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ABSTRACT

The use of UV-light and epichlorohydrin to isolate mutants capable of producing
high levels of cyclosporin in the presence of 4-aza-DL-leucine was examined. Using UV-
light, mutant UV-98, capable of producing 47% more cyclosporin was isolated from T.
niveurn UAMH 4002. A second round of mutagenesis involved the treatment of mutant
UV-98 wiih epichlorohydrin and led to the isolation of mutant EPI-74 .

Growth of these mutants in medium containing different carbon sources showed
that the carbon source supporting the highest amount of cyclosporin yield was strain
specific. Increasing the concentration of carbon source led to an increase in biomass but
not cyclosporin production. The use of ammonium sulfate as a nitrogen source proved
unsuitable in one mutant strain while Delcase, a complex nitrogen source, increased
cyclosporin production in wild type 7. niveurn UAMH 2472 (139% more than Vitamin
Assay Casamino Acids) but pot in mutant B-5 (UV derived mutant of UAMH 2472,
Fode, 1990). Supplementation of the growth medium with constituent amino acids
demonstrated that production towards certain forms of cyclosporin could be directed but
did not always lead to increased titres except in the case of L-valine. Addition of I-
asparagine, a non-constituent amino acid showed that cyclosporin synthesis could be
adversely affected by molecules which are not part of its normal structure. Examination
of the relationship between growth and cyclosporin production showed that th= high
levels of cyclosporin observed in mutant UV-98 compared to wild type UAMH 4002
were due to high rate of production by the former.

Four proteins which may be involved in the synthesis of cyclosporin were
obtained using two different purification procedures. Their molecular weights were
estimated to be 5.0 x105, 4.7 x105, 4.4 x 105 and 4.1 x103 daltons for proteins A, B, C,

and IJ respectively.



Using contour-clamped homogeneous electric field gel electrophoresis, 7. niveumn
chromosomes were separated into four bands with molecular sizes ranging from 1.2 to

5.6 megabases. The total genome size was determined to be between 20.1 and 21.3 Mb.



ACKNOWLEDGEMENTS

I would like to thank Dr. M. A. Pickard and my cornmittee for their helpful advice
throughout this research project. Sincere thanks also go to Atsumi Hashimoto. Ange
Kadima, Donald Netolitzky, Bill Henry, Domenic Spadafora and Sam Au for their
technichal assistance in some of my work.

I also wish to thank my husband Webster, and our children Simba and Farai tor

their help, love and understanding over the years. Special thanks to my sisters and

brothers for their vugport.



1.

(S

TABLE OF CONTENTS

PAGE
INTRODUCGCTION ...ttt it iiea tet e e trearetanrananaanaas 1
1.1 Cyclosporins ....... e et aeeee e ieatia e it ettt eee e ettt aattaaerananeeaas 1
1.2 The Structure of CyCloSPOTINS ...coiiiiiiiiiiiiiiii it iiieaiiiecaeereaaeaannaans 1
1.3 The Importance of CyClOSPOTiNS. . .iuueiiiiiiiieaicaiieieieieeiernresneennnnnns 4
1.3.1 Antimjcrobial and Antip2mastiC aCHVItY ..cvveenriiiiiiiaiieniennrnnnnnnn. 4
1.3.2 Cyclosporin A as an Immunosuppressant ........ccceevvevveerenannnn.. 5
1.3.3 Structure Activity Relationship......c.cociiiiiiiiniiiiiiiciiiniieeennn. 7
1.4 Biosynthesis of CyClOSPOrins.......cccoviiiiiiiiiiiiiiiiaiiiiitiaceaaannnn 7
1.5 Production of Cyclosporins ......ciieiiciiiiiaiiiiiiaiiiiiiiiiiii et eeeaeenen, 12
1.5.1 Organisms Producing Cyclosporing ........ccieeiiiiiiiienivnnnnennn.. 12
1.5.2 Directed synthesis of Cyclosporin.......ccocoeeiiiiniiieiiieiniennnn.. 13
1.5.3 Nutritional Strategies and Batch Kinetics.......o.oiviieniineennnnn... 15
1.5.4 Cell Free Synthesis................ G eeetenteeteeat et et e aaaaaaaenas 16
1.6 Strain Improvement Programime ..c..cuveiiieniiiiiioiieiiiiieeeeiaenaennn. 17
1.6.1 UV-MULAZENESIS c0iuiiiiittsverieiitieaitae e eeiee e renaaneeeennn. 17
1.6.2 Mutagenesis using Epichlorohydrin...............ciooiiniiiiiinnns 19
1.6.3 Screening and Selection of Mutants....... ettt treteeteetaieanaaaaaeaan 20
1.6.4 RecombINation .. .ciiiiii ittt e as 21
1.7 Research ObJECHVES ....uuueiiiiitiie it i et eie e eeeeannns 22
MATERIALS AND METHODS ....iiiiiiiiii et e eaeneens 24
2.1 SHAINS e e e e e 24
2.2 Maintenance Of Cultures ... ....oiiii ittt e e 24



2.4 Extraction and Analysis of CycloSporing .........ooovvviviiiiiiineeeninnnnnn... 25

2.5 pH and Biomass Determination ..........oovevueieei i, 25
2.6 Mutation and SeleCtion ... .couuuiitiiiiieii i e 25
2.6.1 UV-MutagenesiS.................. e et iae e, 25
2.6.2 Epichlorohydrin-induced Mutagenesis..............c.oooeeeeuniain... 26
2.6 3 Determination of 4-aza-DL-leucine concentration...................... 26
2.6.4 Isolation and Selection of Mutants....................ooiiiiiiiiin. ., 27
2.6.5S8train Stability ...ttt 27
2.7 Purification and analysis of Cyclosporin Synthetase(S)....................... 27
2.7.1 Preparation of Cell Free EXIractS......cccocvoiiiiiniiinneenieiinaennnnns. 27
2.7.2 Gel Filtration Chromatography.........cooovieuiemeemiineeineiaaennnns. 28
273 SDS-PAGE. ... 29
2.7.4 Determination of Cyclosporin Synthetase Activity..................... 29
2.8 Isolation of ChromoOSOMES. ...ciuiiiieimiieniieeiieteiiiei i eeaeeeenns 30
2.8.1 Preparation of Chromosomal DNA.......................oiiiio .. 30
2.8.2 Pulse-field Gel Electrophoresis .......oooviiiiiiiiiiiiiiiaeeaiann . 31
ISR 8 5 1 T TSR 32
3.1 Mutagenesis and Selecton.....c..ouiiiiiriiiiiiiii it 32
3.1.1 Determination of Optimum Conditions for Mutagenesis and
SelECHOM ..t it 32
3.1.2 Isolation and Selection of Mutants.................... PR | o
3.1.3 Stability Of MUtants......uuuniiiii it ean s 41
3.2 Characterization of MULaNTS..c...oiiiiiiiiiiiiiiemie e 44
3.2.1 The Effect of Carbon Source on Cyclosporin Production ............ 44
3.2.2 The Effect of Nitrogen Source on Cyclosporin Production........... 54
3.2.3 The Effect of Amino Acids on the Produczion of Cyclosporin....... 57

3.2 4 Growth of the Organism and Cyclosporin Production ................ 64



3.3 Purification and Identification of Cyclosporin Synthetase(s)................. 77

3.3.1 Extraction and Purification of Cyclosporin Synthetase(s) ............ 77
3.3.2 Detection of Cyclosporin Synthetase(s).....cocvveviiirimiiieiiinenanan. 82

3.4 Isolation of Chromosomes of T. niveum .......c...c.covvvvnieniiiieniniarinns 82
3.4.1 Preparation of Intact Genomic DNA........ccociiiiiiiinniiiiininnnee. 83
3.4.2 Separation Of ChIOMOSOMES «..uuuneiieiieeneiaiaiarierrntirranienumenns 83
3.4.3 Estimation of the Sizes of T. niveurn Chromosomes.................. 87

3 5 K161 ST () \ B PO 93
4.1 Mutation and SeleCtion ....ovoviiiiiiiiiiiiiiiiiiiiiiiiii it e 93
4.2 Characterization Of MUtAntS...c.ciieiieirieieeeieeencenesirreeeniesncnssencananns 94
4.2.1 The Effect of Carbon Source on Cyclosporin Production ............ 94
4.2.2 The Effect of Nitrogen Source on Cyclosporin Production........... 96

4.2.3 The Effect of Amino Acids on the Production of Cyclosporin.......96

4.2.4 Growth of the Organism and Cyclosporin Production................ 99

4.3 Purification and Identification of Cyclosporin Synthetase(s)................. 100
4.4 Isolation of Chromosomes of T. niveum ......ccccoveeiiiiiiiiiiiiiniiianne.n. 101
5. REFERENCES ...ttt ea ittt eaesaaea e mtaeaaaanaannnas 103
LN 33 2 SIS B ) 0. QOO 111
6.1 Production of Cyclosporin by UV generated Mutants......cccccceeuvenen.. 111

6.2 Cyclosporin Production by Epichlorohydrin Mutants of UV-98
exposed for 30 Min. ....iiiiiii i e, 114

6.2 Cyclosporin Production by Epichlorohydrin Mutants of UV-98
exposed for 60 MIN. ....oiiiiiiiiiiii it tei e e aanaas 116



LIST OF TABLES

TABLE DESCRIPTION PAGE

1 Production of Cyclosporin by Selected UV-generated Mutants ................... 40

2 Production of Cyclosporin by Selected Epichlorokydrin-generated Mutants ... .43

3 Production of Cyclosporin by T.niveun JAMH 2472 and B-5 using various
Carbomn SOUKCES .. uuiiiiniiiiiiiii it re et e e 50

4 Production of Cyclosporin by T.aiveurn UAMH 4002, UV-98 and EPI-74

Cultures Grown on Different Carbon SOUICES «vouveevineiiiiiiniieiiiieienennn.n. 53
5 The Effect of Carbon Source Concentration on Cyclosporin Production ........ 56
6 The Effect of Ammonium sulfate on Cyclosporin Production..................... 57
7 The Production of Cyclosporin Using Delcase as the Nitrogen Source .......... 58
8 Cyclosporin Production in Medium Supplemented with Amino Acids........... 62
9

Production of Cyclosporin Using Different Concenirations of L-valine.......... 66



LIST OF FIGURES

FIGURE DESCRIPTION PAGE
1 The Structure of Cyclosporin A ...ooiiiiiiiiiiiiiiiiiii et

2 Model for Possible Mechanism for Cyclosporin Synthesis...........ooooooooo... 11

3 Survival of T. niveurn UAMH 4002 Spores after Exposure to UV Light........ 34
4 Survival of Spores of UV-98 after Exposure to Epichlorohydrin................. 38
5 The Effect of Cyclosperin Production by UV-98 Spore Stocks Stored at

Different TemPEratures . ...oue i iiniie e itee et iaae e oaaasaaaonaateenrasesaasn 46
6 The Effect of Cyclosporin Production by EPI-74 Spore Stocks Stored at
Different TemMPEIAtUIES cii et iiiaaeiianareraeaeeeeaeecoseeccreatseccsasanamannannens 48
7 Growth and Cyclosporin Production Over Time in Shake Flask Cultures of
15311121118 & 2 PP 68
8 Growth and Cyclosporin Production Over Time in Shake Flask Cultures of
UAMH 4002 and U V=08 . .. ei i et e et e eaeeecaaaaaes 71
9 Comparison of Mycelial Dry Weight and Specific Cyclosporin Production in
Cultures of T. niveurn UAMH 4002 and UV-98. . ... iiniiiiiiiiiiieeenaenes 73

11 Estimation of Molecular Weight of Cyclosporin Synthetase(s)...........ceeuu... 81

12 Estmation of Molecular the Size of 7. niveurn Chromosomes ......cccevee......92



LIST OF PLATES

PLATE DESCRIPTION PAGE
1 Separation of Cyclosporin Synthetase(s) by SDS-PAGE .................... 79
2 The CHEF APParatus......ccoiiiuiu i 85

3 Separation of Chromosomal DNA of T. niveum by CHEF....................... 90



1. INTRODUCTION:
1.1 CYCLOSPORIN:

Cyclosporins are a group of secondary metabolites produced by the fungus
Tolypocladium niveuwmn. The production of these metabolites was initially reported by
Dreyfuss er al. (1976) following the isolation of cyclosporins A (CyA) and C from a
submerged culture of Triclioderma polysporum, later identified as T. niveum. Twenty-
five naturally occuring cyclosporins designated A to Z have now been identified (Fliri and

Wenger, 1990).

1.2 THE STRUCTURE OF CYCLOSPORINS

Following its discovery, the structure of CyA (Figvre ) was established by
chemical degradation and X-ray crystailographic analysis of an iodu-derivative (Wenger,
1981). Cyclosporin A, like the other naturally occuring cyclosporins is a neutral
hydrophobic cyclic undecapeptide consisting of L-amino acids with the exception of D-
alanine in position 8. Seven of these amino acids are N-methylated. The molecule is also
characterised by the presence of the unusua! amino acids 2-aminobutyrate and
(2S,3R,4R ,6E)-2-methylaminc-3-hydroxy-4-methyloct-6-enoic acid (L-C9 acid), now
designated (4R)-4-((E)-2-butenyl)-4,N-dimethyi-L-threonine (MeBmt) in accordance
with amino acid nomenclature (Rehdcek and De-xiu, 1991). MeBmt had not been
previously described and is formed by head to tail coupling of 4 acetate groups (Traber e
al. 1989).

Cyclosporin A differs from its homologues due to variations in the amino acid
sequence. These have been observed in all positions except 3 (sarcosine) and 8 (D-
alanine). The most commeon variation is observed in position 2 in which L-2-
aminobutyric acid in CyA is replaced by alanine, threonine, valine or norvaline. Other

variations are due to a lower degree of N-methylation and replacement of L-C9 acid by



Figure 1: Chemical structure of cyclosporin A
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3'-deoxy-L-C9, methylleucine or L-2-methylamino-oc:anoic acid (Fliri and Wenger,
1990).

The secondary structure of the cyclosporin molecule consists of an antiparallel B-

pleated sheet conformation of residues 1-6 which is held together by hydrogen bonding

and an open loop of residues 7-11.

1.3 THE IMPORTANCE OF CYCLOCSPORINS:
1.3.1 Antimicrobial and antiparasitic activity:

The initial study examining the biological ictivity of CyA and CyC described
these compounds as weak, narrow-spectrum antifungal agents exhibiting sensitivity to
only a few species of yeast and no inhibition of bacterial growth (Dreyfuss ef al. 1976).
Some strains of mucorales, ascomycetes and deuteromycetes showed differing
sensitivities to the cyclosporins with Aspergillus niger and Curvularia lunata being the
most sensitive. The mode of antifungal action seemed to be directed to cell wall
synthesis, especially chitin synthesis. Inhibition of growth amorng the fungi became
evident by the deformation and branching of the growing hyphal tips. The aerial
mycelium and germination of conidia and spores were not affected. In sensitive yeasts,
presence of cyclosporins in the growth medium led to growth rate reduction.

Cyclosporin A has been shown to inhibit the growth of Cryptococcus
neoformans, an opportunistic pathogen found in patients with decreased T-lymphocyte
mediated immune function including patients with acquired immune deficiency syndrome
(Mody et al. 1988). Mice treated in vivo with immunosuppressive doses of cyclosporin A
were able to survive indefinitely and also clear C. neoformans from their lungs more
rapidiy. In vitro, CyA directly inhibited the growth of the pathogen when administered at
levels comparable to the blood levels achieved in immunocompromised mice.

Entomopathogenic activity of cyclosporins on mosquito larvae has also been

reported (Weiser and Matha, 1988a). Different concentrations of cyclosporins A, B,and



C administered to larvae were found to be toxic causing mortality to more than half the
population within 72 hours. CyA was the most toxic with an LCsg of 0.6 pg mi-1 after 48
hours of .xposure followed by CyC and CyB. It is not however known if this
antiparastic nature of the cyclosporins and their inhibitory effect on C. neoformans are

beirg exploited further.

1.3.2 Cyclosporin A as an immunosuppressant:

Current medical and biochemical interest in the cyclosporins is due to the strong
and selective immunosuppressive nature of cyclosporin A. Registered under the trade
mark Sandimmun®,. CyA has been marketed since 1983 for the prevention of graft
rcjection in organ transplantations (Flizi and Wenger, 1990). Using CyA, the one year
survival rate in heart transplant patients increased from 66% to 80% and from 65% to
91% for kidrey transplants (Byrre, 1988). Cyclosporin A is also very effective in the
treatment of some patients with autoimmune diseases such as endogenoizs uveitis,
psoriasis, type 1 diabetes mellitus (insulin-dependent) and rheumatoid arthritis (von
Graffenried er al. 1989). This is based on the premise that autoimmune diseases are T-cell
driven (Talal, 1989). This function of CyA however has problems in that there is relapse
of the disease after reatment is discontinued. The use of CyA in the treatment of type 1
diabetes in NOD mice and BB rats, groups that would normally develop diabetes at 3-6
months of age, totally prevented discase occurence only as long as treatment was
continued.

Although the biochemical mechanism is not completely understood, it is believed
that CyA suppresses immune responses by inhibiting the production of T-lymphocyte
stimulating growth factors particulariy Interleukin-2 (IL-2) from activated T-helper cells
(Talal, 1989). Interleukin-2 is produced in response to a signal generated by processed
antigens present on the macrophage surface in association with major histocompatibility

complex molecules interacting with the antigen specific T-cell receptor. IL-2 interacts
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with specific IL-2 receptors to induce clonal T-cell proliferation. Since the balance
between T-cell help and suppression, the generation of gamma-interferon and the
functioning of natural killer cells are all highly dependent on IL-2 synthesis and 1L-2
receptor-driven endocytosis, no cytotoxic allograft responses are mounted by the T-cells
in the absence of IL-2 and therefore organ rejection does not occur.

In Saccharomyces cerevisiae and Neurospora crassa, cyclophilin, a highly
conserved protein present in all eukaryotic cells has been reported as the primary cellular
target for cyclosporin action (Tropschug er al. 1989). Mutants resistant to cyclosporin A
in both organisms were found to be deficient in cyclophilin or if present, the protein
could no longer bind to CyA. A similar protein, FK-binding protein (FKBP) has been
identified as the binding protein for the macrolide imrnunosuppressant agent FK506.
Rosen et al. (1990) reported that both cyclophilin and FKBP exhibit peptidyl-prolyl-cis-
trans-isomerase (PPIase) activty. PPlase is an enzyme that catalyses the cis-trans
isomerization of proteins and peptides, a process belived to be important in folding of
proteins into their native conformations. Cyclophilin and FKBP could therefore be
involved in some signalling processes that lead to T-cell activation but the mclecular
mechanisra of this PPlase activity in lymphocyte-specific signal transduction events
remains to be discovered.

It has also been suggested that CyA most likely inhibits T-cell proliferation by
antagonizing a CaZ+ ion dependent intracellular signal transmitted from the cell membrane
after interaction of the T-cell receptor with the antigen (Kay, 1989). This signal appears
to be necessary for continued lymphokine production and initiation of T-cell proliferation.
One step in T-lymphocyte activation in which calcium is essential is the induction of the
synthesis of the messenger-RNA for I1L-2 and other lymphokines. The mechanism by
which CyA acts to inhibit the Ca2* ion signal is however still unclear although in specific

situations, CyA has been shown both to enhance and to inhibit the transport of
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CaZ*across membranes in cells other than lymphocytes including antigen presenting cells

(Kay, 1989).

1.3.3. Structure-activity relationship:

For high immunosuppressive activity, the intact structure of MeBmt is essential.
Replacement of this amino acid by N-methyl-L-leucine (CyQO) or N-methyl-2-
aminooctanoic acid (CyZ), for example, reduces the activity drammatically. Activity is
also reduced in the absence the hy&oxyl group as well as the olefinic double bond.
MeBmt is not, however, solely responsible for the immunosuppressive action. Loss of
activity is observed when 2-aminobutyric acid in position 2 is replaced by amino acids
like L-alanine (CyB) and valine (CyD). Changes in conformation and structure of the
cyclosporin loop are the other factors that affect the activity as observed by the
introduction of an additional hydrogen bond between amino acids 8 and 11, replacement
of L-alanine in position 7 by D-alanine and reduction of the loop by the removal of D-
alanine. From these studies it is clear that cyclosporin activity is associated with a large
part of the molecule that probably includes amino acids 1, 2, 3, 9, 10 and 11 and,

variations are permitted only in a few positions without significant loss of activity.

1.4 BIOSYNTHESIS OF CYCLOSPORINS:

Cyclosporins belong to a group of amino acid derived secondary metabolites
known as peptide antibiotics or recently, bioactive peptides (Kleinkauf ard von
Dohren,1987). Bioactive peptides occur as groups of closely related compounds, the
members of which show only minor variations in the nature and sequence of constituent
amino acids. They differ from proteins and peptide hormones in that they contain unusual
amino acids. Their cyclic structures do not involve sulfur bridges, and, in addition to L-
amino acids, contain D-amino acids. A further peculiar property is the occurence of N-

methylated peptide bonds in such compounds. Other than cyclosporins, these metabolites
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include Gramicidin S, linear gramicidins, alamethicin, enniatin, tyrocidins and bacitracins
and are all synthesized by the non-ribosomal mechanism.

RNA-free peptide formation was initially demonstrated in 1960 in the synthesis of
the cyclic decapeptides Gramicidin S and tyrocidin (Kleinkauf and von Déhren, 1981).
This reaction, which is catalyzed by multifunctional enzymes, can be distinguished from
the ribosomal process by its ability to resist the action of RNAase and protein synthesis
inhibitors like chloramphenicol and streptomycin (Vater, 1990). Two pathways have
been characterized for the non-ribosomal biosynthesis of bioactive peptides (Vater,
1950). The first pathway is one in which the multienzymes activate their substrate amino
acids in two steps. This involves activation of constituent amino acids as aminoacyl
adenylates and the subsequent transfer of the aminoacyl to reactive sulfhydryl groups at
the specific thiotemplates to form thiclesters. It has been postulated (Kleinkauf er al .
1971) that the substrates which are continuously provided at the reaction centres are
linked together in a series of transpeptidation and transthiolation processes by interaction
of an internal central phosphopantetheine carrier with the peripheral thiol groups at the
reactior: centres. This has been called multienzyme thiotemplate mechanism since all
activated intermediates formed are thiolesters.

The second non-ribosomal mechanism involves a one-step phosphate activation
mechanism. In this ca:c, elongation proceeds by the addition of nonactivated acceptor
amino acids to carboxyl activated intermediate peptides attached noncovalently to the
reaction centres as aminoacyl phosphates. An example of a peptide synthesized in this
manner is mycobacillin, a ridecapeptide from Bacillus subtilis B3

The presence of N-methylated bonds and unusual amino acids 2-aminobutyric
acid, D-alanine and the L-C9 acid was an initial indication that cyclospor.. s might be
synthesized by the non-ribosomal mechanism. This had been established in other fungal
peptides like alamethicin and enniatin (Zocher er al. 1984). Although initial attempts to

synthesize cyclosporins using cell free extracts were unsuccessful, it has now been
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established that CyA and its homologues are synthesized by a single multifunctional
enzyme from their precursor amino acids using the thiotemplate mechanisni (Lawen and
Zocher, 1990). From this and cther information available on the synthesis of other
peptides it is likely that cyclosporin synthesis proceeds as discussed below and shown in
Figure 2.

AMINO ACID ACTIVATION: This step involves the activation of individual
amino acids by ATP in the presence of Mg2+ to foriiy amino acyl adenylates which are
bound non-covalently to the enzyme. The reaction proceeds by cleavage of alpha-beta
phosphate bonds of ATP. An analogous step also occurs in the ribosomal mechanism.

AMINO ACYLATION OF ENZYME: This is the first unique reaction of the non-
riboscmal biosynthetic mechanism. In this reaction, the amino-acyl moiety of the
adenylate is transfered and covalently linked o the specific thiol group on the enzyme.

RACEMIZATION OF AMINO ACIDS: In cases where the amino acid is present
in the molecule in the D-configuration, racemization from the L form occurs at this stage.
The configuration of the D-alanine in cyclosporin at the time of amino acid activation has
not been clearly defined although both D-alanine and D-serine have been shown tc be
substrates for cyclosporin synthetase (Traber er al. 1988; Lawen and Zocher, 1990).
Enzyme studies with other synthetases have shown that some sites with missing
stereoselectivity accept both the L and D isomers but utilize only the D fcym in further
reactions. Most systems select the L-form and should therefore possess an epimerase
function.

N-METHYLATION OF PEPTIDE BONDS: Methylated peptide bonds are mostly
found in cyclic peptides of Actinomycetes and some Hyphomycetes. They are thought to
be important in the the stabilization of peptide bonds against proteolytic cleavage and may
influence conformational stabilities (Kleinkauf and von Dohren, 1987; Billich and
“locher, 1990). In cyclosporin biosynthesis, N-methylation occurs at the level of

thioesterified amino acids. The methyl groups originate from methionine with S-



Figure 2: Model for possible mechanism of cyclosporin biosynthesis
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adenosyl-L-methionine serving as the methylating coenzyme. The methyltransferase
activity is an integral entity of the enzyme.

PEPTIDE BOND FORMATION: Peptide bonds are formed by initiation,
elongation and termination reactions. Elongation occurs by head growth in which the
activated carboxyl group of a donor amino acid or intermediate peptide reacts with the
amino group of the enzyme bound acceptor amino acid. The central role in elon gation
reactions is attributed to 4'-phosphopantetheine, a cofactor functioning as a swinging arm
in which it alternates as an acceptor of the growing peptide chain and donor of the peptide
to the next thioester-linked amino acid sequence. In cyclosporin synthetase, the cofactor
is covalently attatched to the multienzyme. 4'-phosphopantetheine also serves a transport

function in many systems involving carboxylated groups.

1.5 PRODUCTION OF CYCLOSPORINS:
1.5.1 Organisms producing cyclosporins:

Since the first description of the cyclosporins and their production by
Tolypocladium niveum, there have been very few .eports of their production by other
organisms. Tolypocladium cylindrosporum, Beauvaria bass:ana, Fusarium solani, and
Neocosmospora vasinfecta have been reported to produce cyclosporins (Aarnio and
Agathos, 1989) but no further work has been published on production in these systems.
To date, all the work involving cyclosporin production has been carried out using 7.
niveum, alsc classified as Tolypocladium inflatum (Gams, 1971) and Beauvaria nivea
(von Arx,1986). The name T. niveum will be used ikroughout this work.

Tolypocladium niveumn is a fungal strain belonging to the class hyphomycetes
(Bissett, 1983). It is characterized by slow-growing, white, floccose colonies and
spherically swollen phialides. The phialides are borne on hyaline, short branched

conidiophores and occur singly or in verticils of two to five. They terminate as narrov/
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necks bearing single-celled subglobose conidia. The conidia measure an average of 2.3 X

1.7 um and accumulate in small heads at the tips of the phialides.

1.5.2 Directed synthesis of cyclosporin:

Cyclosporins are produced as intracellular products in submerged culiures of 7.
niveum. Their fermentation conditions, isolation and characterization were initially
outlined by Dreyfuss et al. (1976). Thereafter, it was shown that cyclosporin synthesis
could be directed towards a specific form by incorporating a particular amino acid into the
growth medium (Kobel and Traber, 1982). Exogenous addition of the amino acids DL-2-
aminobutyric acid, L-alanine, L-threonine, L-valine and L-norvaline, each of which can
be incorporated in position 2 of the molecule led to directed biosynthesis of cyclosporins
A, B, C, D and G respeciively. Although an increase in total Cy producticn was
observed in all cases except with L-alanine, only DL-2-aminobutyric acid showed total
suppression of all the other cyclosporins in favour of CyA. The incorporation of amino
acids not normally found in the cyclosporins has also been reported (Traber et al. 1989).
Feeding experiments using L-8-cyclohexylalanine, DL-allylglycine and D-serine, led to
the replacement of the L-C9 acid in position 1, L-2-aminobutyric acid in position 2 and
D-alanine in position 8 respectively.

Other studies on directed biosynthesis of cyclosporin showed that addition of
exogenous L-valine to both synthetic and semisynthetic medium led to enhanced CyA and
total cyclosporin production (Lee and £.gathos, 1989). In these experiments, L-valine did
not support the synthesis of cyclosporins C and D and did not preferentially direct
synthesis to the formation of CyD in contrast to the results of Kobel and Traber. An
increase in CyA was also observed in synthetic medium supplemented with L-leucine and
glycine but was suppressed by L-leucine in semisynthetic medium containing peptone.
Glycine had no effect in this medium. Sarcosine and L-methionine reduced CyA

production by 50% and 70%, respectively. A more dramatic decrease was observed by
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the addition of L-valine and L-methionine together suggesting that one or more
methylation steps by L-methionine mediated through S-adenosyl-L-methionine might
control the synthesis of CyA through a feedback mode. Further studies to determine the
role of L-valine in CyA synthesis showed that in supplemented medium, CyA synthesis
continued even after the endogenous L-valine levels, which were thought to activate
production, were depleted (Lee and Agathos, 1991). This led to the suggestion that an
intermediate compound a.cumulated from the high L-valine pool during exponential
growth may be utilized for prodaction of the metabolite after depletion of endogenous
valine. Increases in the internal pool of a supplemented amino acid have been observed
with tryptophan and methionine in the production of ergot alkaloids by Claviceps
purpurea and cephalosporin by Cephalosporium acremonium respectively (Matsumura
et.al.. 1981, Krupinski ez al . 1976). In line with the cited literature, this study led to the
conclusion that the apparent stimulation of CyA formation by exogenous addition of L.-
valine and the prolongation of the production phase beyond the period of active growth,
suggest that L~ valine may have an inducing role for Cy A synthetase. An increase in total
cyclosporin was also observed in cultures of five different strains of 7. nivewm
supplemented with L-valine, L-alanine and L-norvaline (Isaac er al. 1990). Directed
synthesis of CyG by DL-norvaline was observed but there was no exclusive formation of
CyA by DL-aminobutyric acid.

These studies have shown that precursor directed biosynthesis is not only a useful
and efficient way of improving the cyclosporin yield but also a tool for preparing
cyclosporin analogues not encountered in nature. The successful incorporation of
constituent and foreign amino acids, however, demonstrates the low specificity of the
cyclosporin synthetase, a characteristic shared by other multienzymes using the non-

ribosomal pathway.
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1.5.3. Nutritional strategies and batch Kkinetics:

Another aspect of cyclosporin production that has been reported involves the
optimization of cyclosporin formation by varying the nutritional and physical conditions
during fermentatiocn. These studies have shown that cyclosporin production can be
supported by a broad spectrum of carbon compounds including pentoses, hexoses,
disaccharides, polysaccharides and organic acids (Agathos ez al. 1986; Isaac et al. 1990).
Analysis of a variety of carbon sources in both studies showed that sorbose supported the
highest cyclosporin produciicn. It was also noted that carbon sources highly favoured for
biornass production by T. niveumn did not generally provide the physiological state
necessary for optimal secondary metabolite production and that increasing the
concentration of the carbon source did not necessarily increase the productivity (Agathos
et al. 1986).

An investigation of the nitrogen sources revealed that inorganic ritrogen sources
such as ammonium and nitrate salts did not support cyclosporin production (Agathos et
al. 1986). High metabc "te formation was obtained using Bacto-peptone and vitamin
assay casamino acids at a 1% concentration (Agathos et al. 1986: Isaac et al. 1990) an
indication that organic nitrogen sources are rore favoured for cyclosporin production
than inorganic ones.

The batch kinetics of cyclosporin fermentation were also examined. Agathos et al.
(1986) showed that there was no significant separation of trophophase and idiophase as
cyclosporin could be detected almost from the beginning of the fermentation. In
agreement with Dreyfuss ez al. (1976), an initial rapid growth phase associated with rapid
uptake of the carbon source was observed. This was followed by a slower growth rate
during which most of the Cy preduction occurred. The production of Cy was found to be
essentially complete after ten days, beyond which there was extensive hyphal

fragmentation and lysis of mycelia. Growing the cultures at 15°C instead of 27°C
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resulted in increased Cy production in some cases (Agathos et al. 1986) but not in others

(Isaac er al. 1990).

1.5.4. Cell free synthesis:

The description of cell-free synthesis as an alternative for Cy production was not
reported until 1986 when Zocher er al reported the isolation of an enzyme fraction with an
apparent molecular weight of 700 KD. This enzyme was capable of catalyzing the
activation of the amino acids present in the CyA molecule as thioesters via the
corresponding adenylates, an indication that the isolated enzyme may be involved in the
non-ribosomal biosynthesis of cyclosporin. In addition, the enzyme also catalyzed the N-
methylation of thicesterified L-valine, L-alanine and glycine residues using S-adenosyl-
L-methionine. For unclear reasons however, cyclosporin A synthesis was not observed.
Instead, the diketopiperazine cyclo-(D-alanine-Meleu) from D-alanine and Meleucine,
both of which are components of the cyclosporin molecule was formed. Recently,
Dittmann ez al. (1990) have reported the production of this compound by a mutant strain
incapable of producing cyclosporin.

In 1987, isolation of an enzyme capable of synthesizing CyA in vitro was
reported using a different strain of T.niveum (Billich and Zocher,1987). In addition, in
vitro synthesis of cyclosporins B, C, D, and G was achieved by replacing [.-2-
aminobutyric acid with the respective position 2 amino acids. Further work by the same
group revealed that a variety of cyclosporins including those not encountered in nature
could be synthesized in vitro using cell-free extracts (Lawen et al.1989). Recently, it has
been confirmed that cyclosporin synthesis follows the thiotemplate mechanism (Lawen
and Zocher,1990). Further purification and characterization of cyclosporin synthetase has
shown that the enzyme occurs as a single non-glycosylated band of about 650 kDa and is
solely responsible for synthesis of CyA and its homologues. This is in contrast to the

results of Fode(1990) in which four proteins capable of activating the constituent amino
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acids were reporied. The presence of 4'-phosphopantetheine which occurs as a prosthetic

group on the synthetase was confirmed in both studies.

1.6. STRAIN IMPROVEMENT PROGRAMME:

Since the initial work cn penicillin production in Penicillium chrysogenum, the
use of physical and chemical agents to obtain high metabolite producing mutants has
formed the backbone of strain development programs. The success of this process has
been demonstrated by the increase in penicillin yields from 100 units mi-1 in 1943 t0 50
000 units mi-lin 1979 (Queener and Swartz, 1979). Strain improvement is necessary not
only for increasing titre production but can also lead to establishment of strains which
produce new or modified products. The process also plays a crucial role in the
understanding of the biosynthetic pathways und control mechanisms that govern those
pathways. Mutagens act primarily by inducing lesions or modifying the base sequence in
the DNA molecule. Failure to repair these aiterations or errors introduced by the repair

mechanisms results in a mutation.

1.6.1. Ultra-violet (UV) mutagenesis:

UV light induces mutagenesis by the creation of covalent linkages between
adjacent pyrimidine residues, on the same DNA strand to form dimers (Peberdy, 1988).
The dimers are formed through covalent linkage of the 5,6-carbon atoms of adjacent
thymines or cytosines to form a cyclobutane ring (Hanawalt, 1977). Pyrimidine dimer
presence ir template DNA sirands blocks DNA replication and unless it is repaired, it can
be lethal. Although the DNA repair mechanisms in Tolypocladium have not been studied,
it is likely that these are similar to those reported for bacteria as well as yeast. In general,
the DNA repair process following UV-induced damage involves the error-free and error-

prone mechanisms. In Eschericia coli, the error-free mechanism is constitutive and the
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error-prone is inducible. Three error-free repair systems have been identified i.c.
photoreactivation, excision repair and recombination repair.

The photoreactivation system consists of an enzyme which is capable of
recognizing pyrimidine dimers on the DNA strand. In the presence of a dimer, the
enzyme will bind to the dimer-containing region and photocatalytically split it. The
enzyme is then released leaving an undamaged DNA molecule which can replicate
normally. In some organisms, the system may be responsible for correctly repairing up to
60% of the UV induced lesions (Hopwood, 1970).

Excision repair involves the nicking of the DNA strand containing the dimer, on
the 5' side of the dimer. The dimer is then removed together with the adjacent nucleotides
using the 5' to 3' exonuclease activity of DNA polymerase 1. The resulting gap is filled
by the polymerase using base pairing specificity from the complementary strand and final
Jjoining is accomplished by the polynucleotide ligase (Hanawalt, 1977).

The recombination repair mechanism operates in cases where a dimer is not
repaired prior to replication (Moat and Foster, 1988). DNA polymerase 1 does not
recognize the dimer as a template and will therefore not replicate the DNA in the region of
the dimer. This results in a gap in the new strand in the region opposite the dimer. The
gap 1s repaired by recombining the appropriate region from the intact sister chain after
which the dimer is removed by excision repair.

In cases where the error-free mechanism fails to operate, the error-prone
mechanism, also called the SOS pathway, becomes functional. This mechanism is
responsible for all or most mutations occuring after UV damage (Radmann, 1977). In E.
coli the SOS pathway is a recA and lexA dependent process which is induced by the
interruption of DNA synthesis due to unrepaired DNA damage. The SOS repair system
acts by overriding the normal editing function of the DNA polymerase to allow replication
where the cell would otherwise die. This results in incorrect copying of the DNA base

sequence thus resulting in a mutation.
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1.6.2 Mutagenesis using epichlorehydrin:

Epichlorohydrin is a chemical mutagen that has been found to be mutagenic due to
alkylation of C-6 amino group of adenine, N-1 and C-2 amino group of guanine and N-3
of cytosine in the DNA molecule. In general, alkylating agents decompose when
introduced in the cell producing alkyl-diazonium ions which in turn react with
nucleophilic sites in DNA to produce a variety of N-alkylated and O-alkylated nucleotides
{Schendel er al. 1983). This dhe<t action on the DNA molecule causes changes in one
base or another thus resulting in faulty pairing or other changes which unless repaired can
lead to mutations.

The adaptive-response is the main mechanism involved in repairing damage
caused by alkylation of the DNA molecule. The mechanism consists of two enzyme
svstems, alkyitransferases and N-glycosylases, which carry out repairs by direct transfer
of the modifying alkyl group from DNA to the repair protein or by a direct cleavage of the
glycosidic bond of the alkylated base by a specific glycosylase (Helland et al. 1987). The
cleaved glycosidic bonds can then be removed by apurinic or apyrimidinic-specific (AP-
specific) endonucleases which cleave either at the 3' or 5’ side of the AP site. Repair then
proceeds through the excision-repair mechanism. Adaptive-response is an inducible
mechanism and appears to be error-free but has a drawback in that it has a limited
capacity and ceases to function when too much alkylation has occurred thus increasing
the chances for mutation. Its main target is Oﬁ-methylguanine, a miscoding lesion and to
a less extent N-alkylated purines. Unlike in UY-~-induced mutagenesis, the specific details
on how the repair of epichlorohydrin alkylated bases eventually leads to mutations remain
unclear.

The mismatch repair mechanism is another way by which damage caused by
exposure to alkylating agents is repaired. This mechanism is a postreplicative DNA repair

system that recognizes mismatched bases that have eluded the 3’ to 5' proofreading
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function of the DNA polymerase. During DNA replication, 06-methyl guanine present on
the template strand is interpreted as adenine thus causing a GC to AT transition on the
daughter strand. In order to correct this sort of mismatch, some form of discrimination is
needed for the repair system to recognize newly synthesized strands from the parental
strands. This is accomplished by the DNA adenine methylase (dam)- instructed pathway
which methylates the N6-adenine of DNA at GATC sequences. Through this process, the
newly synthes’zed strands which are undermethylated relative the parental strands can be
distinguished and excised. The process occurs prior to « subsequent round of replication

in order to prevent a mutation.

1.6.3. Screening and selection of mutants:

Following random mutagenesis, a number of mutants are produced and in order
to generate mutants with the desired phenotype, rational methods of selection are applied.
These take advantage of the knowledge of the biochemistry of the product to be formed.
For most secondary metabolites however, this information is not always available and
therefore indirect selection has to be applied. In bioactive peptide synthesis, one of the
approaches that has been used is to select the mutants for resistance against structural
amino acid analogues.

The production of primary metabolites including those involved in secondary
metabolite formation is affected by the existence of feedback regulatory mechanisms by
enzymes early in the synthetic pathway. Limiting the amount of precursor will interfere
with secondary metabolite formation. This is based on the premise that, in most cases,
the amount of secondary metabolite produced depends on the excessive prcduction of
suitable precursors by corresponding pathways of primary metabolism (Zahner and
Kurth, 1982). By selecting for resistance against antimetabolites, improvements in
secondary metabolite titres have been achieved due to overproduction of the required

natural metabolites (Rolands,1983). This overproduction results from the fact that in the
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presence of an antimetabolite, the formation of the genuine product by the organism is
prevented due to the inhibition or repression of the enzyme(s) by the antimetabolite. The
antimetabolite is, however, unable to substitute for the genuine product in its essential
role within the cell. In order to survive, the cell acts by overcoming the regulatory

mechanisms thus leading to uncontrolled production of the genuine product.

1.6.4. Recombination:

Other methods by which strain improvement can be achieved include parasexual
techniques. These techniques represent a series of events by which genetic elements
contained in two separate genomes are brought together in one unit. In industrial
organisms, two parasexual techniques i.e. parasexual cycle and protoplast fusion are
used to transfer information between asexual fungi. The parasexual cycle is a technique
used to transfer genetic eiements between hyphae of fungi grown together under
laboratory conditions while protoplast fusion involves exchange of genetic information
between organisms by fusion of their protoplasts. Both methods can be applied to strains
independent of or following mutagenesis especially when the latter can no longer generate
higher levels of the desired metabolite. Recently, a more direct meithod of manipulation of
the fungal genome using in vitro recombination of DNA molecules has been developed.
This technique is an important research tool for understanding the genetic structure of an
organism. It is also of major importance in the construction of new organisms for
practical applications. One of the foundations of recombinant genetics is a well defined
and described genetic map of the organism. This is important in that it can aid in the
identification and isolation of genes of interest. Also, knowledge of chromosomal
location for key biosynthetic genes in industrial strains may be useful in rational strain
improvements employing integrative transformation systems. For most fungi, including

T. niveurn, genetic maps are not available.
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One way by which the physical maps of gene locations can b obtained is throu gh
the isolation of chromosomes using pulse-field gel electrophotesis (PFGE). Gene

locations can then be identified through hybridization analyses of the chromosomes.

1.7. RESEARCH OBJECTIVES:

To date most of the work on cyclosporin production has been carried out using 7.
niveurn NRRL 8044 or its mutants. The strain is also deposted as ATCC 34921. Except
for the work done in our laboratory, little information is available on cyclosporin
production by other strains of T. niveum. Cyclosporin production studies in our
laboratory were initiated after the failure to obtain reproducible levels of metabolite
production using strain NRRL 8044 (Isaac er al. 1990). In this study, production of
cyclosporin by various wild type strains and species were compared under different
conditions and reproducible methods for obtaining cyclosporin were sought. This was
followed by another study aimed at the idertification and purification of cyclosporin
producing enzymes and isolation of the genes cording for these enzymes.

As part of a continued programme aimed at improving cyclosporin production and
understanding the physiology of its production among the various strains of 7. niveitsm
this project was set out with four objectives.

The first objective was to isolate mutants of T. nivewmn producing higher levels of
cyclosporin using UV and epichlorohydrin induced mutagenesis. The mutants were
directly selected using 4-aza-DL-leucine, an analog of the amino acid L-leucine.

The second stage of the project was aimed at investigating how growing the
mutants on various carbon sources at different concertrations affects cyclosporin
production. The growth of the organisms and how this affects cyclosporin production
with time was also investigated and morphological characteristics that could be
responsible for increased Cy levels were sought. Another aspect of this part was to

determine the effect of supplementing the production medium with constituent and non-

{9
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constituent amino acids. The third stage of the project was involved in examining the
enzyme(s) of cyclosporin production. Although this area had been studied to some detail
by Fode (1990) and Lawen and Zocher (1990), it is still unclear as to whether
cyclosporin synthatase(s) occur as a single molecule identified as a single band on
sodium-dodecyl sulphate-polyacrylamide gels or consists of greater than one molecule. It
is also not possible to deduce from the available literature whether the variation in the
number of bands could be due to strain variability.

The last part of the project was aimed at separating chromosomes of T. niveumn
using pulse field gel electrophoresis. This would serve as a basis for examining the

structural and functional organization of chromosomal DNA of T. niveum .
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2. MATERIALS AND METHODS:
2.1 Strains:

The strain used in most of this study was Tolypocladium niveion UAMH 4002 or
mutants thereof. This strain was obtained from the University of Alberta Microfungus
Collection and Herbarium (UAMH) and was originally isolated from muskeg soil
obtained from Tuktoyaktuk in the Northwestern Territories. Strain UV-98 is a UV mutant
of UAMH 4002 obtained after a single round of mutagenesis and EPI-74 is an
epichlorohydrin mutant of UV-98. For a few experiments, strain B-5, a UV mutant of 7.

niveurn UAMH 2472 was used (Fode, 1990).

2.2 Maintenance of cuitures:

The cultures were maintaned as spore suspensions in 20% (w/v) sterile glycerol at
-75°C. The spores were obtained from cultures grown on malt extract (2%)-yeast extract
(0.4%) agar (malt-yeast agar) plates and incubated at 27°C for 10 days. Spores were
collected by gently scraping the surface of the colony with a speader using 4 mL of
glycerol per plate. The combined suspension was then dispensed in 1 mL. vials and
stored. The spore concentration was determined by the viable spore count method using

serial dilutions of the combined suspension.

2.3 Fermeniation conditions:

Cultures for routine cyclosporin production, enzyme production and protoplast
isolation were grown in 500 mL Erlenmeyer flasks containing 100 mL of medium and
incubated at 27°C on a rotary shaker at 200 rpm. The medium consisted of 2% carbon
source, 1% Vitamin Assay Casamino Acids, 1% potassium orthophosphate monobasic
and 1% potassium chloride in distilled water, adjusted to pH of 5.2 before autoclaving

for 15 minutes. Growth was initiated by inoculating preculture medium with 10% spores.
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After 72 hours of growth, the preculture was homogenized for 30 seconds in a Sorvall
Omnimixer and 10 mL. (10% v/v) of the homogenate used as inoculum for production

cultures (Isaac e al. 1990). In~ut ation periods varied depending on the experiment.

2.4 Extraction and analysis of cyclosporin:

After the intended period of growth, the volume of each culture was reconstitutex!
to 110mL with distilled water and homogenized for 30 seconds. Extraction of
cyclosporin was carried out by adding 10 mL of the sample suspension with an equal
volume of ethyl acetate. Separation and quantitation were carried out by high-pressure
liquid chromatograph (HHPLC) using a reverse-phase column (Isaac et al. 1990). The only
exceptions were that temperature of the column was maintained at 70°C and sample
injection was carried out using the Waters Intelligence Sample Processor (WISP). All
data are reported as the sum total of cyclosporins A and C which were formed in the ratio

7:3 in unsupplemented media.

2.5 pH and biomass determination
Measurements of pH were carried out using a Fisher Accumet model 230 pH/Ion
meter. Mycelial biomass was determined by filtering 5 mL of culture through Millipore

HA filters (0.45um). The filters were dried at 70°C for 16 hours and weighed.

2.6 Mutation and seleciion:
2.6.1. UV-mutagenesis:

Spores of T. niveurn UAMH 4002 were washed twice with sterile distilled water
to remove the glycerol and resuspended in 10 mL water. The suspension, containing
approximately 107 spores/mL was placed in a sterile glass petri dish and irradiated with a
UV lamp (254 nm and 700uWatt/cm? intensity) from a distance of 15 cm for 10, 40, 120

and 300 seconds. Samples collected at these times were each diluted serially and 0.2 mL
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aliquots plated on malt-yeast agar in triplicate, along with a control sample removed
before UV exposure. The samples were incubated for 72 hours at 27°C after which the

kill rate was determined.

2.6.2 Epichlorohydrin-induced mutagenesis:

As in UV- induced mutagenesis, the initial approach to this experiment was to
establish the kill rate of the organism. Spores of strain UV-98 were washed twice with
sterile distilled water to remove the glycerol and resuspended in 9 mL of water. 1 mL
volumes of various epichlorohydrin concentrations were then added directly to the 9ml
spore suspensions. The suspensions, each containing approximately 108 spores/mL were
incubated with gentle agitation at 27°C. The treaiment of spores was stopped by reroving
1 mL of the suspension at various time periods. Epichlorohydrin was removed from the
samples through centrifugation and washing the cells twice with distlled water. The cells
were then resuspended in 1 mL water, serially diluted and plated on malt-yeast agar. A
control sample removed before addition of the mutagen was similarly treated. Colonies

germinating after 7 days of incubation at 27°C were used to determine the kill rate.

2.6.3 Determination of 4-aza-DL-leucine concentration:

The concentration of 4-aza-DL-leucine used for mutant isolation was determined
by plating the organism on medium containing various concentrations of the analogue.
Washed spores of UAMH 4002 or its mutant were serially diluted and plated on minimal
media containing 1% fructose, 0.3% NaNOQO3z, 0.5% MgSQOy4, 0.05% KCI, 0.1%
K2FiPO4, 0.001% FeSOg4 and 1.5% agar. The plates were incubated at 27°C for 72 hours

after which the inhibitory levels were determined.
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2.6.4 Isolation and selection of mutants:

Mutants were isolated by exposing the spores to the mutagen at 99% kill rate
level, as determined above, and plating the spores on minimal medium containing an
inhibitory concentration of 4-aza-DL-leucine. Colonies germinating after 7 days were
picked using toothpicks and inoculated onto master plates containing mali-yeast agar. The
plates were incubated for 3 days after which each colony was then scraped off and
inoculated intc 100 mL of the cyclosporin production medium. The cultures were
incubated for 15 days before harvesting for cyclosporin analysis. The incubation and

cyclosporin analysis conditions were as described in 2.4 and 2.5 above.

2.6.5 Strain stability:
The stability of mutants was determined by checking for variability in cyclosporin

production on a mouthly basis using spores stored at 5°C, -20°C and -75°C.

2.7 Purification and analysis of cyclosporin synthetase(s):
2.7.1 Preparation of cell free extracts:

Cell free extracts were prepared by filtering contents of 40 flasks grown in
production media for 48 hours. The mycelia, collected through Schleicher and Schiill Inc.
520B filters were then washed with 4L of 50mM Tris-HCI, pH 7.5 and 0.1M KCl,
frozen in liquid nitrogen and lyophilized overnight. The dried cells, averaging 12g were
then ground with sand to a fine powder and the enzyme extracted by one of the two
methods.

In the first method, the ground cells were mixed for 15 minutes or more with 100
mL extraction buffer consisting of 100mM 3-(N-Morpholino)propanesulfonic acid
{MOPS)-KOH pH 7.5, SOmM KCI, 30mM 2-mercaptoethanol, 1ImM EDTA, SmM
MgClz, 1mM phenylmethylsulfonylfluoride(PMSF) and 50% glycerol. After a
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homogeneous mixture was obtain ~d, the suspension was centrifuged for 20 minutes at
27,200 x g to obtain the cell free extract. The extract was then treated with
polyethyleneimine(PEI) to a final concentration of 0.05% so as to precipitiate nucleic
acids. The solution was allowed to stir for 15 minutes after which it was centrifuged as
before but for 15 minutes. The resultani solution was then diluted with dilution buffer
containing 100mM MOPS-KOH, pH 7.5, 50mM KCi and 1mM dithioerythreitol (DTE)
to reduce the glycerol concentration to 20%.

The proteins in the extract were obtained by precipitation with ammonium sulfate
and collecting the material precipitating in the 0-20%, 20-35% and 35-50% fractions.
Each of the protein samples was then resuspended in 3 mL of dilution buffer
supplemented with 20% glycerol and desalted on 10 mL Bio-Rad Econo-Pac desalting
column. The 4 mL eluents were at this stage subjected to SDS-PAGE for enzyme
detection or assayed for enzyme activity. Occasionally the extracts were subjected to gel
fiitration chromatography to further purify the proteins.

The second method of extraction was carried out as described by Lawen and
Zocher (1990) but ucing the same volumes of buffer and centrifugation conditions
described in the preceding paragraph. Also other than using different buffers, the proteins

were precipitated and desalted as descibed above.

2.7.2 Gel filtration chromatography:

Gel filtration was carried out using Sephacryl®S-200 (Pharmacia) packed in a
column to a volume of 145 mL and equilibrated with elution buffer. The column was run
at a flow rate of 1.2 mL/min. using an LKB Microperpex peristaltic pump. Desalted
samples were applied to the column and 3 mL fractions collected on the LKB model
model 2111 Multirac fraction collector. The Aggg of each fraction eluted after the void

volume was then taken to determine which fractions contained proteins.
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2.7.3 SDS-PAGE:

Fractions containing proteins were pooled and corcentrated by ultrafiltration
using an Amicon with YM-1G0 membrane and their protein concentration determined
using the dye-binding method (Bradford,1976). The samples were then subjected to
Sodium dedecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) following the
Laemmli systen. (Blackshear,1984). Samples were prepared by mixing the enzyme
fraction with 0.1% bromophenol blue, 40% sucrose, 20% SDS and 35%
2-mercaptoethanol in the ratio 4:2:2:1:1 respectively. The final protein concentration in
the sample was 100 pg/mL and SD¥-/ AGE was carried out on 3.5% to 6% or 2 to 15%
gradient gels. The molecular weight of the separated proteins was determined with the
use of markers containing ovalbumin (43,000), bovine serum albumin (67,000},
phosphorylase b (97,400), B-galactosidase (116,250) and myosin (205,000). The
proteins were identified by the silver stain procedure as described by Merril et al. (1984)

or by staining with 0.1% Coomassie Blue in 50% methanol and 10% acetic acid.

2.7.4. Determination of cyclosporin synthetase activity:

The activity of the enzyme was determined by the 4C amino zcid binding assay
or by the in vitro synthesis of cyclosporin. The thioester formation reaction was carried
out by incubating 100 pL of enzyme fraction in a total volume of 160 pL with 15 mM
MgClz, 15 mM ATP, 0.1M Tris-HCl pH 7.5, 1 mM DTE and 2 uM 14C-L-leucine. The
reaction mixture was then incubated at 27°C for a total of 30 minutes during which
samples were collected every 5 minutes and the reaction stopped by adding 2 mL of 7%
trichloroacetic acid. After 30 minutes on ice, the resulting precipitate was collected on
Millipore HA filter paper (0.45um). The filters were washed twice with trichloroacetic
acid and then with water after which they were allowed to dry. The radioactivity was

determined by liquid scintillation counting using a Beckman LS3801 liquid scintillation
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counter. This was done by adding 3 mL of Aqueous Counting Solution (ACS) to the
filters in counting vials and then counting the radioactivity.

In vitro synthesis assay was carried out by incubating 69 pL of enzyme fraction
in the presence of 1.3 mM of each of the constituent amino acids of CyA (with the
exception of MeBmt and D-alanine), 1 mM DTE, 12.8 mM MgClp, 6.4 mM ATP, 0.1 M
Tris-HCl, pH 7.5, 3.7 mM S-adenosyl methionine and 2 M (0.1 pCi) 14C-leucine for a
total of 30 minutes. The reaction was stopped by adding 2 mL of water and the
cyclosporin formed sxtracted with 2 mL ethyl acetate. 500 pL of ethyl acetate layer was

then mix=d with 5 mL of toluene fluor and radioactivity counted as above.

2.8. Isolation of chromosomes:
2.8.1. Preparation of chromosomal DNA:

Chromosomes were prepared by growing the cultures for 48 hours using the
method described in 2.3. The contents of the 40 flasks were then aseptically filtered
through 8 layers of cheese cloth to collect the mycelia. Contaminating spores were
removed by resuspending the mycelia in sterile distilled water and shaking the suspension
at 150 rpm for 30 minutes. Mycelia were recollected by filtration through a new layer of
cheese cloth and resuspended in 200 mL of protoplasting medium containing 10mM Tris-
HCL, pH 7, 10mM MgClp, 1mM 2-mercaptoethanol and 0.8M MgSO4.7H20. The cell
walls were then removed by treatment with Driselase, a crude enzyme preparation
containing laminarinase, xylanase and cellulase (Kyowa Hakko Kogya Co., Tokyo
Japan). Driselase was added to the suspension at a concentration of 10 mg/mL and the
mixture incubated at 27°C for 18 hours after which the digested mycelia were filtered
again through cheese cloth. The resulting filtrate was centrifuged for 10 minutes at 1,500
x g in a Sorvall®RC-5B refrigerated superspeed centrifuge. The protoplasts, appearing as
a creamy layer on top of the filtrate, were removed using a pasteur pippette and washed

twice with protoplasting medium to remove any residual driselase. Finally the protoplasts



31

were pelleted in 2x mannitol based medium containing 10mM Tris HCl, 10mM MgCla,
1mM 2-mercaptoethanol and 0.5M mannitol. The protoplasts were then resuspended in
1M mannitol-50mM ethylene diamine tetraacetic acid (EDTA), pH 8 and added to an
equal volume of 1% low melting point agarose at 50°C in the same buffer. The mixture
was then dispensed into a mold chamber (Bio-Rad) and allowed to solidify at room
temperature. The solidified blocks were then suspended is NDS buffer (0.01M Tris pH
8, 0.5M EDTA, pH 8 and 1% laurylsarcosine) containing 1 mg/mL of proteinase K wnd
incubated for 18 hours at 50°C. To remove the NDS buffer and proteinase K, the blocks
were washed three times in 0.05M EDTA, pH 8 for 15 minntes and stored in the same
buffer at 4°C.

2.9.2 Pulse-field gel electrophoresis:

Chromosomes were separated by contour-clamped homogeneous electric field
(CHEF) using the CHEF-DRI1I system (Bio-Rad). The gels were electrophoresed in 0.5x
Tris-borate buffer (TBE: 45mM Tris base, 45mM boric acid, imM EDTA, pH 8) or ix
Tris-acetate buffer (TAE: 40mM Tris base, 40mM acetic acid, 1mM EDTA, pH 8)
mainta.: - « at 12°C. DNA plugs were cut and applied in the wells of a gel formed by
pouring 100 ml of molten Low Melting Point (LMP) or Low Electroendosmosis (EEO)
agarose (Boeringer) in running buffer. Different agarose concentrations and running
conditions were used. After running, gels were stained with ethidium bromide for 45
minutes and destained in distilled water for the same period. The gels were observed
under UV light.

Chromosomal DNA from S. cerevisiae and Schizosaccharomyces pombe were

used as molecular size reference markers.



3. RESULTS:

3.1 MUTAGENESIS AND SELECTION

In order to obtain mutants of 7. niveur: that produce more cyclosporin than their
parent strains, UV light and epichlorohydrin were used. Selection for the desired trait
was carried out using 4-aza-DL-leucine.

3.1.1 Determination of Optimum Conditions for Mutagenesis and

Selection

The killing effect of UV light exposure was determined by exposing spores of 7.
niveurn UAMH 4002 to UV light for 10, 40, 120 and 300 seconds. The irradiated spores
were then serially diluted and plated on malt-yeast agar in triplicate. Colonies visible after
3 days of incubation were counted and used to determine the survival rate of the organism
at the different levels of exposure. The desired kill rate of 99 % was obtained after 300
seconds of ekposure (Figure 3) and was used in subsequent experiments for the isolation
of UV mutants.

To determine the conditions required for obtaining a 99 % kill rate using
epichlorohydrin, a 9 mL spore suspension of strain UV-98 containing 108 spores/mL
was mixed with 1 mL of the mutagen to a final concentration of 0.15 M and incubated on
a rotary shaker at 150 rpm and 27°C. This epichlorohydrin concentration was selected on
the basis of the experiment conducted by Agathos and Parekh (1990) in which they
obtained a 50% kill rate by exposing spores of T. niveurn ATCC 34921 to 0.15 M
epichlorohydrin for 150 minutes. At one ! v intervals, 1 mL samples of the suspension
were collected and the mutagen removed by wasuing the spores twice with sterile distilled
water. The samples were then serially diluted, plated on malt-yeast extract agar in
triplicate and incubated at 27°C. This experiment was not successful in that no growth

was observed on all the plates other than the control for up to 14 days.

19



Figure 3: Survival of T. niveum UAMH 4002 spores after exposure to UV
Light

Spores of strain UAMH 4002 were irradiated with UV light for 10, 40, 120 and 300
seconds. The spores were then serially diluted and plated onto malt yeast agar. Colonies
appearing after 3 days of incubation at 28°C were counted and used to determine the %

survival. The loss of viability appeared to follow one-hit kinetics.
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In order to estimate which concentration of epichlorohydrin would be appropriate
for achieving a 99% kill rate, a secound experiment was carried out using concentrations
of the mutagen ranging from 0.001 M to 0.15 M and exposure periods of 1, 10, 30, and
100 minutes. Because of the large number of parameters involved, only single plate
cultures were used for each condition. The kill rate was determined as explained above
using plates incubated for six days. Although these results of this experiment were not
very representative, they were able to show that the desired kill rate could be obtained by
using epichlorohydrin concentrations between 0.01 M and 0.15 M using different
exposure times. The 0.1 M concentration was finally selected for use in subsequent
experiments. This was based on the fact that when very low concentrations of the
mutagen (alkylating agent) are used in organisms that exhibit the adaptive response
mechanism, induction of this mechanism at these mutagen concenirations leads to
resistance of the organism to the mutagen. This factor was observed in this experiment by
exposing the organism to 0.001 M of epichlorohydrin. The number of survivors at this
concentration did not change after 10 minutes of exposure for a total exposure time of
100 minutes. In addition, even when resistance is not a factor, long exposure times of the
organism are required when low mutagen concentrations are used. A concentration of
0.15 M epichlorohydrin was also useful in this case because of the very short time of
exposure required which would make manipulations difficult. In this experiment for
exampic, thie survival rate after 1 minute of exposure to this concentration was 5 %. This
experiment also showed no growth in all plates con:iining spores exposed for 100
minutes to epichlorohydrin concentrations between 0.05 M and 0.15 M an indication that
strain UV-98 is more sensitive to epichlorohydrin than 7. niveum ATCC 34921.

Since the results of the experiment just described were based on single plates, a

further experiment to determine the optimum exposure time required to obtain a 99 % kill
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rate using 0.1 M epichlorohydrin was carried out. This was prompted by the fact that a
follow up experiment using 0.1 M epichlorohydrin and exposure time of 30 minutes
revealed a lower Kkill rate than that determined before from the above experiment. This
final experiment therefore involved treatment of spores for 10, 30, 60, and 100 minutes.
All samples were plated in triplicate and the results of this experiment are shown in
Figure 4. A 99 % kill rate was observed by exposing the spores to the mutagen for 60
minutes while a 30 minute exposure led to a survival rate of 49 %. No growth was
observed on samples treated for 100 minutes.

The concentration of 4-aza-DL-leucine required to inhibit growth of the organism
was determined by incorporating the chemical directly into the growth medium. Analysis
of triplicate plates of T. nivewn UAMH 4002, containing concentrations of 4-azaleucine
ranging from 0.1 mg/mL to 1 mg/mL indicated that the organism was sensitive to the
analogue at concentrations as low as 0.1 mg/mL and its growth was completely inhibited
by analogue concentrations of 0.4 mg/mL and higher. For strain UV-98 an almost
complete inhibition of growth was observed in plates containing 4-azaleucine
concentrations of 0.8 mg/mL (97.4 % kill rate ) and 1 mg/inL (99.8 % kill raie). Mutants
of T. niveuwrn 4002 and UV-98 were therefore selected against 0.4 mg/mL and 0.8mg/L
or 1 mg/mL of 4-azaleucine respectively.

3.1.2 Isolation and selection of mutants:

The isolation of mutants hyperproducing cyclosporins was initiated by exposing
spores of T. niveurn UAMH 4002 spores to UV light for 300 seconds as described in
2.6.1. The mutants were then selected by plating the irradiated spores on fruct.se-salt
medium containing 0.4 mg/mL 4-azaleucine. The 103 isolated mutants were immediately

tested for cyclosporin production by scraping off their mycelia from five day old master



Figure 4: Survival of spores of UV-98 after exposure to epichlorohydrin

Spores of strain UV-98 were mixed with epichlorohydrin to a final concentration of 0.1
M and incubated at 28°C on a shaker at 200 rpm. Samples of the suspension were
collected 10, 30, 60 and 100 minutes and washed three times with sterile distilled water
to remove the mutagen. The spores were then serially diluted and plated on Malt-yeast
agar. Colonies appearing after 3 days of incubation at 28°C were counted and used to

detennine the % survival.
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Table 1: Production of cyclosporin by selected UV generated mutants

40

Strain FINAL pH Dry Cell Wt. Total Cy
g/L mg/L
UAMH 4002 4.3 5.7 120411
uv-37 4.4 6.7 138+12
Uv-74 4.4 6.0 128+2
Uv-98 4.5 5.5 176x6

From the 103 mutants generated by UV induced mutagenesis, 3 strains producing

the highest cyclosporin levels were selected and their cyclosporin levels determined using

standardized inoculum i.e. 108 spores/mL. 10 mL of homogenized preculture of each strain

were inoculated in triplicate into 100 mL of production medium containing I.-sorbose as

the carbon souzce and incubated at 27°C on a rotary shaker at 200 rpm. After 12 days of

growth, the cultures were analysed for pH, mycelial dry weight and cyclosporin

production.
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The four highest producing mutants obtained after 30 minutes of epichlorohydrin
treatment (EPI-68, EPI-70, EPI-74 and EPI-78) and three from the 60 minute treatrent
were further analysed for cyclosporin production using standardized inoculum and
different carbon sources. The approach to include carbon source as a basis for selecting
the highest producer was based on the results obtzizc.: with UV-98 in Table 3 and those
obtained by Agathos and Parekh (1990) in which it had been shown that the carbon
source showing highest cyclosporin production in the parental strain does not necessarily
have the same effect on its mutants. The results of this experiment are shown in Table 2.
Except for strains EPI-27 and 18, the rest of the strains showed higher (average)
cycloporin production than UV-98 in beth sorbose and maltose. The highest production
was achieved by EPI-74 using maltose as the carbon source. This strain was therefore
retained and used in subsequent experiments. Its selection was based on the average

cyclosporin levels and reproducibility between the three samples used in the experiment.

3.1.3 Stability of mutants:

Throughout this research project, it had been observed that levels of cyclosporin
produced by the mutants UV-98 and EPI-74 seemed to be decreasing with time thus
leading to non-reproducible levels between different experiments. The levels of UV-98,
for example had decreased from 176.25 mg/L to less than 120 mg/L. towards the end of
the project. The decrease in productivity by mutant strains was also observed by Fode
(1990) in which the UV-generated mutants of T. niveum UAMH 2472, B-5 and B5E-84
lost productivity levels with time. Some of the factor cited as causes for decreased
production were subculturing and storage conditions.

To determine if the storage conditions played a role in lowering the productivity
of cyclosporin, spore stocks of UV-98 and EPI-74 were stored at 5°C, -20°C and -80°C.
Under normal circumstances, spore stocks were maintained at -80°C. On a monthly basis

for six months, the production of cyclosporin by the two mutants was monitored using



Table 2: Production of cyclosporin by selected epichlorohydrin generated
mutants

Of the 138 epichlorohydrin generated mutants, seven were selected for further
development. In this experiment the production of cyclosporin by the seven strains was
compared to that of their parental strain using standardized inoculum of 108, Each of the
strains was inoculated in triplicate in mediwm containing 2% w/v of sorbose, fructose or
maltose. The cultures were incubated (o7 12 davs and analysed for cyclosporin using the

HPLC.
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spores stored at the three temperatures as inoculum. The resu'ts of this experiment are
shown in Figures 5 and 6.

The production of cyclosporin by both mutants using spores stored at -80°C did
not show any decrease with time. Instead, variations in production were observed
between experiments, an indication that factors other than storage conditions of the spore
stocks could be responsible for decreased cyclosporin production in the mutants. It is

therefore possible that almost all the loss in productivity could be due to subculturing.

3.2 CHARACTERIZATION OF MUTANTS
3.2.1 The effect of carbon source on cyclosporin production:

At the beginning of this project, available literature had shown that the production
of cyclosporin could be supported by a number of various carbon sources (Agathos ¢t
al,1986; Isaac, 1988). It had also been shown that that the use of different carbon sources
resulted in different rates and extents of production. At the time, sorbose had also been
found to promote the best cyclosporin production in the strains teste<i. - :. criments were
therefore carried out to determine if sorbose or other carbon sou-ces + =zmoted the best
cyclosporin production in the mutant strains.

The initial study to determine the zffect of carbon source on cyclosporin
production was carried out using mutant B-5, a UV mutant of T niveurn UAMH 2472,
The carbon sources used were sorbose, glucose, maltose, sucrose, fructose, galactose,
ribose and lactose and were added to the production medium at a concentration of 2 %

{/v. Cultures containing B-5 or UAMH 2472 were incubated for 12 days before
analysing for cyclosporin production and biomass formation. The results of this
experiment are depicted in Table 3.

The production of cyclosporin as well as growth of the organism was supported

by all the carbon sources used in both sirains with the exception of lactose in the wild

strain. The hig:. st biomass formation and production of cyclosporin were achieved in



Figure 5: The effect of cyclosporin production by UV-98 spore stocks
stored at different temperatures

Spore stocks of UV-98 were dispensed in 1 mL aliquots and divided into three groups.
Each group was then stored at a different temperature i.e. 5°C -20°C and -80°C. On a
monthly basis, each group was tested for any changes in cyclosporin production in
comparison to that obtained at the start of the experiment and also between the three

groups.



[CYCLOSPRIN] MGI/L

240 -

-80°c

106



Figure 6: The effect of cyclosporin production by EPI-74 spore stocks
stored at various temperatures

Spore stocks of EPI-74 were divided into three groups and stored at 5°, -20° and -80°C.
Once a month for up to five months, the spore stocks were compared for cyclosporin

production using maltose based production medium.
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Table 3. Production of cyclosporin by T. niveun UAMH 2472 and B-5

using various carbon sources

Preculture inoculum of T. niveurn UAMH 2472 and B-5 grown on sorbose based
medium were inoculated in triplicates into flasks containing sorbose, glucose, lactose,

maltose, galactose, fructose, sucrose or ribose. Biomass and cyclosporin formation by

these cultures were determined after 12 days of incubation.



Strain

UAMH 2472

B-5

Carbon
source

None
Sorbose
Glucose
Lactose
Maltose
Galactose
Fructose
Sucrose

Ribose

None
Sorbose
Glucose
Lactose
Maltose
Galactose
Fructose
Sucrose

Ribose

6.7
5.2
5.0
6.3
5.3
5.3
5.3
5.4
5.4

6.8
5.5
5.2
6.0
5.5
5.6
5.5
5.5
5.5

3.4+0.3
10.5%0.6
9.7+0.5
4.5+0.5
9.0+0.3
8.6+0.2
9.91+0.3
1042
8.1+0.3

3.0+0.2
10.4+0.3
8.9+0.1
6.41+0.7
8.8+0.6
8.110.7
10.3+0.0
10.2+0.6
8.4+0.3

Total Cy

mg/L+S. D,

46x1
16417
133%20
46x17
148+6
12542
13443
76133

126428

115%10
387%18
386+18
206443
34947
266x16
267+74
30856
2604£32
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cultures grown in sorbose and the least in lactose. The rest of the carbon sources did not
show any correlation between biomass formation and cyclosporin production. When
compared to the parental strain, production of cyclosporin by the mutant was twice or
more in all cases. The highest increases were observed with sucrose and lactose which
produced four times and almost five times more cyclosporin than UAMH 2472 grown in
the same medium. Cyclosporin production was also affected by pH of the media.

Two other experiments carried out along the same line involved comparing carbon
source effect on cyclosporin production by UAMH 4002 , UV-98 and EPI-74. The
carbon scurces used were fructose, maltose and sorbose and were again added to the
production medium at a 2 % w/v concentration. Biomass formation and cyclosporin
production were analysed after 12 days of incubation and tlie results are shown in Table
4.

From the first experiment which involved UAMH 4002 and UV-98, it was
observed that the three carbon sources did not have very different effects on volumetric
cyclosporin production by UAMH 4002. The only major difference was in their levels of
biomass in which sorbose showed the highest amount followed by maltose. The highest
specific production of cyclosporin was achieved in maltose based medium followed by
fructose. In the case of UV-98, highest biomass production was supported by maltose
while fructose supported the highest metabolite production. Again no direct relationship
could be derived between biomass formation and cyclosporin production, an indication
that carbon sources highly favoured for biomass formation do not always provide the
physiological state necessary for optimal secondary metabolite production.

In the other experiment involving UV-98 and its mutant EPI-74, it was again
observed that of the three carbon sources used, fructose supported the highest production
of cyclosporin by UV-98, despite the lower levels obtained in this study compared to the
one just described. For EPI-74, maltose was the best carbon source for metabolite

production followed by fructose while high biomass was achieved using sorbose.



Table 4: The Production of cyclosporin by UAMH 4002, UV-98 and
EPI-74 cultures grown on different carbon sources

Flasks containing 100 ml of cyclosporin production medium containing sorbose, maltose
or fructose were inoculated in groups of three with 10 mL of preculture suspensions of
UAMH 4002, UV-98 or EPI-74. The cultures were then incubated for 12 days after

which cyclosporin production and biomass formation were analysed. Two separate

experimments, A and B, were conducted.



Strain

UAMH
4002

Uv-98

Uv-98

EFPI-74

Sorbose

Maltose

Fructose
Sorbose
Fructose

»Aaltose

Sorbose
Maliose
Fructose
Sorbose
Maltose

Fructose

in

4.3
4.4
4.5
4.3
4.4

4.1
4.2

4.2
4.3
4.2

6.510.1

4.7+0.3
5.3%0.3
4.6+0.3
5.410.3
6.0+0.4
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6.310.1
5.4%+0.5
5.440.2

53

9449

96+12
97+12
125+21
186+12
160+4

8042
9949
11512
104+4
128+0
88.25+6
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A further experiment aimed at defining the carbon concentration best suited for
cyclusporin production by UAMH 4002, UV-98 and EPI-74 was carried out. The carbon
source investigated for each strain was one which had shown highest metabolite
production in the preceding experiments and the concentrations compared were 1%, 2%
and 5% w/v. The results of this experiment (Table 5) showed that increasing the carbon
concentration led to increases in biomass production in all cases except UAMH 4002
grown in 2% fructose. Cyclosporin production on the other hand was not statistically
different between the different concentrations especially in EPI-74 where the levels
between 2% and 5% carbon source were the same and only marginally different from
those obtained using 1% maltose. The amount of cyclosporin produced by EPI-74 in this
experiment was however significantly higher than that of UV-98 compared to the results
depicted in Table 4. For UV-98, higher average levels of cyclosporin were obtained
using 5% fructose but these were again not different from those obtained usin g the other
two concentrations of fructose when the error margins are considered. The amount of
cyclosporin produced by UV-98 was for the first time alsc lower compared to that of
UAMH 4002 in 2% fructose. The reasons for this could not be determined because even
if a decrease in productivity has been observed in this strain, its production has always
remained higher than the parental strain. From these results, it was also rather difficult to
decide which concentration would be appropriate for cyclosporin production by a
particular strain but from an economic point and comparison of the specific
productivities, 2% fruciose would be appropriate for UAMH 4002 while a 1% carbon

concentration would be appropriate for boti: UV-98 and EPI-74.

3.2.2 The effect of Nitrogen source on cyciosporin production
Another study which was carried out using mutant B-5 but not other mutants was

to determine the effect of ammonium sulfate and Delcase™, a commercial complex



Table 5: The effect of carbon concentration on cyclosporin production

Preculture inocula grown for 72 hours in fructose (UAMH 4002 and UV-98) or maltose

(EPI-74)based media were inoculated to production flasks containing the same media at

carbon source concentration of 1, 2 and 5% w/v. The cultures weret hen incubated for 12

days before analysing for biomass formation and cyclosporin production. The final pH of

each culture was also noted.



‘hn

rain %_x_arbon source Final Dry cell wt, g/l 1 me/i
pH £ S.D. + S.D,
UAMH 4002 1 4.5 4.4+0.5 93+2
Fructose 2 4.0 4.3%0.3 12619
5 4.1 6.1%20.1 131+6
Uv-98 1 4.8 3.8+0.4 118+13
Fructose 2 4.0 4.91+0.4 12247
5 4.0 6.210.1 144+14
EPI-74 1 4.3 5.91+0.2 16718
Maltose 2 4.1 6.8£0.4 170211

5 4.1 8.2+0.2 17011
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nitrogen source, as alternative nitrogen sources. The use of inorganic nitrogen sources
such as ammonium and nitrate salts had proved to be unsatisfactory for cyclosporin
production in 7. niveum ATCC 34921 (Agathos et al. 1986). To investigate if this
¢ aracteristic was strain specific, ammonium sulfate was added to the production medium
replacing vitamin assay casamino acid (VACA) in the experimental cultures. The results
of this study are shown in Table 6.

The production of cyclosporin by mutant B-5 was very low compared to other
experiments. When compared with cultures containing ammonium sulfate however, it
was observed that total cyclosporin production was reduced 8-fold in the presence of
inorganic nitrogen thus confirming previous results that inorganic nitrogen does not
support cyclosporin production. Fungal growth in ammonium sulfate cultures was also
lower than the one grown in VACA containing medium.

The use of Delcase as an alternative source of nitrogen was carried out by
replacing VACA in the production medium. The experiment was carried out using 7.
niveurm 2472 and B-5 and the results are depicted in Table 7. Good fungal growth was
observed in both. Delcase and VACA grown cultures in both strains. Replacement of
VACA with Delcase also proved to be superior for cyclosporin production in UAMH
2472 cultures but not B-5. The effecc of Delcase on cyclosporin compared to that of
ammonium sulfate further confirmed the suitability of complex organic nitrogen medium

components for cyclosporin production over inorganic ones.

3.2.3 The effect of Amino acids on the production of cyclosporin

The supplementation of amino acids to production medium has been one approach
used to increase bioactive peptide synthesis including cyclosporin. In addition, the
rechnique has been used to determine the role of individual amino acids in the synthesis

of a particular metabolite. In cyclosporin production the use of amino acid
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Tahle 6: The effect of ammonium sulfate on cvelosporin production

Nitrogen source Final pH Dry cell wt, Total Cy
g/L mg/L

(NH4)2S04 3.2 4.4%0.5 1843

VAC:A 4.8 7.7+0.7 143%13

A preculture inoculum of T. nivewn B-5 was grown in VACA containing medium for 72

hours. A 10% inuculum was then made into 100 mL production medium containing 10 g/L.

VACA or ammonium sulfate as the nitrogen source and incubated for 12 days after which

the production of cyclosporin was determined.



Strain Nitrogen Dry cell wt. Total Cy mg/L+S.D.
source g/L*S.D.

UAMH 2472 VACA 10.3+0.1 127x7
Delcase 8.8+0.4 302+11

B-5 VACA 9.240.3 367+10
Delcase 7.1+£0.7 258+1

Precultures of UAMH 2472 and B-5 grown in production medium containing vitamin
assay casamino acids as the nitrogen soure were inoculated into production medium
containing Delcase or vitamin assay casamino acids as nitrogen source. The cultures were

incubated for 12 days and then analysed for cyclosporin.
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supplementation has had different effects on the strains tested, an indication that strain
variabilities occur.

In this study, the effect of amino acids on cyclosporin pro-iuction by UAMIH
4002, UV-98 and EPI-74 was tested using both constituent and non-constituent amino
acids.In the initial experiment, five amino acids, four of which are part of the cyclesporin
molecule, were investigated for their effect on cyclosporin production using the three
strains. The amino acids L-leucine, L-valine, glycine, L-alanine and L-asparagine were
each added to cyclosporin production medium at a concentration of 8 g/L.. The experiment
was carried out in triplicate and incubated for 12 days. The amounts of cyclosporin
produced are shown in Table 8. Since amino acid supplementation has been shown to
direct synthesis of specific cyclosporin variants in some cases, the iadividual
cyclosporins produced in each instance are also shown. The results however do not show
all the types of cyclosporins that may be formed as a result of supplementaiion due to lack
of internal standards for these variants and also because no unusual peaks (other than Cys
A, B, and C) were observed in this particular experiment unless their elution time from
the HPLC column was greater than 10 minutes.

Except for valine supplemented medium, the exogenous addition of amino acids
lowered the production of cyciosporin in both UAMH 4002 and UV-98. The addition of
alanine in all the strains led 10 a reduction in total cyclosporin and directed synthesis of
cyclosporin B, a metabolite not normally produced by these strains. Cyclosporin B is
formed by the replacement of 2-aminobutyrate of CyA with L-alanine and in this case, its
formation was done at the expense of both cyclosporins A and C. Directed synthesis of
cyclosporin B was also observed in glycine supplemented medium in all the strains. In
the wild type strain, addition of glycine did not only reduce total cyclosporin levels but
also completely inhibited the formation of cyclosporin C. In UV-98 both total cyclosporin
and cyclosporin C levels were reduced while in EPI-74 total cyclosporin was unaffected

but both CyA and C were reduced to allow formation of CyB.



Table 8: Cyclosporin production in medium supplemented with amino

acids

The various amino acids were added individually to cyclosporin produiction medium at a
concentration of 8 g/L. The flasks each containing 100 mL of medium were then
inoculated with 10 mL of preculture inoculum of UAMH 4002, UV-98 or EPI-74 and
incubated for 12 days. The samples were assayed for cyclosporin production by HPLC.
Strain EPI-74 was grown in a maltose based medium while UV-98 and UAMH 4002

were grown in fructose medium.



Strain/
Amino acid

UAMH
4002

Control
L-alanine
L-asparagine
Glycine
L-leucine
L-valine

Uv-98

Control
L-alanine
L-asparagine
Glycine
L-leucine
L-valine

EPI-74

Control
I.-alanine
L-asparagine
Glycine
L-leucine
L-valine

Mycelial

EE

4.6x0

3.9+0.4
3.7+0.5
3.840.2
4.320.3
3.7x0.4

4.13+0.3
4.620.4
4.0£0.2
3.8120.4
3.6%0.1
3.5+0.1

5.1+0

4.51+0.8
4.1+£0.3
4.5+0.7
5.0+0.1
4.3+0.1

Total Cy
mg/L.

68x5
51+2
47%2
44+3
70+9
9816

116+16
89+7
71%10
67+2
78%15
15112

12343
118%5
122%5
132+10
136+2
182%5

% _individual of Total Cy

Cy A CyB Cy C,
75 0 25
70 17 13
77 0 23
78 22 0
80 0 20
98 2 0
72 0 28
66 17 17
73 0 27
75 14 11
78 0 22
93 7 0
73 0 27
58 21 21
56 22 22
62 22 16
58 19 23
88 12 0

62
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The addition of asparagine, a non-constituent amino acid of cyclosporin did not
show any effect on production of CyA and C in UAMH 4002 and UV-98 but for
unknown reasons led to a decrease in total cyclosporin levels. In EPI-74 on the other
hand the presence of asparagine did not have any major effect on total cyclosporin in that
the control levels (123 mg/L) were essentially identical to those supplemented with
asparagine (122 mg/L). L-Asparagine alsc led to directed synthesis of CyB mostly at the
expense of CyA in this strain and to a lesser extent CyC. The addition of L-leucine to
production medium of UAMH 4002 had no effect on total production or distribution of
the individual molecules. In UV-98, leucine suppressed total production by about 30%:
this resuit was somewhat suprising in that UV-98 was believed to leucine-deregulated
and would therefore be expected to show increased cyclosporin production in the
presence of this amino acid. The factors that could be responsible for this effect of leucine
will be explained later in the discussion together with any other unusual effects observed
with the other amino acids. In EPI-74, the addition of L-leucine increased total
cyclosporin, directed the synthesis of CyB and suppressed Cy A and C synthesis.

Supplementation of production medium with L-valine led to an increase in total
cyclosporin and an almost exclusive formation of cyclosporin A in all the three strains.
The formation of cyclosporin B was also observed in all strains while CyC production
was completely inhibited. No directed synthesis of cyclosporin D was observed (contains
L.-valine in position 2) .

As a result of the unique behaviour of L-valine i.e. formation of Cy A at the
expense of almost all other homologs, an experiment to determine the effect of various
concentrations of valine on cyclosporin production was carried out. Cyclosporin A is the
most active of the cyclosporins so far tested and is the one currently used in
immunosuppressive and other clinical work involving cyclosporins. A system supporting
exclusive formation of this metabolite would therefore be desirable. Flasks containing

100 mL of production medium supplemented with 4 g/L., 8 g/L or 16 g/L. of L-valine



0
were inoculated with preculture inoculum of the three strains. The results obtained atter

12 days incubation are shown in Table 9.

Although an increase in total cyclosporin production was obscrved in all strains,
at all valine concentrations, increasing the amount of this amino acid did nod improve
metabolite formation in UAMH 4002 and UV-98. Instead, high formation of cyclosporin
was observed in cultures containing 4 g/L valine, an indication that there was saturation
in both strains and also a negative effect on cyclosporin production in UV-98 at high
valine concentrations. For EPI-74, total cyclosporin increased marginally with increases
in valine concentration probably demonstrating higher tolerance of the amino acid

compared with its parental strain.

3.2.4 Growth of the organism and cyclosporin production

In order to establish the relationship between growth and production of
cyclosporin production, time course experiments for each strain were carried out. These
experiments were also used to try and establish the basis for high cyclosporin production
in the mutants in comparison with their parent strains.
The growth curve for mutant B-5 was carried out by growing caltures of this organism in
production medium containing sorbose as the carbon source. On a daily basis for 16
days, three flasks were removed from the shaker and aralysed for pH changes, biomass
formation and cyclosporin production. The results of this experiment are depicted in
Figure 7. A rapid increase in biomass was observed during the first five days of growth
followed by a slow growth up to day i2. In the case of cyclosporin production, an initial
two day lag in production of the metabolite was observed following inoculation.
Maximum cyclosporin yield was attained on day 12 thus coinciding with the highest
biomass level. Beyond this point, both biomass and metabolite levels were reduced. The
loss in biomass was most likely a result of hyphal fragmentation and lysis while the

reason for cyclospoprin reduction is still unclear. Other than the decrease in cyclosporin



Table 9: Production of cyclosporin using different concentrations of
L-valine

Production medium containing in addition 4g/L, 8g/L or 16 ¢/l L-valine were inoculated

with 10 % preculture inoculum of each of the three strains and incubated for 12 days after

which cyclosporin prodution, pH of the medium, and dry cell weight were determined.



UAMH 4002

UVv-98

EPI-74

L.-valine

FN

16

0

{g.‘\ooao

Final
pH
4.0
4.3
4.3
4.6

4.0
4.2
4.4
4.8

4.1
4.3
4.3
4.3

4.3+0.3
5.1£0.2
4.9+0.3
5.7+0.3

4.9+0.4
5.0£0.1
4.5+0.1
5.220.2

6.8+0.4
7.2%0.1
7.1%£0.1
7.2%0.1

606

Total Cy mg/L,
5.D.,

126+9

180+2

176123

175421

12247
21719
163+13
184%11

170+11
260+19
264121
291428



Figure 7: Growth and Production of Cyclosporin over Time in Shake
Flask Cultures of mutant B-S

Five flasks containing 100 mL of sorbose-based production medium were each
inoculated with 108spores of mutant B-5 and incubated for 72 hours. The cultures were
then pooled, homogenized and 10 mL inoculated into each of the forty-eight flasks
containing the same medium used above. On a daily basis for 16 days, three flasks were

harvested and analysed for biomass formation and cyclosporin producton.
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levels after day 12 the general pattern of growth and production in this organism were
similar to those observed in its parental strain 7. niveurn UAMH 2472 (Isaac et al. 1990)
and in ATCC 34921 (Agathos ez al. 1986).

The relationship between growth wnd cyclosporin production in T. niveum
UAMH 4002 and its mutant UV-98 were determined by analysing similar triplicate
saniple’ on a daily basis for 12 days. Both strains were grown in sorbose-based
production medium. Production of cyclosporin was detected on day 1 in the wild strain
and day 2 in the mutant. In both cases, rapid increases ir biomass production were
observed during the first four days followed by a slower growth phase up to day 8 and
day 12 in the miutam and wild strain respectively. The slow growth phase in both strains
was asscciated with rapid cyclosporin production. In UAMH 4002 maximum
cyclosporin production was attained on day 12, which coincided with maximum
biomass. In UV-98 on the other hand, a loss in biomass was observed after day 8 but
cyclosporin production continued reaching a maximum on day 12. The results of this
study are depicted in Figures 8a and 8b.

A comparison of growth and cyclosporin production between the two strains
indicaied that although biomass formation was similar in the these organisms, both
producing a maximum of 6 g/L., UV-98 si:owed a higher rate of cyclosporin production
compared to its parentai strain (Figure 9). The specific production in this strain continued
to increase even after the biomass had started decreasing in contrast to UAMHE 4002 in
which the biomass remained constant after day 7 of the fermentation at 16 to 20 mg/g.
The behaviour of UV-98 was 2lso in contrast to the results obtained by Isaac (1988) for

" niveurn UAMH 2472 in which it was shown that as biomass increased, so did
cyclosporin production, a conditic.s observed with UAMH 4002.

The growth curve for EPI-74 was determined by growing the organism in

maitose based medium and analysing the cultures for cyclosporin production and biomass

formation daily for 12 days. The results of this experiment are depicted in Fi gure 10.



Figures 8: Growth and Production of Cyclosporin over Time in Shake
Flask Cultures of UAMH 4002 and UV-98

8a. Four flasks containing 100 mL sorbose based production medium were cach
inoculated with 108 spores of T. niveum 4002 and incubated for 72 hours. The cultures
were then pooled, homogenized and 10 mL inoculated into each of the thirty-six flasks
containing the same medium used above. Triplicate flasks were harvesied daily and
analysed for biomass formation and cyclosporin production.

8h. Spore inoculum of UV-98 was used and the experiment was carried out as explained

for UAMH 4002
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Figure 9: Comparison of Mycelial Dry Weight and Specific Cyclosporin
Production in Shake Flask Cultures of 7.niveurn UAMH 4002
and UV-98

The data for this graph was obtained from the cultures described in Figure 8.
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Figure 10: Growth and Cyclosporin Production over Time in Shake Flask
Cultures of EPI-74

Four flasks containing 100 mL of maltose-based production medium were cach
inoculated with 108 spores of EPI-74 and incubated for 72 hours. The preculture were
th *: pooled, homogenized and 10 mL inoculated into a total of thirty-six flasks. On a
daily basis,triplicate samples were analysed for biomass formation and cyclosporin

production.
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Rapid biomass formation was observed during the first four days followed by a slow
growth phase up to day 10. Cyclosporin production was not detected until day 3 of
fermeniation. Thereafter, rapid production was observed reaching a maximum of 157
mg/L on day 10. Unlike its parent strain, the specific production of cyclosporin remained
constant after day 8 of growth at 24 to 28 mg/g and in agreement with the results obtained
with other strains of 7. nizum, cyclosporin production increased with increasing
biomass.

Another study which was carrizd out along with the growth curves was 1o
determine if there was any relationship between cyclosporin production and morphology
of the strains. Following mutagenesis, Chang and Elander (1979) showed that many
high producing strains of Penicillium chrysogenum and Chryscesporium acremonium
exhibited decreased vegetative vigour and/or reduced sporulation on plate cultures. The
reduced mycelial vigour associated with high metabolite productivity was attributed to the
presence of a highly efficient mycelial system. Recently, Agathes and Parekh (1990) also
reported high sporulation and morphological differences between M6, an epichlorohydrin
mutant of “TCC 34921. To determine if any of these were a factor in cyclosporin
production by the mutant strains, T. niveurn UAMH 4002, 1JV-98 and EPI-74 were
grown on malt-yeast agar, Czapek dox agar and cyclosporin production medium
incorporated with agar. On a daily basis, the colonies were observed for extent of
growth, shape .G arrangement of conidiophores, phialicis ana spores, mycelial texture
and sporulation. These parameters were also determined during growth in liquid culiures
using cyclosporin production medium.

No relationship could be established between enhanced cyclosporin production
and merphology of the mutants from these studies. The radial growth of hoth the wild
strain and mutants was similar in each of the three types of media. Highest growth was
observed on malt-yeast agar and lcast in cyclosporin production mediura. Also, no

morphological, colonial or cultural differences were observed between the strains both on
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solid and liquid media. Sporulation in liguid cultures was observed on day 2 of
fermentation and day 5 on solid media.
3.3 PURIFICATION AND IDENTIFICATION OF CY SYNTHETASE(S)

This study was carried out to determine how many enzymes are involved in the
synthesis of cyclosporin. In their study, Lawen and Zocher (1990) showed that
cyclosporin was produced by a single multienzyme isolated as a sing!e band on
denaturing SDS-PAGE. This was in contrast to the results of Fode (1990) in which,
using a different purification method, it was possible to show the presence of up to four
bands all of which may be involved in cyclosporin synthesis. Since no other independent
study was available to determine whether the above results were due to strain variability
or differences in methodology, experiments aimed at identifying the enzymes involved in
cyclosporin synthesis were carried out using strains UV-98 or EPI-74 and comparing
both methods of purificaiion.

3.3.1 Extraction and purification of Cy synthetase(s)

Cell-free extracts were prepared as described in section 2.7.1 and the proteins
separated using SDS-PAGE. The results of this experiment are shown in Plates ia and
1b. Analysis of the protein profile in the two gels showed the presence of 3 to 4
prominent bands designated A, B, C and D, in the region where Cy synthetase(s) are
expected to occur. A comparison of the intensity of the four bands following silver
staining showed that most of the protein was confined to band DD. A minimal estimation
of the molecular weights of the four proteins relative to those of myosin (205,000), 8-
galactosidase (116,250) and phosphorylase b (97,400) showed protein A to have a
molecular weight of 5.0x103. The molecular weights of proteins B, C and D were
estimated to be 4.7x105, 4.4x10° and 4.1x10> respectively (Figure 11). In the study
done by Fode (1990), the molecular weights of the four proteins were estimated to be

between 3.8x105 and 4.8x105.



Plate 1: Separation of cyclosporin synthetase(s)

Crude extracts of mutant UV-98 were treated with PEI to precipitate the nucleic acids,
followed by fractionation of the proteins using ammonium sulfate. The ammonium
sulfate fractions were then desalted and subjected to 2cl filtration chromatography.
Samples collected at each stage of purification were ana,vsed by SDS-PAGE using 3.5%
to 6% gradient gels. The proteins were applied to the gel at a concentration of 100 pg per
lane.

la: The proteins in this photograph were purified following the method of Lawen and
Zocher (1990). Lane 1 represents the crude extract, lane 2: PEI treated extract, lanes 3.5
and 6: protein precipitating between 0-20%, 30-50% and 20-30% ammonium sulfute
respectively, lane 4: molecular weight markers and lane 7: 20-30% ammonium sulfate
fraction after gel fractionation.

1b: The proteins were separated foilowing the method used by Fode (1990). Lane 1
crude extract, lane 2: PEI treated extract, lanes 3, 4 and 6 represent ammonium sulfate
fractions berween 0-20%, 20-35% and 35-55%, lane 5: markers, and lanes 7, 8 and 9
represent 0-20%, 20-35%, and 35-55% ammonium sulfate fractions subjected 1o gel

filtraticn.
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Figure 11: Estimation of the molecular weight of cyclosporin

synthetase(s)

The molecular weights of proteins A, B, C and D were estimated by plotting the Rf
values of myosin, 3-galactosidase and p' »sphorylase b against the log molecular weights
of these compounds. The Rf values were calculated using Plate 2a gel. The molecular

weights of the proteins were determined using the equation shown in the graph.
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3.3.2 Detection of Cy synthetase

In order to determine which of these protein bands were involved in cyclosporin
synthesis, experiments aimed at detecting the activity of the enzymes were carricd out as
described in section 2.7.4 in the presence of 14C-leucine. It was hoped that once enzyme
activity is detected in the case of t;.; 14C amino acid binding assay, then SDS gels of the
reaction mixture would be « "' out and the labelled protein identified by
autoradiography. In the case f L. ir: vitro synthesis assay, the approach was to scparate
the reaction products using L layer chromatography followed by autoradiography.
Such an experiment would provide information as to whether the purified enzyme was
capable of synthesizing cyu{ ssporins. Several attempts aimed at detecting the activity of
the enzymes using cell-free extracts purified by the two methods mentioned above were
unsuccessful, an indication that the extracts were probably inactive.

To maintain activity of the enzyme during purification, reducing agents are
normally added to the buffers and they also form part of the reaction mixture for any
assays aimed at detecting the enzyme activity. In this study, the reducing agent used was
dithicerythreitol (DTE) but it was not unti! the time of preparing this thesis that it was
learnt that the chemical supplied to our laboratory as DTE was actually 8-lactoglobulin.
Because of the time period required to expose the autoradiographs (8 weeks), it was not
possible to repeat these experiments and unless this is done is is not possible to state

which of the four proteins are involved in the synthesis of cyclosporin.

3.4 ISOLATION OF CHROMOSOMES OF T. NIVEUM

The last cbjective of ihis research project was to establish an electrophoretic
karyotype of T. niveumn. In order to do this, a methodology for obtaining intact genomic
DNA and separation of this DNA into individual chromosome bands had to be

developed.



3.4.1 Preparation of intact genomic DNA

Intact chromosomal DNA was prepared by digesting mycelial cells of the
organism with 15 mg/ml Driselase in 0.8 M MgSO4, 1 mM 2-mercaptoethanol, 10 mM
MgCl and 10 mM Tris-HCI, pH 7 for 18 hours at 28°C. The resulting protoplasts were
obtained through centrifugation of the digested filtrate and harvested in 2x mannitol
solution as described in section 2.8.1. The presence of protoplasts was determined by
observing the filwate under the microscope. The protoplasts appeared as large circular
structures about 5 times larger than the conidia of T. niveum, and, in most cases clumped
together thus making it difficult to determine their concentration. The amount of DNA
obtained from these protoplasts was also not determined due to limited amounts of
protoplasts obtained. The intact DNA was embedded in agarose by mixing the protoplasts
in 1 M mannitol-50 mM EDTA, pH 8 with an equal volume of molten agarose in the
same buffer so that the final concentration of agarose in the plugs was 0.5 %. The DNA
was released from the protoplasts by suspending the plugs in NDS buffer (described in
section 2.8.1) containing 1 mg/ml proteinase K and incubating overnight at 50°C.
Complete lysis was observed by the sinking of the plugs to the bottom of the test tube.
The plugs were then washed 3 times with 0.05 M EDTA for 15 minutes and left
overnight in the same buffer at room temperature. The plugs were stored at 4 'C in 0.05 M
EDTA, pH 7.5. Attempts to prepare the protoplasts using other enzymes (e.g. glusulase
and lyticase) were less successful.
3.4.2 Separation of chromosomes

The separation of the DNA into individual chromosomes was achieved using
pulse field gel electrophoresis, a technique capable of physically separating DNA
molecules ranging from 50-12,000 kilobases in size. In this case, contour-clamped
homogeneous electric field (CHEF) electrophoresis (Plate 2) was used, using low
melting point (LMP) or low electroendosmosis (EEQ) agarose with concentrations

ranging from 0.6 to 1%. The running buffers were 0.5x TBE or 1x TAE.

[



Plate 2:.The CHEF Apparatus

The photograph shows the buffer tank (with gel) which consists of 24 electrodes

arranged in a hexagonal array and offers reorientation angles of 120°.
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Due to lack of literature on chromosome size of this organism, initial attempts to
separate the chromosomes were carried out using various conditicns including those used
for the separation of the chromosomes of Saccharomyces cerevisiae, Candida albicans
and Neurospora crassa: some 10 runs of 2 to 10 days were carried out during these
exploratory experiments. It was not until the conditions described by Brody and Carbon
(1989) for the separation of Aspergillus nidulans chrcmosomes were used that some
form of separation was observed. Using these conditions, which included running of
gels in 0.5x TBE buffer (instead of 0.5x TAE used by Brody and Carbon) at 45 V and
three pulse intervals of 50 minutes, 45 minutes and 37 minutes at durations of 72 hours,
12 hours and 72 hours respectively, two bands were observed. The gel concentration
used in this study was 0.8% LMP agarcse. In order to improve the mobility and
separation of the bands, lower gel concentration of 0.6 and 0.7 % were used in
subsequent experiments. The veltage, temperature and pulse times were not changed
except that longer running sericds were used for each pulse interval with total running
time ranging between 10 to 14 days. These experiments were, however, unsuccessful for
a total of six runs in that there was smearing of bands in all samples, including the S.
pombe and S. cerevisiae markers from BioRad. Attempts to use the conditions for
separation of S. pombe which included running 0.6% gels at 50V for a pulse interval of
60 minutes for 160 hours were also unsuccessful. At the time that these problems were
going on, it was also observed that the cooling system was mulfunctioning in that it
would at times freeze the running buffer in the coil thus preventing circulation. On rnore
than one occassion, the CHEF apparatus automatically turned off the power but it could
not be determined if this was related to the cooling system.

Since the cause of lack of separation could not be determined some changes were
made to the type of buffer and agarose used. A system using 1xTAE buffer and 0.8 %

EEO agarose was devised. Although TAE buffer had not been used in most of the
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ronning periods involved which would lead to iis deterioration, it was at this point
assumed that since very low electric current was being used the buffer would sustain for
a longer period of time. It was also assumed that since migration of DNA is faster in this
buffer than TBE, the amount of time required to run the gels would be reduced. There
were no specific reasens for changing the type of gel. The gels were run at 12°C and 50
V at pulse intervals of 50 minutes, 45 minutes and 37 minutes for 48 hours, 12 hours and
24 hours respectively. The results of this experiment are depicted in plate 3a. From this
experiment , total separation of the three S. pombe marker chromosomes was achieved
and T niveurn was separated into four bands, one of which looks at least like a doublet.
In order to try and separate the T. niveurn bands further, another experiment was carried
out using the same conditions as above but run for a total period of seven days. The
results of this experiment are shown in plate 3b. Increasing the total running time
improved the separation of the T. nivuern chromosomes. The two bands migrating as a
doublet were separated with one band appearing faintly in position two from the top. The
total number of chromosomes was therefore determined to be at least five. It should be
noted that at the time these two experiments were carried out, the cooling system had
been repaired and therefore the observed separation of the chromosomes may not
necessarily be due to changes in the type of gel and running buffer composition, although
the use of TAE buffer reduced the total time required for separation of the chromosomes.
3.4.3 Estimation of the sizes of T.niveum chromocsomes

The sizes of the chromosomes were estimated by comparing their mobility on the
gel with that of S. pombe molecular weight markers (Figure 12). A plot of the mobilities
of the T. niveum chromosomes with those of the S. pombe markers revealed a linear
relationship except for band V whose fnolecular weight was estimated using the S.
cerevisiae markers. From Figure 10, the molecular weights of the 7. nivewm
chromosomes were estimated to be 5.6 Mb (V), 5.0 Mb ( III andIV) and 4.5 Mb (II).

The molecular weight of band I was estimated to be 1.2 Mb. From these experiments, it
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could not however be determined if band I represents a chromosome or is mitochondrial
DNA. The total genome size of T. niveumn as determined from these esperiinents should

therefore be between 20.1 and 21.3 Mb.



Plate 3: Separation of Chromosomal DNA of T. niveum by CHEF

3a. The agarose gel was electrphoresed for a total period of 84 hours using 0.8 % EEO
agarose and 1x TAE buffer. The pulse times used were 50 minutes for 48 hours, 45
minutes for 12 hours and 37 minutes for 24 hours. Lane 1, S. cerevisiae; lane 2,
T.niveurn (UV-98); lane 3, S. pombe (972).

3b. The gel was run for a total of 168 hours using the same agarose and buffer
conditions as in 3a. The same pulse times were used with running times of 72 hours, 24
hours and 72 hours. Lanes 1-3 represent different protoplast preparations of T. niveum;

lane 4, S. pombe, lane 5, S. cerevisiae.
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Figure 12: Estimation of the molecular size of T. niveum chromosomes

The molecular sizes of bands I-V were estimated = - plotting the log molecular weights of
the three chromosomes of S. pombe 972 (5.7 Mb, 4.7 Mb and 3.5 Mb) against the Rf
value. Using the relationship established from this curve, the miolecular weights of the T.
niveum chromosomes wiia estimated. The smallest band was however outside of the
range with these mariers and was thereforc vseirntted asing the S. cerevisiae markers

which, for the same reason could not be incorporated into this graph.
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4. DISCUSSION

One of the objectives of this research project was to isolate mutants of T. nivewrn
capable of producing higher cyclosporin titres using UV-light and epichlorohydrin. The
effects of carbon source, nitrogen source and amino acid supplementation on cyclosporin
production by some of these mutants were investigated and studies aimed at determining
the number of enzymes involved in cyclosporin production were carried out. In another
aspect of this project, chromosomes of T. niveun were also isolated as an initial step

directed towards the understanding of the genetic makeup of this organism.

4.1 MUTAGENESIS AND SELECTION

Tolypocladium niveun mutants capable of producing high cyclosporin titres were
obtained using UV light and ireatment with epichlorohydrin. In both cases, a rational
selection procedure was used based on the resistance of the mutants to 4-azaleucine, an
analogue of the amino acid leucine. Although the amino acid analogue used may be best
chosen based on the knowledge of production of the rate-limiting precursor amino
acid(s), the lack of this information for cyclosporin production led to the use of 4-
azaleucine. This choice was based on the premise that L-leucine is the most abundant
amino acid in the cyclosporin melecule and therefore the chances of its production being
limited may be high.

Using UV light induced mutagenesis and selection with 4-azaleucine, mutant UV-
98 was obtained. This mutant was capable of producing 47 % more cyclosporin that its
parent strain UAMH 4002. A second round of mutagenesis involved the treatment of
UV-98 with epichlorohydrin and led to the isolation of strain EPI-74. Although this strain
had shown high levels of cyclosporin immediately following mutagenesis (along with the
six other strains shown in Table 2) using isolated colonies as inocula, these levels were
not observed when standardized inocula were used. Instead, levels almost the same as

those produced by the original parental strain (UV-98) were observed. The reason for
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these lower values was not determined but the results obtained in Table 2 compared to
those in Appendix 6.2 and 6.3 seem to suggest that the strains could have lost most of the
productivity of cyclosporin following subculturing. Strain EPI-74 was selected based on
the average values of total cyclosporin produced. Although not significant in all cases,
EPI-74 continued to produce more cyclesporin than UV-98 in all the subsequent
experiments.

A comparison of the effectiveness of the two mutagens in this study showed that
UV light was more effective than epichlorohydrin for the generation of mutants capable
of producing high cyclosporin titres.

An investigation of the stability of strains UV-98 and EPI-74 using spores stored
in 20% glycerol at 5°C, -20°C and -80°C showed that the storage temperature did not play
any significant role in lowering the productivity of cyclosporin observed in these
mutants. The observed loss in productivity could have been due to subculturing.
Although the problem of instability among mutants has been recognized for a long time,
its genetic basis is still unclear. It has been suggested that some of the causes may be
partial duplication of certain chromosomes, diploidy or aneuploidy and unstable

mutations (Peberdy, 1988).

4.2 CHARACTERIZATION OF MUTANTS
4.2.1 The effect of carbon source on cyclosporin production

In studying the production of cyclosporin by wild strains of T. niveum using
different carbon sources, Agathos et al. (1986) and Isaac et al. (1990) found sorbose to
be the best carbon source for cyclosporin production. Later, Agathos and Parekh (1990)
showed that cyclosporin production by strain M6, an epichiorohydrin generated mutant
was best supported using maltose as the carbon source.

An investigation of the carbon sources in this project showed that both fungatl

growth and cyclosporin production were supported by several carbon sources. For strain
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UAMH 2472, highest biomass and cyclosporin production were observed using sorbose,
This was in agreement with the results obtained by Isaac er al. using the same sirain.
Similar results were obtained for its mutant B-5 but in this case both sorbose and glucose
and to some extent maltose supported the highest production of cyclosporin. The least
production by B-5 was observed with lactose while in UAMH 2472 this carbon source
was not metabolised. In contrast to the results of Isaac er al., sorbose did not give the
highest titre with strain UAMH 4002. Instead, production was found to be similar using
any of the three carbon sources tested with sorbose producing the highest amount of
biomass (Table 4). The reason for this contrast was not determined. In strains UV-98 and
EPI-74, fructose and maltose supported the highest production of cyclosporin
respectively.

The results from these experiments suggest that the carbon source supporting
highest cyclosporin yield is strain specific and for maximum metabolite production to be
realized an assessment of the best carbon source should be carried out. An example of the
importance of this factor is shown in Table 4a in which using fructose, the amount of
cyclosporin produced by strain UV-98 was 94% more than that of UAMH 4002
compared to the initial 47% produced using sorbose (Table 1). It must be noted that
cyclosporin production was not always reproducible between dJifferent experiments and
therefore comparisons between strains were made based on the data of individual
experiments. Increasing the concentration of the best carbon =curce did not increase the
cyclosporin levels in strains UAMH 4002, UV-98 and EPI-74, an indication that there
could be some control of metabolite production by the carbon source used. Biomass
production was increased with an increase in carbon concentration indicatin g that the level

of cyclosporin production is not always related to the amount of biomass formed.
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4.2.2 The effect of nitrogen source on cyclosporin production

The use of ammonium sulfate as a nitrog¢n source for cyclosporin production by
strain B-5, a UV generated mutant of strain UAMH 2472 (Fode, 1990) was investigated.
Inorganic nitrogen scurces such as ammonium and nitrate salts had proved to be
unsatisfactory for cyclosporin production in 7. niveurn ATCC 34921 (Agathos et al.
1986). Substituting ammonium sulfate for vitamin assay casamino acids in the growth
medium showed that cyclosporin production by strain B-5 was suppressed 8 fold in the
presence of ammonium suifate. This was so even though the total cyclosporin levels of
strain B-5 were low in this particular experiment. Replacement of VACA with Delcase,
another complex nitrogen source reduced the production of cyclosporin by 30% in B-5
while an increase of 139% was observed with strain UAMH 4002. These two
experiments confirm the observation that cyclosporin production is best supported using
complex nitrogen sources. Also, the amount of cyclosporin produced by a particular

strain may be dependent on the nitrogen source used.

4.2.3 The Effect of amino acid supplementation on cyclosporin

production

The effect of adding amino acids to cyclosporin production medium was initially
investigated by Kobel and Traber (1982). In this study, it was possible to show that
cyclosporin production could be increased or directed towards a specific form through the
addition of specific amino acids in the growth medium. These observations were
confirmed by Agathos er al. (1989) and Isaac er al. (1990) and in addition, their results
suggested that the effect of a particular amino acid on cyclosporin production may be
strain specific. Exogenous addition of amino acids has been reported to increase
metabolite production in other peptide metabolites. By adding valine and methionine to
production media, Madry et al. (1983) and Drew and Demain (1975) were able to show

increased enniatin and cephalosporin C production respectively.
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In this research project amino acid supplementation was carried out using L-
valine, L-alanine, L-leucine, glycine and L-asparagine. In all the three strains tested,
addition of L-alanine led to directed synthesis of cyclosporin B, but also suppressed total
cyclosporin production in strains UAMH 4002 and UV-98 (Table 8). This was in
agreement with the results of Kobel and Traber but not with Isaac er al. in which an
increase in total cyclosporin was observed in all the strains tested. Directed synthesis of
cyclosporin B was also obtained through the addition of glycine in all the strains. The
substitution of glycine for D-alanine has been reported in the in vitro synthesis of
cyclosporin (Lawen and Zocher, 1990). Whether this nonchiral amino acid can also
substitute for L-alanine in the cycloporin structure is not known but from these results it
is possible. Again, total cyclosporin production was suppressed in strains UAMH 4002
and UV-98 in the presence of glycine while EPI-74 was unaffected. The reduction in
cyclosporin was higher in both strains, 35% to 42% in the presence of glycine compared
to 23% in the presence of alanine. The effect of glycine on UAMH 4002 and UV-98 was
in agreement with the results of Agathos er al. (1986) in which they showed that glycine
had no effect on cyclosporin A production in semi-synthetic medium.

The addition of L-valine to production medium increased total cyclosporin
production in all strains and there was an almost exclusive formation of CyA. These
observations were in agreement with the results of the other studies cited above, except
those obtained by Kobe! and Traber in which directed synthesis of CyD was observed
and valine did not support the formation of CyA. The reason for the directed synthesis of
cyclosporin A of valine instead of cyclosporin D in the presence was not be determined,
but this could be related to the way valine is metabolized in the cell. Cyclosporin A
consists of 2-aminobutyric acid in position 2, a compound analogous to L-valine. This
amino acid (2-aminobutyric acid) has been shown to compete with valine in bacterial
systems. Although this competition has not been reported in fungal systems, it may well

occur in this instance. Increasing the amount of exogenously supplied valine did not lead
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to an increase in cyclosporin production in all the strains. An amount of 4 g/L. or less
would therefore be appropriate for supplementation.

The suppresion of total cyclosporin by L-asparagine (a non-constituent amino
acid) in strains UAMH 4002 and UV-98 and its ability to direct CyB formation in UV-74
was an indication of the low specificity of the enzymes involved in cyclosporin synthesis.
Although the role of L-asparagine was not determined, its behaviour in this experiment
was an indication that the synthesis of cyclosporin can be negatively affected even by
molecules which are not part of its normal structure. This characteristic has been reported
by Traber er al. (1989) in which they showed.that exogenous addition of DL-3-
aminobutyric acid, a compound not incorporated in the cyclosporin molecule, suppressed
the formation of cyclosporin.

Exogenous addition of L-leucine had no effect on UAMEH 2002 but a reduction of
32% in total cyclosporin of strain UVY-98 was observed in conuist to the anticipated
results whereby the presence of leucine was expected to increase the cyclosporin levels.
The reasons for the failure of this amino acid to support cyclosporin production in this
strain were not determired but it may suggest that the organism was not leucine-
deregulated and that the observed increase in cyclosporin titres could be due to other
factors. For a precursor to be incorporated efficiently into a molecule of a secondary
metabolite however, it must be adequately supplied and stored in the cells of the
organism. Also, the precursor must not be metabolized in some other ;;athway. In E.
coli, growth of the organism with exogeirously added leucine has been found to suppress
the transport of leucine into the cells (Quay er al. 1975). While inhibition of the uptake of
leucine could have played a role in affecting the levels of cyclosporin in strain UV-98 it is
still unclear why similar results were not observed with the other two strains.

Of all the amino acids used to supplement cyclosporin production medium, only
L-valine had a similar effect on both production of individual cyclosporins and total

metabolite production by all the three strains (Table 8), an indication that the effects may
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be strain specific. On most occasions, cyclosporin production by a particular amino acid
was affected in a similar pattern in strains UAM.{ 4002 and its mutant UV-98. The
conclusion from this experiment is that by supplementing cyclosporin predaction medium
with constituent amino acids, production towards certain forms may be directed but this
does not always lead to increased titres except in the case of valine. Also, since CyA is
the most important form used clinically so far, future work should be directed at
increasing its titres. This may be achieved by supplementation of production medium
with valine in those strains where the addition of this amino acid favours the formation of
CyA. Alternatively, mutants deregulated in valine feedback control should be investigated

for their effect on CyA production.

4.2.4 Growth of the organism and cyclosporin preduction

The relationship between growth of the organism and cyclosporin prodution over
time were determined by measuring the biomass and amount of cyclosporin produced in
liquid cultures on a daily basis. Morphological and cultural differences between the
strains were also sought. In all the strains investigated, except UAMH 4002, cyclosporin
production was not observed until day 2 of the fermentation which coincided with the
beginning of sporulation. In some Penicillium species grown on solid media, Campbell er
al. (1982) showed that secondary metabolism began only after aerial mycelia had started
forming. The delay in cyclosporin production until spore formation might therefore
indicate the importance of spoi#:tation in the production of cyclosporin. Some mutants of
T. niveum unable to produce cyclosporin also have been shown to be incapable of
sporulation (Fode, 1990).

In general, biomass measurements of the different strains showed that there was
rapid growth of the organisms during the first four days after which biomass continued to

increase slowly up to day 12. Maximum cyclosporin production was achieved between
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day 4 and day 12. These results were in agreement with those reported for other strains
of T. riveumn.

The failure to detect any morphological differences between strains UAMH 4002,
UV-98 and EPI-74 on both solid and liquid media was an indication that the ability to
produce high cyclosporin levels in the mutants must be related to high rate of metabolite
production. This was shown with UV-98 (Figure 7) in which the specific production of
cyclosporin by this mutant was higher than that of UAMH 4002 despite the fact that the

two strains produced similar amounts of biomass.

4.3 PURIFICATION AND IDENTIFICATION OF CYCLOSPORIN
SYTHETASE(S)

The goal of this study was to determine the number of enzymes involved in the
biosynthesis of cyclosporin. Using the purification methods described by Lawen and
Zocher (1990) and those used by Fode (1990), four proteins which may be involved in
the synthesis of cyclosporin were separated under denaturing SDS-PAGE (Plate 1). The
estimated molecular weight of these proteins designated protein A, protein B, protein C
and protein D were 5.0 x 105, 4.7 x 105, 4.4 x 105 and 4.1 x 105 daltons respectively.
These sizes were close to those obtained by Fode for the four proteins separated
following SDS-PAGE. Lawen and Zocher on the other hand reported that cyclosporin
synthetase is a single polypeptide chain with an estimated molecular weight of 8.0 x 103
and is separated as a single band with a molecular weight of 6.5 x 103 daltons on 3%
denaturing SDS-PAGE.

Using the results shown in Plate 1, it was not possible to determine which of the
four proteins are involved in cyclosporin production due to lack of data on enzyme
activity. It was therefore not possible to explain the presence of four proteins in this
system as compared to one in the other. It is also not shown in the results of Lawen and

Zocher whether or not the band identified as cyclosporin synthetase was the only band
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present in this molecular weight renge or it was the only band capable of in virro
synthesis of CyA and activation of 14C labelled aminc acids. Studies aimed at
determining whether cyclosporin synthetase occurs as a multienzyme polypeptide or as a
multienzyme complex therefore need to be continued. This is necessary if cell-free
systems are to be used as an alternative for cyclosporin A production or for the synthesis
of novel cyclosporins which cannot be produced in vivo. The use of high cyclosporin
producing strains may aslo prove more useful for such studies and if a good comparison
of the molecular weights of the purified proteins is to be made, then high molecular
weight markers have to be used. The largest molecular weight marker used in this project
was myosin (205,000 daltons) compared with tyrocic n synthetase III (450,000 daltons)
used by Lawen and Zocher.

4.4 ISOLATION OF CHROMOSOMES OF T. NIVEUM

Fungal proteplasts can be obtained by treating the mycelia or conidia with Iytic
enzymes capable of removing the cell walls. This is carried cut in the presence of an
osmotic stabilizer. In this research project, T. nivewm protoplasts were obtained by
treating the mycelia with 15 mg/mL of Driselase in the presence of 0.8 M MgSQ4 for a
total period of 18 hours at 28°C. Chromosomal DNA was released from the protoplasts
embedded and treated in agarose plugs. The processed agarose plugs were stored in .05
M EDTA, pH 7.5 and remained in good coadition for over 7 months.

The separation of large DNA molecules is dependent on a number of factors,
some of which include agarose concentration, buffer concentration, temperature, pulse
times, voltage and total electrophoresis run time. Therefore, in order to separate tﬁc entire
genome of 7. niveum into individual chromosomes, various combinations of these
factors were assessed. The T. niveurn chromosomes were finally separated into four
bands (one of which was migrating as a doublet (Plate 3a)) using 0.8% EEQO agarose and

pulse intervals of 50 minutes, 45 minutes and 37 minutes. Under these conditions, the
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three S. pombe chromosomes were also separated within 84 hours instead of 160 hours.
By comparing the sizes of the T. nivewn chromosomes with those of S. pombe and S.
cerevisiae, the total genome size of T. niveum waé determined to be between 20.1 and
21.3 Mb, a size bigger than that of S. pombe 972 (13.9 Mb) but smaller than Aspergillus
niger (31 Mb) and Aspergillus nidulans(35.5-38.5). Attempts to separate the
chromoseines further by extending the total running time seemed to separate the doublet
but the band designated as II in Plate 3b was not clearly visible probably due to small
DNA quantities. For this reason bands II and III were identified as a doublet with total
size of 10 Mb. Further work should therefore be carried out using the running condtions
described in Plate 3b and using agarose plugs with a high DNA content.

Further work also needs to be carried out on protoplast preparation methods and
isolation of chromosomes. In this study the amount of protoplasts obtained following cell
wall digestion was very little, making DNA quantitation difficult. A growth medium that
would generate a lot of biomass within the period when DNA content i the cells is still
high should be sought. Another factor which proved difficult during the study was the
inability to determine the number of protoplasts obtained from the inycelia due to
clumping together of the former. A knowledge of this would be helpful in determining
the effectiveness of the enzyme in digesting a given amount of biomass. The use of TBE
buffer and Low Melting Point agarose for the separation of chromosomes should also be

investigated further to confirm their suitability for this purpose.
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6. APPENDIX

6.1: Production of Cyclosporin by UV generated mutants.

Mutant # Final pH DCW ¢/, Cyv A mg/lL Cy C mg/l, TOTAL Cy
1 4.4 5.42 43.61 5.11 48.72
2 5.4 3.52 24.89 24.89
3 5.2 4.50 14.90 14.90
4 5.2 4.70 24.37 24.37
5 5.3 3.36 26.30 26.30
6 5.3 3.22 21.07 21.07
7 5.2 4.10 17.78 17.78
8 5.2 3.94 33.55 1.29 34.84
9 5.1 4.22 25.40 25.40
10 5.2 3.66 28.68 2.88 31.56
11 4.9 3.38 41.20 4.69 45.89
12 5.2 4.46 26.54 26.54
13 5.4 3.16 12.98 12.98
14 5.3 4.56 26.63 4.01 30.64
15 5.3 3.54 13.79 13.79
16 5.4 3.82 24.59 24.59
17 5.4 3.52 16.75 16.75
18 5.3 4.74 46.11 10.07 56.18
19 5.5 4.04 35.53 10.28 45.81
20 5.2 3.24 18.27 18.27
21 5.3 4.94 24.61 24.61
22 5.3 2.70 20.42 20.42
23 5.4 2.66 19.48 19.48
24 5.4 3.06 9.02 9.02
25 5.3 3.72 19.89 19.89
26 5.4 3.22 15.87 1.56 17.43
27 5.3 2.94 6.86 6.86
28 5.2 3.52 19.43 19.43
29 5.4 2.84 18.62 18.62
30 5.4 3.40 17.01 17.01
31 5.3 3.60 30.19 2.48 32.67
32 5.3 3.14 17.36 17.36
33 5.3 4.26 51.16 3.96 55.12
34 5.3 3.48 15.44 15.44
35 5.4 3.54 17.07 17.07
36 4.9 3.00 15.24 1.54 16.76
37 4.9 3.36 103.70 14.70 118.40
38 5.2 2.64 37.41 37.41
39 5.4 2.26 39.24 2.42 41.66
40 5.4 2.70 59.12 4.19 64.84
41 4.2 4.30 81.26 11.07 92.33
42 4.9 2.78 29.64 1.70 31.34
43 4.5 4.60 90.17 12.83 103.00
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MNNNBEB B LNADDRARARARARRNNANADARUBRRAUNRRDEDURDUDDDDS
N=ORRA,UALWORANWLAWWLWWLAOWOXRAWRMWLWONNDNWLWALLLOWMNVANDMWLAEOANULADL

4.14
4.78
4.98
4.52
4.58
3.72
3.76
4.30
3.20
4.84
3.68
3.40
3.54
4.44
2.44
2.72
3.86
4.62
4.70
2.12
4.20
3.68
2.98
3.96
3.40
4.38
2.18
2.70
3.02
4.02
4.06
4.52
4.62
4.38
4.72
4.38
4.90
5.14
5.22
4.18
4.00
5.12
4.98
5.16
4.54
2.66
5.12
4.44
4.96

61.35
67.72
50.77
99.36
90.11
57.32
63.72
88.09
44.28
49.98
92.61
97.13
55.51
66.51
28.49
32.63
55.49

61.51
11.25
51.24
67.80
25.18
43.58
38.43
62.68
19.25
38.19
68.10
51.89

110.07

70.07
66.80
44.81
57.76
78.07
59.66
47.82
96.91
18.83
22.11
87.52
55.55
96.32
86.76
14.86
40.83
47.62
24.69

6.35
7.99
6.61
8.93
12.11
9.16
6.42
11.80
4.03
12.50
11.12
18.44
4.65
5.96

5.84
1.52
6.00
4.72
8.50
3.48

5.80

4.45
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67.70
75.71
57.38
108.29
102.22
66.48
70.14
99.89
48.31
62.48
103.73
115.57
60.16
72.47
28.49
32.63
61.33
1.52
67.51
15.97
59.74
71.28
25.18
49.38
38.43
67.13
19.25
38.19
74.23
60.05
128.05
76.39
74.85
59.78
65.18
86.76
64.27
53.03
111.26
18.83
24.29
89.13
654.42
113.66
97.86
14.85
44.50
51.01
24.69
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93 4.3 4.98 95.74 14.18 109.92
94 4.4 5.02 79.14 11.74 90.88
95 4.8 3.98 55.87 4.78 61.65
96 4.3 3.16 96.44 13.30 109.74
97 4.4 4.46 77.03 9.89 86.92
o8 4.4 4.78 115.86 18.37 134.23
99 4.4 4.52 79.53 9.94 89.47
100 4.5 498 98.86 16.87 115.74
101 4.3 5.02 78.81 10.95 89.76
102 5.0 3.72 0.00
103 4.3 5.14 55.83 7.98 65.81
4002 4.3 5.70 87+x2 1412 i01+3



Mu.tamﬁEmaLnH DCW g/, Cy Amg/ll, Cy C mg/l, Total Cy mg/l,

1 4.84 103.02 30.08 133.10
2 4.2 4.54 80.94 27.37 108.31
3 4.8 3.86 79.53 1277 92.30
4 4.5 5.76 79.87 19.32 99.10
5 4.9 4.24 54.91 3.24 58.15
6 4.3 4.52 83.78 23.22 107.00
8 4.6 4.34 94.63 22.72 117.35
9 4.6 5.44 84.35 15.96 1060.31
10 4.4 3.94 86.67 18.75 105.42
11 4.4 4.46 102.73 24.16 126.89
12 4.3 4.18 101.27 21.1% 122.46
13 4.3 4.18 106.95 26.06 133.01
14 4.3 4.48 114.04 32.95 146.99
15 4.4 4.44 103.62 29.07 132.69
16 4.3 4.48 109.74 29.00 138.74
17 4.3 4.52 105.62 24.72 130.34
18 4.3 4.02 83.24 21.22 104.46
19 4.3 5.24 108.38 35.69 144.07
20 4.2 4.74 111.20 31.44 142.64
21 4.4 4.44 89.04 21.02 110.06
22 4.3 4.08 84.75 19.32 104.07
23 4.3 4.28 107.25 29.71 136.96
24 4.2 4.62 92.67 24.33 117.00
25 4.3 4.72 97.79 27.74 125.53
26 4.4 4.20 80.30 18.48 98.78
27 4.3 4.08 87.17 22.08 109.25
28 4.3 4.20 98.45 31.10 129.55
PAS 4.3 525 104.31 22.01 126.32
30 4.4 4.38 91.07 22.48 113.55
31 4.4 4.32 101.59 22.85 124.44
32 4.2 4.46 109.69 29.64 139.33
33 4.5 4.30 87.22 15.83 103.05
34 4.2 4.50 89.27 26.11 115.38
35 4.4 4.44 95.79 21.66 117.45
36 4.2 4.76 84.13 24.26 108.39
37 4.2 5.62 103.64 36.14 139.78
38 4.3 4.48 91.12 17.64 108.76
39 4.3 4.58 109.32 25.84 135.16

40 4.3 4.38 98.55 25.07 123.62
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49
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52
53
54
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65
66
67
68
69
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Uv_98

4.3

4.3

BPh R DB AL
WLWWLWWWWW

4.66
4.50
5.36
4.52
5.36
4.68
4.42
4.56
4.50
4.90
4.06
3.90
4.36
4.10
3.62
4.56
5.72
4.30
4.00
3.84
4.54
4.24
5.00
3.94
4.22
4.00
3.96
4.46
4.68
4.66
4.74
4.54
4.78
4.74
4.82
5.04
3.82
4.80
3.71+0.3

105.71
106.07
113.47
102.74
107.60
113.32
110.78
106.50

01.77
107.81

89.41
113.70

94.28
123.31
100.17

95.64

69.15
100.69
118.75
104.15
111.86
107.14

94.10
116.24
108.76
100.61
111.73
128.33
115.03
129.02
110.55
119.00
115.57
127.05
109.45
116.96

8.79
133.69

25.36
32.97
27.44
29.31
28.75
30.90
25.26
24 .62
17.11
30.54
18.68
29.03
18.96
26.00
26.21
17.83
19.47
26.72
27.87
24 .85
2593
27.72
17.63
27.85
21.80
25.72
34.89
35.15
33.15
32.87
30.90
27.23
30.54
33.92
33.74
37.43
28.87
39.79
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131.07
135.04
140.91
132.05
136.35
144.20
136.04
131.12
108.88
138.35
108.09
142.73
113.24
149.31
126.38
113.47
88.62
127.41
146.62
129.00
137.79
134.86
111.73
144.09
130.56
126.33
146.62
163.48
148.18
161.89
141.45
146.23
146.11
160.97
143.19
154.39
127.66
173.48
109+6



0SDOrin._prodyg

98 exposed for 60 minutes.

Mutant# FinalpH DCW gL CyAmg/L __CvB CvyC TOTALCy

——mg/l, mg/l. mg/L

1 4.3 3.74 86.73 11.54 98.27
2 4.1 3.80 128.09 17.85 145.94
3 4.2 3.82 82.99 12.81 95.80
4 4.2 3.68 131.91 14.35 146.26
5 4.2 3.76 120.57 11.33 131.90
6 4.2 3.84 121.33 11.60 132.93
7 4.3 3.66 119.09 18.74 137.83
8 4.3 3.58 82.91 11.31 94.22
9 4.2 3.70 134.14 17.85 151.99
10 4.2 3.66 113.87 29.64 13.08 156.59
11 4.2 3.72 83.61 13.81 14.40 111.82
12 4.7 3.90 129.67 16.74 146.41
13 4.4 3.40 91.29 7.19 98.48
14 4.2 3.76 87.06 11.25 98.31
15 4.4 3.64 112.61 13.51 126.12
16 4.3 3.60 82.13 14.21 189S 115.29
17 4.2 3.42 88.14 11.82 99.96
18 4.8 3.70 150.75 16.02 19.14 185.91
19 4.2 3.50 88.62 12.73 101.35
20 4.2 3.66 84.82 12.81 97.63
21 4.1 3.06 80.49 15.53 96.02
22 4.2 3.60 82.70 15.99 98.69
23 4.2 3.94 84.58 12.28 96.86
24 4.3 3.36 90.07 24.39 114.46
25 4.3 3.60 74.65 11.71 86.36
26 4.2 3.66 124.42 10.77 135.19
27 4.2 2.98 112.26 22.53  29.29 164.08
28 4.5 4.10 75.03 8.78 33.81
29 4.3 3.28 73.55 9.85 83.40
30 4.8 3.74 80.52 13.16 93.68
31 4.2 3.70 88.65 11.06 99.71
32 4.3 4.04 81.30 9.10 90.40
33 4.2 4.32 93.36 12.52 105.88
34 4.2 3.72 78.07 8.67 86.74
35 4.2 3.34 90.91 90.91
36 4.8 5.14 76.51 8.91 85.42
37 4.0 4.36 78.96 8.70 87.66
38 4.2 5.06 78.93 9.05 87.98
39 4.4 4.86 73.87 8.02 81.89
40 4.3 3.36 76.08 6.65 82.73
41 4.2 3.90 83.78 14.32 98.10
42 4.2 3.42 94.22 16.02 110.24
43 4.2 3.20 74.19 8.59 82.78
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44 4.2 3.54 74.00 8.96 82.96
45 4.3 3.20 89.59 11.09 100.68
46 4.8 3.76 88.57 9.61 598.18
47 4.0 3.54 140.71 10.77 151.48
48 4.1 3.46 79.76 11.47 91.23
49 4.0 3.46 83.18 8.86 92.04
50 4.8 3.56 75.66 9.42 85.08
51 4.3 3.52 89.16 13.49 102.65
52 4.2 3.28 54.38 5.76 60.14
53 4.7 3.92 90.37 13.24 103.61
54 4.6 3.20 83.43 11.14 94.57
55 4.6 3.46 84.96 15.48 100.44
56 4.9 3.36 65.44 3.88 69.32
57 4.0 3.42 86.87 9.29 96.16
58 4.9 3.46 84.02 22.13 106.15
59 4.1 3.04 92.15 12.49 104.64
60 - 4.8 3.40 101.60 9.77 19.36 130.73
UVv-98 4.4 6.42 7919



