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Amino acid metabolism

Fungi wilize nitrate, ammonia and some amino acids by dircct uptake across the hyphal
‘membrane, however they cannot fix gaseous nifrogen. More complex nitrogen sources, such
as proteins and pepides, can be uilized, once exira cellular proteases have degraded them
into amino acids.

Transamination reaction ic. transfer of the amino group from G-amino to keto acid is
predominant in the amino acid meabolism. Nifrogen of all the amino acids can enter info
glutamate. Ammonia of L-glutamate is released by an oxidative deamination catalysed by L-
glutamate dehydrogenase. In fungs, the ammonia seleased from the amino acids is detoxicated
by conversion fo urea by urea cycle as described in the Fig. 9.
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Fig 9: Urea cycle in Saccharomyces cerevesiae

Nucleotide metabolism

Nucleofides are essential for making genctic machinery of the organism. Purines and
pyrimidines are the basic clements forming DNA and RNA in nucleus. The de novo (de novo
‘means newly-synthesized) synthesis of purine mucleotides is from simple precursors like CO;
amino acid, one carbon unit etc. The precursors required for the biosynthesis of pyrimidine
‘mucleotides are aspartate, CO; and glutamine. These molecules by enzymatic reaction form
uridine monophosphate (UMP) and other pyrimidines like cytosine and thymine are formed
from UMP. In fungi, purine nucleotides are degraded via useides, allantoin and allantoate to
NH; and CO; by the purine catabolic pathway while pyrimidine bases uracil and thymine, are
‘mainly catabolised by the sequential reactions catalyzed by different enzymes. The end
‘products of this pathway are either B-alanine or S-aminoisobutyrate. In both cases, NH; and
€O are released as byproducts.

Energy

Energy is derived by the organelles from carbohydrates, fats and proteins in foodstuffs. In
‘most of the fungi, carbon and hydrogen skeleton of compounds are completely oxidized by
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aerobic fragmentation to CO,. and H;O. In some fermentative fungi carbohydrates are
converted into alcohol via anacrobic pathway, where no encrgy is required. Fermentation
process does not yield more energy but serves fo regenerate NAD+ necessary for
continuation of glycolysis

Carbohydrates, fats and proteins are metabolized via different biological pathways and enter
into TCA cycle to produce CO2, H>O. NADH. FADH. and small number of ATP (through
subsirate level phosphorylation). NADH and FADH act as a starting molecule for oxidative
phosphorylation fo generate ATP via electron transport chain (while most of the ATP is
formed by passage through the electron transport chain and oxidative phosporylation, a
certain mumbers of ATP is obtained by oxidation at the substrate level). This process requires
several enzymatic complexes present on the mitochondsial membrane. The complete
oxidation of one glucose molecule yields 36 ATP molecules (700kcal)

Interlinks of metabolic patiways

Metabolic nefwork is formed throngh the interaction between different metabolic pathways
like carbohydsate, fat and protein, as depicted in Fig. 10. Fats are broken down fo fatty acids
and glycerol and then glycerol enters the glycolytic pathway via glyceraldehyde-3-phosphate.
Fatty acids are oxidized to acetyl CoA and then enter the TCA cycle. Glucogenic amino
acids, amino acids whose carbon skeleton give sise to citric acid cycle intermediates, are
cither oxidized to COy, and HxO by the citric acid cyele or may be converted to other
componnds c.g. glucose, ketone bodies or fats. While ketogenic amino acids, amino acids
whose carbon skeletons give rise to acetyl CoA or crotonyl CoA, give sise fo fatty acids as
they all can form acetyl CoA. Signaling networks comprise cellular responses to inter-cellular
signals. Gene expression networks describe regulatory interactions berween genes and gene-
products

Secondary metabolites

Many fangi express secondary metabolites, which are low-moleeular-weight compounds.
These metabolites ofien have potent physiological activities. Morphine and quinine are plant
secondary metabolites, whereas penicillin, cephalosporin, ergotrate and the statins are well
known fungal secondary metabolites. Many of these have been found fo be useful in industry
and medicine. Although chemically diverse, all secondary metabolites are produced by a few
common biosynthetic pathways, often in conjunction with morphological development
Recent advances in molecular biology, bioinformatics and comparative genomics have
sevealed that the genes encoding specific fungal secondary metabolites are clustered and
ofien located near telomeres. The most imporiant secondary metabolites scem o be
synthesised from one or a combination of three biosynthetic pathways: polyketide pathway
‘mevalonate pathway and other pathways involved in amino acid such as shikimic acid
patlnway. Various secondary metabolites include mycotoxins, antibiotics, alkaloids and plant
growth regulators

Mycotoxins

Mycotoxins are secondary metabolites produced by fingi and ase capable of causing disease
and death in humans and other animals. While all mycotoxins are of fungal origin, not all
toxic compounds produced by fungi are called mycotoxins. The farget and the concentration
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of the metabolite are important for their toxicity. Due to their pharmacological activity, some
‘mycotosins or mycotoxin desivatives are in use as antibiotics (fangal products that are mainly
toxic to bacteria), growth promotasts, and other kinds of drugs; some have been implicated as
chemical warfare agents. Some of the mycotoxins are associated with human and veterinary
discases (Mycotoxicoses). The foxins associated with the discases include aflatorins, citrinin
ergot akaloids, fumonisins, ochratoxin A, parulin, trichothecenes, and zearalenone. Neither,
the role of mycotoxins in fungal biology or the mechanism of action of aflatoxins in humans
is well understood.
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Fig 10: Tnterlinks of metabolic pathways

Aflatorins are natural secondary metabolites produced primarily by the fangus 4. flavus and
4. parasiticus. Aflatosins were discovered about 40 years ago afier the devastating loss of
pouliry in England (Turkey X discase). They are a group of polykeride-derived
furanocoumarins with at least 16 structusally related toxins that have been characterized.
There are four major Aflatoxins — B1, B2, G1, and G2 (Fig. 11). A flavus, A. pseudotamarii
and A ochraceoroseus produce only the B aflatoxins and A nomius, A. bombycis, A
parasiticus and an unnamed taxon from West Africa produce both B and G toxins. Aflatoxins
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were originally isolated from 4. flavus and hence the name A-fla-toxin. Other significant
‘members of the aflatoxin family, M1 and M2 are oxidarive forms of aflatoxin B1 modified in
the digestive tract of some animals and isolated from milk, urine and feces. The aflatoxin
‘molecule contains  coumarin nucleus linked to a bifuran and either a pentanone as in
aflatoxin B1 and the dibydro-derivative aflatoxin B2, or 2 six membered lactone as in
Aflatoxin G1 and its corresponding derivative aflatoxin G2. These four compounds are
separated by the colour of their fluorescence under long wave UV illumination (B=Bluc,
G=Green). The subscripts relate to their relative chromatographic mobility. Of the four, B1 is
found in highest concenirations followed by G1 and G2. The mode of action involves the
chemical binding of the liver Cytochrome P450 activated aflatoxin forms adducts with
guanine residues in DNA (p53 gene). which resuls in a G fo T change ultimately causing
liver cancer in animals,

@ Aflwoxin B, ) Afistoxin B, © Aflaoxin M,

Afatoxin G, @) Astoxin G,

Fig 11: Chemical structures of aflatoxins

spergillus flavus and A. Parasiticus, ase saprophytic in natuse, with worldwide distribution.
They can colonize several important crops like com, cotionseed, peanus and free us,
produce aflatoxins, which are highly tosie, mufagenic and carcinogenic to animals and have
been implicated in hepatocellular carcinoma, acute hepatitis, Reye’s syndrome, cirthosis in
malnourished children, and Kwashiorkor. Discases produced by aflatoxins are called
Aflatoxicoses.
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Other toxins

Paulin is a polyketide lactone produced by Penicillin and Aspergillus growing on apples,
pears, grapes and other fiuits. Iis biosyntheric pathway is still unclear, but it appears that
several altemate pathways may result in the same end product. Patulin has an effect on
carbohydrate metabolism and causes breaks in DNA, inhibits aminoacyl-RNA synthetase.
Patulin has an influence on intracellular ion flux and interaction with cellular membranes. It
was fisst thought fo be 2 potential antibiotic

Zearalenones (aromatic and cyclic compounds) are also synthesised via the polyketide
biosynthetic pathway. Zearalenone is one interesting example from this group regulating
perithecium formation in the fungus. It has an estrogenic effect in mammals.
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Consumption of high doses of zearalenone is commonly defrimental in pigs, but the
compound has also been used deliberately at low doses as a growth supplement in sheep and
catile. The reproductive behaviour of pigs consuming feed contaminated with Fusarium
graminsanum may be modified. 7. graminsarun is a common hyphomycete found in soil. Some
isolates are widely recognised as important plant pathogens in temperate and warm temperate
climates. Thus confamination of feeds is likely to be widespread where there is poor conirol
over humudity during storage. The main function of zesalenone appears fo be its role in
perithecium formation.

Antibiotics and alkaloids

Penicillin and cephalosporin are - lactam antibiotics produced by a few Ascomycota (e.g.
Penicillium chrysogemum, Aspergillus nidulans and Penicillium nalgiovense). Several
bacteria also produce penicillin. The precursors of these antibiotics are amino acids.
Synthesis of active antibiotics s directed by the inclusion of different organic fatty acids in
the growth medium. This resultsin the formation of side chains on the compound.

Penicillin -G
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Defensins, another group of anibioties derived from the amino acid pathway, are peptides
that act against bacteria. They are found in animals and function to protect organs such as the
gingiva where bacterial densities are very high. The first defensin found in fingi has been
called plectasin.

Toxins derived from amino acid synthesis include psilocybin (Psilocybe) and Bufotenine
(Amanita). These compounds act on nerve impulses, resulfing in hallucinations. Amatoxins
(Amanita) are cyclic peptides that act on RNA synthesis in all eukaryotic organisms. They
are extremely toxic and are particularly dangerous because their ffect is evident after 24 to
48 hours after ingestion.

Exgot is synthesized by a Claviceps purpurea, a parasitic fungus on grasses and cereals, C.
Juusiformis, C. paspali, and C. afvicana, C. purpurea can affect a number of cereals including
sve (its most common host), Iriticale, wheat and barley. It affects oats rarely.

NH

HN/

Ergoline

Ergot alkaloids are synthesized from several patlways. Trypotophan from the shikimic acid
pathway is attached to an isoprenoid moiety derived from the mevalonate pathway. Several
amino acids from primary metabolism are added depending on the final ergot product. Exgot
alkaloids are produced as a complex mixture of related compounds. These compounds may
function as vasodilators, hormone regulators, and feeding deterrents active in mammals and
insects. Their function in the fungi is unclear. Given the importance of amino acids in the
synthesis of alkaloids, it follows that nitrogen nuirition of the fungi is important
Carbon/nitrogen balance, carbon source, availability of precursors, and repression by excess
of regulators such as ammonium are importan. Regulation of other secondary metabolites is
as varied as their structures.

Plant Growth Regulator: Gibberellins

Many pathogenic and non-pathogenic fungi produce awin, cytokinins, gibberellins and
abscisic acid. In fact the gibberellins were frst found in the fungus Gisberells fyilurci, a
‘pathogen that causes tall, siragely growth of rice. The gibbercllins are diterpenes produced by
the mevalonate/isoprenoid pathway. The functions of these compounds in fungi that colonise
plants seem clear. Modification of host plant fissue would enhance colonisation, release
Facilitates mtrients and regolate host reproduction. The function of plant growth regulater in
fungi is unclear
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Biochemical pathways in fungi

It is necessary to understand various biochemical pathways operating in fungi for different
useful applications. Biochemical pathways and metabolic nefworks are well worked out in
Saccharomyces cerevisie. Understanding of genomes of Neurospora Crassa, 4. nidulans, A
Slavus facilitated a deeper insight into the biochemical pathways, variations and homologies
among various fungi.

Insight into the functional organization of fungi is gained mainly throngh the information on
metabolic networks in Saccharomyces cerevisiae. Several biochemical pathways are
identified in . cerevisiae, which are common in other organisms and are discussed in briefly.

Salient metabolic pathways include carbohydrate, fatty acid, amino acid and mucleotide
‘metabolisms. Energy formation in the cell is an important ontcome of metabolic patiways

Carbohydrate metabolism

Soluble carbohydsates enter hyphae by diffusion, followed by active uptake across the fungal
‘membrane. For the saprophytic fungi most of the available carbon in the environment is
present as complex polymers like ecllulose, chitin or lignin. These materials need to be
broken down enzymatically before they can be utilized. Therefore fungi release degradative
enzymes such as cellulases, chifinases, proteases and multi-component lignin degrading
enzymes, depending on the type of subsirate the fungus is growing on. Regulation of these
enzymes is by substrate-induction and end product inhibition. Carbohydrate metabolism in
fungi is via glycolysis (also called Embden-Myerhof-Pamas patiway) and the ricarboxylic
acid eycle. In some fermentative fungi glycolytic pathway leads to the reduction of pyrvate
to lactic acid to produce alcohol. Examples include Saccharomyces cervesiae, S,
carlsbergensis, 5. wvarum, 5. sake, Aspergillus oryzae.

Glycolysis:  Two important ways a cell can harvest energy from food ase by fermentation
and cellular respiration. Both start with the first siep: the process of glycolysis, which is the
breakdown of glucose (6 carbons) into two molecules of pyruvic acid (3-carbon). Detailed
glycolysis pathway has been shown in Fig. 6. The energy from other sugars, such as fructose,
is also harvested using this process. The process, glycolysis does not need oxygen as part of
any of ifs chemical reactions. It serves as a firt step for both aerobic and anacrobic energy-
harvesting reactions,

Krel’s cycle: The end product of glycolysis, ie. pyruvate, undergoes series of reactions and
is converied info oxaloacetate by means of varions enzymes. Relevant enzymes for catalyzing
these reactions are present in the mitochondria where oxidative decarboxylation fakes place.
On complete combustion of CO; and H;0, one mole of glucose yields about 700 keal. In
presence of oxygen the metabolism of glicose via glycolysis and TCA eycle (Fig. 7) coupled
1o electron transport chain yields a tofal of 36 ATP molecules (about 252 k.cal)

Glyoxylate eycle: The glyoxylate cycle is the variation of the citric acid cycle and occurs in
plants, fungi, bacteria, but not in animals. In this cycle, acetyl Co A condenses with
oxaloacetate o form citrate exactly as in the citric acid eycle. The breakdown of isocitrate
does not occur via the isocitrate dehydrogenase reaction, but occurs through a cleavage
catalysed by the enzyme isocitrate lyase, to form succinate and glyoxylate (Fig. 8). As
glyoxylate cycle does not occur in eukaryotes, this cycle may have a potential role in fungal
‘pathogenesis
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Fig 6: Glycolysis in Saccharomyces cerevesiae
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Lipid metabolism

Fatty acid synthesis (Lipogenesis) takes place in the cytosol and is distinct from the oxidation
of fatty acids (Lipolysis) i the mitochondria. Farty acids are converied in to an active form
fatty acyl CoA by acyl CoA syathetase enzyme. This enzyme is present in the endoplasmic
seticulum, inside and on the outer membrane of mitochondsia. The reaction is catalyzed on
the outer membrane and thus the conversion of fatty acid to its activated form (fatty acyl
CoA) occurs, involving one high-energy phosphate. Faity acyl CoA is formed outside the
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‘mitochondria, whereas the fatty acid oxidizing machin

y is present inside the inn

‘membrane of mitochondsia, which is impermeable to CoA and ifs derivatives. Farty acyl Co
is transferred into mitochondrial matrix via camiine shutle, where P-oxidation takes place.
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Fig 7: TCA cycle in Saccharomyces cerevesiae




