoTC after
administration of vitamin B,, (Hardlei et al., 2010).

6.4
Chemical and Physical Properties

The B;, molecule is large and complex, consisting of a corrin ring with cobalt (I)
ion at its centre, which is coordinated with four nitrogen atoms in the corrin ring.
A nucleotide moiety consisting of 5,6-dimethylbenzimidazole (DMBI) forms the
lower axial a-ligand with cobalt but is also attached covalently to the ring by a side
chain (Figure 6.1). The conformation of B,, is referred to as base-on when DMBI
is attached or base-off/His-on when DMBI is replaced by a histidine residue, as
occurs during binding of B, cofactors with B;,-dependent enzymes. Cobalt is
covalently bound to the upper axial p-ligand, which can be an adenine, methyl,
hydroxyl or a cyano group (Figure 6.1b). The a-ligand is essential for biological
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Figure 6.1 Structure of vitamin B,,. The

DMBI group (green) is coordinated with the
cobalt at the lower ligand (&) and linked to
the corrin ring (red) by an amino-propanol-

the upper ligand (B), an R group is linked to
the cobalt. (a) 3D structure: the planar corrin
ring and the orientation of the ligands, (b)
the different upper-or p-ligand occurring in

ribosyl side chain (base-on conformation). At food.

activity, whereas the p-ligand affects the form and function of B;, (Roth, Lawrence
and Bobik, 1996; Schneider and Stroinski, 1987; Ball, 2006). The planar corrin ring
is set at right angles to the nucleotide moiety (Figure 6.1b) and exhibits a degree of
flexibility with a characteristic upward folding towards the $-ligand (Antonopou-
los and Charalambos, 2013; Green and Miller, 2014).

Several unique characteristics of the cobalt—carbon (Co-C) bond of B,
affect the structure, reactivity and function of B;, forms and coenzymes. Under
physiological conditions, the cobalt ion may occur as Co(III), Co(II) or Co(I),
which determines the number and type of axial ligands present (Krdutler, 2005,
2012). The p-ligand is adenosyl or a methyl moiety in B;, coenzymes AdoB,, and
MeB,,, respectively, which are required for enzymes MCM and MS, respectively
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(Figure 6.2). In the reactions catalysed by these enzymes, both coenzymes AdoB,,
and MeB,, undergo cleavage of the Co—C bond but following two different
mechanisms, haemolytic (radical) or heterolytic (non-radical) (Krdutler, 2005,
2012). Replacement of the B-ligand with a cyano group by KCN treatment
leads to CNB,, with greatly improved chemical stability (Randaccio et al., 2010;
Antonopoulos and Charalambos, 2013). This B,, form has vitamin activity in
the body after removal of the cyano group and coenzyme-conversion reactions
(Herbert, 1988). When compared with alkyl forms of B;, (AdoB,,, MeB,,), the
higher stability of CNB,, has been associated with higher dissociation energies
and shorter distances of the axial f-ligand involving cobalt and carbon (Lodowski
et al., 2011) as well as with increased folding angle of its corrin ring (reviewed in
Antonopoulos and Charalambos (2013) and Randaccio et al. (2010)).

An important structural criterion for vitamin B,, activity is maintenance of the
intact DMBI at the a-ligand (Grasbeck, 1967). Distance between the nucleotide
moiety and corrin ring may influence the selective binding of IF to B;, during
absorption (Stupperich and Nexo, 1991), a characteristic which affects the uptake
of active vitamin B;, (Section 6.3.1). Exchange of the DMBI group with adenine
results in pseudovitamin B,, for example, produced by the lactic acid bacterium
Lactobacillus reuteri (Santos et al., 2007). Although the biological relevance of this
pseudovitamin in humans is still disputed, its activity in microorganisms has been
demonstrated (Molina et al., 2009; Santos et al., 2009).

The chemical properties of CNB,, have been the most studied. In aqueous
solution, it is stable at room temperature with highest stability at 4.5—-5. Loss of
vitamin activity may occur due to heat treatments under mild acid or alkaline
conditions or due to contact with reducing agents, such as ascorbic acid, nitrous
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oxide, sulfite and iron (II) salts (Schneider and Stroinski, 1987; Ball, 2006). In
pharmaceutical preparations, contact with ascorbic acid can lead to important
losses of vitamin B, activity. In a recent study, degradation rates of cyanocobal-
amin and hydroxocobalamin (OHB,,) in the presence of ascorbic acid were
highest at approximately pH 5 (Ahmad et al., 2014). Results suggested that CNB,,
was first degraded to OHB,, followed by cleavage of the corrin ring and formation
of oxidation products (Ahmad et al., 2014). The alkyl forms MeB,, and AdoB,,
are the most sensitive to photodegradation and are rapidly converted to OHB,,
which is considered to have good stability (Juzeniene and Nizauskaite, 2013).
However, the presence of reactive oxygen species led to increased degradation
rates of OHB,, exposed to UVA radiation (Juzeniene and Nizauskaite, 2013),
suggesting the need for further studies of this important B,, form. The photosta-
bility of B;, in food or biological samples may be increased due to matrix effects,
such as binding to proteins TC or HC (Allen, 2012; Juzeniene and Nizauskaite,
2013; Farquharson and Adams, 1976). Furthermore, light penetrates only slightly
below the surface of foods, which would suggest that B;, photosensitivity is not
problematic in most foods. However, treatment of foods by penetrating waves
such as microwaves was shown to promote degradation of B;, into inactive
forms, with losses estimated at 30—40% (Watanabe et al., 1998).

In food matrices, B, is generally considered to be rather heat stable compared
with other water-soluble vitamins (Harris, 1988). Reported losses depend on
the type of food, processing and storage conditions (Ball, 2006). Several studies
have focused on B, in milk, with reported losses following long durations of
heat processing, microwave heating and exposure to fluorescent light (Ball, 1998;
Watanabe et al., 1998). However, pasteurised milk stored and refrigerated for 9
days and under retail or domestic conditions showed minimal losses (Andersson
and Oste, 1994).

The stability of B,, in food products during processing, preparation and stor-
age is an important parameter, directly affecting the supply of B,, to consumers.
Furthermore, B,, losses lead to increased discrepancies between actual vitamin
contents and food label declarations.

6.5
Assay Methods

The determination of active B, levels is challenging for many reasons. It is indeed
a large complex molecule with several possible structures, leading to differences
in chemical reactivity which affects how it interacts with other substances in the
matrix. In fermented broths or cell suspensions, B, is intracellular and must be
removed, whereas in biological samples, it may be tightly bound to matrix com-
ponents; in both cases, many interfering substances may be present. Further, B,
in natural sources is typically present at only low concentrations, and therefore,
a method should not only be specific but also highly sensitive. Reliable methods
of extraction and analysis are therefore needed to analyse B, in food and feed, in
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microbial vitamin productions, and also to identify B,, deficiencies in biological
samples (Snow, 1999; Watanabe et al., 2013; Chamlagain et al., 2015).

A number of methods to determine B,, presence and concentrations have been
developed in the past few decades (Kumar, Chouhan and Thakur, 2010). Unfortu-
nately, many of these methods are expensive, slow or not suitable for foods (Pakin
etal.,2005). Furthermore, the presence of other molecules in samples can interfere
with B,, analyses, for example, B,, analogues or B,,-binding proteins, and hence,
a partial purification of the B, is often needed. To prevent degradation of B,
during purification, a KCN treatment is performed which converts all B;, forms
to stable CNB,, (Piao et al., 2004). Consequently, most methods detect only B,.
A number of methods are addressed in this chapter, with focus on those applicable
in food industry and microbiology.

The microbiological assay for B,, determination is based on the growth
requirement of B;, by some bacteria. Samples containing B,, are added to a
growth medium lacking B,,, and the maximum dilution of samples still enabling
growth of the test organism is recorded. The parallel use of a CNB,, standard
solution then allows the determination of B;, in the sample. This method is
relatively simple but has some drawbacks. One important limitation is that the
indicator organisms may also use B, forms that have minimal or no activity
in humans. For example, the test organism used for determining vitamin B,
concentration according to the U.S. Pharmacopeial Convention (USP) and the
Cobalamin Assay in the Official Methods of Analysis of AOAC International
(Horowitz, 2006; UPC, 2008) Lactobacillus bulgaricus subs. lactis ATTC 7830
(Lactobacillus leichmannii) is able to grow on pseudovitamin B,, (Santos et al.,
2009b). Although the method is labour-intensive and slow, it is used frequently
because it is inexpensive, no additional equipment or purification is needed and
the detection limit is relatively low (30 ng/ml). Therefore, it is still recommended
by AOAC as a method for food product analysis (Horowitz, 2006). Furthermore,
ready-to-use kits for microbiological assays are on the market with greatly
improved accuracy and reliability (Vitafast).

Various human proteins that bind B;, have been identified, and they form
the basis of currently used B,,-binding assays. These assays are highly sensitive
but require highly specialised equipment. Two types of binding assays are used:
competitive and inhibitory binding. Competitive binding is based on addition
of labelled CNB,, molecules which compete for binding sites with non-labelled
B,, present in samples; the ratio of labelled/non-labelled B,, bound to binding
sites allows quantifying of the B;, concentration. The method of competitive
binding is sensitive enough for detection in samples from vitamin-B,,-deficient
patients, with a detection limit as low as 4 pg/ml when using radiolabelled B,,
(Rothenberg, 1963; Breuel et al., 1973). However, radiolabelled B, is expensive,
and a radioisotope counter is needed for the analysis. Therefore, chemical labels
are frequently applied in competitive binding assays (Karmi et al., 2011). The
detection limit using chemical labels is slightly higher, about 30 pg/ml, but still
sufficient for B}, analyses of blood serum (Roche, 2008). The binding factors used
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in the competitive assays can interact with proteins from food, thereby interfering
with the test results (Muhammad, Briggs and Jones, 1993).

An alternative to the competitive binding assay is the inhibitory binding assay.
Binding of a tester molecule to B,, inhibits the binding between the tester and a
sensor; this reduction can then be quantified and expressed as B,, concentration.
The sensing of the tester molecule has been engineered thoroughly in the past few
years and is currently performed using highly sensitive surface plasmon resonance
technology. The detection limit of inhibitory binding assay is 80 pg/ml, and com-
mercial kits are available for food samples with quantification limits of 200 pg/ml
(GE Healthcare Life Sciences, 2014).

Another principle for B,, detection is based on chemiluminescence. Chemilu-
minescence occurs after release of cobalt on acidification and the catalytic effect
of the cobalt on chemiluminescence of luminol (Qin, Zhang and Liu, 1997). The
method was optimised and can now quantify B;, levels as low as 10 pg/ml (Kumar,
Chouhan and Thakur, 2009). Chemiluminescence-based methods were combined
with immunity-based B,, enrichment to allow analyses of complex matrixes. This
type of combined technology was used to analyse levels of B;, in human milk
(Hampel et al., 2014), where tight binding occurs between HC and B,, (Allen,
2012). Further, a dipstick-based method for liquids was developed with a detec-
tion limit of 1 ng/ml (Selvakumar and Thakur, 2012). The method is simple without
the need for a photon-counter, fast (5 min) and robust. A standard assay based on
chemiluminescence for B;, for serum samples is currently available on the market
(Siemens Healthcare, 2014), and the method seems to be a good alternative to the
microbiological method.

Fluorescence-based measurements are generally highly sensitive. Vitamin B,
is a non-fluorescent molecule, but one of its fragments, a-ribazole, is fluorescent.
This feature has been used to measure B;, concentration in different food prod-
ucts (Pakin et al., 2005). The B,, was enriched on an immunoaffinity column, the
a-ribazole fragment was chemically released from the corrin ring and its fluores-
cence was measured. After extensive sample preparation, quantification limit was
low (3 ng/g), but repeatability only reached ‘satisfactory levels’ (Pakin et al., 2005;
Chamlagain et al., 2015).

Chromatography has played a pivotal role in identification and quantification
of B,,. Today, high-performance liquid chromatography (HPLC) is probably the
most frequently used method to determine B,, concentrations in food samples.
Reversed-phase HPLC using C,4-column allows a clean separation of the main B,
forms CNB,,, OHB,,, AdoB;, and MeB,, (Frenkel, Kitchens and Prough, 1979).
The detection limit of HPLC methods without prior enrichment of B, is estimated
at 40 ng/ml (Moreno and Salvado, 2000). HPLC-based methods are precise and
allow identification of different B, forms. However, the detection limit of HPLC
is above the vitamin B,, concentrations of 3—20 ng/ml found in most foods and
the 70—900 pg/ml found in human milk (Heudi et al., 2006; Hampel et al., 2014).
Enrichment of B;, over an immunoaffinity column followed by HPLC analyses
lowers the detection limit in a sample to 3 ng/ml and the quantification limit to
10 ng/ml, allowing detection of B, in food (Heudi et al., 2006). This method has
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been used to determine vitamin B,, contents in meat products and infant formula
(Guggisberg, Risse and Hadorn, 2012; Kirchner et al., 2012).

Further development of HPLC techniques with higher pressure and smaller
particles (ultra-HPLC) has led to increased resolution, sensitivity and speed of
analyses (Swartz, 2005). Vitamin B;, can be quantified at levels as low as 2 ng/ml
using UHPLC (Zironi et al., 2013). Combination of UHPLC and immunoaffinity
enrichment allowed detection of B,, in cereal-based products fermented by Pro-
pionibacteria (PAB) (Chamlagain et al., 2015) and distinguishes between B,, and
pseudovitamin B,,.

The microbiological method is still widely applied to determine B,, concen-
trations. However, its limitations and recent developments in HPLC techniques
have resulted in the proposal of the latter as standard method (Campos-Gimenez
et al., 2012). HPLC-based techniques allow rapid detection and quantifica-
tion of B, at levels encountered in food products, as well as quantification
of bioactive B, forms. During sample preparation, the different B;, forms
are converted to CNB,, which is subsequently determined by HPLC. One
important advantage of HPLC is that it can distinguish between CNB,, and
KCN-treated pseudovitamin B;, (Chamlagain et al., 2015). Many research
laboratories have an HPLC system, and, therefore, the method is widely used
in science (Kumar, Chouhan and Thakur, 2010). Binding-based methods are
favoured for B,, determinations in clinical samples (Roche, 2008). The inhibitory
binding assay is currently being assessed by AOAC for acceptance as one of the
standardised methods for food analyses (Vyas and O’Kane, 2011; Vyas, O’Kane
and Dowell, 2012).

6.6
Biotechnological Synthesis

6.6.1
Producing Microorganisms

B,, is the most complex cofactor in nature and is exclusively synthesised by certain
prokaryotes (Moore and Warren, 2012). The biosynthesis of B;, involves approxi-
mately 30 enzymatic reactions and intermediates, of which several are highly oxy-
gen sensitive. The latter makes synthesis in eukaryotic cells problematic and might
explain that By, synthesis occurs exclusively in prokaryotes (Martens et al., 2002).
The chemical pathways involved in B, , synthesis have been extensively reviewed in
the past, and these reviews provide detailed information on the synthesis (Martens
et al.,2002; Moore and Warren, 2012). Microbial production of B,, leads to a mix-
ture of different analogues, some of which are inactive for humans (Krfilovfi and
Rauch, 1985), which emphasises the need for both accurate quantitative and qual-
itative analyses of the different forms of B, produced.

The main function of B;, in microbes is its cofactor role; AdoB,, is required
in dehydratase, methylase and ammonia lyase reactions (Martens et al.,
2002). In PAB, the reaction from succinyl-CoA to R-methylmalonyl-CoA is
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AdoB,,-dependent, a reaction which occurs in the opposite direction in humans.
Another important role of B;, in microbes is regulation of gene expression. By,
binds to some mRNAs, thereby impacting on translation efficiency and acts as
cofactor for certain transcriptional regulator proteins (Klug, 2014). Generally, it
is believed that B;, arose to support anaerobic fermentation of small molecules in
microbes, later followed by a secondary acquisition of B,,-dependent reactions
(Martens et al., 2002). A recent study showed that human gut microbes use
elaborate mechanisms to capture and differentiate corrinoids in vivo that are
determinant for host colonisation (Degnan et al., 2014).

Until now, only a few bacteria and archaea were believed to synthesise B,,
yet recent genomic studies suggest that B,, biosynthesis is more widespread. A
systematic genome assessment of B, biosynthesis of 256 common human gut
bacteria indicated that about 45% of the analysed strains belonging to the dom-
inant phyla Bacteroidetes and Firmicutes were predicted to produce cobalamin
(B,) by the anaerobic biosynthesis route (Magnusdottir et al., 2015). Neverthe-
less, it was recently suggested that most of the corrinoids produced in the gut
are taken up by non-producer bacteria. These findings suggest a corrinoid econ-
omy within the gut, where corrinoid-based compounds are required by at least
83% of over 300 sequenced microbiota-derived bacteria representing a form of
currency which is exchanged between microbes (Degnan et al., 2014). Further,
all available genomes of Thaumarchaeota, which are ubiquitous and abundant in
aquatic environments, possess cobalamin synthesis genes, predominantly from
the anaerobic pathway, suggesting widespread genetic capacity for cobalamin syn-
thesis (Doxey et al., 2015). Moreover, B;, production has been observed in mem-
bers of the Clostridia group, Propionibacterium sp., Streptomyces sp., Bacillus sp.
and Nocardia sp. (Darken, 1953). Production of pseudovitamin B;, was observed
in Lactobacillus reuteri (Santos et al., 2007).

Production at industrial scale has been performed using P. denitrificans (aero-
bic pathway) and P, freudenreichii (anaerobic pathway), with maximum reported
yields of approximately 200 mg/l. Both species, but especially P denitrificans,
are attractive for biotechnological production because of their rapid growth
with simple nutrient demand, their genetic accessibility, highest production and
volumetric productivity (Kang et al., 2012). Moreover, P, freudenreichii has GRAS
(generally regarded as safe) approval by the FDA and QPS (Qualified Presumption
of Safety) by EFSA. This species has been successfully applied to the commercial
production of B,,, with high reported production of about 200 and 300 mg/l for
natural and engineered strains, respectively, reviewed by Kang et al. (2012). Bacil-
lus megaterium (anaerobic pathway) has been used in the past for B,, industrial
production and cobalamin production was recently revisited in B. megaterium
DSM3109. Its ability to grow on inexpensive carbon sources, such as raw glycerol
from biodiesel production, makes this organism an ideal production host. Cobalt
bioavailability was first optimised allowing to increase B, yields from approxi-
mately 2—3 to 13 mg/l for the parent strain, and bypassing of the B;,-riboswitch
by cloning led to even higher yields, >220 mg/l (Moore et al., 2014).
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6.6.1.1

Propionibacteria (PAB)

The genus Propionibacterium belongs to the family Propionibacteriaceae and to
the phylum actinobacteria, a phylum that roughly consists of all Gram-positive
bacteria with a high G + C content in their genome. Currently, the genus contains
16 species of which the human skin commensal and pathogen Propionibacterium
acne is doubtless the most studied. PAB are found to be ubiquitous, ferment a wide
range of carbon sources to gain energy and are mostly aerotolerant. Most PAB
strains produce B,,, and especially, P. freudenreichii strains produce high quan-
tities (Vorobjeva, 1999; Hugenschmidt et al., 2010). Propionibacterium sp. are
classically divided into two groups, ‘dairy-’ and ‘cutaneous-’ derived members
(Patrick and McDowell, 2012). Dairy-related species include P, freudenreichii (ssp.
shermanii and ssp. freudenreichii) and Propionibacterium jensenii, all originally
isolated from Swiss-type cheese. P. freudenreichii subsp. freudenreichii cannot
ferment lactose and has a nitrate reductase activity, whereas P. freudenreichii
subsp. shermanii is capable of lactose fermentation but cannot reduce nitrate.
However, phylogenetic analyses and the identification of P. freudenreichii strains
possessing or lacking both features suggest that the division into subspecies is
not justified anymore (Dalmasso et al., 2011; Thierry et al., 2011).

The name ‘Propionibacterium’ originates from their ability to produce large
amounts of propionic acid, as well as acetate and carbon dioxide out of fer-
mentable carbon sources. Remarkably, lactate can also be used as carbon source
which also results in the production of propionic acid as fermentation end
product. The latter conversion occurs in Swiss-type cheese, where the lactate
produced by lactic acid bacteria is used by PAB, giving the cheese a nutty taste,
whereas carbon dioxide production leads to the production of the typical large
holes. The conversion of lactate produced by other fermenting bacteria, also
known as secondary fermentation, is a distinguishing feature of the genus, and
lactate as sole carbon source is a powerful method allowing the isolation of PAB
from fermented dairy products (Drinan and Cogan, 1992).

PAB have a unique fermentative pathway to produce propionic acid. Under
anaerobic or micro-aerobic conditions, PAB metabolise glucose by glycolysis to
pyruvate which is then oxidised to acetate and carbon dioxide. The reducing power
produced in this conversion is used in the methylmalonyl-CoA, randomising
or Wood—Werkman cycle to produce propionic acid. The methylmalonyl-CoA
pathway is dependent on two vitamins: biotin for transfer of CO, and AdoB,
for conversion of succinyl-CoA to R-methylmalonyl. The pathway converts
pyruvate by a reverse citrate cycle to succinyl-CoA, which is then converted
to R-methylmalonyl and eventually to the end-product propionic acid. ATP is
produced in the glycolysis and an additional ATP in the methylmalonyl-CoA
pathway, with the latter ATP unique for PAB (Dalmasso et al., 2011). The B,,
dependency of the pathway explains the production of this vitamin by PAB.

PAB are capable of growth under micro-aerobic conditions and can use molec-
ular oxygen as electron acceptor (Vorobjeva, 1999). All the genes needed to pro-
duce a respiratory chain are present in the genome of P. freudenreichii (Falentin
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et al., 2010). Remarkably, if a culture is shifted from anaerobic to aerobic condi-
tions, P, freudenreichii starts to use propionate and produce pyruvate by a reverse
methylmalonyl-CoA pathway and using oxygen as final electron acceptor (Ye et al.,
1999). The production of B,, was shown to stop under aerobic conditions, but
restarted rapidly when switched back to anaerobic conditions (Ye et al., 1999).
Other inorganic electron acceptors that can be used by PAB are sulfite, nitrate
and iron (Vorobjeva, 1999). The latter case is an indirect use of inorganic electron
acceptors; humic acid is used as electron acceptor which is oxidised by ferric iron
(Benz, Schink and Brune, 1998).

6.6.1.2

Pseudomonades

Pseudomonas is a diverse genus of Gram-negative rods occurring in various
environmental niches and belonging to the class of y-proteobacteria and the
family Pseudomonadaceae containing 191 validly described species (LPSN,
1998). Pseudomonades are straight or slightly curved rods which are flagellated,
and hence motile, and accumulate poly-g-hydroxybutyrate as storage molecule
(Kersters et al., 1996). They grow aerobically and use oxygen as electron acceptor.
Some species, such as Pseudomonas stutzeri, are able to use nitrate as electron
acceptor. The genus has gone through some taxonomic reclassifications, and the
genus Pseudomonas sensu stricto can only be differentiated based on 16S RNA
sequence comparisons. Some Pseudomonas species are opportunistic pathogens
such as Pseudomonas aeruginosa and the plant pathogen Pseudomonas syringae.
P aeruginosa and the biochemical versatile species Pseudomonas putida and
Pseudomonas fluorescens are by far the best-studied members of the genus,
whereas reports on other species are rare (Palleroni, 2005). The capability to
produce By, is present in many Pseudomonas species, for example, P. aeruginosa
and P, putida (Cameron ef al., 1989; Lee et al., 2012).

Pseudomonades have excellent properties for a broad range of biotechnology
uses due to their metabolic versatility. They can grow rapidly on inexpensive and
simple formula, are robust and genetically accessible and their metabolic features
have been extensively studied. Nowadays, Pseudomonas species, especially
P putida, are widely used for the production of complex organic compounds,
including B,,, which are used for bio-based polymers, pharmaceuticals and
herbicides (Poblete-Castro et al., 2012). However, the close relation of P. putida to
the pathogen P. aeruginosa complicates its use as producer organism for medical
and food applications.

Currently, P. denitrificans is almost exclusively used for industrial production
of By, because of its technical properties such as rapid aerobic growth and high
productivity (Li et al., 2008; Laudert and Hohmann, 2011). P. denitrificans was
first described in 1903, but the species was placed on the list of nomina reji-
cienda by the Society for General Microbiology in 1982 (Bacteriology, 1982). The
decision was based on observations that P. denitrificans isolates did not match
the species description, whereas other Pseudomonas isolates clearly belonging to
other species did (Doudoroff et al., 1974). Nevertheless, three isolates were further
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considered in the literature as P, denitrificans. The neotype IAM 12023 designating
from NCIB 10465 (=ATCC 19244) was proposed to be reclassified as P. denitri-
ficans and is closely related to Pseudomonas pertucinogena (Anzai et al., 2000).
To our knowledge, derivatives from this isolate were never used for B}, research.
The genome of NCIB 9496 (=ATCC 13867), clearly a different species than NCIB
10465 (Doudoroff et al., 1974), was completely sequenced and published as P. den-
itrificans (Ainala, Somasundar and Park, 2013). Research on this strain focused
mainly on nitrite reduction and not on B,, production. In addition to these two
isolates, a By, production strain owned and well-studied by the Merck company is
commonly named P. denitrificans MB580 (Long and Parlin, 1962; Demain et al.,
1968). The species ambiguity is known, as explained in the following statement:
‘although the taxonomic validity of the species P, denitrificans is questionable, we
retain this taxonomic definition for strains derived from MB580’ (Cameron et al.,
1989). Recent papers on B,, production by P. denitrificans use ‘industrial produc-
tion’ strain without any further references. The exact species of the production
strains is not clear, nor their relation to each other and to other strains assigned
to the former species P. denitrificans.

General characteristics of P. denitrificans cannot be listed because the species
does not exist anymore. The capability of P denitrificans strains to produce
B,, seems solely related to methionine biosynthesis, because growth of some
methionine auxotrophic mutants can be restored by B, addition (Lago and
Demain, 1969). Moreover, genes encoding for the other B,,-dependent reactions,
that is, glycerol dehydration and succinyl-CoA to R-methylmalonyl conversion,
are absent in the P, denitrificans ATCC 13867 genomes (KEGG, 2015).

6.6.2
Biosynthesis and Metabolic Regulation

Synthesis of By, starts with a set of reactions shared by the synthesis pathways of
all tetrapyrrole containing molecules in living cells, including haem and chloro-
phyll. The biosynthesis of B;, is commonly divided into three parts: the synthesis
of uroporphyrinogen III, the corrin ring formation and the corrin ring adeny-
lation and nucleotide group assembly (Santos, 2008). The synthesis starts with
5-aminolevulinate, which can be produced from glutamate in the C;-pathway or
from glycine in the C,-pathway or Shemin-pathway. The C,-pathway occurs in
humans and is the start of haem synthesis. Most bacteria use the C,-pathway but
a-proteobacteria are known to use C,-pathway. Alternatively, 5-aminolevulinate
can be transported into the cell (Martens et al., 2002). In the next step, two
molecules 5-aminolevulinate combine to form a heterocyclic aromatic ring
known as pyrrole, and four pyrroles are then cyclised into uroporphyrinogen III, a
large ring molecule. Uroporphyrinogen III can be decarboxylated as occurs in the
synthesis of haems and chlorophylls, or it can be methylated to form precorrin-2,
the last common metabolite for the synthesis of coenzyme F430, sirohaem and
cobalamin. At precorrin-2, the cobalamin pathway diverges into an aerobic and
anaerobic pathway (Martens et al., 2002; Moore and Warren, 2012).
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Two distinct pathways for corrin ring formation occur in nature, aerobic and
anaerobic, with one main difference concerning the chelation of cobalt. Synthesis
by the aerobic pathway was extensively researched in P denitrificans, and the
anaerobic pathway was elucidated in Salmonella enterica subsp. enterica serovar
Typhimurium. In the anaerobic pathway, cobalt is inserted at an early stage and
the reaction is not ATP-dependent. In the aerobic pathway, the insertion of cobalt
occurs nine enzymatic steps later and is ATP-dependent. The corresponding
cobalt chelatases that catalyse the entrapment of cobalt into the ring are not
related. As a consequence, the intermediates of the anaerobic pathway are cobalt
complexes, whereas those of the aerobic pathway are not, resulting in different
substrate specificities (Martens et al., 2002). However, for both pathways, a ring
contraction occurs by the removal of the C-20 atom of the ring and the end prod-
uct is Cob(Il)yrinic acid a,c-diamide, the corrin ring of B,,. Genes of the anaerobic
and aerobic synthetic pathways are designated cobinamide-biosynthesis (cbi)
s and cobalaminbiosynthesis (cob) genes, respectively. The synthesis pathways
are the aerobic pathway for P. denitrificans and Rhodobacter capsulatus (Heldt
et al., 2005) and the anaerobic pathway for S. Typhimurium, B. megaterium and
P. freudenreichii ssp. shermanii (Moore and Warren, 2012).

In the final steps of synthesis, reduction of the corrin ring serves to stabilise
the cobalt chelation. Then, adenylation of the cobalt occurs, forming the B-ligand.
Finally, the a-ligand is produced by a set of reactions. First an amino-propanol
arm is attached to the corrin ring and phosphorylated or, alternatively, an already
phosphorylated amino-propanol arm is attached. The phosphor group is than
activated by addition of an adenosine-GDP at the expense of one GTP. Concomi-
tantly, an a-ribazole ((a)-b-ribosyl-5,6-dimethylbenzimidazole) is activated and a
transferase reaction takes place which replaces adenosine-GDP by a-ribazole and
results in the formation of coenzyme B,,.

6.6.3
Engineering of B,, Production

6.6.3.1

Propionibacteria

Knowledge of the biosynthetic pathway and the corresponding genes is highly
beneficial in controlling and improving the biotechnological production of any
compound. Synthesis of B;, by PAB has been extensively studied in P. freuden-
reichii subsp. shermanii. This microbe uses the C, and C, pathways for the pro-
duction of the precursor 5-aminolevulinate concomitantly with a flux estimated
to be 50—-65% by the C, pathway (Iida and Kajiwara, 2000). The anaerobic path-
way is used for ring contraction, independent of aerobic or anaerobic conditions
by all PAB (lida, Ohtaka and Kajiwara, 2007). Genes involved in the biosynthesis
are organised into two clusters in P acne and Propionibacterium acidipropionici
(Parizzi et al., 2012). A small cluster encodes for 5-aminolevulinate synthesis and
uroporphyrinogen III formation and a large cluster for cobalt transport and B,
synthesis. In P, freudenreichii, the genes are organised in four clusters. One cluster
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encodes a cobalt transporter, a second for the anaerobic pathway, a third for corrin
ring modification and the fourth cluster contains genes for uroporphyrinogen III
formation (Falentin et al., 2010). In general, the clusters for B,, differ on the pres-
ence or absence of some transporters and on the occurrence of fused genes. The
operon cbiEGH is found in all PAB, but the organisation of cob genes is different
(Parizzi et al., 2012).

Genetic engineering has been applied to improve the production of B, by
P. freudenreichii. Overexpression of several genes involved in By, biosynthesis
resulted in 1.5- to 1.9-fold increased yield (Piao et al, 2004). However, only
seven genes were higher expressed, all encoding enzymes involved in the corrin
formation. Possibly these enzymes do not catalyse a bottle-neck reaction in
B,, synthesis, and therefore, higher production by genetic engineering is still
feasible, as described for P. denitrificans (Blanche et al., 1998). Genome shuftling
is another genetic method and does not lead to genetically modified organisms.
This method was used to produce a variant of P. freudenreichii subsp. shermanii
which could produce 2.8 mg/l as compared with 1.8 mg/l by the parent strain
(Zhang et al., 2010).

Vectors for metabolic engineering in PAB have been developed and successfully
applied to enhance propionic acid and 5-aminolevulinate production (Kiatpapan
and Murooka, 2001; Zhuge et al., 2013). High B,, production yields are, how-
ever, difficult to reach due to the complexity of the B, pathway (Piao et al., 2004)
and also product-feedback inhibition (Biedendieck et al., 2010). Consequently,
medium and process optimisation seems to be the most promising strategy now.

6.6.3.2

Pseudomonades

Genetic methods to improve B,, production by P. denitrificans were also suc-
cessful. Several random mutagenesis steps with the production strains MB580
resulted in the high-producing strain SC510 (Cameron et al., 1989). Elucidation
of the B, biosynthesis pathway and cloning of the 22 cobalamin biosynthetic
genes of the organism was used by researchers at Rhone Poulenc (now Sanofi-
Aventis) to construct genetically engineered production strains (Blanche et al.,
1998). Although there are no published data, the resulting strains presumably have
technological benefits in terms of productivity and yield on raw materials over
strains solely obtained by classical random mutagenesis and selection. The gen-
eral consensus is that these engineered production strains might produce up to
300 mg/] under optimised fermentation conditions (Martens et al., 2002).

6.6.4
Fermentation Process

6.6.4.1

Propionibacteria

PAB exhibit a complex metabolism but have few nutritional requirements.
P, freudenreichii is able to synthesise all amino acids, and all but a few vitamins,
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and can grow on chemically defined media containing a carbon and energy
source; NH, as nitrogen source; minerals and vitamins (pantothenate, biotin,
thiamine) (Thierry et al., 2011). They primarily synthesise coenzyme forms
of B;, (AdoB;, and MeB,,), however, they may synthesise small amounts of
cobamides inactive for humans, for example, pseudovitamin B,,. B, production
by PAB is intracellular with an accumulation in the stationary phase (Yongsmith
et al., 1982); extracellular B, has also been detected but is likely released after
cell lysis. Production of B, is highly strain-dependent and screening of large
diversity of strains has been done to identify high producers (Hugenschmidt
et al., 2010). Additionally, many studies have been carried out to optimise the
medium composition and to improve the cultivation process (suspended and
planktonic cells, batch, fed-batch and continuous) in order to enhance the B,
yield and productivity of P. freudenreichii and also of P. denitrificans and decrease
production costs (Spalla et al., 1989; Survase, Bajaj and Singhal, 2006; Kang et al.,
2012).

PAB ferment a variety of substrates, including carbohydrates, polyols such as
glycerol and organic acids such as lactic acid (Thierry et al., 2011). In B,, synthe-
sis, the culture-medium carbon source may consist of glucose, sucrose or a glucose
and fructose mixture (inverted molasses) at concentrations of 50—100 g/l. The
medium is supplemented with nitrogenous compounds which also supply growth
enhancers and other nutrients including yeast extract, casein hydrolysate and corn
steep liquor (50—-70g/l, (Spalla et al., 1989)). Suitability of dairy waste such as
whey or whey permeate (containing lactose and lactic acid) has also been studied
for B, production (Marwaha and Sethi, 1984; Hugenschmidt, Miescher Schwen-
ninger and Lacroix, 2011). Other components are typically added to stimulate
the fermentation: small amounts of ferrous, manganous and magnesium salts, in
addition to cobalt salts (60— 100 mg/1), and the B,, precursor DMBI (10—25 mg/1)
(Marwaha, Sethi and Kennedy, 1983a,b; Spalla et al., 1989). Betaine, and to some
extent choline, and glutamic acid have shown stimulatory effects on B;, produc-
tion (Marwaha et al., 1983c).

Generally, the temperature of the culture is set at 30 °C, close to the optimum
growth temperature for PAB. The pH of the culture has to be controlled, usually
in the range 6.5-7, to neutralise the accumulated organic acids and prevent inhi-
bition of the culture by low pH and undissociated acetic and propionic acids. PAB
used in industrial production are microaerophilic and produce B,, in high yields
only under very low oxygen concentrations. However, oxygen might be needed to
stimulate B,, production or facilitate the attachment of DMBI. Although PAB are
able to synthesise DMBI from riboflavin, at least one step seems to require oxy-
gen (Gray and Escalante-Semerena, 2007). The B,, bioprocess is usually divided
into two stages (Martens et al., 2002; Hugenschmidt, Miescher Schwenninger and
Lacroix, 2011). In the first 3 days of fermentation, the bacteria are incubated anaer-
obically to enhance growth while they produce a B,, intermediate missing the
DMBI moiety. Subsequently, the fermentation is completed by gentle aeration of
the whole culture for 1-3 days, allowing the bacteria to undertake the oxygen-
dependent synthesis of DMBI and link it to cobamide (Martens et al., 2002).
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To reduce the concentration of inhibitory propionic acid, the culture can be
switched to aerobic and back to anaerobic conditions. Propionic acid is utilised
during the aerobic phase resulting in higher B;, production in a new anaerobic
cycle. This switching sequence resulted in an increased yield from 6 to 12 mg/l
(Miyano, Ye and Shimizu, 2000). In a mixed culture with the propionic acid util-
ising Ralstonia eutropha, the propionic acid concentration was reduced under
aerobic conditions and the yield could be further increased to 19 mg/1 (Miyano, Ye
and Shimizu, 2000). Recently, an expanded bed absorption in situ product recov-
ery (ISPR) process was developed to bind propionic acid with a resin, prevent the
accumulation of inhibitory product for cell growth and B, biosynthesis, and facil-
itated the DSP, but only resulted in an 18% increase in B,, yield (Wang et al., 2012).

A process combining lactic acid bacteria and PAB was recently reported and
patented for concurrent production of B;, and natural folate (B,) in a food-grade
fermentation process in whey permeate medium (Smid and Lacroix, 2013; Hugen-
schmidt, Miescher Schwenninger and Lacroix, 2011). This co-cultivation is a clas-
sic example of commensalism, with a trophic chain for the carbon source and
synergistic growth effects. The two vitamins are co-metabolised in humans, and
their ratio could be adjusted for optimal nutritional effects by manipulating fer-
mentation conditions. The fermentate produced in a food-grade process, contain-
ing high vitamin concentrations in physiological ratio, could be directly used as a
vitamin bioingredient without extraction and purification steps (Hugenschmidt,
Miescher Schwenninger and Lacroix, 2011).

6.6.4.2

Pseudomonades

Studies on B;, production were mainly performed with the production strain
P, denitrificans MB580, and its overproducing derivative SC510. P. denitrificans
uses the aerobic pathway for B,, synthesis and genes encoding for B,, production
are located on four loci on the genome (Cameron et al., 1989). In contrast with
PAB, cobalamin biosynthesis of Pseudomonas occurs parallel to growth under
aerobic conditions (Spalla et al., 1989). Production of B;, was optimised by
medium optimisation, fermentation settings and genetic engineering. Fermenta-
tion is conducted with aeration and agitation, in the presence of nutrients, such
as yeast extract, sucrose and several mineral salts in the growth medium, at pH of
about 7 and 30 °C for a period of 6—7 days, giving a yield >150 mg/I (Spalla et al.,
1989). The fermentation is well aerated during the exponential growth phase, but
B,, production is enhanced by controlling the dissolved oxygen concentration
(DOC) and also the level of CO, in the inlet gas. Biomass and B,, production both
are oxygen-dependent, but the latter is favoured by lower DOC as compared with
the first. Therefore, a multi-stage DOC control strategy was recently validated at
large fermentation scale of 120 m3. The fermentation started with a high DOC
period (8—10%) to allow biomass production followed by a progressive reduction
to 2—5% (49-106h) and below 2% (107-168h) DOC, for an increase of By,
production of about 20% compared to DOC-stat strategy (Li et al., 2012; Peng
et al., 2014). Furthermore, an optimal exhausted CO, fraction control strategy
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was also recently reported which included aeration of the culture with a defined
mixture of air and CO, that enhanced the B,, yield by about 10% compared with
the control (Wang et al., 2014).

Components of the medium have been extensively investigated to enhance
vitamin B,, production. The medium has to be supplemented at the beginning
of the culture with 10—25mg/l of DMBI and 40-200 mg/1 of cobaltous nitrate
(Daniels, 1970). Addition of betaine or choline as methyl donor stimulates
production of By, precursor §-aminolevulinic acid and results in increased By,
production (Demain et al., 1968; Fa, Kusel and Demain, 1984). In addition, B,
biosynthesis includes seven other methylation reactions which are probably
stimulated by betaine addition (Laudert and Hohmann, 2011). The production of
the precursors glutamate and glycine as well as methionine was also enhanced by
betaine addition (Xia et al., 2015). Sugar beet molasses is often used as carbon
source because of its high betaine and glutamate content (Moine et al., 2012;
Li et al., 2013). A set up with betaine-control feeding was tested to prevent
inhibition of cell growth by elevated betaine concentrations. An effective and
economical strategy was reported for B;, fermentation in a 120-m> fermenter,
with continuous feeding of betaine to maintain its concentration of the broth in
the range of 5-7 g/l during 50—140h of fermentation, resulting in an increase
of about 10% of B,, yield compared with the control (Li et al, 2008). Under
optimal fermentation conditions, around 200 mg/1 B,, predominantly in the form
of AdoB;, accumulates in the fermentation medium during 7-day runs (Laudert
and Hohmann, 2011).

6.7
Downstream Processing; Purification and Formulation

DSP is most important for commercial success of fermentation products. DSP
includes the various stages of processing that occur after the completion of the
fermentation or bioconversion stage, including separation, purification and pack-
aging of the product. Fermentations produce a mixture of MeB,,, OHB;, and
AdoB,, which are not separately isolated, thus avoiding tedious manipulations.
OHB,, is obtained when cobalamins are converted to the chloro, sulfate or nitrate
form during extraction and then subjected to alkaline ion exchange (Moine et al.,
2012). AdoB,, and MeB,, are isolated directly from the fermentation broth.

The major aim of DSP is to produce B, with a high degree of purity, particularly
when the producing organism (e.g. Pseudomonas) is non-food grade or genetically
modified. General DSP conditions have been reported, and these apply for intra-
cellular B,, (Spalla et al., 1989; Survase, Bajaj and Singhal, 2006). Briefly described,
DSP of intracellular B,, involves biomass separation by centrifugation to obtain a
cell concentrate. Cell lysis is typically induced by heating the cell suspension, for
example, 80—120 °C for 10-30 min at pH 6.5-8.5. The produced B,, forms are
converted to CNB;,, by addition of potassium cyanide, usually in the presence of
sodium nitrite and heat. The vitamin solution is clarified by filtration, treatment
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with zinc chloride and then precipitated by the addition of tannic acid or cresol
to give a product with 80% purity, sufficient for use as an animal food additive.
For pharmaceuticals or food supplements, the clarified solution requires several
more extractions with organic solvents, such as carbon tetrachloride, and then
with water and butanol. Adsorption processes such as using ion exchangers, alu-
minium oxide or activated carbon can also be used. Pure B, is finally obtained by
crystallisation after the addition of organic solvents, such as phenol, and water.

Production in a food-grade process using natural P, freudenreichii (GRAS status)
may allow simplifying the DSP steps, therefore facilitating the production of nat-
ural supplements. Typical DSP steps include concentration and drying (e.g. spray
drying) (Hugenschmidt, Miescher Schwenninger and Lacroix, 2011).

6.8
Application and Economics

The most important sectors for B;, are food/feed industry and supplement
and pharmaceutical industry (Moine et al., 2012; DSM, 2015). B, is available
in numerous forms (from chewable tablets to nasal spray and injection) and
grades. The United States is by far the single largest market on a per capita basis,
for B;, used in dietary supplement formulations. Pharmaceutical B,, is used
for treating and preventing B,, deficiency and for treating pernicious anaemia.
Furthermore, it can be used for treating cyanide poisoning (Hamel, 2011) and for
lowering homocysteine levels (WebMD, 2015). Additional claims of B;, benefits
are reductions in memory loss in Alzheimer’s disease and stimulations of mood,
energy, concentration and the immune system, but scientific evidence is lacking
(WebMD, 2015). Animal feed is fortified with B,, worldwide, also for ruminants,
accounting for fairly wide usage (DSM, 2015). Generally, it is dosed into all animal
feeds in Europe and the United States with the exception of ruminants. The
dosage levels are of 10—30 mg/t of feed for poultry, pigs and for calves as milk
replacer (Spalla et al., 1989).

CNB,, is the most produced B, form and is mainly produced for the food sector
as food additive (Spalla et al., 1989; Moine et al., 2012). OHB,, is produced mainly
for the pharmaceutical industry due to its higher uptake and a more sustained
serum level compared with CNB,, (Heinrich, 1970). For the same reasons, AdoB,
and MeB,, are used in the pharmaceutical industry, whereas their application in
food industry is planned for the future (Aguilar et al., 2008).

More than 1000 patents on B;, production have been published, most of them
no longer existing (Moine et al., 2012). It is very difficult to get reliable published
estimates for the overall world market, because information is either not sourced
or carried over from older papers with no update. A high increase of B, produc-
tion occurred over the last 25 years, from approximately 3 metric tons per year
in 1989 (Spalla et al., 1989) to more than 10 t/year in 2005, for worldwide market
worth €77 million (Kaesler, 2005) and 30 t/year estimated in 2011 (Laudert and
Hohmann, 2011), with a tendency to increase. A selling price of several thousand
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euros per kilogram attracted a number of Chinese producers into the market that
was dominated by French Sanofi-Aventis. China is dominant on this market with
large producers such as CSPC Huarong Pharmaceutical Company, NCPC Victor,
Yufeng Bioengineering and Duowei Pharmaceutical Company. As a result, the
market is currently characterised by severe production overcapacities and con-
comitant price pressure (Laudert and Hohmann, 2011).

6.9
Conclusions and Outlook

B,, is a very complex water-soluble vitamin, produced by a limited number of
microorganisms and found only in animal products. From food or supplements, it
follows an intricate pathway of absorption and transfer into cells, where it assumes
its main metabolic function as an essential coenzyme for two important enzymes
in humans, methionine synthase and methylmalonyl-CoA. Nowadays, the supply
of By, relies almost exclusively on biotechnological production using P. denitrif-
icans which has been developed to reach high-yield and large-scale production,
using optimised processes and, in some cases, engineered strains. In addition to its
classical role as an essential nutrient, B;, might also have additional unidentified
roles. As recently proposed, B;, might be molecule of exchange among producers
and users in natural ecosystems such as the gut or oceans. Moreover, B,, could
be an important modulating factor impacting on gut microbiota and gut func-
tions. Future demand for B;, will likely continue to increase in both developed
and developing countries, mainly due to increases in human and animal popula-
tions, growing popularity of vegan and vegetarian diets, limited supply of animal
foods combined with environmental issues for their production and the ageing
population with higher needs for B,,-fortified food. In addition to supplement-
ing food with purified forms of B,,, in situ production during food fermenta-
tion and addition of food-grade bioingredients produced only by P. freudenreichii
may become increasingly important to the supply of B;, for humans and greatly
simplifying DSP.
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7
Industrial Fermentation of Vitamin C
Weichao Yang and Hui Xu

7.1
Introduction and Historical Outline

Vitamin C, also named as L-ascorbic acid (Asc), is a water-soluble vitamin
that is essential for humans, non-human primates and a few other mammals
(Sauberlich, 1994; Padh, 2009). The discovery of Asc is related with the disease
of scurvy (Sauberlich, 1997). Scurvy was a common disease in the world’s navies
and sailors until the beginning of the nineteenth century, with serious symptoms
such as bleeding of mucous membranes, anaemia and eventually death (Hoffer,
1989; Sauberlich, 1997; Eggersdorfer et al., 2012). Medical studies by doctors
Lind and Blane showed that scurvy results from the lack of a nutritional factor in
the human diet. This was originally designated as the antiscorbutic factor (Hoffer,
1989; Carpenter, 2012). In 1928, Albert Szent-Gyergyi first isolated the Asc from
adrenal glands and called it hexuronic acid (Svirbely and Szent-Gyorgyi, 1932).
Four years later, Charles Glen King isolated Asc in his laboratory and concluded
that it was the same as hexuronic acid. In 1933, Norman Haworth deduced the
chemical structure of Asc (Carpenter, 2012) (Figure 7.1).

After the discovery of Asc, a demand for pure Asc began to be seen, which
triggered the development of industrial production processes in the early 1930s
(Pappenberger and Hohmann, 2014). Between 1933 and 1934, not only Haworth
and fellow British chemist Edmund Hirsthad synthesised Asc, but also, inde-
pendently, the Polish chemist Tadeus Reichstein (Figure 7.2), succeeded in
synthesising the vitamin in bulk, making it the first vitamin to be artificially
produced (Stacey and Manners, 1978). The latter process made possible the cheap
mass-production of semi-synthetic Asc, which was quickly marketed. Haworth
was awarded the 1937 Nobel Prize in Chemistry in part for this work, but the
Reichstein process, a combined chemical and bacterial fermentation sequence
still used today to produce vitamin C, retained Reichstein’s name (Boudrant, 1990;
Bremus et al., 2006). In 1934, Hoffmann—La Roche, which bought the Reichstein
process patent, became the first pharmaceutical company to mass-produce and
market synthetic vitamin C, under the brand name Redoxon (Béchi, 2008).
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OH HO

HO

OH Figure 7.1 Vitamin C (L-ascorbic acid).

Ad”
‘ Figure 7.2 Tadeus Reichstein. (Source: Roche Historical Archive.)

In the late 1960s and early 1970s, a two-step microbial fermentation process was
developed in China (Yin et al., 1980). Compared to the Reichstein process, the
new fermentation process provides a clear cost benefit: it requires not only less
chemicals and energy but also significantly low investment in production equip-
ment (Xu et al., 2004). Therefore, the two-step fermentation process substituted
the classical Reichstein process and was widely applied by Chinese manufacturers
that produced more than 80% of vitamin C in the world market (Pappenberger and
Hohmann, 2014). Currently, more than 100000t vitamin C are produced every
year in the world and have been widely used in the food, beverage, animal feed
and pharmaceutical industries (Bremus et al., 2006; Mandlaa, 2014).

7.2
Occurrence in Natural/Food Sources

7.2.1
Occurrence of Asc in Foods

The majority of species of animals (but not humans or guinea pigs) and plants can
synthesise their own Asc (Chatterjee et al., 1975; Wheeler, Jones and Smirnoff,
1998; Linster and Van Schaftingen, 2007). Hence, the Asc are widely distributed
in most foods of plant and animal origin. In foods of plant origin, the Asc amount
depends on the variety of the plant, soil condition, climate where it grew, storage
conditions and method of preparation (Lee and Kader, 2000; Kosheleva and
Kodentsova, 2012). Generally, the richest natural sources of Asc are fruits and
vegetables (Kaur and Kapoor, 2002; Proteggente et al., 2002), and of those, the
Kakadu plum and the camu camu fruit contain the highest concentration of
the Asc (Simion et al., 2008). In foods of animal origin, Asc is most present in
the liver and least present in the muscle. Therefore, the animal liver can be used



7.2 Occurrence in Natural/Food Sources | 163

Table 7.1 Vitamin C content in different fruits and vegetables.?

Plant sources Amount Plant sources Amount Plant sources Amount
(mg/100g) (mg/100g) (mg/100g)
Kakadu plum  1000-5300 Pineapple 48 Tomato 10
Camu camu 2800 Cauliflower 48 Pawpaw 10
Acerola 1677 Kale 41 Grape 10
Chili pepper 244 Melon 40 Watermelon 10
Guava 228.3 Garlic 31 Banana 9
Red pepper 190 Grapefruit 30 Onion 7.4
Kiwifruit 144 Raspberry 30 Cherry 7
Broccoli 90 Tangerine 30 Peach 7
Loganberry 80 Mandarin orange 30 Carrot 6
Redcurrant 80 Passion fruit 30 Apple 6
Wolfberry 73 Spinach 30 Asparagus 6
Lychee 70 Lime 30 Horned melon 5.3
strawberry 60 Mango 28 Chokecherry 5
Orange 53 Blackberry 21 Pear 4
Lemon 53 Potato 20 Cucumber 3

a) Data is from Wikipedia, http://en.wikipedia.org/wiki/Vitamin_C#cite_note-109.

as a source of dietary Asc. However, the animal muscle, not liver, provides the
majority of meat consumed in human diet, which indicated that animal products
are not a reliable source of the dietary Asc for people. Hence, only the food
of plant origin, especially from the fruits and vegetables, supplied rich Asc to
meet the needs of human body (Proteggente et al., 2002; Kaur and Kapoor, 2002;
Kosheleva and Kodentsova, 2012).

Table 7.1 summarises the relative abundance in different fruits or vegeta-
bles (from Wikipedia, http://en.wikipedia.org/wiki/Vitamin_C#cite_note-109).
The citrus fruits (orange, grapefruit, lime and lemon) are excellent sources
of Asc. Many non-citrus fruits are highly rated sources as well. Strawberries,
pineapple and kiwifruit are also excellent Asc sources. In addition, blueberries,
watermelons, apples, pears and bananas are examples of very good Asc sources.
Many vegetables, such as broccoli, kale, spinach and carrot, are also excellent
sources of Asc.

Asc concentrations in various food substances decrease with time in propor-
tion to the temperature which they are stored at (Roig, Rivera and Kennedy, 1995).
Cooking can reduce the Asc content of vegetables by around 60% possibly partly
due to increased enzymatic destruction as it may be more significant at sub-boiling
temperatures (Allen and Burgess, 1950). Longer cooking times also add to this
effect, as will copper food vessels, which catalyse the decomposition. Another
cause of Asc being lost from food is leaching, where the water-soluble vitamin
dissolves into the cooking water, which is later poured away and not consumed.
However, Asc does not leach in all vegetables at the same rate; research shows that
broccoli seems to retain more than any other (Combs, 2001).
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Biosynthesis of Asc in Plants and Mammals

There are different pathways for Asc biosynthesis in animals and plants (Linster
and Van Schaftingen, 2007). In animals, firstly, the hydroxy function at Cg
of UDP-p-glucose is oxidised to form the UDP-p-glucuronic acid. The UDP
is then removed by hydrolysis and the aldehyde function at C, is reduced,
which leads to the inversion of the numbering of the carbon skeleton (Pap-
penberger and Hohmann, 2014). The new chemical product is called L-gulonic
acid which is converted to its lactone and finally oxidised to Asc (Linster
and Van Schaftingen, 2007). In plants, however, the carbon numbering is not
inverted during the formation of Asc. After two isomerisation reactions for
converting D-glucose to D-mannose, the GTP-activated GDP-D-mannose is
converted to L-galactonolactone, which is eventually oxidised to Asc. Smirnoff
and Wheeler, 2000.

7.3
Physiological Role of Asc

In humans, Asc performs numerous physiological functions, such as the synthesis
of collagen, carnitine and neurotransmitters; the synthesis and catabolism of tyro-
sine and the metabolism of microsome (Chatterjee et al., 1975; Gropper, Smith
and Grodd, 2005). During these biosynthesis and metabolism, Asc acts as a reduc-
ing agent, donating electrons and preventing oxidation to keep iron or copper
atoms in their reduced states (Sies, Stahl and Sundquist, 1992; Gropper, Smith and
Grodd, 2005). In addition, Asc acts as a scavenger of many reactive oxygen species,
such as singlet oxygen and superoxide anions (Linetsky, Ranson and Ortwerth,
1998; Wenzel et al., 2004).

Research results have identified that Asc acts as an electron donor for several
different enzymes. Three enzymes (prolyl-3-hydroxylase, prolyl-4-hydroxylase
and lysyl hydroxylase) are required for the hydroxylation of proline and lysine in
the synthesis of collagen (Kivirikko and Myllyl4, 1985; Peterkofsky, 1991; Prockop
and Kivirikko, 1995). Two enzymes (e-N-trimethyl-L-lysine hydroxylase and
y-butyrobetaine hydroxylase) are necessary for the synthesis of carnitine (Dunn
et al., 1984; Rebouche, 1991), which is essential for the transport of fatty acids
into mitochondria for ATP generation. In addition, dopamine beta-hydroxylase
(Kaufman, 1974), Peptidylglycine alpha-amidating monooxygenase (Eipper
et al., 1993) and 4-hydroxyphenylpyruvate dioxygenase (Lindblad, Lindstedt
and Lindstedt, 1970) also need the electron donated by Asc. Furthermore,
recent findings on the specific requirement of Asc for the activity of several
2-oxoacid-dependent dioxygenases involved in cell signalling and the activation
of transcription factors open new fascinating perspectives for further research
(De Tullio and Arrigoni, 2004).



7.5  Assay Methods

Asc has side effects in humans (Briggs, 1973). Relatively large doses of Asc may
cause indigestion and diarrhoea, particularly when taken on an empty stomach
(Pauling, 1976). In addition, some research results also showed that overdose of
Asc resulted in the iron overload disorder and kidney stones (Cook and Reddy,
2001; Massey, Liebman and Kynast-Gales, 2005; Thomas et al., 2013). However, it
is estimated that the potential benefits of high doses of Asc outweigh the possible
side effects (Lewin, 1976).

In plants, Asc is associated with chloroplasts and apparently plays a role in ame-
liorating the oxidative stress of photosynthesis. In addition, it has a number of
other roles in cell division and protein modification (Smirnoff, 1996).

74
Chemical and Physical Properties

The chemical name of Asc is 2-oxo-L-threo-hexono-1,4-lactone-2,3-enediol. Its
molecular formula was C;HgO4 with a molecular weight of 176.13. Asc has two
chiral carbon atoms in its molecule, so there are four kinds of optical isomers.
Because of the possibility to form hydrogen bonds in the five-membered ring, the
enol isomer is highly preferred to the keto-isomer (Pappenberger and Hohmann,
2014). The chemical structure of Asc is unique and the hydrogen on enolic
hydroxyl groups (between C, and C;) can be easily freed, which make the Asc
show acidity and strong reduction. This reductive characteristic of Asc plays an
important role in its biological functions (Mandl, Szarka and Bédnhegyi, 2009).

Asc is a white crystal at room temperature, odourless, has a melting point of
190-192 °C, exhibits acidity, is soluble in water, slightly soluble in alcohol and
glycerine, insoluble in chloroform and ethyl ether. Asc is readily oxidised by, O,,
Fe®* and Cu?* under light and high temperature.

7.5
Assay Methods

Many analytical methods have been reported in the literature for the
determination of the ascorbic acid contents in different pharmaceutical products,
fruits, vegetables and biological fluids. These include titrimetric (Verma, 1982;
Arya, Mahajan and Jain, 1998; Kabasakalis, Siopidou and Moshatou, 2000),
electrochemical (Li et al., 2006), fluorimetric (Wu et al., 2003), chemiluminescent
(Kato et al., 2005), gas chromatographic (GC) (Silva, 2005), high-performance
liquid chromatographic (HPLC) (Lykkesfeldt, 2000; Iwase, 2003) and spectropho-
tometric (Jaselskis and Nelapaty, 1972; Arya, Mahajan and Jain, 2001; Fujita et al.,
2001; Janghel et al., 2007) methods.
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Of all these methods, spectrophotometric methods are, perhaps, the most com-
monly used. Salki¢, Keran and Jasi¢ (2009) developed a new, selective and accurate
direct ultraviolet spectrophotometric method for the determination of L-ascorbic
acid in pharmaceuticals. In this method, the oxidation of L-ascorbic acid by iodate
in an acidic medium was used as a means of correcting for background absorption.
The molar absorptivity was found to be 8.71 x 10 dm? /mol/cm at 250 nm. Beer’s
law was obeyed in the concentration range of 0.46—16.00 pg/cm™2 for L-ascorbic
acid. The ingredients commonly found in vitamin C and multivitamin products
did not interfere with the determination of Asc. Another UV spectrophotometric
method was proposed for vitamin C determination in various fruits and vegeta-
bles (Rahman, Khan and Hosain, 2007). In this method, bromine water oxidises
ascorbic acid to dehydroascorbic acid in the presence of acetic acid. After coupling
with 2,4-dinitrophenyl hydrazine at 37 °C for 3 h, the solution is treated with 85%
H,SO, to produce a red colour complex and the absorbance was spectrophoto-
metrically measured at 521 nm (Rahman, Khan and Hosain, 2007).

In recent years, HPLC methods are considered to be the best choice for
Asc determination in fruits and vegetables. Compared with the traditional
methods, HPLC methods are easier, cheaper and more efficient to perform
(Odriozola-Serrano, Herndndez-Jover and Martin-Belloso, 2007). In addition,
many separation techniques, such as ion-pair (Ke et al., 1994), NH, bonded-
phase (Zerdin, Rooney and Vermue, 2003) and reverse-phase (Franke et al., 2004)
techniques, have been reported. These new methods and techniques avoid the
problems of non-specific interference and make the results of determination of
Asc content more accurate in different kinds of samples (Hernandez, Lobo and
Gonzilez, 2006). Odriozola-Serrano, Herndndez-Jover and Martin-Belloso (2007)
validated and compared two UV-HPLC methods for the determination of ascorbic
acid in strawberries, tomatoes and apples. Two different reducing agents (bL-1,4-
dithiothreitol (DTT) or 2,3-dimercapto-1-propanol (BAL)) were used to differen-
tiate dehydroascorbic acid and determine Asc. The reliability results showed that
the UV-HPLC methods are useful for the routine analysis of Asc in fruits, and the
best reliability was achieved when using a C;¢ column and DTT as reducing agent.
Some other similar HPLC methods were also reported for Asc determination in
different samples, indicating a wide application of HPLC in Asc assays.

7.6
Industrial Fermentation of Asc

Although many routes for Asc or 2-KLG (2-keto-L-gulonic acid, the precursor
of Asc) biosynthesis, such as L-sorbose pathway (Yin et al, 1980), p-sorbitol
pathway (Motizuki, 1966; Sugisawa et al., 1990), 2-keto-D-gluconic acid pathway
(Shinagawa et al., 1976), 2,5-diketo-D-gluconic acid pathway (Sonoyama et al.,
1987), p-gluconic pathway (Anderson et al., 1985), have been reported and inves-
tigated for years, there are only two fermentation processes that are industrially
applied, that is, the Reichstein process and the two-step fermentation process.
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Figure 7.3 The Reichstein process for vitamin C synthesis.

7.6.1
The Reichstein Process: The Major Industrial Asc Process until the Late 1990s

Since the discovery of Asc, the growing market demand for Asc has accelerated the
pace of industrial production of Asc in the 1930s (Yang, 2012). Although various
efforts had been put on obtaining synthetic Asc, the process conceived by Reich-
stein and Griissner is the only one applied on an industrial scale and prevailed the
industrial production of Asc until the late 1990s (Crawford and Crawford, 1980;
Mandlaa, 2014) (Figure 7.3).

7.6.1.1

The Establishment of the Reichstein Process

In the early 1930s, Reichstein and Griissner had tried to develop a method for
Asc synthesis. According to their hypothesis and a series of experimental results,
a novel process for Asc synthesis was established in the 1930s (Reichstein and
Grissner, 1934). In this process (Figure 7.3), as an initial material, D-glucose
is converted to D-sorbitol by catalytic hydrogenation. D-sorbitol is then bio-
converted to L-sorbose using Gluconobacter spp. Thirdly, L-sorbose is oxidised
to 2-KLG after several chemical steps. Finally, 2-KLG is rearranged to Asc by
lactonisation.

7.6.1.2

Bioconversion of p-Sorbitol to L-Sorbose by Gluconobacter

In the Reichstein process, the conversion of D-sorbitol to L-sorbose is the only
biological conversion step using microbes, which plays an important role for a
cost-efficient synthesis of Asc. In this step, the inversion of the numbering of
the carbon skeleton of D-glucose occurred because of the exclusively oxidation
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at C; of the substrate D-sorbitol (Reichstein and Griissner, 1934). This exquisite
regioselectivity was achieved by acetic acid bacteria (Gupta et al., 2001). Acetic
acid bacteria are well known for their ability to partially oxidise several sugars and
sugar alcohols (Deppenmeier and Ehrenreich, 2009). Gluconobacter (previously
named as Acetobacter suboxydans), one of the acetic acid bacteria, shows a high-
est effectiveness in partially oxidising sugar and sugar alcohols (Gupta et al., 2001;
Deppenmeier, Hoffmeister and Prust, 2002). Currently, D-sorbitol is oxidised to
L-sorbose by Gluconobacter oxydans with an almost 100% conversion rate on the
industrial scale (Giridhar and Srivastava, 2000a; Jing et al., 2009).

7.6.1.3

The Key Enzyme of Gluconobacter for L.-Sorbose Production

In 2002, Sugisawa and Hoshino purified an 80-kDa dehydrogenase from G. oxy-
dans IFO3255 and designated as sorbitol dehydrogenase (SLDH). This enzyme
employed the pyrroloquinoline quinone (PQQ) as a redox cofactor (Sugisawa
and Hoshino, 2002). p-sorbitol, D-mannitol, glycerol and p-gluconic acid can
be oxidised by SLDH (Sugisawa and Hoshino, 2002; Matsushita ez al., 2003;
Salusjavi et al., 2004). Based on the peptide sequences obtained from purified
Sldh, the encoding gene (sldA) was sequenced and identified (Miyazaki et al.,
2002). The gene shows a significant sequence homology to the membrane-bound
quinoprotein glucose dehydrogenases from E. coli, G. oxydans and Acinetobacter
calcoaceticus (Pappenberger and Hohmann, 2014). Although other D-sorbitol
oxidising enzymes from other Gluconobacter strains were also purified and
characterised (Shinagawa et al., 1982; Choi, Lee and Rhee, 1995), Sldh is generally
considered to be the major polyol dehydrogenase of G. oxydans (Matsushita
et al., 2003).

7.6.1.4

Oxidation of L-Sorbose to 2-KLG and Rearrangement to Asc

Before L-sorbose is oxidised, the hydroxyl groups at C, and C; and C, and Cg
are protected by acetone. The resulting diacetone-L-sorbose is then oxidised at C,
to the carboxy group by potassium permanganate, which produces diacetone-2-
KLG. After a hydrolysis reaction, 2-KLG is obtained and eventually lactonised to
Asc (Pappenberger and Hohmann, 2014).

7.6.2
The Two-Step Fermentation Process for Asc Production

Reichstein’s process is the classical one via a single biocatalysis step within a series
of chemically based unit operations (Reichstein and Griissner, 1934). However,
this method is highly energy consuming and relies on the use of a number of
environmentally hazardous chemicals (Xu et al., 2004). Compared to Reichstein’s
process, the application of microbial process has become more attractive for its
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lower cost and much less ecological problems (Boudrant, 1990; Chotani et al.,
2000).

In the 1970s, by co-operating with Beijing pharmaceutical factory, the
researchers from Institute of Microbiology, Chinese Academy of Sciences,
intended to develop a fermentation process for Asc production. After screening
5327 strains of bacteria, they obtained a strain N1197A that could produce
2-KLG from L-sorbose (Yin et al., 1980). Further study showed that the N1197A
contained two different strains. According to their physiological and biochemical
characteristics, the strain with large colonies and the strain with small colonies
were identified as Pseudomonas striata and G. oxydans (now renamed as Ketogu-
lonicigenium vulgare), respectively. Yin et al. (1980) found that only G. oxydans
could convert L-sorbose to 2-KLG. However, if there was no P, striata during the
fermentation, the growth of G. oxydans was very poor and the yields of 2-KLG
was fairly low. These results suggested that the fermentation with mixture of two
strains was necessary for enhanced 2-KLG production. After study for years,
several accompanying strains was found and applied in Asc fermentation instead
of P striata, such as Bacillus megaterium (Feng et al., 2000), Bacillus cereus
(Jiao et al., 2002) and Bacillus thuringiensis (Yang et al., 2013). By optimisation,
the conversion rate of L-sorbose to 2-KLG of this co-culture system has been
enhanced to 90-92% (Li and Zhang, 1997; Zhang et al., 1998; Lu et al., 2001; Xu
et al., 2004), which further promotes the establishment and industrial application
of two-step fermentation process of Asc. Currently, the two-step fermentation
process is applied by all the Chinese manufacturers for industrial production
of Asc.

The two-step fermentation process of Asc, in a way, can be considered as
improved Reichstein’s process (Figures 7.3 and 7.5). As its name suggests, there
are two fermentation steps in this fermentation process, that is, L-sorbose
fermentation in the first step and 2-KLG fermentation in the second step. The
biggest difference between the two processes is that the 2-KLG is produced
by bioconversion in the two-step fermentation process, instead of chemical
conversion in Reichstein’s process.

7.6.2.1
The First Step of Fermentation: Conversion of p-Sorbitol to L-Sorbose

Producing Microorganisms Many strains show the ability to convert D-sorbitol to
L-sorbose, such as G. suboxydans (Sugisawa and Hoshino, 2002), A. suboxydans
(Giridhar and Srivastava, 2000a) and G. oxydans (Bremus et al., 2006; Ge et al.,
2013). However, in the current industrial process of Asc fermentation, G. oxydans
(previously named as Acetobacter melanogenus or Gluconobacter melanogenus in
China) (Jing et al., 2011) is widely applied in Asc production by Chinese manu-
facturers because of its efficient conversion of D-sorbitol to L-sorbose (Ge et al.,
2013; Wang et al., 2013).

G. oxydans is a Gram-negative bacterium belonging to the family Acetobac-
teraceae (De Ley and Swings, 1994). G. oxydans is an obligate aerobe, having a
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respiratory type of metabolism using oxygen as the terminal electron acceptor
(Guptaetal., 2001). The strain has a number of membrane-bound dehydrogenases
involved in many oxidation reactions for incomplete oxidation of sugars, alcohols
and acids (De Ley and Swings, 1994). Incomplete oxidation leads to nearly quanti-
tative yields of the oxidation products, making G. oxydans important for industrial
use. Gluconobacter strains can be used industrially to produce L-sorbose from
D-sorbitol; D-gluconic acid, 5-keto- and 2-keto-gluconic acids from p-glucose; and
dihydroxyacetone from glycerol (Gupta et al., 2001).

The genome of G. oxydans H24, an industrial strain used by Chinese Asc pro-
ducer, has been sequenced and reported by Ge et al. (2013). The complete genome
consists of a circular chromosome and a plasmid. The chromosome is composed
of 3602 424 bp, with a G + C content of 56.25%. The plasmid contains 213 808 bp,
with a G+ C content of 56.14%. There are a total of 3732 putative open reading
frames (ORFs) (3469 in the chromosome and 263 in the plasmid), yielding a coding
intensity of 89.86%. A total of 59 tRNA-encoding genes and 5 16S-23S-5S rRNA-
encoding operons were identified. In addition, three kinds of Sldhs and the gene
cluster responsible for the synthesis of the cofactor PQQ (pqgABCDE, 3137 bp)
were also found (Ge et al., 2013).

Sorbitol Dehydrogenase: The Key Enzyme for Conversion of p-Sorbitol to L-Sorbose
From genome information of industrial strain G. oxydans H24, Ge et al. (2013)
found two different membrane-bound and one cytoplasmic Sldhs. They are
pyrroloquinoline quinone—dependent D-sorbitol dehydrogenase (PQQ-SLDH),
flavin adenine dinucleotide—dependent D-sorbitol dehydrogenase (FAD-SLDH)
and NADP-dependent D-sorbitol dehydrogenase (NADP-SLDH), respectively.
Among them, PQQ-SLDH is now generally believed to play an important role in
converting D-sorbitol to L-sorbose (Matsushita et al., 2003). In 2002, an 80-kDa
PQQ-SLDH was purified from G. oxydans IFO3255 (Sugisawa et al., 2002) and
the encoded gene sldA was cloned by reverse genetics and sequenced (Miyazaki
et al., 2002).

Metabolic Regulation of the Bioconversion of p-Sorbitol to L-Sorbose There are few
reports on regulation of bioconversion of b-sorbitol to L-sorbose because of its
highly efficient conversion rate on industrial scales. More studies on optimisation
of fermentation process and its conditions are described in ‘fermentation process’
part of this chapter.

7.6.2.2
The Second Step of Fermentation: Conversion of L-Sorbose to 2-Keto-L-Gulonic acid

Producing Microorganisms There are two kinds of strains, a companion strain (or
named as helper strain) and a conversion strain, involved in the second step of Asc
fermentation, that is, conversion of L-sorbose to 2-KLG (Yin et al., 1980).
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The Companion Strain: Stimulating Growth and 2-KLG Production of K. vulgare The
companion strain could not convert L-sorbose to 2-KLG, but it could secret
activators that stimulate the growth of conversion strain and improve greatly the
yield of 2-KLG (Feng et al., 2000; Jiao et al., 2002). In the past 30 years, many
strains had been isolated and were considered to be the companion strains, such
as P striata (Yin et al., 1980), B. megaterium (Feng et al., 2000), B. thuringiensis
(Song et al., 1997; Yang et al., 2013), B. cereus (Jiao et al., 2002) and Xanthomonas
maltophilia (Takagi, Sugisawa and Hoshino, 2010). Furthermore, it was reported
that Sporobolomyces roseus (Zhong et al., 2004), a eukaryote, also can be an
effective companion strain. In our opinion, it seems that all the spores-forming
strains could be companion strains when they are cultured under optimal
conditions.

The companion strain, such as B. megaterium (Feng et al., 2000), B. cereus (Jiao
et al., 2002) and B. thuringiensis (Yang et al., 2013), belongs to genera Bacillus.
They are Gram-positive, mainly aerobic. Spore formation during the cultivation
is one of the basic characteristics of a companion strain. It has been found that
the companion strain could not utilise L-sorbose and 2-KLG (Feng et al., 1998).
The companion strain is generally considered to stimulate K. vilgare propagation
and 2-KLG accumulation by generating and releasing some metabolites into the
fermentation broth (Lu et al., 2001; Zhang et al., 2010b; Ma et al., 2011).

Currently, B. megaterium and B. cereus were the two main companion strains
applied in industrial Asc fermentation (Feng et al., 2000; Jiao et al., 2002). B. mega-
terium WSH-002, one of the industrial companion strains, has been sequenced
(Liu et al., 2011b). The 4.14-Mb genome of B. megaterium WSH-002 contains four
replicons, a circular chromosome (4.04 Mb) encoding 5186 predicted ORFs and
three circular plasmids, named pBME_100 (0.074 Mb), pBME_200 (9699 bp) and
pBME_300 (7006 bp), with mean GC contents of 39.1%, 36%, 32.2% and 33.2%,
respectively. There are 5482 protein-encoding genes, 99 tRNAs and 10 rRNA oper-
ons. Among them, 2460 functional descriptions, 1327 gene abbreviations and 856
EC numbers were assigned to the WSH-002 genome by function annotation. Fur-
thermore, 782 genes were assigned according to the Kyoto Encyclopedia of Genes
and Genomes metabolic pathways (Liu et al., 2011b).

K. vulgare: The 2-KLG-Producing Strain In contrast to numerous companion strains,
only one 2-KLG-producing bacterium has been used in industrial fermentation so
far. It is K. vulgare (previously named as G. oxydans, especially in China) (Urbance
et al., 2001). K. vulgare contains the whole enzymes for conversion of L-sorbose
to 2-KLG, but its growth is very poor when it is cultured alone (Liu et al., 2011c).
Hence, the two-strain co-culture system (TSCS) of K. vulgare and a companion
strain is necessary for efficient production of 2-KLG.

K. vulgare is a Gram-negative, facultative anaerobic, chemoheterotrophic soil
microorganism with an optimum temperature range of 27-31 °C and pH range of
7.2—8.5 (Urbance et al., 2001). In the second step of Asc fermentation, K. vulgare
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contains the complete enzyme system for synthesising 2-KLG from L-sorbose
(Liu et al., 2011a), but its growth is usually poor and the yield of 2-KLG is very
low when cultured by itself (Lu et al., 2001, 2003). However, the growth of K.
vulgare can be enhanced by addition of certain nutrients (Leduc, Troostembergh
and Lebeault, 2004) or by co-culturing with a companion strain (Song et al., 1997;
Feng et al., 2000), indicating that some key metabolites involved in the metabolic
pathways may be lost. Leduc, Troostembergh and Lebeault (2004) found that
addition of adenine, guanine, thymine and low-molecular-weight reduced folates
could improve the growth of K. vulgare, suggesting that the purine nucleotides
and deoxythymidylate biosynthesis pathways are probably insufficient in
K. vulgare.

Most studies on K. vulgare have focussed on elucidating the pathway of
L-sorbose metabolism (Asakura and Hoshino, 1999; Sugisawa, Miyazaki and
Hoshino, 2005; Miyazaki, Sugisawa and Hoshino, 2006). Two enzymes, L-sorbose/
L-sorbosone dehydrogenase (SSDH) and L-sorbosone dehydrogenase (SNDH),
have been identified as the key enzymes catalysing the oxidation of L-sorbose
to 2-KLG (Asakura and Hoshino, 1999; Miyazaki, Sugisawa and Hoshino,
2006). In addition, K. vulgare can synthesize Asc via different substrates, such
as D-sorbitol, L-sorbose, L-gulose, L-sorbosone, L-galactose, L-idose, L-talose,
L-gulono-1,4-lactone and L-galactono-1,4-lactone (Sugisawa, Miyazaki and
Hoshino, 2005).

The genomes of two industrial strains of K. vulgare (K. vulgare Y25 and K. vul-
gare WSH-001) have been sequenced, respectively (Liu et al., 2011a; Xiong et al.,
2011). The genome of K. vulgare Y25 consists of a circular chromosome and two
plasmids. The chromosome is composed of 2776 084 bp, with a GC content of
61.72%. One plasmid contains 268 675 bp, with a GC content of 61.35%, and the
other contains 243 645 bp, with a GC content of 62.63%. There are a total of 3290
putative ORFs (2807 [chromosome], 256 [pYP1] and 227 [pYP2]) using Glimmer,
giving a coding intensity of 91.05% (Xiong et al., 2011). The complete genome
sequence of K. vulgare WSH-001 is composed of a circular, 2 766 400 bp chromo-
some and two circular plasmids named pKVU_100 (267 986 bp) and pKVU_200
(242715 bp) with mean GC contents of 61.69%, 61.33% and 62.58%, respectively.
There are 2604 protein-encoding genes, 3 rRNA operons and 51 tRNA-encoding
genes in the chromosome and 246 and 215 protein-encoding genes in plasmids
pKVU_100 and pKVU_200, respectively. A total of 2497 functional descriptions,
1279 gene abbreviations and 820 EC numbers were assigned in the WSH-001
genome by function annotation. Among them, the genes for the 2-KLG synthesis
pathway from L-sorbose were annotated; four genes encoding SSDH, respon-
sible for converting L-sorbose to L-sorbosone, are highly homologous to ssdA1
(AB092515), ssdA2 (AB092516), ssdA3 (AB092517) and ssdB (AB092518) of K.
vulgare DSM 4025. The gene of SNDH that is responsible for the conversion
of L-sorbosone to 2-KLG was located in plasmid pKVU_200 (Liu et al., 2011a).
Function annotation indicated that the K. vulgare lacks most of the genes or
gene clusters for the biosynthesis of many kinds of amino acids, nucleotides and
cofactors.



7.6 Industrial Fermentation of Asc

Sorbose/Sorbosone Dehydrogenase: The Key Enzyme for Conversion of L-Sorbose to
2-KLG The enzyme sorbose/sorbosone dehydrogenase (SSDH), converting
L-sorbose to 2-KLG, was purified by Asakura and Hoshino from a soluble fraction
of K. vulgare DSM 4025 in 1999 (Asakura and Hoshino, 1999). The enzyme
is a unique quinoprotein dehydrogenase catalysing not only the conversion of
L-sorbose to L-sorbosone but also that of L-sorbosone to 2-KLG. The molecular
weight of the enzyme was about 135kDa, consisting of two subunits with
molecular weights of 64.5 and 62.5 kDa (Asakura and Hoshino, 1999). The PQQ
is employed as prosthetic group for the enzyme while oxidising L-sorbose to
2-KLG (Pappenberger and Hohmann, 2014). The cytochrome c from K. vulgare
was found to act as a physiological electron acceptor of the enzyme. The optimum
enzyme activity occurred in the pH range of 7.0-9.0 (Asakura and Hoshino,
1999). It showed extremely broad substrate specificity for primary and secondary
alcohols, aldehydes, aldoses, ketoses and other sugar alcohols (Asakura and
Hoshino, 1999). The genes encoding SSDH had been isolated and described by
Roche in 1996 (Asakura et al., 1996). Based on the recent genome sequences of
K. vulgare strains, the related genes have been well identified (Liu et al., 2011a;
Xiong et al., 2011).

Interaction Mechanisms between K. vulgare and the Companion Strain The interac-
tion relationship between the two bacteria, K. vulgare and the companion strain,
has been a hot topic in Vc fermentation research in last 30 years. Elucidation of
the mechanism of interaction is an important target for scientists in this field.

Although it is clear that the companion strain can stimulate the growth and
2-KLG production of K. vulgare by secreting some metabolites during the fermen-
tation, the detailed mechanisms underlying the interactions between K. vulgare
and the companion strain remain largely undefined (Zou, Liu and Chen, 2013).
The metabolites may be the proteins (Lu et al., 2001), amino acids (Zhang et al.,
2011) or other substances (Zhou et al., 2011). In fermentation, both the cytosol
and extracellular metabolites which are released during the lysis of the companion
strain were shown to promote the proliferation of K. vulgare and 2-KLG produc-
tivity (Feng et al., 2000). Meanwhile, 2-KLG secreted by K. vuigare can also inhibit
the growth of the companion strain and shorten its growth cycle, by accelerating
the lysis of the companion strain (Li and Zhang, 1997; Mandlaa, 2014). Hence, it
was believed that both mutualism and antagonism exist in this artificial microbial
ecosystem (Zhou et al., 2011).

With the release of genome sequences for K. vulgare and B. megaterium and
the development of other high-throughput techniques, several systems biology
approaches have been used to achieve a more comprehensive understanding
of the interaction mechanisms between K. vulgare and the companion strain
(Figure 7.4). Based on the global pathway analysis, Zhang et al. (2011) reported
that most of the essential amino acids were deficient during the growth of K. vul-
gare, such as L-histidine, L-glycine, L-lysine, L-proline, L-threonine, L-methionine,
L-leucine and L-isoleucine. Among them, L-glycine, L-proline, L-threonine and
L-isoleucine were considered to play vital roles in K. vulgare growth and 2-KLG
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Figure 7.4 The interaction relationship between K. vulgare and the companion strain.

production (Liu et al., 2011c). By applying an integrated time-series proteomic
and metabolomic analysis, Ma et al. (2011) investigated interaction between
the two species. They quantitatively identified approximately 100 metabolites
and 258 proteins. Principal component analysis of all the metabolites showed
that glutamic acid, 5-oxo-proline, L-sorbose, 2-KLG, 2,6-dipicolinic acid and
tyrosine were potential biomarkers to distinguish the different time-series
samples. Most of these metabolites were closely correlated with the sporulation
of B. megaterium, indicating that sporulation process might play an important
role in this microbial interaction. The proteomic results showed that proteins
combating against intracellular reactive oxygen stress and proteins involved in
pentose phosphate pathway, L-sorbose pathway, tricarboxylic acid cycle and
amino acids metabolism were up-regulated when the cell lysis of B. megaterium
occurred. These discoveries showed the companion strain provided key elements
for the growth and 2-KLG production of K. vulgare. In addition, by employing
metabolomics based on gas chromatography coupled with time-of-flight mass
spectrometry (GC-TOE-MS), Zhou et al. (2011) found that the microorgan-
isms interact through exchanging a number of metabolites. Both intracellular
metabolism and cell-cell communication via metabolic cooperation were
essential in determining the population dynamics in the co-culture ecosystem.
The contents of amino acids and other nutritional compounds in K. vulgare were
rather lower in comparison to those in B. megaterium, but the levels of these
compounds in the medium surrounding K. vulgare were fairly high, even higher
than that in fresh medium. Erythrose, erythritol, guanine and inositol accumu-
lated around B. megaterium were consumed by K. vulgare upon its migration.
Then, the oxidisation products of K. vulgare, including 2-KLG, were sharply
increased. Upon co-culturing of B. megaterium and K. vulgare, 2,6-dipicolinic
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acid (the biomarker of sporulation of B. megaterium), was remarkably increased
compared with those in the monocultures. Therefore, the interactions between
B. megaterium and K. vulgare were a synergistic combination of mutualism and
antagonism (Zhou et al., 2011).

Regulation of the Bioconversion of L-Sorbose to 2-KLG According to the observed
interaction between K. vulgare and the companion strain in the artificial ecosys-
tem, special strategies can be designed to regulate this microbial process to
enhance 2-KLG production (Zou, Liu and Chen, 2013). Previous work has shown
that the starting inoculums, medium, pH and other environmental factors can
affect the final accumulation of 2-KLG (Yan et al., 1981; Zhang et al., 1998; Yang
et al., 2008; Mandlaa et al., 2011). Currently two measures have been taken for
regulating this mixed fermentation: (i) regulating release of metabolites from
companion strain and (ii) the genome-based methods for finding new strategies.

Regulating release of metabolites from companion strain could be a useful
strategy for improving the productivity of 2-KLG. A new biochemical strategy
was introduced by adding lysozyme to specifically damage the cell wall structure
of B. megaterium with a result that its intracellular components were released.
When 10000 U/ml lysozyme were added after 12h of co-culture in a 71 jar
fermenter, the growth rate of K. vulgare, L-sorbose consumption rate and 2-KLG
productivity increased 27.4%, 37.1% and 28.2%, respectively. The fermentation
time was decreased to 56 h, shorter by 20.6% (Zhang et al., 2010b).

Application of genome information may be a new method for improving the 2-
KLG production. From the genomics and proteomics study, it showed that amino
acid transport and metabolism may play critical roles in the growth of K. vuigare.
By reconstructing the amino acid metabolic pathways on the basis of the genome
annotation, Liu et al. (2011c) found that the de novo biosynthesis pathways of
eight different amino acids (L-histidine, glycine, L-lysine, L-proline, L-threonine,
L-methionine, L-leucine and L-isoleucine) in K. vulgare were deficient. Among
them, glycine, L-proline, L-threonine and L-isoleucine were experimentally proved
to play vital roles in K. vulgare growth and 2-KLG production. With the aim of
increasing the 2-KLG production efficiency and decreasing the cost of amino
acids, a food-grade gelatin containing a high concentration of the non-essential
amino acids, such as glycine and L-proline, was developed as a substitute. In the
71, 1 and 200 m® fermenters, the addition of gelatin into the ecosystem shortened
the fermentation time by 17.3%, 15.6% and 8%, respectively (Liu et al., 2011c).

7623
Strain Development: Genetic Modification, Molecular Genetics and Metabolic
Engineering

Strain Improvement in the First Step of Asc Fermentation Since the conversion rate of
D-sorbitol of L-sorbose by G. oxydans had been reached to and more than 98% in
industrial fermentation for decades, a few studies on G. oxydans breeding were
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reported (Jing et al., 2011). On the contrary, more effort was focussed on the
recombination of bacteria in the first-step fermentation (from D-sorbitol to 2-
KLG) (Manning and Kahn, 1992; Hosshino et al., 2012).

Strain Improvement in the Second Step of Asc Fermentation After establishment of
the two-step fermentation process, many reports have been published on strain
improvement by random mutagenesis and selection. By using the traditional
mutagenesis method, such as UV irradiation and NTG (nitrosoguanidine),
several highly efficient mutants of K. vulgare and companion strain were
obtained. By mutation with ultraviolet light, Zhang et al. (1999) obtained two
mutant strains of B. megaterium (Bn, B5) with a higher tolerance of low pH
and high KLG concentration. The conversion rates of L-sorbose to 2-KLG by
co-culture of Bn-K.v and co-culture of B5-K.v were increased by 3.5% and
3.3%, respectively. Lu, Guo and Li (2005) obtained a G5 strain, a mutant from
G. oxydans (presumably a Ketogulonicigenium species) after UV mutation,
showing an increased conversion rate (13.49%) and enhanced 2-KLG production
(83.6 mg/ml) when co-cultured with B. cereus. By series of mutagenesis by UV
and NTG, a mutant strain UN-366 with a high efficiency of association ability
was screened from B. thuringiensis (Guo et al., 2006). The conversion rate of
L-sorbose to 2-KLG was increased by 6.32% when UN-366 was co-cultured with
K. vulgare.

In recent years, two new mutagenesis technologies, ion beam implantation and
spaceflight mutation, has been applied in Asc-strain screening by Chinese pro-
ducers. Ion beam mutation causes a higher mutation rate and a wider mutational
spectrum with lower damage (Yu, 1998). G. oxydans (GO29) and B. megaterium
(BM80) were bred by ion beam implantation and mutants GO112 and BM302
were obtained (Xu et al., 2004). When compared with the original mixture GO29-
BM80, the averaged 2-KLG transformation rate of mutants GO112-BM302 was
increased from 79.3% to 94.5% after eight passages in shake flasks and became
stable at 92.0% in 180-t fermenters, indicating increased efficiency of mutants in
2-KLG accumulation. Spaceflight breeding technology has been shown to be more
efficient than other radiation methods for microbes (Ermolenko et al., 2000; Fang,
Zhao and Gu, 2005). The biological response of microorganisms to space condi-
tions, such as microgravity, cosmic radiation and vacuum, has led to the develop-
ment of a range of new mutation-breeding techniques for industrial fermentations
(Ermolenko et al., 2000; Gao et al., 2010). Guo et al. (2004) studied the effects of
spaceflight on the B. megaterium and obtained four efficient mutants of K. vulgare.
Yang et al. (2013) screened out an optimal combination of mutants B. thuringiensis
320 and K. vulgare 2194 after spaceflight of a Chinese spacecraft Shenzhou VIIL.
When compared to the co-culture of their parent strains, the conversion rate of
L-sorbose to 2-KLG by KB2194-320 in shake-flask fermentation was increased
from 82.7% to 95.0%. Furthermore, a conversion rate of 94.5% and 2-KLG pro-
ductivity of 1.88 g/1/h were achieved with KB2194-320 in industrial-scale fermen-
tation (Yang et al., 2013).
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Many scholars have also tried to improve the capability of strains by means of
gene engineering techniques. For 2-KLG producing strain, Manning and Kahn
(1992) invented a method for constructing recombinant bacteria by using of trans-
poson mutagenesis. A recombinant mutant G. oxydans M23-15 with a low activity
of 2-KLG reductase was obtained. Hosshino et al. (2012) patented an overex-
pression system by introducing one or more copies of a polynucleotide encoding
SDH into the genome of the host strain G. oxydans to enhance 2-KLG yields. The
shuttle vectors for K. vulgare and Escherichia coli have been constructed to facil-
itate the process of genetic manipulation of K. vuigare (D'elia, 2006). Cai et al.
(2012) successfully inserted five genes (for folate biosynthesis from Lactococcus
lactis MG1363) (Leduc, Troostembergh and Lebeault, 2004) into K. vulgare and
regulated the overexpression of these genes by L-sorbose dehydrogenase gene pro-
moter Psdh from K. vuigare (Fu et al., 2007). Compared with the parent strain
K. vulgare DSM4025, the folate concentration in the recombinant K. vulgare Rif
(pMCS2PsdhfolBC) was enhanced by more than eightfold, and the cell density and
2-KLG productivity were increased by 25% and 35%, respectively (Cai et al., 2012).
For companion strain, genetic manipulation is used to change its physiological
behaviour. Zhu et al. (2012) constructed the spo0OA and spoVFA deletion mutants
of B. megaterium WSHO002. Although the L-sorbose conversion rates of spo0OA and
spoVFA mutant co-culture systems were significantly reduced, the results showed
that the sporulation and spore stability of B. megaterium play key roles in the
enhancement of 2-KLG biosynthesis. Although many studies on recombination of
bacteria were reported, there was no recombined strain was applied on industrial
scale because of their low efficiency in 2-KLG production.

76.24

Fermentation Process

Figure 7.5 illustrates the two-step fermentation process of Asc. In the first step,
as in the Reichstein process, D-sorbitol is oxidised to L-sorbose by G. oxydans.
2-KLG is then produced from L-sorbose by a mixed culture of K. vulgare (previ-
ously identified as G. oxydans) (Urbance et al., 2001; Yang et al., 2006) and Bacillus
spp. in the second step (Yin et al., 1980). 2-KLG is finally converted to Asc after
several chemical steps. In this process, the first-step fermentation takes about
24 h and results in high concentration of L-sorbose (25-28%, w/v). However, in
contrast to the first step of fermentation, the mixed-culture fermentation in the
second step takes much more time (40—-70 h) and reaches a lower product concen-
tration (8—10%, w/v), indicating a low productivity and conversion rate. Hence,
more efforts for an improved fermentation efficiency were mainly focussed on the
second step of Asc fermentation (Xu et al., 2004; Lv et al., 2011b).

The Process Improvement in the First Step of Asc Fermentation The biotransforma-
tion of D-sorbitol to L-sorbose by G. oxydans is a key step in industrial production
of Asc. Since L-sorbose fermentation is a typical substrate inhibition fermenta-
tion, the batch fermentation process is mainly used for the commercial production
(Giridhar and Srivastava, 2000a; Wulf, Soetaert and Vandamme, 2000; Jing et al.,
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Figure 7.5 The two-step fermentation process for Asc production.

2011). In this process, the substrate concentration remains at 20—25% and the
fermentation periods are 18—24 h with the batch fermentation productivity of
12-13 g/l/h. The fermentation is conducted at 32 °C with natural pH and oxy-
gen transfer rate of 300—500 mmol/l/h by using an air-lift fermenter. Although
the batch fermentation is easy to control, the disadvantage is visible. The batch
process takes too much unproductive time, particularly for cleaning, sterilisation
and inoculation procedures that must be conducted after each batch cycle, which
significantly reduced the fermentation efficiency (Hekmat, Bauer and Neff, 2007).
Optimisation of this process is of significant economic importance (Wulf, Soetaert
and Vandamme, 2000; Sefcovicovi et al., 2009).

In order to reduce the inhibiting effects of high concentration p-sorbitol on
G. oxydans and enhance the fermentation efficiency, several optimised fermen-
tation processes were studied. These processes include the fed-batch fermenta-
tion and the repeated fed-batch fermentation. Giridhar and Srivastava (2000a)
proposed a fed-batch fermentation to eliminate the inherent substrate inhibition
present in batch fermentation. The fed-batch fermentation conducted by feed-
ing nutrients containing 600 g/1 of sorbitol at a constant feed rate of 0.361/h, and
yielded a productivity of 17.7 g/I/h with a final sorbose concentration of 320 g/.
In fed-batch fermentation, the multiple nutrients feeding strategy can be better in
improving L-sorbose productivity than the pulse nutrients feeding strategy (Girid-
har and Srivastava, 2000b). In our studies, however, the additional feeding of nutri-
ents (except for substrate of D-sorbitol) was not necessary during the fed-batch
fermentation runs. By using a mutant strain G757 (Jing et al., 2011), a simplified
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fed-batch fermentation process was proposed (Yang, 2012). In this process, batch
fermentation was initiated with a substrate concentration of 23—25% (w/v). After
incubation for 12—16 h, 70—75% (w/v) of the sterilised sorbitol solution was added
to fermenter and the fed-batch fermentation started. 33—36% of L-sorbose was
finally obtained after another 12—16 h fermentation. This process had been con-
ducted in 110 m® fermenters for five batches with an average final sorbose con-
centration of 330g/l and an average fermentation period of 29h (Yang, 2012).
Giridhar and Srivastava (2001) also conducted the repeated fed-batch sorbose fer-
mentation in L-sorbose production. A batch culture with an initial concentration
of 200 kg/m3 p-sorbitol was converted to a repeated fed-batch by harvesting one-
third of fermenter volume and recharging with fresh nutrient medium having the
same sorbitol concentration. The average L-sorbose productivity of 19.31 kg/m?/h
was obtained after four cycles of harvesting and recharging. These results suggest
that fed-batch or repeated fed-batch can enhance the substrate concentration and
improve the L-sorbose productivity, indicating a better fermentation process than
the traditional batch fermentation process.

The Process Improvement in the Second Step of Asc Fermentation The batch
fermentation in the second step of Asc fermentation is widely applied in the
current industrial production of 2-KLG, the precursor of Asc. After three-grade
expanding incubation for seed culture in 40—44 h, the air-lift fermenters are then
inoculated and the second-step fermentation is initiated. During the process, the
fermentation is conducted at 29 °C with a constant pH of 7.0 (adjusted by sodium
hydroxide). The initial substrate concentration is 10 mg/ml and a consistent
addition of the pasteurised L-sorbose broth from the first-step fermentation is
conducted at the fermentation stage of 10—30h. The oxygen transmission rate
is kept at 100 mmol/l/h in order to meet the needs for bacterial growth and
L-sorbose conversion. The fermentation period usually varies between 40 and
65 h with a final 2-KLG concentration of 90-110 g/1.

In order to improve the fermentation efficiency, the optimisation of the fermen-
tation process has been continuing for decades. On the basis of the traditional
batch fermentation process, tremendous work has been done to improve the pro-
cess stability and 2-KLG yield.

Nutrition is the basis for the growth and metabolism of microorganism. In
the mixed fermentation for 2-KLG production, the medium components and
their concentrations have crucial effect on both growth of bacteria and 2-KLG
productivity. Yang et al. (2008) found that glucose supplemented with a proper
concentration can effectively improve the conversion rate of 2-KLG and shorten
the fermentation period. Other studies showed that folate, glutathione, amino
acids (such as L-glycine, L-proline, L-threonine and L-isoleucine), adenosine
5'-triphosphate (ATP), nitrogenous bases, gelatin can also significantly enhance
the fermentation efficiency (Leduc, Troostembergh and Lebeault, 2004; Lv et al.,
2011a; Liu et al., 2011c; Zhang et al., 2011; Cai et al., 2012; Huang et al., 2013).
Inorganic salts, such as Fe3*, Mg?" and Mn?*, can stimulate the 2-KLG produc-
tion by enhancing the key enzymes, (i.e. SDH and SNDH) activities of K. vulgare
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(Jietal., 2010). Some light rare earth elements (REEs), such as lanthanum, cerium,
neodymium and samarium, showed promoting effect on 2-KLG production at
concentration up to 5mM (Lyu et al., 2014). Mandlaa et al. (2011) optimised the
fermentation medium by using the response surface method in flask fermenta-
tion. The components of optimised medium are as follows: L-sorbose 9%, corn
steep liquor 1.95%, urea 1.0%, KH,PO4 0.03%, MgSO, 0.01%, CaCO5 0.05%.
By using this medium, the conversion rate of L-sorbose to 2-KLG was increased
by 5%.

Another way for enhancing the 2-KLG production is to adjust the relationship
and interaction between the companion strain and the 2-KLG-producing strain
during the fermentation. Zhang et al. (1998) reported a new ecological regula-
tion technology which contained the methods of high-quality seed preparation
and a regulating strategy by changing the fermentation conditions. Zhang et al.
(2010a) and Li et al. (2012) developed a control strategy of three-stage fermenta-
tion condition. By adjusting the pH and oxygen concentration to meet the needs of
a companion strain and a conversion strain for their growth and conversion during
the fermentation runs, the 2-KLG yields were significantly enhanced. In order to
release more activators from companion strain for stimulating K. vulgare growth
and 2-KLG production, an additional lysozyme strategy was introduced (Zhang
et al., 2010b). When 10 000 U/ml lysozyme were added after 12 h co-culture in a
71 jar fermenter, the growth rate of K. vulgare, L-sorbose consumption rate and
2-KLG productivity increased 27.4%, 37.1% and 28.2%, respectively. Meanwhile,
the fermentation time decreased to 56 h, shorter by 20.6% as compared with that
of the control (Zhang et al., 2010b). However, the addition of lysozyme may lead
to increased costs and destruct this artificial two-strain ecosystem.

In our studies on several different companion strains, obviously different
2-KLG productivities were observed in the co-culture system with the different
companion strains (Lv et al., 2001; Yang et al., 2009). We ascribed this to the
varied growth characteristics of the different companion strains. As a rapid-
growth companion strain (relatively rapid than other companion strains) in the
co-culture, B. megaterium could supply metabolites to meet the K. vulgare prop-
agation mainly at the early stage of fermentation (Lv et al., 2001). Meanwhile, on
the contrary, as a slow-growth companion strain, B. cereus released metabolites
to meet the K. vulgare growth mainly at the late stage of fermentation (Yang
et al., 2009). Therefore, in order to supply enough metabolites to meet the need
of K. vulgare during the whole period of fermentation, a novel two-helper-strain
co-culture system (TSCS) was developed (Mandlaa et al., 2013). B. megaterium
and B. cereus (with a ratio of 1: 3 (v/v) in the seeding culture), used as the helper
strains in the co-culture system with K. vulgare, increased the 2-KLG yield
significantly compared to the conventional one-helper-strain (either B. cereus or
B. megaterium) co-culture system (OSCS). After 45 h cultivation in flask, 2-KLG
concentration in the TSCS increased by 7—8.9% than that of the OSCS. The
results implied that TSCS is a viable method for enhancing industrial production
of 2-KLG (Mandlaa et al., 2013).
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The second-step fermentation can also be carried out in a continuous fermen-
tation mode. In a single culture of K. vulgare, with a very high content of complex
components (3% corn steep liquor, 7% baker’s yeast) in the culture medium,
K. vulgare DSM4025 produced 2-KLG at a steady-state concentration of 112.2 g/1
2-KLG for 140 h (Takagi, Sugisawa and Hoshino, 2009). The dilution rate was
maintained between 0.035 and 0.043 per hour resulting in a volumetric 2-KLG
productivity of 3.90—4.80g/lI/h. The average molar conversion yield of 2-KLG
from L-sorbose was 91.3%. In continuous mixed-culture fermentations, with X.
maltophilia IFO 12692 as a companion strain, 2-KLG production from L-sorbose
by K. vulgare DSM4025 could be kept in a stable, continuous mode for more
than 1300 h (Takagi, Sugisawa and Hoshino, 2010). There was a dilution rate of
0.0380 per hour and a steady concentration of 113 g/l 2-KLG. The volumetric
productivity was 2.15 g/1/h. The molar conversion yield was 90.1%. These results
suggested that the continuous fermentation is suitable for the mixed-culture
fermentation of Asc.

7.6.2.5
Upstream and Downstream Processing

p-Sorbitol Production D-sorbitol is mainly produced by the method of hydrogena-
tion of glucose. Currently, a new continuous hydrogenation technology was widely
applied in D-sorbitol production by manufacturers (Sun, Liu and Li, 2008). The
glucose solution is injected into the column reactor containing solid catalyst by
high-pressure pump. The catalyst is at a stationary state in the reactor, with no
effect of stirring and shock. Both the glucose solution and hydrogen continu-
ously go through the surface of catalyst and react completely. The D-sorbitol is
then formed and excreted after a period of time. After ion-exchange resin purifi-
cation, evaporation and concentration, the product of b-sorbitol solution with a
concentration of 50—80% is finally obtained.

Purification and Extraction of 2-KLG In the fermentation broth, 2-KLG exists as the
sodium 2-KLG. Moreover, there are a lot of impurities in broth, such as bacte-
ria, proteins, amino acids, nucleic acids and inorganic salts. To get rid of these
impurities, the broth is pre-treated by enhancing the temperature or adjusting the
pH to make some impurities, especially proteins, to be precipitated and removed
after centrifugation. The broth is then further purified by ultrafiltration. Two effi-
cient ultrafiltration membrane separation systems, the Sun-tar# and Sun2flo, were
suggested to be applied in 2-KLG purification (Guo and Hong, 2011). Finally, the
purified sodium 2-KLG is transferred to 2-KLG by ion exchange.

Chemical Conversion of 2-KLG to Asc Both in the Reichstein process and in the
two-step fermentation process, the 2-KLG is converted to Asc by chemical
methods. Compared with the traditional acid transformation method, the alkali
transformation method is widely applied by Chinese manufacturers (Yan, 2007)
(Figure 7.6). 2-KLG and methanol are transformed to methyl 2-keto-L-gulonate
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Figure 7.6 Chemical conversion of 2-keto-L-gulonic acid to vitamin C.

in the presence of concentrated sulfuric acid as a catalyst. The methyl 2-keto-L-
gulonate is then converted to Asc sodium by lactonisation reaction with NaHCO,.
Alkali transformation method, involving simple operation process and mild
reaction condition, is currently suitable for large-scale production of Asc sodium.

7.7
Application and Economics

The chemical properties of Asc make it possible to provide a wide range of appli-
cations. The applications of Asc depend on its properties as an antioxidant or
on its health-related properties. Asc production has been estimated at approxi-
mately 110 000 t/year, with a worldwide market in excess of $600 million (Bremus
et al., 2006; Zhang et al., 2011). Currently, Asc is widely used in the food, bev-
erage, cosmetic, animal feed and pharmaceutical industries (Bremus et al., 2006;
Pappenberger and Hohmann, 2014) (Table 7.2).

Table 7.2 Application of Asc and its derivatives.

Fields Usages

Pharmaceutical industry ~ For the treatment of scurvy, idiopathic thrombocytopenic
purpura, neonatal hypoxic ischemic encephalopathy, viral
myocarditis, chronic and acute viral hepatitis, ascariasis biliary
colic, gastrointestinal tract ulceration, burn of cornea and
conjunctiva, ocular chemical injury, thrush, virus flu,
atherosclerosis, cancer, bronchial asthma

Food industry Inhibit oxidation and browning of fruits and vegetables; change
the flavour of food; maintaining the food colour; prevent lipid
oxidation

Beverage industry Antiseptic preservation function as an additive; Asc supplement
as nutrition to the human body

Feed industry Improve animal anti-stress ability; enhance immune function;

accelerate growth; enhance the rate of reproduction; for the
treatment of trauma or burn

Cosmetic industry Promote collagen formation, restrain melanin formation, resist
damage to the skin by body cellular oxidation, enhance skin
elasticity




7.8 Outlook

In the late 1950s, Asc was mainly supplied by European and Japanese manu-
facturers (such as Roche, BASF, Merck and Takeda Pharmaceutical). However, by
the early 1990s, 26 Chinese manufacturers had already gained one-third of the
world’s Asc market (Pappenberger and Hohmann, 2014). The European produc-
ers conducted several rounds of price cuts to prevent Chinese companies from
further entering the market (Mandlaa, 2014). In the early 2000s, because of the
record low level of prices for years, many European and Japanese producers aban-
doned industrial production of Asc due to relatively higher production costs in
the Reichstein process than two-step fermentation process. On the contrary, Chi-
nese manufacturers produced more Asc and takes about 90% of Asc yields in
the world (Yang et al., 2011). Currently, five of leading Chinese producers are: (i)
Weisheng Pharmaceutical Company (CSPC), Shijiazhuang, Hebei Province; (ii)
Northeast Pharmaceutical Group Co., Ltd (NEPG), Shenyang, Liaoning Province;
(iii) Welcome Pharmaceutical Co., Ltd (NCPC), Shijiazhuang, Hebei Province; (iv)
Aland Nutraceutical Group, Jingjiang, Jiangsu Province, and a new producer (v)
Shandong Luwei Pharmaceutical Co., Ltd, Zibo, Shandong Province. Today, the
sole Western Asc producer is DSM Nutritional Products of Switzerland (formerly
Roche Vitamins) (Mandlaa, 2014).

Approximately 80% of Asc product in China is exported to more than 150 coun-
tries and regions, while 20% is consumed in native market (Mandlaa, 2014). In the
later 2000s, the price of Asc remains at record low level because of the oversup-
ply of Asc in the world market (Pappenberger and Hohmann, 2014). Hence, two
measures should be taken to make a healthy development for Asc industry: for
one side, to reduce the yields of low value-added Asc products and to develop
the high value-added Asc derivatives, such as Vc-crystal sodium, Vc-calcium and
Vc-phosphate magnesium (Mandlaa, 2014); for the other side, to expand the new
Asc consumption market, especially for Chinese domestic market. If the Asc con-
sumption of each Chinese people is the same as that of the Western countries’
people, the world demands of Asc can be increased from 120 to 220 kt every year
(Mandlaa, 2014). All of these suggest that a promising future for Asc industry if
the new Asc products are produced and the new markets are developed.

7.8
Outlook

The two-step fermentation process of L-ascorbic acid manufacture has been estab-
lished in a commercial scale for over 40 years in China. Compared with the classi-
cal Reichstein process, which is highly energy-consuming and relies on the use of a
number of environmentally hazardous chemicals, the two-step fermentation pro-
cess is less costly and more environment-friendly (Xu et al., 2004). However, the
efficiency of the two-step fermentation still needs to be improved, especially the
second step of mixed-culture fermentation for Asc production. There is still much
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work to be done in this area, such as regulating the artificial ecosystem to enhance
2-KLG production in the second-step fermentation, improving the fermentation
efficiency by changing the current batch fermentation to fed-batch or continuous
fermentation and constructing recombinant strain that directly produces 2-KLG
from D-glucose or L-sorbose.

The relationship between K. vulgare and the companion strain, which plays an
important role in 2-KLG production in the second-step fermentation, should be
a research focus in the near future (Zou, Liu and Chen, 2013). Many studies have
been carried out for the aim of elucidating the interaction mechanism in this arti-
ficial ecosystem (Lu et al., 2001; Zhang et al., 2010b; Ma et al., 2011; Zhou et al.,
2011; Zou, Liu and Chen, 2013). Based on the genomics and other omics analyses
of the two strains, the current results have shown that the relationship between
the two strains is a combination of mutualism and antagonism (Zhou et al., 2011).
However, detailed mining and integration of the omics data will be necessary. Fur-
ther, the genes involved in the biosynthesis and transportation of 2-KLG need
to be elucidated, and the mechanisms of PQQ-dependent incomplete oxidation
dehydrogenases should be investigated. In addition, a genome-scale metabolic
ecosystem combining the two strains as well as the fermentation conditions should
be constructed, which might guide us to carry on regulating the two-step fermen-
tation more effectively and precisely.

Batch fermentation is mainly used in two-step fermentation process for indus-
trial production of Asc (Zhang et al., 1998; Jing et al., 2009). In batch fermentation,
the substrate concentration remains at a low level because of the substrate inhi-
bition effect (Giridhar and Srivastava, 2000b). Moreover, a large unproductive
downtime, such as the time for medium sterilisation and the time for three-grade
expansion of inoculum, leads to much lower fermentation efficiency (Giridhar
and Srivastava, 2001; Takagi, Sugisawa and Hoshino, 2010). Several studies on
fed-batch fermentation or continuous fermentation have been reported for sor-
bose fermentation or 2-KLG fermentation, indicating a promising application for
two-step fermentation process on industrial scale (Giridhar and Srivastava, 2000b,
2001; Jing et al., 2009; Takagi, Sugisawa and Hoshino, 2010; Yang, 2012).

Many scholars have tried to improve the capability of strains by means
of gene engineering techniques (Manning and Kahn, 1992; Hosshino et al.,
2012; Cai et al, 2012; Zhu et al, 2012). Based on the two-step fermen-
tation process, recombinant strains were always inserted into a gene to
express metabolites in order to improve enzyme activities or stimulate growth
of strain (Cai et al, 2012). A more attractive aspect would be to develop
a new engineered strain which combines the metabolic traits of K. vul-
gare and the companion strain and with a higher capability of producing
2-KLG from L-sorbose or b-glucose directly. This will build a single recombinant
organism that directly produces 2-KLG from D-glucose or L-sorbose. With the
development of systems biology and synthetic biology, it is predictable that the
engineered strain with a capability of one-step fermentation will be designed,
built and applied in the future (Zou, Liu and Chen, 2013).
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8
Direct Microbial Routes to Vitamin C Production

Glinter Pappenberger and Hans-Peter Hohmann

8.1
Introduction and Scope

The industrial production of vitamin C (L-ascorbic acid, L-Asc) has a prominent
role in the industrial biotechnology. L-Asc is the vitamin with the biggest produc-
tion volume, with well over 100 000 metric tons produced annually worldwide. It
has a long history of industrial production, the first commercial implementation
of the Reichstein-Griissner L-Asc process dating back to 1934. It has been
spearheading the industrial application of biotechnology for vitamin production.
A fermentative step using G. oxydans had been central to the industrial process
from its beginning, and the most relevant advancement of this process was the
implementation of additional fermentative steps towards the key intermediate
2-keto-L-gulonic acid (2-KGA; alternatively abbreviated in the scientific and
patent literature as 2-KLGA or 2-KLG) since the 1990s.

The focus of this chapter is directed towards novel and disruptive technologies
for industrial L-Asc production, which, despite still being at their infancy now,
have the potential of becoming a clear technology and cost leader and may
thus become the next generation of L-Asc production. The 2-KGA fermentation
technology can, nowadays, be considered as mature, being implemented as
industrial standard by all major vitamin C producers and nearing the end of
its learning curve with respect to further improvements. It will, therefore,
not be a future key differentiating technology. Nevertheless, achieving further
incremental improvements remains critical for maximising competitiveness in a
highly contested market environment with all major players rooted in the same
technology. The 2-KGA fermentation technology, its history, development, status
and future improvement potential have been discussed in several recent reviews
(Bremus et al., 2006; Zhou, Du and Chen, 2012; Pappenberger and Hohmann,
2014), including this book (Yang and Xu, 2016), and will not be part of this review.
The historical, scientific and commercial background on L-Asc production can
also be found there.

Industrial Biotechnology of Vitamins, Biopigments, and Antioxidants, First Edition.
Edited by Erick J. Vandamme and José L. Revuelta.
© 2016 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2016 by Wiley-VCH Verlag GmbH & Co. KGaA.
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With the high efficiency of the D-sorbitol to 2-KGA conversion established in
the current 2-KGA fermentation process, there is little room for improvement by
alternative routes to 2-KGA such as via 2,5-diketo-D-gluconic acid (Sonoyama
et al., 1982; Anderson et al., 1985; Grindley et al., 1988). These approaches
have been summarised elsewhere (Hancock and Viola, 2001; Bremus et al.,
2006) and will not be covered here. Similarly, alternative feedstocks such as
second-generation carbon sources are not generally considered here. The
biotechnological conversion steps towards L-Asc build on the specific configu-
ration of D-glucose, where much of the carbon skeleton and functionalities of
L-Asc are already preformed. Rather than a classical fermentation of feedstock
towards a product via central metabolism, the 2-KGA ‘fermentation’ is indeed
a biocatalytic functionalisation of a specific substrate. The choice of carbon
source is therefore limited to those few with the appropriate stereochemistry and
number of carbon atoms.

The most promising approach towards significant process improvement is to
develop a microbial fermentation directly proceeding to L-Asc. This would make
the chemical conversion step of 2-KGA to L-Asc of the industrially established L-
Asc process obsolete. It will save not only a conversion step, but also the associated
down-streaming steps required to work up fermentatively produced 2-KGA as
well as the recycling of the organic solvents required in the subsequent chemical
steps. The concepts and realisations of such direct microbial production of L-Asc
are the main topics of this chapter.

An obvious biotechnological route towards L-Asc would be an extension of the
current 2-KGA fermentation by a biocatalytic conversion of 2-KGA to L-Asc in
aqueous solution, thus simply replacing the current chemical step. In fact, numer-
ous attempts have been made to identify enzymes catalysing this step and proof
of principle has been shown several times (Hubbs, 1997; Kumar, 1998; Asakura,
Hoshino and Shinjoh, 2001; Hoshino and Kiyasu, 2002). In all cases, however,
conversion rates and yields have been very low and no improvements have been
obtained so far. 2-KGA has proven extremely refractory for rearrangement to L-
Asc in neutral or weakly acidic aqueous environment. This approach will, there-
fore, be not discussed further here.

Microbes (bacteria and yeasts) do not have natural biosynthetic capabilities
for L-Asc production. A self-evident direct source of L-Asc is the utilisation of
the natural biosynthetic routes in plants. Attempts to increase pathway flux and
L-Asc titres in genetically modified plants have demonstrated proof of principle
for such an approach, but achieved titres remain orders of magnitude below com-
mercial requirements for the bulk production of pure L-Asc substance. It seems
unlikely that these approaches will reach competitiveness with L-Asc derived
from microbial 2-KGA fermentation. Markets for higher priced, plant-derived
L-Asc do exist, but will remain small. These routes based on L-Asc biosynthesis
in plants will therefore not be discussed here in further detail, and the reader
is referred to recent reviews on this topic (Hancock and Viola, 2005; Zhang
et al., 2007; Cruz-Rus, Amaya and Valpuesta, 2012; Gallie, 2013; Zhu et al.,
2013).
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8.2
Principles of Direct L-Ascorbic Acid Formation: The Major Challenges

With respect to its chemical structure, L-Asc is the vitamin which is closest to
abundant feedstocks. It bears resemblance to common hexose carbohydrates such
as D-glucose (Figure 8.1), and it may seem obvious to use this as starting mate-
rial for commercial L-Asc production. Still, the industrial synthesis of L-Asc from
common hexose carbohydrates faces several challenges.

8.2.1
Stereochemistry of L-Ascorbic Acid

A first challenge is caused by the stereocenters at C, and C; of L-Asc, in particu-
lar the stereocenter at C;, which is responsible for the assignment to the L-series
of sugars. All naturally abundant hexose sugars fall into the D-series. To convert
D-glucose to L-Asc, nature uses two different approaches: the plant pathway com-
prising the epimerisation of D-sugars at C; or the animal pathway characterised
by carbon skeleton inversion (Smirnoff and Wheeler, 2000; Valpuesta and Botella,
2004; Kondo et al., 2006; Linster and Van Schaftingen, 2007). Conceptually, this
carbon skeleton inversion is achieved by oxidation of the primary hydroxyl group
at C; and reduction of the carbonyl group at C; to the primary alcohol. As a
consequence, the structure in the Fischer projection is turned upside down (the
numbering of carbon atoms is inverted) and the newly assigned C, and C; (former

L-ascorbic acid

D-glucose 5 | 2-keto-L-gulonic acid 1,4 lactone | 2-keto-L-gulonic acid
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Figure 8.1 Structures of p-glucose, L-ascorbic C, and C; positions in D-glucose, relevant for
acid and 2-keto-L-gulonic acid. The stereo- L-Asc synthesis routes involving ‘carbon inver-
centers at C; and C, of L-ascorbic acid and sion’ (natural pathway in animals, industrial
2-keto-L-gulonic acid are indicated by one or synthesis route) are similarly indicated.
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C; and C, of D-glucose, respectively) are then of correct stereochemistry for fur-
ther conversion to L-Asc. Any industrial synthesis towards L-Asc will need to draw
on common hexose sugars from the D-series and thus find an efficient way for
adjusting the stereochemistry.

8.2.2
Enzymes Producing L-Ascorbic Acid and Their By-Product Spectrum

Once the stereochemistry is settled, the further conversion steps towards Asc
are evident (Figure 8.2). By oxidation reactions at C; and C, and the formation
of the 1,4-lactone, the hexose sugar of appropriate stereochemistry is converted
into L-Asc. Here, a second challenge arises specifically for direct routes towards
L-Asc. For directly generating L-Asc (the 1,4-lactone of 2-keto-L-gulonic acid), it
is critical that the 1,4 ring structure of L-Asc is already formed before the final
oxidation step is completed. Otherwise, the linear molecule, 2-KGA (Figure 8.1)
would form, which, after its immediate deprotonation in a neutral or weakly acidic
fermentation broth, will not further convert into L-Asc. In the context of direct L-
Asc formation, 2-KGA, the main intermediate of the industry standard 2-KGA

HO sation HO —
<> oxidation
OH

HO—=—0 =—‘
HO lactoni- 1O~ o
- L
HO HO — O =

/

L-gulonic acid HO —

L-gulonic acid 1 4-lactone

\ O acetali- =¢] a& CH,OH

\ sation .
HO HO— _ L-ascorbic acid
«—> C then rearran 1.4-lactone

OH | on gement

HO

CH,OH CH,OH
L-sorbosone
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L-sorbosone
Figure 8.2 Conceptual outline of direct structures. 1,4-lactones are prevalent, while
routes from p-glucose to L-Asc. The final for the 2-keto aldoses, the corresponding
oxidation step leading to L-Asc will be at 1,4-hemiacetals are not formed to appre-
C, for 1,4-lactone intermediates (such as ciable extend. L-Asc formation from 2-keto
L-gulonic acid 1,4-lactone), or C, for 2-keto aldoses may proceed via 1,5-hemiacetals, but
aldose intermediates (such as L-sorbosone). an additional re-arrangement step to L-Asc is
Both types of intermediates have differ- required.
ent propensities for different types of ring
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fermentation process towards L-Asc, represents a dead-end compound and has to
be avoided.

Which of the respective positions (C; or C,) is oxidised in the final step towards
L-Asc has significant impact on the propensity towards L-Asc of 2-KGA forma-
tion. This is because of the different predisposition of the respective intermediates,
sugar acid or 2-keto aldoses, towards ring formation. The natural biosynthesis
routes for L-Asc, both the plant and the animal pathway, proceed via sugar acids,
which spontaneously or with enzymatic assistance (Kondo et al., 2006) convert to
their corresponding 1,4-lactones. The 1,4-lactone is the most prevalent form of
most sugar acids (Levene and Simms, 1925; Xavier, Rauter and Queneau, 2010).
It is favoured by the sp2 hybridisation of the carbonyl group as part of the ring,
which can be better accommodated in the five-membered furanose ring compared
to the six-membered pyranose ring (Brown, Brewster and Shechter, 1954). With
this, the 1,4-lactone ring of L-Asc is already pre-formed before the second oxida-
tion by oxidoreductases specific for C, of 1,4-lactones completes the synthesis.
By-product formation of 2-KGA is negligible.

An alternative conceptual route first oxidises at C, to generate a 2-keto aldose
with appropriate stereochemistry, for example, L-sorbosone. With its two car-
bonyl and four hydroxyl functionalities, such 2-keto aldoses can adapt numerous
different ring forms (K6pper and Freimund, 2003). The 1,4-furanose form has the
ring structure of L-Asc pre-formed and would be the obvious substrate to directly
yield L-Asc upon oxidation at C,, but is strongly disfavoured compared to the other
isomers and present only in traces (see Section 8.4.2).

On the other hand, enzymes (further described in Section 8.4.1) which convert
L-sorbosone directly into L-Asc are known to exist. Due to the virtual absence
of 1,4-furanose structures for L-sorbosone, this reaction has to start from a
different L-sorbosone isomer. Most plausible substrate for L-Asc formation is
the L-sorbosone 1,5-hemiacetal (see Section 8.4.2), but additional rearrange-
ment is required to arrive at the 1,4-lactone structure of L-Asc, which carries
the risk of 2-KGA by-product formation upon being trapped as deprotonised
free acid.

8.3
Direct L-Ascorbic Acid Formation via 1,4-Lactones

The formation of L-Asc from L-gulono-1,4-lactone (Figure 8.2) or L-galactono-
1,4-lactone (the C; epimer of L-gulono-1,4-lactone) corresponds to the natural
biosynthetic routes. A diverse range of approaches via 1,4-lactones has been
explored for L-Asc production in microorganisms, either by exploiting the natural
L-Asc biosynthesis in microalgae or by introducing routes towards 1,4-lactones
and L-Asc in fungi, yeasts or bacteria. This review focusses on the new develop-
ments in this route over the past 10 years since 2005. Excellent background on
older work can be found in a range of reviews (Hancock and Viola, 2001, 2002;
Running, Peng and Rosson, 2004; Bremus et al., 2006).
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8.3.1
L-Ascorbic Acid Forming Enzymes: 1,4-Lactone Oxidoreductases

Nature offers a range of different L-Asc-forming 1,4-lactone oxidoreductases
from animals, plants, fungi (such as yeast) and even bacteria, which have recently
been reviewed by Leferink and van Berkel (2014). Their different properties allow
choosing the most suitable enzyme in a given strain or process set-up. Important
differences are not only substrate specificity and catalytic performance, but also
subcellular localisation and nature of the electron acceptor.

The two different natural L-Asc biosynthesis routes in plants and animals have a
match in two distinct groups of L-Asc-forming enzymes: L-galactono-1,4-lactone
dehydrogenases (GALDH) in plants and L-gulono-1,4-lactone oxidases (GULO)
in animals. GALDH (plants) are specific to their namesake substrate with a
Ky in the range of 0.1-3 mM and k_,, of 10-135s71, depending on the study
and enzyme source (Oba et al., 1995; Ostergaard et al., 1997; Leferink, van den
Berg and van Berkel, 2008). GALDH are located on the inner mitochondrial
membrane and feed the electrons from the oxidised substrate via cytochrome ¢
into the respiratory chain, ultimately reducing molecular oxygen to water (Schertl
et al., 2012; Hervas et al., 2013). GULO (animals) have a wider substrate range.
They also accept, besides their physiological substrate L-gulono-1,4-lactone,
L-galactono-1,4-lactone and several (but not all) additional 1,4-lactones (Linster
and Van Schaftingen, 2007). Affinity to L-gulono-1,4-lactone is very high with
(depending on the species and study) K, reported in the range of 0.01-0.1 mM,
while the specific activity is rather low with k_,, around 0.5-3.5s7! (Nishikimi,
Tolbert and Udenfriend, 1976; Kiuchi, Nishikimi and Yagi, 1982). GULO is
attached to the membrane of the endoplasmic reticulum (ER), with its active
site presumably facing the ER lumen. Electrons are transferred directly onto
molecular oxygen, resulting in stoichiometric formation of hydrogen peroxide
(Linster and Van Schaftingen, 2007). Despite these differences, both enzyme
families GALDH and GULO are related, both contain FAD as cofactor, belong
to the same VAO (vanillyl alcohol oxidase) family of flavoproteins (Leferink
et al. 2008) and are probably derived from the same ancestral L-Asc-forming
enzyme (Wheeler et al., 2015). With mutations of just single amino acids, key
functional differences between GALDH and GULO could be levelled. An A113G
replacement converted GALDH from Arabidopsis to an oxidase, enabling access
of molecular oxygen to the flavin cofactor and direct transfer of electrons to
molecular oxygen, just as in the case for GULO (Leferink ez al., 2009a). An E386D
replacement in the same GALDH enzyme altered substrate specificity towards
equally accepting L-galactono- and L-gulono-1,4-lactone, just as in the case for
GULO (Leferink et al., 2009b). Despite of this ease of interconverting key features
such as substrate spectrum and mode of electron transfer of both enzyme groups,
these properties are strictly separated in the wild-type enzymes according to
their phylogeny (plants or animals). This suggests there is an important difference
in the functional needs between animal and plant L-Asc biosynthesis, which may
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relate to the high level of reactive oxygen species and the increased need for
water-soluble antioxidants in photosynthetic organisms (Wheeler et al., 2015).

Yeast and many other fungi do not have an endogenous pathway for L-Asc
biosynthesis, but rather produce L-Asc analogues such as the five-carbon ery-
throascorbic acid (see Section 8.3.3). Its biosynthesis proceeds by oxidation of
D-arabinose at C; and C, in analogy to the final steps of the plant route for
L-Asc biosynthesis. The enzyme catalysing the final step, D-arabinono-1,4-lactone
oxidase (ALO) is localised at the mitochondrial membrane similarly to GALDH
(Nishikimi, Noguchi and Yagi, 1978), but otherwise is closely related in function
and phylogeny (Wheeler et al., 2015) to the mammalian GULO enzyme. As
an oxidase, it transfers electrons directly to molecular oxygen, resulting in the
formation of hydrogen peroxide. Besides its physiological five-carbon substrate, it
accepts L-gulono- and L-galactono-1,4-lactones equally well (Nishikimi, Noguchi
and Yagi, 1978; Huh et al., 1994, 1998) with comparatively high K, of 50 mM and
k., of 207! for both D-arabino- and 1-galactono-1,4-lactone substrates.

Prokaryotic organisms are not known to produce or require L-Asc as antioxi-
dant or enzyme co-substrate. Nevertheless, sequence homologues to eukaryotic
1,4-lactone oxidoreductases can be detected in several bacterial organisms.
One such homologue from Mycobacterium tuberculosis was recombinantly
expressed and characterised and shown to indeed be capable of converting
L-gulono-1,4-lactone to L-Asc (Wolucka and Communi, 2006). Similar to the
plant GALDH, this enzyme does not accept molecular oxygen, but can transfer
electrons to cytochrome c. It is highly selective for L-gulono-1,4-lactone, with K,
of 3.3 mM. Turnover, however, is slow at 0.05s~!. Surprisingly, no FAD cofactor
could be detected in the recombinant protein, and the low specific activity could
thus be caused by only a small fraction of the enzyme being charged with FAD
cofactor. Activity of this enzyme could also be detected in Mycobacterium cell
lysates, but whether L-Asc formation is indeed its physiological role remains
unclear.

A highly unusual bacterial L-gulono-1,4-lactone dehydrogenase had been
identified from Ketogulonicigenium vulgare (Sugisawa et al., 1995). This is the
very organism used in the industrial fermentation of the 2-KGA intermediate
towards L-Asc. This L-Asc-forming enzyme, however, has no role in this indus-
trial process, where oxidation at C, already occurs at the very beginning upon
converting D-sorbitol to L-sorbose (see Section 8.4). No gene for a VAO-family
oxidoreductase is found in the genome sequence of Ketogulonicigenium; thus, this
enzyme is unrelated to any of the other Asc-forming 1,4-lactone oxidoreductases.
The sequence or gene for this enzyme has not been described, but the enzyme
was biochemically characterised as a heterotrimeric assembly of a flavopro-
tein (61kD), a cytochrome c¢ subunit (32.5kD) and a small subunit (16.5kD).
Several such heterotrimeric flavoproteins are known from other organisms
for carbohydrate oxidation, such as FAD-linked dehydrogenases of D-sorbitol
(Shinagawa et al., 1982; Toyama et al., 2005), D-gluconic acid (Shinagawa et al.,
1984; Toyama et al., 2007), D-fructose (Ameyama et al., 1981; Kawai et al., 2013)
and D-glucose (Tsuya et al., 2006). They all have in common that they oxidize

199



200

8 Direct Microbial Routes to Vitamin C Production

the hydroxyl function a C, or C;, one carbon away from the terminal position in
the carbohydrate substrates. This is well consistent with the Ketogulonicigenium
enzyme oxidising C, of L-gulono-1,4-lactone. Typically, these heterotrimeric
flavoproteins belong to the glucose-methanol-choline (GMC) oxidoreductase
family, which are linked with a cytochrome ¢ and an additional small subunit
in a single operon. The genome sequence of Ketogulonicigenium shows one
example of such operon (KVU_PB0007, KVU_PB0008 and KVU_PB0009), and
the predicted sizes of the protein products (58.8, 28.2 and 15.2 kD; after cleavage
of putative signal sequences, but including covalently linked cofactors) are very
close to the biochemical observations. The cytochrome c subunit sequence
is peculiar, being significantly smaller than its homologues, consisting only
of two instead of three cytochrome c repeats. This is also in agreement with
the biochemical size observation of 32.5kD compared to the standard around
50kD. Overall, it seems highly likely that this set of Ketogulonicigenium genes is
indeed the L-gulono-1,4-lactone dehydrogenase described by Sugisawa et al. This
enzyme is localised in the periplasmic space between the inner and the outer
membrane of this Gram-negative bacterium. It is thus readily accessible to small
hydrophilic compounds from the environment. It cannot use molecular oxygen
directly, but it is membrane-associated and feeds the electrons from the substrate
oxidation into the respiratory chain. Substrate affinity is low with K, estimated
at 35mM, but specific activity is very high with a k_,, of 850s7L. The substrate
range of this enzyme was found to also include, besides L-gulono-1,4-lactone,
D-glucose and D-xylose, both also being oxidised at C,. It is therefore plausible
that standard sugars such as D-glucose or D-xylose are the actual physiological
substrates of this Ketogulonicigenium enzyme and its Asc-forming capability
from L-gulono-1,4-lactone is a mere coincidence of substrate promiscuity.

8.3.2
Direct L-Ascorbic Acid Formation in Heterotrophic Microalgae

The right choice from the range of 1,4-lactone oxidoreductases is important,
but only part of a direct microbial process to L-Asc. Equally important is the
good provision of the 1,4-lactone substrate from a commodity carbon source.
Microalgae are the only microorganisms with natural L-Asc formation capability,
having, similar to higher plants, an endogenous route from D-glucose to L-Asc
via L-galactono-1,4-lactone. This makes them obvious candidates as fermentative
L-Asc production hosts. While phototrophically grown microalgae are indeed
known for their high vitamin C content (Brown et al., 1997), this type of growth is
not suitable for industrial L-Asc production. Photobioreactors are of prohibitive
investment and operation costs, while in an open pond set-up, growth is too slow
and dilute to enable meaningful L-Asc titres.

A number of microalgae, however, also have the ability to grow heterotroph-
ically in fermenters on added carbon source, while retaining their capability for
L-Asc formation. This concept was worked out by researchers at BTR (Biotech-
nology Resources) in the 1990s (reviewed in detail in Running, Peng and Rosson,
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2004). Initial work in Chlorella was hampered by the incompatibility of conditions
for Asc stability (low pH, low dissolved oxygen) and Chlorella growth (neutral
pH, high dissolved oxygen). A way forward was given by adapting the process
set-up towards stabilisation of L-Asc, such as separation of biomass growth under
high aeration and L-Asc production under low aeration. Still, a large fraction of
the L-Asc produced was not secreted and remained intracellular. Subsequently,
acidophilic species of the related microalgae Prototheca were selected, where
low-pH growth allowed for stable L-Asc even under high aeration and most
L-Asc was secreted and found in the fermentation broth. These strains were
further improved for extracellular L-Asc accumulation in a strain development
programme based on random genome mutagenesis and screening. Respectable
extracellular L-Asc titres of up to 5g/l in fermentation on D-glucose have been
achieved, but industrial process requirements demand further improvements
by at least an order of magnitude. The lack of genetic engineering tools for
Prototheca prevented further progress, leading to abandonment of this program
(Running, Peng and Rosson, 2004).

833
Direct L-Ascorbic Acid Formation in Recombinant Yeast

Baker’s yeast (Saccharomyces cerevisiae) and other yeast strains are workhorses
of industrial biotechnology, thanks to their ease of cultivation and genetic engi-
neering. In addition, many yeast strains are capable of growth at low pH, which
in a direct fermentative L-Asc production could be critical for the stabilisation
of L-Asc in the fermentation broth. Due to the substrate promiscuity of the
yeast enzyme ALO (see Section 8.3.1), yeast not only produces its physiological
antioxidant erythroascorbic acid, but also supports L-Asc synthesis (Figure 8.3)
when provided with the appropriate precursors L-galactono-1,4-lactone or
L-gulono-1,4-lactone (Nishikimi, Noguchi and Yagi, 1978; Roland et al., 1983).
Even the preceding step, oxidation of L-galactose to L-galactonic acid (which
spontaneously rearranges to the 1,4-lactone), is supported by S. cerevisiae
biomass, possibly because of similar substrate promiscuity of the corresponding
yeast pathway enzyme D-arabinose dehydrogenase (Kim et al., 1996; Hancock,
Galpin and Viola, 2000). Looking at the front end of the L-Asc biosynthesis,
S. cerevisiae has the added advantage of a high endogenous flux into GDP-p-
mannose for cell wall biosynthesis and protein glycosylation (Hashimoto et al.,
1997; Kruszewska et al., 1999). With this, only three genes are missing to establish
the plant route towards L-Asc in S. cerevisiae: GDP-D-mannose-3,5-epimerase,
GDP-L-galactose-phosphorylase and L-galactose-1-phosphatase (Figure 8.3).
This physiological framework in S. cerevisiae provided a clear outline for
genetic engineering work to enable S. cerevisiae for L-Asc synthesis from D-
glucose. Branduardi et al. established the heterologous expression of the three
missing plant pathway enzymes in S. cerevisiae (Branduardi et al., 2007). In addi-
tion, the endogenous yeast enzymes for the two final steps were complemented
by overexpression of the plant enzyme L-galactose dehydrogenase and of the
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